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ABSTRACT - |

3 . ~ During the past two ycars sxgmﬁcam xmprovcmcn)ts have occured at the =
Mcdxum Rcsoluuon Spcctromctcr (MRS) at TRIUMF, which have made possible

- many nuclear physxcs Cxpcnmcnts over the full range of Tlé\‘;m energies. With the
- help of the dispersion matching tcchmquc and a front-end wire chamber, nearly
background -free (p,p") spectra wnh a typlcal resolution of 150 keV FWHM are
observed at forward angles. Spin transfer experiments in (p p") have been camcd out
‘with the newly installed focal -plane polanmetcr which covers a large rcglon of
cxcxtanon cnerglcs (about 45 MeV).

Cross-sccuons analyzing powcrs and spm flip probablhncs havc been

measurcd in the low momentum transfer region in the #Mg( p,p #Mg* reaction’at

" 250 MeV. Thc spin-flip measurements reveal a large spin-flip probability value (about: ,

0.6) for the M1 rcglon.‘ ‘However, a large spin-flip cross-section dlsmbytgd :

- uniformally over the energy from 16 to 40 MeYV is also observed. The quenching -
- factors for. thc combmcd 1sovector and isoscalar 1* states QF((JSNN , 1+ ) in the 9-16
. MeV region are m good agrccment with those for the 10.71 McV (l*T—l) state,

(QF=0.7).. . ‘ | : A

Fmally, CTOSS- scction and analyzing power data have also been obtamcd for

| the 11 45MeV (AT=1)and the 9.5 MeV (AT=0) M1 transitions in the 2881(p p’)28Si*

reaction at 200 250, 290, 360 and 400 MeV. 'I'he qucnchmg of the isovector and

1soscaler Ml strength is found to be roughly constant as a function of energy rclanvc

10 theorcucal calculauons usmg the density depcndcnt mtcracuon An average

vqucnchmg factor of about 0 7 and 0 58 for the strongest 1* 1sovcctor and isoscalar -

7 tmnsmons in the 288i(p,p” )2881"' rcacnon respectively, has been obtaxncd ThlS work |
' suggests 3 umvcrsal quenchmg factor for the (p;n), (n,p) and (p,p') rcacnons

. e ‘ S/
, .

°
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/} ' 1‘. Introduction
([

1.1) Magnetic Dipole Transitions (M1)

——

To each nuclear state corresponds a particular distribution of charges and
currents, One can introduce the static multipole moments to describe the interaction of
these charges and currents with an external electric or magnetic field. The electric,
multipole moments are sensitive only to the effective charge distribution in a nucleus,
while' their magnetic counterparts are sénsitive to the effective magnetization within the
nucleus. The magnetization density of a nucleus derives from three sources. First, the
magnetic moments associated with the spin of the individual nucleons, Second, the
orbital motion of the charged particles which includés convection currents in the
nucleus, The third source is exchange currents due to the diffcr;nt mesonic degrees of
freedom in the nucleus (Yo72). Studies of the magneic multipole transitions might
give the relative importance of these sources.

" Consider a target nucleus with neutron and proton numbers denoted by N and
Z, respectively. The ground state isospin is given by

Ty= 1/2(N-Z). | 1

Isospin excitations of this nucleus will have analogues in the acijacem (N+1,Z-1y;
To=To+1 and (N-1,Z+1); Ty=T-1 isobars. Schematically represented in figure 1.1 are
the possible states that can be excited by a spin-flip isospin-flip transition from the
ground state in the target nucleus. The dashed lines in the figure connect the isobaric
analogue st;tcs and the solid lines denote transitions tha't can be induced by various -
hadronic and electromagnetic transitions as indicated by arrows. In the iargct nucleus
(N,2), spin-flip isospin-flip M1 wransitions can be excited by the (p,p"), (e.e"), and
(y,y) reactions. The isobaric analogues of the Tj and Ty+1 states can be excited in the
isobar (N-1,Z+1) by (p,n), (*He,t), and (nt*,y) charge exthange reactions whereas thé

1
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Tot+1 analogue states may be excited in the (N+1,Z-1) isobar through the (n.p),
(t,’He), and (1",y) reactions. In addition, the Ty-1 and Ty+1 analogue statcs‘muy
decay to the gmuhd state of the target nucleus via * and P~ decay, rcspécﬁvcly,

The M1 resonance is the isobaric analogue of one of the isospin components
of the Gamow-Teller (GT) resonance, and should therefore be seen in the (p,p”) and
(e,e”) reactions with a strength comparable to that of the éon‘esponding component of
the GT resonance seen in the (p,n) reaction on medium and heavy nuclei. The expected
lower limit on the strength of the M1 giant resonance is model-dependent, and the .
observed strength is an importz‘mt test of these models. For the GT strength in (p.n5
reactions, the operator responsible for the transition is the same as that in the case of

' B-decay. Hence the B-decay matrix elements can be used in a model independent sum

rule for the GT and Fermi strength observed in the (p,n) reaction., The total GT
strength for B transitions minus that for the B* wansition is given by the following
relation (Ik64) \

| ZB(GT, B ) -IB(GT, B*) = 3(N-2),
or equivalently '

[ 28]

FB(GT,pn ) -EB(GT,np) = 3(N-Z). L

Heavy nuclei have a neutron excess, therefore (n,p) transitions will be Pauli blocked
and their total expected B(GT) should be small, so one can write

" - IB(GT,pn ) = 3(N-2). 13

Expcﬁmentally 60 to 70% of this min&num strength is found in discrete states and the
giémtv Gammow-Teller resonance. No closed form sum rule for the total M1 transition
strength .in (p,p”) and (e,e”) reactions could be established, but a prcdiciion for the
strength dependent only on tlie nuclear structure form factors fur‘(e,e’) can be made.
Sum rules or not, a subéltantial percentage of the spin transfer strength to 1* states in
(p.n), (n,p), (p,p") and (e,e") reactions has not been identified in the region where the
best nuclear structure calculations predict it. ’ ‘
A number of explanations for this "quenching” of the M1 strength has been
proposed. The ﬁu'st model suggests that the quenching could be partially explained in

“terms of mesonic effects (Er73 and Os79). The nuclear configuration space should be

4
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, o o
’cx'tcndcd to include the excited states of the nucleon, such as the A(J=3/2; T=3/2). A '
spin-flip isospin-flip can couple a nucleon to the A, as ﬂlusﬁ‘agcd schcm‘aticaliy by

figure (1.2c). The A peak is larger because all of the nucleons can participate in the A
excitation, while the Pauli principle blocks most of them from the particle hole
excitation. It might seem that the states are too far away to be significant, but the Ym
part of the interaction, which is responsible for the A-N cgcitati{on, is dominated by the
one pion exchange term, and the pion couples more strongly to the A than to the

nucleon. The second model presents a more conventional cxplanation, which sﬁggcst ,
that ordinary nuclear structure cffects such as configuration mixing between
one- pamelc -one-hole (1p-1h) and two-particle-two-hole (2p-2h) states (Sh74, Ar79,

~ To79 and Be82), might sprcad out the M1 strength over a 30-40 MeV wide region of |
‘excitation, (fig. 1.2b). The fragmcntcd strcngth mxght be too small to be

distinguishable from the background at the low energy side, and also too small_ ‘

relative to the strongly excited nuclear continuum in the high energy region; thus

implying, that it will be very difficult to observe experimentally. This is one of the -
issues we will atempt to investigate in the spin flip measurement. Typical calculatons

‘indicate that 20% of the M1 strength expected from the Independent Particle Model

(IPM) disappears, primarily due to the influence of ground state correlations; this still -
leaves a large gap between theory and experiment. : » ‘

The A has an isospin of 3/2 and that of the nucleon is 1/2, so the sum of Lhe ‘
two can never be zero and hence the A-N coupling is isovector. This implies that the o
first model of quenching is blocked from playing'a significant role in isoscalar
pfoceéscs. Then, one might conclude that any quenching.of isoscalar strength must be

- taken as a strong indication of the importance of high order c'onﬁguraiion mixing, not-

~ “\

only in the isoscalar channel, but in the isovector as well. In principle, the dilemma can
be solved, if a pure xsoscalar transition can be found to test the argument mentioned
above, and according to the IPM both !2C and 2881 nuclei have such transitions. This
will be discussed in more details later. : ‘
 Microscopic Random-Phase- Approxnnanon (RPA) calculauons (K185 and

‘;"‘0385) of the spectrum of ¥Zx(p,n) up to 70 MeV of excitation have been performed at

200 MeV. Thcse calculanons suggest that the background under the peaks is actually

- part of the GT strength, arid by mcludmg it, there is little or no mxssmg—strcngth since

they reproduce the measured spectra qultc well. This model does not include the (n.p)

strength in the sum rule, thcrcfom unless there i is a substannal B strength the A-hole - . |

admixture is not needed to describe the integrated measmd cross section in the (p,n)
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' reactions. Similar calculations (Y a86) havc been pe'rformcd for thc forward anglc )

%0Z+(p,p") spin-flip spectrum at 319 MeV. It was shown that thejwhole spectrum up 1o
an excitation energy of Ex=25 MeV can be undcrstood asa supcrposmon of correlated
1p-1h spm fhp (AS=1) transmons The dormnant part to the AS= 1 cross section is
conmbutcd by the 2" states. The conclusion of these calculauons is ‘that the"A isobar-
qucnchmg mechanism is likely to be small, since the measured cross section is
compatible with the transition ‘strcngth predictions as obtamcd from the RPA

snalculanons . S L
‘The primary focus of dus thcsm are the properties of spin cxcuanon strcngth “

in Mg and 23Si as revealed by the inelastic scattering of intermediate energy protons.

Interpretation of the data obtained ig.the present work as well as comparisdn with *
available data from various other probes will also be discussed later in chapter 5. In "
this introduction some of the fundamental aspects of .spin excitations and their

relevance to nuclear reactions and nuclear structure studies will be discussed.

| 1.2) Seicction Rules -~

~

Acco@ng to the IPM, the M1 strength should be conccntrated in a single

paruclc -hole state for a closed shell nucleus. Thw is reprcscnted schemaucally in

. figure (1. 2a) The M1 wransitions are expected )o’ occur bctwccn spm-orbx; partners in

-

a;unsaturamdshcll ‘ Lo
‘j=‘1+1f2‘}o‘j.=.2-1\/2,« L . S 14

wnh Al = :i:l without any changc in panty This means that one hasa spm morncmum
transfer AS 1, and an orbital angular momcntum transfer AL = 0 or 2, but AL = 0
dominates in thc Pp) reacnon at low momentum transfer bccausc of its; low

'mulupolanty .
“'In gencral the selecuon rulcs for the allowcd ‘quantum numbers for M1
'tranmnonsare B

Al=+10 0-»>0 forbidden "

P



no change in parity , and -

AT=%10" s

.o

1.3) M1 Operator | - : \

The' magnctxc moments of a frcc proton and a frcc ncutron in nuclear "
magnctonsare

~-Y

[

W, = 279277,

and | py=-191315. o e
N i ' S
The magnetic moment operator for a nucleon is

. 4 . ' ! . , ‘ ‘7:‘; N
. u=g11+gss , | S 1.7l

wheré 2 and s are e the orbital angular momentum and the spm repcctivcly Thc valucs
for the spin and orbnal g-factors i in nuclear magnetons are

by
X9l

(D) = +5.59,  gp) = 1;‘

s 38 ‘g;(n).:og s

Itisa good appro:umauon to take for the magnenc moment of a many- nucleomc Can

‘ﬁystem the sum of the moments of the mdmdual nucleons = .

In spm-xsospm notauon one can wnte the Ml opemtor (M058) as follows
ﬁ Hozﬁ[{(gso 05)s(1)} {(gs s(1)+05.!(1))1:(1)}]+{05,]} ;, 1.10




w'here't and J represent the Pauli mstrix for isospin projection and the total angular '
‘ momcntum respecnvely The first and third terms of equation (1.10) consrtute the
isoscalar (AT— 0) part of the transition, whlle the second term is the isovector (AT=1)

" part. Both the uuual and final states are eigenstates of J and so the operator J cannot

© cause transmons between ‘states of different J, so only the first term gives the swrength

“of the 1soscalar transition. The v‘alues of .the scalar and vector g -factors with their !

o

‘values in nuclear magnetons are
g2=05] g,(p>v+‘ g 1 =088
8'=050g,®) - g,(h)]=,4.71. - - 111

Bc:caust:‘g,1 “is much larger than the other g-factors, the magnetic moment operator is
mostly isovector and is mostly a spin operator. The 'rela_tive strength of the isoscalar
" . and isovector parts of the M1 operator is determined by the ratio |

u(g,°-0.5)/g,l|2~10-2, . 2

and tlns implies that AT=0, Ml transtions in self conjugate (N—Z) nucle1 are smongly
inhibited compared to their isovector counterparts This dominance of the i isovector
’ character of the M1 Operator is known as Morpurgo s selection rule (Mo58).

The mduced transition probability B(M1T) for an M1 transition from J; to J Jt is
~ proportional to the square. of the reduced matrix element of the operator vy between . -
..thetwostates Itlsglvenby SR - "

i B(MlT) = (2Ji+l_)‘1 ! <J;rf el Jiri'> 2. 113,
! Thts quanuty is propomonal to the reacuon strength for clectromagneuc mteracuons g
such as (ee?) and . - ' B

So Ml transmons enjoy a relanvely umque posmon in the study of nuclear

. Structure properues Smce the Ml operator is mostly an tsovector and -rﬁostly a spm :
' ; operator, Ml transmons are especxally suited for probmg the spin and isospin -
! charactensucs of the nucleus.- This ability i is very clearin the many espectally stron g
F spm—fhp transmons throughout the nuchdes and in the spin- and 1sosp1n fhp‘

) transmons m'the self conjugate nuclex Thus Ml transmons can test basxc selectxon a



»

§ rules help determme the role of the spm ﬂlp mechamsm in uansmons and can grve
mformauon on the spm-dependence of the nuclear force (Be8 1). '

[

'1.4) Why s-d Shell Nuclei ?.

A

In this section we will discuss some of the reasons which led us to suggest

Mg and 28Si as the desrred targets to be used in this work. Our reasoning is based -
partially on a paper by Brown and Wildenthal (Br83) They suggested the use of s-d
shell nuclei for the study of spin excitations and especrally Ml transitions, because’
such processes are domrnated in tlus region by spln isospin-flip only Some of the
reasons are listed below ‘ ’
| 1) Shell model wave functlons for these nuclex have been checked to conﬁxm that they
reproduce the complete range of spectroscoptc features with good accuracy.
2) The selection rules for M1 excxtauon  confine the transition amphtudes to lie within
the s-d shcll space "The full Odsr).‘ ls1 p-0dsp conﬁgurauon space wave functions can
encompass the complete giant resonance suength » -
_ ~ 3) The densrty of the states is low enough that most of the strength is concentrated in
the lowest few M1 levels. S |
4) From an experlmental pomt of view, there are measurements of gamma and beta
.decay strengths lnvolvmg these states and their excifation probabllmes via the (e,e”)
~ and (p,n) reactions. Corxelauon between these data make poss:ble a detailed' analysxs
of the structure of the transitions and of the validity of shell-model wave functions. "
‘ 5) The s-d shell system rmght serve asa paradtgm for heavrer systems like the f-p shell _
as an example, so the conclusrons may have some unphcauons for the general case of
© Ml excitations.” " It . : - o
' The 28i target was chosen because accordmg to the IPM it is the heawest :
T=0 nucleus that can provide a single T=0, 1* state, which'i is strongly excited in the -
(p.p"): reacnon and appears 1o be as free from mmng with T=1 state as any lxkely tobe’ '
- found. Itis pred;cted to be at.an excitation. energy of 9.5 MeV and hence separated by
more than one MeV from the lowest predrcted T=1 state at 10.59 MeV Then, a pure -

" isoscalar transmon (AT=0) can be measured and one xmght be able to dlsungmsh' .

B between the suggested sources of quenchmg As was mennoned before i in this chapter .
’ 'the A-lsobar admlxture is 1sovector by nature and cannot conmbute to 1soscalar‘ L



'1.5) Comparfson of Different Probes

‘pfocesses any source of quenchmg for such processes as well as for the isovector
. ones could be related to higher order conﬁgurauon mixing (An84) The 24Mg target is

also special, because of the different charecteristics of its 1* states. The 1* state at

~ 9.97 MeV is dominated by orbital contributions, while that at 10.71 MeV is -
- dominated by spin contnbuuons Also the known B(Ml) values are well explained by

the shell model calculations. In general one hopes-to study the ré’actxon mechanism if

the nuclear structure’ uncemumucs are Snmmxzed which i is the case ft)t the s-d shell

nuclel

‘Because of the spin and isospin structure of the nucleon, it is a rich probe for X

nuclear structure. The: reaction mechanism. for nucleon nucleus reactions such as
(P.p"), (p,n) and (n,p) scattenng is not, however as well understood as that for
electron scattermg and this clearly limits the quantauve reliability of nucleon- nucleus
scattenng for extracung dynam1cal structure information. One of the most significant

" uncertainities in the reaction: mechamsm for nucleon scattenng is an mcomplete '
- ,,knowledge of the underlymg nucleon-nucleonl:ouplmg itself. Studying the nucleus
3 w1th different probes glves usually diffefent 3@d complementary information about

. nuclear structure and reacnon mechamsms ‘Electrons interact with the nucleus via the -

elecu'omagnenc mteracnon, Wthh is very well known.. Because the electromagnetic
mteracnon is relanvely weak, the dlstoruons of the lncommg and outgoing electron

A‘ waves are, small and can be computed if necessary In back angle electron scattering

one excxtes pnmanlx_spm excitations of the target nucleus wnh a great enhancement of

' AT-l transitions over AT=0 transmons . .
' ~Nucleon scattenng 1s a more complex and yeta ncher process than electron

scattenng The nucleon-nucleon mteracnon is usually parametenzed to fit free N- N

o scattering data whxch is usually extended to describe nucleon nucleus scattermg ln

; . the'(p,p") reacuon both AT=0 and AT—l spin excitations can occur, which makes i n -

| "‘more complex than electron scatterxng sttomon effects are la.rge becanse the

~interaction’is strong These eﬂ'ects are usually calculated from an opucal potenual
' _ﬁmd to elasuc proton scattenng, with assocmned uncertamnes ' ' ‘

Proton and electron scattenng generally agree on the 1denuﬁcanon of the Ml

.

.



states but thcre are dlsagmemcnts partlcularly when the strcngth is broadly
distributed. Thc most notonous cxamplc is 1y whcrc a pcak ncar 10 MeV has been
identified as the Ml glant rcsonance usmg (p.p) (Na85) while no peak’ at all is
,obscrvcd in this regton in low cncrgy eléctron scattering. There are: posstblc
| explanations for dxscrepancxes between” (p,p”) and (ec) in terms of orbital
; conmbuuons Orbital currcnts contribute to clcctrQn scattcrmg, while nucleon

' scattering sees cssenually only the sptn tcrm in the magncnc operator, Another .-

: p0531blc cxplanauon for discrepancies between the two probcs could be the fact that

B (e,e) expcrtments must bcdone near 180° whcrc the momentum transfor is large and

' because any (e, c’) excitations are obscrvcd on a 1argc0baekgmund fmm thc radiative
tail of the elastic scattering. This would result in some difficulties dtsdhgmshmg the
actual M1 strength from thc’background

As discussed before in this chapter, the Ml opcrator is an isovector operator
for the (p,n) reaction and. thc (e,e”) reaction at backward angles. Also, it was

‘ mcntloncd that the isoscalar i interaction in the (p,p’) reaction is very small ,compared to

Ats isovector counterpart at intermediate éncrgles ’I'hts 1mphes that (e,e), (p, p’) and
‘(p n) reactions should yield dmectly comparable strengths

11



2. Theory !
’ L {9

, The nucleon is thc most casily acccssxble and at the same time one of the most -
| powcrful probcs for the study of nuclcar structure; cspeaally at intermediate encrgles,
~In thc energy rangc of 100-400 McV ‘the NN reactlon CTOSS, sccnon has a wide
‘. rmmmum and therefore nuclcar transparcncy is at a maximum. Approachcs based on
mulnplc scattering theory use the free NN scattcrlng amphmdc as a driving operator on
the elementary - NN level. For the nucleon-nucleus 1interaction,. the scattcnn g
‘mechanism is based on the clcmentary @mtcracnon in which the rest of the target
_nucleons play the role of spectators preservmg the centre of mass motion. The vahdxty
of this idea has been vcnﬁed for encrgm above 500 MeV. Below this energy thc
’scattcrmg proccss bctwcen the i mcommg pro;ecule and the medmm is influenced more ~
and more by the phasc space hmJtauons mposed by the surrounding fermion medium .
leading to Pauli blockmg, off-shell effects in the NN scattcrmg and hxghcr-ordcr
. effects mcludmg cxcxtanon of mtcrmc;hatc states in the targct systcm Most of these
: cffects become mcreasmgly 1mportant wit dccreamng encrgy (Ri84). . f
'I'he pcrturbmg interaction which glves rise t0 mclasnc scattermg is the
| cffccnve mtcracnon between the incoming projectile (p) and each nucleon (i) of the
 target nucleus Regardless of origin or method of derivation, the effective i mtcractmn is
. usually constructcd to be of the followmg—(or an cqulvalent) form

r— v

Y(i‘i,rp) e'yo(r)+v6(f)'(oi-op) VO @) T R
| +V°.:(r) (s, o) (1 T
B +[v,_s(r)+vm(r) & "tp) 3 L'S

+ [VT(r)+vT,(r) @, ‘tp) ]s12 21
L "where c—a:nd 'cdcnotc thc spm and i isospin reSpecuvely, L S and S12 are. the usual
L ~spm-orbxt and tensor opcrators, with ‘-_j -




S=(172) (oimj | | o .
and - 31‘2‘? 3 (ol‘-\r)(og'r) - 01"02,\:‘ ‘ v 20 |
The ccntral spm-dcpcndent (Vo,Vm) and tensor forccs (VT'V’P:) which are ablc to
induce spm transfer are of primary interest here. .
" Inelastic scattcnng studies may be considered as a test of the cffccnvc
" mtcracti)nlglngng different weights on the, mdlwdual componcms as compared fo the

_ clasnc channcl The M1 wansitions are of special interest, bccausc they can prov1dc

such tésts. Thcy could be classified in two different classcs ‘the ﬂrst class is the
.-isoscalar transition AT=0' whxch lS pnmanly sensitive o, the V componcntﬁ The

sccond class is the 1sovector transmon AT=1 which rcqumcs m addmon to a spm flip

an 1sospm*fhp and therefore  selects out V + In the followmg sccuon a brief”

nntroducuon to scattering theory wﬂl be glven thcn a shon dcscnpuon of the Hamburg

- density dcpendem mteracnon w1ll follow ‘ ‘

2.1) ‘Scattering Theo‘ry’ - -

Consider the total Hamiltonian for a ftucleon interacting with a target

il

H‘=H0+V(r,_§) Lo B X

. L .
N \

where Ho is the kmcuc encrgy of rclanve motion, é-rl,,."...r A denotcs all nuclcar

.13

coordmatcs, and V(r &) is thc mtcracuon potcnual of the mcxdent pro;ecnlc (p) wuh thc e | ,

' {arget Wthh can, bc writter in the folloyvmg fasluon | I

. 3~
W , . N

; v‘=v<r,¢>="rq';yip\ e

,7‘

" wherc Vo is, the mteractwn of the projcculc and the i 1 nucleon in the targct nuclcus. e

‘ Denotc ‘Y as the total wavcﬁmcuon of the targct—projecnlc systcm such that . -

S .
Y . N

g
.
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ALY

bsence of a potcnnal we rcplacc the total wave funcnon y by a planc wave ¢

pmblcm boc0mcs
(E-Hg) 19 >=0, o | 2.6
The iglgycn‘s functions related 0 equations (2.5) and (2.6) are
;-";“;*'
. RO . L
} . Got= { Ef‘jl{()ile ]—l
~ and | Gt=(B-Hte)' | 27,
@ - S ”
where (+) and (-) refer to outgqing and incoming boundary conditions, respectively.
- Using the following identity, - ‘
o . (I/A) - (1/B)= (1/B) (B-A) (1/A) . 2.8
. one qaﬁ find ‘imcgral cﬁuaﬁ&ms relatiné G,and G, Assuming
(‘ Q‘ ' . . Co !
A=E-H, «
and BéE-HjE—HO~V L 2.9
“ gives . . L7
ot - o’
A \ . .
, G(x) =Gy + G® v G(t) . _ B ¥ 210
L I ) | B .

- The Lipmann- Schwmger equauon«for the total wave function is

,.l‘i'<1>>=|¢->+00°i> VIg® >, o -2
"or equivalently
1P >=10>+GD V 19>, C 212
One can define a wransition operator T
SRS |
55'.@‘5
i

14
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T® =V G V- | 213
which may be rewritten alternately as

The transition matrix for a scattering process from ah initial state li> to a final state If>
is given by . ) re

Ta=<¢ I T® ¢, *)>

or Tg=<0 | VI¥ >, | 2.15

" Let us now consider a special case, namely the scattering from two potentials

V=UWw ‘ , - 2.16
and the T—mauix is given by

Ta=<6¢p | U+W I ‘Pi(*).>. | 2.17
Suppose that we can find a solution for the Hamiltonian involving U only

H,= HQ+U . , 2.18
50 COHIX>=EIx@> | N 2.19

The Green's functions for ;ixis pr%blcm are
Go® = [ E- Hkie ]
G,®) = [ E- Hy-Utie ]! ‘

G®'= [ E- Hy-U-Wie ] o 220

15



R
and : B =E- Hy-U-W,
then leads to
| G® =G,®+ G,HWG®),
Tﬁc Lippﬁmn—Schwmgﬂ cquaﬁons for the wave functions are
) = ¢+ Gl(i) U q,'
= ¢,f Go(t) U x(i)
and Y = ¢+ G UsWyo. | <
and substitution of G(*) in the last equation gives
F YW= ¢+(G,<+f +G,WW.GM) U+W) ¢ ,
which could be rewritten as |

p(+) = x+G l(+) W P

Now consider the scattering amplitude

Te=<0; IU+W 1P, > o,

using equation (2.25) the matrix element can be written as

Tg=<; 1 U1%4M >+ <o IWHUG, D W+ G, DWW G D¢ >.

*

¥

Using the identity (2.8), one can find integral equations relating G®)and G®),

assuming Q :
-

2.21

2.22

2.23

2.24

2.25

2.26

227

16 ..
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o ‘ “
After some iteration, and by using equation (2.24), one can write

Ta= <@ V1> <x W E AR 2.28

-

The presence of the total wavefunctién AR in thc second term generally prccludcs ‘
solvmg the problem exactly but there are vanous ways to approxirhate the solution.’
Letus recall the matrix élement

Ta=<@IVI¥®> |, B 229

"and introduce a spherical opticat potential in an artificial way
Tg = < Ol (V-U)+U ¥ >

=< @] @ +U ¥, >, - | . Q.}O

If we take the potential U to be the optical potenual for thc problcm then thc distorted

waves are solution of

(E-Hy-U)lx>=0. . 231
, S

- Using the same procedures discussed above for the two potential case, then one can

write the T-matrix as follows "

'

Ta=<0 Ul >+ <yt P> 2.32

—— v

Because U is sphsﬁcal the first term in thc prcvmus equation does not contribute for
an melasuc transition where 1#f, while the se¢ond term does. Then the matrix element

N . \ Q‘\'
L TemeaPler® >. ‘ n 2.33

4
v

can be writtén as a

| The simplest possxble apprmumauon is to replace X" )and ¥, ) by planc waves, then
the T-matrix can be written as



Ta=<o o> | | 234

This is the T-matrix in the Plane Wave Bom Approximhtion (PWBA). A much better
approximation is achieved if we expand the total wave function ‘¥;{*) using equation
(2.25) and keep only the first term in the gxpansion to obtain .
| Tg=<xOMo Iy >+ <xPDToGPolyx®> + ..,

=< x>, 235

This is th;: T—matﬁx’for inelastic scattering in the Distorted Wave Born Approximation
(DWBA). ~ |
Another commonly used distorted wave approximation is the Distorted Wave
Impulse Approximation (DWIA) To derive the DWIA matrix element we start with the
. inclastic part of equation '

Tﬁ=<‘xf(‘)lu)l‘l’i(*)\>. - 2.36

In the Impulse approximation, one assumes that the total residual interaction is the sum_
of the two body residual interactions ‘
. o

®= z,, T (ViprUA) ‘ C 237

wwhere U is the avcragc potcnual Expandmg the total wave funcuon as in (2. 25) we

can write the T-matrix clement ash o (
, . ,

: AP L AL
=<2+ 0GP @+ 1y WS>

=<xOltig®> ' 238
» O \ , o .
where we have defined the t-matrix by.

r

1 7
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* The free two body t—matrix' obeys the relation

t= m+m'Gl(T)t} ,

or , ' .
=Tt o, Gy R 239

By iritroducing an effective two body t'-n%m'x as

= @, G,y . S 240
and with some algebric manipulation, one obtains

‘=:i‘i+g‘i01(*)zbﬁ‘k*-~f oL : \ 241

(@ =vi+ v, Got @ " 2.42
The final form of the t-matrix in DWIA is given by P
Tg = < xONE 1 O xY>, ‘ . .2.43

and if we set U=0, the dlstortcd waves will bc replaced . by planc waves and thus |

yleldmg the Plane Wave Impulsc Approxxmanon (PWIA), and the T—mamx is given by

———

Tﬁ"—'<¢f‘|fr!ti‘(0)]¢i>. s 2.'44@

Most of the rmcroscoplc approaches to thc nucleon-nuclcus mtcracuon are bascd on the

impulse approxxmanon formalism whcrc the NN, mtcracnon is used as an input.

Because the interaction betwecn an mmdent nucleon and that of the nucleus is not

exactly. the same as the free NN i interaction, certain modlficauons have to be apphed to -

the T-matrix to take this into account. 'I'he most direct altcrnanvc is to use the: effocuvc

NN interaction, where the T-matnx is modified to include Pauh blockmg, cxchange '

19

and medmm effects . This will be discussed in more details i in thc Hext sccnon, where

 we take the Dcnsuy Dcpendent Hamburg Intemcnon as an cxamplc

e
', ..’\
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2.2) The Density Dependent Hamburg Interiction (DD)

The mtroducnon Uf—complex energy-dependem and density- dependem ?
mtcracuons with all the complications of spm isospin dependence is essential’ to ‘

describe the experimental data. The Hamburg density dependan interaction (DD)

.dcscnbes nuclear matter in terms of a Fermi gas in its ground state, thus any given

pomt in the nucleus is ‘characterized by a local Fermx momentum The
semi- phqnomenologxcal momentum—dependent Paris potential is used as m‘ut for the
reacﬁon matrix This potential describes the long and‘medium ge -of the NN
interaction in terms the exchange of one plon two pions, and the a)-meson -between

the interacting nucleons. The short range part of the interaction; where the internucleon "

dxstance is- less than 0.8 fermis, is represented by a phenomenologxcal soft core

- repulswe interaction. A full descnpuon of the DD interaction is g1ven in detail in-

,Uopt@) =2 <Ke< Ou 1 (W) ¢m} A | | 2.45

where t(w) is the annsymmetnzed plane wave matnx element sausfymg thc

_ ‘Bethe—Goldstone (BG) equauon g '
twy'= V+VGQ<+>(w):(w) [ 246 N

reference (R184) but for the sake of completeness a brief description will be given.
Y The microscopic opncal potenual follows the infinite nuclear matter approach

" (Hu72 and Je76), which 1dent1ﬁes the smgle particle mass operator with the optical

model in infinite nuclear matter in the lowest order of the hole-line expansion ’

; and Vis the free NN Pans potenual (La80) 'I'he Green' s function GQ(*) (w) Wthh 1s |
ngenby o o

GQ<*> = Q(K,q.xca [ efb)- e(c)+1w]‘ 24

L | conﬂnns outgemg wave bounda.ry condmons, and medmm effects which i is ensured by

the Pauh pmjecnon opcrator ‘

20



Y Q(K;quf)=21bl,lchfl¢be?<“¢bcl" j | 248

»

+ .. 'where Ibl,ict > K; ensures that the two particles in the intermediate states propagate |

only in unoccupied momentym states above the. Fenm momentum Kf, and e(k)
. represent the smgle particle energles The. starung energy is identified as thc sum of
the projecnle energy e(a) and the enesq of the struck smgle pamcle in the medxum
Ce=e@+em. . a9
v . . » k" ‘ . “ . . . } ' J ' v N
Using equation (2.15), one can introduce the following identity )

<O T 0> = <Ol Vg 2.50

 The correlated wave function W,m Satisfies a relztted Bethe-Goldstone equation

V=0t GO MV g5

The siigle pafficle energies e(k). in equations (2.47) and (2.49), contain the kinetic
energy and a self-consistent energy-dependent‘potential energy - ‘

' } ' ’ B : to > .

.. e(k) = (rx’lk?/zm) +uk) . S . 2.52
: The choice for u(k) was taken to be the real part of the lowest order nuclear mass
' , operator defined by equanon (2. 46). For K= 0, u(k) = 0, the Pauli -projection
operator goes over to one and the resultmg mamx elements are those of the free
- t-matrix which can be dlrectly compared to NN data. By replacing the mtegral bya
" trapezoidel rule i mtegranon equatlon (2 47) is transformed into a system of linear

- equations. . The correlated wave functions whtch are the solutions of ecwa{\on (2.51) - -

then enable us to generate a COmplex energy and densxty dependent effecttve mteractxon '
© in Lhe form of a'two nucleon potenual ‘

<

¢ t(r) ZST :oﬂ (r) PSPT + z,r tIT(r) (L. s;—p“f + ):r tzT(r) s12 PT R
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Wxth ‘the scalar product, an dxsungulshes tensor operators RK of rank K acting on
coordxnatc spacc clcments and Sy acung in spin / isospin space respectwcly ‘The
JT- spacc rcprcsentauon of the effective interaction is ngcn m terms of Yukawa form
‘ factors and thcy are of the followmg forms ’

-

'C‘cmral:' | ~

7O =555 © @ explitn)’
SpinOwbit L ..
. 3 ) . ‘ | ‘Q.

1]

5T@ =5 4T (r)' (@)! exp(-p;r) + 24T [L;(oﬁoz)/z)]
- Tensor:

. }J(r)'sl; -—-‘Z;t;f ©) (r2)~tr)-‘ exp(—up [(3/r2> (o,f) <oz.?> -(ol-oz). ' '2.54,

The local non-rclatmsnc form of the opucal potcnnal is obtained by foldmg thc smglc

parncle dcnsxty of a targct ground state wuh the complex effective interaction
mcludmg both the dm:ct and cxchangc terms L

U(rE) f d3sp(lr+sl)(2tp (s,§1~:)+Ntn (s,k,E)}

rJ ,_‘
"

. +f &’s P(' r+(1/2)8| )3 (s )/ RS} Jo(kf(r)s)
Szt gs,gs)#n{r,,ﬁx(-s,ﬁ‘,a)},g 285

wherein

&= k( ixif(i/'z)sl_)j :

Ck={ORTPOI® . 256
R and the complex local momcntum1s given self-consistently by " -

s,
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At mtcrmedxatc energies, the real part of the central potcnual rcscmblcs a bottle- bottom
shapc, wlrxch is a result of direct and exchange mtcrfcrcncc cffccts together w1th
density dcpendencc in the mtcracuon The inelastic transmons are analysed using ‘the
fully antisymmetrized DWTA where the cxchange amphtudes are treated exactly with

- the t-matrix as driving transition operator. The, DWTA and the DWIA are "
dxstmgmshed by the use. of the densxty-dcpcndcm t-matrix in the former whilst the

" latter is based on the free t- matrix,” The dcnsxty-\dcpendcnt dxstoncgi wave T-matrix

TDWI‘A_XIJZSjIJZ <Xf ("0) ¢)2(r1) | t("'0 ) LDA) (" 7(1 (ro)¢ 1("1)

xl (r1)¢11(r0)}> L 2.58,

wherem SJl 2 T is the: spcctroscopxc factor, and thc dxstor;cd waves X could be

‘computcd either with phcnomcnologlcal or microscopic optical potentials. The notafion

= ‘for the transition operator cmphasizes. thc dcnsxty dcpcndcncc and the use of tite local

~ density appmx;maqon (LDA). The term t(! ro-rl), LDA) in equation (2.58), rcqumcs a

| | rccipc'for handling the dependencc of thé" two coordinates r and r, which point into

deferent density regions. This rcmpc could be achxevcd by usmg either the geometric

mean.

or “ail;crnativély the anthmcucmean :

“  ‘.

.
.

'z(lr(,:r; I'_;E,DA‘)=[{t"(Ir9~r1);v‘kf‘(r6‘)}° {t( rgor)); kerp) 1112, 2.59 .

e 1 roarl"u; L.I)A‘) - ,(1‘/2)[{;(! lfo-ri_);k't(r(;)l * (Wrgry) ki) )1 260

‘ In pracnce thcse two pmscnpuons are not d13ungmshable

An altemauve approach used to‘dbtain an effccuve interaction has been
pursucd by Love and Franey (Lo81 Lo83 and Fr85).: Thcy start from the gcncral
mvanant structure of the fn:e NN scattermg amphtudc

M(Ec;;,j;'e)i=A_'+‘B (cl.?i)'*(d‘z;ﬂ) +C O+ oph e

~

D @D QD +E©@ PGP B X "
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wh;:rc
© n=(kek)/ lkxk1
q=(kk) /K"K

p=(k"+k)/Ik'+kl, IR 2.62
\ (k’) is thc projeculc (cjccule) momcntum and the (A, B C,D and E) amphtudcs
. are constructed from phasc shift analy51s, (Ar84), extracted from cxpcnmcntal NN
data. An eqmvalcnt ansatz to equation (2.58) i is then used together with a criterion to
reproduce these amplitdes, This approach is very appealing as it makes direct use of
NN mformanons, but medium cormcuons of any sort are not mcludcd a fcature which
s unponant cspccxally at low and mtcxmcdlatc cncrgxcs

-

 2.3) ObServébkes

The measured obscrvablcs for nuclcon nucleus inelastic scattcrmg are related -

10 the T—matnx as follows

[}

 dold0 = 12 (g (/2 Tr (TT)
A:-‘"‘I‘;“(‘TG’I""‘)/Tr(‘T."T*') ~~ |
P= Tr('f'r’fc)/’rr("rrf) et

D Tr(Tono%‘/ 'I’r(’l‘I“) o 2.63‘ C
whcm do/dﬂ A P a.nd ij mfcr to the dlffcrentxal cross section, analyzmg powcr

po]anzauon, and polanzanon transfer coeffecxcﬁts respccuvely, while i rcfers to the .
mcxdcnt pmJeculc frame and i rcfcrs to the ejecule frame The polanzauon transfer
cocffeclcnts are 1dcnucal m the "WolfcnStem" paramcters (W054) ' '



Dy =A"

‘The spin flip probability Snn- 18 félatcd to the DNN as follows .

>

S =() (1-Dyy). c 26

pdwcr and the spin rotation parameter Q which is defined as (Sh85) o

-,Q;_T}V(Toz'i*'o,)'/n{i'm'. o T 266

Q s related to the polarization transfer coeffecients as follows =~
. . ’ (%F

' --Q-=. Dy g-cos0y ,, +Dy - sindy L

=_-DSL,cosBm+b§;,sm9m ," . “ e 2.67

" r—

. and as a consequence of time reversal invariance for the reaction. matrix; we have.

Dis-=-Dg-

" 25

~ For nucleon-nucleus cléstic‘scattcring from a spin zero target, there are only three » -
" independent observables that can be measured, namely the cross section, analyzing

'
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- 3.. Experimental Details

1

3.1) The Cyclottdn*

‘ The TRIUMF cyclotron 1s a 31x-sector, isochronous cyclotron which
acceleranes H‘ ions mjected from the jon source. Beam extraction is achxeved by .
passmg part or all of the H- cuculanng beam thmugh a carbon stripping foil, creating

H* ions whxch bcnd out of the cyclotron into the beam lines. The radial position of the
stnpper (R) can be adjusted to provide connnuously variable energxes from 180 up o

510 MeV. The stripper helght (Z) can be varied fo change the beam mtensuy up.to 1

WA and 100 pA for polanzed or unpolanzed bcam respecuvely The unpolarized.ion |

source is of the Ehlers type, gmng 1-2mA at 12 keVv.: The Lamb Shift polarized ion’
‘ source (DoT1) is capable of gmng 1 pA'of 75- 80% polanzed beam at mjecnon Thc
‘ beam is bunched in packets 1 to 4 ns wide separated by 43 ns.

| . The general layout of the TRIUMF facility is presented in figure 3.1 ). The
experiments described in this work were performed on beam line 4B (BMB) which i is
§hown schemancally in figure (3. 2)

-

LN

'3.2) The Medium Resolution Spectrometer (MRS)

A general layout of the MRS 1s presented in ﬁgure (3 3) The MRS isald

L GeV/c quadrupole d!pole (QD) : spectrometer w1th a vertical bend angle of 60° anda”
L o sohd angle ot' 1-2 5 msr. The quadmpole is mounted ona track and can be posmoncd .
" between I and 2 m from the target. Itis typlcally set for pomt-to-pomt focusmg inthe
non-bend (Y) plane. The dlpole is strongly focusmg in the bend (X) plane .The ‘
| "_combmanon of these two elements produces an 1mage of the target on an 1mag1nary ,

‘»surface called the focal plane The standard focal plane detecuon system conmsts of

26 o
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Figure 3.3 ‘A l’ayoﬁt of the Medium Resolution Spectrometer.
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two vertical drift chambers (VDC1 and MDC2) and a series of segmented trigger |

scintillators (paddles) placed after the spectrometer. The focal plane is located just
below VDCI and oriented at 45° to the optical axis, parallel to the VDCs.

The coordinates _of the trajectorics are measured by three sets of wire
chambers. The first is :%in front of the entrance of the quadrupole, and is called
the front end chamber (FEC). Tt is located directly after the scattering chamber, so it is
the first detector to analyze the scattered particles. The FEC is a standard 8cm by 8cm
drift chamber which consists of four planes, two in each direction (X and-Y). They
are labeled X, X, .Y, and Y, Each plane consists of sixteen pairs of alternating
anode and cathode wires. The primed planes are offset by one half of the anode
spacing. This gives an indication of whctt’icr the particle passed to the left or to the
right of a struck wire and allows position interpolation using drift times. Both the
wire number and the drift time are passed on to the computer and a resolution of less
than 0.5 mm is achieved. The FEC provides many useful funcnons First, it allows
ray-tracing back to the target in order to set gates which are used to define the solid

angle of the spectrometer and to correct for abeirations in the MRS. Second, the FEC

serves, in conjunction with the top scintillators as a trigger for the MRS electronics.
The remaining two wire chambers (VDCs) ate located 37 cm apart and about

‘4 m beyond the exit of the dipole at an mchnauon of 15° Jo the horizontal (45° to the
' Y-Z plane). Each VDC consists of two-crossed w1re planes Wthh give positions in

the X and U (30° to X) direction, this is shown schematically in ﬁgurc 3.4. The "X"

~and "U" coordinates provided by the lowqr and dpper VDCs are labeled X, U, and

X,. U,, respectively. This information is transformed into X and Y coordinates.
Using simple g.coxPctric‘rclations based én figure (3.5), one can show that

Y=(¥3) X-2U. | - | 3.1

There are 160 and 176.wires in the VDCl and VDC2 planes, rcspccnvely The centre -
" wires in the X and U planes (ch and U;c) cross in the centre of the chamber at the

following posmons in 50 wm units, 8640 #nd 10650, respectively. Offscts have to be
added to the calculated Y. coordinates so they would be in the centre of the VDCs

Y=V X, A0, +2315 .

Y,=V3x,20, + 2830. - 32

30
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“in the transverse plane.

pamclc back to the ta.rget. The calculated coordinates, =

e,

‘Since the X and U planes are not coincident in the z direction, a small correction must

bc made when calculaung Y. Based on the geometry illustrated in figure (3. 6) the -

correction is given by

'xéor=(Dl§D2) (XUsep) G) o 3.3
3

. with D X1+H D, =X,and G is the distance between the VDCs The correct Y

coordmatcs are then given by the followmg cquauons
Y, =3 (Xl-chr) -2U, + 2315

" Y, =3 (X,-Xcor) - 2U, + 2830. - 34

The VDC information is used to calculate the posmon of the scattcred parucle on thc

. focal planc » S

-

Xp=[GD,-KD-Dy] [G-D,-Dp) an®)}’. = 35

For ray tmcihg throﬁgh the spectrometer, it is necessary to knovy the particle's
trajectory as it crosses the VDCs. This may be specified in terms of the angles

—-—

8 = (1/2)[G-H+(X, X IH-(X X )1, . 36,
in the dispersion plane, as illustrated in figure (3.6), ana similarly
O=(Y,Y) G+ @D , 37

D

The VDCs  and the EECmformauon may be used to rcconstruct the path of the

3]

XI=aXo+b 6 .

and . Y=cY@#dd, | R 3.8

32
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| refcr to the posxuon of the pamcle at the target. To help reduce the’ background the XI
and Yl coordmates may be eonstrucwd to requxre that any detected parucle ongmate at
the target within the beam spot. :

The MRS can be rotawd about the target position so that angular distributions

over the range of angles from 3° to 135° can be measured. The FEC rotates with the
MRS while the scattering chamber remains fixed.  In the large angle configuration
(LAC) a ﬂexxble alumuuum " bellows " connects the entrance of the FEC to any of the
ports of the scattertng chamber. These ports are-located at ,scattermg angles 28°, 53¢,
78°, 103°, 128°, 133°and 152°. The minimum scattenng angle attamable in this

’conﬁgurauon is. 16° In thxs mode, the unscattered beam goes through a conunuauon »

of the bea.m pipe, exxts through the opposite side of the scattering chamber, passes

~ through the SEM and eventually is stopped in a beam dump located outside the

south-west corner of the proton hall. -
* In the small angle configuration (SAC) the maximum scattering angle

\ .
attainable is 16°. In this mode, the beam pipe downstream of the scattermg chamber

must be removed. ‘The quadrupole magnet of the MRS is moved closer to the dtpole
magnet and a short extensron piece " horn ” is tnstalled to replace the removed section

of the ‘beam line and to connect the scattering chamber to the FEC. The unscattered. .

beam is stopped by a small beam-stop inside the horn. In this mode, the FEC can be
installed either inside the horn (before the beam- -stop), or after the horn. The former
arrangement allows the MRS quadrupole to be closer to the target posmon with good
: ‘resolutton and larger solid angle, but results in higher FEC rates at very small angles
(less than 5°) the latter allows angles down to 3° but moves the MRS quadrupole and
" FEC back which worsens resolution.

34

' Located in the dispersion plane above the VDCs, is an. array of 6mm thick by' L

‘_10 cm wide plasttc scmullators (paddles) whtch select the desued momentum
acceptanceoftheMRS = S R . '

A veto scmttllator paddle is avarlable to prescale the number of events whtch '

o are accepted &om a certain regton of the focal plane. ‘This'is necessary to-suppress -

strong pe;tks such as the elasttc scattenng peak, which would othermse make the

stidy of weakly exctted states or the continuum 1mposs1ble Thxs tncreases the:

= proporuon of i mterestmg data. omape and reduces the computer dead-nme However,

. one should note that the countmg rate in the focal plane detectors is not reduced by the_

—{n



. One of the attractive. features of the MRS étts relauvely large momentum :
acceptance. For example it is possnble to look at a very wide energy range of nuclear

excitations (about 45 MeV) with one dtpole field setting.. 'I'hts feature allows
expenmenters to study weakly excxted states at large excitation energy without
producmg background due to elasucally scattcred protons

3.3) Dispersion Matching .

35

The beam produced by the TRIUMF cyclotron is momcntum dispersed in the )

‘honzontal plane, perpcndtcular to the MRS dtspcrsnon plane If an MRS experiment
© was performed under these condmons, resolution of a state at some excitation energy .

~would be limited by the energy spread of the beam.” Since the beam energy spread is -

typically 1 MeV or more, dependmg on the beam tune, the rcsolunon of cxcned 3

Bno

nuclear states would be very limited in ttns mode of operatton

‘High energy rcsolutlon MRS .experiments (typlcally “between 100 and 150
keV) have been performed in the last two 'years, with the‘ help of the “"dlsperston
matching” technique which makes the energy resolution independent of the energy
spread in the incident beam. This prmc1ple is illustrated in figure (3.7). It is achieved
by rotaung the honzontally momentum dispersed beam into the vertical plane by the
usc of an assembly of six 4 inch quadrupoles known as the "TWISTER". The
dispersion matching prmcxple is d1scussed in more detatl in the MRS manual (H186)
but a brief discussion will be ngen here.

If a non-monoenergeuc electron source were placed atone pomt Pin the focal |
plane of thc spectrometer the electrons of dxffeBt momenta would be spread out by_' ;

amount
AX’='<DS/M5)(‘P’H-P'L)‘/P?.- . 39

whcre D, (M )1s tﬁe dlspersmn (magmﬁcauon) of the spectrometer, P’H ( P L)is

L

- the htghest (lowest) momentum of electrons from the source, and P’ is thc average .

;*momentum of electrons, which i 1s given by

?

p'=(‘1/2)(P'H';+P'L.')._ o 300
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By reversmg the pamcle trajectones we see that the incident beam with momentum
-spread ( P’y -P"L ) and dlspersed by an amount AX would all . focus at the smg-le
pomt P in the focal plane, : ‘ o

Suppose we now let an mcxdent beam thh a range of momenta 1mpmge on
the taxget Tlusbeamwlllbe spreadoutbyanamoum -

AX (D)(PH PL)/P | S ST N |
” where D, is the dxspers:on of beam u:ansport system, Py ( PL ) is the htghest (lowest)
momentum in-the incident beam, ‘and Pis thc average incident momentum From
figure (3 7), if we assume AX = AX " all the parncles will focus at one pomt in P in the
focal plane Based on equatlons (3. 9) and (3 11), the dlspersmn matching condition

. ' can be wntten as follows

(D;.)'(PlH;.PL)/Pé'(D;/le)(P’HfP’L)/P’-. B RV
- .

" For elasue scattermg from a thin target of large mass, P~ L“ P and Py = PH and
equauon (3:12) rcduccs to ‘

‘kl . . . . T
D=D,/M,. .. . 313
Forthe MRS =~ 'D,/M,=-llcm/%forLAC . -
h o ~=-7bcm/‘%forSAC. 34

s The dtspersmn condmon based on equanon (3 13) 1s usually adequate for any 1nelast1c
_.*scattenng expenment where the energy loss is small compared to the beam cncrgy

YRS

Othermse, the required dJspersmn must be computed usmg cquauon (3 12) A

. . Essennally, the scattered parucles must leave the target w1th dlsperslon e

—

Ax D, (AP /P) s s

| and the incident beam{ : 'mus“tﬁ'gd,ispcrsedh" _‘ apﬁmpﬁately«to ensurethts C



'3.4) Data Acquisition

' i
AR} 0

Data Acquisition is handled by the Computcr Automatcd‘ Measurement and .

i “ Control (CAMAC) systcm and the data acqulsmon prograrn (DACS) using the

38

' Echpsc/200 computcr in the MRS counting room. A fast mlcroproccssor controls the‘ o

transfcr of data from the CAMAC modules to the Eclipse comnutcr in a buffered mode

’whxch in rn records them on magncnc t?pc for further analy51s A fractlon of the

‘events is analyzed on-line to momtor the quality of beam, data and scalcrs which
“would result ﬁnally toa shortc; and more reliable replay (off lmc) analysns

For the FPP experiments, an on-line ,[11 starbunst mxcroprocessor is used to |
put somc constramts on thc FPP data taking; and to analyze a ﬁacuon of it on-line; tms '

'3.5) Event Trigger and Data Stream

The passagc of a pamelc after betng scattered at the target and analyzed by the

o MRS with | propcr correlanon in ttme through a desired set of detectors constitutes an
evcnt and generates:a mgger sxgnalhng the CAMAC electonics modules to read the '

: mformauon about thc cvcnt. The MRS clectromcs 1s ﬂlusuatcd in figure (3. 8). The

: K system uses. programmablc Lecmy CAMAC modules that allow a keyboard command S

‘ : to change the logxc for vanous mputs A dctalled descnpuon of the triggér and thc .
PR ﬁmeamngs of the dlfferent vanablcs mdlcated in thc ﬁgurc is given m both the MRS | “ | o
" manual (Hi86) agd thie DACS handbook (Gr84), but for the sake of completeness a
o ‘shortdescnpnonvvtllbeglven | ‘ o

The ummg mgnals from thc scmullator photomuluphers and the outputs of the

il wu'c chambers are mput into nmc-to-dlgnal convertors (TDC's) The pulsc hetghts are -
o galso fed i into amplttudc-to-dxgnal conivertors (ADC's). The CAMAC system is used to’
© .read: the scalers, TDCs, and ADC's in the order spectﬁed by the user in DACS :

'rthn aTDC or. an ADC storcs an cvent in 1ts buffer 1t sends a 51gnal toa dev1ce R |

“ ‘}known as thc Event Tnggcr Module to mdlcatc that tlus has occured Whlch would :

A .

‘.‘n". ST
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generate a ﬂag as a sxgnal o mﬁ,g' A Cmead and clear a buffer in the TDC's and '
ADC‘s This readout cano\c\c\ur sim:dtaneously with the conversmn of another event
by the TDC and ADC. The CAMAG also penodlcally receives a- message (typxcally

' every 5 seconds) from the computer to the scalers. The 'I'DC s and ADC's cannot

sxmultaneously acquxre and dxgmze signals; so a gate is needed to )Enhlblt data

. acquisition when conversmn for each event\(about 12 us/event) is occuring. This is

known as the Computer Busy gate and an event that occurs’ when thxs gate 1s off is

rcferedtoasaTngger . P '\ . . BT
In the, normal MRS modé of operauon a typical data stream usual]y consists

of. the following - ’ ,‘ ' '

D3 header words (evem length event type sequence number )

. 2) The dxgnal Coincidence Register (DCR) plus a word for the tenmnation code

40

3) The 6 ‘TDC sxgnals (usually TTB, TRF, TSLT, {DIP, 'ITOP TUSR where SLT

and DIP are the slit and dipole veto scmullators TlD\P is a s\tgnal of the ﬂrst FPP

: scmnllator Sl and USR is a start to the a’uxlhary trigger (AUX‘I’R) Whlch tums the

vetoscmullatoronandoﬂ) plusatemnnauoncode _ '\ : :
4) The 12 ADC signals (usually ESLT, EDIP, PDO, PD1,....) £D9 where PDn are the A
mggerpaddlescmullamrs) plusanermmanoncode : \ N \ I
5) A VDC header word plus a word for each of the VDC TDC's that did no\ume out
* (this word is variable in length and is handled appropriately by DA&S) S

' In the FPP mode, for each detecwr plane three timing signals) eneoded,‘ the
"TDC times for each end of the delay line TR and Tr, and the cathode g signal Te.

' -Also encoded are the ADC amphtudes of the two cathode pulses, Eodd\and Eev\:nl -

" 2) The cight TDC signals for the delay line ume d1fference and sum for the Y planes,\ A

The on-lme nr starbm'st mxcroprocessor computes ‘the. delay line time" dlfferencé\

(T.Q-Tr) and sum (‘l‘.!+Tr) for each detector wu'e plane The tngger paddle sclnullators ‘\ N

are usually taken out and replaced by the FPP scmullators S1 and $2.In thlS mode of \
operauon we have, excludmg the paddles the normal data stream' plus the followm g
1) The elght TDC SIgnals for the delay hne nme dxfference and sum for the X planes ,
(ustially WRIX; DRIX,:...,WR4X, DR4X). o L

(usually WRIY DRlY ..... WR4Y DR4Y) S . :

3) The elght TDC s1gnals for the odd dnft umes for the X and Y planes, (usually i S

TDIX‘ TDlY ..... TD4X TD4Y) i @n '

4) The ten ADC pulses for the oddcathode wu'es m the X and Y planes and the ﬁrst R

FPP tngger scmtll.lator ) l (usually OD IX ODlY ..... OD4X OD4Y SlH SlL)

P . H A . . SR R o . . [

L ,;;5.‘_1 "

= x-:;.‘_@.

P sm



6) The seven TDC srgnals for the two scmullators and the MRS start signal.
This mformatxon is recorded on magnetrc tapes by the data acqursmon system for
‘ further off—hne analysrs '

‘ correspondmg to other charged partlcles like pions, deuterons ..etc, might exist in the

. 5) The twelve‘.ADC pulses for the even cathode wires in the X and Y plangs and the.

second FPP trigger scintillator $2; (usnauy,Ev1x,~Ev’1y,...,.,‘EV4x, EVA4Y, S2LS,
S2HS, S2HL, S2LL). | ‘ |

B
¥

'3.6) Particle Identification -

\

~The puls‘er height of a scintillator signal is proportional 1 (ZE/P)QQwhere Z, P

" ..,and E are the charge momentum and energy of the pamcle respecuvely On the other

hand, the ttme of fhght is proportlonal to (E/P)’). Therefore, a two' drmentronal

“ spectrum (usually called SPID ) of ESUM vrs TTB is used to drstmgursh pamcles
" with drfferent masses and charges ESUM is the maximum energy lost by the pamcle"
A‘rn any of the rigger paddles and 'I'I'B (- Time Top-Bottorn) is the time of flight of the |
‘ 'partrcles from the FEC to the paddles : '

The intense peak seen in figure (3. 9) consrsts of pmtons wrth the correct TTB

e

) values, so a, w1ndow must be, set around it to select proton events Other peaks

o

41

spectrum The latter should be eliminated by hardware cuts to mcrease the good event ' ”
rate on magneuc tape: - \,

“"“-I"H,: o ) .:,-

) 3.7) The Focal Plane Polarimeter ‘('F‘P‘P) I o

The focal plane polanmeter shown schemaucally 1n ﬁgure (3 10) is locate“d at

R . the downstream end of .the MRS and 1s capable of measurmg the transverse
-'.polanzanon of the scattered parucles over a broad range of momenta Smce the

standard detecuon system (the VDCs) mamtams the desired hlgh energy resolutron '(; L

. ‘no compromrse between energy resoluuon and FPP efﬁetency needs to be made ‘This ‘,‘1; |
. allows for the use. of a very thrck carbon analyzmg target 0 achreve htgh FPP‘
efﬁcxency A detatled descnptxon of the FPP i is glven in references ( Ha86a, He86)
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Figure 3.10 A layout of the Focal Plane i_’o]an'mctcr.



Howevcr for the sake of completeness, a brief description will be given here.

The FPP elements are mounted in a cage which can be rotated about a
horixontal axis; as illustrated in figure (3.11). The FPP consists of four delay line
' , as manyas four slabs of carbon scatterer, a trigger scintillator viewed

by two photo i nt of the sc&lcrcr a mount for stecl absorber plates (uscd for
deuteron experiments only), and a large ﬂnal_scmnllator viewed by four phototubes .
The coordinates are chosen along the optical axis (Z), parallcl to the dipole field (Y),
and in the direction of the dxspcrmon (X). In the normal "pioton” mode chamber D1
is separated from chamber 2 by 40 cm, with the carbon scatterer 1mmcd1atcly in front
. of thc latter, with chamber 3 ‘and 4 following with succcsswc 20 cm separations, The '
wire chambers have active areas of 89 cm by 49 cm and consist of 110 and 60 acnvc
anode wires in the X and Y directions, rcspccnvcly The 'four delay line chambcrs
togetherewith the VDCs are used to determine the dmccuons of incoming and scattcrcd

protons. . , ‘ _ )
The carbon anaIyzcr is'a set of four carbon slabs of different thicknesses, the -
~ number of these slabs can be adjustcd for the needs of a parucular cxpcnmcht (up toa
thickness of 15 cm). The thickness of carbon chosen for a given measurement
~ depends on the energy of the scattered protons. It i is dcsu'cd that the carbon analyzcr
. be as thick as possible in order to maximize the. numbser of protons scattered! A lumt

" on the dnckycﬁjiwn\by the magnitude of the muluplc-Coulomb—scattenng anglc

which increases. with the carbon thickness, One does not want the angular range

dormnatcd by muluple-Coulomb—scattermg cvcnts to 1nfnngc on the angular range’
where the inclusive analyzmg powcxf and cross section for nuclear scattcrmg events is
largc For TRIUMF. encrglcs Lhc angular dxstnbuuons of the scattercd cvcnts for

~ scattering angles between 5 and 20 are used to obtam sunultancously the polanzatlon
) componcnts normal and mdcways rclauvc to the scattenng plane. - = . . <§ .

. The on-liné J11 starburst rmcroprocessor is used.to perform fcw test on the -

: FPP data. A "good evént is one which has satigfied the- followmg tests. First,a test
fora pulscr-gencrawd cvent, ‘second, a SOftware presca)cr test which is set to pass one

- of n events uncondmonally. and thxrd, tests for scattenng angle and colhneanty, phJs

‘ chccksum tcsts on each plane. The checksum test. is ;he difference between the drift

nmc as measured from the cathode time signal’ (corrected for propagdtion time along

" the “bus lin¢) and ttwmcasurcd ayemge of times from the two ends of the delayline. ,.

Multiple track events are those in whlch the mgnal atone-end of the delay lme is duc to -

oné track and that at the other end is due to ‘another. Thcse events w111 faxl the:

L . : ) . ) . N Ce

e .
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checksum test. ﬁc scattering angle test is performed on the delay line time differences
with an on-line resolution of 4 mm corresponding to the anode wire*$pacing. The
linear combinations are
X124 = X1 - 2X2 +¢X4
Y124=Y1-2Y2+ Y4, . 3.16

- \

(where*Xn is the bend plane coordinate of wire chamber. n, and shﬁiiarly for the

_ Y-direction) is zero i\f no. scattering occured in the carbon, and is used as a test of
“scattering angle. If the sum of the squares of deviations in the X'and Y directions is
less than a specified amount the event is rejected as "bad”. The third test, a straight

' line test of the X and Y coordinates for chambers 2, 3, and 4

X234 =X2-2X3+ X4 ‘ 3.17
Y234=Y2-2Y3+Y4 3.18

itis mtcnded to catch those multiple track events in whxch the "false” track had a much
shorter drift time than the "truc" track, so that it was the first 51gna1 to reach both énds

of the delay line. The most common cause of an event being rejected is that the
scattering angle is too small, for which the processing time (mcludmg TDC conversion

'nme) is 460 pus. The maximum time rcqmred to determine that an event is good

~about 1100 ps, which happens for only 10% of the events. This should be compared ‘

wnh the nearly 3 ms spcm by the computer to read and process it.

3.8) 'Be_.am Monitors |

.
.

. ',‘total mtcgrated cliargc There are three different ways to obtain such mformanon for
o cxpcnmcnts pmfoxmed on BL4B. Thc first is the in-beam Polanmcm (IBP), then the
swondary clectron cmxsslon monitor (SEM), and the third is the Faraday cup (FCUP)

‘ " The beam polanmuon is connnuously momtorcd by the IBP. ‘

v .
. Lo LN i . .
. . ; . N . ..
. . . -
a - .
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The measurcmcnt of cross sections, reqmres the prccxse knowledge of the '
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y

/" 'The IBP uses free p-p scattering from a polycthylcnc target to momtor'both

the bcam polanzauon and beam current. The polanmctcr layout is 1llustratcd in ﬁgure :

' (3.12). On either side of the beam line a pair (L1.L2 or Rl R2) of scintillators dctcct
elastically scattered protons at 17°, Each of thcsc telcscopcs is in coincidence wuh

()‘

it's recoil counter (L3 or R3, rcspecnvcly) L3 and R3 are located at 70° on either,

side of the beam line. Triple comcxdenccr({-:tﬁﬁzmdm R3) are called
prompts (Tonsisting of/{pal plus randoms) and are counted. To measure the
' COnmpunon of random events (acc), coincidences between these same sets of
detectors, but with L3 and R3. dclaycdvby 43 nsec, are also counged; This délay
ensures that the protons comé from different beam bursts. Seperate runs with a carbon
.‘ targct in the IBP allows for corrections due to the carbon contentYn the polyethylene

target to correct for 12C(p,2p)‘4:v<:ms The "sum of events" in the normal direction is
dcﬁncd as ' ‘ | -

& ’ . ‘ , " L o . E
Sum = L(real) - L(acc) + R(real) - R(acc). 3. 19
. Y ) ‘ ) , ) \gfr\l

47

This number should be proportional to the integrated beam charge (beam flux), itis -

lxsted in table (3.1) for some of TRIUMF energies. Thc polarimeter asymmetry is
. glvcn by ° \ '

& =[( Lireal) - L(acc)} - (R(real) - (Racc))] /Sum.”  3.20
The beam polarization is then given by
Py=e/A (/A V(&) (Sum), T
321 S | , -

whe}e Ayp is the analyiing power of polyethylenc Ayp depends on eny rgy:ﬁ;_‘;pd it is.
calculatcd cmpmcally asa funcuon of the analyzmg power of H (A ). Itis gilvch
by the followmg formula ' '

A Ay(H)[10830 , /100) (007486 ('r /100)000823) ) 322

whcre T is the proton mcxdem cnergy, and A),p is hstcd in tabIc 3. 1) for TRIUMF '

c energies. The values of Ay(H) are given by the phase shift analy31s program SAID o

by
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Table3.1"

Beam normalization values for bef;m line 4b (4BLB) in-beam polaﬁmeter:
T, (MeV) - (L+R)f A, SEM
200 469 - 0283 102
250 . 497 0327 . 9467
300 0 526 0370 . 8514,
350 . 554 0414 .  7.869,
| 400 601" 0433 7346
450 © 649 . 0.449 ©6.947 o
500 697 0466 6630 . U

* this is in units of counts/sec.nA.(mg/cm?)

a
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; ‘ ‘ y ‘
Two comccnons of thc bcam polanzanon calo?llatcd in cquauon (3 21) are -

usually nccdcd. Fxrst, is the spm-oﬁ (unpolanzcd) correction factor

em={eo;,+eoﬁ)‘/<,1+é:,,i~e;,g} 7 323

N

This coxroction factor could be very. ‘large if the'\Yeam tune is poor . Since a CHZ' o

targct was in place mstcad of pure hydrogen, the 12C(p,2p) reaction can ‘contribut®, ~SO
a small carbon corrccuon factor is needed. A seperate run with a carbon target in the
IPB instead of the CH2 is ncedcd The final comecuon of the carbon can be written as

em((H)—‘P AY(H)—[e +€, )/(1+e e } “ ) 03.24
 with o £
& =(NUO - N (O }/ (NO +Ng @) ", - 325,

. "w;.cr'c Ny= X(C) -X *(C)?

N 1 . A '
“The beam current mionitor (in LAC) s the SEM. The sﬁw sollects (negative)

electrons from surface exmssxon as the protons pass through several aluminum foils a
The numbcr of electrons glvcn off is proportional to the stoppmg power (dE/dx) and i is.
mdepcndcnt of the foil thickness. The S fates normalized to.the Faraday Cup’ are’

" listed in table (3. 1)The SEM is located downstream of 4BT2 just in front of the beam
dump Cam must be taken to focus the beam through the SI:ZNl‘usmg the cleanup
' quadrupoles (and beam ccntemd on thc beam proﬁle momtor 4BM8) In SAC the |
SEM is not uscd, and- instead the beam i is. stopped by a copper block whxch is

posmoncd on a trolly that rolls on the small angle configuranon hom ﬂoor, therefore , |
rcmamxng at a fixed angle ( 0°) w1th rcspect to thc beam dxrecuon, and electronsn .

_'. cmmedarccollectcd. . 'J\ o

°39) Experiments 272 and 335

50

S . EXpoiixiraxit 272is a study of the AUMg( p,p;)?AMgi reacvtion‘ at 250 MeV This - | |

oo



W
4]

experiment represents the first measurement of the spin-flip probability Sm;, at

51

+ TRIUMF. It was carried out in two phases during the months of September and June

- of 1985 The ﬁrst and second phases were measurements of SNN . P, Ay and do/dQ at
C29° and 6.55°, respecuvely ' :
T The major dtfﬁculty of this experxment consnsts m the fact that a large number
~ of events from the target need to be accumulated to achteve good statrsdcs although

'they constitute only a small fracnon (about 103) of the protons passmg through the

o MRS .because of the low efﬂcxency of the FPP system. Several expenmental steps

‘were taken to overcome tlus problem First, elastic scattermg and the first exc1tcd
" states were etther scaled down’ by a large factor usmg a scintillator at the focal plane,

L or eliminated completely usmg alead blocker which was mstalled after the focal plane
VDCs and before the FPP detectlon system Second tnelastxc background was ‘
reduced by operating the wire planes of the FEC to deﬁne an opttmal sohd angle for

o the MRS. ThJS was established, by mstalhng masks between the wire planes to

elhmtnate the edges of the FEC mainly at the small angle side, which would resulti
oo ﬂnally into lower rates. Thtrdly, careful deﬁmtton of the spectrometer acceptance |

" using the FEC planes m a comctdence mode whrch means reqmnng a hit in each smgle .

o plane The fourth step, neutron-tnduced countmg rates in the FP and FPP detectors

- 'were reduced by water and polyethlene shteldmg, which was put around the small

'angle configuratton horn in an atterpt to shield agamst neutrons from the beam "
stopper This hydrogenous shxeldmg reduced neutron-mduced background rates by

‘about a factor of two. - .

For. the second phase, we used a new on- lme J11 starburst rmcroprocessor' .
‘ event analysrs program, wluch enriched the number of. good even.ts on tape by a factor |

.

of three, however the total event rate could not be pushed beyond a value of typtcally o

- "50 events/second because of deadtxmes imposed by the J11:.

For spm ﬂ1p CrOSS. secuon measurement, several auxxhary runs are necessary |

" absolute CTOSS sectio

'\_.polyethylcnei target at each crres

- for each Tun. Fn'st, the cross sectlons and analyzmg powers were ‘measured- at each . - ;
i angle seperately “This i IS to ensure havmg a rehable live nme estimate to obtam S
—S5€ec nd, the overall normahzauon was checked usmg the
" . elementary H(p,p) reacuon Thiy is usually achxeved by’ havmg a seperate run on a
. ondmg angle Thu'd, the momentum acceptance of B
. _ the MRS was measured to be flat thlun * 2% over an energy mterval of about 40 'j‘
- :'MeV by steppmg the elasuc peak from. 24Mg across the focal plane Fourth the' ‘
‘ '-':" - ‘momemum cahbratton of the MRS was estabhshed from the latter data and vcnﬁed by:



| companng mcasured and known level spacmgs in 12C(p,p’) Flfth the absolutc angle ‘
- calibration was obtamod from the relative posmons of groton gmups from H and 12C-

 at forward anglc scattcrmg The sixth stcp, the longxtudmally polanzcd component of
. thc beani was esnmated to be ncghgablc at 250 MeV by Steppmg through sevcral turns
in the cyclotron and obscrvmg the transvcrsc polanzanon components at 4BT1 using

the in-beam polanmctsr
Expcnmcnt 335isa cross-sections measurement for the 11.45 MeV (A’I‘—l)

. and the 9.5MeV (AT=0) I* ransitions m the 2831(p, " Y8Si* réaction at 200, 250, -
290, 360 and 400 MeV. As in cxpenmcnt 272, several auxiliary runs for angle P
callbrauon and normahzanon were done, this will bc discussed m morc dctaxl m :

chaptcr four .
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4. Data Analysis

4.1) The LISA Data -Analysis Program

The LISA data analysrs program is used for the offhne analysrs of thrs work.

LISA ts an mteractrve data.analysrs program’ desrgned to process large amo;mts of

ﬁvent mode data Although many of its features are general the current version of
; LISA is only capable of decodtng MRS type event structurc This type of evem

stnicture contains three event types, of which currently only two are in use. Event

type 1 contains only scaler mformatron while event type 2 consrsts of two parts; ‘the

first is a fixed length part for TDC's and ADC's'and the second isa vanable length

| part contarmng the TDC mformauon ﬁ'om the MRS drift chambers ‘
, ~ .The expenment can, be deﬁned by the user in two FORTRAN routmes they
arc refered to as the "INSERT" and "EVBEV" routines. which are called

'~ event- by-event.. In" these routmes expenment dependent event- by event
transformauons of the data are performed, new event coordmates are generated and

———-—coordmate correcttons are apphed_

Many one- and two-dtmensronal spectra can be deﬁned, hnear and complex
conditions on the dlfferent event coordmates can be generated Dunng the processmg B
ST of each- event, condmons are. tested and the deﬁned spectra can be hrstogrammed =

. accordmg to the specrﬁed condmons For further descnptrdn of the LISA data analysxs -

program the reader can refer to the LISA documentardn manual (Fr83)

. o 8
4o /'.

: RS '-_tm . E AT o
i '4 2) dd‘ogﬁ’mate Correctlons ' i x -“"

In the replay analysrs, correcnons are apphed to the XF and 6 coordmates to

i 1mproVe the resolutton of the focal plane spectmm The 9 coordmate depends on the- P

“ .

&, .
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A OB

momentum of the detected  particle and is corrected to make it momentum
mdependem, accordmg to its position on the focal plane usmg ‘

eﬁczeﬂxpg_ 4y

By substituting B into cquation (3.8), an improved expression for X; may be written -

)

as

A

_givenby

A

: ‘x,-,],‘C = x,,‘+ a e,,c+ b (Bpc )+ ¢ (Bpc )3.1»r d ‘(e,,C )

* +e(Y0)+f(Y0)2+g(X0)+h(X0)2+k9PC(XO) ,' 43

where the coefﬁcxems of each of the comecuon tenns are adjustable parameters chosen
such that XFPC is independent of the correctxon coordmates as 111ustrated in ﬁgures

cheral corrections must be apphed to the focal plane posmon XF to opnrmze the - |
- resolution of the focal plane spectrum. The conecnons depend on some combinations. .
of the mmal positions (XI,YI ) and angles (9 <D) The corxected focal plane posmon is

N

(. 1) and (4.2). The optimum correction coefScients are calculated automaucally w1th o

the FFI'I‘ routine (H185) coptamed in the LISA software package When the data is
. replayed thh these corrections, the focal plane spectmm XFPC is hlstogrammed with
opumum resolunon S

43 Angle cal‘ibrhation »

Ty

oo ' e } -

Determmauon of the eXact scattermg angle relanve to the beam ax1s 1s an

mponant constrmnt on a precxse scattermg expenment. The front-end chamber in Lhe W |
MRS defines the solxd angle for the: scattermg process The Yo plane dennes the o

scattermg plane, 1ts maxxmum ‘width is- 1600 channcls, where each channel
corresponds to 0 005 cm It would be mce 1f the centne of the chamber correSponds to
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the right MRS angle, but it is not usually the:pase. Thus, the real setting for the MRS
- } d

angle has to be calculated.

. Data from the CH, normalization runs were used to caltbrate the angular
position of the MRS relative to the beam axis by méasuring the energy difference of
the séattcﬁng from protoiis and carbon nuclei in the polyethelene target. The energy
difference is dictated by the reaction kinematics goveming the two processes. At a
‘centain forward angle, the energy of a proton scattered in the pp elastic scattering
reaction is equal to that of a proton which excites a certain lowlying state of carbon like
the 2* state at 4.44 MeV or the 1* state at 15.11 McV. The kinematics of the two
reactions at an incident encergy of 250 MeV, are illustrated in figure (4. 3)

An experiment with a CH, targct in place was performed at the crossing anglc '
" petween pp clastic and a certain carbon excited state, In the rcplay analysis, two

‘ncthods were used to find the crossing angle The first method, a two dimensional

“spectrum of Y, varsous Xy was hxstogramm _‘ ian _4d hence the crossing pomt was

observed. The second approach, the data was di
‘TWo pcaké) were resolved in order to find the YO channel which corresponds to the
crossing angle. With this knowledge, the anglc of any other ¥, channcl or, the centre
of some Y, bin, may be calculated directly from the target- mctry

}
!
N 4

T A SRR ,
4.4) Nort{alization

a

BE ' . The front-end chamber determines the sol.(‘o\énglc acceptance of the MRS. It

is often not necessary to normalize the data to other states of known cross sections like

. pp clastic. Auxiliary runs with a CH, target to obtain pp elastic cross section at
" different anglcs are usually donc to compare them with known experimental data or

* with those calculated from phase shift: analysls programs like SAID (Ar84) The
unccrtaxnty is u3ually within (5- 10%) ’ .

,;1_.'5) Determination of Gverall MRS Efficiency oY

Any complex detection system which consists of many elements does not

P
‘4

a _~ .

d into small angular bins and the

56

e



)

on Energy (MeV

Outgoing Prot

N
(&S]
o

250

N
NN
()]

n
[N
o

A"
W
o

n Ex=4.44 MeV -
Ex=7.65 MeV
Ex=9.64 MeV
Ex=15.11 MeV
1 0 1 ] T 1 1
0 4 6 8 10 12 14

® c.m‘(deg.)

Figure 4.3 Energy of outgoing proton after scancﬁng from

~  apolyethelene target at 250 MeV.
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have a 100% efficiency. The MRS detection system consists of two vertical drift ‘
»chambicrs. and a front end-chamber with six wire Planes nameiy Xo» Yo. X3 X5, U,
and U, .The detailed calculations of the overall effeciency is given in the following
references (Hx86 and Mi86), but for the sake of completeness a brief discussion will
be ngcn . K }

When a particle passes thmugh a set of dctectors {A B, C D.. } the overall
efficiency of the detector system € is defined as the probability that the particle is
detected by all of ﬂ}c detectors in the set. This may be determind from the individual
detector efficiencies ( €,, €, €, €p...} using - |

€=€, €p E Ep... o | 4.4

assuming that there are no correlations between the detector inefficiencies.
It is possible to determine an individual detector efficiency by measuring the
probability that it detects a particle which is also detected by all of the other detectors in
the set. For example, the efficiency of detector A is given by
= [A‘BC'D...] / [B-C'D..] , , 45
where * represents the logical "and” operation. Assurmng that the paddles are 100% /a_»
efficient, the overall cfﬁcxenCy of the MRS is given by

Emrs = Exo Eyo Ex1 Ex2 Ey1 Euz - 4.6

. Following equation (4.5), the effeciency of the FEC for dc'te(;'ting protons is given by
€ec = [ Xy Yo' X; XU Uy PROT]/ [ X Xy Ul'Uz' PROT], 47

whcrc PRO’I‘ refers to the condition that the dctccted particle is jdentified as a proton
The efficiencies of the upper VDC:s { X, X,, Ul, U, } may be calculated similarly,
usually they are of the order of 99% mdmdually During the data acquistion, it is
‘ ncccssary ‘that the MRS trigger requirement be set to (Xp or Yy) and assume that this
will cause the MRS to trigger on all scattering events. : -
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4.6) Calculatiohs of Measured Observables and Uncertainities |

fr

-

4.6.a) Differential Cross Section and Analyzing Power

The mieasured differental cross section is given by

'do/dQ=’N'-[L’I‘feMRS"dQ'Tme'F]",‘ | 48

‘ () )
where, N is the number of counts in the pcak of interest in the focal plane spcctrum ‘

LT is the computer live nme during data taking which is calculdted as the ratio of the -

~ number of pulser events recorded by the computer to the number presented to it, EMRS -
is the o@cmll‘ MRS efficiency, dQ is Lhe SQJld angle acceptance of the MRS calculated

from the target-FEC gcomctry bascd on ‘cuts on the Xo » Yo . Tryx is the target
thickness which is given in nuclei per unit area, and F is the incident beam flux which
is determined from the IPB (s&#-equation 3.19). |

-—— The polarized differential ci®ss section depends on the beam polarization P

and the analyzing power of the target Ay . - ©

(cio/dﬂ);;=(do/dﬂ)o [1+PAy] | | 4.9

where (d(f/dQ)0 is_the qnpolarizcd diffélfential Cross séction, the up and down
differential cross sections are given accordingly by ‘

(do/dQ), = (do/d)y[ 1 + P, Ay ] '- 4.10

(do/dQ)y = (do/dQ)y [ 1 - Py- Ay] o o 4.11

One can solve equations (4.10) and (4 11), for thc unpolanzcd dxffercnual Cross
section and the analyzing powcr as follows -

_' gq?’/dQ)o=[Pd-(dc/dﬂ)u+ P, (do/d),]/ [ B, Py) 412

- Ay =[(do/dQ), - .(do/dﬂ)d] /[Py -(dd/df_Z)_;' P, -(do/dh) 4] - 413

-
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The bcam polarization -and its statistical error is given b): equadon (3.21). The
statistical error in the beam’ polarization is sufficiently small to be ignored. The
statistical errors in (do/dQ2),and Ay are given by’ e ‘

’

A (dd/dﬂ)o =[P,+P,]" [ (P, A (do/dR), )2+ (P, A (do/dQ), 2112, 4.14

.
°

AAy=[P+P,] [{(dq/dﬂ)d\-‘A (d0/dQ), )2 + ((do/dQ); -A (do/dD), )2 i
. [ P4(do/dQ), + P, °(d6/dﬂ)d]‘2. - 4.15

If er introduce the following 4assumptions

P,=P, ., . | | . 4.16
Py=(2) (P, £Py) , 4.17
gsdofl@ , = ——————" . 418

then one can write the following

B

o= [0, +0,) " . " 4.19
Ay=[Py]" [0,-0,1/(8,+0,] 7 420
Ac= (12){ (Ac, )+ (AG 2R — | A 4.21

. BAy=[2P\]" [{0,'0,)2+ (0, A0,)2 V2 [0, + 0] 2. 422
Based on équation (4.8), one can write
o= Ns (G, | ‘ 423

o= N ()t L - a2e
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o asa funcuon of the kmcuc cnergy (T) as follows

where

C, =[LT-6ypsdQ " Tryx*Fl, . S 425
Ca =[LT Eyps dQ TpyxFly . = 426

‘and N, Njare thc'number of counts'in the pcal( of interest in the up and down '
directions, rcspccuvely The stausucal errors in the measured up. and down dxffcrenual

. CTOSS- secuons are gven by the: followmg relatmns

KG, =0, - (INNu )

=aN)/(C) a2
and - ‘ I | . | ~
5 N " B
- Acy=0,7(1NNy)
e S

'4.6.b) Spin-Flip Probability

“ As ﬂlustrated in ﬁ

- an anglc 0 with final p; anzanon componcnts along thc longltudmal (L), sxdeways

(8D or normal/(N ~directions in the final state. .The sideways (S’).oomponcnt is

unaffected by the magnetic field of the MRS dipole, whereas both N” and "

components precess rclanvc to the | momcmum direction by an angle % whxch is glvcn

. ;‘x=(g/2-.,1)90(1?"1."/!1162')? e

- where g/2 = 2..79276‘ is the magnetic mo‘r‘nentaof' the peron, and 0p is the doﬂec;lon

)

(4 4), an 1nc1dent proton with polarization directed “
‘ longltudmally (L), sideways (S) or normally (N) to the scattering plane may scatter by
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. .Figure 4.4 * Schematic representation of scattering process coordinates
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angle in the MRS dipole. With three kinds of polarization transfer and a focal plane
polarimeter, a total of five polarization transfer coeffccicms can be determined: Dgg
DN~ Dgp o Du_ and Dy s, (terms connecnng N with either S” and L* are forblddcn L
because of parity conservation). These observables relate the polanzauon components
~ of the mcxdcnt proton bcam (PL, Py Ps) to those of the scattered beam (PL Py Pg.. |

_ through the followmg relanons '

Ps- = [ Ps D..ss:‘+ P Dys-1/(1+Py Dy Y
Py- = [ Py Dygy- + Doy- 1/ (1+Py Dyg)

PL’=[PSD§L’+1§LDLL’]/(1*PNDNOb o 430
" where B
. Doy- ='P(6), : e .
The spin-ﬂif) probability S'NIN is related to the Dyyy- through thé following relation i @
St =ADA-De)- N ¥ S
It has becn shown (Mc84), that with the mclus1on of all reahsnc effects neglected in e
the assumptions above thcfullcxpressmns forDNN and P(@) are" - - e ~ "
DNN = (1/( 2 PN <cosx>)][ PND (FP) +Py AY Pys ) . 433
‘and o S T JOI
P(8) = (1/(2 Py <cosy)}[ Pys (FP) + Py Ay Py (FP) ], 434
-where
S PNS(FP) PN“(FP)+PN (FP) e ) -
‘ ‘ aIld “5



- the PN (FP) is glven by

PND(FP) PN“(FP) Py (FP) - 436

Here PN“ (FP) and PN" (FP) are the normal components of the polanzauon measured
“at the FPP in the focal plane ooordmate system for up and down beam polarization,
respecttvely, and < > refers to the average over events. Since the Py u(d) (FP)

‘ components are mcasured by the two drmensxonal wire chambcrs certain criterion for A

the acceptanoe of the scattened pameles in these chambers must be taken into account in
| order to compute asymmetnes If 0, and ¢_ are the polar and azimuthal scattering

- angles of parucles scattered by the carbon analyzer the distribution of the scattered

: parucles may be written as -

1(ec,¢‘) Io(e )(1+ Py (FP) A () cos¢ ) ec,cp ) 437

Y

| where A (9) is the (mclusrve) analyzmg power of carbon and F( 9 q> ) dcﬁnes the

o cnterxon for the acceptance of an event by the FPP w1th values of .

F( 9_¢.‘¢c),= L accepted | .
- =0; rejected. . | ' . 438

-
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If we restrict the accepted traJectones of the scattered pamcles for a given 9 to lie -

w1thm the physrcgl acceptance limits of the ‘wire chambers for all posstble values of ¢_,

we have the so called " Conef'l‘est " as illustrated in ﬁgure (4 5) The cone testhasno

,azrmuthal dependence and its dependence on the polar angle is determmed by the

physxcal acceptance of the detector system Since the focal- plane polanzatxon L

component Py (FP) is the desxred quanuty, the form of equanon . 37) suggests

' Founer analysrs asa means to extract it Proceedmg accordmgly ytelds .

Py@r= (2/A ® Uoz" I(e ¢) cos¢ d¢} / {I.,”‘ I(e,q» d¢} 439 {;

' . Expenmentaly, the mtegrals are approxlmated by sums over a ﬁmte number of events -

for a grven 1nterval of 9 If the analyzmg power of the carbon analyzer A ©) i is

o .known forcach bin, the wetghted average of the polanzauon in the mdmdual b1ns o

= .{may be formed over }he_acceptance limits for 6;to. yxeld the ﬁnal polanzauon of the'

. scattered Parucles. It has been shown (Mc84) that for events satxsfymg the cone’ test,

:—'—_—
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PN(FP) 2(2: 1(e¢) cos(pA (e)]/{z 1(9¢)A2(e)} 440
Thcrcforc thc mcasuremcnt of P () (FP) with the acceptancc test rcqulres thc
x "accumulauon of the following sums by thc FPP for both normal and reverse beam
upolanzauonstatcs - . T S

2,1(0,0) cosd A_(®)
and I I6,0A20). | R B
- Thc stausncal-cxmrs in Dmr and P(0) are glvcn by thc followmg equations
_ADNN— V[ {aDW/aPN (APN“ )}2+{BDNN. /aPNd (AP d)}2 '
JP{G)D,,,@/EMY (AAY)}z L 442

| .AP(O)- x/[(ap/aPN (APN )}2+{8P/8PN"‘ APy )}2

‘N A

+{8P/8AY (AAY)}Z] o  ; N ‘4.43
Now if we ingod;lce I‘thefollowiﬁg quaxlxitics. |
Tl;(Apgu ')2-(1'+‘PN A;,}?,: T 4.44
'1‘2 (APN“)2 (1 PNAY)Z | 4.45
> ' 'r3 (AAY PN 1>Ns(1=1>))2 |    4.4'§ '
| '~;T4- @ A,, PN PND(FP) )2 : | e é'i‘.47“ SR
om0 <f%-43>;é‘s oo

L ADgy =V (2By<cosp) WTHT2TY, 448 .




‘ <cosx$)}*/(T1+T2fT4). . - | 449
The ,s:atisticalén{}'r’iii‘“_sg}g..isgii}édby A - -
| ASN;,=(1/2)ADN,'¢. - o 4.50»

oo

The spm fhp cross section (OSNN-) is dcﬁncd as the dxrcct product of thc differential

CTOSS secnon o and the spm fhp probablhty Snn - The staustwal error in GSNN. is
- g1Ven by ‘

: 'A{osm)= «l{:[a(qsm)/ao]2+[a,(&sw)/asw],2}  4.51_ '

“wh“érc“" . |
a(csm)/ao (Sm 80)2, o - o \4;2'.'
a("Sw)/asw —(ASNN ), | | | | 453

s one can rewrite equation (451).33 -
- lA(oSNN.»')_.=~/('( SNN‘AC)Z*;'(ASNN"G)Z)." | Lo | 4.54' |

Systemauc unccrtaxmncs due to target nonumformny and errors m bcam '
égarge mtegxanon usually (;ontributc to the total cxpcnmental errors, o

+
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. 5. Results antii Comparison with Theory

Thc study of spin exc:tauons(;n nuclei has been an active ﬁeld in the last few
years - This study has been performed w1th different probes like: (p,n) (n,p)
(p,p’),...... and (e,¢"), (Al86 Al87 Ang84, D_]83 D384 Go84,Na85’ and references , |
 therein). In this chapter we will report results for the 24Mg( PP, )“Mg and -the .
28Sl(p.p )”St* reactions, camed out with mtermedxate energy protons at TRIUMF
' This 'work consists of two d1fferent expenments E272 and E335. E272isa
measurement of dxﬁ‘erenual ‘cross sections, ana]ysmg powers, polanzauons spin-flip
probabilities and spin-flip cross sections for the 2Mg( p,p )”Mg* reaction at 250 -
MeV. A typical off-line mémentum spectrum for. the #Mg( p,p )2“Mg reaction-is .
‘shown in ﬁgure S.1). E335 is a measurement of dlfferenual CTOss§ sections for the °
‘ 11.45 MeV (AT—I) and the 9.5 MeV (AT=0) 1* transmons in the’ 2Si(p,p” )Bsi*
reaction at 200, 250 290, 360 and 400 MeV. A typlcal off-line momientum spectrum
for the 28Sx(p P )2881* reacnon is shown in ﬁgure (5.2). First we will present the
cxpenmental data Qlen a eompanson with theory wﬂl follow later in thxs chapter

5.1) **Mg( p,p)**Mg* Results

Hcre we present the results of measurements of the spm-fhp probabthty (SN-N )
. for melasuc proton scattermg from 2“Mg Tlus measurement was carried out with a ‘"
250 MeV uansvwsep'olanzed bcam at the small-angle MRS faclhty at TRIUMF w1th
" the focal plane polanmewr at the Medmm Resolunon Spectrometer where the ennre
. excitation energy (Ex) range could be measured at one magneuc ﬁeld setung up to.

 about 40 MeV. The Mg target was 43mg/cm2 thick. Measmements wereiakenattwo |

angles m the lab namelyz 9° and 6 6°. The. polanzauon of the mcxdent beam was' |
contmuously momtored w1th an m-beam polanmeter upstream of the taxget, typxcal L
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values were about 0.75. Systemgtic errors in the absolute values of SN were

| controlled by doing several auxi runs discussed in sections (3.9, 4.3 and 4.4). In

addition to the Sy data of primary interest here, differential cross sections (do/d€2),

analyzing powers (Ay), and ~sp‘m—ﬂip cross sections (OSpyy- ) were also measured
du’ﬁné the saime experiment. Thesc data are listed in Appendix II.

| The measured differential cross sections for the (T=1,1*) level at 10.71 MeV

e B bath 200 and 250 MeV are listed in appendix AIIL The quoted uncertainity includes

k.;! 0gly the statistical errors. From frequent inter-comparisons with the rcprodumblhty of

m'ﬂNxdual runs we assess a systcmauc uncertainty of £5% to the cxpcnmemal Cross

Sccuons This mcludcs contributions from target nonuniformity and from errors in
beami charge mtcgranon Thc 200 McV measurement was carfied out at the MRS in .

collaboration with C. Djalah A. lGalonsky and G. Crawlcy frém Michigan State
University. ),l . :

Examples of o and OSyN- specira, for 2“Mg at 2.9° and 6.¢°, are shown in ,

Flgures (5.3, 5, 4, 5 5.and 5.6). The o spectra show the standard features of
' individual nuclear statls up to roughly 12 MeV of excitation cnergy, then giant
resonances up o about®20 MeV, and a featureless spectrum bcyond The oS-
spectra reveal little Strcngth below about 9 MeV, largc cross sections with noticeabl®

L

" gross structure up to about 20 MeV, and n flat strength beyond. Examples of P, A, |

' and Syy- spectra, for 2“Mg at 2.9° and 6.6%, are shown in Figures (5.7, 5.8,5, 9 and
~ 5.10). Cft xs clear from the spectra that the equality of P and A for ccrt;nn discrete

~ natural panty Saates and the continuum is. holdmg, This agreement isa good mdlcauon a

that the Focal Piefle Polanmctcr is working wcll. Also one notices that the slope of the”

-analysing power data versus excitation energies increases with iricreasing. angle.

¢ Snn- spcctra shows that ;hc strong natural parity states with AS=0 are’

supprcsscd because they have very small spif-flip pmbabxhty, while as expected, the

unnann'al pantg' AS=1, 1* states around 1 McV have large. spm-fhp pmbabllmcs about

0 6 then Syy- is almost 0.4 up to 40 MeV of excitation energy. In summary, we have

dctcrmmed for the first time'the. spm-ﬂxp probablhty for protons scancnng from 24Mg
‘overa w1de range of E, at 250 MeV. .

Anothcr important obscrvanon from thc data is the large SNN values (about

_04) around 40 MeV of excxmion Thxs gross feature can be explained as ansmg from

. quasiclastic NN scattéring, Also-the s1mxlanty between the spin-flip spectra in light,

medmm and hcavy nuclei at higher cxcntanon cnerglcs is a point worth mcnnomng and
needs tobeloomd atmorccaleﬁxlly '

N oy ) ) f . o e
1 . . L L .
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. -52) Si(p,p)?8Si* Results

<

. 'I'lus expcnmcnt was camcd out at the small- anglc MRS famhty at TRIUMF |
" using both polanzed and unpolanzed beams. We have studied inelastic proton l
scattcrmg from 2851 at five incident energies (200, 250, 290, 360 and 400 McV) to
o cxammc parts of thc N-nucleus mtcracuon which conmbute to AS=1 spin-flip
- excitation, The 2881 target used was 26.2 mg/cm?, the. namral abundance of the 2881
| lsotope is 92.23% The 9.5 MeV state observed i in the 28Sl(p p’)28Si* spcctrum of
figure - (5 2) isa rare cxample of a pure (T=0.( ) excttanon in nuclei. Its 1sospm ‘
Ldpurity can be mfcrred from the fact that it is not excited in the 28Si(e,e") 2881* reaction.
‘ (Sc79) Togcthcr with the strong: (T—l 1*)state at 11 45 MeV it has been used asa -
) probc to study seperatcly the 1soscalar and isovector components of the N- nucleus o
: mtcracnon and their energy dcpcndcnce Anothcr objective for this cxpenment is to tryl .
to dlstinguxsh between the dlffcrcnt sources of quenchmg mechanisms discussed i in *
* chapter onc , * S L ‘
A study of the same reacgpn at 200 M¢V was camcd out at Orsay (An84),
| -and its conclusion was that the A—lsobar nucleon hole adnnxnmc is rither small since'it
is blocked from contnbuung to. thc isoscalar channel, and the two channels are - n
_ qucnched by the same factor, namely 0.34 and 0. 29 for the 1sovector and 1soscalar-- o
' channels rcqucuvelyl Based on these rcsults we: decidéd to carry. out the same -
mcasuremcnt at TRIUMF w1th d1ffcrcnt mcldcnt proton cnerglcs from 200 to 400
“MeV. The 200 MeV measumment was carned out at the MRS in collaboranon wnh L
" C DJalali' A. Galonsky andG meley fmm Mlchlgan State Umversuy to checlt thc S |
o Orsay measurqment (An84), whlle the othcrs were' done to Study the encrgy :

o "dcpcndence it the 1* states™h n thc 28Sl( p.p )2881* reaction, Our results show that e . .
,";-, " Orsay cfoss section’ (An84) were low by abouta factor of two at 200. MeV which - ="
~‘_.»; ;- -'\}fwould bring the qucnghmg fEbtors up to'about 0. 6 and then make it comparable w1th .
i ?‘ . -_.pmdmuens from othet probes (see secuon 5 4). SR g
e ", . The medsured differential cross sections s for both the (’I'=0 1+) level at 9 5,‘ s
;,Mevf § the (r=1 1% _level ,a:‘n 45 MeV at all measured energles are hsted in
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systemauc uncertaxmty of 16% to the expenmental Cross secuons This mcludes
contributions from target nonumformlty and from errors in bcam charge mtegranon

. - Before we compare the experlmental data with theory, a short descnpnon of -
 the spin- fhp probablhty and its propemes will be glven

5.3) Spin-Flip Probability Properties

: . The ability to measure a complete set of observables for (p, p ) reactlons -
| ~ equations (2. 63)- and (2. 64) has explored new powerful tools’ in probmg certatn ”
aspects of nuclear structure and forces. By measunng all these observables one
~ would hope to learn sometlung about the reaction model, so it is unportant to know -
. what observable might shed llght onsucha problem. One observable, namely SNN is
-a spectal quantity because it is medtated largely by.the central spin dependent and
_ ‘tensor components of the effective mteractton, and is very weakly mfluenced by its
spin-orbit component. So a study of SNN may g1ve an insight into these components
SaN- could be described in a nuclear reaction in terms of the transfer of polanzatxon
from the mcxdent parncle to the nucleus. In other words, it is the probability that 3\ "
incident parncle with: spm up (down) relative to the scattering plane leaves with spin |
down (up) after scattenng Let us recall equatton (2 65) '

.~

.

T

sNN, =05 (1-'DNN3) :

. : ' .
. ! . + . o | . .
.’ . N . ! ! ' . . . . [ ,f .
: . s e . . . . . . '

o baSed on, the prevrous equatron, an SNN,_l corresponds to DNN’ =-1, Wthh lmplles X
| that the scattered pamcle polanzauon ﬂxps up31de down: (complete ﬂlppmg) In order | __,
ot understand the” Slgmﬁcance of this observable, consider a simple model; a plan¢ R
Y wave 1mpulse approxxmauon (PWIA) wrtb centra.l forces only. For a transmon Us;)j L :
, . from a 0* ground state, the SNN reduces toa smple form dependent on the angular |
Lo 'momentum eoupllng from the uutml to a ﬁnal state, ; ut K mdependent of the lnnemaucs,’».__v»‘-'; v._I‘:‘ ‘
and. dynamrcs of the reaction such as momentum transfers (C081b) 'I'hts could be
B 1dem0n5tratedasfollows,forAs-l n - Coa S

e :.s_:cefsj’).'-.---(3j+i')/(i~i<2j+1»_:" L geEan Y




Cand ."“"“S.(.Q‘sj)‘:O fors=0. 53

ﬁ‘

reacuon and this can be summanzed as follows )

78 B

SQSj)=(3j+2)/(2:l2j+1)) SRR Y
| SQlSjl":? 1/2 ‘ ECE b VR ‘.3 751 ‘
“ and for As =0 ” |
s'c_esj>’=o-, s

- . . ‘ . . ¥ ot .
i - , . RIRE . , , ..

Thus one ﬁnds that ‘SQ S_]) is dependent only on the angular momentum transfer of the ‘
| §Qsj) 20.5 fors=1"

] *

Because spin transfer only occurs when there is a couplmg between spin operators of

the mteractmg nucleons S(@sj) is large ¢small) only if spm-dependent forces are

5.4)- Compurlsoh “with 'I.‘heory":

present (absent) ina glven inelastic transition. As an example for Ml transmon\' ,
0*—-)1* (s=1, .2- 0), thc value of Syn- = 2/3. The latter, remark establishes the
credelhty of SNN asa mgiuture of spin-flip transitions . Other more realistic models '

‘ f which include the knock on exchange contributions or dlstoruon of the pro;ecule wave '

funcuons in both the 1nmal and ﬁnal channels, support the prevrous argument

. especrallyatsmallmomentumtransfers - o R

[ . o o . - A

oy

Betbre we compare the expenmental data wIth theory, a short descnptmn of R .
the theoreucal calculations perfo\med for thls purpose wrll be glven. We have camed n SRR
out mlcroscoptc DWBA cak\(l}uons based on the’ Densxty Dependent Hamburg h o
Interacnon (DD) formahsm discussed i in, secnon 2. 3. In tlus type of calcula‘ the 2

transmon operator is 1dent1ﬁed w1th the G-matnx and the reqmred dlStortc l waves are S




~ Table51
The three-paraméter Fermi density with
. , g

the' size of the prot(.)‘n"unfoldcd has the
" following geometry | a

CBsi 319707 5360 1950

- 6060 -1748




. sections and analysing powers) for. elastieseattering and the low lying colléctive state

;2% in both 24Mg and 28i at mcrdent energles between 200 and 400 MeV suggest an
" empmcal reducnon of this’ type of dtstornon potenual by about 80% (Li86). The -
‘ nuclear stmcture mformanon reqmred about the target nucleus is denved fmm the -

80

" elasti sdattermg ‘for the, ground state densuy and shell model wave funcnons for thc .

o model calculanons of Brown w1th free operators predtct a total value of 651 uN and
.a value of 48 p,N 1f the same eﬁ'ecttve operators mennoned above were used. We ‘
3 '_“_-‘nonce that the free operator glves a better acount of the expenmental data table (5.3), ,
, and whxle the: total predlcted B(Ml ) value agrees w1th the expenmental values the -

h drstnbunon of the strength among the dtfferent states 1s overesnmated for both 24Mg S
* and. 2881 compared to both (e,e’) (Sc79) and (p,p’) expenments Smce the shell model“. s
o 5 ‘:'Acalculatrons based on Brown wave funcnons gtve a good account of (e e) expenmental‘ SRR
L ‘.data, wewxllshowonlythtstypeofcalculaums A Ly S
o S Angular drstnbuuons for the (‘I’—l 1"y level at 10 7TMeV at both”ZOO and BRI

o ’-_,}.‘250 MeV‘ are's hown (5 13) (The theorencal angular dxstrlbunons are

trangition amphtudes 'I'heorencal calculanons depend on the nuclear structure
ptions, so they were. performed umng two sets of nuclear transition densities
namely, thdenthal and Chung (W179) and Brown (Br86) appendtx IV ‘We havc

found that the two calculations agree wrthm 10%. The Brown wave funcnons gtve PR
better account of the spectroscoptc features like B(Ml) B(GT) tables (5. 2 53 ) The .
B(M1T) values predicted by the Brown wave functions for both Mg and 288, are in

~good agreement with the electron scattertng data (Fa70, Jo74 and Sc79).. The Fagg-et

al (Fa70) and the Johnson and Drake (Jo74) data grve a total BM1T) value for the
9.97 and the 10.71 states in ”Mg of 5.67+1:15 py? and 4.0120.35 2, respectively,

while the shell model calculauons of Brown with free operators predrct a total value of B

43 uNzand a value of 3.94- BN 2if effective operawrs fined to a lnrgebody oftsovector |

i magnetic'moment and M1 transitions were used (To83 and Ag6), . -
| The B(Mln values predrcwd by the Brown transmon densmes for 288i, are in - .

v good agreement wrth the electron scattermg data (Fa70 and Sc79) The Schnetder etal ~

| _;(Sc79) and the Fagg et al (Fa70) data gtve a total B(MlT) value for the ﬁrst ﬁve states o

vvv
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‘Table52

B(Ml) and B(GT) valucs for the first five ( 1* T—l) states in 2881 accordmg to
| Brown transition dcnsmcs ‘ -

‘No. -~ Ex  B@GD BMlg, *,  BMi)q
10.810 1058 1518 - 0965
AL192 . 0108 . 0538 - 0517 )
11519 1164 3063 - 2449 | 1
12644 0959 . - 1387 0810 %
12970 © 0000 ' 0026 . 0039 T

I
BN

R Table 5.3

‘ transmon dcnsmes o ;o

T

B(Ml) and B(G'I') values for thel\*T—l) states in %Mg accordmg to Brown

. No. | L Ex: . BGT) | "B(\MI)g,';  BMD,  * -

R

9991 L0090 . o1002 . 1321 -
1006350 15100 3298 . 2618 . - >
12753 770816 0465 064 o
Lo 13042 \0062\'-*., f 0136 - 0088 .
ToiT14033 0 0092 0288 0 o2m L
14453 vxio.o;,s_.. L0041 0070 e e
L4627 0047 10029 (Lo go1s L e

L0032 0089 " 0.053 - R
: 0001{!,{_'_ | oorsf,:{;-}‘.;f; L0018

O oo u s e -




the 24Mg(p,p")**Mg* reactiorr at both 200 and 250 McV» is constant namcly B

-
A

..

o

o , | . 33
toobtam agmemcnt wrth expcnmcnt. 'l'hc strong l*pcak at Ex =10.71 McV xs a punc |
AT—l isovector - excitation whosc cross ‘section should be propomonal to the

Gamow-Teller strength B(GT) for this pamcular state, The: QF for the L T=1, 1*) mn

(QF=07). - I P g
~ Theoretical calculatrdns based on the rmcroscoptc DWIA of Francy and Love o )
(Fr85) and drstortmg potcnnals bascd on phcnomcnologlcal opucal model potcnuals .
fited tblastic scartering data (o and Ay) for 2881 %_.0186) were also performed, The - .‘
QF M (T=1, 1) in the #Mg(p,p}*Mg* reackon at both 200 and 250 MeV is | "
constant, namely QF=0.82 or 0.90 dcpendmg on whether Brown transition densities |
or Chung and Wildenthal's were' used. Thc qucnchmg factors obtained from this typc ;
of calculation are listed i in tablc (5. 4) : ‘ R ’
The spm-fhp cross sccnon OSNN isd dlroct measure of AS—l spin uansfcr in

“Mg. At small angles ( 2 9° ) and small cxcitauon energies (E, < 16 McV) most. of . ; | | £
the strcngth arises from thc 1*, AT=1 Gamow-Teller cxcttanons wuh small o o
contributions from isoscalar (1%, AT=0) and. hrghcr multipole (AL > 0) cxcrtauons , :ﬂ@“
Wc show here that Gamow-Tcllcr strength cﬁactcd ﬂ&) "SNN in (p,p’) agrccs thh BN e,
exrstmg data on (p,n) and (n,p) charge cxchangc rcacuons in this mass region..: - ‘- o N -

Accordmg 10 equations (5. 1 and 5. 2) hrgher rnulupolcs should contnbutc to " E |
thc cxpcctcd values of Snn- The cxpcnmcntal data supports this argumcnt, the angular o
~ distribution of O'SNN is almost ﬂat bcyond 20 McV bctwccn 2.9°and 6. 6'° whcrcas a’
pure M1 distribution would dccrcasc bya factor of. about thrcc over this range: Thus a'
determmanon of the Ml contnbunon in tl'us excitation cncrgy rangc will rcqurrc a
multlpole dccomposmon of the <JSNN.t spccua. Amtcroscoplc RPA calcﬁlanon for
oSNN» m 9°Zr (Os85 Ya86) shows large AL>0 (1 e. L=1 and L—2) contnbutrons in
the contmuum El states are excttcd by coulomb cxcxtauon The angular dxstnbunon

of the cross scctton for'the El states is very. stmxlar to thiat for the Ml statcs, qtus the \‘ Ve o

spm—fhp probabtlrty whxch 'dtsttngutshes betwccn"the.m To pcrfOrm thrs analysts

properly, the angular range of thc data must bc broadened cons1derably Such B

s calculations are niot available for the 24Mg(p P )“Mg* data, but according to the DD S
calculauons (Dy86) whlch wcrc dtscusscd earhcr m tlns chaptcr, thc cxpcnmcnt can L SR

account for about 60% of the predxctcd sm:ngth We havc found that the Ml strchgth | e v

from the oSNN spectrum at 2 9° is concentratcd m the 9-16 McV 'reglon and it can PR




Table 5.4

-

SR Quenching of Gamow-Teller and M1 stmngm in¥Mg: .
| .' '\\y‘ . } . | ‘Q;)
i v : L b ,
, (Pp) - (€e) =
E, Measured QF(WB) QF(WQC) QF(WB) QF(WC)
quantity { '
915 OSyy . O78(066) 0.4 070)* |
1071 o© | 0,82 (0.70)*  0.90 (0.830)* o
10.71 B(M1) - ” 1.18 . ' 1.13
O)* QF based on the DD approach., -
Table 5.5

) Qucnghing factors for the strongest isovecor (1*,T=1) and isoscalar ( 1*,T=0)
states in 2881 according to two different calculations. the first is based on Franey and
Love interaction and Wildenthal and Chung Transmon densities (FL, WC) while the
second is based on the Density Dcpcndcnt Hamburg interaction and Wildenthal and

Brown transmon densities (DD, WB): SN

(FL.WC) ©DWB)
E,  QK(T=0) QF(T=1) - QF(T=0) QF(T=1)
200 0.4610.035 0741005  0.40£0.050  0.7240.05
250  0.7010.042 0841005  0.6030.050  0.7030.05
290 . 0.6010.060 0.7010.06. ~ 0.50+0.060  0.70:0.06
360 0.6910.070 077:0.06  0.60+0.070  0.7010.06
400 0.60£0.070  0.70+0.05

0.7240.044

0.8420.05
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4 e
mb/sr. The quenching factors for the combined is0vcctor and isoscalar 1* states
QF(aSpy » 1*), (table 5.4), in the 9- 16 MeV region arc in good agn:cmcm wnh those
for the 10.71 MeV (1%, T=1) state. ‘ \

In table (5.4) , the quenching factors for the hadronic reaction QF(p, p’) are
compared to those for the electromagnetic reactions QF(e,¢”).. The latter are calculated
with effective g factors which contain effects of ‘meson-cxchange currents and
‘higher-order configuration mixing, i.e. QF(e,c”) =1 would be expected for ideal
transition \dcnsitics The fact that QF(p,p )/QF(e.c) < 1.0 implies that the effective
axial vector couplmg constant g, < g, in Mg,

. Another model which has proved its success in cxplmmng the spm-ﬂxp datais

the semi infinite slab model (Sh83, Sm86). This model examines the surface response

function of nuclei to spin-dependent probes. In this model the nucleus is approXimated,

by a semi-infinite slab of interacting fermions. The two dimensional geometry makes
the calculations possible, the features of the response due to nucléir structure effects
arc not predicted, ground state correlations are included via the RPA. Giant resonances
do not appear in the predicted cross sections since these do depend on the specific
orbits of the nucleons. Nucleon-nucleon scattering amplitudes are taken directly from
. the analysis of frée NN scattcring. and the reaction is treated in terms of an

approximation to Glauber theory. One of the advantages of this rnodcl is that itavoids -

the problem of multipole decomposition, but it is a rough model since it has no real

structure input. But the calculations for 9°Zr (Sh83) and 5“Fc (Sm86) suggest that
there is little or no quenching of the integrated spin strength in this region.

4 Angular distributions for the dommam isovector and isoscalar 1* states at

(200, 250, 290, 360;md400McV)arcshownmﬁgurcs(5 14, 5.15, 5.16, 5.17 and

5.18). The theoretical angular distributions are multiplied by quenching factors

"QF" to obtain agreement with experiment. ‘The peak at 9.5 MeV in figure (5.2) is an

unresolved ‘doublet, consisting of a known (T=0, 2*) level at 9.48 MeV and a -

(T=0,1*) level at 9.5 MeV, (An84).: Since the resolution achieved is not adequate to
resolve these two levels, we have used an experimental 2* shape (L186) to add to the

—___calculated IPM angular distribution to compare with the measurcd cross sections. The

extracted quenching factors based on the DD approach are listed in table (5.5) versus
incident proton energy. The quenching factor for thc (T=0,1*) level at 200 MeV is
sxgmﬁcantly smaller than those at 250 MeV gnd above. Excluding the 200 MeV data
an average value of QF = 0.5740.05 for this level is obtained. The results for the
(T=1,1") level at 11.45 MeV are consistent with an average value QF =().7010.05 for
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- Figure 5.14. Angular distributions for the (T=0,1*) state at Ex=9.5 MeV. in the
2Si(p,p")**Si*% reaction at 200 MeV (up) and at 250 MeV (down). The dashied curves
are the results of the DWBA calculations discussed in the text. The dotted curves
represent the experimental shape for a 2* state and the solid line is the sum of the
dashed and the dotted curves. ' | |
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Figure 5.16. Angular dxsmbunons for the (T=0, 1*) state at Ex=9. 5 McV in the
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. are the results of the DWBA calculations dxscussed in the text. The dotted curvcs

represent the expcnmenta] shape for a 2* staté and the sohd hnc is the sum of the
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all measured energies, this is shown m ﬁgure (5 19).

Theoretical calculations based on the microscopic DWIA of Franey and LCove ‘

(Fr85) and distorting potegnals based on phenomenologlcg)pucal model potentals
fitted to elastic scattering data (o and Ay ) for 28Si (Li86) were also performed. In this

e of calculatlon, the transition densmes of Chung and Wildenthal (W i79) were . -
used. Excluding the 200 MeV data, an average value of QF = 0.6940.05 is obtained -
for the (T=0,1%) level at 9.5 MeV and an average value of QF = 0.7810.05 for the ‘
(T=1, 1*)»level at 11. 45 MeV is also obtained for the other measured energies. The .
‘ quenchmg factors t@tmned from this type of calculanons are hsted in table (5 5), and

shoWn in figure (5. 201 v - <
The quenchmg factor (QF) is a nuclear structure property; and should be

.‘,‘

' enérgy mdependent. The results of 28Si( p,p )7‘881* reaction support this argument,
* the QF for both the 1* 1soscalar and the 1sovector transmons are com .m .
measured energies. This. supports the Orsay conclusion (An8 that the A-isobar
quenchtng mechariism cannot be the main source for GT quenching, since the fsoscalar '
. and 1sovector channels are quenched by comparable factors and this tnechamsm is

blocked fmtﬁ contnbuung to the isoscalar channel bemg an 1sovector by nature. The
QF for the ¢ l+ AT=1)in the - 2"‘Mg(p,p )Z‘Mg"' reacuon at both 200 and 250 MeV is~

“constant, It is the same (QF=0.7), ds for the strongest (1*, AT=I) state in the
' 28St(p,p )2381"' reaction. This means that the: quenchtng factors for 1*states'in the . |
B sams shell are the same or oomparable i ;
- Iti lS now well estabhshed (GQS4 Ma86) that in the @, n) reaction on heavier §
. targets (A >16) only 50-60% of the GT strength calculated in ‘the shell model w1th |

free-nucleon operators is actually- observed in the low-energy reglon Recent (n,p)

'expenments at TRIUMF (Al87 Ve86) account for about 60% or mote of the total GT

strength in the 24Mg(n,p) and 5“Fe(n,p) reacuons, wluch 1mphes a umversal quenchlng
for the three probes tlns is demonstrated in ﬁgure (5 21).

w0 , ‘ N
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1 ‘. .
6. Conclusion

o ' 12

This work was carried out with' many abjectives in mind. First, we have

investigated the suxtablhty of the nucleon-nucleus interaction for deducmg nuclear. -
structure mformauon secondly, the study of spm isospin excitations, Wthh are

strongly exc1ted at forward angles, to investigate the properties of the effecnve
interaction at small momentum transfer The third objectwe is concemcd thh the'
mxssmg Gamow-’l‘eller (GT) strcngth |

‘Various mechant$ms have been proposed to explam the mlssmg strength in
" the low- lymg spectmm, mcludmg A-hole admixtures and conﬁguranon miRing within

- and across major shells. Probably both mechamsms conmbute but ‘the quantanve

-— . P

degree of each plece is snll not known rchably I
*  Based on the DD calculations, the quenclung factor for ‘the xsoscalar

- (1*,Ex=9.5 MeV) and' isovector (1+ Ex-ll 45 MeV) states in the 28Sl(p p)28Si*

reaction is 0.58 and 0. 7, respectlvely The fact that. botlt the tsovector and isoscalar

channels are guenched by a comparable factor, suggests that the A-hole adxmxtures '
approach ts not the most hkely explanantton for the m1ssmg strength Tlus is. because ’
- the A-hole couplmg is an isovector by nature, it is blocked from contnbunng to the .

- iSoscalar channel Also, the spm-ﬂtp data obtamed from the- 2“Mg(p p )24Mg
reacuon shows that most of the Ml strength is concenn'ated in the 9-16 MeV reglon

So based on these data, one may conclude that conﬁguranon m1xmg is the most hkely_ ‘

‘ or dommant of the two processes Lo

§

(R AN

. The spm-fhp Cross, sectlon: O’SNN is’ the absolute measurementof oo
_ spm—excttanon strength andalso effecnvely eliminates mstrumental backgmnnd which
. should have zero spm fhp probabthty Based ‘on the oSNN data for the

24Mg(p,p )“Mg* and DD calculations (Dy86) based on the shel, nodel the

. “experiment - can account for about 66% of the predlcted strength. Theorencal .
‘calculatxons depend on the nuclear structure assumpnons ‘so the calculanons were -
o 'performed usmg two sets of nuclear wave funcnons namely, Wlldenthal and- Chung] |
o (W179) and Brown and Wlldenthal (Br86) We have found that the two calculauons .
";.’agmethhmIO% | : : ST L e h
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A

.(P,ﬂ) (n,p) and (p,p’) redctions.

i

—

“ ' ' . . "o ' ]

Thc quenchmg factor (QF) is. a nuclcar strueturc propcny and should bc

E cncrgy mdcpcndcnt. The data obtained in thlS work supports this argument smcc thc
: QF for both the' strongest 1* 1soscalar and ‘the 1sovcctor transmons in thc
- 285i(p, p "Y28Si* reaction is compamble at ail mcasured cncrglcs The QF for the
strongest (1*,AT=1) in both the’ 24Mg(p p)*Mg* and t.hc 28Si( p.p)2Si¥ rcdcuon "

- reactions at all thc mcasm‘ed cncrglcs is corrstant (QF—O 7) Thxs mcans that the |
‘ quenchmg factors for 1% states in the same shell are the same or comparablc

It is now wcll estabhshed that there is a universal qucnchmg for the three

: ‘probcs (p,p’), (p,n) and (n,p) (AIS6, A187 HaSGc Go84, Ma86 and present work) -
" ""The experimental data avallablc from the; threc probes can account for about 60% of the
'IPM strength ‘ “ . \ . -
Finally, one can draw the followmg conclusxons Flrst thc nuclcon nuclcus
- mtcracuon at mtcrmedxate cncrgles provxdcs a comprchcnswe quanutauvc description

of spm isospin cxcnanon in nuclcl Scoond, in the (p,p’) cxpcnmcms at small
momentum transfcr the spm ﬂxp Cross sccnons and small 1nstmmcntal background are

, ‘essential for rehable dcterrmnauon of GT strength at fpw excitation energies: Third, the

qucnchmg of GT stncngth remains an outstanding pr'oblem1 but the A. 1sobar quenching
mechamsm is hkcly to be small. And fourth there i8-a umvérsal quenchmg factor for

- ‘
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_ where V and W denote the real and i imaginary potential depths ﬂcspcctxvcly, whxle F

Appehdix I
Optical Model Potential ~ ‘
PV | N o
According to the optical model, the nucleon-nucleus interaction is represented 44
by a complex potcnual One can pa{amctnzc the non rclatmsnc opucal potential based .
on the Schrodinger equanon as follows : ) no - . '

AL, BN

Uop= Voul * V’{; Fc 4: (W, -4 Wes a/a( ) Fic

| +(h/m,tc)2[Vso 1/r.a/ar F,, +iW 1/r a/arF

150

]o.l; ALl o R

isa radxal funcuon giving a shape to the associated potential. The subscnpts <& ey,

‘cs’, 1, and 'so ' denote central, central volume part, central surface-peaked part,
imaginary, and spin-orbit, respectively. .VC‘ml denotes the Coulomb interaction due to a
uniformly charged sphere of radius R_ and chargc Ze. It is necessary for proton

‘scattering to take account of the interaction of thc incident proton wnh thc charge
" distribution due to the protons in the nucleus. It has thc form: :

A

L]

Vew =(Z2AR)(B-GRYY) | <R

[+

=2t . r2R, i AL2

The spm-orblt potendal is. nccessary for pamcles thh non-zero spxn bCCause it xs h
‘needed to explain the polarization of the elastically scattered particles. -

Different theoretical calculations have shown that -F, has the same shapc as
the nuclear density dlstnbunon Vanous forms for this funcuon have been mtroduced
some of them are for the purpose of compuitational convenience. The most common

_form is that of the Wood-Saxon function which i is given as.

L

F;=[1+exp{(r-Rx)/o.x)]'l L . AL3
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are different for different parts of the potenual
The opucal model potenual is used extensively to describe elastic scattenn g "
data, both in its microscopic and phenomenologlcal forms. In the last few yearsa ’
- relativistic form of the optical potential based on the Dirac equation was introduced,
and it proved to be more successful than ‘it's nonrelativistic counterpart in describing
expenmental data at mterngdlate energies, espec1ally spin observables and the reaction
cross section. The relatmstlc optical model potential is a m1xture of a Lorentz scalar :
potential U,, and the time like eomponent of a four-vector potcmlal U The latter two
‘ potenuals are complex and have the followmg form '

where Rx-r A3 and in general thc radius and the dlffuseness parameters r, and a, \ ‘

- U, =v,1=,'+iw,1=is -
U,=V,F+iW,F, - Al4
The Dirac equation (with n=¢=1) is given by

[ap+B(m+U)]¥=(E-U,- Vo,,)¥ ~ ALS
i) : » ‘ o . ‘
where @ and B are the 4 by 4 Dirac matrices, m is Lhe rest mass of the projectile, Eis |
the total projectile energy in the center of momentum frame, and Yisa4 by 4 Dirac
spmor which could be. written in terms of upper Y, and lower ¥, components In
order to compare both the relativistic and. nonrelativistic approaches, itis convement to.

wnte equauon (AI.S ) in.secénd order. form (Sa84, Sh86) whxch is glven by

~

| ?

_.[(p2/2tn.)+Uc&t(r)+Us.o.(r) L]0 (kz./'2m)‘¢u " - AL6
K=Bla? A
| _?u=s-lﬂ[{1iu - | “ 0 o ALSa
', ‘;=.'(~E':_l:1.v-'i’:mfm*;us.; o ! 'AI.Q‘ |

P

the total central potential is
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~

i .Um(r);-[(E"—'Uv-Vm, )2~(m+U,)2"(Ei~m25]/(2m)

4

LU s/s-3/4(Sls 2+ 1125"s 1/ (2m) AL10
and the spin-orbit potential is S Ca :
U, o =-s/Qmrs), S ALIL
whiére s” is the radial derivative of s, E‘veri by ‘l | | »
é'é&S/ar‘ | o, " . .' ‘A“2

-, The 6ptical model potential parameters (Li86)' based on both the rélativiqtie.
, and sion relativistic approaches, which are obtained from firting the elastic data- using .
f the code RUNT (Co81b) for both 2Si and Mg at different energies are listed in table

(AL1).
. . ,
,’4
.
) -
. T
s ;
9 S ‘
% N , i
{ . ¥
] . 'v
o P
— ; ) £ -



Non-Relativis;ic--
2855

-0.59

Table ALL .

!

0.70.

0.99

-- } Relativistic--
241\,1g ‘ZBSi
400 250 200 250 400
19.00 7.61 2744 326.1. 326.1
103 146 1.00 095 1.08
043 083 0.58 '0.63 0.68
37.31 2504 -167.3 -116.4 -83.16
. L10 ' 1.09 109 - 092 133,
0.58 072 156 0.89 0.75
121 3.63 -367.7 -4489 -577.7
094 093 098 093 1.00°
0470059 063 067 073
388 -256 . 1952 1254 1119
096 °0.94 . 7107 084 1.34
055 0.70

105

‘ " Non- relauvxsnc and Rclanwsnc Optical Model Paramctcrs for ”Mg(p p) and
- BSi(p,p) using thc code RUNT Co81b. *
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" Cross Sections, Spm-th Probabilities and Spin-Flip Cross Secnons in'steps of 1 McV

| Appehdix | SR

AIL1

without background subtraction for the 24Mg(p p)?*Mg* reaction at 250 MeV at |

160

220

. 240

o106

.

0. 307E+00 :t 0 345E ~01

Cox

61p=2.9°.
Ex 'Cr‘os,s Section Snn Snn .Cross Section
MeV) * (mb/st/MeV) (mb/sr/McV)

00 0222E+01 +0.181E-01 ° 0.020+0.023  0.448E -01 + 0.522E -01
50 047SE-01+0265E-02 °. 0019+0.090 O0.917E-03+0.429E -02
60  0355E+00+0723E-02  0059+0.056  0.209E-01+ 0.199E -01
8.0 - 0.101E+00+0386E-02 ~ 0.336+0.090  0.340E -01 £ 0.914E -02
9.0  0243E+00+0.598E -02 - - 0.052+0.070 .0.126E-01+0.170E-01

0.530E+00+0.883E-02 - 0.548+0.047  0.290E+00%0.256E 01 ~ .

110 0.179E+01 £0.162E-01"°  0.535+0.027 - 0.957E+00 10. 496E -01
120 0233B+00+0.586E-02  0245+0.064  0.570E -01% 0.IS1E -01
130 0I31E+01£0.139E-01 04930031 ~ 0.644E+00+ 0.417E -01"

140 O0803E+00£0.109E 01  0.361+0.039  0.289E+00+0. 319E -01

150 0.603E+00+0943E-02 ' 0.436+0.044 0.263E+00 + 0.267E -01

0 0997E+00%0.121E-01 05060035 0.504E+00+ 0.357E -01°

170  0.124E+01 £0.135E-01 - 0260+ 0.032  0.323B+00'+ 0.395E -01 *

180 0.138E+01+0.143E-01 ~ 0.365+0.030  0.505E+00 £ 0.414E -01

190 0.56E+01+0.152E-01  0261+0.028 * 0.407E+00+ 0.445E -01

200 - 0.136E+01 £0.142E01  0.357£0.030 0485E+00+ 04L1E 01

210 - 0.113E+01 £0.120E <01~ "0333£0.032 0.375E+00'+ 0.366E -01 -
. © 0.114E+01£0,130E 01 . 0.363£0.032  0.414E+00 £0.372E 01 |

230 0.111E+01+0.128E-01  0351+0.033  0.390E+00 0.365E-01

0. 101E+01 +0.1228 o1 0.303 0. 034,



25.0

260

27.0

280
29.0 .
30.0 .

"31.0

320
33.0 .
340

- 35.0
36.0
370
38.0

'39.0

40.0

0 994E+00 3 0. 121E -01

-0.958E+00 £ 0.119E -01 .
0.915E+00 + 0.116E :01_
'0.840E+00 £ 0.111E -01
0.778E+00 + 0.107E -01
0.744E+00 * 0.105E -0

, 0.701E+00 £ 0.102E -01

0.679E+00 + 0.100E -01
0.670E+00 + 0.994E -02

|0.625E+00 £ 0.960E -02

0.599E+00 + 0.940E -02

0.571E+00 £ 0. 917E -02 ‘.

0.522E+00 + 0.877E -02
0.423E+00 + 0.789E -02
0.327E+00 % 0.694E -02
0.212E+00 % 0.558E -02

.
-3 -

\
AN

0.311 + 0.034

. 0317 £0.036
0.355 £ 0.036

0.343 + 0.037

0340 0.039 -
0363+ 0.039
- 0407 £ 0.040

0.438 + 0.040

0419 £ 0.041

)

'04521:0041‘
- 0388i0043 ,
0421 £ 0.043

0.384  0.045

- 0.409 £ 0.047
© 0.377 £ 0.049
0.369 £ 0.051

0.309E+00 1 0.343E-01 .

0.304E+00  0.342E.-01

0.325E+00 + 0.329E -01
"0.288E+00 £ 0.314E%01

0.264E+00 0. 3025 -01
0.27
0.286E+00 + 0.282E "8

‘ '0298E+00 +0.277E -01
0. 28lE+OO +0.277E -01

0. 282E+00 +0.263E -01

0. 233E+00 1 0. 259E -01°

0. 240E+00 + O 249E -01

- 0.201E+00 =3 0. 240E -01

0.173E+00  0.201E -01
0.123E+00 £ 0.162E -01
0.781E -01 £ 0.111E -01

3400 + 0.292E 01,‘
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| ~ Cross Sccuons Spin: -Flip Probabllmcs and Spin- th Cross Secuons in steps of i McV
without background subtractlon for the’ “Mg(p P )2“Mg rcacuon at 250 MeV at
- 6,,,=6.55°. B '

lal L

. Ex . Cross Section & , Snn” Snn Cross Secdon
- (MeV)  (mb/stMev) : (mb/sr/MeV)

0.0 0.342E+01+0.286E-01 .  0.079+0.017  0270E+00 % 0.566E -01
1.0 0293E+01£0.265E 01 . 0.091£0.019  0.266E+00 £ 0.553E -01
20 0776E+00£0.135E-01  0.114+0034  0.885E 011 0266E -01 .
3.0 0251E-81£0243E-02 ~ 0.165 £0.074. - 0.414E -01 £ 0.191E -02
40  0.476E+00£0.106E-01 - 0:028'+0.043  0.135E -01 £ 0.204E -0}

50 0363E-01+0292E-02° ' 0.119+0.097  0.434E;-02 & 0.354E -02

7.0 0205E+00+0.696E-02  0.039+0.066 * 0.806E -02 + 0.134E -01
80 0278E+00.+0.811E-02  0.122+0.055  0.339E -01 +.0.154E -01

9.0  0222E+00+0.728E-02 '.0.049+0061 0.109E 01 0.135E -01
' 10.0 ~ 0487E+00+0.109E-01 .. 0.401 £0.043 . 0.195E+00£0.215E -01 - |
110" 0.104E+01 +0.158E-01  '0.304 £0.030  0.317E+00 £ 0.316E -01

o120 0. 320E+00 = 0. 873E 02 0.248 0. 052 0793E 01+ 0 16813 01"
- S13.0 0 114E+01 +0. 166E 01 ‘0 350 :h 0028 -0. 400B+00i0 3225 -01

140 " 0926E+00£0.149E-01 * D373+0.031 0.345E+00 £0. 294E -01
150 0.924E+00 £0.149E-01 - 0.375 + 0.031 . " 0.346E+00 £ 0.287E-01
160" 0.113E+01  0.165E -01 ‘_'.‘70421:1:0028 0.478E+00 £ 0.325E -01
117.0° 0.130E+01 £ 0.177E -01 1 0.346£0.025 . 0.450E+00 £ 0.335E -01
18.0 .016313+01101~85001f [ 0.355£0.023 ' 0.579E+00 % 0.384E -01

190 0.150E+01+0.190E-01  0350+0.024 -0.527E+000.362E -01

1200 - 0.ISSE+01+0.195E-01 - 0.353 £0.023: 0.557E+00 £ 0.371E 01
210 0.34E+01+0.180E-01 - 0.391+0.024 osz4r~:+oo¢oas;rz 01,
220 0.148E+0I+0.189E-01 ' 0.379 £0.024 ' - 0.561E+00 % 0.358E -01 .,

230 0.146E+01 £0.187E-01 * '.0406:1:0073 0591B+00:i:035013 -01

240 0.I36E+01+0.181E-01 044110024 0.600B+00£0.337E-01° =~
1250  0.124E+01£0.173E-01 . 0:444 £0.025 = 0.551E+00+0320E,01-

TN



126.0
270 -

28.0

129.0 |

30.0

31.0°
320

. 33:;0

340
35.0 .
. 36.0

. 37.0

38.0
39.0
400
| 410
420
430

44.0
,45.0

*.0.121E+01 + 0.170E -01"

0.113E+01 + 0.165E -01

0.109E+01 £ 0.162E -01

O 107E+01 £ 0, 160E -01

0.102E401 +0.157E 01 _
. 0.968E+00 + 0.153E -01
'0.950E+00 + 0.151E 01 h
0.909E+00 + 0.148E=01
0.880E+00 1 0.]46E -01.
0.847E+00  0.143E01

0. 825E+00 % O 141E -01

~ 0.791E+00  0.138E -01 -
0.774E+00 £ 0.137E -01
0.737E+00 + 0.133E -01
0.685E+00 + 0.128E -01.
10.662E+00 £ 0.126E+01
0. 645E+00 +0.125E -01
0:588E-+00 + 0.119E -01

0.569E+00 + 0.117E -01

0.515E+00 £ 0.111E-01

0.375 0,025 *
0379 £0.026
0.371 £ 0.026 -

0412470027
" 0.427 £ 0.628
. 0484+ 0.028
0.408 + 0:029
0.439£0.029 .
 0.452 £ 0.030
0435+ 0031
0485 + 0.033

0.395  0.035
0.361 £0.038
0.449 + 0.041

0410 £0.045
- 0.405+£0.049

0.393 + 0.054
0.408 % 0.059

'0.447 £ 0.063

0.334 + 0.075

0.452E+00 + 0.305E, -01
0.430E+00 + 0.299E 01
0.405E+00 £ 0.293E -01°

0.441E+00 £ 0.297E -01

0.436E400'+ 0.292E ‘01

0.468E+00 + 0.280F -01

. O387E+00i027‘8\E -01

0.399E+00.+ 0.276E -01

-0.398E+00 £ 0.274E -01 _
0.368E+00 £ 0:272E 01 ,
- 0.400E+00-+ 0.279E -01

" 0.313E+00 + 0.284E -01

0.279E+00 £ 0.301E -01
" 0.331E+00 2 0.311E -01
.0.281E+00 £ 0.312E -01 °
| 0.268E+00 £ 0.330E-01- '
* 0.254E+00 £ 0.349E -01
"0.240E+00 + 0.351E -01

0.254E+00 % 0.364E -01

" 0.172E+00 + 0.387E -01
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Cross Sectons, Analysmg Powers and the Polanzanon functions i m stcps of 1, MeY
with % ut background subtractxon for tbc 2“Mg(p p’)“Mg rcactxon at 250 MeV at
lab I i

AIL3 .

oo™

~ Cross Section

| '."o 101E+01 £ o 1225 -01

0,037 £0.016

,oossioess” S

‘ Pol‘aﬂ.sation- [
i ' "

0038t0071 .

‘ | " AnalySing Po‘vw‘/cr‘ '
- (Mev) ‘.(mb/sr/Mcy) o
‘00  0222B+01£0181E-01  0133£0011 -0.002 10047 :
1.0 . 0.289E ouozosﬁ 02 . 001710096 0.081+0.208
20 0.149E+00+0.469E-02 0079 £0042 0197 £0.134 -
30 Q657E-01:0311E-02. .0,113+0064. 0247 £0.125. “
40  0.148E+0010467E-02  0.164£0.042 011120122
50 | 0475E-0110265E-02  0.i63£0075 = -0.09740,180 -
60  0355E+00+0723E-02  0.041£0027 0041£0112°
7.0°5 0220E+00+0569E-02 - '-0013£0.035 016640145
80" ;0.101E+00+0386E-02 . -0.004+0.057 0337 £0.179
9.0  0243E+00 +WMCE 02 '0.003£0033  -0.025%0.140
100 -~ 0530E+00£0.883E-02 -+ "-0.063£0.023  -0.006 £ 0.095.
| llj.O“"0179E+01i0162E-01 1002450012 - 007210055 .
12.0 ' 0233E+00+0.586E-02. *- 0.104 0034 0.083£0.129 . -
© 130 0I31E+01+0.139E:01° *00I3£0.014 = 0007 £0.065 .
140 0803E+00%0.109E-01 - 0.010+0.018 " 0.101 £0.079 .-«
" 150 . 0.603E+00 £0943E 02 -0.046£0.021 -0:136 £0087
. 160 . 0997E+00£0,121E01 ' ' 0.046 £ 0.016
01707 0.124E+01 +0.135E -01;;'», "-0012;;0015 0, 028i0063".
1180 -0.38E+01£0.143E 010 . 0035+0014 -0.028+0059 .
190 0156E+01+0.152E-01 - 00400013 0.044£0.057°
200 ;"01361\_+01101425 -m_"ij';,_0036:&00144‘?,-\_;0.05‘0 £0.060: '
210 JO113E+01+£0.129E-01 - . 0,023+ 0015 0.053£0065
220, 0.114B+01+0J30E-01 ~:oozo:toms‘-v;i;oo*zo;f:'o'o"'css |
© 230 O0HE+01£0.128E -01-‘“ -,.';0_0691,0.016 -0.049 + 0.065
240

| ‘*1'1'0



w

0.994E+00 £:0.121E -01

0958E+00 £0.119E -01
0.915E+00 * 0.116E -01

0.840E+00 £ 0.111E"-01
* 0.778E+00 £ 0.107E.-01
© .0.744E+00 £ 0.105E -01 . .
0.701E+00°+ 0.102E -01

" 0.679E+00:% 0.100E"-01

0.670E+00 1 0.994E -02

+0.625E+00' 0.960E -02-

0.599E+00  0.940E -02
0.571E+00 + 0.917E -02

0.522E+00 + 0.877E 02

0.423E+00 + 0.789E -02

© 0.327E400.+0.694E -02

0.212E+00 + 0.558E -02

W

0.084 £0.016

0.064 £90.017
0.002 £ 0.017

1 0.039 £ 0.018

0.037 £ 0.019

70.020 £ 0.019
~ 0.058 +0.020

0.055 £ 0.020

0.020 £ 0.020

0.008 £ 0.021
0.027 £0.021
0.049 + 0.022
0.010 £ 0.023

0.001 £0.025

0.000 +.0.029
0.003 % 0.036

0.091 £ 0.069

0.050 £ 0,071
0.135 £ 0.071

10.148'1 0.074
£ 0.106 £ 0.077 .

0.107 + 0.078
0.045 + 0.080
0.105 £ 0.080
0.062 + 0.082
0.056 + 0.083
-0.014 + 0.086
0.034 + 0.086
0.086 + 0.091
0.074 + 0.094
0.144 £ 0.098

0.015%0.103
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Cross Sections, Analysing Powers and the Polarization functions in steps of 1 MeV

without background subtraction for the #Mg(p,p")**Mg reaction at 250 MeV at’

All4 .

L]

0.136E+01 £0.181E -01

0.090 + 0.019

6)4,=6.55°. |
Ex Cross '\Scction Analysing Power  Polarisation
(Mev) . (mb/st/MeV)
0.0  0.342E+01+0.286E-0]_ ' 0.155+0014  0.428 £0.028
1.0 0.293E+01 + 0.265E -01 0.133 £ 0.014  0.358 £0.032
20  0776E+00£0.135E-01 0477 +0.0350" 0.515 % 0.068
30 0251E-01+0243E-02  0487£0.126  0.546 £0.143
40  0476E+00+0.106E -01 - 0411 £0.037  0.358 0.083
50  0363E-01£0292E-02  0558+0.105 0426 £0.212
6.0  0.118E+00+0.536E-02  -0.080+0060 -0.093 0.126
70  0205E+00 £0.696E -02 0447 £0.050  0.580 +£0.122
8.0  0278E+00+0.811E-02 0383 +0.044  0.466 * 0.097
90  0222E+00+0.728E-02  0223+£0.045 0.269 £ 0.102
100  0.487E+00+0.109E-01  -0.027+0.030  0.190 % 0.067
11.0  0.104E+01£0.158E -01  0.039£0.020  0.225 +0.047
120 0320E+00+0.873E-02 02461 0.039  0.392 £ 0.085
130 0.114E+01%0.166E-01 - 0.131+£0.021  0.212 % 0.044
140 0926E+00+0.149E-01° 0.061+0.022  0.121 £0.048
150 0924E+00+0.149E-01 01030022 0293 +0.047
160 0.113E+01+0.165E-01 00510020  0.102 % 0.043
170  0.130E+01+£0.177E-01 0089 £0.019  0.272 +0.039
180 0.163E+01+0.198E-01  0.13+£0.017  0.187 +0.036
190 0.150E+01 £0.190E-01  0.063+0.017  0.147 +0.037
200 0.158E+01+0.19SE-01  0.116+0018  0.177 £ 0.036
210 0.134E+01 +0.180E-01 0076+ 0.018  0.119'% 0,038
220° 0.148E+01:£0.]89E-01 0069 £0.017 0.144 +0.037
23.0 - 0.146E+01 +0.187E-01  0.096+0.018  0.176 £ 0.036
24.0

0.166 + 0.037

Q
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25.0 _0.124E+01 £ 0.173E -01
26.0 \_'§.121E+01 £ 0.170E -01
27.0 - 0.113E+01 £ 0.165E -01
28.0  0.109E+01 + 0.162E -01
29.0  0.107E+01 + 0.160E -0}
300 0.102E+01 % 0.157E -01
31.0  0.968E+00 % 0.153E -01

32.0 0.950E+00 + 0.151E -01 _
33.0 0.909E+00 + 0.148E -01

340 0.880E+00 + 0.146E -01
35.0  0.847E+00  0.143E -01
36.0  0.825E+00 + 0.141E -01
' 37.0  0.791E+00 £ 0.138E -01
380 0.774E+00  0.137E -01
39.0  0.737E+00 + 0.133E -01
400  0.685E+00 i;0.128E -01
41.0" " 0.662E+00 4'0.126E -01
420  0.645E+00 1 0.125E -01
. 430  0.588E+00 1 0.119E -01
440 0.569E+00 + 0.117E -01
45.0, 0.515E+000.111E -01

0.066 £ 0.019

0.060 £ 0.019
0.073 £ 0.020
0.069 + 0.020

0.060.+ 0.020 . ..

0.041 % 0.021
0:074 + 0.021
0.053 + 0.022
0.103 + 0.022
0.043 + 0.022
0.044 + 0.023
0.053 + 0.023
0.055 + 0.023
0.056 £ 0.023
0.050 £ 0.024
0.080 £ 0.025

0.018 £ 0.025
0.032 £ 0.026 -

0.055 + 0.027
0.066 £ 0.028

. 0.033 £ 0.029

0.137 £ 0.039
0.181 4 0.038
0.189  0.040
0.140 + 0.041
0.146 .0.042
0.168 + 0.043
0.113 0.043
0.181 % 0.044
0.163 £ 0.045

- 0.131 £ 0.047
- 0.099 £.0.049

0.152 £ 0.051

0.187 £ 0.055 -

0.030 % 0.060
0.160  0.064
0.075 + 0.070
0.130 % 0.076
0.034  0.083
0.153 +0.092
-0.096 £ 0.098
0.165 £ 0.116

.
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2.68
2.97
323
6.44
6.80
712

Appendix III

L N

AIIl. 1.

(1+,T=1, Ex=10.71 MeV)
2Mg(p,p")**Mg E, = 250 MeV

do/dQ (mblsr,  AY
- 1.8303440.120 " -0.0489 £0.0445
1.7617910.114 - -0.024140.0417
11.7282340.113 -0.0494 40.0450
0.77870+0.064 0.013010.0350
0.7272540.055 -0.032510.0341
'0.6642140.054  0.052310.0365
AIIL2
N
<J

(1*,T=0, Ex=11.45 MeV)

288i(p,p )?8Si E, = 250 MeV

do/dQ (mbis) Ay’
0.552790.053 -0.05662:0.041
0.59752£0.052  -0.18740.033
0.6005110.035 - -0.073810.042 .
0.5211410.035 . -0.14730.016
0.5228240.03¢ - -0.182340.013

0.50083+0.033 -0.129440.014
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<8

3.78

4.43
5.10

6.54

729

8.15

3.67

4.23

4.81

AIILL3

(1%,T=1, Ex=11.45 MeV)

285i(p,p")®8Si E, = 250 MeV

‘do/dQ (mb/sr)

2.2887410.160
7.1447610.148
1.6824310.123
0.8603610.062
0.7512140.048
0.5941940.039

AllL4

A=

AY .

.0.03260.083
. -0.008310.073

0.0014 +0.071
-0.017910.023
-0.032540.017

:0.046540.016

(1*,T=0, Ex=11.45 MeV)
88i(p,p’)**Si E, = 290 MeV

do/dQ (mb/sr)
0.4305940.115

074463940.111"

0.4153040.097

"/\
. AIILS

" AY.

-0.0568 +0.030

-0.057120.031 -

-0.202110.029

(1*,T=1, Ex=11.45 MeV)

do/dQ (mbisr)

1.6472410.100

- 1.5558740.083
13333940071

 38Si(p,p")Si E, = 290 MeV

- AY

-0.049140.058
~ 0.0290 10.061 .
-0.0417+0.055
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' 3.85
461

5.32

AlIIl.6

(1*,T=0, Ex=11.45 MeV)
*3Si(p,p")?8Si. E, = 360 MeV

‘ do/d;}‘ (mb/sr) .

0.4524910.035

1 0.4643640.036
0.5096810.040 . .

f
’

AIIL7

AY -
-0.0823 40.022
-0.092240.023 .
10.037440.026

 (1%,T=1, Ex=11.45 MeV)
»Si(p,p")*Si E, = 360 MeV

3.85

4.61
532

O¢m’

416

» 4.92 :
: . 5.76

6,33

18
. B4

_ do/dQ (mb/sr)
|1.511940.100

1.2145840.083

0.9955240.071

N

AIILS

AY
0.0244 +0.043
-0.064710.040
-0.013040.055

(1+,T=0, Ex=1145 MeV)
28Si(p,p")28Si E, = 400 MeV

 do/dQ, (mb/sr)

0.4563610.037

0.4771940.038

0.4479110.035

0.44200£0.033
0.4614210.033 -
10.4337610.033 .

&

'
IS

CAY.

0.347610.0242
. -0.249440.0254
© -0.086210.0231

<0.123310.0193

-#0.031940.0181
0.0890 10.0192

a ’
'
. /
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