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«This thesis reportskpn experimental study of the reaction

P * T *. l*He +: Y ‘at proton energies ‘of 227 MeV 300 MeV and 375‘nev.

hil

«-

Y The experiment was done at a number of scattering angles'to study
;_' ¥ V' P .’ w“ : )
‘the angular distribution*of the cross section. Polariied proton

0.

Ca

it

.,,.4 -,

Py

beam was used thus provi&ing us - with the.anaiyzing power of _the ¥

e
~

reaéﬂioujas well. T e

’

.",

. \

°

s

“He. eThis*has been mativated by the des/ré

- 3

B N

'; .- - e

, The,vstudy k part of a lﬂarger grogr
. 1

AY
v

;
’ ‘ "v.\-
3

wy

‘_ .

%
\,.

electromagnetic probe to look at light nnclei such as 41, 3 and

€0, gainoinformation on

the nuclear‘structure as well as the reactlon mechaniSm. A

- - N
i~

z

Fuﬁthermore, comparison of the reaction with fhe'existing inverse

L'reaction data (Pic—705 Kie -73, Arg 75, Are—

s

70 Sch—83) allows a test\»

, of one of the fhndamental symmetries of nature, Time Reversalf

Invaniance (TRI) in electromagnetic intera

x;f

C O

1.1 THE SIGNIFICANCE‘OF THE REACTION

: ¥

" The electromagnetic nature of the inte
-
¥

e cellent tool to- probe the nucleus.‘ As 1t

" .
'compared to tﬁe nuclear strong interaction,

r‘,

~

. interaction,‘unlike the strong interaction

’ ’ SN

through quantum electrodynamics.' The (p,Y)

' \

ction*bfghadtOns-‘ ”*f

L

L -~ o

raetion provided an ,‘

/
‘/

is a weak interaction /

1t acts as a -

perturbation to the nuclear system. Moreover, the electromagnetic

is well undefstood

reaction is

/

_‘characterized by high momentum~transfer to the residual nucleus.,

\ I

This means high momentum cOmponents of the nuclear wavefunction are

i

-
- I3
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% 3 ' ) ' .
ﬁgginant at lower energies; beco:;; less important atfhigh energies.

known as - the two step mechanism, phenomenologically described‘under S

7

Shell-Model term, the Meson Exchange Cur\ent (MEC) term,’thea

s
. PR Lo . R
e s Pt - , TN

' sambled; We get an opportunity'to look at the exbtic degrees of

. :
freedom Qf the nuclear wavefunction like short-range correlations.' ¢
As we go up in the energy scale,‘various reaction mechanisms make ‘

e arL N \ "
. G A
themselves visible in Varying orders of significance. The Direct

}
‘knockout term also known as. the.Born term or Direot reaction"term,

¢

As the energy is increased the Nucleon Model (TNM) term, also

i K

A

-Quasideuteron model becomes important. Even though at lower

Ti.eqergies this effect is buried fn the electrig dipole transitidn' o

~ é
through Siegert Sutheorem, ‘as the energy increases it becomes
- v

necessary to include it eXplicitly through meSOn exchange currents.7
AN

koW, e -

. _

'Mesonic and isobaric degrees of. freedom become apparent. As,
. \\ “\ » .

described in Gar-Sl the dominant mEchanisms are described by the

~

-

’Correlation term, and the A isobar production t‘rm. In addition to o
.

looking ‘at various reaction mechanisms, we also get an\ogggrtunigy

.,4

to look at the nuclear structure aspects of the nuclei ¥ and\ﬁﬂe:\-

-

Since the reaction is related to Y+ “He + P+ T thtough the T

';vrinciple of detailed balance,lwe need to discuss only one: of the‘3

reactions. In the following discussions we will be concentrating on

‘ the reaction Yo+ l’He *P o+ T.

- Uy

-

1.2 VARIATION OF PHOTODISINTEGRATldN CROSS SECTTON AS A FUNCTION OF

e - T

S The total cross section for therphotodisintegration is

‘vcharacterized by a peak at the incident Y energy between the

threshold and 40 MeV. This deak is due to giant resonance.. &he',p

b

AN



‘ L N - PR ¢ ! -y )
™ . Y " . .
. . i

v

integrated absorption cross section”in this peak is allarge fractionj‘

'of the value expected from the total nuclear dipole oscillator

!»’

strength. Beyond the giant re$onance region, the ‘cross ‘sectior
falls off monotonicaily. Around 300 MeV, the cross section F

: increases due’ te the A isobar. This is a nucleon excitation with a.
e

free width of about 115 MeV. Meson exchange currents play ‘an ff,fQ,

gl

e important role in this energy region.

The low energy crqss sectiqn may be expressed in terms of
RS |

multipole contributions, without “being. concerned with the meson
exchange cuvrent or isobar production.‘ The total Hamiltonian is
‘expressed as dﬂ\sum of ontributions from the nucleus, fromﬁthe

radiation field and from the interaction between them. Using:the .

PR I
Lo

time—dependent pertprbation theory, the probability of transition

from the eigenstates of the uncoupled system to the eigenstates of o

the: coupled system is found. For a quantum system the interaction‘

f the radiation is given as the scalar product of two operators,

>

. one refering to the radiation field and the other to the nucleus. e

The Hamiltonian of the radiation field is. given by.

~
. . . - e
. . 3 ot

S iy fx‘h “\< kx kx" T (1.1)

.:.’» s . »>
.,

where akk and akx are . the ‘creation and annihilation‘operators,for
photons with wavevecgpr k and circular polarization &'= (_l),
respectively. %kA akk gives the number of photons ‘of type (k ).

", The- radiation field is characterized by a vector potential A given ,

’
i

‘by:h - ‘vu . o a; B ’ | ‘”F
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where V is the normalization volume and ekx th polarization’”
R S R A R
vecto o SN T LA . N
A r e u-;m-'cufv-‘ S LU RO R
;the interaction Hamiltonian is giventin ter of the vector
potential'A, nuclear current density I and nucle}i magnetization u
in the following fashion: .. . © L SN
. ~ o N . ) B e , Lo C : ' ‘ . . . .
S e .o £ o o ‘i < R
T ‘ > > . Dol alr w oy
L .f‘((tgl‘,}" £+ b+ ¥x K a3 (1.3)
- T v (, ’.': -‘ Nd " A
the total Hamiltdnian»for the electromagnetic interaction is e
s
. p % hE '
represented by H:: - . oo y ;
Ce! : R Lo - R . .
. TR e KRR e
> e T x R o §
A SE TP R o, r
© H=H_ +H_+H. ’ R R ¢ T
v . ' B : ‘ oo -

fwhere H represents the Hamiltonian of the nucleus,- Theﬂunperturbed‘

system Hamiltonian is represented by H; which equals H + h » Let :°

’

..the uncoupled system eigenstates be: represented by |N>.; Th é-, .}

<

interaction H is turned on at t = to and the eigenstates |N>
AS

develop into eigenstates |T (t)> of the total system. This is f;

expressed in the following expansion of WN along the basis ‘N > with

-

‘time dependent expansion coefficients ay (t) : _T

N . ) | : ‘ 7 T E "._ - : .-' o SIS
|4 (£)> = & |N"Day,(6) exp [~ B R ¢ )
e e N' : oo i :
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C The probability per unit time, N'N for tha transitiqn.from N " Fy
o N' is -axpressed 1n terms of a 4N and the density of final states o
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N K .l‘ FEURE 1' . ! :
s Using eqn. (1. 5) in the the*dependeht Séhrédinger equation,.

: we solve for aN'N This 1s substituted in,eqn. (1 6) to yield the " S
& . " . - v
transit;ontprobability: . . ,:'wi,_ L ST !

¥ c '.Qt'.. o R . - o - Y P - N = : t
K "o ' 'ﬁ S ; RN ‘o ) :
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The interaction Hamiltqnian Hi may be expressed in termg bf tﬁe5~ ; -
o angular momentum transferredgto the nucléus. .The nucleus may he . f% ‘
described in terms of the pragection of nuclear spin on the4 ' o
\ . s ‘
.o ¥ .
»quanttzatibn\gxis (quantization axis standrng for the propagation * T
Lt - - Y ) L'_ - v e
vectorpof the incident photon beam) ‘ D N KN _
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\‘.\ H ‘ ) ¢ o ‘ y b «
t . s : PR ": - " >



magnetic multiple transition is H:. i v
. LR XA .

[§

,initial state, W , and the final state, We. The suffix & stands for

rA

the afectric multipole transition ‘2. The matrix element for Ehe
1] ’ . o
%

N Y
. Rl

The first extensiVe calculation for.the‘tfansition probability 7;

Y »; : v'

in tefms of various multipoles was done by: Partovi (Par—64) in the

context of photodisiqtegration df deuterium. Partovi applied
..J‘

4 nonrelativistic phenomenological Schrbdinger theory to calculate -

the transition probability. Aﬁpioximations made age‘the neglect of

,_‘\

nucleon structure, pion~%xchange currents and multipoles higheﬁ than

P
s ,L »
» .

the octupole. The nucleons were assumed to interact through a
i 1‘~ E

sémiphenomenological potentrql‘developed,by Hamada and Johnston
3 T 2 . .
4 S ) '
CHam—62)*given‘in the following form: ..
. = "t k3

- b
: AR r

SN TR S PN N Lo
V=V, *T:":VTSLZ* Vis (L «8) +V 1312-“ B (1.10)

wﬁere V isrtheicentral potential VT the tengor potential VLS the o

' ¥ ‘v

'g'spin-orbit potentiai and V K the quadratic spin orbit potential. -

4

The vector potential of the radiation field was expanded in plane: h

.waves -of gi;cular polarizatiqn.‘ S \

T A : . ) a
wheré“amJ is the annihilation operator for a photon ofamomentum'b
7 E R . P

- K - B N - v
and polarization u.- The interaction Hamiltonian is Hf L

Y N N ~ P -

J‘ . ! g v“ “ ‘f‘" (:)'
col Cfra-f3eRax o 1ad2)
E o '\“ ) : ’
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v where I is the current deunsity operator of the n P systep. The 5
\ ¥ " '
final state is characterized by total sphn S and projection m of

the h-p system and the initial state by the photon polarization v

and‘the deuteron projection quantum number md. The transition

.

. probability betheen theSe statew was found using the interaction

Hamiltdniad given by eqns (1. 12)

" \’
.

e ?artovi s calculation covered energy regions up. to 140, MeV. In

, this negion the photodisintegration cross section may be fitted with

! a_polynomial of the fqrm given below.
oo
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\

=a- Sinzﬁ (1 + b cose +.c cosze +d cos39 +e cos“e) (1.13)
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where‘e 15 the proton cm angle. Eqn. (1 13) is an electric

< .‘4

multipole expansion including El E2 and E3 transitions. The

electric dipole term is dominated by the transition 3 - P,

§ ’ '
PO - ‘e - .- . v °
P .

RY 3 MESON EXCHANGE THEORIES ’_T'
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[ ' e o - o . £
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- _h " The experimental results of higher energies could not be

- ’

exprained if muitipole transitions alone were taken into account.

I » «

Explicit inclusion of meson exchange current along with the one—body
- . + .
. current (or convection current)-is necessary to- take care of the

-
total nuclear current« The total current thus obtained modified the

a4

~l

interattion“ﬁ/mthonian which yields additional terms in the

~

'transition matrf%.1 Furthermore, imposition.of the gauge invariance

Y
-

‘ cohdition yields additional terms in.the transition matrix.v In the-

P

- 1ow energy situation, meson exchange effects are taken into account



&
to ffrst order 1mp1Lcitly through an electric dipole term apply.‘ing

current cohservation.' This is doné by Siegert’s theorem. We first

L . . » . ' P
take a look at Siegert's theorem. . ’ ) v -

-

The. total nucleon current 3 is glven in terms of the convection”™ |

" current } and the meson current 3 . ‘ h L ‘\'
- ‘ . NN - ¢ ’ * *
. ; ’ e . . . . ) ( l.[38)y -
petiad, \
)
« o BV \ '
o R . L - '

This is substituted in eqn. "(1.12) to get, the interactioni -

v

‘r

Hamiltonian. The vector. potential A is substituted in terms:of'the

1
' [N

polarization vector ¢ and the wave vector k. We get:

- + /
> ig r ) ' )
. T =
“1nt“.f J.¢ e’ dr ) - 14) ,
. . - , . , ‘
> - .- 4 -r.-t' “ 7 .
» WF g (2 T SR (B TR ST ) |
P » ‘ "., * \ - ' .
/ o ,\‘t ~ -
In the-long'wayelength limit, the Seéond teFAEin eqn. (1.15) e
A , R T P e
vanishes and we get: . ;.,/,wf“/ .“‘ .~ . i -
¢ ! o N P T s ) Y
] ,. - o ,,l B ; \_;; . ifz ;‘. v - .
L | ‘y » A -
- S gt [3 - VAR e )dr {1416) |
2 \‘," . . o . ‘ - CLL T o} . :
-Performing the integration by parts and assuming 3(r) goes to- ¥
. zéro,for‘large r, we get: 2 L T T j“' B
o ' " - a . 4" ‘."*l if{ ; "; - . SR . ) N
o Cw, o~ (WD Eey e Tar e (1.17)
. int P . : \



Nqw we 1nvdke the éduation'of current conab;vatldn: . <\
,ow “ \ ] . ' . ‘ ‘
o . . - N \ N
Co v 2Ea0 . (1.18)
. IEEP ,
V2 T . / N - /‘~' , -»'\ [ . N
‘0 ’ . / J' N " ' u ¢ . ¢ ,. ( \.\
where'p is the' charge density cont;ibuted both by the nucleon flield

-

; and the meson field. Rewriting the ébove equation, we get'

t

i
-

T e e ) o .
3 ,+ > dker * \ o
[§ ’uinc ‘f & ‘( € l') e dl‘ . . i ‘ R (1019)‘
‘/ - ~
" Now making use of He}Senberg's equation of motion: .
! . - o - ’ ' ; .' N ) _‘
- L - . B ._g-te .= 'E [H, p]; ) . . . ‘ _ (1. 20)

ons gndlthe fact that the‘inltial

.

Using the above two, equati

state |i> and the ffnal state |f> are eigenstates of H with

’ eigenvalues E »and E we get: ’
PR g ST v . ~ o R .
e It R » +» ikoer,. »
<f|umt|1_>, £ (B¢ Eli) .<f|pp‘e re 11> (1./21):
. »’A s o '_’J: . . . o . PN
. where p_ {s the expectation value of p. Comparing eqns. (1.14) and

o . .
. — - * ,

(1.21), we see that: o .« e

7

’ 3 . E:: % (Eﬁ_Ei)po.‘.E ._1?. ’ (1-22)'

(NS

This means that in ﬁhe long wavelength limit, the matrix ’

element of the interaction Hamiltonian is'proportional to the matrix

4 - 1 N
~
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element of the electric dipole momnnt p,re This is knoyn as
¥

- Siegert's theorem: Note tHat this appliaa Ltn the long wavelength

limit oy .low emergy region. o - -
. ' ’ . :
. Because Siegert's theorem™is valid To first order only,™it
Py

\, o )
cannot “take care’ of the renction mechanism at higher energies.

13
[ 4

Explicit 1nclusion of the resonant and non-resonan{ meson exchange

- current terms* is necessitated at higher egergies. Calculationa in
A2}

h
LY

\this regard haye been done (Lon-76 Fin-76, Lon—79 Gar-81,

am,

».\ .

Argn—82). Descrtbed below are the salient features of thg ugc
v we e .N
cheory. . {
; We start. with the time—depandent Scﬁréd#pger equation and see

how the gauge trapsformation‘for the vegtor pogsntial, scalar ™

‘'
-

"potqntial‘and fhe wavefunction yields the perturbation expansidefor

. . _
the interaction Hamiltonian. hany
- - a v ,

s , N

'fh~%§ = (3 A)2 +ed +Mv:] ¥ : (1.23)

1}

the above is the time—dependent Schrodinger equation in the

-w‘ %o

presente.of-the eLgctromagnetic field characterized by the vector

g > - g T e
potential A and Scalar potential ¢.. Now we apply gauge T T
‘.transformation;as follows: g L )
N « . R , . » . . SN iy
‘\ . \,i_ - v .
-~ // o, > - ] ) -
. v R s K+ Wy f (1.24)
- ~ ’ e -‘ w:‘
AN \ [ y N ’ ' LA - o~ —
° ‘ H l. a - o
»> ——— . e
- ¢ 7 ¥ X .. (1.25) =
1 " ! - P
> . i '71 ” & 7T
~ g -~ - -



. - A e (1.ae)
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it

Subutitucioﬂ of eqnp.-(l,ZA), (1.251 and (t 26) into (l 23)

“‘should. ;etain chc form ol :he Sghnbdlnget equa:lon tntact in o:der ’ )

T  for gauge invariancu to hold'good. thid yields che foLlowing

"

\\Lation for che Hamiltpnian.

. « ) . 3 " : ‘.‘ : . . : k‘. d ~
" H( c,x)u-‘i»e«F ru(c), R R S L AT
wngre H is the Hamiltonain and ; are*iuternal Opetators. We see the- N
. Rﬂéjof eqn.,(b 27) may be expanded in the'fotlowiog fashion ,
:»"‘k IR \:" H( Q) x) = H( C) + H (C, X’ + aae e .‘ "_ ‘ " L : ’ (1128)
where H is the unperturbed Hamiltonian -and . H' ‘et:é. ére c'orrec‘tio'ns
imposed by the gaugq invariance; We may aleo observe the fdllowing ’ ~
equation from eqn. é‘(l.27). . ~ E }' ‘ .
e e g o i.; :JL'? L .
- SO0 = l0El - ol T (a29)
T, 4 ot L ‘ ,
) . co N : . ‘ —

The total nuclear curreﬁi“iélgiven asia;éum ofﬂéng“hagy'cufrenﬁ

Tt

“.and exchange current: ~ ST s T e

-
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5f:Yhere;‘ . - ‘;f _ o  .Q B

: - . . ' 74 B ei o ;ui o l b. g ; ’ "-:_‘. ,‘ '14 - |
. RER T = ‘ i + e IR S . . e ) .3 _;,,\ .
ke _;‘Io f Tt T oot oo e «a 31)‘
urfwhich is the one—body current. The first term refers to the L

convection current ‘and the second term to the magnetizatien or - spin

. ) : = RS 0 o
current,' The. meson exchange current J stands for two,vthree,,etc.

‘body:currents;‘ In the approach by Gari . and Heback (Gar- 81)'the

. . ¥
-

"nuc1ear:Hamiltonian H is split into a one-body operator T and two-

'booy operatOr'V. L '{ o ? e G |
‘ . : : AT g - i
ek 0 e
The reduirement‘of current conservation for the total currgnt JT o
‘-yieios tw°]?;i§t1°nships, one for the onerbody current Iy and the

other for the exchange cUrrentJJE”ﬁ :
AR AR Y o (1.33)

S L o)

-~

where p 1s the charge density.: The form of H in -eqn. (1.32) is

replaced by another form(as shown below..

o= (T +0) + (V) = iR L (ass)y
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RS . 5 7 ! Ty ) ‘
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4 - : . 3 2 \ - .
/. T Rl S A
) w’here U 1s the single particle potential H the shell—-model o
N . ’ r.
L

. S
Hami;l'ton;l.aq apd the residual 1m:e1:action.

W(‘)'qdk'%Sa‘xop f’t"ype': ) '_“ T ) i . Y
[ h ," o M Sk . e 4' ; )
R [ /’ v v;. . ( - \‘ ' . ' . ,.\_ X
: . B = . L fo] Ll , B ‘
o ¢ 1 +»expgrf—rd)/é')' T ‘(r'3f’) .
: where U0 = 58.5 MeV, r,o = 2 77 fm. and~ s 0 5 fm for He.
i . ) N L S,
The nuclear st:ates lx) at‘e expanded in terms of shell—mo‘&el "
elgenstates | ¢>. - S ' \."
- T l " o -, = .
. N R +
. x> = b5+ —g 1| % Cowan
£, . f ,
4 : i AN
> = |e>+ > 1.38
Iy =l SN Ix - (1.38)
1 L
’ .
) %) ‘
where: N '
= = ‘_ - . ' . . . . - L . ’ | '
r=1 |‘¢i>“<:¢i_|, e S ae39)

N N

Y

U ;is taken to be/ of the

Now it is possible to express the ténsitionv matrix ‘between the

o _nuclear states ’in terms of shell—model states.~

matrix is 'tepré‘sented by M.

M, ="<,'(f| ;%'jx‘(;) . 3T (%) 43| x> . (1.40)

Subst.itutlng eqns. (_1‘.37), (1.38) and (1.

The transition’

v

v

by

39) “in the above

[y



(1.43)

" ‘et us take a look at each term 1n (1 41) The'first term is

split into two terms through eqn.
o F ‘ v Con - -

N - * ~ - . . . ) . \ " -
v / + . / R . \ \
i 4 - K K . -
equation, Gari-Heback find that - -f_‘ g - A
“ e @ . .“ -~ P
. D R | 2 TR
= + T + . ol (8 '
Mg _<¢flnl 2 <l FTHEI a 4>+ §¢f‘ @ ————gh 4> .
R v ,EAi - o N
» . * N EOUR / h +
N » 5 . < N -
O R ' - PR o
+ <% | TE. - H + ic = | %7 (L4 -
- . : E =-H . Y ‘;
N . - b2 s >
— 1 L. LY v
,' \ T / - . hd
whei‘e ! \ ' b N ) ' ¥
i o = ) : ’
¢ \ ~ ’ ' E
) V- Q= —-% f (x) 3 (x) d3x ; EE '
R : . / -
q=.9 +d - T s, «Bany 7
R o S exXe - ‘ . S : P R g
s . - i . : ; . e . . . .’»I.. ,.
T . ‘. ' o . . : \ - . L
where'ﬂéfgejthe one~bodyvgontfibution ani,ﬂegé is the exchange = T
TR : ) o o ’ . - w Tt ‘\v. :
contribution. - RS : » o, o
: L4 ’ . : \ NERER L E - w N N
: Q is contributed by the one-body convection current and one= :
" body spin current as shown bel?w t R Lo - ~
[ ' ". : : .» “ : . .

(1 42), one of them standing for .
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kS

: the shell-model term- a

current term. Note th

.. o : .
X . -7 - ot

te . ’

R S oo o R
- where § is the sum of all the electric multipole op
SR . - = i e ey

~r
¥
e
o

L -'.“.~.u"\(_ Yo

LR

The tworbody potentiel V related to’ the exchang!

‘

o

nd the other one standing for the exchange Co

s ~

at in the long wavelength 1imit

chﬁrént tbrm<becomes the Siegert term we saw earlier.

~
N
<

’

»

+ 50 5, ) Y, (r) ] '_

=~ .

L

throdgh current conservation is given by the following

el

iy Lo
_ : etl-l_" o

V- v, [a0+a
LNt S

oy ) " ) —

~where-V_ = 95‘MeV,va°
o - . i

29,2325, for “ie,

The secOnd and third terms “in eqn.

correlation\terms, aris

im0 .

. .
EA P <]

.

P - f

SN ” .

S o S

L~

-~

desCribed by giant resonances of L=1‘and L=2’for-ﬂﬁea

(l hl) are known as

ing from the residual interaction. These dre

the exchange

. L
erators;Qx.

[

(1.45)

e current

expression.~'

;\,'

Cos !

191 02 +° a Tl'Tz + a (:61"92)(]:.1."(2)'] : (1-46) o

N
4

- a = =0.0025, a_ = -0 105, and a o

.

The 1ast term:

R yed

15/
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R,
~ . . =
¢ e ~

d -

does not contrihute in the first orde’

L4

‘ The A(1232) resonance was introduced as part: of two-body

'current:

E o ‘ E'Res‘_' THE
JNA‘= _A‘_(A ‘).e
2 0 g Res r
|
Y A

uv’.?(rlxrz)glﬁzY x'ﬂsixsz))' C(L.4T7)

The terms mentioned SO far are pictorially represented as in

-~ L

fig. 1 la and fig.:l lb. Fig. l Ia gives the one-body interaction o

term and fig. 1 lb gives the exchange current terms. The first term

.

in the exchange current contributio

(MEC) term, the second the seagull term,

term. \7

o

and"the“third‘the,A“isobar )

n is the meson exchange current

Gari—ﬂeback found that wffh “He there is a. considerable* :

. v(\ f
- g

: contribution 'from exchange currents in the energy

The correlation contribution was found

to decrease as energy B

region 40-400 MeV.

-

increaSed. The shell model term showed o structure at 30° whereas

A

it has a’ minimum at 120 MeV for 9G°'

.\

e 4

.v" The A, isobar. contribution has calculated in detail by Londergan

et al. (Lon*]ﬁ) in the general case. of a nucleus with A nucleons.

I ( .

They considered the diagram in fig.

l 2 for A formation.!

The S matrix for the reaction was given by:

N Y. W RN

(1.48)
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'where k 8 are. various mome

o, - -~ /
\\.

was calculated by taking 1

-

¢

‘ vertices nNA WNN and AYN

By W

nta and M the amplitude fnr transition. M

nto account the qontributions at che '

e ‘\ o

’The follbwing expression was obtained

D <A|“

for‘the transition amplitude,,d""ﬁ."“'v ’ ﬁ;" .t SR i ;'
.""' . ’ - N - B .. v .. :'A‘ ‘1 "".4' ‘ e llw. . ] :
M; - S dPAdmA~ ~ <A—1|H l(A-—l) n><P1r|HN,M|A>
. i‘ntermed,iate R 1(2");“‘ BN (P A‘R"Y)‘-“’A’E ~in] [E A(PA)"'"*’A"- “'}’
‘stated - L T T N
. . . K 5 - ' . \

INY><N(A 1) |ugla> _", R T

: kL <P + = E _ E- Pro Z - Z -
[E(AA 1) (k ) ‘ wA in][ (Py k) : wA (k )“ | in]
. " . : ’ "‘ “-, (- R . ,. '; "L ;; ; :‘ ~
S N R T (149 .
C . '\. . e SO * ,: ‘.,- [J‘ PR ™ * -
. where EW is the Y energy,‘and E(P) is, the total energy corresponding
to the momentum P. The term (A—L) .refers to the'intermediate -
'state.; The nuclear anefunctions were takenoas the harmonic i

.

-

oscillator ones. ~Photon—nuclepn verbe; was calculated using both

s ] .
e s

4

convectidn and, magnetic moment contributions. The.NAY vextex was ’

-

computed using the quark model of'N and A as well as QED. The ANN

vertex.was described by ¥
3

the nucleon field, and ¢ the pion field. .

HANn_f;—i

“w

" the spin—3/2 Rarita—Schwinger field ¥y

” ¥ RO 4 s
' - - ~
*V" ’ Ce ,: o T P s
f —_— . + : - - .
(E—) ¥YJI ‘i’u Bu - - . {1.50)
™ T : . ’ ! b - <
- ’ - I:. " £ -
> ¥ !
U £ - Lo
7 .

) o i " . o s JT"'* 1; . . .‘ + t e
where T is the baryon isospin operator-and £ = 9,097 deterpined :«

D
v, i o
- A poe wt T o .
- N - - s ~ 7
I 4 : : .
- . N ¥ - <. .o
. » . *
- L. N ~
~ . N
- ¥ “ e
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.where f“ 14009. C

déd at.the 7NN and"nNﬂ\vertiCes.as

‘ The form factors were inclu
‘ﬁshoﬁn'below:‘z R f( (' . % o e e T
. ‘ . '\:) - ; : ’ ..’-‘ " . © N /. ) ¢ i e ’ .
i . Y “ ! « . >
1y “ I. N 2_ 2 . s .
R | (&) = (2 )’ (1,52)
e ) f(t) = ' . 1
. T -
[} “ _ . ] s -
=6,9m . - ' : .
m o,

-~

P

-WHete A

=.6.8m_, A
NN‘“" = , s L ANW )
‘More recently Arenhovel (Are-82) calculated'the contribution’ of

. -8 .
ol
o : L Vo N ' * PO oo A ~
- i, ' . $
.~ T - ' .‘ ~ ky . .' v ‘ hd
! o : . . *
from a decaylwidths Pjion absorption was taken. into aé¢count by
: o ‘ ‘ Lo 20 . R h . > .
' summing NNn vertices'over the nucleons'in (A~1) and A: . ' ' '
) ot . ~., ¢ \-r:‘. . oo . ! ‘\ . o » ! . ) K ’
. S T 2& £ . e - : I
. '1 . “»I 4_‘. ,c/i{ .o ‘ﬂ" —i ( ) \ll Y T ‘{ ¢ N : v, ~(1‘.-511\) . ’
¢~ NNw- m, 5, . SO
i , ﬂ, .- e . - o ! .
- -~ - . . , . . v R B PR ’ .\
v 4 - to < ) ' . . . . -
ST R : - <.
. . . e . . v N
» f . '
. ' 4 L .

.

meson currents‘and isobar propagation. -Exchange current
contributions to uarious eléttromagnetic processes in nucleti, -mostly:
\to magnetic transition Ml _were studied.rW; . :h ‘: }G:” |
"EI : The inclusion of N' (1470) in. the ground state of e - was found -
to be useful ih getting the photodisintegration crgss’ section_at |
EY < 400 MeV (Lag 75) This study was motivated by'the faét that ;
; . even’ though A(1232) photoexcitation is the dominant pr;Lessﬂin~the
re;ctionsud(y,p)n and, “He(y,p)aﬁ .q;s\segf/on ;df the former'
| =280 Mef at e ‘90°‘

is about 40 times that for the latter for E
as expressed in- the following fashion.' S

N~

“The :cross section w
L, N e ) .
N s a & L .a R
5 Cldh A oy
4
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N

et L ‘ L
e de s 12, - - .
...~ gmo | W=p2 (A¥B)"+ £C- - L .

. : c ¥ = Y1-82 Wy o+ B W
* ; .- ' . e .. ' "

_where 62 is the probability of finding a N (1470) in the liHe_

nucleuss Terms A B and C are represented by the diagram m

XY

Y

fig. l. 3«Laget found that-a 3% admixture of N' (1470) in the ground

state of l+He neproduced the cross section at medium-angles.:

~. . -

Arends (Are—78) notes that contrary to photodisintegration of

the deuteron, but similar .to the reaction 3He(Y,p)2ﬁ there is no

N

obvious evidence for. a A(1236) resonance contribution to the

l 1

-

__reaction |+He(Y,p)aﬂ Theoretical investigation of the resonant and
non—reSonant pioh exchange effects was* done by FinJord (Fin—76)

Calculations were done. fbf the<energy region 165 MeV to 330 MeV, 2

Only the s-parts of the wavefunctions were considered and the final-”-

N .- ¢

state interactions between “the proton and nucleus were neglected.b'

- - .
- , [N

Finjord fodnd that non—resonant ‘pion exchange cOntributions are_‘

L. . ~

dominant. However his results are strongly dependent upon the

. - ) —A
= - i

. asymptotic form\of the momentum space wavefunction. - . e

-

- . ‘ . ) 2 )
- M * ~ . ' - L3

l 4 QUASIDEUTERON AND OTHER PHENOMENOLGICAE MODELS

s

. Leyinger (Lev-51) proposed the quasideuteron ‘model to‘explain.."

21
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) where 'x 18 a function depending upon the shape of the potential v

" the cross sectlon of nuclei with-a » 3. He exptessed the nuclear '
: / .
. wavefunction in terms of "the deuteron wavefunction on the assumption
v .

‘that two very close nucleons inaide the nucleus constitute a

\

’quesideuteron. The wavefunction of the nucleus was, eﬂpressed as a

"product of the deuteron wavefunction and the wavefunction for the

1
PN

remaining nucleons which provide a potential well in which the

a

quasideuteron moves. The quasideuteron wavefunction 18 represented

»

by W (x) given by the following expression.

L
v
' N -

, (4m) 372 [———-—————~““ {krt8) xl' | RS
. ¢ (r) = . gin § . (1.53)
N K co ‘ (az*k‘Z)I/Z‘vl/ZF i IR N
’ b « i ‘

- \

) ' T

the volume of the nueléus, and k the wavenumber corresponding to: the
v 2

"relative motion of the proton and neutron of the- quasideuteron.

-

. ) . - C o Co i :
T o= |8, LK,
[ . =
=1 =2
. . .
. . 7
. T N, v . R
.The phase shift & is given by: - . T
) . L : - N
Ny . ~.
¥ - ‘ N
B \"'\.
a : / LN
cos § = = \ - , e
) Tk - o
- v IR . . \\
f - . 1 , S

- PR B

, - k -
where q- 1 is- scattering length., The ratio of the cross section for

the photodisintegration of the quasidedteron to the

-~
.

) photodisintegration.of the free deuteron|is given by the following

0y

- b

23



0

.

stands for*the SN mechanism. .The differentiaf’cross~sectionm1n thé

F

Rl

¢

- . ap
‘g %, 2w (leoam ) g
.-‘19--(1—5) - 2 w (TL54)
. %Y ¥4 a( a2k 2)v a
o - :
. . ) N ’ ‘ » o~ .
v - »
where r is the effective, rangeq The cross section fot the
)
photodisintegration df the “ducleus 1s given by o:
. ' . i o= "
- NZ ,
) a= 6.4 % - (1.55)
> , : -_> ' ‘ . ' e

[

where the factor 6.4 18 known as the Levinger factore

s

This model oY the‘quasideuteron was essentiallf’a forerunner

for the qurNucleon~Mechanism J(TNM) dr the Siegert term i{n the

-

electromagnetic'interqctfbn. fhe TNM proposed considered the

3

momentum transferred to the nucleus by the incoming partic{e as

being shared by two nucleons either by the formation of a-
quasideuteron or by A isobar production. These two terms are

- v R

diagramatically represented in fig. - Ll.%% ! N

o

" The TNM is less Sensitive to the high momenTum components of

~

the wavefunction since the momen{um is “shared by the nucleons of the
'

p—n pair. The Single—NucIeon-Model (SNM) which couldﬂbelcalled the

direct ﬁnockout'term, on the other hand, is more sensitivé to the

wr

- .
high momentum components of the wavefunctigp, g}nce the momentum

. 1
transferred ' is taken up by a*single nucleon in the reaédtion, say, P
.’ .

3+ T’»'“ﬁe + v. The one—body current term g}yen,by eqpie (1.43) o

wh
l“(‘

24
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¢

SNM is’ proportional to the sduarepof the'momentumfspacé wavefunction
of the bound proton.‘f e o .

L S

[~VIE
Q

40 1o oy = c(E 0|0 . (D] 2 o u

da (Ep" 6) 'C(Ep’e)‘l ¢J’L’mJ(q)'| [ (‘l.'56‘) -
L ’ . . ; )

" where C is the kinematic factor and o) mf is the'momentum space‘

L .”-J, .o

‘

"L.wavefunction of the nucleon with momentum q and specified by the

quantum numbers J L and mJ The high*"omentum component of thé
'nuclear wavefunction corresponds to<the short range correlation of

the nucleons, dominated by the exchange of heavier mesons p;

Ruderman (Rud 52) took up the quasideuteron model ahd got ‘an

. Y i
improved expcession for the cross section‘(see Chapter 4)., He

-y - ,,...,-«;

'~uexpressed the nuclear wavefhnction in terms of the: wavefunction for

the qua31deuteron and: ‘the wavefunction for the remaining nucleons.

- N s

::He evaluated the cross section for Pd > tn in terms of the cross [

5

ction for PP > dn Lon. the assumption that the neutron in the

_ triton does not participate in the interaction and that the incoming

) proton, after emitting a-mt forms a qua51deuteron with: the proton in

the deuterium.

This model was once more improved by Fearing (Fea—75a) (again
see ‘Chapter 4) to include distortion in the incoming channel and the
.outgoing'channelr He also used 1mproved wavefunctions for the
nuclei.: The nuclear cross section was expressed in terms of4the |

cross section for pp+dn a form factor (which.is the fourier

transform of the overlap of the wavefunctions with respect'to

[

26



"~ The diStorting potential in turn, was obtained in a Glauber ui . S

‘factor contained in it the distortion functions which were derived .

. . . 3\‘

K]

momentum transfer), a spin fastor and-a kinematic factor. The form
)

o

1by integrating the distorting potential over the progeetile path.. 1

)

~formalism where.NN total cross section data and forward scattering

‘ amplitude data were used. The distortion reflected Ltself by giving

4

<

1.5 IESTING TIME REVERSAL INVARIANCE S o ’

‘Described below are some of the aspects of TRL in the strong,

normalization to the cross section whereas the’ form factor changed

the shape of the angular distribution of the,cross section.‘ This is.'

4

cagain because the form factor is a function of the: momentum transfer,

which is a function of the scattering angle. The modei is known as

‘Distorted Wave Impulse Approximation (DWIA)

]
The comparison of the experimental results of this work with a

DWIA model calculation may ‘be seen in Chapter 4. T,

. . . .
» . f . - N

This reaction provides a possible check ‘on Time Reversal -
'Y - )
¥

Invariance (TRI) in the electromagnetic interaction of hadrons. The
principle of detailed balance (described later) relates the cross

sections for the forward and ‘the inverse reactions in terms of >

the momenta and spin multiplicities of various participan&s of the e

lreaCtion. By comparing the results of Lthe experiment with the

inverse reaction data (Arg—75 Pic-70 Are-79, Sch—83 Kie—73) we

: 1could determine the validity of the time reversal principle. o

/- MRS 4

"

electromagnetic and weak interactions.

-
=

The discovery of parity violation in weak interactionsvin 1957

27



@

i look for a direct case of T violation in weak e-m and strong
"\ R
.interactions._ The frontiers of investigationrare checking the

kassociated witth unlike the case of parity operator.)

~ AN + Lt SO N > -~ . .

.. . . . o N
r .- ‘/ ; P
s ' . e

\ . ) .
© (Hi1-58) triggered-the. search -for. possible violations in strong, e-m

hd L}

N .
and weak interactions.. Combined CcP non—conservation was observed in

N »

~-the decay pattern of the‘long—lived neutra'l | K meson in 1964 by

W

.Christenson et al. (Chr-64) The ratio of weak decay of {he K0 into f

o Ir

two pions to the sum of PC conserving decay rates was. found to be "

close to 0 24- The overall conservation of CPT is expected to hold,

,however, to a very high precision. This follows from invariance

under relativistic transformatiohs in local field theory. .lt‘

~.

relates properties of particles and anti—particles.--The best

fexperimental vekification is the measured mass difference of K0 and

KO where TCP is found’ to hold at,.a level-of R in 101“” Thus we

conclude that CP 1nvariance v1olation is. associated T violation.. K£~'“fe‘

k]

decay therefore provides an indirect verification for the TRI in .

r.

" weak interaction. This indirect T violation encouraged everybody to

SR
- - _ ‘o 'l
princigle of detailed balance, looking for T-odd“terms'in»particle

- . Y

wahd nuclei decay, polarisation analyzing pOWer study.for elastic and"

~ N r
. " x RN

'inelastic scattering‘and the eiectric‘dipole moment for- the neytron.

£ N [N r

hanl . -

Described beldw ate the details of these aspects.

‘. -

*

It may be noted that bhe T operator 1s expressed as the product

. & .
4 = . . o B 7 \

“of \a unitary operator and a. complex conJugation operator. That ig, 4

Y

T is antiunitary. This means that there. is,no cbnServed quantitﬁ&,

-

| T invariance—can be tested in particles and nuclei by looking

for T-odd terms which ‘are” known as T violating phases. Let us

. . - . -~

: = . PR
S R L ) FE

-

ac

r1. -

4%y |

-



Tl R :lO gp cm R

-~COnsidet the decay n-+p t+e ‘+ 3. If 0 is the neutron spin and pl

~ ~

and 92 are the neutrino and electron momenta, then the terms f
. - ’

f,o-(plxpz) is odd under time reversal.. A_non—zero expectation value
© of this term is an indication of T violation. .

. (3

. DR

A number of tests,of T invariance,in nuclear gamma decays have

e .

e been performed 6Gim-79) - Gimlett et al. looked at the 129 keV gamma

. '.,« “

PN

transition in l9’-1r. The linear polarization of the IZ9 keV gamma :

< . ~ e

ray was measured directly with a Compton polarimeter and making use
~ R t <t

of the Mossbauer effect._ The COrrelation term (33kxe)(33k)(3ue) was. -

! - -

e
looked for.’ “Here 3 is the spin vectér ‘of the initial nucleaf state,.(

f_ T N ) .,_ -

g’the phptonfmomentum and e the photon polarization vector. This

i
.

term, as we may: see, changes sign under T and so must have zero - ":

o [

' expeetation value in the absence of final state effects. ;
< » - - \J '\ . Co . {) N
The absence of electric dipole moment for any elementary

particle is a consequence of ‘TRI. - Bn general TRI prohibits all odd

R

Y

» *electric and ‘even magdetic moments of - the elementary particles. _.The

e,
. v .

. measurement of electric dipole moment (Ram—81) yields a value of

- .

ld | < 3 x 1072¥ cm, where d is the dipole moment per unit: charge,1f

T)‘;;“z)

This may ‘be expressed as the product Qf a parity-violating coupling

kvstrength gp' a-. T—violating coupling gT and a hadronic length
R C e c

. (Compton wavelength) lc. For the neutron this product is .

10 8 CMa, :k“ \

- . ‘ ) . - y ¢

‘.‘.. .' ‘d =g .gTAc' = 5 x-lO_\-’.x 2 X ,l-Q:“ gT Fm - ,

]

29



-~

- T—violatipn in nuclear physics._ :4‘; . N T

)

wherngf g~4 x 1075; wh;en,represénts the most stringenﬁ:limitqfdr R -

i . o _ ~. P

For the elastic scattertng of spinQI/Z'particiés by a target of.

~arbitrary spin, polarLzation eqpals analyzing«power, P'=.A§’5‘Thisx’r“ N

was proved by Wolfenstein and Ashkin (Wol 52) This is a S

.‘ -~ .
R - -

consequence of she invariance of the\interaction under timef - R

. - . I8
. - .

eversal. The FFA theorem sﬁetes equaLity between the analyzing s "; - .
1 - M e .;. . . .

power in the direct @eactidﬁ‘and polarization in the inverse S » X

. AER - » . ’ RN

reactiOn (Sat 58)bfor inelastic scattering., This is alsoﬁ o

.-Aﬂb\ . . . -
-~ . - v

g consequence of ?RI. Note that a_non-zero/spin target is necessary, . STy -

‘otherwise parity conservation alone dictates P=A. Ihe term P-A for o S0 e
- elastic scattering can&%e expressed ‘fo- terms . of the product of two' TR

N L . iy
'famplitudes, One of which'violatES TRI while the other is T—. T

’ namely ‘the principIe of detailed balance. The Dransition-dil'wm\ef . .

"‘o.

< - St g

\ et § ) .~ N,

- " : . ‘ ol ,.\- ~ .
v 1 Al i \

\ R R R 4
-
-~ o ) >

_invariant. -Measurements of P and A for«180 MeV protons (Hil 58) o
LIS v ’ . : K

* o Y 3 - .

scattered from 1ithium, be } 14 and-aluminum conftrmed:P=A-to- a - -

\ .- P : N S
v .- - . : . [

few percent level. Conpa : sons of P and A’ for p P elastic R

scattering (HUA—60) have shown P«A ‘to a few percent level. ,

p Let us now take a Iook at one other important aspect of TRI"

! . ' R R o
./' s

o - B .t >,

probabllity ﬁrom stat Li) tq state. }£> 18, related to the S—matrix} et L

Se . fl

-
¢

n the delowing way: ' . s d'fj, ‘"y c ;;*V, BT TS

wi1+f ajl(fls,'i?lz e-f ) . I.." i“» T *,(‘f0?7)‘ ,;.'“ "
A ) ) ’ ‘r EO v(\’.'»r> o » o N e Tt

o

. Loy . e
- P ) . wr .
R > . »'. . -

where Pe is the density of final states. The invariance of the
' . ! 3 ; T . i

Hamiltonian H\under T dtctates the.following equation, e

N i
i 4



- - - 4 N A .: * ) ~ T
B ; . .otal B e L
N \ oy K \ , "
- ¢ P S, e
, . ' ’ b , ‘,- ' ‘»
v a . - .
® < < o 1 B : -
I. - = T s
. # N
' ? 1 . !
o T ST .S T L (1.58)
. * ~ . A v )
S e o ; ca L il ' v
.whereﬁST‘is the time-reversed S-matrix. We get: . \ L “
- S ) R B ‘ PN SIS
- . ) M I L - N
. v o~ ‘ RS M . “ N v
" o CalT BEFRREN c . - v e ‘. o
SR I <f|s|i> A |s|f > P S (1.59)
U 5 Lo » "“ ’. '-', - . e S
4 R o L, e e, . P ) L. Lo \
g BN e PR
where LT and f are the timevrevetsed state%« that is, wheré,spins .
- N - <. s
and angular momenta are reversed. The relation gives rise to the
. ’ - - B
fafolIowing:‘ o R /?v T ~ - ! =
- S : - - ) ‘ . + . ) % : -
. TIRY . R - . e <
g . PR - ’w ’ 12 < * o,

4 1 p . ©
k4 . . . ~ .
s (o “f +1T i | . ,
N N =T = - ’ 5
. v . . ER ’
A a1 4 . - Y = -+
« . _ > < Lo
4 [ ! P N L2 . N VoooE
’ . s x . = 3 . L e R
- 3 ' o LR .t
BN

This equation yielda, under the assumptions of paritf"consergation3~

v

The reciprocity reIation (1 60) holds good for 1ndividual spin

P » ot v L

’etate35 Detailed balance is obeyed when‘all spin statesyare equally

P . ' 4 . . S

) S : .o PR . o ,4_‘ . ‘ o - ‘.“ KN s ‘ .
, populated. - - T e : S .
Y. .o e : - e T : . . RS 3 vl
. ‘Let -us consider the’'reactions a + b ++ ¢ + d. We can convert
N . ~ N 3 . K . D
/ L . - : . ,
- - ¥ ~ LR » " :
N ) ’,\ ~ » -
- sy . . . -« Yy
L V! v < [
. ' . ; '
. 4 - . h 1 . } _ R s
A - AY R

PR QT RO
absence of inialal state polarization and no final state Sy e
J - -‘}" T . N S ¥ -
polarization detection, the following. v ‘ ) n ‘
Do L e » . LT ' .
- t., Ay ) - . _ . -
. . i DR oo x T
. i » ' .-W' ’ 5 RIS r‘ N ]
.S . ) . . » L > - ’ B
S L £ (1.61)
o ) Y, Pg Py LY T P
P 5 = \ e, o> v '
This equation is known as. the principle of dhtailed balanceg ’
RS -r

&



fa

N

v eqn. (1. 61) to an equation involving dQ ’ spin factors and centre of *

mass momenta,

v

0'
: .

by summing over final spin states‘ averaging over the

. initial spin states, introducing the phase—space factors and °

Y 2

., - )

dividing by the incident'particle flux. We get the following

I4

“

- PR

~

relationshiﬁ‘connecting the differential cross sections for the

~

\, R -~ - >

forward and the inverse reactions.

) -

- 3a §a+b+c+d) ="(28‘c}+.1)(_25d-‘6—1) Peg 62
: "3‘?01 © + d|+ 4t b) :Tzsa +~1"H28b + 1) Pb |

«

] , R
oo, '
.

;where (ZS + 1) etcr are the spin multiplicities, P.4 and p ab 2T

theACM momentaa This is also known under the name " prinéiple—of

-

detailed halance.

-

s

w4

violation whereas the observance of the equation need not ~

Non—observanoeJOf the above equation is an indication of'TRJ;

L -
e e "
oA - R ’
- . E X -T
| . ~ iy -
1 [N

';-

. .

[y

- ‘“ecessar“y fmply, that TRL is holdmg goods This {s 'because ‘the ” < .

+

~ .

reciprocity'reletion is guaranteed by the ﬁermiticity of the

T

Hamiltonian when the transition probability is given by Fermi s

-~

Y

for the forwafd reaction’ is equal to the\crOSl section for the

N gofden rule in the first—order berturbation theory._ '.;; _‘,"

~\' vy .

~ ~

3
R P -

T By examining eqn. (l 62) it may be seen that the cross section

- . L. . » -

inverse reaction times a factor which is independent of the angle.

- RS .

This- means that the shape of the angular distribution fot the

S

e - N ’
- . -
\

forwatd reaction is the same -as; ﬁhe ‘one for the inverse reaction, . -

v ¢ RS -,

\A check of detailed balance was made for the reaction S

“ " PR . L

y. o=



Mg (We1-68)‘

d+25Mg +**p+‘

- %

Accutate measunements

of the crosa sections~fdr.the-f0rwa

inverse reactions (Dri 79} have sh

L4

: generally good to 0 3%;

\ s

own that detailed balanc

“f ‘Let us now take a‘look ab the detaiked balance”simuation for

g

the electromagnetic interactions.*

Vot

Bernstein et al (Ber—65) =

the reactidns ‘of the form Y * A'*+ B + C° ab a

) suggested that

It may'be noted that Y—N—N vertex,

. possible test for TRI.

hermiticity and current conservation obs

"
T

eure any T—violation that“\

ee the above reactions uust .be conducted at

may be présent.f

B resonance energies s0’ that A(l232)

pnoductipn replaces the YWN

-vertex by the Y—NL wentex.

Yy

- Investigation in tHie.regaed has been done forlthe rea

t is found that.there is a

P + 4. > . 3e + Y (Cam—-82 Can{—83) and 1

t in the results which leads one to believe bhat:

very.good agreemen

TRI is holding good in

“the e-m interaction of the hadrons.

empt in-this reséeét;’

worthwhile an

d interesting to make another ‘att

p + T + “He + Y and comparing that teaction

\by studying the reaction

to the existing inverse reaction data.

3
LR

-
i

C

This has been one of the"

o e .
motives behind undertdking ts study this reactfon.
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-CHAPTER 2 .,

.1 THE CYCLOTRON = ' . . ' .- " L
,The é&periment Was performed at the ABTl station of the TRIUMF -
o . R s v

Cyclotron facility situated in Vancouver._ This, is a six—sector, -

sector—focussed negative—ion cyclotron. The beam extraction is dohe

Y -
N

by inserting a carbon “foil Lo strip off two electrons from the H‘..K_'

»

ion. The beam is continupusly variable in’ energy from 180 to 520-

-~

MeV, with an intensity of 100 uA,at 500 MeV.‘ Polarized and

r 14 ‘\ L I

unpolarized proton beams are available with typical extracted

-
Y
~
r

intensities of 300 nA and 120 uA respectively..,To avoid beam loss

- .-
. N i > N

by gas stripping,;a vacuum'oﬁ 107 tore iszmaineained. AThef‘ >

T ‘

unpolarized ion sourceiis “of Ehlers type, giving 1 2 mA of H ions -

4 ) ~

. at yz.kev.f‘The Lamb Shift polarized ion source (Don—717 is capabie .

*

of giving l uA of 75- 807 polarized beam at injection. “The .

accelerating system'consists of two rows of quarter-wavelength .

;;; cavities operating at 23 055 MHz.. This provides a5 ns pulse every

) - . ¢

‘ .« . - ,- 3 :. o :

2.3 PREPA.RATORY CALCULATION/ ey P ,- -
S [ ' . 0

- : . !

It was important to, haye an estimate, before the start of the
) . y -~ )

exsgriment, of various things such as the singles and coincidence

count rates,‘multiple scattering, positioning of various detectors

. etc. It Was also decided to check the working of the detectors and
the electronics by measuring the cross section of p + d > %ﬁa + Y

(Appendix D), which had been measured earlier and therefore was well

. \ A

. ’knowii. These consistency checks would then-be -4 direct proof of ‘the

Yo oot b ¥ \ o~ t
e . . L. - . »

s
»
.
\



.

' correct functionin% of the entire set—up.

The target -used was TiTa therefore the,singles count rate was.l\

. \dominantly determined by the differEntial crOse—section for ‘the

L - N / , ’

‘proton to be scattered off Ti. 1The data was available for the

v &

cross sections'- both elastic and inelastic - for the Ca target f“'v

’ ‘

(Wal 66 Cha—56), which is close to that for Til The singles count -

N - . . e . A

) rate is‘given-by.

‘. f/ *where I is the beam intensity, N the number of Ti atoms per cm -of"

Lo the target, 39 the cross section value at the angle considered and

* ¥

f IR AQ the solid angle subtended by’ the wire plane at the target. ‘."

‘,

> A typical value of the singles count rate was found to be 3 X 105/s

~ v .
)
L -

. Cat an angle of 15 for 300 MeV protons'with an intensity of 10 nA.

The‘coineidence count rate was estimated using the inverse'

. . ,

S reaction data Y "+ ?He +P + T (Are-79). Equafing the. total CM -

<

: energy for the forward and\backward reactions gave the’ proton energy

A2 ™ -

corresponding to, the Y energy. The corresponding cross—section for

\ ~ "

K assuming Time Reversal Invariance. A typical value of the

. £

- e ’coincidence céunt rate for 300 MeV'protons~with a~ 10 nA current ‘was

'

v ) - . . .1
ST fonnd to bé «92/hr~ for"SCY—M - 60° and ~l/hr for- e M 41500, " -

“‘mxﬂll‘? The angular spreading of “He was calculated from the knowledge

- . - -
N . - ¢ = , \

o7 'i:;.qf bgam‘spreading and multiple‘scattering.- This calculation was

»

P + Tl+ Y + l’He was obtained using the principle of Detailed'Balance



’

' downstream from the target., . e AR

.}Y

‘important in determining the distances of the front detectors from ‘

the target by making sure that the QHe-spreading did not oxceed the ’

4

boundaries -of the Cherenkov counter image on bhe vﬂre,plane. N

‘ v
PR . . ‘ . .
C . K . . , 1 . . . ,
. . . ’ . )
’

‘2‘.3' ‘EXPEKIM&;N&AL,S'E'T.—UP P I

A LR S
,,,1_ ; : - , - ; e
4 A

v

. The experiment was carried out in a two:arm coincidence mode.

The recoil l’l:le s were detected in coincidence with the corresponding

- - -

Y on the opposite side. The detectors were arranged on either side

(B N

of the beam so that we had two- fold coincidence measurement .

'(Fig. 2.1) ' By c0nvention, thé side was determined looking

4 « N hl RS
- s ~ ~

Y
v'. o -

The cross section and the analyzing power were studied at three

different proton energies,\227 MeV 300 MeV and 375 MeV. _Ihe

measurements were. made at “i‘ 90° for 227 MeV =&Y = 3ﬁ° 65°, :

) Y 1
‘

780,907, -99°,, '118° for 300 MeV, and e‘; = 60°, 91° for 375 Me¥.

+
A 1

These provided enough data to compare with the inverse reactidn,

a . “

therebyjenabling us taq draw conclusions on the validity of Time

“Reversal’ Invariance.‘ The overall integrated charge at 300 MeV for -

. T CM ’ 3

8- = 90 118° was - roughly 415- uc for the target run and

. v . -

'230- uc “gér the background rug.~ A total of 2 2 M events were _

v -

* recorded, 17 000 due to. the pulser.. The, events due, to (p Y) were

w

found to he 1502 at SY = 65° “441 at 90°, 287 at 118°, counts

, N A - - TN

]

\

included?for bSth ‘sides. The‘corresponding nhmbers for the = .

- ~

-background rum were 0.1 My the pulser contributing 20, 000. For the'

r <

AN '
same energy. at S:y = 54°, 78°, 99° the integrated charge was 8731uc

N
1
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* 19" was °uged tp house the target.

By

-~ run and the background‘run respectively.

~ T e

60' and 285 at 91 ..

2.4° TKE S&ATTERING}ChKﬁBERI<

L 4

Ed

(1.1 M events, 0.2 M pulser‘eyents) for the target run and 446 e
(O 6 M events, 60, OOOnpulser) for the background run. The Sp,y)

A total of

events yere 3601 at 54* 1770 at 78° and 860 at 99°.

350 uc was collected for 227 MeV, corresponding to 0.5 M events and
22 000 pulser. The background run had 97 w correlponding to O. l M
events and 2400 pulser events. 560 events corresponded to (p,Y) at’

90 CM. The integrated charges at 375 MeVAWere4QO6\1h (0.6 M events,

Q

16 000 pulser) and 63 uc (0 1 M events, 5000 pulaer) for the target

P,V events were‘816 at,

K

It may be noted that the finite angular acceptance provided by

’ the recoil particIe detector mAde it possible “to detect Y's “at three.

different angles simultaneously. A typical value of the angular

acceptance of the front detector was 4°. At 300 MeV; angular f

-

~ ( A . Y
coverage of 10 8°'to 18 8° enabled measnr ments of les'(lab

frame) 50° to 60° " 730 ‘to 83° and 102° to“112°;vwhi'

to 254 ~-262 MeV 234 243 MeV and 213 219 MeV y S. The Ch renkov

li counters themselves-had an angulard&ééeptance of 15 .!g

The entire experiment involving the above mentioned R

measurements along with one run for p + d * 3ﬂe + Y took up. 74 runs

3

spanned over ‘g period of 10 days. -

»

- - - - . T -
e - . i k -
.

. - CRE
'// - s Y

A rectangular eVacuated chamber of dimensions 33" x 23 1/2" x

K

The chamber had two front windowa

A

separated by 3 l/#" Edth window was. of dimensions 9 1/4" X- 3"’

?he side‘windows, one on either gide of the chamber, were . of.

- 3 .

39

o



li_‘ . , : - N

dimensions 32 x 5 . The back windows, separated by 3 1/4 , were of

NS

'-dimensions 9 1/4 x 3"'; Kapton of thickness 127 was used for the
windows.i The dimensions of the front windows provided an angular
sweep of approximately 5 5° to 33° on either side for the recoil
.particle. The 81de window dimensign allowed an angular sweep of 36°

to: 144° for . photons on’ either‘sﬁde. The back windows allowed

meaSurements up to 174 'w'“i';,;~;{A .

' o : ’ -

2.-5_THE TARGETF o SR , o o e

PN

Tritiated titanium foil with a. copper-backing,was used-as the
ctarget. ’Background counts were obtained by using an identical

nontritiated foil. The target, suppliéd by ORNL; ‘was made by . 7 !

PR
T

, ;absorbing tritium into the crystalline structure of titanium - ) -j

-

< -

. - e V N " B
vaporated onto a copper backing. When in use-the target Was placed

- )

in an aluminum enclosure maintained at. a vaguum of 100 u torr. -ZT'x B

3 - e . - Y

""2" tantalum squares §andwiched the titanium foil.'vA 0. 78 diameter
. )

T, -

s . .

,hole at the center of the tantalum square exposed the’ tritiated

.
1

region. This was held ‘at the center of the aluminum enolosure by

P A )
means of foam rubber spacers at the corners compressed between two - N

- L3
window frames. A Kapton window of 1 mil thickness was glued onto

the inside surface of eaoh window frame.- The frame was sealed onto

A
Pt

the body of the enclosure by means of 0 - rings. i,fvbi»ﬁy e ' ,",
; To determine the,tritium content - the cross section for- (P, T)
elastic scattering was measured using the MRS (Appendix A).' Taking poe
Rinto account thé decay loss, the thickness was deduced to be l 28 . '

mg/cm at the time the experiment was done.‘ The other constituents -

" of the target were Ti (19 4 mg/cmz) and Cn (5vmgfcm ) ;’ S S
9 . 7 e . B . v ‘ . .'A E ! :



The targets mounted/on the target 1adder were tritiated'

. o . N - .

titanium foil nontritiated titanium foil, a ZnS screen and E,Q 2.7

-

i -~

target. The ZnS helpéd locate and center the beam._ N :
.. . o //"i’ BRI AN . Lo :
» . . \".‘“ . . , - E \. ; . "v . ‘, ,\\ n »,.. . . ‘
- 2 6 THE HELTUM BAG R R N ”
. ; -; ] Lo . ; . iy JJ: :: .‘( et

The space between the scattering chamber ﬁront window and the

~
.

wire chambar plane was filled by a plastic bag holdihg helium at

R , LA 9

atmospheric pressure. This helped reduce the multiple scattering of

0

Vot ‘,.,~ om0
the rec01l particles on the way to the detecbor. oo I

~ - - . ‘ . . ~ FCT R PR
. ! ) v . ‘; : . LI )
. . T . : R :

,2.7'THEKG-RA%L.“MAGNET_'," T R el

e e A " ! "

‘e

n Y

- d\Afdescription of G—rays is given in Appendix B. It was‘
. . . i - ) M —n‘ - = N N
importéant to prevent G—rays from getting into the front detectors.,‘

» s 4

2 A magnet of "5 kG field strength was used to deflect away " the G—rays.

The field was vertical SO that G—rays were.deflected towards_the

“ -

right. The presence of the magnet was™ taken ‘into account and the

. ‘,. . R . [

-

tang&es of the wire thambers were reset’so that theﬁ would again be

centered on thevrecorl particles icattered at the kinematically
eorrect angles.‘ An offset of approximately l° was required for each
Fele 2:8 THE POLARIMETER‘ e CLoTEE e o

» ' Tt -~ L B 3 2
" , . ¢

The bedin currentvand,polarization were measured by dn ‘in- beam
. ” ' [t B
: polarimeter s uated at é%distance -of 250 cm upstream fromfthel

uol

'ﬁ‘vj._ . S
¥ I

PREREN

- target.f A detailed descmgption appears elsewhere (Gre—79) SENE

r

'Fig 2.2 shows the polarimeter set up. The target used ‘'was &, CH

£ l'of thiekness '5.57 mg/cm . The polarimeter monitored the R’
g '.elastixtscattering and the inc1dent proton flux was elucidated from

. ’
> - . . . 1
¢ . v - . .o - - [ . - .
¢ . . . . . -
s . ‘ B : Lo B . S .

LEEN
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¢

’the~known’cross section at ellb ,17° Beam polarization was -

-
K

~ -

«

The value of the‘analyzing powar\at 61 b = 17° 13 0 &14 at 300 MeV

ot : . &

incident proton\energy. o

e \ Plastic scintillator

J
B NS .
- s V- N , : Ly , . .. 8 v
Lo

detectors Ll L2 and RI R2 Were placed at

a, lab angle of 17° The corresponding recoil protons Werexdetected

by the scintillators R3 and L3, - Bedﬂuse of the low'energy of the :'

recoil protons, backward d

by

polarimeter scabtering cha

angle. These forward angl

- -

[

o that normals drawn from th

- 7
.

‘ beam downstream from the P

-~

~helped minimize differeuce

" to non—centering of the be

14

increase (decrease) the so

angles so that the count rate remained the same. 3\ o ﬁ;,.,' o

Fig. 2.3 shows: the co

polarimeter. The event. wa

Rl-R20L3 (right) 'Background from carbon was. independently

. g ,
determined using a carbon

due ‘to reals- and accidenta

.i

'contribution alone was determined by a coincidence rate of R3 with‘

LI-LZ delayed by 43 ns (the separation between consecutive beam

- bursts).

. A

v N ’.\_,

etectors “were situated inside the' -
N
mber. Ll and Rl: determihed the solid .

e defining detectors were rotated such vl

eir’ centers coincided at "a point on the

3 ’

olarimeﬁ%r target. ’This positioning
s in the left and right solid angles due

am’ on’ the target. The effect was to -

Ve

lid angle at larger (smaller) scattet#ng

a

T P B e
incidence circuit associated wigﬁ’the
. i
s, determined by L1~L2-K3 (1eft)4and by

1% B [,

N
[

target. L1-L2-R3 gave the contribution o

1s forvthe.left side. The accidentaf

x

NS
- . - ‘

© o (a8.1),

. - . '.(
determined»from ﬂhé p—p analyzing pOWer,\whieh i's also Well known.‘;
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" .where Pl; ancc refer to the total coUnts and accidental counts

"’reSpectivelx for the left- side.i F is the polarimeter factor which

1

S . R

. « o

* B v ~ . - ‘4
P . ) A "
SR <

"
~
- ~ « Lae '

Y
N

“ N .
R . N “w ’
A . . -

where A is the polarimeter

«,*andlyzing power from C(p,2p) was accounted for by using the carbon ¢

, -
.target. L L
R W ~ : ,“ \ . ' .
o AR

. »2.'9 ‘ THE DE’l‘ECTORS' -

- . . -
'

" o

“ . ~

. N ) .The a. partfcles were detected in an E- AE COUnter telescope.';

, e

stands for counts per nanocoulomb. C N . 'f e

... 7 Beam polarization *'

vk .
r - ‘ Y A

BT . . , .
- - ‘ \ - \

o L'ZW?.F S
( Pz R2acc P “.rdcc:)
Pi_Pia ¢ ?r‘?racc DR

, R -
1 Sy - L

¥

-

TN 4 : - . R -
N . :

analyzing power. The contribution to the

Looking downstream, this counter assembly fbllowed a multiwire

\ - ’, N

. proportional chamber\ The

[

~
- \

; ‘ - o .

Y rays were detected in lead~glass I

P—

. Cherenkov counters. TheSe were preceded by a veto counter o T e

J

-~ diScard’events arising from chatged particles (pions or electrdns)

3
~ ' v

getting into theJCherenkoy
! L

B f . Lo

counter. * A deta{led description of '

-

Do . F. A N . s . -
various-detectors'follows.~ . oo PR E A -
e e -..“’ LT o . e . e
1"2 9.1 Charged Particle Counter Telescope* T s SR

H Coa o . .. PP P .

T -
/

The AE detector was a

lf25"'n 5" x 5" ) This was

-~

tube through a light pipe.

plastic scintillator with dimensions“

ooupled to an‘RCA 8575 photomultiplier

- " N
) -

o

The E detector was. a plastic ' N

i

scintillator with dimensions 1/2 x 5 x 5", again coupled to an RCA

~
v

- 8575 photdmultiplier tubé thrOugh a light pipe. The scintillatoq .

.

.o material was NElIO plastic.

The'plastic was chosen to give.

(2‘8' 2)\ * -~



: reasonable energy

.o

-.isobutane Q

¥

o -

) ekpected in theSe

'

N

transmission and

4 . N

o 2 9 2 Multiwire

’ Voo ’ ¢
R

resolution and tq hccommodate the high count rate

-
i

detectors (see Sec. 2.2).- NEllO has good light

LY

a decay time of 3. 3 ns.: :. \ '

.oy, .
" ' ' '. e ¢’ '
. ' .

Proportional Chamber" T .

-Multiwire pr

N * . ¥
- . ’ ! A '

~

oportional chambers were used to’ obtain positional

-
- . -

-_‘information on the recoil partlcles. Each chamber was 5% X 5" Co-

N
r

having an % plane and a y plane oﬁ 64 wires. Details of these MWPC

are described éls

A}

voltage plane, an

- sense plane and y

ewhere ° (Cai 75) The chambers had- a ,5 kV high

x sense plane, another high voltage plane, a vy,

&'

et another high.voltage plane. The high voltage .

! !

wires were 102 um in diameter and were Spaced l mm apart. The sense

S v —

sease plane‘wires

plane wires had s

eparations of 2 mm and were 16.1m in diameter. The

were of gold plated tungsten whereas the HV plane

wires were of beryllium and_ copper. The chambers had 25 i thick

kapton windows.*

)

RPN

A magic gas mthure was, ciroulated through the

’ '

-. chamber. The constitution of the magic gas mixture was 75% Ar .

" (which was bubbled through methylal cu2 (ocu3)2 at, 0 C)) 24.5%

C 10°

.o

4 A

. amplification) £

-

N

~ - [y

'effeots) vIt alsc

3 <

' degradation of MWPC s with integrated particle fluxes. The wire

chamber readout s

<

. and 0. 5% freon - 13Bl (CBrFa) For details refer

negatiVe ions near the p051tive iens and avoiding spacer- charge-‘

~ T L. \

a.

to-(c55=72); Argon prov1des the amplification, isobutane absorbs uv

‘radiation‘(thus/extending the - prdportional region allowing higher

reon captures electrons (thus providing heavy

- .

) avoids avalances., Methylal eliminates the

g ~

'

~

ystem was of the amplifier per wire type (Cai 75).-

N : - . 1



T

ot

!

ES

o eliminated using signals from ‘the veto s.

, - S o oe -

o

2 9.3. The Cherenkov VETO Detector C

’ s -

A«plastic scintillator (NEllO) 6" x 6"'x 1/8 was~used as a

veto counter beﬁore each Cherenkov. ‘This-was coupled to- an RCA 8575

~ -
<

: 4

photomultiplier tube through a light ptpe. Charged particles

N >

}entering the Cherenkov c0unter which could cause false eVents were

sy 7 ~ \ -

’

\279.4 ‘The_Cherenkov‘CQuﬁter ? R , .

Lead glass Cherenkov counters 7 long X 5 in diameter were

.used- to detect Y's (see fig. 2,4)} ‘These were coupled to an ' .
- -

‘RCA 8854 photomultiplier tube with RTV. 602 silicon cement” . The

ks H

composition oﬁ lead glass by weight was Pb 517 0 26% Si 18%;

BN PR ;>

K 34, and Na,~1 5%. . The Y s in. the lead glass undergo two dominant‘~

- ‘. . -0 -

' mechanisms bain production and compton scattering., At higher

v

energies (a. cypical value in the present situation, for‘the.Y enérgy S

7
-~ ’

is 270 MeV, for 300nMev proton energy) pair production dominates.

'

The resulting electromagnetic cascade shower yielded enough light €0

-a v

be seen by the photomultiplier tube. - ..':«

Since theiplastic scintillator had enough resolution (67) to.‘

P B

sepanate the a's corresponding to (p,ﬂ ) and’ (p Y) reactions, 1t was.

.

not necessary. to have a high~reSolution Y detector. The lead glass,

detectors gave Y detection with high efficiency (~90%)

The efficiency of the Cherenkov counters\was estimated using a f_

3

4
N !

‘.'1’9
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. defining logic. T \:' .

.

Sy . - “

»

Monte—Carlo technique*based on the one described'by Sober (Sob 73)

1)

-

.- to determine Cherenkov cobnter efficiency ‘to- detect Y 5. N

~ -

’

v

'

Fast signals from the E, 4E and.C detectors‘ware nsed to«form

s'..
L}
i

N -

a trigger.h The Hultiwire Prdportional Chamber (MWEC) provided tﬁe

N 'v

- A
DR * 2. ’ Y
» L >, P b M . ~ -

L2010 THE‘ELECTaoﬁlcs_ e

-

Y

-3 , : ~
y » . T e

2 7 were lOCated in the experimental ha
M electfonics was used in the event format
infbrmation;processing. Fig.- 2.5 gives

~

electronics. “The photomultiglier signa&

]

pottions. One portion was fed into the
tonvertet (ADC). The 'ADC ‘unit used was

. is a high resolution (O 1%), multi—input

pntegrating type. -Input sensitivity is

. dynamic range of 1024 qhannels. Thie other portion of the signal was™*

fed’into a discriminator. "A constant fraction discriminator CFD 934

-

positional information for “He without participating in~the event

- ~ -
N . ~
.

11. This part- ﬁf the

ionland myltiwire <

the left—hand—side fastv o

hd 4
- ¢, e

pulse was split into two

-

Analogue to. Digital L

LRS CAMAC model 2249._ Thisi

o~ ”

(12 fold) “ADC of charge

Py ’s

[
0. 255 pc/count. This has a

A

~
Py

- -
g~

(EG & G ORTEC 934) was attached to E AE and® C detectors whereas the

~

-LRS NIM Model 621 was attached to the veto.: CFD 93§sis a quad

»"

T

discrimdnator with a,double—pulse resolution of < lO ns and

threshoid vanying from»~30 to" ~1060 mV. ’Th{s module spligs the

N N

input signal fnto two delays one portio

bl 4

ns and subtracts that from a

~ £ L <

constant fraction of’ the undelayed signal. The resulting'signathasf

! . L
IR s . EX
. . \

-

A

Electron calibration data (Appendix C) was® uséd.in this calculgtionvw.-

R The fast electronics useds to form the trigger (fﬂgs. 2.5,ﬂ2.6,€i{f

-

I

‘5
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-a baseline crossover independent of the input signal amplitude.

This zero-crossing line is used to provide a precisely timed logic

pulse. The output pulse is of width 6 s

amplitude of —800 mV. LRS 621 is°a quad discriminator with a.

fthreshold of =30 mV to; -l V"and an’ output

-

iS 110 MHZ. -

to 150 ns ‘with an s

¢

of -700 mV to —800 mV with

. a minimum width of 5 us.. The maximum pulse rate that can be handled

«
]

One of the outputs from the discriminatorpis.fed into a

Time to Digital Converter (TDC) (LeCroy, CAMAC Model 2228A). The

coincidence unit (LRS NIM Model 365). The other output goes to a°

v

-

J . R
third output goes to a scaler, (LRS CAMAC Model 84), Coincidence

’
unit 365 has a double pulse resolution of

-an. octal TDC with&an 11 bit resolution ou
measures the time from the leading edge o

sthe leading edge of the individual Stop P

.and 500 ns full- scale time ranges -and pro

5 ns. The LeCroy.2228A is

<

t of 2048 channels."This

s
.

£ the common start pulse to .

ulse. This had 1003'290,

vides 50, 100 and 250

ps]count resolution respectively. Each channel: disregards ‘stop

signals received before start signals and
" one start..“The.LRS Model 84 scaler provi

ﬂywhich may‘be stored;at a rate of 100 MHz.

-

approximately 17 M counts«

x.)

‘The outputs from the three AND gates
and_1its output defined EVENT FAST for tha
the two sides were’ fed into an OR gate an

the LATCH (LeCroy NIM Model 364) precedin

LATCH caused the wire chamber information

electronics determined whether the event was good. The MASTER GATE

accepts only one stop for
des 24 bits of data storage

Maximum capacity is

1

4

were fed into an OR gate
t side. The outputs from
d its output was fed into

g the MWPC controller.

to be held until the slow

a2 S0,



’ (MG) signal (fig.,Z 9),\among other thipgs, caused the wire chamber

N M -

,'information to: be read into the compqter memory. The data was' read

v

- ‘in via the CAMAC INEUT REGISTER (CAMAC'Model IR—l) Once the

e

‘.._‘,m .. N

information was read the controller was reset with ‘a CLEAR signal ,;,.

"a.

iﬁitiatﬁ‘h"bx\?n vEVEN’I‘-DONE' signal gene@ by the. computer ’, "

through 0UTPUT REGISTER 5 (Fig. 2 9). This CLEAR signal aiso—-‘ "
. / -
'unlocked Ehe LATOH f}pdsed by EVENT FAST thereby readying the LATCH

/ ' * *
. NG R

for another event. '\ ST J’d IR
. ¥ - o
Al

Fig.k 2.8 shows ohe secti‘on of the SLOW ELECTRONICS. The LEFT

»r -

' EVENT FAST was set in coincidence with the signal from LEFT'E.,

e
’ .

" Similarly the-RIGHT EVENT FAST was set in~coinciden¢e with the

signal from RIGHT E. The outputs were fed into dn OR gate (LRS

~ -

odelv428) and subsequently ﬁed into the MG. NQte that’LEFT EVENT

- ’ v

FAST as - 'well .as RIGHT EVENT FAST were set int04coincidence'with the

14 . [ ~

PULSER signal generated by the LRS Model 8010 PULSE GENERATOR. This’

was So that the MG would ‘accept- the PULSER EVents also,’thus making

L™

it available for dead- time determination. One_ output of the pulser

- -~

fan-out was fed into,the digital coincidence register (DCR) (CAMAC

c212 ﬁnit) ﬁhich generated a, 24-bit word, each bit ' representing the

-y R f ) “ A} -

status of an input. - R . .o S /

. e . ¢

x ¢ D N

© Fig. 2. 9 gives the final phase of the electroniCS._ The . PRE- =

'\\y/EVENT started the LEFT TDC and RIGHT TDC.u This also gated the FRONT
/ADC. The output signal of a Cherenkov counter ih coincidence with
the PRE—EVENT gated the BACK ADC. “The, PRE—EVENT also Served as

¥
input to the MG. Output from the MG initiated storage of the event

~

structure into}the memory, ,This also strobéd the-DCR.ﬁ%Once the
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- \

\ L ) : ~ .

event was written, the computer would igssue a CLEAR signal through

~ .

OUTPUT REGISTER 5.. This reset the CAMAC units ADC, TDG,'DCR and

also cleared the LATCH attached to “the  MWPC controller. While the

computer
could fo

The

\

was bjsy, the MG was "latchéd so that no other signal

-

rm a MG during that time.
4

LATCH is associated with the MWEC controller and the MG

accounted for the electronic dead-time of the system. The rest of

the dead-

The dead

-

time was taben up by the computer processing the events.

~-time of the system was ‘{nferred from the pulser, presented

to the system (known from the pulser scaler), and the pulser

-accepted

2.11 TH

% - P

by the system (known from DGR’ information)
/

E. CAMAC .
N . .
CAMAC standing for Computer Automated MeaSurement and

The

Control
digital

the rear

RY
-~

iswan instrumentation system developed to accommodate

~

circuits. A multiwire printed circuit board is mounted at

o

- RG]

of the power crate. This provides interconnectioas betWeen

he modules and is known as CAMAC DATAWAY. CAMAC»DATAWAY allows

bidlrect

modules.

'

jonal communication between quules and computer or between

The ‘crate used in the experiment had 25 stations (slots)

to accommodate'the CAMAG modules. Each slot had an 86 pair card-

\

edge connector by whith the modules gained access to the wiring of

the crat
_provided
external

computer

e (dataway). Control of: modules within the crate was
by the standard type*A*crate controller which accepts
commands from the branch highway (path between crates andi

). The rightmost slots, 1.e.-the 24th and 25th sldts were

4 {

a

-~

4

65



r 4 N -
- ) e
! » St - ‘ '
FIGURE 2.10 =
' CRATE" Mo, 1 : :
T " %212 COINCIDENCE BUFFER (DCR UNI'E}
SRS B - LRS 2228 8 CHAN ADC
e s c ' LECROY 2249 12 CHAN ADC c
’ D - MODEL 85A QUAD SCALER
E 3615 HEX SCALER =
P 'MODEL 41 OUTPUT REGISTER  ° PR
, N
¢ GEC-ELLIOTT DBE 6501 DIFFERENTIAL* BRANCH
o (
DRIVER O
H 3900 TYRE A-1 CONTROLLER
DI «



&

67

Lo

ﬁ Lu L. I
o &) i N
I B N - 9
’ vw N .._ = % .
i 1 -] - . . - J, i . A -4
| e _wm R o
| : N . O G T A P
b3 . . ; . 7 ..MA* .n S O.N o ,.,
” / ..s i .\ g , - ) r
. %z vz £¢ 2z T2 07 6T 81 LT 9T, STYT €1 71

o,

?

A

fTore6 8 L 9§ 7 € T 1
SLOIS .




© FIGURE 2.1l

" CRATE NO} 2 '

.. 3655 TIMING PULSE GENERATOR -
3615 HEX SCALER

3900 TYPE A-1 CONTROLEER



.

§Z w2 €2 22 T2 0C

..wa

SLOIS

ma\wa.mﬂ;mm ST %1 ma NH.HHHOH@ 6.8 .N .ox

7

: e
. ’ . - m
h
: m |
T g - IR ) 1 : :
t i
) - f - yk/. . e ’
- . - N <
2 -



'FIGURE '2.13 %
" CRATE No. ¥ .

. MODEL 84 QUAD SCALER
' IN/OUT REGISTER MODEL IR-

 L-ELLIOTT BRANCH DRIVER

LA

3900 TYPE A-1 CONTROLLER °

1

2

RLARSE
LR

. ﬁjr. /"‘



71

!

a’ 0 e . .
,A, . L
3 B
Y R .ﬁﬁ B
|
| ¥
. ~
X -
o &

67 %7 €TTT 1T 0T 61

6T L1 9T ST %1 €L CL.IT 016 8 L 9 § 7 €

S101S



-~

'occupied by ‘a 3900 type-A crate controller. The rest of “the slots

V'-

: were occupied by - CAHAC units such as the ADC TDC DCR; etc..  °
Figs. 2. 10, 2 11 and 2. 12 show. the allbcation of various slots;

for the CAMAC modules\used in the experiment. - These modules were

spread over three crates. ' .

A

72



_ CHAPTER

3.1 THE DATA ACQUISITION

'3: THE DATA ANALYSIS

-

The "data was collect
computer; on an event by

events and the pulser eve

described in detail in Hu

ed on magnetic tape,. sing a Honeywell 316»'
event basis. ‘The data contained the good

L.
nts. The acquisition program, 'HONDA' is

t-81. -The program 'HONDA' cqntrolled the

3—crate CAMAC branch by means of a Daresbury DNPL-ECinA interface.

In addition to writing th

stored selected events in

display of various spectr
b4

to be written on tape cou.

vsoftware cuts determined

73 2 THE DATA sraucruns

e data onto the tape, the program alno )
the computer memory, thus facilitating the

a on the printer gr stornge gcope. Events

ld bes subtected tzﬁcertain criteria and
() »

from the displayed’ spectra.}

e

¢ - T

o 'The data was Wn aonto the tape in blocks of ¥len ch
f ~ et
w0rds,'each word e.up of 16 bits (Rog-77 Hut-81) " The first,

VA words contained informa

"remaining 512 words conta

beginnfng'block and an en

. parameters scaled during

jvariable nymber of blocks

records, 'a tecord represe

_TDC,ZDCR and wire chamber

‘event. Table 3.1 lists t

-

lists parameters represen

tion used in rereading of the: tapes and'the

o
ined the data. = Each run recorded had a*l N

d block giving information on, the variouﬁ
the run. These two blocks sandq‘phed af“
each containing a variable number of*-
ég?ng tﬁ@3verious paraneters such as ADC,
co—ordinates, pertaining to a particular:
he scalers relevant to ‘a“run. Table 3.2 :

ting an event. Since?ﬁhe number of wires

PR



. TABLE 3.1 .
SCALERS e
No. Scaler v
1 MASTER GATE |
2 CRL + CR2 + CK3 el
3 CLI + CL2 + CL3 . IR { .
4 | LF eRB . " |
"5 | RF LB
6 EL g o
7 ER ... -
8 ] EL »LE - &B | |
g Pgr -RF .8 o T
10, | PULSER" o ; '
11 f%acouDARYfénlssioN‘MpNiTon
12 POLARIMETER LEFT .
®13 | '"POLARIMETER LEFZs§REIDENTALS .
s L ) - . . | o
{4 | POLARIMETER RIGHT | «
15 | POLARIMETER RIGHT ACCIDENTALS ]
16 | "ML - o e
17 MER LEGEND _
18 | L | CRl: Cherenkov fi¥ght 1.
19 L2 + .~ CL1: 4Cherenkov Left 1
20 CL3 - LF+RB:. Left Front - Right Back 1
21 | cri RF-LB: Right Front « Left Back T
22‘;"‘fcg2 : EL: Left E- o b
23, CR3 MEL: Left AE
26 7] vLl. | EK:  Right E .
25 | w2 . AER: Right AE
26 | VL3 VLI: Veto Left 1
27 | wri VRL: Veto Right I 2
-28 " VR2 ' : ‘
29 VR3 . ‘
30+ | THE ELAPSED TIME ;
o
x \,‘“
~ ' ,‘k
=7 , : e ; 4 : EA N
: .




f, CTABLE 3.2 . N
| THE ‘EVENT. STRUCTURE IR | o
e R, oo '-\\ ‘ . — : .
. - ] .d :

:ord’- parameter ‘
No. |7 . .. o I o7 h
. [}

R

P— e T
* EVENT LENGTH - ', R | | ' 1
FLAG -

2w

3

VLD

T-yL3

. CLl T

- VL3

DCR oo
EL .
Crl T
CR2

0

1 4 :
2 " LAM PATTERN
A .

5

{

VRI
VR2 N ¢

R T

cLl.
cL2-
cL3

VL2 i
BEL
]
AER: - .
ER -
CcL2
cL3
“CRl ..
CRZ
VL2

‘VR1
VR2

TDC RIGHT ‘
ADC FRONT .
|
CR3 ' |® . ADC BACK
vLl -
VR3 = d
MWEC DATA
o*" °

@




< RQit 1s §uite arbitrary, the event length_is a variable. The 'FLAG' -

in ‘the event structure is to indicate.whether it.isithe last event

or not. The 'LAM PATTERN' is the CAMAC 'look-at—me signal‘issued> }
by each CAMAC'module when it needed the attention of the computer. o “
'DCR' Stands for Digital Coincidence Register. This is a 24-bit

- PR 3 -

word of which'only 8 bitg were used in the experiment. Each bit -al

r

represents a characteristic of the event. Table 333 gives the,DCR

bit pattern. ’ ' o

3.3 THE DATA RE—ORGANIZATION e

'\

The total data’ collected during thﬁm§§¥eriment was recOtdéf on.

© 65 tapes each of 2400£§ 9@ BOO bpt. ‘Thne was H%gte an intimidating
L= ’x&r

‘ste and to facilitate the analy81s it 1!? decided to reorganize the |,

[ ’ . ‘!‘ \
daﬂa to make it_more’compact. The~cr1¥iﬁ2; used to achieve this are
described'below; : , 'f L ‘-'mﬁ

N . -
u‘ e s

', The information on the BUSY state of the beam,‘available from

the ion gource spin indicator, ‘was used to reject eVents for which
/“"
che beam spin was not clearly defined.{/fhese events, nevertheless,

r .
S 14

were recorded on the_tape, -They were discarded when the data -was

,rewritten.

‘e - «
b

The MWPC data was. of variable length compriéed of each wire

- with a detectable charge collected for. botﬁvthe planes. Only the

centroid of the wires hit’was important in the recoil angle - Co#
Py L 2 o -

calculation and so, the words staqﬁing for the: addresses of the . !
- . t LN

wires hit were-reduced to a single word representing the centroid of
)

vthe wires hit. Another w0rd indicating whether there was a miss

¥
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B C .
TABLE 3.3
DCR BIT-PATTERN
: DCR Parameter' )
R; Bit : ! 1 N
0 LF *RB ° %'(LEF'{ EVENT) . .
. \ . >
1 RF + LB + RE (RIGHT EVENT)
“ 2 LF « RB (LEFT EVENT; E not in trigger)
3. RF + LB (RIGHT EVENT; E not in, trigger)
%“\E‘ < » -~
R .
-6 PULSER
R 5-Xa »
, ﬁa 7 BEAM SPIN UP .
- 8 BEAM SPIN. DOWN .
9 BEAM SPIN OFF . . .
. * . e _ " I \
. : ’-., . 2 ;
» w
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or a 'multiple' was also included. A 'miss’ occurred when no wire

: LN
was hit. A 'multiple' occurred when the separation between the S

xv) E)

consecutively hit wires was greater than or equal to 3. Events

characterized by a 'miss' or 'multiple', denoted by 'MM', vere A
. \ S
discarded when scatter plots oOrT histograms were generated. They

, 5'thus represented an inefficiency in the system and an appropriate

correction was applied. To sum up, wire chamber data took up 4

L 'R

words, 2 for each plane on the rewritten tapes. v

The large flux of elastically scattered protons which

- X
Kl

i{nfiltrated the recoil particle detector assembly caused spurious

\

events which took up a good portion of the tape. A hard&are attempt

- was pmhé'to cut” thege down to Q'&anageable level by@boosting the
. 8 !
threshold of a Constant\Fraction Discriminator attached to the AE -

detector. Some of the nemaiping protons were tracked down through a

L} : ‘ .
plastic and E plastic. These protons, however? left the leading

Pt

g&ﬁ four words of the event structure’ on the tape. These events, cﬁﬁied

software cut invol\)ing the “sum of the pulse heights in the & ‘

'BAD' on-line, were discarded while the‘data was rewritten.

As may be seen from table 3 2, the event structure contained

v 4

-

possible information from three different gamma detectors which was
4
the general case. A particular event would however contain only

data from one detectot at a time. This meant ft was, possible to - “
discard the words for the ewo fon-— struck detectors which were

‘present in the original data sructure. '"This could be achieved if it

was known which gamma detector gave rise to the‘coincidence. A cut
ﬂﬂ .
—

on- the Cherenkov counter TDC was imposed to make anch/an

N



bt
oot

'{dentification, By examining the TDC spectrum, it was found that an

»,

event falling between.TDC .channels 15 and 645, which correspond

4

'frougﬁly to 135 ns, would represent.a signal in that detector. This

ideﬂtification vas called time-of-flight test (TOF tést). We thus

£

ended up with ten words per event, as shown in table 3.4. TOF ' TEST

WORD = 1, 2, 3, 6, 11, 12, 13 stood for CRl, CR2, CR3, pu1se;, cLl,

"~ CL2 and CL3 events respectively. Yy MM = 1 stood for the fact tﬁat )

the y plane had a 'multiple' or 'miss'. X MM = 1 was the

corresponding word for the X plane. ldentification of the event

this way had an addltional advarntage, since-the most forward

Cherenkov counters situated at BC n = 54° and 65° in two different
oMy

;o -

configurations, correSponded to 57 MeV and 65 MeV q's/(for Ep =
300 MeV) which stopped either in the AE plastic or 1n the wrappings

between AE plastic and E plastic and hence the corresponding event

- could not be categorized LEFT or RIGHT since the LEFL or RIGHT DCR

.

‘ bitlwas defined with E in coincidence. Note also thut-the\driginal
. 1 :

R T

DCR word was retained in order to identify beam‘pqiarizatiqn as well

1

-

""as to retain i{nformation on LEFT or RIGHT, if necessary. |
LN

‘ i \

The data was summarized into eleven 2400', 1600 bpi tapes,

"./

enabling an, accelerated pace in further data analysis. B ,}

3.4 VARIOUS STAGES OF DATA ANALYSIS o - y

3. 4 l Recoil Angle Calculation

The recoll angle was calculated from the x-plane centroid X and
the\y'plane centréid\{. Fig. 3.1 shows the wire plane ABMD situated

at a distance 'd’ from the target T. The Tine TO represents the

79
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RECOIL ANGLE DETERMINATION GEOMETRY
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. TABLE 3.4

. REWRITTEN EVENT STRUCTURE
- = < —~r——

s

Parameter . |

T

w- N

© & N o W

. e A
'ORIGINAL DCR WORD
~ TOF TEST WORD

CHERENKOV COUNTER TDC

. O
YMM 7

Y CENTROID

. CHERENKOV COUNTER- ADC
Ui BE PULSE HEIGHT
'E.PULSE HEIGHT

-~ MWPC Information

X CENTROID - , -

. \\‘

"’_1 "{_

e
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: height P in, the E plastic with appropriate weights to obtain the;f >

X _and the 'AE detector were necessary to add P and AP. This'was s

~

v

beam line.u_C 15 the cenﬂer of the wire plane and 0C is ﬁhe normal

‘\‘drawn -to ‘line TC, along the wire plane <0TC = 6 the angle at whichL

e

T » .
the wire plane is placed. The angle made to, the beam line by the o
line joining tﬁe tarset T and any point on the wire plane,'P 18». -

f .

denoted by § Px is the normal erected from P to. OC..

\ sy TFor2 + TB? - o ST
[N 8 = COS'-.I‘ [OT Z-tOgPTP OPZ] R ’ : 3.4.1.1
where OT = d sec 8 . ’".S\*\i :'l S
TP = {d2 + (x_x )Zf 2 +(y- y )Zf 2} w ,

. ’ 1/2'
0P = [{d tan e + (x—x )f}2 + (y-y )ZfZ]

L

where xc-and yc stand for wire numbers at point cf aii/f/f?f;/e//;,i;/;

"interwire distance'(Z mm). New T

v . ~

3.4.2"Combining E and AE" : : S S "*p“

The problem of the a 8 corresponding to the most forward

.

‘Cherenkov counter StOpping in the AE scintillator necessitated ‘
(3 7

combining of the pulse height AP in the AE plastic and the pulse tyi

’_‘total energy ETOT of the a. -The relative gains of the E detector o

. 1’ . w R <
'
~

>

obtained by looking at, the AP v/s P scatterplot of ohe passing

protons (fig. 3 2) and aiso by knowing the thicknesses of the h ‘and

) \the AE,detectors. ?assing protons are represent@d by the straight. « -

R AT v S

83



FIGURE 3. 2
-4\\ SCATTER PLOT OF AE PLASTIC PULSE HEIGHT VERSUS E

' PLASTIC PULSE HEIG@T FOR PROTONS

R L]

AL REPRESENTS A COUNT\OF 10 *
B .. acou oF 11’ s
¢ .. A Counr.og 12 |
~AND SO ON - R
w4/ | REPRESENTS A COUNT QF“36'QR HIGHER
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with ‘a VAX/VMb operating System. Thé anaiysrg progtam used,

-i,"' s ) M ‘{L. "_.\:- : C. __"‘ ~“ = {;.87
L v 4 x . SR . ;» : i oy \,'& ﬁ
ETOT v/s e il plot for (p,ﬂ ) nd knowing the energy of the~ . Th $.
bending point from the kinematics..; ”_,_d;,. L ﬁ-ﬁfbg-”-?‘yuﬁn" "*ff
" ETOT (LEFT) - 0.45PE + 0. zz APE s
N RN SR
ETOT"*(RIGHT,) - 0, aa-PE + o 1& APE RN B SR
3 4 3 Identificaticn of Chﬁ ) Events o fh.i‘ o T .
~L Ty [ S 4 ;
S I S ‘"é it ol i . S

The off liné analysis was done‘nsing~a DEC VAX ll¥780 edmputer

Y E. 5“

'KfOWA’ is deScribed in detail in Ste Bla.t The program wasr

. e ‘:,. o ~ o,

modified and adapted for the VAX 11/780 Thts pEOgtam read a eet of ig;'iﬁ
-i control cards r;nresenting tneﬁsoftware cuta i;pOSed theee“euta on\‘ | | 5
Lk v ‘
) ‘the- data read jchose the appagpriate values of ADC TDC MWPC co- ~'75‘ L
Avordinates‘and other‘user defined paraméters based upon the chtq,,and i
: . i s -~ L
generated one—dimensional and two-dimensional plots. “Th addition,gl-_ i 33
T e . €, 3
it'kept‘track of “user’ defined scalers which were e;sential 1n Cl ;’;» ?
eyaiuatingrthe crose.;ection. Uaer defined scalers included (p,Y) _ ?. )
;‘eyéﬁteéforxth;ee angles, split into contributions from spin up, spin~' - ﬁy
- down and‘spin of f. 'i;" K}f'rfﬁi;' "‘1 «’;q)‘ﬁ‘.':' ! T )
[_{% VFig.\B '3 givee the flowcharc underlying t;e'analys1s program. :
- By conventionA side was determined hy u.s. Ll refers to the
LEFI i eveat,lwh;th in turn: refers to the most forward Y. on the' ;
RfGHi eidei ié refers.to the middle—angie Y“ and L3 to the most
" backward Yon the RIGHT side.: r ,} PR
\ The pulser events were first ecaled and then eliminated from -
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1 "belohged to. neither, it was diécarded.; The. analysis of LEFI,and ,Qu

the main course of analysis. The rest of the events were separated

r

*»into spin up, spin dowﬂ and spin off and scaled The next check wT

“‘ 1.

'was tO-determine whether 1t Was a LEFT or RIGHT event. 1f the eﬁent

. 4 ".

-

oo kIGHT took mhe following identical steps.‘yz‘k?f:_ - g,lf

ihe events labelled 'MM (described earlier) Were scaled end

,nk

)

- H 3 hl sy
» Once this was established the»-; .
"y 3 .

%ollowing identical steps were taken fpr LL L2 anerE %Rl RZ, %

4+L3 (pu R2 R3 for RIGHT pide“)

. -
. AR A T . +
‘ D . :

R TR . '» ‘.-, A e " ;i. . . i . -

. . T a,:,. e . o ‘& R
N Py -

. charge—l particles from charge*Z partieles.; The clear separation e

achfeved hetween protons and’a's may be geen in Fig. 3 4._ The N th

M !

unwantedAprotonsfwere eliminatedﬁyith'mEéETOT cut. Fig. 3.5‘g1ves "

A . .
.- 5 ..
. N
- \

the spectrum after eliminmting the protons.-i }“\ .f\ TR

Py
K}

S The next step was to geneqate the scatterplot of ETOT ve time*"

~ ES

‘of-flight for the o—parthles (Fig. 3. 6) “ .0f the two distinct.

4

peaks, the prominant one represented the REALS and thelothet the

. 4.), Lo
>

‘ACCIDENTALS. The’ term ACCIDENTALS refers to the accidental A )

‘,\ - (

o oincidence between a(Y) from a beam Burst and the: Y(a) from another

\

beam burst.x The AC&&DENTAL contribntion, » when suhtracted from the

" s .

REALS gave the TRUE number of coincidences in. one beam birst.
\

The ‘next step, was to generate the Cherenkov,pulse height’ it

- . . \ . -

histogram correSponding to REALS (Fig. 3. 7) and\ACCIDENTALS (Fig.

-

) ;"

3.8. These‘two piStograms helped elucidate the fact that uhe P

-v’ A, >, &

~prominant peak in»thesbeginning channels of the Cherenkov pulse«

* A .
2y ) . NS - . ‘: R ok . i
[ . -r . & -

”scatterplot of AE vs ETOT yas formed which helped'eeparate 0

‘ + . -

._‘w - eliminqted.‘ A check was made S see whether the evenﬂ was Ll L2 or..-

CE

[y

At

s
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e
locus spectrum.
. 3

events may be not

(P,Y) peak obtain

calculated ﬁrom g
‘o

" was found from th

kinematics, we kn

Clear separation between (p,Y) events'and (p, 7).

iced. A kinematic check was made to reaffirm the\

... ~,

ed. The Cherenkov counter angular acceptance was

z

eometry.l The cofresponding angular region for ao's

-

= -
e kinematical correspondence.' Again from

¢
" K

ew the energy region corresponding to this peak.

" Since the energy “was calibrated in absolute terms as described

earlier, we'could
BT
. of view as,well.

checks, "The kine

q-

distinguish the (r,Y) peak from the energy point
The (p,n ) locus provided additional con51stency

matical plot‘(fig. 3. 12) illustrates how the (p,n )

- locus provided the consistency’check. o ¢

”

_3?5,;THE CRoss4SE

[

CTION'EVALUATION S ' g S

The data wer

" blank titanium Tu

counts with prope

Lova wrltten to eValua

follow;ng summari

evaluated;

e analyzed for the TiT runs as well as for the

F

ns. Tables 3.5a and 3.5b give typical summaTies

after analyzing a number of runs,and addlng up the apprOpriate

r normalization factors. " The program XSECT'Jwas
te the cross section.and the analy21ng power.“The

zes the way in which the cross section was E

3 5. I~ The (p,Y) Events

_The-total number ‘of events correspondlng to the (p Y) reaction '

I~

<
. were calculated a

Note that"A' -was

contribution was

c¥

s described earlier. Let that be denoted by ’AY.
the net contrlbution. That is, the accidental

subtracted from* the reals in arri*ing at 'A'. Note

b a

<

’
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' ’-\ »e v ' ! ’ .

. », ’ * T o ' ] hE )
Y - ' W, 3 . '

.‘,l'. ' - ."‘" ' " A' | i\ N ’ . ” )

R . R ) BE
- D TAKLE 3.5a . % AT i
( v : : - .

R OFF -LINE ANALYSIS QUTPUT - POLARIMETER couurs T o

' v POLARI&ETER COUNTS, . -

L . N : ‘ - - S
TARGET LEFT L .« RIGHT 7

_spIN Up | sP1N pow’| SPIN OFF | SPIN.UP | SPIN DOWN | SPIN:OFF

TAT 73963268 | 41873708 | 24461808 41350880 73617136 | 24307816,

| © (1928551) |.(950999) | (633684)<} - (934497) | (1819933) | (611107)
T4 '29577746 | 17046344 ‘24641232 16587889 | 29870354 | 23861232
\  {681173) ’2342570)" (767857) | (32860&) .(656937) (735271)
No.v;f 1ncident protons (TiT) = 27 X 1015 (up), 2 28" x- 1015 (down), i .
0.96 x 1013 (off). -

No.. of incident protons (Ti) = 0 91 x 1015 (up), 0.93 X 1015 (down),

0.947x 1013 (6ff). B . &

7.7 Note:

3

.' - .
)

LAngles~cqye;gd by the ruq_are 0-

Numbers in parenthesis refer to accidentals.

“CM

~

v

= 54°

’xs

v

78°;’§9§.»'

-2
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ks 0 . Ve AR ) i .
-, ?‘ ) o " .
. - Ny 1. R N
also that 'A' refers to the counts in the TiT run-‘ This means*that‘.:; N
" a * . - L - -
background from Ti was prepent in.'A'. Later on, . wé will see h0w .‘_ T
' s ' Pl o ST o
~ e X : . - “..- - \~ .. taa d.' ' . N i PRI

oL, T e

that contribution was subtractedjlupking at the data.fun'aﬁTiirun.ﬁ iy

N ¥ A e . -
4 Coe ‘ . T - .
3.5. , 2 The Total Beam “Current . A « T _\'“ . 4
., Y f_" RS " e, . T
The total number of protons incident on, thé Sarget,,whidh“ o
H . , \
generated 'A' events, were taken from the polarimeter data fn the\ P
’ P _— ) B -, )
trailer block. Eq. 2. 8 1 ‘was used to ca}culate the incident proton p
. ¢dount rate. A ¥ :11 Lt o gh‘ J;;'i'f .
' o : . ‘ e S A -
3.5.3 The Target Thickness ‘“K e :;1,1 T 5;; T
" The target thicness was evalua{ed as &escribed in Appendix A.A.,tf‘ <.

The thickness of Ti and Cu was the same for the TiT apd Ti targets.g; N

The tritium thickness is denoted by T, and the Ti—Cu thicrness by i"A'

M | %

3. 5 4 fhe Solid Angle N t . ool ,
T , 4 @ Cu v .

. The solid angle was determined by the Cherenkov counters Slnce

" PN [ P . v N
the telative distances of the wire planes and the Cherenkov counters .t .
were adjusted such that the Cherenkov counter image was always : -

: inside the wire planes. Let 'C denote‘the solid angle,,A the e e
' . . . , .: . .- \ .
ffont face area of the counter and d i€s- distance from the targeta .

~ . " ‘ X i - . L = - » N 3 .‘,
- ' . " . ) v ,
' - ¢ . 'Ac ‘.' . . . y . - 1 !
' w~ C = ———2 5 '
‘ - de* AN ' :
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. ’3i5'6 The Cherenkov Counter Efficiency

\

’':.3.5.5 The Wire Chamber Efficiency . ~ o .

v . . .
. w . . \

53%tiqn,353'describes'the significance of the wire chamber
I
efficiency.' Since there were two planes (x and y) per uire chamber,

an efficiency was. calculated for the x and y planes.“ Let the - .,

effective efficiency be represented by ‘D',

‘-

. . ‘ r
¢

"b L events withaut 'XMM' ANDe events without TYMM' - .
S Total events .- A - '

1

] . -

. where 'XMM ‘refers to the x plane“'multiplé' or 'miss’ and M

refers to: the y plane nultiple or miss. -

The Cherenkov -Counter efficiency involved twe factors: - one is

- o

" the one described in Appendix C, which was a function of Y energy

- )

,\and the distance of the Cherenkov counter from the. targett Let

] N

1; this—factor be denotéd by E. The other one was a function of the

i 3 5 7 The System Live-Time-

.software cut applied- to the Cherenkov counter - pulse height

"histogram_(section 3.4:3). Lét this factor be _denoted by Fe

v

- \

- . ~

\

Section 2.10 describes the significance of systen live—time. Y

major portion of the system dead time was contributed by the

computer processing the event.' The rest of it- was contributed by -

. ttached to the EVbNT FAbT. 'The oyerall dead-timq was

’

i determined making use of a’ pulser.' The pulser was fed to drive the

ooty

toay

cintillators and the Cherenkov

»counter, The pulser pulses were also fed directly, aiong with the

. . . o
el . .t B o Tt
- LT . P R e A -
- - - Y. s VT . L
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'E' signal to an ‘OR' ate.whose output formed part of the input to
p ‘
L' '

the 'AND' gate which det’ermined TLEFT' or VRIGHT' 'DCR'. The pulser

feed was msde proportional to the beam current by setting .

_coincidence between the -pulser generator output and the polarimeter

I3

'L*R‘_output. Pulser pulses presented to the system were scaled and
recorded in the trailer block. The pulser ‘event simulated a good

event, thus getting recorded as if it was a good event. . However

pulser 'DCR' demarcated them.as pulser events. A typlcal value of a

-

pulSer present was'O.lG‘M while a total number of 1.12 M events were

recorded of which 3601 represented (p,Y) events of ec‘m' = 54° for

both sides. The overall system dead time was a function of the

u

'f.pulser accepted by the system ( DCR' tedt) and the pulser presented

to the system (scaled) If, G denotes the system live- time, wefhave:”‘

C o ” -

pulser accepted\
pulser presented

C

’3.5.8 The.'TI' Run Parameters ‘ . - A R

i . : PV
3 . . N ‘\

Let A denote the number of events falling in the same seftware
region ‘as for (p, Y)'events due to tritium. The number of incident
A‘protons are\represented by B, the target thickness by T, the solid
;anglep(same as the one for the tritium run) by C the wire chamber’
efficiency by Dl, the Cherenkov efficiency actors by E and F (same

- as the ones  fot the tritium” run), and the system live—time by G

.

-~

.
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3.5.9 Extractionvof Events Due to Tritium and Cross s.é@!%ﬂ”? C '
Calculation w

-~

N

Of the total. humber of events A, not all stand for events due

to tgitium.‘ Letting A' denote the number of events due to Ti-Cu, e
have:
"B +D + G

A' = A, s \ 3.5.9.1
' 1B, “Dy =G, -

The number of events due“td tritium alone is denoted by AT '
A= A-A 3.5.9.2

The differential cross-section x is given by:

x = 5 T, - C D EF 5 G vb%{nglsberadian 3.5.9.3

» = -

whefe Tz' is the number of tritium nucle;/sz of .the_target.

3 6 THE STATISTICAL UNCERTAINTY IN THE CROSS -SECTION VALUE

.

The standard deviation in the value of x may be obtainéd from

.
-

eq. 3.5.9.3.

‘ A+ o ,2 vy
g =X S I S L + L 3.6.1
x A2 B d e g h . K

where D = g—and G = g-.
. e .. . h .
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3.7 THE ANALYZING POWER EVALUATION
above after splitting the

*When we followed the method described
néributions due to spin up and spin down, we got

total events into co
This was done for both the

the spin-dependent cross sections.
The analyzing power was evaluated,

'LEFT' side and 'RIGHT' side.
Let AP gepresent the analyzing power.

4.

Xpp ™ X, T Ry "/iﬁf

from these cross sections.

3.7.1

IR

AP-.L
- + + +
A ETE T TR |
where XL+ etc. are differential "cross-sections for LEFT, SPIN UP
- : : ..
etc., and P is the average beam polarization given by:
_, Pyt |PD|1D .
B[~ =71 3.7.2.
U D
2.8.2.

D) is the beam up (down) polariza%ion glven by eq.
The

where PU(P
IU(ID) are the beam intensities for up (down) polarization.

variance in the analyzing power is given by:

4

Ozﬂé(AP)z 0__2"’___
P2 P P Y mn+r+s)™

3.7.3

{(n+s)2 (g 20D + (wD)? (g 2o, D]

%R+ (de etc. refer to the

t 4

where m = q ., no=q o r = °R+’ s

standard deviation in XL+ etc.) and
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o
e

| G 2= —1L .2.(1 2 52 +1:'2¢g2)
P (IU+ID) u Py D = Pp

(P,-P. )2 S : ' R
QU (126 2+1 20 2 3.7.4
: EIU+1D)“ ' p- . U  ID 3

substituting eq. 3.7.4 in eq. 3.7.3 we %pt?inedvthe standard

. deviation in the analyzing power.



CHAPTER & -

RESULTS AND CONCLUSIONS

4.1 THE’RESULTS_

The experimental results for the differential cross section and

‘the analyzing /ywer are tabulated in table 4 1

represent only the statistical uncertainty. The

from 6% to 40% for cross section and 9% to 48% for analyzing power.A

The results were’ converted to cross section
Linverse reaction, using the principle of detaile

'corresponding incident Y energy determined by th

The errors quoted :

w
se ‘are in the range-

values for the -

d balance,'at the

e COnservation of

total CM energy.. Table 4 2 gives the reSults for the inverse

' reaction. This conversion was done so that the results could be

'compared with the existing inverse reaction cros
‘(Arg-75 Pic—70 Are- -79, Sch—83 Kie—73)  These
‘from“SACLAY FRASCATI BONN, MIT and ILLINOIS r
Results were also compared with forward reaction
“values from Did~70 (ORSAY)

The results are plotted in Fig._& l to 4.3a
the angular distribution of the LrosSs section at
TY~= 246 MeV. The results are shown along with

'comparison.' Figs. 4 2, 4. Za, ahd 4.2b give the

_ including the data from six other groups. Fig.

,/

analyzing power values of Tp'= 300 MeV.

There is fairly good agreement between the

s section values’

correspond,go data.

espectively. e
cross section

.. Fig. 4.1 gives
Y—energy

other data for

exéitation function

4.3 gives the

results of'the

-“present experiment and the results of _other groups with the

exception of those of Frascati and ‘Illinois. This agreement'
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TABLE 4.1

A

" EXPERIMENTAL RESULTS FOR CROSS SECTION

AND  ANALYZING POWER

» cM décﬁﬁ O R |
INCIDENT eY' 10" “(nb/st) ANALYZING POWER
- PROTON - ENERGY ‘ l : '
(MEV)
| ;
. 227 90 | .31.91 = 2.21 0.1167 £:0.0888
300 54 64.62 * 3.78 | 0.1050 $.0.097]
© 300 65 49,93 * 3,10 |. 0.1180 * 0.0888
300 78 22.36 £ 1.69 | 0.4355 +0.1301
300 90 16,32 % 1.7 0.0337 .+ 0.0305
300 99 | 7.69 £.1.50° ~0.6272 #0.30i0 |’
300 118 4,94 % 1.98 | -0.5842 % 0.3210
375" 60 | 37.69 % 4,62 .| 0.4090 .+ 0.2222
f "_’ . L. ' ; . - s P;T/" .
375 91  14.34 %3.23 | -0.6147 % 0.3564

°
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 TABLE 4.2

CROSS SECTION VALUES CONVERTED'USING_DETAILED‘BALANCE.

[

INCIDENT - é?’ N 9% (nb/sr)
G4MMA ENERGY | -~ o _ .
(MEV) Lo ‘ '

-+ .

d9r - |90 | 47408 £32.8

1+

206 | 54 786.8 £ 46.0 Y

i+

246 - 65 | e08.0 %37.8

20,5

I+

246 | 78 272.2

21.6 .

I+

246 © 90 | 198.7

i+

206 | 99 83.6 * 18.3

I+

2ae | 1is | 60.2 24,1 R

302 | 6o | 395.1 £46.2

S+

i+

02 g1 | 150.3 £ 33.8




FIGURE 4.1

. ANGULAR DISTRIBUTION OF CROSS—SE§TION AT TYZ 246 MEV.

C REACTION; .Y+ a+P+ T B

4 BONN

g ’ , iy
x ... SACLAY >
4 MIT
‘®  PRESENT WORK
A:*. DWIA CALCULATION;fDISTORTION‘NOT INCLUDED;

TRITON WAVEFUNCTION;, CORRELA&EDJGAUSSIAN.

B . DWIA CALCULATION; DISTORTION INCLUDED; TRITON

WAVEFUNCTION CORRELATED GAUSSIAN._
: C; ' ‘,,‘ DWIA CALCULATION DISTORTION NOT INCLUDED
| 'TRITON WAVEFUNCTION CORRELATED EXPONENTIAL.
| D:"'." :i DWIA CALCULATION DISTROTION INCLUDED TRITON

WAVEFUNCTION: CORRELATED_EXPONENTIAL.
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| " PIGURE 4.2 |
" COMPARISON OF EXCITATION FUNCTIONS FOR RADIATIVE CAPTURE AND'ITS

SR ~ INVERSE REACTION

'REACTI.ON; Y+ oa + P +I'T
'+  . BONN
x ,SACLAY L | ;
~5" MIT -
n PRESENT WORK .
o ZIAORSAY
I . ILLINOIS, FRASCATTI -
o
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FIGURE 4.2A - . _ .+, . . .

\ . .

COMPARISON OF EXCITATION FUNCTION AT 60° CM.WITH THE DWIA -~

CALCULATION °

i ‘
 REACTION; | Yy + ;-*.P'; ::‘ 5
+  ,»BdNN - | . | }
x SACLAY |
4 . MIT | :
- : PRESENT WORK
\0 ORSAY
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FIGURE 4.2B
COMPARISON OF EXCITATION FUNCTION AT 907°CM WITH THE DWIA
.CALCULATION
REACTION; Y+ a +P +T

+  BONN )

x 'SACLAY'
. MIT '
- ..~ PRESENT WORK ’

0  omsay,

1 ‘ILLINOIS, FRAéCATI;

1

WAVE FUNCTION USED: CORRELATED EXPONENTIAL
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FIGURE 4.3

t .

ANALYZING POWER DISTRIBUTION FOR THE REACTION P + T + a + y AT

©

T, = 300 MEV

~ .
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FIGURE 4.3A - =
COMPARISON' OF EXCITATION FUNCTION AT 60° CM WITH GART AND HEBACH'S

s+ CALCULATION

+  BONN i "._ i ) 7 S
«  sacLay . .
A k',MIT: | F : | '
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A ci's CALCULATION INCLUDING A(1232)?EFFECI"
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~indicates that time reversal is not violated in the electromagnetic

interaction of : hadrons. This aspect is discussed later;

Figs. 4.1, 4, Za and 4.2b also give theoretical curves for the

';cross section values, calculated in the Distorted Wave Impulse

. Approximation (QWIA) This is dlscussed 1n the next section.

9 .

'4 2 DISTORTED WAVE IMPULSE APPROXIMATION (DWIA)

The calculations performed are based upon the quasi deuteron

model first proposed by Levinger (Lev—Sl) This model considered

' ‘the total nuclear wavefunction as the product of the wavefunctlon

C‘

'_Exh”two nucleons very close together and the wavefunction for the

remaining nucleons. The remaining nucleons provided a potential in
which the deuteron moves and they scatter the high energy nucleons

of the deuteron. The wavefunction for the A—nucleon system was

e

-

expressed ‘as a p duct of" three terms: the,first tegm.representing; .

' the motion of center of mass of the quasi—deuteron, the second term

representing the wavefunction of  the quasideuteron, andAthe_third'

.

term representing the wavefunctions of the . A—2 nucleus ¢
¥ (1, 2, .oA) = exp (iK'« ') 4 (x) ¢(3, --.8) 4.5
‘ | Cey L

where ¥ is the total wavefunction, exp(ig'-r')vstands fornthe'motion

of the center of mass of the deuteron, 4k(r) stands 3f~ﬁ

quasideuteron wavefunction and ) stande for the wawqggnction of the

PR .

remaining,A—Z nucleons. ihe wavenumber for t@e relative motion of
: G ]

"
i .p

prof.on and neutr? is represented by k and the internucleon distance

139
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4 is represented by r. The”cross section for'the photondélear process.
was obtained in terms of the cross-section for the
photodisintegration of the quasideuteron, ‘given the velocity Ve of
the quasideuteron in the direction of observation and vy in,the
perpendicular "direction. A proton observed at an energy T outside

-«

‘the nucfbus is scattered at an energy T' ~by the quasideuteron. -The

same ptoton, observed at an angle 8 1s scattered at’ an angle 6'

the quasidepteron.' The differential cross section as ‘a fu““'

‘T,ewas giveh byl'

do (T) = -ﬂio(r')%' p.»({',x) dv . i ‘,"_(z.."z)'

where ?(v#)-is the distrib

fpn function for the Velocity component

section as arfunction.of angle was given

.

ard

sin 6

. do(e) = jdo( 0') Rlv) dvy (4.3)

t

where P(vy)\is the distributien function for the velocity_compooent
V.
y : » _
This m?thod with modifications, was applied to calculate the
cross section for the reaction pd + tt by Rudetmanv(Rud-SZ). In

ithis approach the cross section was calculated in terms of_the

cross section‘for the primary reaction PP > dnt. The neutron in the

140
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, deuterium acts . as a Specgator. The triton wavefunction'was

'expressed in terms’ of the deuteron wavefunctionﬁoﬁ‘the assumption

- proton ‘was determined for producing a meson of momentum q. "The

where wD and W& are the deuteron and triton wavefunctions, x the
neutron-proton relative co-ordinate and A = E-k - = q.. The momentum

of the incident proton is given by k. .3Q

¥ - 141

Ly

' _ that the neutron and proton that participated directly in the

production pf the triton are very close., Thus the following

- expression i??fthe cross section (Blu-54) was obtained“
. - /'-\-&

. ‘ i '1 » o

A

doy Ly 1 t m d do (o +
gata »em ) =g [HO L irﬁr[?’p_p g an EP AT )]
| | | (4.4)

. where v's are the relative velocities and E s the total energies in

the CM frame. The quantities inside the square brackets were

evaluated in the CM system of the two protons. The energy of the
‘quantity £(8) is the form factor, given by

" >y .‘.i Rex #(0,%)
£(8) —fq:D(x) exp(. -h ) ‘PD((])

ax | (4.5):‘

1 » 1 »
3.

{his model was modified“by Fearing to incorporate distortion.in
7
the initial and final channels (Fea- 4 Fea-75a) and to include a v

better treatment of wavefunctions. The .model was extended to



include the reaction Pd + 3Hey‘(Fea-75b), with the difference that
PR
there is . no outgoing wave. distortion. Described below are the main

“features of the model and the calculations done in the present work

S . J
to get,the cross section for"P + T + Y + l'He using DWIA.

0y
[

4, 3 SALIENT FEATURES OF FEARING S DWIA. MODEL

The cross section for the reaction P+T » e + ¥y could be
expressed'as‘a product of the cross section for the sub—process
, P+¥n +»d+ ¥, a kinematlc factor, a spin—iSospin—antisymmetfisdtion

factor, snd a form factor. .

P+T +Yy+ a K P+n »y+d

do
=) - (4.6)
& Pn .cm

(do
10

PTcm
" wheére KF is the klnematical factor, g the spin factor, and F(A) the

form factor.

. T EQPY ' _ oo ‘ .
KF =55 G (4.7)
- 7q Py

where E s and P's are the energy and'momentum in the PT cm frame.

Eq. refers to the target neutron:

/2

e

€ =E +E ~-E O (4.9)
p. q v ( )

g
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T X

'q" is the effective momentum involved determined by taking
into account the fact that the sub process takes place off—mass-

shell..lv Sl

The spin factor is~given hy:

BBB < ﬁ,l T | BB >Ca | B > B B | a-a>|? ‘ o

_ spins , '
do1 -4 ot 01 - a- . d. o1 PT

TOI< B, |T lBBX[?

| | ~ spins d 01 01 . "

. ‘ ' o : ‘ : y (4 10) . .
L . . . ;

where 8 s refer to'the spin isospin wavefunctions of those involved

in the process pn + dy, 0 refers to ‘the incoming proton, 1 to the
i neUtron;'and a's refer to spin—isospin-vavefunctions of those

involved in the process PT + ya. Both the numerator and the
.denominator are calculated by summing over the final spins and
..averaging over the initial spins. To1 is the two—body T-matrix.'

7

The value of £ for the reaction P+ T +xyt “He, was calculated and
o .
found to‘be equal to 1/18.

" The form factor is given by:
-~ iAey.
ye Yy

S ) [, 31 3+13 .3 3
(8 == | faydydydy 8y +v
/3 o "1 "2 "3 2. "3

e ; 3 ] o ! T

. *
FpT' (XO,VPT) Fpn(o’ypn) ¢d (yoa yl’, yZ, Y3)

0. (' -y') ¥y, v, | - e
,d(yo )_'1) T(y1 72 ys)] ,‘ (4.1



where unprimed and primed quantities stand for those before and after

the collision.» If s rl, T 5 r3 represent the co—-ordinates, of the
v . _ 2
{nitial four nucleons and rb,,rl, rE, rg those of the final four

nucleons, then Yy = r, - RB and_y{ = ri - Rs where R - 1s the center .

e o : 1 ,
of mass of the spectator nucleons n and p. A& =37 (? 3 PY)PT em

is known as the effective momen tum transfer.. Xg =T~ RT where,RT

'is‘the triton c.m. co-ordinate. VPT is the relative velocity between

/

proton and triton‘and"vp that between proton. and neutron. Q@'s. are
'antisymmetric wavefunctions.‘ The F's are the distortion functions

- which are measures of the deviation of the scatterlng wanes from
plane waves. F is found by integrating the scattering potential
along the projectile path.. The potential,,in turn, is expressed in
~terms of the nuclear density function, the forward- scattering |
amplitude and the total cross section for p—p elastic scattering and

'wp—n elastic scattering,

. »‘ N » » '. ‘ ) ‘ “' ' & - ‘ " ‘ )
F(x,v) = exp {—;_— -["p(‘“p +1i) + 20n(nn..+ i) ] [ p(x-vT)d T (4.12)

V. ) )

0

.. where op is the total cross’ section for p-p scattering, and 9, is the’

total Qross section for pm scattering. np‘is the ratio of the real

B .
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to imaginary parts of the forward'amplitude'for p-p scattering and nn
,the analogous quantity for p-n scattering. .The charge density
function is represented‘by p. It is given by the following

\

.equation:

] : ' '
p(r) = > o (4.13)

~ (r-R)/a
1 +e

where p04is'the central density, 'a' the skin thickness and 'R' the
radius obtained from.the electron scéttering data. The central

(
density is given by:

‘ 3 . R .
v - = P : [0.115
v : po " 4n R3+ 12 R) o (4. ).

4.4 THE WAVEFUNCTIONS OF d, t AND o
The form factor évaluation‘requires knowledge of the
wavefunctions of the deuteron, triton and alpha (eq. 4.11). The
Hulthen wavefunction (Fea-75a) was used for the deuteron. The
Hulthen deuteron dévefunctidn is given below.
f

L

. TR e . s.2 i R
¢d(xl’x2) = Nd K _~" > ) (4'15)
lxl—xz‘ .
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» ' 172
where Nd = 9,8 MeV
B = 45 MeV
<y = 270 MeV.

A correlated Gaussian wave function (Fea-77) was used for the
triton. The following is the functional form.
"(1211[

> + >
¢t (xoax X 2) =

_ 2(F _ '
Nﬁ 1 C exp(-8 |x xl ] o _

L]

"x [t -¢C eXP("leizo":zl Hlr-c exp(—82|;1—¥2‘ 3] - (4.16)

where u = 1;0_;1| 2+ |’?1" ;2|‘2 + |;o— ;ZI 2,

N, = 1.83 x 106 Mev 3,

a = 62.8 MeV ,
g = 232 HeV , and A
C = 0.925. | T ‘

A correlated ekponéntial wavéfun_ctiQn\ was also used for triton. The

form is as given below:. ; . _ A _ )

gk R =N e M1 o Cexp(-8%x g% || D]

o 1 - exp(-82% %, D ][1 = € exp(-82X %5 ]

1

+ > > L TR T
where w = Ixo-x1| + |x1—x2| + |x‘0,-x2|. ,

A correlated Gausslan function was used for “e, which is given

below_:
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(+ '+++'=N -‘82\1 : 2+.+12
¢d xo’xl’xz’XB) . ae -[l - C exp(-Y Ixo—xl‘l )]

x [1-¢C exp(—Yzlgorizlz)][l -C exp(772|;0;;3|25]~
‘ k [1-c¢C exp(—72|;;-;2|2)][1 - C~exp(—12|;Jf;3lz)] o (4.17)

x-[i - C exb(Yzlzz—;3|2)]

where N = 5;55 x 104 Mev3, g = 166 MeV,‘and‘Y7= 615 MeV.

Taking a close look at eqn. 4.11 it may be seen that.the.form '
factor is ‘the fourier tranaform with respect to the ‘moment um transfer
of the overlap of the triton and a wavefunctions with the deuteron »
wavefunction, modified by the PT and Pn distortion function. ‘This
means that in order to have an appreciable cross section, there has
to be a good amount of overlap between the intermediate deuteron and
final. state nuclear wavefunctions, a condition which is satisfied for

low~mass'nuc1ei.

4.5 DATA FOR THE REACTION P +n » y+d

This section elaborates on the. last term in eq. 4.6, nameiy the
'experimental crdss‘section values used for the reaction |

P +n + vy + d. Reacgign_amplitudes tor the reaction'Pl+ n >y + d;
can be snbstituted,fdr the interaction.vertex, therebyAeiiminating
the ambiguities associated with the Single Nucleon Model (SNM).and

the Two Nucleon Model (TNM). In the SNM, the proton emits a ¥ and

then is captured by the triton to form‘“ﬂe. The entire momentum
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transfer 1s taken up by a single nucleon, thereby involving‘high
momentum components of the wavefunction, which are not yet understood
properly. In the TNM, the incoming proton shares its momentum with
one'nucleon of the triton either in the process of quasideuteron
dformation or‘A isobar productiOn. Here momentum transfer is shared H
by two nucleons, which'eliminates the need for high momentum

components.

Tne,experimental c&@i_

4

section value for Yy + d » P + n has been .
‘measuredlrecently with high.predision over . a wide energy range by
four groups (Cra—82 Are-84, Bab 83 Dou-76). These data come from
MIT BONN, TOKYO and LUND respectively. Taken as a whole, these data
~ sets cover ‘an energy range of EY 100 ﬁeV to 832 MeV over an angular

. range of ep = 15° to 160° The values from LUND, below 300 MeV have

-

been discarded.
. Fig; 4.4 gives a.plot of these data as angular distributions of
the cross section for various incident Y energies. Plotted also are
the fitted curves at appropriate energies. Fitting was done taking s
cros section values from all the groups. The cross section values

at a particular energy were fitted to a polynomial of the form given

/

below:'- e ' ' ' T ' 5
do ' o v : .
holhd = + + yg 2 + 3 .
39 (EY) aj alkcos ?PCM a, cos GPCM a3 cos *Bp.y (4 ld)
. a.:.’ . Yy .
where a's are the parameters to be determined and 6, is the proton

_ PCM
scattering angle in the CM frame. Fitting the data to the polynomial

/



FIGURE 4.4

ANGULAR DISTRIBUTION OF CROSS SECTION FOR y + d »p + n AND THE -

'FITTED CURVE

. .

DATA ARE TAKEN FROM (CRA-82), (ARE-84), (BAB-83), (DOU-76)

I, CURVE A: 200 MEV
i

x, CURVE B: 340 MEV

o

A , CURVE C: 400 MEV -

B , CURVE D: 440 MEV
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‘(6 18) was done for a- set of energies and the values of 'a' were -

o generated as a functionyof EY" Table 4, 3 gives the coefficients of

bathe polynOmial thus generated.

These coefficients were then fitted as a fuiation ‘of energf.

\/‘\.

”;;The following functional forms were used.

2

P ETN

“ag = cOl exp( -c02x) * he19)
; ' B ‘ 1+ (x-c05)5 ‘ S :
& ’ B ' T
— = cll - el2x +clyx? - O (4.20)

0 : o
¢}
s BRI |
2 : : .
22 o1 2 cozex - S22 - (4.21)
. ao . X . ; . :
¥ \ w :
#
a ) g :
3 : . .
= =3l - e32ex - 533 . L (4.22)

-~ ‘;\"T

c03 - c0bex

0

Table 4 é gives the values of the above parameters. The (3

.-“,‘ g —

values were substituted in eqs. 4.19 to 4 22 to ‘generate ‘a' s ‘which

were thenluaedAin;eq. 4,18 to

angle. This cross section va

' cross section value for P + T

4.6 |M12‘vaxsus . REPRESENTATION OF THE RESULT

give cross section at any energy and

lue was then used in eq. 4.6 to yield a

e

"“HE*'Y.

e o o c o ’
. A better way of looking at the result tnhan the»gg versus 0

aa

. 151
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- COEFFICIENTS orlTuE’POLYNbﬁiAL

E, MeV) | " ag | G SR N 3y 1. s
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W

1c' PARAMETERS OF EQUATIONS 4.17-4.20

cor | eo2 | co3 | co4 ©cos .|+ cos

132.25¢ | 0.39.¢ | 6.23 + | 0.0040 | 247.25 ¢ 14853 %

10.50 0.01 | - 0.07 0.0002 | . 1.as- | 480 ,

T

ar |7 ez o c13

0.6650 + 0,0251 |  0.0029 * 0.0002 4.16x1076 ¢ 4.10x1077
, ' o A \

L | a2 | - c3

| o0.150 * 0.001 ~0.1210 ' 0.0002 - | =0.1210 % 0:0002

*
& | . g
g ) )

-

. -0.0943 * 0.0038 | =-0.0002 % 0.001 5 |%" 5.9048 + 2.3613

- v - T

.. . . X . i«%
. i >

. . : ™
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i
|-
i

representation is- |M|2 versus t representation, since the phase_space

/ fastor is removed in the 1atter representation.. IM{Z is known as the

e

invardant matrix element squared (Wil -71) which for the reaction

' Y,+d +P +n is:

|q_

o (4.23)

(=%
<)

‘ S
- @ s, - 1), ) Sk g

O : . o .
where SY Sa are the photon and a gpin, S the'square of C.M. energy,

..PY, PP’ %g are in the C.M. frame of reference. ”t"is the square of

the A-momentum transfé@ :Fig. 4. 5 gives such a representation of tha

result. It may be seen that 60° CM and 90 CM results do not fall on

universal curve unlike the case of y + e + P + d (Cou-83).

4.7 , CONCLUSIONS -8
———

The angular distribution of ‘the cross section at 246rMeV K

incident energy is plotted in Fig. 4, 1 along with the data from
BONNv MIT and SACLAY and the present work. ‘The theoretical cu;ves
calculaééd from DWIA are also plotted. Curve A and curve B stanqrﬂ
for the Correlated Gaussian wavefunction used for triton,,A standing
for the case without distortion and B with distortion. "As may&be I &4
seem, the distortion decreases the cross section by around 292.
This means that the distortion effects are of considerable

v importance.- Since ehe -distortion represents dominantly the

S Ly
absorption of the incoming proton, the cross section is reduced as éﬁ .. i
» ; o J »

0

expected;‘when»distortion is included. B 5\
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All the curves reproduce the shape very well except at backward
angles, which is characteristic of the model in,situations like
ptd * c+at (Fea—;gS and p+d + %b*“r(Cam—SB) This,could be because
mechanisms invol&}ng gpre than two nucleons becom v;ortant
resulting in the teduCEd nomentum transfer which results in the
‘increased'form fsg{o;uand‘hengz the indfeased cross section. Since
the model is concerned at the primary mechanism\pn > dy, thereby
confining itself to the two—nucleon mechanism,'it is natural that
the theoretical predlction ig lower than the experimental value; A
typical situation is at 140 where the experimental value is 2.5
times that of the theoretical calculation.

S It may be , observed that the distortion introduces a ‘ .
normalization effect without changing the shape of thebcurve; .Again
this 1is charactéristic of. the model, observed 'in the situation'of
-p+d > t+jr+ also. This is understandable enough, since the
distortion functions are eValuated at the origin and so dlstortion

effect should be independent of the coordinates. ot

Curves C and D represent calculations using the correlated
) exponential wavefunction for the triton, c representing the ecase o€
" no distortion,and D the case with distortion. Curve c gives very/
good agreement with the experimental @ituation. One tends to
conclude that the correlated exponentialIWavefunction gines the best
representation of the triton. - ‘ |

Fig. 4.2 gives the experimental results fd§ the excitation

function ‘at 60° and 90° C.M. angles. Plotted also are ‘the. dat from
av‘ﬁ
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BONN, SACLAY, MIT, ILLINOIS and ORSAY. /Figiug.Za gives the 60°

- - ) ‘
excitation function aléng with the DWIA calculation results. .
Calculation was done using the correlated: exponential wavefunction

-

for the triton. It may be seen that the shape of the data is well
imitated by theory except at large energies where the theory
:predicts values’ 1ower by a factor of 2 at a typical value of EY =
300 MeV. Again, this ' is characteristic oﬁ the theory illustrated in
the case of. ptd + t+n+.‘ The’multi-nucleon mechanism becomes B
important at high energies resulting in the increased form factor
and -the cross'section. Since the theory does not take this intos
account,,it is falling below the experimental value at high
energies.‘ | |
.‘l Fig. 4, 2b represents the excitation function at 90° C M. The
ifall-off at higher energies is sharper than compared to the 60
case., Theory underpredicts the cross section by a factor of 3 at |
" 300 MeV, compared to a factor of of 2 at 60° C.M.

Fig. 4.33 giveS'the experimental value of the‘excitation‘
functipn'at 60° C.M. along with the curve representing the
calCulation in Gari and Hebach theory. Curve A represents
calculation including the A effect;“Cﬂrve B represents calculation
excluding the A. Both the curves follow the shape well although
predicted ‘'values are lower by a factor of 1 7 at 200 MeV. The A
‘effect becomes imp@rtant beyond 150 MeV. The theory underpredicts
the cross-sectibn by a factor of 1.3 at ZOQ MeV when the A effect is

included. _The agreement with the experiment becomes very good

" _beyond 225 MeV when the A is included.




FIGURE 4.6
COMPARISON OF ANALYZING POWERS FOR ‘THE REACTIONS

pn+dy, pd+Hey AND pT+ay

X " opn +dY
A pd + Mey

o pT '+ ay
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A preliminarv discnssion of Time Reversalenvariance iTRI) was
‘given in Chapter 1. We have, at our disposal a means to check the
TRI by checking the principle of Detailed Balance (eqn. 1.62). As
mentioned in Chapter l, the comparison of the_magnitude of the cross
'section and the shape ‘of the angular distr bution are two criteria to
check TRI. This ie because the ratio of the forward eross sectionvto
the backward cross section 15 given by a quantity independent of the

‘scattering angle. Since both-the criteria are satisfied, as may be
seen when comparing the present data with the inverse reaction data,
~ we see no evidence for the time reversal violation. As seen
Sy .
earlier, yY-N-N vertex, corrent conservation and hermiticity preventA‘
and T violation in tnese intetactions eacept in the. A resonance
region. The present measurements do cover the A?resonance region
and'tous do amount to an important check on TRI. A similar
conclusion has been obtained by comparing the results of P+d - %@
A+ Y to the inverse reaction values (Cam—83). The results for the o
reaction P + 4 * 3e + Y mentioned in Appendix D are also consistent
" with thelabove clainm.

“

Fig. 4.3 presents the analyzing power of the reaction p + T +

¢

a + Y at Tp = 300 MeV as a function of the scattering angle. The

.-

»
positive values at small angles and negative values at large angles )
are reminiscent of the analyzing power for pd + ¥ey (Cam-83). The
negative value of the analyzing power might thus be’a%ttibuted to

‘ . . .
quasideuteron contributions. ' ' .

Since the analyzing power involves the ratio of various

anplitudes, it is not sensitive to the overall normalization, unlike
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the case of differential cross-section.
Fig. 4.6 présé;\e the analyzing power for the reactions p +-T +

a + Y at Tp-= 300‘MeV§pcompared to;kinematically shifted analyzing
powers for the reictidns pt+n-+dty and ptd~+ ih + v. The
;p kinematic correspond;\\e is found by involking the Impulse
‘iApproximation where the subprocess amplitude pn * dy is equated to

the free scattering amplitude pn * dy by equating the momentum

transfers as well as the centre of mass total energies (Fea—75)

The magnitude 1s found to be closest at forward angles‘éo p+ d

; 34e + y and at backward angles to p + n:+ d + y. The backward

anglesiresults however also agree with the ptd * 3e y result to

within»one standard deviationi 1t thus appears chat the Impulse .

>

Approximation can account for not only the cross-sectioq but also

1

the analyzing power.
J
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. APPENDIX A

TARGET THICKNESS EVALUATION FROM P-T ELASTIC SCAf%ERING

A preliminary description of the target construction has
Eae
already been given in. Chapter 2. ‘

The thickness was determined by elastically scattering protons.
from the TiT and Ti targets using the MRS spectrometer facility.
The known cross-section values’ for P + T\ + P+ T at EP = 318 MeV
(Bli 82) was used in determining the tritium content of the T4T
target., Additional measurements, made at Ep = 500 HeV wete
’compared with the cross-section values extr;polated from the results‘
of G. Bizard et af% (812-80) | ;i; ,
| A_t 1 ?ms MEDlUM RESOLUTION spa_cmonETth» L
This magnetic spectrometer consi;ts‘of a dipole and quadrupole.
The dipole field strength is such that the max1pgm mpmentum of the.
detected particle is 1 5 GeV/c. A dipole”ﬁith aﬂﬁﬂwAEend aqgle ji%;i
follows a quadrupole which is preceded by a wire chamber and a’’
scattering chamber, looking downstream. The wire chamber x Y is of'
dimensions 5" x 5"\vith 64 wires in each plane.\ Beyond the exit of
the dipole come tho wire chamber§ each of dimensions 10 x 40".
The X plane ‘has’ 512 wires and the Y plane has 128 wires. The bottom H.
- chamber is known as XB-Y and the top chamber as XT~Y o atter these ;

Ycomes atlf thick plastic scintillator. Wire spacing'of any wire

chamber\is 2 mm. T

> 5

The large angle configuration (LAC) ‘of the MRS\proVides~for

! . . s

LN . ) . 166 i,\_ ST



o SeefTable A.l1 for a run summary.
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~measure nt at scattering angles of 20° and‘heyond;' Aismalltangle

]
Lo

' configuration (SAC) is achieved by pushing the quad 2 m from the - 5¢4_
target.’ 1In this configuratiou, measurements: can be made from 20° to
V‘the 1eft to 12° to the righ@. Thﬁ@%olid angle acceptance of the MRS

for angles above 15° is 2.5 msr. ~The correqunding number for ‘
Lo i
angles less than 15° is 1. 5. msr.' The combined energy resolution of

the cyclotron, the beam transport system, and the spectrometer.was j

‘ measufed and found to be 900 keV FWHM at 400 MeV and 600 keV WHM at

Py

200 MeV. Details of the MRS may be’ found in (Ste—81 Mil-8 ).
e @ e |
A.2 . THE EXPERIMENTAL PROCEDURE o

"

- The experiment was done at the T2-target stationﬁusing,the MRS.

| \

The proton beam of 318 MeV was used..’The protonsielastically

scattered from titanium, copper -and tritium were analyzed by the -
MRS. In addition we had to contend with the protons elastically

\

scattered from ‘carbon and hydrogen which constituted the kbpton
. - , “
window for the target. Note tﬁ?ﬁ;the target enclosure had two o
. 1 {
e \ 3 v . B
4 layers of 1 mil kapton window on either side. We could easily

L. .\

-separate‘protons duefto tritium from the rest of the protons/by

'choosing the appropriate kinematical region (see Fig. A.l). The

-

MRS was. set at LAC mode and measurements were made at three

: scattering angles,v 3= 18.04?- 22 01to and 25 99°, ."We had one TiT
run. and one T4 run‘gor 632 = 18¢ 0ﬁ° five TLT runs and two Ti runs

\' v

for e@* = 22 oL°, three TiT runs and one Ti run for 63 = 25.99°.

A
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FIGURE A.l
ENERGY VERSUS ANGLE GRAPHS FOR PROTONS ELASTICALLY SCATTERED FROM

34, TI, AND CU

"REACTION: p +A +p +A

T = 318 MEV
P

Pl
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;A.3 THE MOMENTUM ANALYSLS

‘different momenta could be’ obtained while plocting Y versus‘é

¥

/

" The focal»plane‘position of the scagrtered particle is a
function of its momentum.(-This meant that the different momentum
groups of protons could be 1dent1fied by their bosition in the focal

plane. Focal ‘plane position is given in terms of the wire numbers

-X X and XT hit by the particle. " If XF stands for the focﬁi

0

plane position, we have: o o &

359 « X - 139 X : ' , 5
X = *r : B 4+ 0.07 (x_-28)2 LoD

_F ?T - XB + 220

Q- B

A kifiematical correction depending upon the vaiue of Y

to.be applied to this ‘so that’ vertical bands"corresponding

3, . K. e\ i
modified focal plane posi.t}*enoted by XFK) S R
w0 ’ o

R

.

q.ﬂfe B depends upon the scattered proton momentum. Fig. A. 2 gives

\,a plot of Y versus XFK where kinematical correction has been done

170

for triton. Figures A.3, ALl fnd A, Qgg;ve the one-dinensional plots

S

.for X for scattering\angles 18. 04 22. 01° and 25. 99° Fig. A. 6

1s the cotresponding plot for the Ti rTun.

Auh TARGET‘THICKNESS EVALUATION e

‘Ai4cl The Solid An&le AP R § T,
g : : LT , T BRVEEN

B ]

' The‘eolid engle is determined by the window put on che X¢—Y¢

. {n:v .

PR
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FIGURE A.2

h ac S a w .
{? Y0 VERSUS XFK 'SPECTRUM FOR ELASTICALLY SCA’I‘TERED PROTONS FROM %
{ a7
a@:» www, TL cu c, 3HAND I
o ” . 3*’ @@ &i»}" “%«'%‘.uﬂ‘
. s s
R ? % - ."' .
©  REACTION: p +A +p+ A
‘T = 318 MEV
b' P B
. 8 = IJSCOAO )
; P , F

TARGET : TiT

* KINEMATICAL CORRECTION FOR M
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o ' FIGURE A.3 .

$ . "y

XFK HIS'I“OGRAM FOR ELASTICALL&CATTERED PROTONS AT‘ ep = 18,04°

{:&‘

R REACTION: p + A +p + A
B T = 318 MEV

g'\;», . P -
g = 18.04°
- P

. TARGET: TiT

- . . ,
-
" »
t
r
e



175

|

(W A3X :
Num mvm vwn ..éwnwmw Nmm,mmm vwv &&v

N ) .
IP— & T — ‘. — ]

- ) : - -y
es
- et ©
-
’, n
L 4 8S1 =
: B
=y )
R \\;\ ” . &&N
\ . .
. H /i 4 egz .
5 . : : 9 o , 4 @et
S
i v 1 ese
ﬁ . ./,. B - . . m . q: , : . eey

no+IL

u - ‘ . @ | . L,Q.mv_

"



-

XFK HISTOGRAM

FIGURE A.4

FOR ELASTICALLY SCATTERED PROTONS KT-GP

AN

~
'REACTION: p +A »p +A
T = 318 MEV
P
o, =.22.01]

TARGET:  TiT

= 22.01°
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XFK HISTOGRAM FOR ELASTICAL

T T FIGURE A.5 ..
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LY SCATTERED PROTONS
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REACTION: p+A+p+A
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~ FIGURE A.6

- XFK' HISTOGRAM FOR ELAST;CALLY»SCATTERED-BRGTONS‘FROM Ti TARGET.

~ ]
=

REACTION: p ¥ A »p +A

318 MEV
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.plane. ‘The window was such that 50 mm to 81 mm of the X¢ plane and *
i
50 smm to 86 mm “of the Y¢ plane contributed to the solid angle. Thef ,j;.
X¢ plaﬂ! was situated Lt a distance of 85. 09 cm and the Y¢ plane at‘ |
“'a distance of 87. 63 cm. from the target. From geometry, the angle
subtended by the relevant portions of the YQ plane is. fOund to be :f?
15 4045 mr.,.The corresponding quantity for the. X¢ plane is 25 6705

| o o,

,bmr.f These numbers yield a solid angle of 1. 4963 mst. at the

“l”A.4;2“The Wire‘Chamber'Efficienéy:

* ke

The wire chamber efficiency remained relatively c0hstant at
\

déyf around 71% throughout the” eXperiment. If CMWOK stands for the wire

.

e

',_chamber counts excluding the misses and multiples and if CPROT

’5: f}vstands for the total counts, the - wire chamber efficiency is given

o CMWOK A e g
- <ol A3

+

A.4.3 The‘SystemALive—Timei '

L representsfsystem;liveftime‘and was_calculated using:

- o ‘' ! . .

Busy Gates - Fast clears to CAMAC ,",A 4
MRS AND GATE OUTPUT . : o

“For runs 1- 8 the focal plane scintillator was.not in.trigger.

- From run'9‘onWards, it was put in trigger in order to limit the

LN
s



. f‘J 1 . . A
S X
. value of XFK\ This essentially simulated the right ‘hand side :
"electronics and so, we have another expression for system live=- =& o
;time, . - . -
fe ".,“ -
L e Busy Gates ~ Fast clears to CAMAC ALS - / ety
“RHS- AND MRS GATE- om?mrr * - s
Tﬁe*liye—timevﬁariesofrom l4.62Z’for:rup 8 tov94;l12_forlrun : -
\. ) - v«..:v- ’ ‘ B \ iu_» R ? . ; .‘ v, . B . “.‘ . ,
[Ath as.neam Current IR ff‘ f“f:ﬁ;a o : ',‘f;f o
The total. number of incident protons was determined‘by the o
' polarimeter situated upstream from the Tl target. Refer to Chapter
"3 for the beam current evaluation. s ’Qv '; o Qf o P
The target thickness, I is given by C}* »
] Noet 5
T = ldd'l‘ A6
P » a?z . s“. L . M
¢ . \
lbwhereyN is the number of events due to tritium alone, P the
. number of incident protons, dﬂ the differential cross section for PT -
\elastic scattering taken from Ref Bli 82 S the solid angle, ‘L the
’ isystem.livejtime, and M the wire chamber efficiency. I )
Nier “Npyr ~ N R A.7
. .
- fi
-~ -



where:‘ v .";~ ‘b\;_ ' o t' vkj_ h?' ‘ ,‘»}&

i : * . . "‘ '-” C o ‘ E » ! : ) xl . ) :
# | . . B TF 2 MTi P

o & . “

T t

where N Ti. is the number of counts corresponding to thé tritiumll;Lg‘f

.region in the background run, PTiT the number of incident protons

. __for the tritium run,jLTi the system live—time for the background ]

B

run MTi the wire chamber efficiency for ‘the backgroudd run and PT

the number of incident protons for the background run.

The results are. compiled in table A. 2.\\229 aveiage/thickness "ofﬁfﬂ

*%xwas evaluated with an uncertainty of 71-

Tritium content in the target = l 220 0. 084 mg/cm ) ’ ?}” —j>r

vl \ ) .

A:? _CQRRECTibN FOR'THE4KKD10ACTIVE‘DECAY

The experiment P + T * a+ y was doue one year previous to the

AN
time when target thicknesseevaluation was done. This calls for a

z

'Vcorrection in the thickness to! account for the - radioactive decay of
tritium.. ﬁtitium undergoes 8 decay withva half life of 12 9 years.‘

RS e

-«

e .
o . N . : b -

'domej-weyhave; e

If No stands for the tritium content at the t7me the experiment was

Ny = (1,220 ¥ 0.084) e0- 8930129

f.e. Ny = 1.287 %0.088 mg/cm2. *



e ‘185
Y
¢ L]
v.
N o »
!
i TABLE A.2 - .-
, THE TRITIUM CONTENT IN THE TiT TARGET
Scattefing'Angle ‘| Tritium Thickne'ss\.‘ - Error in Thickness. B
" *) T (nglem?) v “(mg/cm?). ol
18.04° | 1314 " 04119 -
22.01° . 1116 © 0,124
25.99° » . 1.260 - - 0.382 '
q(h)
The ayet’agé thickness = 1.22 % 0.084 mg/cm'z;
. 3



APPENDIX B .
G‘RAYS ‘ ’ i

! »>
between a proton and an electron causes

)

the electron to be{ejected out of the atom, whereby the electron

!
The ‘head-on collision

] ) : X
gets into the front detectors, :simulating good events. These
. \“ \)‘ Ty ‘1
Cul

energetic electrons are known as &-rays.

B.1 ENERGY OF 6-RAYS

/
A close collision between a protan. and an atomic electron may

be approximated as the collision between the proton Qnd free

electron. Fig. B.1:gives the lab frame”sgtuation of this \§\

collision.
Let m and m, be the masses of the proton and electron
€ ' i " o ) 7 ) ' - . .
respectively. P and P" represent the momentum of the proton before
[y s : . - .

- and after the collisionl »P' ano E' are the‘nomentum and kinetic

el
<

energy of the electron after collision. P and P' make an angle 6.
Conservation of momentum'and total energy give ;he following'
equation for-the electron kinetic energy:

T : P22 cos 20

'E' = 2m c? : ' ‘ . (B.1l.1) .
& TTmcZ+ (PZZ 4wk /2] - pk? cos? :

A head-on collision meané 8 =0 in which case the electron.

energy is maximum, Eé. ’ R 5

186 -



FIGURE B.1l

.

« DIAGRAMATIC REPREbENTATION OF COLLISION BETHEEN PROTON AND ATOMIC

3

ELECTRON IN THE LAB. FRAME ; ' .

PROTON MOMENTUM BEFORE COLLISION

"PROTON'MOMENTUM AFTER COLLISION, e
p' - °  ELECTRON MOMENTUH AFTER COLLISION B

* 8 - B ANGLE BETWEEN INCOMING /PROTON AND*’ OUTGOING ELECTRON -

a
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E' = 2m c?2 p%?

: 1.2
n e [mec2+(l’zczf'tlzv.'.")uzlz-pi’t:2 * ‘

.

iThe front detectors in the e;ﬁetinent were kept at an angle of
~15° for 300 Heb incident Pt?tOnu,.~l6°;for 227 ﬂeV protons And ~185
for 375 MeV protons. “Thingeansvthat the &-rays that had to be
tolet;ted in the absence of the phgnet vere of energies 0.7 MeV, 0.5
MeV and 0.8 MeV respectively.

Since m >> m_, eq. (B.1.1) reduced to the following form:

~

‘ 2mec2 :
E' = 2 y : (Bolo3)
, ’ v(sece) - l :
B
where B = EP "Etot being the total energy o6f the proton. We also
' tot g o : ;
have:
Zméczﬁz S
E' - - ’ ’ ’ (B-l.‘.)
m 1 - g2 , . v i

B.2 . 5-PRoDdcT10N PROBABILITY

The generalization of the Rutherford formula to account for the

fact that the electrons produced are relativistic; yields the cross

section for 6-production. The Rutherford formula takes the force of ' .

interaction from the impact parameter, finds the momentum

tfansggrréd from the.force-And the collision time, and then gets the

189



kinetic energy transferred to an electron from the momentum,
assuming the,nonzfelntiviotic case. Then 1t‘makel use of the
probabilicy of collision with the impact parameter beiné between b

and b + db in the thickness dx gm cm™2 as follows:

b
# N Yoy

M . \ . Vo

_ F(b)db dx = 2mb db N %‘dx (B.2.1)

where N is the Avogrado number, Z the atomic nuhbér and A thewat6M1c

masé nﬁmber. - w ‘ P
Since the energy transferred, E', is already obtained in terms

\

of impact parameter, probability can be expressed in terms of E'.

‘

I's

2B m c?
e

<1 ' i
o (E') dE'.dx = dE__ 4x . (B.2.2)

g2 (E')2

\

‘This is the probability for the &-ray of energy E' to be

produced while the préton travels in the material a distance dx
gm cm~2. The factor B represents the total area covered by the

\

electrons contained in one gm, each electron considered a sphere of

radius ri.
e

B = mN — 2 (8.2.3)
~ (1"'

\\1
. 2 ‘ ) \
where r = —8° __ the classical electron radius, which equals

e Mg C '
2.8 fm.

190
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For the relativistic case, which is the situstion in our case,

eq. (B.2.2) generalises to:

~@

2” C2 ' 1" [ 2
¢ (E,E') dE' = —— dE' . g2Bl, L E— B.2.4
( ) g2 (g)2 -2 B, 2 ( !mcz) I ¢ )

whefg E' and E; are given by eqs. B.1.3 and B.l.4. Here B signifies
 the coll#aion prbobability dependence on the electron density and %3
gives the dependence of the energy transfer on the tollision time.

‘Eq. B.2.4 may be rewritten in terms of the scattering angle 6.

%f get:

2B ‘gec 26 tand
g4 (sec26-82)

¢ (E,8) d8 = (sec28 - 282 + BY) do (B.2.5)
Integrating this over the angles spanned by the wire plane, it
is found that the expecteé S-rays flux for 300 MeV protons incident

on the TiT target would be Zéﬁ x 105/s.



. Arrznnix c.

-]

CHERENKOV COUNTER CALIBRATION AND EFFICIENCY DETERMINAT{@NA

-: The purpose of this experiment was to determine the efficiency '

e

of the Cherenkov counter for detecting positrons. The response of

‘, the counter for positrons of variOus energies was determined. These”

.

'.data on ‘e’ detection efficiency were then used in calculating the
_efficiencyffor detecting Y rays, knowing the correspondence between.
'the Y energy and the e+ or e energy from pair production and
Compton scattering. This calculation of v detection effic1ency

) '

assumed th%t the detection efficiency is independent of its

position in the detector. "However, further calculations were‘then '

!

made to take into account the”shower‘loss, e loss, or,both from the\

knowledge of the detector geometry as well as the knowledge of the
detector positioning with reSpectjﬁm the_target.. The distribution

N R . .
of the energies of e and e for a;particular Y wasvdetermined-using

a MonteFCarlo simulation program‘

c.l 'MZO”STOPPED n/ y CHANNEL

The positron beam available at the MZO stopped n/u channel of

ithe TRIUMF Cyclotron Facility was used for the experiment.‘ MZO is a-

£
1

9 m long secondary channel available at the target station lAT2

The TRIUMF Facility has two pion production target stations, 1AT1'
and’ lAT2 which are situated in beam line 1A. The target at lATZ\
'was a 5 cm Be when the eXperiment was done.‘ The at, generated at

the target decays at rest ih the surface layer of the target, in

192
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' CHERENKOV COUNTER CALIBRATION EXPERIMENT

FIGURE C.1 .

. ELECTRONICS SET-UP USED IN

| CHERENKOV. COUNTER .

PLASTIC SCTNTILLATOR PRECEDING CHERENKOV COUNTER

] . TAGGING PLASTIC SCINTILLATOR

© DISCRIMINATOR
AND GATE . -

- SCALER

-

~FAN-OUT

Zi\ apC

DELAY
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dthe mode w+ + u+u The producéd u+ underwent.decayiin'the moderﬂf +

AT )

eTuu. Typical values of the fluxes of ﬂ u and et for al 1A

'proton beam . of 500 MeV at 1AT2 ate 10‘73, 4 x 10“/3 and 5 X 105/8

.

respectively. A set of dipoles and quadupoles provided momen tum

selection up to 17. 5 MeV/c with a resolution of SZ. The Cherenkov

'

counter detected w E“,and e+, but e+ events were separated from ,

the rest of the events by the TOF measured between the RF of the -
cyclotron_and a counter'in»the beamt RF provided the timing ‘

required;w

L

'c.2‘7 THE EXPERIMEﬁfDETAILs K L e /

The purpose of the experiment was to find the efficiency of'the

o Cherenkov counter for detecting et of momenta varying from 12 MeV/c

©

‘to 175 MeV/c.: The response of the counter for e- beam incidént at .

various positions across the face of the detector was also measured.

e

yThe latter measurement was necessary to get an idea of the showervi.
loss at. the edges of the counter.v.'f,‘ “

Fig.<C 1 g;ves the electronics used in the experiment; C ‘”
'represents the Cherenkov counter, 5™ diameter X 7 long (corresponds
to. 7. 5 radiadion Lengths for lead glass), P is the plast&c |
vscintillator, 6" x 6 T is the tagging plastic scintillator; l"ti E

o

1". Looking along the direction of the beam, . c was preceded by P

/
o /

-which was preceded by.T. The distance between C and P was 1 1/2"’
' that between P and T was 3", The Level of the discriminator "ﬁ
_attached to C was’ adJusted using an attenuator in the anode circuit

" guch that at 17 db attenuation, the count rate from an Americium ’

e

K

-
-/

N

;o



- R IR L ‘ S e 196
. : ‘ R
gource noted by a rate meter (ORTEC 441) was. half of the count rate

at 0 db.’ This discriminator 1eve1 was the one present during the

.PT +ay experiment., The ratio of SCALER 3 to SCALER 2 nepresented

the beam focussing quality.‘ The ratio of SCALER 1 and SCALER 4"

‘rep/asented the Cherenkov counter efficiency.,

The experiment was performed af,electron momenta 12 15 25;

67 50, 100 and 175 MeV/c. The measurements were made with the beam ‘

“incident at ddstances 0 ‘, 4 6 and 8 cm from: the center of the s

'FVCherenkov c0unter face.;

'c 3 THE RESULTS e

S

c

The central efficiency was 134 at 12 MeV/c (e momentum) which _

‘";,increased rapidly to 56% at 15 MeV/c,\957 at 25 MeV/c and remained

‘.at 100/ at and beyond 50 MeV/c. Positional response was’ such that

™~
L

for a 100 MeV/c € beam inc1dent at 8 cm from the\center, the'~I‘

: efficiency was 457 for 6 cm, 754, for 4 cm,. 91%; and\fqr 1 cm,

_expression for the Cherenkov counter efficiency as..a function of e

»lOOZ. Fall—off of. the efficiency with respect to. distance from the

center was more rapid for decreasing energy (Hut 80) An empiric;if\\\\A“h :
. . . '\

' fmomentum was found to be (Ste—80)

E =1 ‘-f'e o ‘i ‘;_(C».3.l)‘.

where m = 0 591 ( 3 871’.

 1E is_the'efficiéhcy; pvthe\ggmomentum'in MeV/c.
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c. 4 MONTE‘CARLO "CALCULAT 10N FOR PHOTON DETECTION‘EFFICIENCY

LI

Thevphoton entering the lead glass‘triggers a long series of
interactions reSulting in a fluxoof electrons, positrons and
photons, known as an electromagnetic cascade shower. It isbeasier
to explain this phenomenon thrOugh a simulation program than
~mathematically, hence the need for a’ Monte—Carlo calculation.‘

Photon interactions with matter may be classified into three
categories.« The interaction of a photon with an atom as a whole
‘leads to.a photoelectric effect where, the electron is knocked out of
pthe atom.' This m}ans that the photon energy "has to be at 1east the
;same as the electron binding energy. The interaction of. the photon

e
with a- free electron leads to the Compton effect where most B the
photon energy 1is handed over to the electron. The photon energy is
reducedey the kinetic energy of the recoil electron.'.The C
"interaction of the photon with the coulomb field bf the nucleus is
‘known -as pair production where the photon disappears giving rise to -
“an electron and positron. Obviously, the threshold condition is

that the photon energy should exceed the sum of rest energies of the

‘ electron and positron., The excess energy appears as kinetic energy

' . of the’ electron and positron. The'reCOil'nucleus accounts for the-

momentum balance. At Y energies of interest to us (100's of MeV),
’

: only the Compton effect and pair production are importaht. Again,

?-as the energy inpreases, the Compton effect becomes less important

'”and pair production becomes-more dominant.

The charged particles, ie. e and e” produced in the-lead glass



°

“velocity greater than the velocity of light An th medium.. This

: generates radiation along ‘a conical uavefront knowh ‘as Cherenkov

“radiation._ The angle of emission of the radiation,\e is given in

iterms of the refractive index of the medium 'n' and (B' of the‘
particle'in the)following way,. i““ ) .t
cos 6 = T . (C.4.1)
T T . T
L o |
For the lead glass which constituted the material of the.
éherenkov counters,vn =-1.67, The value of B 1 which gives
53° | ‘: S o : |
The number of Cherenkov photons, N; emittedvoer unit length of

the‘radiator'ideenoted_by»%%’.

(AN 27dZ (1 - 1 )

— . (C.4.2)
dx. ¢ ~n2g2. , | |

:where ais the”fine structure conStant;vl/l37;‘Z.is the:atomic
‘numbervof_the material through'which the charged particlen
Tkt:“r:"a;verses.* |

'The charged particle generated fn the pair.production process
gets deflected in the coulomb field of the nucleus and hence
experiences acceleration %; where Z is the ‘atomic number of the

nucleusland M-the electron’ mass,:'According to classical

. 198
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e

~ electrodynamics, the resulting radiafion, known as bremsstrahlung
. b ‘\' . ) / B
. . 2
radiation, has an'intensity proportional to 33 . An electron of
kinetic energy T generates a photon of any energy up to T.

L

In general we have the following situation triggered by an
incoming energetic photon in lead glass. It may either pair produce

or Compton scatter. 1f pair production takes place, the generated

, et and e” produce bremsstrahlung photons- which can start a new chain
fof interaction. If Compton scattering takes place, (1) the recoil
electron will produce a photon by bremsstrahlung and (ii) the
Compton scattered photon; if energetic enough will start a new
chain of interaction. The photon generated in process (i) can also
trigger yet another chain of interactionsi_'This results in an

Aelectromagnetic cascade shower, the flux‘depending'upon the

-

T radiation'length traVersed.v The Cherenkov light produced is
proportional to the total path traversed by both et and e~ , known -as

track length which in turn is proportional to the energy of the
3
‘xprimary'photon. \This means that the total Cherenkov light collected

is%proportional?tovthe energy.of the primary photon, provided, Qfg'y

- . . " " ]

N . o . ,
 course, that the entire shower is contained in the counter

material.

A typical cascade simulat;on program will concern itself‘with
‘things 1ike the distribution of energies in the pair production, the
distribution of energies of photon and electrons in the Compton

; 3

scattering and bremsstrahlung, and assign these values arbitrarily

from the interaction probabilities known from the energies of the
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particles involved and the mass number and atomic number of the
vradiator material elements (Lon~75). Moreover, it will take into
accoﬁnt tne shower loss which is a tunction of the geometry, the
term geometry standing for the shape and‘size‘of the radiatory
‘material as well as_therpositioning of the counter with reepect to
thektarget. The shower fluctuations from'tragk length fluctuations
generated by the geometry could cause poor resolution in theiphqton
energy detected. Since at large shower ‘depths, there are relatively =
large nunbers of low. energy electron, collision loss is more |
dominant'than radiation loss. Multiple coulomb scattering of the
electrons by atoms as well aa the Compton process gilves rise to .
laferal spread of the .shower. The simulation program could also.try
to geve an estimate of the lateral spread1ng.
~ The Monte Carlo simulationrprogram, written to calculate the
photon efficiencyvof the counters used in the experiment PT > ay, is
. ‘
describedfin (Ste—-80). This‘progran is in the spirit of the
v calculations donefby-D.f; Sober (Sob;73). A brief explanation of ‘
. (Sob—73) is warranted v.? ‘ ~ | ‘ : _'; )“'-l,fd
D Sober takes pair: production and Compton scattering.as the
interactions which-the»photonvundergoes. The probabilities are p
R summed over the lea ; silicon and oxygen atoms in the lead glass.‘A

~ The detection pr bability of a photon of energy k having traversed a:

distance t. is ‘ex ressed as’ the product of probability of interaction

s

and probability ) —deteeting one or more 'e' produced in the

interaction
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»

eY (k,t) = (1 - e-u(h)t) E‘(kit> ‘ ‘ ~#: KC.&.3)’

where the first factor is the.probability that the photon has
interacted in the counter before reaching t'. .Ibgtsecond factor is
the average efficiency for detecting one or ‘more electrons; This
‘factor was obtained from the Monte-Carlo calculation with the
following assumptions: (i) the electron detection efficiency is
independent of its position within the counter, (ii) the position of
‘interaction of the photon. and distribution of final-state energies
.are assigned by the Monte-Carlo technique, (iii) the" Compton
scattered pheton is allowed to propagate further‘provided the“energy
.ie greater‘than 2 MeV,’ and (iv) after a pair event, thelehower ie

not propagated further. The efficiency of detecting the electron
'was taken from the electron calibration data. 3' )
The calculations described in (Ster80) took ‘the empirical}
4»expre551on L 3.1 for the electron detection efficiency. Again - only
= pbompton scattering and’ pair production were considered._ Anjeventh
was terminated at pair production. Compton scattering uasgfoilowed
up. . The event was terminated if the secondary photon pair produced
left thewdetector or attained the subthreshold energies.

J hs may be seen,,the loss of the electrons and positrons were
»etill to be accounted'for. "This was done in (Hu-80) where the. track
length traversed was calculated as a funCtion of“the,solid angle

L) .
,subtended at the target by . various annular regions of the Cherenkov

S
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counter face. The radiation length to be traversed by the electron
in order to produce enough 1ight to be seen by the photomultiplier
was calculated taking into account the discriminator level and the
loss of electrons at the edges of the detector was estimated.

The results of the<calcu1ations after taking into account both.
the photon losses and electron losses are tabulated in Table C. 1.

Values of the efficiency for different Y energies and different

detector distances are plotted in fig. Cc.2.



" TABLE C.1

" PHOTON DETVECTION‘. EFFICIENCY OF LEAD—GLASS CHERENKOV COUNTER .

iEY | ’EFFIC;&NCf (%) AT THE DISTANCES (cﬁifﬁ\

_ o ,

}(Mév)' 50 _is : 100
100 8 85 89
200 83 87 91
300 85 o 89 . 93
400 86 90 / 94

203



FIGURE C.2
CHRENKOV. COUNTER EFICIENCIES AT VARIOUS COUNTER DISTANCES
AND VARIOUS y ENERGIES i

\

l ~.
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e AP?ENDIx D

C e Lo S .
DY OF THE REACTION p + d 3de + oy

The motivation for looking at this reaction is described in

"ﬁ‘ﬁ‘section 2, 2._ The reaction had been studied thoroughly earlier

(Cam~82 Cam-83) and therefore provided a means to check the

_functioning of the experimental set up by measuring the cross
isection and’ comparing the result against the previously meaSured“
»;value. Furthermore, as mentioned in section 3.4. 3 it prov1ded a
o ,way to calculate the Cherenkov counter efficiency as a function of

" the pulse height cut, by providing a weLi-defined Cherenkov pulse~

height spectrum with~good statistics.

-1

'D.l’ THE EXPERIEENT.AL SET,-UP o S | ' S

N

The same experimental set—up was used as. for P +T +a + Y

$(Chapter 2). A deuterated polyethylene (co, ) target of 75 3 mg/cm

'thickness was used.v The beam energy 'was maintained at 300 MeV. The

recoil particle (3He) detector assembly was situated at 14 on

either 51de of the beamline. The distance was 45" from the target.

“x

: T.This detector assembly identified 3He's of energies 75 MeV,. 100 MeV

vand 125 MeV.- The Y—detectors (veto Cherenkov counter assembly) were .

kept at angles 49 75é and 107° at distances of 24 20 ' and 207

. respectively from the target on either side of the beam line. Thesef‘

‘viewed Y 5 of energies 224 MeV, 199 MeV and 173 MeV.' The above

angles corresponded te 6 M 62°‘ 90° and 120 . Distances.wena

: adjusted such that the Cherenkov counter image fell totally within .

’ N
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the wire planes which meant that the solid angle was determined by'
'the Cherenkov_counter. The total collected charge was 36 pc.. The

.differential cross section and the analyzing power were measured at

: the above three. points.

‘Plz. ?T_Ha'bA‘TA-ANAL-Ys'Is” S O

Data for this run did not need to-be rewritten beoause there .
j was no problem of 3He stopping in the front plastic and so LEFT and
sRIGHT DCR tests were unambiguous.' The analysis procedure was the
same as described in Chapter 3. The Cherenkov efficiencies were
about 88%, the wire chamben efficiency 724, and the system live time

‘76%; Fig. D. l gives the plot of recoil particle energy versus’

hrecoil anglea Theﬁ%istinct peak due to (p,Y) may be seen. ‘The

carbon subtraction was done. by describing a box (of - the same size as‘

for: (p Y) events) in the general background region of the spectrum

Jspectrum is shown in fig.)@.d.

'D.3  THE RESULTS

.The cross section and the analyzing power wereAdetermined for -

vC = 62° and 90 . Part of the Cherenkov image for the angle
'ei”f= l20° fell outside the wire chamber frame and that point was
omitted. .However; analyzing powers were calculated for BY-= 120°

' Table D..1 gives the run summary-. The cross section and the standard

o deviation were calculated using equations 3. S-QEB and 3.6.1, where

the variables were replaced by those for the CDé Tun. The analyzing .

power and the error .were evaluated using equations 3.701 and 3. 7 3

O

%
5

and subtracting those COunts from (p,Y) counts. A txpical Cherenkov E

v

207



o FIGURE D.1
LOCUS SPECTRUM FOR THE REACTION p + d » e+ vy

. 1 ‘
T$_= 300 MEV"
oM Zpoe
Yoo
TARGET: * CD, L
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TABLE D.1

‘P + d » He + y DATA SUMMARY, (P,y) EVENTS

.

LEFT’

' CM g
Ll (82 =62°
(6" b2

)

M e b
L2 (M= 900
(& = 90y

'SPIN UP

SPIN DOWN

$PIN OFF

SPIN UP

SPIN DOWN

L

'SPIN OFF

\

697 % .26

792 %28

312 18

634 * 25

671 % 26

263 % 16

RIGHT

Rl (8M= 62°
. Y )

)

o -

R2 (& =90
LN

o’.) o

SPIN UP

SPIN DOWN

SPIN OFF

SPIN UP

| sPIN DOWN.

SPIN OFF

| 779 + 28

689 '+ 26

270 * 16

i‘:r

576 + 24

5810 % 24

213

+ 15

210
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Table De 2 summarizes results obtained.efter the: accidentals
‘Subtractfon. Fig. D.2 plots the cross section values along with the
N existing values (Cam-83)\//fig. D.3 gives the plot of the. analyzing
power. Tne results (fig. D. 2) may be seen to be consistent with the

s

‘_bfeviouely existing datd.



"' FIGURE D.2.

. ANGULAR DISTRIBUTION OF “THE CROSS SECTION FOR THE .

'REACTION p + d + e +. Y

v

TARGET: CD,

T = 300 MEV

p |
W PRESENT WORK

4 EXISTING VALUES (CAM-83)
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_FIGURE D.3
ANGULAR, DISTRIBUTION OF THE ANALYZING POWER FOR THE

&

" REACTION p +d » He +.y BRI

’

" TARGET: . CD,

. T = 300 MEV
e T



215

-
4
—
-
-
130

. : . ‘ . . ) ‘—o'
. _ . . [T
. ' ’ S ‘ >
L . o - =
b ______'_____.___' . .

4aAMO0d ONIZARTVNV

0.3

02

, o
o o= - N
o

I
‘——. ’ ) B * . ) (Y)O (v
b | o



CROSS SECTION AND ANALYZING POWER FOR THE REACTION P + d + e + y

TABLE D.2

AT T
P

= 300 MeV.

120°

SCM o Cross Section Analyzing Power
Y ‘ .
| . (nb/sr) ‘
62° 61.2 + 1.3 0.08 % 0.07
90° 48.0 + 1.0 0,01 £ 0,10
_ -0.05 * 0.16
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