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Donald G. Flemin&t Joseph Cerny, and Norman K. Glendennir~ 
Department of Chemistry and 

··La,vrence Radiation Laboratory 
University of California 
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ABSTRACT 

Current theories of direct two-nucleon transfer reactions are ~ested : 

','" by comparing (p, t) and (p, 3lie) transitions on odd mass nuclei leading to mirror 

final states. Proton induced reactions on l5N at 43.7 MeV and on 

•.•. " . 49.6 HeV are discussed in detail. Many mirror, transiti9ns are analyzed with 
• "r, • 

,1:' 'j.. 

, ,-' 

. ~.' . 

,< . 

, .. 

• • i, 

',DH13A calculations in an attempt to fit both angular clistributions and cross- ; . . 

. , . 
: section' ratios; good results for the shapes of the angu18.r distributions are 

:"~' '-..., '. . . " . 

". obtained: The agreement between theory and experiment for the cross-section 
) 

, -,' 

.:\> ,ratios of mirror (p,t) to (p,3He ) trans,itionsimproves in every case with the,':' 
, ::", .. ~ 

inclusion of a strongly spin-dependent force in the nucleon-nucleon inter-
", 1. 

, ,:' . 'action, but overall satisfactory agreement is not obtained. The (p,t) transi-· 
. i ~ .. 

::"",i.'·>.tions are found to be generally stronger than expected, relative to their 
l',_ 

;:."' .: .... ~ , ;.'!': . 

, '~ --~ 
'.,' .... 

t·.·· 

.",' .. 

I,; " 

.' mirror, (p, 3He ) transitions, and three cases are discussed where the experi.'r!lental':-. <:, .... 
,', 

" ratios of these cross sections exceed the theoretical upperl:L"llit. Two '., 

" ' 

possibilities, both of which introduce' coherent effects, are discussed to 

. ,', account for'this result: 1), interference terms arising through a spin-orbit" .;:; . 

inter~ction in' the optical potential or 2) interference terms between. a direct';,' " 
'" t. 

reaction contribution and a core-.excitation contribution to the cross section. 
~ -.'.~ 

.~' . 
, t., .. 

~ .. , . ~'. ", 

, " 

';"-, 

.. 
tNow at the Nuclear Structure Laboratory, UniVersity of Rochester, Rochester, ;" "'. 

",<": 

New York. 
., 
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" " 
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I. INTRODUCTION 
, , 

Earlier ",ork has shown the utility of comparative' (p,t) and ('0 3He ) , , 
\. , ", 

transitions in investigating the charge independence of nuclear forces (1) and, " 
, , 

in identifying states of high isospin---in particular, T=3/2 (2) and T=2 (3) 

levels. In addition, however, similar comparative measurements of these re-' 

,actions on odd mass (T=i/2) targets populating mirror final states proviae one 

i'lith a sensitive test of some of the assu.'llptions made in current theories of .' ". ,.' 

, ,,4 5 
direct two-nucleon transfer reactions,. " 

~ .. " Of particular interest in such ,(p, t) vs (p, 3He ) comparisons is an, " ~ ", . 

"'understanding of the influence of the 'greater flexibility of the (p, 3He ) , re-

.;,:,' action} which in first order permits a 31
8 and 138 spin-isospin transfer of 

:~ 'r 

a neutron-proton pair, as compared to the (p,t) reaction, which only allows a',:"" 

,,' : ' 138 , transfer of t'l"O neutrons. 
'. ,.," 

The population of mirror final states permits . '.' 

. " ... .+: , ..... 

"such comparisons_ with ,minimal uncertainty in the final state wave fun,ctions. In :,: 

, 1 3 
most previously reported work, - such comparisons were not discussed because 

.,' . 
" I. ).3 

, " 

: ,'~.; 

final states of high isospin were of interest, and hence a pure 8 transfer ',' 
:, ' ,~ ; ' . 

. . "' ~:. 

of both nucleon pairs was re~uired. 

In general, it is found that (p, t) cross sections to mirror final, , 
,,' '" 

;". 01' ... . ," ' .. ~ ..... ' ,'; 

,,:states-when not' in.'1ibited by nuclear structure considerations---are strongly':':;"'; .. ,' .• ' 
, '. . .' " ':'.'~ ~ ~: ,I:,.:'. '. 

, , :'" enhanced over the' corresponding 
. :.'/', . 

J -: 

(p,3He ), transitions, sometimes by factors as:',:":"'i/' 
.} ':" 

,;,," ""',': ,!: large as 'four ,or five ,and we will consider the implications' of this enhance-) 

The only previous work discussillg (p, t) and (p,'3He ) ,,:,:,=:, 
,f 

;. 

. ,~ . mentin some detail . 

,;, tran,sitions to mirror final states has been by CernY etal., 6 ,,,ho recently 
, 

":: . 
• ; ',' .. \ i.:". 

'" :. , '. .", 
, :.;, ..• ; .t. 

,',: . 
. ' .. ", 
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~ , : . ~ ~ ~,'; . 
.:~ . " , 

. : . ','~ 
:'. 

"I; 

: 'studied the mass 5 andmass7final nucl:ei by, comparing ,these 'reactions on tar-
• " ~:"'. ~~ f I 

'. "". .. ~,:~ .. ~: ~~,." 

,:~' g~ts of, 7 Li and 9Be, ' respectively. ,Although,the 
. ".~', . 

transitions 
• • '<! • ..:. <~ 

" 'in 'Ref. 6 ,{ere generally found to be stronger than their corresponding mi:v-ror 
. ) ":'t·, 

~f.\' (1', 3He\:;transitions, these reactions also show striking examptes of the, in-
<, ;; ~ •• 

~. ;~ ....... 
,~ " .•.. ; . fluence of nuclear structure in inhibiting certain trahsitio!1s. ' 

current exploration of comparative (p,t) 
.' 3 " 

and ,(p,. He) reactions will 

; : 

"," . .. '.' ~ 

'":.: .... · ... i: ... 

.I- ,~', .. : "(,. 

" ;':;'::~.":~~';;~~ be vlTitten' as an inc~here~t sum over the a~gular: momentum quantUm numb~;'~' ~.\~:.,'~,~~;;.}' 
<t{j: .,~' (L, Sc J,. T) of the trans feri ed pair:, "}~> \: .. , 

" . 'f • ;,;·~·,t!,~ ~,., 

, :' 0'. 

:0. -, 

>,\. 
'L 
LSJT 

" 

C 2 
ST 

. " 

'~'L M N 

~. ., . . 

, ' ,,' 

. ". ,' .. ~'.. '-

',' '~. ..~ ". -, . 
. '\ 1": 

',\..", -";" 
"'.r,'" 
'. '. 

'\' 'l, 

: -,." ; 

' .. ~ '.,,.'.~' 

." 
,,' 

:'" . .' .. 
" 

',;. \ 

,,"." 

••••• i> 
, j 

" .. i .• , •• 

..... -, :'") "F 

, .' 
~ !. &.- ... ~; • 

'L,". 
, .' 
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The GNLSJ'l factor' arises from an overlap integral between the initial c.:1d 

final nuclear states and-like the single nucleon transfer spectroscopic factor-

contains the nuclear structure information. It is designated throuChout -:his 

.paper as the nuclear structure factor. However, unlike a single nucleon trans-

fer reaction where'the spectroscopic factor is merely multiplicative, tn.:; G's 

, are involved coherently in the transition amplitude of a two-nucleon transfer 

reaction and therefore cannot be extracted from the experimental data. 4 :nstead, 

, they must be calculated from assu..rned nuclear wave functions and tested,fo:::- con~ 

sistency with experi."llent. Agreement bet'ween theory and experiment can then be ,- , 

used as a sensitive test of the wave functions describing the initial and final,', 

nuclear states, and several calculations of this kind have recently been reporte?-.779 

, .,"j.' 

The factor 
M 

B 
NT, 

is the usual distorted wave amplitude) which is 

evaluated in zero range approximation and which contains the boun~ state~Tave 

function for' the center-of-mass state (1"L) of the transferred pair. ,The bound 

state vrave function is represented by a harmonic oscillator in the nuclear in-

terior and is matched ,at the nuclear s'urface to a Hankel, function tail (which is 

I characterized by the separation energy of'the pair). The optical potential is 

.. -

~ 'I 

; '), 

assumed to be a central interaction TtTith no spin-orbi1¥ potential; Saxon-Wood 

,form factors are used throughout. 

2 
The factor ',CST ,is a spin-isospin coupling factor and, for a pickup :;,' 

r:action, is defined as-

(2) 

".,', 

• t '. 

,', , 
.0., 
• ,l ' 

, " .... . :.,\ 

-' 

:' . 
" , 

, .; 



.',' 

.. ,." .... '," 
"'" .. •• -.r .• 

-0:' , . ~ 
, .. 
~ 

.;: .' ~; 

. ~ 
·.t .: 

.' ..•. c<... , , , 

. ~ '. ~ .. '. • •• A '';' ~ , 

," " ':'4':" 

-;: .' 
, ~ . 

~'::~'.' ': ';";",:' the transferred pair, ,', If the ~eutron-proton scheme'is :used in 

, r 

~,;. .' .~~ ~ 

'., ;:,'. ~ ;lUclear 

.. ~ . 

.... , .. 
'.' 

';-. 

) ····d- • '. 

, , .. , , 

" 
" , 

.: -. 

structure ~acto~s, 'then this coefficient is not applicable. 

'0 "._~ , 

~ , 

, , 

< ' 
,'l' '.-.,' 

'.',' 
,.I. J

• 

.~' . 

. ';' ~~ .".' 

'. 

" .,' 2 
"'" where: a 

'0 

:, . 

and' : ai 2 ' arise from the 'spin exchange', prope'rtiesof the 'two-nuci~o;:'~':~::::l;,~, ': 
2' , "':. ,::~:; ,;,:::;;:,:~,;'::, 

as',descr:i,bed below,' Under the usual s:iiiJ.plification of a pure s ,. .' .. ~I" " 
" :" ; 1/2', :' '" ';,':;,:'~,::~l;'~:: ::.~:, 

configuration for the, triton br helium- 3 wave function, 0l1lY' relative,,~,=O states',' ,:;',': " 
': '\" "';.., .• '~ I, ,-

motion are allowed in the transfer of two nucleons' (calculations on the ': ;\ j:\W~':':,,' 
',,;~.' >~:';~ount Of" ,2Sl/~' 'expected in the' A=3 ground-st8:te wave function range um.rard ,:" .~t'~'''' ' ,;-

',' /:: ~·~,:<r;· ,,' 10 ' 2 ' '. . " ,",~:;:. '::.:",~" 
',' ,- :l<,:,',:~~:;:~~/~om 94%) ... ,' '~ssum~ng a pure',' S1/2 state, the Pauli Pr~nc~ple restricts the ::,.:;}>:\,!';:<", 

. :';;::;:'\\; , t ir~actio~ to pure 13s spin- isospin transfers M doe s n~t so restrict th~t(i,1'{:~:': 

'. ;?::!~/p,3He)" ~::::::::on 1:: )::se :l:ro:r::s:::l::t:n:::: a:::~ng the, :Pin-, ", . :.~,.;,;":' , , 
,~h:; ,~,)';::,~;~:"i.soSPin wave furictions of ,the transferred pair and the A=3' ~rou~d-state wave, ./1<:'< ,;:, ,." ,~ 

, ,~' ~ , ';', ". . ~. ;: .,. i' 

': .: ',:'<):': 'function:, Transfer of the pair in the spin state Sinvolves the matrix element-: ,:.' .. ' 
",' ,'" .. ' .... ;;. 0' , 

·:%E~~~,;~.I1l~·~' ,;,,",!, .:~~."'" ' . " 
f'l ',," .. , 

.' " ~ ';. $"1 <'J\\ : " 
" ,'" .. ! {.~ •. J .. '. /. 

. '. '. :-' ~ ". 
" ' 

" ';.' 
< ',,' 

.. ;'. 

.,' . 

'\ ': 

," ! . ~ '.' .. '.: 
. -. 

, 
J., ,'I 

- > 

, . 

" .:~ .. 
, .. 

. , , ,,:';' :', \ •••• ;:: ~.; .. : '1: 

. ... 'r~ '., . 
"'i' 

~ . -~ . . ' ~ , ., .. 
. '.~ ." -:, 

. " ".;~\ J.,," 
.,' : 
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(4 ) 

where, in our case, channel a represents the incident proton (with spin, isospin 

.' • projections 0'13.; 'ta ) and channel b represents the outgoing triton or helium- 3. 

The transferred pair is represented by.the wave function "XST with projection 

quantum' number s , MS andM
T

. v.. is the tl-I'O-body interaction between the inci~ 
~J 

dent proton (particle 3) and ,either one of the nucleons (particles '1, 2) in' the 

'. transferred pair, which in general· may be transferred_ in either an S=O, T=l 

state' or an S=l, T=O state We represent the singlet-even 
, l ••. 

", . 

...... , 

, ~. <' 

. -:. -" strength of the two-body potential v .. 
~J 

by AS and the triplet-even strength 

~" ' . 

,: . 

.' ,. : .. ': 

~. , 

:" .. ,;' 

T 
by A. Then the dependence of the matrix eiement (4) on these parameters for 

transfer of the pair in singlet or triplet spin states is given, respectively; by: 
..', .. ' ," 

.. -

13.
0 

= 3/4 AT + 

= 1/4 AT + 

1/4 AS 

3/4 AS 

(5a) ; .... 
. '." .. 

. ' .. ' j 

-
/. -a 1 

",. 

(5b) 

... ' ;I,::;~.::;';~ : ... ' 

(p~ t ) reaction, only the a
O 

(8=0) term will contribute; for the (p, 3He ) re-, ... " For the 

action, hO'/Tever, both the and a (8=1) 
.1 

terms are important'. Writing 

Eg. (4) in terms of a
O 

anda
l

, and expressing the overlap in terms of a fractional 

parentage expansion (vlhich introduces a factor of 1/2) and performing an incoherent.: 

. sum of squarc8, as required by the assumption of a zero spin-orbit interaction in . 

. the. optical :::-:0(lc1, yield the result given in Eq. (3). 

, :'" 

.' i 

·r 



~ ... ' 

.1- . , 
. ::.':-.' .. ,. , .':,: . ".., '. .. ' 

. , . ~»-.~ . -. 1<. ' 

.'. .. . . .:::; .t, ~ •.. -6- .. ..~'::' D::::RL.-~773l. '. " 
.. ~ ...... ' 'I. .; ~.;~~ .. , ',' '.':'\. .• : .. .s:...' ... 

. :,? ;:S. '. . 'The{;t:inSJc;rati~of '. aO 
2 

.• to . 'a1
2 

' .• : d~pend~ upon the nature o~ th~":,t':,.;;;.::;;.·:.': .••. ~.·" 
,.' ~:\':~~~':': ;!1ucleol1-l1"J.cleonforce >. Evidence .thatthe tensor force influences nucleon- .,":.:' ::;: . 

. ,:' ,:.'. ",r~'":::::t::::t::i:~:v:s s:::e::l~~d:::e t::o:::
e
:::::

e
::
e ::~ c::::::::~r::a/;{;;{;~"~' • 

. 4,~;us.to expect. some spin dependence in these pickup reactions. . Moreover, a :..'::i.:'>;::~:~;;··· ; . 

.. ,'\{:~:;;variotY of shell ~~~elca:cUlations indica~e that the tensor forceisstronifl~,;.,VU .. 
,. ;.·f;.}:~'Jand. tbat the ratio' of, .the'· singlet-even (A) strength' to the triplet-even (A ,) ;~, (~.~\: .. 

" !,·~~~>:,,'·.;,st~'ength should. be'ab~~t· 0.6/i. 13,. '15 As we shall see, the data suegest 'use 
•. ~ .. "'1 ': 

. ::'..;. ',,~ '.; .. ,:~~- . , . , 
." :,'~ f' . 

. ' ... ;:: .. :' of a more strongly spin-dependent interaction than this; ,and we choose; >::' .. 

'" '\A S= 0.3.A ~. 'If the' ~ucl~on-n~cleon interaction were spin-independent,then, .' .. ~t::;.':\ 
: :~:;~'~~:;::,:~S':= AT :·and. a

O 
2/ a12 _ L 0, so that there would be' 'equal probabi.lity of: trans-' ,;;r:·~~)/~,.' 

~ ': .... -: ' • t -

·-'·>·~-·~··~····;1.. ~. 3' , .. · ... ·: .. ,.~).:·:;..··.:.-:~·}L.~· . 
. '<,.J,;:~:' ,Jerring tyro nucleons -in either S=O'or 8=1 spin states in the (p, He)rea(:tion{';:(~:.:·.1": 

~~'}:;';~I<"'J .. 

':. ';.~~;.' ':HovTever)', this is no longer true for the case of a spin-dependent interactionand<'~,/;':',,:_: 
i, -:"~. .. 2 2 . ." ' .. ;( ..... '.'.: ........ ,' .... ; ... -'". ,. " 

.. ':d"., ":~.'~;~';'.::,: ...... /,,:-'. . ' . . • . ~ 
·.:;;f<".;.;.l;~~,:for our part~cularchoJ.ce, aO /al = 3.0, so that for a given final state, the '~'.'··;l . 

/,:~;i!~!~=o -transfer is enhanced by a factor 3 of three o~r.the 8=1 tranSfer. '. >~.·:,t;j<~~~~r· 
~ h,:~J: LU',' . In comparing (p, t) and (p , He) reactions to mirror final state s! _,\;\;:,t.;~~; 

(·:·:'.;is instructive to' calculate the theoretical cross. section ratio expected for· .. .',,::;" ",~.::,:.; 
.'" :\.::;~~~./.4· ,'.. I .' .,' "",~,.~~.'~~r\.:;"_ 

.. ; >::~};~~.~. ·these transitions based on the limit of a pure 8=0 transfer for the '(p, 3H~):~.:;./<:'.~:::,::.j} .. 
. ;.<:;'<:'.reaction: .. ,;' .. ' ..... : >.~.;;':; .. (; 
:~ ' .. }., .t.~·'>· ,,' :;. ..... ~' .. " . .... ";~. ; .. ; ." , " ~ , ... :.';.~:: .... <~.10 :;. :~.:!!' ... ~~. 

" i~ i :~t;1i~;>" ':X;f a( p : ~ ) l' '. . ':, c 8 T2 (p, t ) L: 1 z: G
NJT

' ~ 12 .. ,'... '. ", " '., :; (':" -:'i~;3~,; 

':: ~'>}i;}~ri ,.' )~ a( p: 3
He 
) 8=0 =: C 8 T 

2 

(p, 3
He 
) .' :,'. ~: 1 f G.

NJ

.

T 

.. ' .. ~. _: .. '.1. ~.' ..•.. ' .•....... ":,' .... : ...... ' ...•.. :1.:: .. :.' ...•. ': .. ', •. , ( .. 6 ....... ):! ••• ::,:,.,":: .. ,',~;:., .... ~ ...• :: ••. '.: ..... :.~." •... , ....• :.'.';:., •.•. · .• :·>' .• :·.'.:.::.' .. :l.~ ..•.• 
>:;;':,:i}fj;:;:})~:~;,,~, . , . ':;~' .. ' .. .: , _ 
',,''' .::~(;?';~>LExperimentalresult$ for (p,t) and (p,3He ) "transitions'from' .T=1/2' initial:,:j>:· .. :-.::" : 

-. . ,;. './'.';:~\:,";~~.'" 
spin transfer :is allowed-;{'h· ':',,' 

. : . '!. _ :", '~.r., . . ,:":~.-,; u 

+ ~ , ~'O !~'. _ 

T=3/2 . final states~where only a zero 
'.' 

':"S~,f!1;?' 
'1: .,.,:,',;:.:" I ,r" 

. :-.. ' .... 

.; , . 
. -~"" -j. , . .:.. ,';, . 

,~ . , 
,., .... 
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sho,v that the second ratio is essentially unity (vrithin 1<1'/0) .. Both in t:-,s: lp 

shel12 ,and in the 2sld she 1116 , 17 these transitions to analog T=::3/2 final· 

states are found to be virtually identical- 18,19 Therefore Eq~ (6) becor:lc:!s 

: . . 

2 
o(p,t) CST (p,t) P I<~_~l ll~ ~)12 It 

;::; ;::; ..., 

CST 
2 

(I', 3He ) !2ol<~ ~l ol~ ~)12 -I 
( ·.)u ) s=o o p, •• e 

On the basis of the earlier 'assumption~ then, this represents the upper bound' 

that can be expected in comparing t
' 20, sec ~ons, s~nce 

' .. 

" . : ... 

") ~. 

(I', t). and (p,3He)· cross 

transfer in the (p,3He ) an incoherent contribution of S=l reaction could 

.'.;.) '. only reduce this ratio .. 

". ;;' 

, .' 

III. RESULTS A1~ DISCUSSION 
-.": '. 

The tyro-nucleon transfer· theory under discussion 
4 

has been successfully 

· tested on targets of widely varying mass. Mangelson and Harvey 7 have obtained good. fi~:to 
· the angular distributions found in the l2C(3He ,p)14N reaction and Glende~ng8 . 

· has had equally good results in fitting the 208Pb (I', t )206Pb reaction. Since 
. ~ , .. 

angular distributions to be presented' below are also well predicted,,:· ... · 

" ". ~ 
' .. 

vre "rill a·ssume that the. theory properly takes into account·:the dynamics of the 

. direct tyro-nucleon tr.ansfer reaction .. 
. ': . '~' . 

. ... 
," ~ . '.., '. 

. ',. 
~ , .. Of particular concern is the ability of the theory·to fit-the sh,apes 

.... and the magnitudes of the (p,3He ),· transitions relative to the (p,t) transi- .. :' 
;, \ 

tions. 
I . 3 

model parameters, the theoretical ratios of (p, t) to. (I', He) . cross sections 
., . 

. . 
.' .. 

. , 
. J. ._ ..... 

.,' ,', 

.. ' 
. .',', " 
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'!., /" 
".< 

, ... ..~,., 
~' .. 

.( .... " 
• :' . ,1' 

<.·,;~;ShOulcl be relativelY':insensitive to this choice. ,We will thus seek c.n ey.ylana-;,,"·"·:,iO"· 

'··;::~.'·'::~::~·(:~i~n for,~~1e experirhent~lratios of (p, t) to (p?He ):'cr~~s' sectiOns' -'- ,'~,', '.;;\;~> 
'1" . ;' Jon ~erms T'<:::(~ ".)::(~:~~ : . 

. f: " 'of the theory based on a spin- independent nucleon":nucleon interaction (A = A ): ..... ( .;;, .. '" 

.:" ,"" a~well as the case: of a 'stronglYE?pin-dependent .interaction (AS ;, o. 3 AT)~ 

", The i'1troduction of .this spin-dependent force will alter the relative . (p: t) 
. 3 . 

(p; He) 
..... 

cross sections and hence alter .the ·ratio~. to be' compared; i:: 

.' .~ .. .. 

." 
.. I· ••• ?i' - • 

.:~ (,., . :. j/ ~:\> :~nd 
,. : ",:?;' addition; it may. aiso change the shape s of those .' (p, 3He ) ancular clistributiOri~'~';'" . i 

:,·:,,/ .. in':lhich.multiple L.values are allo\·;red; 
".' 

'.t " 
•. ~' .. l . ~'" ' : .. 

.",-

, Finally, we attempt tb understand the general irhplication of the few 
. .,. " .:'. :~ . 
'''. ,observed.experimental transitions in which .the ratioo:Cthe (p,t) to the 
,i., 

• 3'· ~ ~ 

~ . :;.., 

".~ ;:"'\'};:. citation from 

, :., ~,'~:;'. :' configurations 
.~' . '~:.' '::-:- . '~ . 

predicted from intermediate coupling wave 'functions. 22 

}~,/i;;;,'i(' : ,t~roU,~h 4 
i.:"'.;';:·-r'.'··'1~' .t::Lon (DwBA) 

','r: ~'.': .. ~~~:.·.~:·.:·t.~<~::' .' ':,~ -.' .. . 
,";;;:,. ;:'),). uncertainties.' 

\{:!J;)lS;, ....; . 
• j"'-' I .. : I ,: ~; •. : l' . .' • " 

compare angular d'istributions with distorted wave 

',. 

'.' ,I:,' 

. '. 
:~ 

'" \ ..... ~ , , 

. .. ' 
' .. 

. '~" ' 

!"'.\. , ;. ~ 

'.' . ~ . ....;' .:. 
" '., ~., 

". 

". '<" 'w:' ,"~.;., 4', '.' 
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<." :.' • 

", angle to the data andthe '(p, t) and (p, 3He ), transitions are normalized inde- ~ 

pendently of each other., Two-nucleon structure factors "Tere calcul&~ed :>~:om 

, .' , 22 
coefficients of·'fractional parentage provided by Kurath and as s'C.ch a:::.'e cal-

," ," 

.:, . . ' .," . . culated 011 the basis of P. cbmpleie intermediate coupling ",ave function fc/£ 

, " 

" ,-

these mass 13 final states. "General formulas used in the calculation of t~/TO-

, ' 

nucleon parentage factors for these reactions are given in Ref. 21 and the 

.choice of optical model potentials used., in fitting the data' is also c:iscussed' 

(,: in this reference. The optical potentials used arc presented in Table II, along 

; ," 

, 

.': 

,'Ii th those used in the calculations to be discussed below. The 

S&~le op~ical potential was used for both tritons and helium-3 in the exit 

channel. 

Although the ,(p,t) ground state transition (L=O) sho~,m in Fig. 2 

"" ,is over-predicted by the theory at back angles'; the general' ,structure is quite 

,: 1'Tell reproduced.. 
;' , 

,':' 

Furthermore the 3.51 MeV' (3/2-) ,and 7.38"MeV (5/2-) transi-,' 

tions,(both L=2) shown in Figs. 3 and 4~ respectively, are well predicted by the' 
3 ' , ' , 

':. 

." " :y:: theory. 'In addition) the fits to the (p) He) angular distributionsshOlVD in .' t ~.' I 

,"', . ~ 

'"'\' ". 

'~,: 

Figs. 2 through 4 J, which assume a spin-independent nucleon-nucleon interaction,";:: 

are fairly good. The effect of introducing a spin~dependent interaction is to 

alter the relative 8JYlounts of L=O and 

2 
since' the factor" CST' in the differential cross section of Eq.' (1) ,.,rill be 

-.' .. ~": altered . 
. " ", :,' The particular choice made strongly enhances the S=O ,:::' ,: 

'. :, ~'-' . '. 

;.'.'., 

", ~ :. 

.•... .,,' ( " -

,transfer, resulting in a considerable increase of the ]:,=0 compone nt in the " ::~, ":'" . '. " 
:', .,' .. ; 

"". . ~'; -: , ground state transition but causing little difference in the 3.68 MeV transi-" 
. ~., . 

tion. The effect of this is shown'in Fig. 5) which presents normalized (p,3He ) 
, , 

" ' 

",.-.. 
"1>' 

fits to the ground state (1/2-) and 3.68 MeV (3/2-) transitions) utilizing 

the spin-dependent interaction. The ground state transition is nov' better fit" 
." ' . 

. ' ,~ 

',' " 
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•... "-;" '. 

"4·.:~4.;~,:'~: ,~'I'~'?';:'" 
,:.';'~ ••.. I,.' :':~: '.J ' •• ~ • 

Al- ' ..•. ~ ',' ::>'~~):'r:t<:, 
. ~ ;~,~.~',,'" 

. . ~ ... to ";, 
~ " 

• , "':t; ' •. ,..~. 1.' • 

,',' ' ; •. : '.~ .' ~ i· 
r., • 

,~ " ! . 

'1 .• ": by the theory,iI"l1ilethe ':3/2~:··t~. an~i~iori shows:no .sJgn~fi~ant·· cha:!ge'~··· 
.... ~ f''; _. 

" . /.' 1. !.:.~ t',~ J '. .,', • • ". • 

.' '~'.; ".' though ,the optical modelparame'ters used in this ,stUdY vrere obtained by 
'!" .. ,. .• - ,,~~ . ..~ I ' 

. . ...... . t~. (" ,,~,,~, ->':0--::' 

, 'i,nterpolatiol!- from parameters' given in the literatUre for neighboring nur~lei,.. .:~~:l·~:::' 

. ,.; 

',' ,.,'.'}!'.' ' 
'. :~, and as such are certainly subject to inaccuracies, this er"fect of. i.r::prov:'.!:g the ". :":' t. 

, .. ,~.'. ":\\:;round state (p,jHe ) ". fit by introducing the spin-dependent' force c.oes r:::pro-:.:::'j ,'~ , .. ::,:',<'-
,: • ..,.:, .......... ~ J ....... .' .:. ~', -./ " 

".:> ':1:' 'duce for' other choices of thehelium-3 potentia1.'The fit to the 7.55 M:.;V '::.;>,': . 
-~j ~ '.10, • • ','. : ,.: ;" • ".' i,' ~. 

';':;;.>/:::.(5/2~) angular' dis;tributionshown in F:L~. 4 is unaffected by aspin-deper.d.ent'.;> "i-~';:~!'/.{~' 
, '.~~:~',:~? :.: .. :., '~ . .. ~- . 

,_ , "I; '.. • • J,"' ~~~ I. ~ • 

. , '. '\;" nucleon-nucleon interaction, since two-nucleon selection rules restrict this . ", .-" 
:':,/:·,':'r,~'· 

L=2 transfer. ·;;:·v ".;.; ':~; .. " '. " 
;::-~::'i;;:i . , .' '. Besides influencing the angular distributions of some (p, 3lie) transi':' :",:~,,:>;. 

'.' ,,0,_ •.. , ~::>~:.: '~~~~',; 
·, ... j.~lions, a' spin-dependent nucleon-nucleon force will also alter the relative' ' .. : .' "~~., ; \ . 

; ':', .. J.~ ."")' - ~~.' 

... ",: . :::::e s:::~O:;f:; = (:::) ;/~h~P; :: ~ ) r:::::o::~~i:: ::t:::::o fO:~::~e~t~(.i>< 
:." . 3 . . . ",,;,;/,;:;,,;, ' .. ' 

,.' 'of the (p, He). transition will be enhance'drelative to the S=l component. of ~""'" -:,~': .' 
j .: " ,.~{' ~" ~ 

:'>. '~",f,>.~,.; ...... , 3' ~ "~,':':.'"I~'-,~.> .. ~".:,:" 
'1': .. :. ,. the. (p, He) transition •. ' Be'fore comparing any transitions~ it is of interest·, ,;t·., ·1·.··", 

.'i ".. . ' . 

.. , 
. to ascertain whether Coulomb and kinematic effects. on the relative cross \' . 

. ; ~. sections are. i..rnportant >. For the reactions to be discussed in this and the:·' i":" 
" 

., : ....... ,< 

follOl{ing sections, the, DWBA integrated cross sections for (p, t) and 
.' , 

';";>'\ ~transitions to any given mirror pair, utilizing identical structUre factors for'":.':,:~J,.:"\ 

. '. ,.:<J: . . ';. 23 .r '?5:,':::'~'> ':. 
,:,':: :~;";;,::. .. ,,,both~,'tlere virtually the same . , Consequently, theory and experiment can be . '0:: ~,:::,t';.':i.::.'lC;:: '. 

, : t >f)'i'~; ~ire ctlY::::d::: ~e::: :::p:::~~ of the oretic~ cross;sectipns with e:~;\t"::':~L~ . 
'.
' .. ,',.' .. ,'~ .. ':.',,'.'.,~~ ..... ~.·~!.' .. "l, :'; ..• ,.:- "., ,.:. • , ..... :'. ·;f··:· ... ,.'-. ' ~ , .. :.' ',', ~/ :':'~~f."~ ~" 

.'.'.':::~';:.ii:;,:-periTnent for the (p,t)', and (p,3He ) ground state transitions; the data are', .,,: .. ,;'.~!::.:,:~.~':J' 

. \':'.~'" ;~'.:,/~ .'>. \ \., .' ',' . '. . .... : ~~.: ... :. -.".~ . 
.. ~~?>:~~} shoHnin .. ·',J.b/sr and the theory is,givenin arbitrary units vrith !!Q..relative.',:~:~~;;",:><,,'" " 

.'~,~::::::.j~it ,};rmaliza tion.. ~/ro theoretical comparisons of the se transitions are Shovm-one,:',~' .",i ::;;. 
, ......... , . ' ... ,-" ~>' .( -i _","'~~;:I:~.~,.r}~ .• ' 

1 "'-.'~.:,'~,:~'~;".,;:.:':,J .. :.,.",/ > '~'<!i~;} ",,': .. 
~ ~ . >.~ t, ',.:. ~~/,.:t, ~',( '. 'r ., ~ .' 

I, • 

:;> 
. ::.:' '4'~. ;. 

", 

.. ":'. 

.• ' ,'p 

,., 
.-.... , 

" ';' 
,..11;. 

' .. " :~' . ... 
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for a spin- independent interaction and the ,other for the chosen spir.-de})2ndent 

interaction. Agreement between theory and experiment for the relati"le rr.agnitudes 

of "chese transitions is certainly better in the case ,of the spin-depenc.ent 

inte::.'actio:1. Similar comparisons have been made for the other levels c.iscussed, 

~ J... ~ .L • anQ "ne ral..J..os (R) of their (p,t) to (p,3He ) integrated cross sections (the" 

theory being integrated over the same range, as the experiment) are preser:ted 

, in TaiJle III. The overall result is that one has' to invoke this strongly spih-

. ,. '. . , 

dependent force in order to approach agreement between these 'theoretical ratios 

and the experimental ones. Noting the table, the 3/2- level is relatively 

,'Ivell predicted by our choice of a spin dependence while the ground state (1/2"') 

transition is not ~ Nevertheless; the average agreement with experiment' for 

these t'ivO levels is cons,iderably improved. Of particular interest is the ex-, 

., peri.'TJlental ratio for the 
,;-, , '. (' 

tranSition, which is, greater than the ,limit of 

4/1. Accordingly, the theoreti'cal ratio fo'!' this transitio!,1 is in the poorest 

" , .. ag:feement ''lith experL'1lent. 
", . 

' ... ' ;-: .. 

. :~: ,.~., . 
;;.," 

; • C' ~ " 

This reaction 'Ivas also studied at the ,Berkeley 88" cyclotron, '.'lith 
,,' .. 

'an incident proton energy of, 49.6 MeV. Figll'e 7 presents. ,energy spectra 

taken at" 22 degrees in the, laboratory. The spins and parities of the levels of " 

interest, and the nuclear configurations assumed for tbese, states are shO'.-trl in 
r'; . 

, ' 
',f, ',. ,. Table IV. ,Unlike the mass 13 'states previously discussed, two-nucleon coeffi-

' ... ·I~. ' 

dents of fractional 'parentage base'd on intermediate coupling wave functions 

'Irere not available for these reactions, so' the nu'clear' structure factors \,:ere 

.. ' 

I, •• 

j"'. 

1 " I:. 

L 
! 
I 

f, 
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, ?", ". F :~', ~). /: .:', ~'. ....., l-
i:, ' _" .' 'j.' "J ':,": '~~.:', ;. '. : #:,.. •. ",. /;. '~:'.~';," 

. .. .t """".! " '0, ••• '. - .. "';:''':.~';'?::''':~::, .. '~,." .. ,:~"'::.' '" . ,.·:.;r.,.:{. 
·I"·'·!!·· ..... i~.. .~~~. ~ ~ 

;",;,computod' on the b~~iS '. of p~e; j j . c~nfigurations:," HOvTever; ~'ach c~nfigur3.tion':· :., '.:, :';';:' . 
:~: :~ •. \.,:, f .' :'. • . . "' •• , , ".' •• '. , " " , ... ·.w, , ':', • ::,<,i:.:·;i:..., .~:, 

"c', - 1:2;.. 
'1; . ~. • r 

"j. :.,." 

.' .. ~. '.. " .', . • '. ',-t" . ~. t' '~.. ' .• 

,~' ,(:~::::n:: ::e::::~1~lI::~::::e:efx::emr~:,·:en' t:a::llane\mn"lUaCrle,a~:s'Jc"., ~~·b:fufti,.C1.' oine. ·s~t~ "d

Of

, ".';"·""~':'~' •• :""':""'·':"l:"';':""';:". if~~, 
', ... :Y·S~';:},/:·:}'igure~/8'thr6ugh' 11 present J:' oW" '"b~ ... ~!.... '~'J...." 

i {;':":,l::{~,~'''':~ormalizjdmmAiii~~ .,~o:i. the, levels '. shown in Tabie IV. The' theory is nOrmalized·'~'.:·\; .::" ;':, 
'.'J " , ; . , .... " ..... 

. . ~ ¢;.?" ., 

'-" ~.,.' 

::',\. ".';' ~'.:.~} 

a forward ai1gle';: ihdepende ntiy for each state in the specti:urn. The' optical:;' <~':'."'.'~' :';, 
modelpara..'11cters used are given in 'Table II. Tnefits to the (p,t) 

.; ..... 
" . 

angular y, i'\ ~~ I 

, '.' .' .~. I 
,. ,.:'.':' 

di'Stributions)l:T:lththepossible exception of the 2.00 MeV (1/2-) transition; ":,.' 
,~~ '~t; ~" 

are very good.:Aithoughthe variation in quality of fit with change in the ,;:~(~~;.·;:S·;>: 
"'., 

pro-anieters was' studied, the "best fit" parameters for th:, l3~ 
, ;'" ..... 

, , 

" 

;"; ~~,~,<~. op~ical' ~odel 
"-."~ .' '.', ... '> ,; :>reaction wel'e'just ,those used in the 

.:: .. '; 

l5N .' reaction, ,with a slight' increase' in ,':";~.:\;'/.:' 
.~", '; '.' 1': ~ , 

the imaginary' "Tell' radius for the outgoir..g triton, even ,though the incident beam ".'" 
. . ~ ~-

energy in the,se tw6 reacti'ons differs. by b MeV. Theoretical fits ShOIYn for 'C: .:·Y 
.; " <. th~ .'(p, 3He ) 'angula::r'.distr1but'ions in Figs. 8 through 11 are for a spin- indepenl·~,:~::,F'{'~:· ,\ 
·'f;~.\~·t.~" ,:. (" "" . 3 . " " , '.\ .... ' ... ":.1. 

•. ': ;\:<~"';;;"dent interaction;vl~ have:'not compared fits to the (p" l{c) data for the cases' ",' :'. ,:'" 
.. ,' .' ~ ._ .. ~~ <.~:.. ... ; :,i<' <" • <.'. .- .. ;~;.>:.:! .. .' " 

:<" .. ;-:':: 1i>::' ~. . . '. ~,~;:,:,;:~,~~>. ,."t~' ,';':j 

".;·,;::·.~~f;,>;;'~;' of spin- independent vs. ,spin-dependent interactions, as was done for the: ,">'.,,,,, -' • 

• ,::~jC?tL~5N(p,;;e )l3C ,.~ransition~, becaus~. these mass 'lliinal state "ave function~are~.:i:f~~:.' 
'~i;:'[{~1/h Uncertain, The;esuitant·, (p, 3He ) fits axe reasonable and· should at least:: ""', . 

, / ,·<~;.~',.' .. 'permit; a comp~~s6n or' ','(p,t) "and(p, 3He ) cross :secti~ns .. which,·, a"sn~ted,,~ ;,:<,.' .. :.::'.~1.;,r,~I.:j,:~·!:':· 
:: :':{l~<~~}'~~":':'; "" .. : ," ' . ." , , . 
,.,~.·}:::<·i 'earlier, appears to provide a sensitive test of the assumptions of the,theor:;:'<",.f>\)' 

... "" ~ .... ~ \ . ',. . . :. "-I!~~"',J.(.\ .. '.~, 

.' . ;; ..... :~: ~~ ; r~.~. ::_ ~~, . ' . .' .• " ' ~ • t", ' . '~i .. ".t:' 1,' Co t;"" .>,. <4 

'(':,::,:';6::t:;:;and/or', the' reaction mechanism., ;.,. ',' l . ,. " .,;, I, ';,', 

.... ; ,'.;, •..• ~!\;', ,. '",,', '., '. . ',' 'e ' ";.·.:~:.i~;; .>~.: .. , " 
'?'"'V:\~J);;:, <:; As ,~~se r¥. ~ e ai lier : f or transitions to .mas s· 13 final s ta tes, theD'~&\'i:(,;0;' i 
;;: .. ~';.(J: ..• )calculation of the.' (p, t)' ~~d" (p,'3He ) i'ntegrated crossse'ctions to the several .. :·,.:"';')<·" 

. '<. _T :~., J: 'l, . .t:·,,!.,' " ,~";~;:.:~~~'~.:~: ~.'. '. 

'!:~h1i!;J;~~,:'~:\~1,~iU~~t,ir s, ~tiliZing (p, t) nuclear structure factors for both, ,,,ere. 7) ::, .-
"," ,~. "'"f' " ~''''i''.: :.~ . ,i;~:, ~i .' ' . ~. _ ,; ':~ .. , ~ I~' , 

; 'f')' / I '., -r ;. -'~' ., •.• ' .... :,',.~ .' " 

" ~; ... :_ ~.~!~~:::.~! ~·."·f·:~ ~,.r~' •. ~~~. • ',"", \. ." "-IJ';' 

• .... •• : ,~. ..;. '; '. 'j .. '. "... . '- •• :' ( 

.·f •• . i-, ' ••• ,:,': '.:' ~·i.i~~~.(,' .' . , . .'" ; . ' '.:~ ~ .. '; .. 'J 
,... .~, .. " . ,~- . . ",. '. ~ :' 

. ~,..'U ,r'.:·; . .i~·~,!.,,~ ',' i.', ~.: '.:~, 
-I . ".:e 

' .. ' "'>'1 , ';J~'.,'. ,', .... ,. 't, , 

... "', , 

' . .1 

.' f,' 

. "': 

" i 
'j,., 

.' ...... 
,f '. 

f'" 
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essentially equal so that theory and experiment can be, directly co:[,~arej, :::'or 

each r.'.irror pair. Figu,voe 12 presents such a 'comparison, for the grour.i st;:',-:e 

transitions; where the cross sections in IJ.b/sr are compared with 7~beor~tical,' 

predictions for the case of a spin-independent and the spin-depencent i~ter-, 

act.ion. Tht: theoretical curves are plotted in arbitrary ,units :vrithout l'1:;lative, 

normalization. As suchJ they represent how well the theory accounts for ~he 

,relative magnitudes of these (pJt) and (pJ 3He ) ,'transitions. Note that the 

aareement is much better ,.,rith the inclusion of the strongly spi::1-dependent 

interaction. Similar comparisons have been made for the other strong states 

',excited in the mass'llflnal nucleiJ and the ratios (R) of (pJt) to (pJ 3He ) 

integrated cross sections (the theory being integrated over the smne range as' 

" ' th 't)"h' T bl V H d unl;ke ,the' 151\T It ' ,!, .•. e experDllen ,are s own~n a e .• 0'treverJ,an... .I.' resu s, 
" 

, " 

.• relatively poor agreement is obtained for each mirror level, even in the limit . ~'" . 

\" . 

, .. of the strong spiJ:) dependence. Nevertheless, the results for these mass 11 

~; . -,' final states are still consistent with what was found' for the mass 13 final 
',' ":..:' 

nuclei-that agreement betvreen theory and experiment improves as one goes to a'::" ,'.' 
. ,.~", 

" ';.' . 
L'.' strongly spin-dependent interactio;n. 

":':"!,' 

, The most important, results in Table V are the experimental ratios: for;, 

integrated cross sections, both of which a're well above the 
r, 

4 /1 limit expected' for a pure 8=0 transfer of the neutron-proton pair . The 

theor.etical ratios for these transitions) even in the case of strong' spin 

. ,",,' dependence J rernain in very poor ,agreement with experiment. In order. to empha-

size this) the differential cross sections for these 1/2- and 5/2- (p,t) and : ~" 

,,'j 

" <,' 

": ,: (PJ 3He ) trans i tions are sho'trn again in Fig. 13. At fOTl'lard angles J where' 

.: direct reaction contributions to the cross section are expected to be at a 
..... 

max imum J the' (p,t) transition is favored ,over the 
, 3 
(p, He) by factors as 

," " 

'. ' 

!. 
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'.' ',' There are no:W three examples,where'the,ratiosof' .(p~t), to (p,3He ), :',' ',',:' ,,:'''l/t 
-"';":~~.i,,) +:::';;~ross' se:~tions arebey:on~the' limit' pre~icted'by ;'theOry.;Table VI present's - :i>"'~',~\I";-

.1': ..... ::'Io·~~:~ ...... , . I :~; ,,~: ·'·~I' '~\'., 
',>,:t'~' ,.r ' '.' ,. ,'-. . . ..' . .' f~"· . , .... [.~,;: "!" 

,", . ,\:~' the total cros s : se ctions;',for the se _ case s integrate'd just over the for',rard. ~:J.gle s.';',~:'; .:, ';"", 
~:.:~:.'1 ~r .~ . \' ..'.. '. ". ,;, J • :, 

"/~\'':-l.'.' ,' ... ,*i (. j. ','",~."/\.:', 

::,,, : .. of the data and cor;npare ~ ,the re suIt s ",i th those obtained over the total angUlar,~\·:,:t;:~;) .. , 
, .. ::~~'~ , 

range considered earlier .- ' Also shown are the theoretical predictions ,for the' '",' ." 'y>:\' 
::,,>:;':;:.-' 

. " • -'.(~~;: "r ~ 
"'. + 

, spin- independent :-interaction, integrated over the, same angular'range. -
."~ , . 

. ~ '~.' 

:1<'01' the mass 11 ievels, the disagreement betvreen theory and experiment is even«' "._' 
.. ': . -
, , ,; ,more striking 1·,hen considered over this 'limited angul,ar range. •• : ~: : ~:., • :':. ~ 04 ' 

-<. • .~...:, 

" : ¥ ~ 
.' J"" ., 

, . . ;'-,_~: ... ".~: ~:",:r- ;?;":~r", .. ,~: 
. -"" ". '.',' •. _'.:,'., :'- 31~( ." ')29 .31

p
-(p'-,3

He
, )29s.; . ., . ':.,:".":>.;::,','.::\:: 

, .. " .-,- -".: C ... :~p, t p and __ _ ... ";"-",;-:-,.,~,," ;_, '.' 

. ;'~ i": ' Other:~ d~t~ available ..<.o-n-'---T-=-1-/-2--t-ar-
o
"'"rre .... t'-s-" -C ... '-vh-o-s-e of 7 Li, 9Be (~~f'.8;';{)\: ;·r 

-. 27 AI, 31;- (Ref. '-16 )';and 39K (Ref. i7) 24) J are consistent with the. ureviously",' / ',,::.' 
';,,(;;' • . .: ;:;~:-,;;(> ;::.~.:'~:- .' 

,~ " 

.,.: , 

,~ .. ' 

mentioned general trend that) unless il"llibi ted by nuclear structure cons~dera..;. ";';,,,'; .. ::.:. 

c'" " , •• cC' ":::::: t:::. ,(:::~ ::a:::::o:
n 
i:a:::

o

::

r w::: ::: . ::::::::::gr::::: 'f::' ::),'i~,~t~~:t· " 
'", , ",.l"cross se ~tion ratios, of (p, t ) and (p, ~e) 'reactions on these targets are,~,if';?:C':" 

.~' ',", "·given.·· Two values are shown: 1) the differential cross section ratio'arising ,; ;';::: J:- '" 
, '. 1J~ .' 's ~ , ... ; .' . 

: .. ~f1'om the:peak angle in the : (p~t) react,ion and the corresponding angle' in.the:t,"':f:'-' 
", "',~ :.,,, . ~. ~ 

.:._;:.-}~:,?<:'(p) 3He ) reaction,. and' 2)' the ratio' of integrated. cross sections -over the. an-:,~:-<!'~/~';':::-';'~},: 

gular range observed. Not SrlOi-m',are data concerning the "S-forbidden" tr~nsi-:-:~::' .... ':,.:~:: ~ . 

. ' :",\;';';~: t ions in the '9 B~ (;, t ) 7 Be ~nd 7 Li (p, t) 5 Li re act io~s, 6 lhi ch';e virtua~: ::;;;.'\;:. 
• j. ~ . _.'.;' • 

j ... -.~ ,absent in those spectra. "',The ratios which are close to unity in- Table VII: 
, ~:, .. :-~'.!;, ,,~.<.:t\ 

~" ,:l;_f/ can' presumably 

'. ~, 

be understood on the' basis of nuclear structure effects inhibiting.·,· 
".' .. .:.>.,~~1 f~.tL:.: .. ~}' - - I 

. <",4. ' 

; ,. '~,: 

I-.. ' .' ~., . 1 :'.' I ' .... ',' 
I.," 

.' :-L " ~. '" .: ( ./f:, •• 
,.", .' , 
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,the (p,t) transition."Othe'r than the striking case's of this inhibition c.is-
" ' 

,cussed in Ref. 6, further examples may be found in Ref. 21. . '; 
", . . 

Of the above' data, ' the , reactions 

} ; appeared the most tractable 'for det,ailed' consideration, since nuclear ~,·rave 

, functions 1vereavailable and two-nucleon spectroscopic' factors 'were re'adily cal- . 

", ' " , ",' culable. This experiment was performed by Hardy and Skyrme,16 using the 40 MeV • 

.jo . 

' .... 

.' ~::.' 

. 
, proton berun from the Rutherford Linac. The ground state' angular distributions 

; and DWBA fit s are shOvTn in Fig. 14 . Although only a small angular:rangeis 

covered by these data, it is still worthwhile to present the DWBA fits in order 

to sho".' tpat the theory properly accounts for the experimental angular distribu-

tion$. The calculated curves are arbi trar,ily normalized to the data and the 

optical model para.'Ueters used are given in Table II. Note that the (p, t) transi-' 

+'ion is again much stronger than the mirror (p:, 3He ) 'transition, with their 

cross sections at the peak angle differing by about a factor of four. Nuclear 

struct'ure factors have been calculated from wave functions 25 b'ased' on a model of 
, " 

,. three nucleons outside a ,28Si core. Fi@.lre 15 shows the, ground state angular 
~' .. 
.~ .... ! 

" .... 

", I.·.·~ '.:.!,"" :::: 

, . distribution compared with the theory for the spin-independent and spin-dependent 
. ~.' 

~.'> ., 
nucleon-nucleon interaction discussed earlier. The theoretical curves represent .,'" " .,' 

• '~ -:" ;:~.: 1 ',~ • 

. the relative magnitude of the se (p', ~) 'and ' (p, 3H~ ) transitions and, as observed>:: .' . " 

:;: earlier, agreement with experiment is much improved for the .case of a strongly' , " 

spin-dependent nucleon-nucleon interaction. 

. .'.1. 

IV. POSSIBLE EXPLANATIONS 

Although the theory generally gives. a. good account 'of the shapes'of 

\ 

. : ~ , 

" 

, ,. ;~ '; ...... ~. l", 

, ,-
'." " .... ;.,. 

" 

~ ,. " " 

", 

'., ... . .; ~ . 
',' " 

• J,. ~. 

, '." ~ '. . .. ,', 
,~ , . 
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' .. t. ~ " 

'1 .•. 

-" .. ' . 

. .'.'\~ (p, t ) angUlar distri~ution's r'itjis: ':na~t ~n .J;~;~i~i;JCL, to :::~~:7::r' :,: 
·:i~·the ratios of cross:'s~ctions 'obs-=rved' for" (p)t),g~'(P~~H~):'trarisitionsl to 

'1.:~;.>'t:. .. . ., ',;./" ',., .'~' ~i.~, :f!-I .. ~' :':-<'~"'.:'~''': 

,,;>.:5.T~1/2 mirror states .. '.'Ie ~in~ that the introduc,t~on of 'a, str?ngly' spin-dependent:.: ~ _ 

.' :':'~f"~~'nt~oi"~e .' (AS. = O.3A Tr>conSiderablYimProv~S the a~reement;:01;~.tween ,theory and ex- ;::~ 
. .:. ;;:- .' ~ .. 

;~·peri.rnent ,for these ratios;'but' even so the' overall average behavior of the data '.' 
--.' 

. is not reproduced.",Mo·reover;thr~~ .e~arnples now discussed lie outside the pure . .'<> 
. . . . .... -'. . 

:1';.," .. ' S=o 'limit: oi' the; pre sent ,theory . An explanation 'for the sere suIts is 'sought 
' .. ':/;;::-':,' ':;;i<-:':'.-. ; ,.~ . 
. : .;:.·.~::).;,·~e,i ther, in one) . or both,> of, the following: 1) that the neglect of spin-dependent' . 

'~.... . t 

., ,:; .. ~. ". , ,;,:.,tnteractions'" in the ~ optical 'potential is, not justified or. 2) that a two- stel? 

,~;~:"r::r~action ,mechanism' m~y'be competitive 'with the dir~ct.re~~tioh·~ode. 26 

.S,' )" 

, ...• . . . . . . ' 
.,' , . 

", .~ 

',' i 

.. '. 

~' 

.' : 
..... .:..: .. ;' :, ~ : .. .-' 

~ ".:. 
'" . 

.'$" 
I ... • . r"' 

."<,, 

,~. 

~. -; ',~ • ~ .:.~ • I ','- ',' _: ,. '. " '. , 

; '",. A •.. 'Coherence Arising from the Spin-orbit Interaction, 
...... 

I;~ ~. • • ;. $: '. ~-' • 

... ,,:.,·~r?::.: " ",. TIle pres~nt theory ass~es that the inCi~ent particle intera:~s ~~~'~':~5~'~:(>;"', 
' • .:i ~ .. ,'lith the two nucleons to be transferred . and has ,no other 'interactions except. its ,:~:.',,<, •. ', 

.; ;.,;'·i· ~~., ., .' '. . '. . '. • '. " '., .' ....... ...' \<"/~i;;<;:":~':::,:' 
" . :·.~;;interaction ',lith the ·nucleus through the' optical potential; the further' assUmpti0Il:,f:,:/1:\~ .. y 
:·:::.:,rC;L~·. ,)1 . .' . , 'n"" . ,.:.:!; <\,; ' . 

. ,' ':8ii,} ::~:::~:b::C:n o::p::: o::::U::::t~.::n::;::b:::e:;i::e l:::s::r:r~}f,~t~:r~ •... 
'.':::~,:::.~ .:}~ir. However) vrhen a spin-orbit P9tential' is included in, t~e oPtica~ ~odel::.:/~/~~::~):~,::f~"., 

,:"·:":i~{{}~:~~or~ita~an~lar.mome~tum" ,(L)' and the spinangular momentum (8) trans-··':,,'~~,'.:.'· .. ::"·;' 

. .:~~;1J;;f~rred ;n,tne reacUon are nolonger ;ncoherent( 01 though the .~ on the to~ai·{i';':j,:\.· 
;,\'';',.';'J,angular.momentum (J) remains' incoherent) and 'a coherent sum on these q,uantum' :':(~?:«:,S··~::~:' 

,. .'" •.. ;.~"::::;' .:' ~ ~ 't, '-. ' . . " . ~ I ' • 11'., )'" 1 .... '" ... t" ... ·" ... , • • 

."0': .. " ' •. v~:. :·27-'> .... · ' ... :i~ .. ,·' ,.' .. '. >./~~~t.~:.:··~:,~~·~;·,~·~~ ... :.:,,~~,,·~ 

.
• _ .•... ,', ••• ',~.:.~ ••. ~~.~,.: ..•. : .•. :.~.:."~,.: .. ',J: •.•••. • ....• n".U!;.,~,m: ... ·~ .. ,e:rs must .be considered.,;, '., ..... '. ,,"'. .: .... ';;'- ·,~'.:;"f~~~n:;.:;;:;:::t~ . _, ," '.' . ", , .':., .... , , -,'.' '. ~'·.:·.:1::.·\,,;-:~·i:; . 

. '/ "'{\:;':.h .. :. The cohere nee ;ritroduce d thr ough the sp;n~ ~r b H ;nte r .ct;on will no~: .:J::::;:., ::;;: .. ' 
:~:; 'X)affect the;. (p;t) reaction since, ,to first order)'.th~ spin transfer is zero~ .. ' 

':;',:<"!t~ "':"'.,:, ". '... . .... / ";;':':'<:;;.:,\:'~~',.'o, 
\ ."',' \;'/,. '.' ;" ", .,' ..... ' ... " 

, ' .~! , " ~;' ", ,. ~. '.1 

, ..... • ,!. , . ~ f ' • J ........ (' .(..'~ .... ',>~' .... :" 
;1., 

' .. /.;"" . :, ~ ... 
. : . , ' . 

'-.' , "". 
I ~".. . 

'''':' , i ':'. , " ... ' 

" .. :., 
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. '.', ";:-, 
, ' 

" The , 3 ) (p:Hc reaction, 'on the other hand, might beexpectea.:t6 undergo a. consi';", 

dera"?le change since nOv1 a, separation 'betv!een the 'L and S transf~rrE:d in the 

rea<;t.ion cannot, be achieved.' In this case, representing the entrance and exit 
,'" . 

, channel spins by Sa andSb ? respectively, the differential cross section can ~' 

27 
be wTitten ' as--

•... I 

, ' 

, ~, .' 

'."" . ~, ' 

,,; 

, ! .. 

~ " . '. 
"" ..... , " . 

" .... /. 

, , . , 

" 

: .. ~ .. 
dO' 
&1 (p, 3He ) ex: ,L: I 'I: 

JM, M'm'm." 
m ~, ,a b' 

(~G~SJT~iwma,m .. "V'b') 12.'_ 
'.-' .. ' 

",! "a " , . , ' , ., 
,"',',"" 

, ',.1 
',"., ' 

(8) 
,.' . ." 

'.\ ' 
t" 

.\-There the distorted wave amplitude ndwcontains discrete sums over the channel. " 

"c'" spin projections (M', ma ') ',~' ). '",(SeeRef. 27 for a more complete, discussion:) 

. '. ,~ 

"'!.' t·' 

Tne strong influence of the S=l transfer in the 

can be seen in thosetransitions.:ln which it permits ,the reaction to proceed 

via multipleL . transfers. For most of these cases the 
'3 ' 
(p, He) angular dis-

, . 
. ' . 

tribution is quite unlike the. corresponding Cp, t) transition where, in the . ' 

". 
-,.'. 

" .. ' 

, " 

"'" -.. ,' 
r', 

, .~. ',. 

• t .... 

" 

,"'" 

.; .. 'cases discussed here,!" only a single L value is allowed~ 'The coherence' introdu~ecl:" 

:",~,·,.through the spin~orbit .in~eraction could have ,a marked effect:,on the 
'~', ,,/:',: ~.' " ... 

'cross section, possibly reducing it with respe'ct to the: mirror' (p,t) .transi-" 

,; .' ", .. ) tion} 

.~ : 

(~.' .:., 

so that agreement: beti'leen theory and experiment might be considerably 

': '. 

"", 
.~ ,'. 

J 1 ~." 
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· . ~ .. " 
. ," 

" 1· 

.... ,..-: irriprovedover what"has·been'·h~retofore presented based C;kan 'incoherent '~';:::(.';.~j"' .. ;' 
t' ~.' ' ." 

" 

.'<·:'r" . As pre~~u~~~iscussed,our DWBA bOd" cannot'calculate the influence "'\ ;~:, 
.. , ',' ::.,>:·Of such interference term.~ .. on the' cross secti~n" ':s.ince i t: c~ntains' no spin- orbi.t:···;'.:::p~,.(;:. 

~.' •.•. ,.; .• J .•. ~ ::e ::::::s, T: '::ya:r:::::n a:::::h:: t:U::ei::r:::::c,:o::rm~:::s e::~i;::;/.!;i},)~'" 
,", .···ducted on the l5N(p,t) and (p,3He ) transitions populating the 5/2- levels at-';r;;~:';:~:'-?~)~ 

. "~;;7 .38 MeV ,in, l3N and 7'~5'5 MeV in :13c.29' The resultsar~';Onl;tentative, but·j~t;-:·L\'::D'~ 
" .' "', '. we did £ind, us ins theopti cal ;ote ntiaJ. gl. ve n i;" Table" II, . a.cons iderable im-. /f~i~·'~t:"~~· 

'. cross sections 
~-

:·~i:{-.previouslY discussed (inc~herent smn) calculations, . although a 
• . ~. ~ "~J " 

~;:(:;i':: ':-~ras still required. Clearly, much more extensivea.nd detailed 
',. ""i 

;.: ":,:,;"\;;(:~ analysis is ·n~c~ssaryto. 'establish any quantitati;e' ;esul.ti:L.onthe significance ~;,;,~, :;,,;~.,:./>j;, .. 
'" ... ' ..... , ',' . '. .' . "', .,': 

<\~ ·"~~~>·~.<i ... ' .... : " .. ;. ' .... , 
. :, <,:::,:Y :.,:' o~ spin":'orbit in:terfe~~~ce terms' in' two-nucle~n 'transfer reactions~, 
," "'. \~. •. '., ' ./ I .; .' ... , '. ' ..... ; 

... ~.' .~, ~i~' '~" .~:.~' '::..', ". '.' 1_ • ~ .. ' :.:.". ,".' ".~."'::-" l'J ~ "':~' ,:~ 
'~ .' .).', , . I~ ~;. • • . "'" "', " ~ . " • 

,~. • :.' "'!.'. • ~.' ..-:!:- .. . 

f ~'.~ 

, . . ' 
.>';" \. ":;;,": .,_ ...... , '. '". :),.~., .. ~\., ..... 

:". • .' • • • ~ • ' , '. < '. -

.. " 1 -'. '.~ '; ... ; ~ .~. 

,'.< B~·· 'Coherence Arising from Core Excitation :"-. '." .. ,' p' •. 

~ ..... ,.,.-.~;. ';.' ..... ; :.'..' ' .. 

~':. . , .f ••• 

f,' . 

,-,., Core excitation processes of, course present a plausible explanatJ.on,/i~;',~;:.~::,~:::;,;;. 
~ ....•• ,":." _. :0:::.: }~':~ ~ I .~.' " ,-" .'. . '. 

>- .. for some' j-fOrbidde~:transitions, 30-32 but 'it is' also possible that 
I . ' ... - ' •• 

,~;,: ')jr(to~,~ueh. two-step 3 proce s se scould . oner anai te~ru.ti ve, eXPlanation~or. the 
: .. ;;,;:~.'<of:~ (P, v) to (P, He) cross sections that have been observed •. ,', ':. 

:./.j~IWf:'·.' .. , .The beS~indicationfor the contribution of otb~r mechanisms in 
", . ' .. ';·.:'\!-"reactionsvTOuld appear to be the ~13c (p, t )lic ,.(7 /2-) transition .... As~;uniing 
" '~~-:.";~/):'; ih~t 13~ eanb~ re;~~ ;~nted by. a pure' (lp) 9', 'co~i~ation, 'th~~ transJ. tJ.ons, ":~ ;'~":!:'/;~ :.!,," 

'.' ,', :'. ,>; ... ~.:'o:.;,~.)., , .. ;. '.' ,'. , ,/..'; f.~::~ .. ~·:,~.~:".,.::.~' .. '.:,.'~.:.,< .. ,,"; •. ~' · ;, _~~~)) ',::~ .. ', t:t '. ,!. ':,:. .,.. . ". "' :; . 

· ).' ::~ .. ~to a .7/2- state by the' direct'pickuppf a neutron pair are ·."J-forbidden" in th~.':>,~~,,:.,:.:\, 

:;'.,,:[ '~,;\>;:':\( p, t) ~~~ct ion (filP. Ref ~.' 21,) .- Neverthel~ s S I . this. le~el is relatively strongly~~~,~~'~~:>~~::( 
; '~.' ~':<~··:~~{L, .. ,. '.' '. '.' '. '. .' '. """.: J:". ~ .. t 'f 

.. ···."i\.; cited'in the spectrum (compare"Fig. 7'and Table V) and its ,angular distribution:'f·'~:"·':'.;:,~ 
.~: ::~"~~". • .' , • ,'f ....... J 'f,' :~ " 

, • ~, • f • f • • _'. • ;!'.. ~, " ' 
.' , .' '. . ,;' ;'. ~ -; 

• ~, 1 .. ·· ... -/ j , .:: '. • • • \' '", .~. " ~ ~ • 

• ,~ ., .f '. / • ~ , I. . . ,!' .', ".''::" ,'" ... ~. 'I' .•. :" . 

". J 

. .' t"'" '. 

, .'. "..." ":." 1 ' . .1. : : .• : ;:;. .. . I :.. '. .', • • "'J . , ". ... • :~ • 
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• J : '." . ~. .' 
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. ~ is shown in Fig. 16. Also' shown in this figure is the ,angular distribution for 
" . 

the ~5N(p, t )13N 6.38 MeV (5/2+) transition, which is also a forbidden transi-·:·':,'. '. 
:' 

" .. 
tion for pickup in the (lp) sheil. Both of these transitions have similar shapes,·". 

. . 

J . 
'especially at forward ai1gles, and it is provocative to consider them as arising 

. ". . ,- ... ;: 
largely through a two- step (core excitationY reaction mechanism. The 

,,'" . 

..., :13N 6.38 MeV (5/2+) transition is discussed in more detail in Ref. 

~,i 21; here we discuss the 13C (p, t )llC (7/2- ) transition. This level is also 

': "'relatively strongly excited' in the l2C(d;t)11C reaction where it is again 

j-forbidden and its population has b~en interpreted, 19,32 as arising mostly 

:':: ,through a core excitation pickup reaction. A compound nucleus mechanism is un-

.-- .·likely at 'these high bombarding" energies and in general no evidence is seen ·for 

,'. ": appreciable knock-out popUlation of final states~9, 21, 33, . 
. ,: 

'f, Although the above evidence implies the presence of a two-step reaction ',> 
. : .. 

1;, . 

'~,.:" mechanism, we have' attempted t~ analyze this, transition as if it . arose through 
" : '," 

, !. 

.. 
<,' 'a direct 

: ,; '. ,.; (1=4 ) pickup of a' (lp If) neutron pair. . DWBA ~alculations ·were in'.r .::' 
!.. -{~.' .. 

. '" 

:' ;:':~. '~:"~~.~ .. '. :.', " 

,;' . fact able to reproduce the observed shape quite well and are presented in Ref. 21., " 

. , ', .... Interestingly.:- this calculation also indicated that a 5% admixture of (If 7 /2)2:'::.'~··,:,)-:·:.~ 
'in the 

"',,' . 

. . . . ' " 

ground state wave function could account for the strength of this .', 
'·1' ", 

.. ' ':; .~ , ' ., 

(7/2- ). transition. (This amount would b~ c~nsiste nt with what is 
:,~,:, ~<.'~'~'. ',.":" " , . 

:::.( .•.. ;' 

.' " " ,", 

(lf7/2)2 admixtur~s in Ip shellnuclei
34

). Mitigating against '"·.;:,"expected for 
"',:' ,1,' , 

"'.', "::"", drawing this conclusion are 1) uncertainties in the DWBA treatment of such quanti~ 

~ .. '~." ,.' ties as the bound state wave function for this type of transition and 2) the .,: .:.;.~ . 

,absence of relatively strong ,transitions to positive parity states arising from :' 

, "a presumably larger amount of (2s1d)2 admixtures in the 13C ground state. 
. ," .~ '.' ' . " " 

"/ l 

. , 11 
level of C 

" . 

is populated strongest" but 'with a peak 
"\ . 

. . 
". . . cross section of only l5IJ.b/sr). Considerably, more detailed calculations would ':'.' 

" . 
~, ' 

, ':. ~. " I, :, - ',' " 

/ , ,'j , 

.. " 

" ,:" f, 

' .. " .". 
" 
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be necessary 

• '.' ••• ,.,:. '. ' oj ~ .. 

~.fV~._:""f .. ," .. '," _".~'.~ I.', ./', '""" 

to ,·establish"theo~igir(.'of· the pOPulationo(this; '7/2-

• p". 
,,.' ," .~ ," 
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state. 

:,)~:'.,,: :: S':< c 

~-'. J . ~ : 
: ., ~ .. " 

'~'. '.<~. :;', '::'," :~' 

'Further' stiggestionof"the' presence of, an interfering mechanism in ; "."." . 
. 1 •. ': .. ~~ ~~'~'-:' , • 

.: ,;' 
" . 

,:; these .. :-

.~:",:· ... tA> ~r;/2-) 
:wo~nuc~~on 'transf~~ reactions" can be see~' in' the : l3C (p, 3He )llB 4.44 'MeV ." ,',~ ::~;.:J.::,:";,'" 

transition.' FJ.gure 17pr~sents this a~gUlar distri~ution along with the~';}[/;;(.,;~·· ' 

,: " "'. il ' " ":'i:.':":<~i<> ': 
level J.n;·, Cat two different,::;:~::.",~;i<': ' ,~,,' .' :m:Lr.ror.(p,i) transition to the 4.32 MeV· (5/2-) 

>~"'~;:;:'beam energies,43.~'Mev33:':~nd49.7 Me~. Note that the small angle behavior or"::,::, 

'~;f~~~he ',(p~ 3He ) a~gular,' dist;ibution ShOW~ in Fig. 17 'is reproduced at bo~h energies' 
. , ~rl"~~' . ..,' 

, r , " . 

transition is restricted to,'a pure ',1=2 transfer for both the' 

reactions on the basis'of a direct pick-up of two;lp nucleons. 'A 
.. ", 

,"'.". t", 1 1=2 h ,,"" f "t' h" ( t) t '. 't" 21,33 'hi"hi" 11 • .,;;.- 'c' ypJ.ca' -' s ape J.S seen or e' p, ransJ. J.on" , '\,;W c ,s we pre- ': ,; .'. i,' 
',.1 i; .·:/~F'i ~!l' . ," '. 3" 

dieted by·~the DWBA calculation,s, while the, (p,He') "crosssection is' 

,at Xorward angl~s (Fig. 10) and shows small'angle behavior reminiscent of 
"~.' '. '. , ",",:.. " '., . '. , '. :'" .' 

v·~ L=O ::transfer. ~: Th~ 'factthattl1isbehavior' appears i~:the:'''(p, 3rre ) angular r,:i ';;. ~ '. '.. ... . :;'." 
," ,.', 

.. ;;!distribution and not in,the ·'(p,t), merits f\u'ther' study; but could perhaps 
>h~"~I.~;'~" .: .. ~ ~ 

,,' ,'z.,' ',~' accounted for by a . core-excitation process which proceeds predominantly through/:::(.(};:,/.f:': ::' ';:,.,~ . 

• ~Y;':.:::'~::,;11;~':the:l3c';\3. 68 MeV : (3/2-) . level. 35 . :,',,' ,','" '. "> •. ;" ','::~.,":;~,':""'; .• '.'.',',.: ":.,' ',',',,"'. ;",.~ ••• :.',~,'.'>{,:.,':: .• ',:",~::~:,;,~,'",~,;,:,·";:.:,l,;, .. :',:,,.:·.:,:,;:7,'."·'·':'~""~':::~ .. ',', ... ";:;,.'.:!.'.', •. ',.,, ",: 
,r,:,:-, '.', :,:,;.:.:;:.;,\ .. ,',: ...•. ).;! .. : ..... j." •• ,'.:,~.. ,,' .... Of intere st is the eff e cttha t c ontr ibuti ons from a core exci to. ti on.; ~.':" ":'. ,. '''no : .. , .... 

. , . '· . ."·:~·:~{::'·')~j:·I;~~· ~,'; . 
',:::,mechanism could have on the magnitude' of the overall cross section for a given ';"C"';/C~~"~' 

.. ,'i:;~1;~~ transition ... Following the· treatmentg1 ~n . by • p~~ ~nd~'t~hler ~31.~ ,s~ernatic':::;~:@;:,::' " 

" :;"; expression for\hetota~ c;~s.~section can be ,.,-i ;it~nas, . :: "~~~i;. ",l\:.:.{~<L 
,;.:::i),~'11:j~ ""::;;':;:';'2 .' 2 ..... , '.;' :':' ''', ..,.'. 

> /:;:',.i;i "". " ":,, ~. '. 1Tl + T 2 I ·1 Tl j+, IT 2 r
2 

+ 2 Re( T
1

: T t)::;.,<·,;,:~:,. ',::;~.:,: '.:,.ji, •. ,;.~.:,;,'.:;.:.',~ .. ",'.',· " ~(, .,.:9".,.,'.~1) •. ,';,_:.'.· ••. ".,:,.,'.:.; •.. ·.~,·.::.': •• : .• ~,', •. :,' ..•• ::.:,.,:.',:.::.'.: .• , •. ~;.,:.,' •. ~ ... ,.:,:,:',.:':,.:.::.:.~;;.,,~.':i~, •. :; ... :.:, .. ::,.~,,:',',.::':'.:." •.. ,.,.,., .'~',' 
);'f~,;;:UE~~5"T2:::s:~~" runpli t~de' ~or th~ ~ir~'~t~r~ns i ti~~j"t~ri~ , t~e' ~~li tUde<:",,:; .' ,: 
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core excitation transitions. We have seen that the lle 7/2- state is excited 

with ap appreciable cross section) and insofar as this: CQuld be taken as evidence 

for a core excitation pick-up reaction, then interference effects ,could presum-

ably be quite large. For a two-nucleon transfer reaction, in the absence of "\', .' .. 

: spin-orbit coupling, the orbital angular momentum L and total angular.momentum : . 

. J transferred in each reaction path will be coherent. Due to its additional 
" ' ' 

. I 

. : allowed S=l spin transfer, many more interference terms 'would be involved in a given::' .; .... 

' .. 3· 
. (p, He) transition than the corre.sponding mirror (p, t) transition. It is not:: 

. clear whether such effects could account for the observed ratios of (p,t) and 

3 ' 
, (p, He) transitions to mirror final states. . ...... 

. . "';' 

. :' ~. ~ ~ 

",'.,', . . 

.. ! .. , .... ' 
.. , .," 
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v. SUMMARY '},:~.:~ '.~.', , 

" '~.' ." ~ '.' . 
A spin dependence in the nucleon-n:ucleon interaction, ,somewhat 

:'~ J i . 

stronger than what is generally used 13,15 has been introduced in the' two-

:." nucleon transfer DWBA treatment in an attempt to reproduce the observed ratios 

"";of mirror.' (p,t) . to (p,3He ) cross sections •. , Generally speaking, this 
~ '!~ .. " .' 

.,t, :a modification of the computed ratio in the correct direction but did not: in ,',' 

~ ,. " '. I, 

" '""r " 

/. 

. ~ ' . .. ' . 

: . 

", " 

itself provide a satisfactory ,account of the ,data. 'Several transitions were ob-·,· :' ',' 
. ~ . r' : 

io: "::' ,J". 
: :".; 

, ::,,;, served in vThich this ratio was greater than the 4/1 'limit expected for pure 'S=O 
. ..:.: . 

'".~ .. 

, .-

A.' ' 

,transfer of the nucleon pairs and interference terms arising through either spin":": ':.' 

, . :;":~::' orbit coupling in the optical potential or through core excitation were suggested, '.>< . 
. ii::'~ .~ 

" J 

,'t ; 
. as accounting for, this result., The former explanation is somewhat preferred, 

'.' especially when one notes that the examples which are outside this limit arise: 

:,',', : from highly populated final states. [They, involve the strongest. transition in, 

:' the 15N(p,t)13N data and the second and third strongest in the l3e (p,t)11e 

~.; , 
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actin ad~i~ion to the, spin~!~. "<:;:'~r~,;~;;rt':'" 
.~ \".~ 

depen~e'nt interaction J.n·~ning thf.?majority of the data which involve experi-"".:/~.r: 
",,' .Jc~ . 

, ~ .~:~. ~:':~:~~3.~ .... : . 
~ J.": .: :> ~.~ 

i';"~~.~.~ \ \:'. I. 

the parentage of, the final state 'has a large component based" on' the excited core, ':>' ~ , 

... ; '0.-, , .... 

,'.[ In summary,: theri~ n'-'core'E;!xcitation is 'sufficiently 'probable and if 

':7~ then this must' betaken into account in a calculation of the reaction cross ,,: .', '.~' .... 

'(p, 3He ) .. reactions'~ , . section. This applies both to the (p,t) and the The 

. --<; DWBA can be extended to . include such effects, 31 though most 'available ,codes do 
. ~ ; .'-. . ~ 

",. ...... ,. 
. .. :\::{" 

It •• ,':: • 

inciude·them. the coherence introduced' through spin-orbit :::'/.j,.? .. , 
. I .; ~~: . !:.:~,~-:"i :~\ 1: 

coupling in the optical potential does Bot, alter the (p,;t) .reaction and. applie s:,~,;:;:": 

On the" other hand, 

only to the reaction when the (LS )~~gular momentum quantum number~,; .:f::{Xk~~ ';:~':' 
····~/~':X':·~:-~Of the transferred pair can interfere (e.g., in mos.t 'T=ij2' .to ,T=1/2 transi-

;, '~;}~~mtions) : In fact, until this latter problem Is 'understood, tho . spectroscopic: , 
~.' . '~.r, 

;.:; .. ,utili ty bf 
-\.r.t. ,: 

3' , . 3' . 
. (p, He );r ( He,p). reactions on .T10 'targets is greatly hampered • . . , 

,:\;) appears that the presence of interference terms in these' two':'nucleon 
.. : 1'-:' ~ ~:, 

:;:!>~re'actions, has .been demonstrated· and therefore must be· calculated >1n. order to." > .~,;:.~!';-:,~;:.:.:'> 
:,·:~~:ri~;;;;i·" .... . " .' .... I,: ':.,;:,.,' '.' 

:;·;::; .. ;/.~,;:;!.'properly explairi the experimental re.sults. ":" '.> ,,,' .... 

\; Y:::i}J;J ." - ;(;, .. . . e\'.:; .:' ,; ·\~;:\i)i. ',,:+,;',,1::': :;;, 

• :.-J • 
t" 

.... 
i'!o,· .' ~ .... 
',' ..... ,. 

,.:t'I.;,>:~;~:~,::." ':~;\ ~ '" .. ,... . 
~.t~. t • .')' -.",' ~ ~':~." ',' . ,.f' .. :~?(;::.} .. ,.'~' .. -~ .'- ~(.~" 

.. . ..... '. i'- _. ,!. ... .' I " ~.": 
.; .... ~;:. <!,l" .'~':. ~ ;: ..• - ,:.,~,~.; ~.; L.' .' , 

,~:'" .:)! '>:.: .. :~,;."" ,,:.~ ' .. ,~" ~~,:: .. , .. ~, .... ,'.; "I':~)i\>l 
. ".' ... ".: .• ~.',' •.. ,~;'~';'.:,'~~:" :" ••. , '," ._ .;'t ,'J<'\.f '", ",'::." ~:"?'!. 

- .'!: I ;,,)~;:.,'.'.~i \ 
:' .~ . ; .... :.,: .. : . .. ~.,t.:',::.;. /,1; }.--. 

:,' .. :1;··.·)· .. 
. ;~/<:.'. :~ . 

.. i 

:1 , r '. /' ,. 
" ~:r ~:< J • • ,.~, ) 

',: ;. > '.~':' . ,':',. 
';< l 

.,' ," 

.. ':' ~, ., 
',' . '. ~"" 

, ' 

.. 1 

,.;.,;' ',~ ,:: 

'" 

.' 

J':', 
.;,'" 



" , , 
" 

", ';, ,:J, ~ , 
,;,'.', 1) 

; , 
, , 
" . 

-23-
, , 

FOOTNOTES AND' REFERENCES 

J. Cerny and R. H. Pehl, Phys. Rev. Letters 12, 619(1964). 

C( Detraz, J. Cerny, and R. H~'Peh1, Phys.Rev~Letters 14, 708 (1965); 

, J. Cerny, R.'H. Feh1, G. Butler, D,:' G. Fleming,' C. Maples" and C. Detraz, 

Phys. Letters 20, 35 (1966). ' . ,- : .,,' 

, ,', ~ 

. < ' 
, ~,. ' 

" .' ~' . " 
. , 

, -<, ., 

.. ' 

. ~, ,.", 

; ,d. 

" 

.. ', 

. )": .!.r: ';:. 
~.,~.',' ,~ ,. '., .. 

:; 3) , J. Cerny, R.H.peh'l, and G. T. Garvey, 'Phys. Letters'12, 234 (1964); G.T.' , 
, ','. ;,. :r, _:: ' 

; ",'>' > 

.: .:,. ',:' 

, " ,~ ': 

".i Garvey, J~Cerny, and R. 'E. Pehl, Phys. Rey;, Letters 12, '726 (1964). '." 
:,.';, , .:-::, 

4) 
'. ' 

N. K. Glendenning, Ann. Rev. Nucl. Science 13, .191 (1963); N. K. Glendenning, ;:',;" 

Phys • Rev. 137B, 102 (1965)., ' 
" 'I 

, '. : 
"i,"-

,: :~"': '. 
' ..... ",~ . 

. ,,·':<r 5)' J. R. Rook and D. Mitra, Nucl. Phys" 51, 96 (1964);' C.L. Lin' and S. Yoshida, :",;,:, " 
, ' . ,', " .,.. 

~ •. :.' ~: j • ..' 

".r :' ":.: '.' ".! '~.» !'. . 
. , ,~ '.. :, .~,' 

Prog. Theor. Phys. (Tokyo) 32, ,885 (1964); E.' M. Henley and D. V. L·. Yu,' 
,.', ' .... ~ ... ~; 

,', Phys; Rev~ 1.ill, 1445(1~64); B. ,Bayman, Argonne National Laboratory Report;:' 
"," : . ~. ' , ' 

.. ' '~: 
, , \' .;.'. ~ 

. ANL-6878, 335, (1964 ) (unpublished); A~ Y •. Abu1-Magd and. M. El Nadi, ' Nucl.~(', ~;'~',~,5:', 

.' 'f. t 

...... 
':' , 

~. :, 

, ,,:, 
.: ..... 

Phys. 11,' 182 (1966); v. S. Mathur and J. R. Rook, Nucl. Phys. A91, 

J. Cerny, C. Detraz, and R. H~'Peh1, Phys. Rev.' 152, 950' (1966). 
" -

,; , 7) 'N. F.,Mange1son andB. ,G. Ha~vey,LawrenceRadiati'on Laboratory ArulUa1';' 

'.', Report UCRL-17299, 97 :(1966 ) (unpublished) ,"j a~d private communication.", 
,.-: .. , 

N. K. Glendenning, Phys. Rev. 156, '1344 (1967)~' , . .: '. 
;.', ' 

,". 

:'9 Y;;'J:iJ~" Weso1owski,L. F. B:ansen,J. G. Vidal, and M • .;L,'-:- Ste1ts', 
. " • .r . • '.'.~,.' • 

:";,' 148,1063 (1966);'J~ Vervier,PhyS~Letters,'22,;82:(1966);R.'A. Broglia, 
.... ; 

, and C. Riedel, Nucl,' Phys ~ A92, 145 (1967 ).<,:," .. ~~ . : / , 
' . • "Z:," 
"., . 

. ' , , 

'., i 
.~ .' ,. 

" , 
; ,",j' • ' 

,~. , .. 
:.;; " 

-": > :. :' 

... ~ I '.. ,.' . ~ , 

, , 



'.. . :;. ,', .. : 

'. l~. '. '. ~ •• :t.!· .... .~ .. ~'''' ~.l .. '~'. 
, ...i' ~ ~l~. ~", ,',," '. ;Of I~ ':.:~ 
\'.~ < .', ~' .• ' ..... :; •• , : .. ,:~:. .:'~(~ • 

. ~ ':. ~ ·~~.~~'I'~:'~~.;, < ~ '. '",' ... ' !:~\ :'~;''',,;: .. 

:~·'.i' " ~'~":' .. , ... '.';; '.-24--.' -, ... :.~;.:.,';' .. ,:,<:\.',;,' .•. \ .. ;:>.~.: .. ~ .. : ... :;,:: ..... :'.; ... UCRL-17·731': i'>';'~~ 
"'::: .. ;~ ;,_",_:~,'-;:)'.-' .' . .' , r···· '!':' •. "' f ... :::·'::'~l· .~.I 

.' .. ~ ... ;<>~'~:':~ " (1962); T. HamadaandI.!).,:JOhnstonJN~ci:.';~/."34~;·:)38~~(1962).('/:',~,:,:,,: .. : .. , 

"';"'J~;lr~:~2~; '.:e::::~~::::!~:::h::~:U~::::::~~':~:~~~~~~:;~:::: 
;;;:r,:~lf;:t3) W. J. S. y~ Y oung,' Nutl;~S, 55, 84 (l964).., 'i " " 
'? 'l',': 14)"T T. S.Kuo and G;E~Brown, NucL Phys. 85; 40 (1966); .N.·Freed and P. . :::.' ,.,:'{T!:{:.: .. : .:.' . . ,'.' . . . .~. .' . 

. ;:; <~;:(,f.l,. ,.' ::::~::: .. :~'4:t:::7 ::':64,~l966);. G •• E.:&~ i~:~ T. T. .' : .'. 

t ···~''';i;~;~;~5) ~,:;' :1::~:::' K~' K::::;:~ ~n~u:~. K~h::~~;~;~l::~:'~'~~' 33, ,23~. (l9.~,J.\lj.i,~,.~~,\> . 
;'.; : ,,:~"f~ .16 •.• J. 'C~ Hardy and D.' J. Skyrme, . University of Oxford Report, Physics', ' 

>' )~~i::;'::3' ... ,:. Laboratory,' No' 189~: ·('1966') .' ;.'. '.' .' . " .. ; :.' .~ .. :. . '" '.:.", ~ , ....... , ...... :.: .. ,~::,: .... : .. ',.;'.~~.' ...... :>.'.~.:: •.. :.( •. : .• ; .. ~ ...• l,.,.~.~ .•. ~.', •. ;;.~.~ •. , •• ';:.~.~.':·"'~"':'·"·:"'.":'·":::.:.:.·.;::.c"·'·t~"'··';':.~'·':"".r~:·";~"~"'·'·I"·'.':'~':"';' 
'~L;,:· ):;.:~i;:.~.~·" '. T:' ....... ';::; .. • " ,'.' ;. i<;;'~ ::'.;' . '- '. .~'. -
,,<'c:.:'!,;:17·: G~ Butler,J .. Cerny,' S.' W. Cosper, and R.· L. McGrath, submitted to'the ·;:·'·~'·',;··.1 .. \~·t.'::~:.':. 

, .,~ .. ,~ .. ;~.:,;. ~.~.t:~~~j··:":.·;~- ' ~~,.",. .' ." '. . .,' . "', - .~ .:" .. ,' . ':" '. -\ .. ' :.~::.1-,.;.~~ ...... ~:~t::~ .. , .f.·.~~t •• 

',' .. ' ;<.... ::' Physical Review. . ""'. ,~,:,., '.' ,...' .':.:.'.,.;';" . i:;4~:X::;~:;i'il~';',~··~,::. 

:}t,~:,:',~,;;}ri~:')~':we would also expe;t" this ;ati~. to"be' unity for . mirro/si~gle :nuc~e~n t~·~~~~~~:;r;;;~;lfY:\;· . 
,:;.; :·~:-]~;:·,~~'·;:;'·:,.:_.:tions,· and this has,'~een' recently verifie~"~n'the' ~2C(d, t)llC . and' ,12c (d', ~~)::yi}~~l-;:',~'L·:'l 

'::;' liB re act ions .(Se~ Re f • 19):' . .... .... .. . . ,.' . ..•..•.... . ·""!~:,(~~t~~s1;f" i 
:, 19) M~'Chabre, D. L. Hendrie, H. G:. EUgh, and C. Detraz;Lawrence Radiation _~:";J;":»:;:,:\',.I ! 

;', -;:. " :;~""'. ,", ~ .' '.',", ' . "~"f,7~";~:1~:i.·\/.;:,·;'.:·;··:,~~.' 1 

':; ·.-~'i::~f:.:·:!j·',.".' Laborato~y Annual Report UCRL-16580,"68'(1965) (unpublished)',' . :',: i'· '.~: : ... ~:~'~;;:kV!-/:{:',,, I 
."'~. ;,!:r;;i.5:i~f" '." '" '," " , ... "' " '. ,"', '. t .", ';':' \ • :.,~';:j~'~~>~~.:~J:;-~ .. ,;: '; I 

:~~·;.)~!f:.i:;:j~./'i.'·~OY~: Actually, ' .. the ··ratio. :would be' slightiY"g~eater' 'than this'. (~bout' ~ .1)' _S.indei:·}.?%!~}.;:i~~:!{~T:·':: "1
1 

'~···~t·::~:Y~~:),~~:.f·::~:· '. ".\ ':,.' .. .. , , ···:/~~'~'~;~~~~!:.~I.:,·:t,: 
; c;·· ,;;;j:;'/ . "the spatial over1?-p between the A=3 ground state and the transferred pair ";:,~::'.:':::.'-:;~'~' ." 

:;JF~~··;,~:t·~·tt,;:;:::; " . . '.:' .',' . . .... 3" '. "', .' . .. .· .. ~ .. ' .. :}'I~~::::::~~~;;:>:.:,· ·1 
.. .'.: .... , .. ; ... ,',,:,. '.' is. slightly greater·.fort~~tons: than for He· (see Ref •. 4 or Ref. 21) •. ". , ... .,,'~,.\ ·i,·. '. .~, :/1 J:;L(;~.F::)' ',.~':'.' " .'. ", ' .... ,-:' ,. '.:. : ... t··~,,::~~;,~:~~n~~·i<.;\)·,·;! 
:.,';"':'·i',~,~.<21),: D. G .. Flem~ng, J. Cerny, C. C •. Maples" and N.·K.:".G1ende~ning,;:'t'~'be ,':.'.:i"<::: .. :-':-::;.,',:' I 
·;"'H:~t,r~;!V't:;,·~~itt.~,to~;';' Phy.1CQ~ R.vi.~ •. ) .,': <J;,',., ·>;'i,'·~;f;}n:';1~'YL';;~ I 
.,.:; ... <~1~.·~:;:;::;'22):··S. Cohen;.~nd·:D..:'·Kurath, Nucl> Phys. n,1:(1965); I? Kurath;"private ·conmiuni'c~ti6n. ,. ! 

,.! • 
" ,: 

,,' .. ," 
"'. I:' . 

• ,", t" ""'r'. ' .... 
", .. ; ; 

...... 

I:' 
.", . ~'. ' i 

','.,. ":""! "',I 

'" '. 

•• ,~' {! . 
' ... . :', " .: 

';. . 

'. '. .'". "":' 
: "'. 



"';, . 
",- . 

',' 

, r .:' 

':1:. 'I:"~ . " 
':'- , ' ., 

~ " ". { 

, ,. 
:." "',: 

",', . -,,, , 

. ~" .' 

, .or- ..•• 

-:. ;",' " " 

:.<, .. " ': '. 

" ,. '/". ' 

.' 'I -"', 

-2)- , ' UCRIr-17731 . - " '~ 

, ," -, , 
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,,' rea'ctions. Fore;x:amp1~, ·the smal~. D1/ 2 .compone.nt, .~f t,he ground 5tat~ '., 

.' , "A=3 -Wave function could introduce . additional B:nguiar'~omenta as well as 

lnt,erference.termsintoboth<tlie: (P, t) a~d"(p, 3He ) transitions. ". 
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,Table VII. 
Targets 

(p,t)/(p,3He ) Cross Section Ratios for 0ther D~ta Available onT=1/2 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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