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| INADEQUACY OF THE STMPLE DWBA TREATMENT OF -  UCRL-17731 .~ -
B CO‘VIPARATIVE (p,t) AND (p, 3He) TRANSITIONS* - L
Donald G Flemlngt Joseph Cerny, and Norman X. Glendennlnr
- Department of Chemistry and '
. “Lawrence Radiation Laboratory -
A AT . : Co L - University of California
CEARPTE .. ... Berkeley, California
ABSTRACT

Curreht theor§es'of direct two—nucleon'tranofervreactions are testedfi.
Tfft byvcomparing (p,t) and (p,3He) trensitions on odd mass nuclei leading to mirrofffef“.’:
:infina; stetes; ?roton indoced'reactions on lSN. af h3.7 MeV and on 13C.at 
*f?h§.6 MeV are discussedfin detail. Many mirror:traﬁsitions are analyzed with.;;‘fpﬁlgx
;;?DW§A calculations in an attempt to fit both angular distributions and cross- .;Ti&“

fusection';étiosjmgood results for the shapes of the angular distributions are L

"' obtained. The agreement between theory and experiment for t?e cross-section

i ratios of mirror (p,t) to”(p,3He) transitions- improves in every case with the .77 - 7.

“inclusion of a strongly spin-dependent force in the nucleon-nucleon inter-

actioh, but overall satisfdctory agreement is not obtained. The (p,t) tran51-f¥

\tions are found to be- generallj s+ronger than expected relative to thelr
mlrror.(p, he) tran31tlons, and three cases are discussed where the experlmental*
ratios of these cross sections exceed the theoretical upper limit. Two

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

f_account for this resul". l) interference terms arlSlng through a spln-orblt

vreactlon contrlbutlon and a.core-excitation contribution to»the»cross section.

"XWork perforred under the ausplces of the U. s. Atomlc Energy Comm1s51on. -
'1'};TNow at the B clear Structure Laboratory, Un1versmty of Rochester, Rochester,;

Vengéw York.
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I;' INmRODUCTION-Y
(p, 3

Farlier work has shown the utility of comparatlve (p,t) and. He) -

tranelulons in 1V1vest1gat1nrr the charge 1ndependence of nuclear forces (1) and

4*;f in identifying states of hlgh 1sosp1n——1n particular, T—3/2 (2) and T—2 (3)

levels. In addlblon, however, similar comparative measurements of these re-
 actions on odd mass (T=l/2) targets populating mirror final states provide one -

" with a sensitive test of some of the assumptions made in current theories of

L,5

% direct two-nucleon transfer reactions. o o .

3

Of particular 1ntereSu in such (p,t) vs (p,~He )" comnarisons is an. .«

”i@funaerstandlng of the influence of the greater flexlblllty of the (p,3He) re-;;ﬁ v

. most previously reported work,

L 13 =
'va‘flnel states of hlgh isospln were of 1nterest _and hence a pure S transfer,g.

&ff?wtraneitions to mirror final states has been by Cerny et al.,6 who recentlykf'

. 1 1 : .
aeplon, which in rlrst crder permits a 3 S and 3S spin-isospin transfer of

- . 2 neutron-proton pair, as compared to the (p,t) .reaction, which only allows a{
213

transfer of two neutrons. The population of mlrror flnal ‘states permits .

"}fsuch‘comparisons w1th mlnlmal uncertalnty in the flnal state wave: functlons. In;i

1-3

such comparlsons were not dlscussed because

r:OL botn nucleon palrs was required i 7'J.1f-f%"; o A S Q”{ybv,y,.rff
- In general, it is found thatt (p,t) cross secriqns to ﬁirror fiuaief
4H?S£etes——-when noﬁ'inhibited by nuclear structure cons1deratlous-—ere strongly
féenhanceu over the correspondlng (p,3He) uran31tlons, sometimes by factors as
.large ae‘rour or rlve, and we w1ll cons1der the 1mpllcatlono of this enhance-.

;fment,ln_some detail. The. only previous work discuss1ng (p,t) and (p,3He).



P
e

sbudled thc mass 5 and mass 7 flnal nuclel by comparlng these‘*eactions'on‘tar- i

B

fgets of Ii and'gBe, resnectlvely. Although the (p,t) tran51tlons reﬂorued :

R f. 6 were gene*ally *ound 10 be s»ronger than thelr correunond;ng mirror ?

57( 3 ) tranemtlons, these reactlons also show strlxlng examples of the inf '

.

curvent exnlowatlon of comoaratlve (p,t) and (p,3He) reactlons wi ll examine

1n deuall the three target nuclel 15

. o -t
:

-_states 1n the mass 13, ll and 29 nuclel, reSpcctlvely.

N, 130 ~and. 3lP leadlng to mlvror flnal

"}II.
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..The GNﬁSJT :féctor éfisés:ffoﬁ én 6verla§;integfalrbetﬁeén the initial end
;'éinal nﬁclear statesiand——liké thé single nﬁcleon'transfér spectroscopice factgf—;
contains the nuclear structure information.. It is designated throughout this
*¥;§aper as the nuclear éﬁrﬁcture factor; . However, unlike a sing;e nuclieon traﬁsQ S
tﬂffer reaction whére‘the spectroécopic factor is mereiy multiplicative, th: G's

“%r are involved coherently in the transition amplitude of a two-nucleon transfer

reaction and therefore cannot be extracted from the experimental data. Instead,

.~ they must bte calculated from assumed nuclear wave functions and tested.for con-
© . sistency with experiment. - Agreement between theory and experiment can then be
. used as a sensitive test of the wave functions describing the initial and final ' -

muclear states, and several calculationsvof-this kind have recently been reporte§.7?9 '

v M ’
. The factor 'BNL is the usual distorted wave amplitude, which is
'{‘evaluated-in zero range approximation and which contalns’ the bound state ‘wave ”-[ ﬂ:$f;:”'
- . function for the center-of-mass state (NL) of the transferred pair. - The bound'"f‘;f.f'

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

R

jjﬂ fiterior_and is matched at the nuclear suiface to a Hankel function tail'(which i$ f :

‘/ char&ctériied by the separation energy of the pair). The optical potential is

. . assumed to be a central interaction with no spin-orbit potential; Saxon-Wood .

"“f:¥7~form factors are used fhroughoutg S

.0 The factor .CSTZ‘-is_a'spin-isospin coupling factor and, for a pickup '

. 'reaction, is defined as— =~~~ S S

Ly

e

L Cep =By [Kegm Mt T e )



*and couples tne_ﬂsospln OL Lhe 1n1t1al and flnal states by the 1so pin (T) of“

: the transferred palr.; If the neutron—proton scheme is used 1n consuructlnv the

nuclear strucbure factors, then ‘this coerflclent 1s not app11Cable._ The.factorﬁ

{;b~.2_ is a soectroscoplc overlap 1ntegral 1nvolv ng the llﬂht partlcles 1n the.’

>

i

I
,reaCtlon,r

dhrch when generallzed to 1nclude a spln-dependent nucleon-nucleon

B R 5s‘o“r1)" :
P 3/3[ <5so Tl) *ay (581

r'f ebzr'endfaaiZfrarlse from “the’ spln excharge propertles of the two—nueleonvv

. o -
force, as descrlbed below. Under the usual Slmpllflcatlon of a pure ;le/zﬁs

expected in the A—3 ground-state wave runctlon range unward

', - .w" .' 2 L
4+ ; A
amoons.of _Sl/Z

from.QA%)lo Assumlnﬁ a pure. 231/2

1 = ) T S :
(p,t) reactlon to pure 'VBS spin—isospin transfers but does not so restrict the -

13 3 S transfers both being allowed. ' PR

3

staté, ‘the Pauli_Principle restricts the"

’

S :end-

‘(p,EHe) reactlon,
7}&,-{ Expre531on (3) arises from an overlap 1ntegral involving the _spin-

‘s05p1n wave functlons of the transferred palr and .the - A—3' ground—Suate wave

Transfer of uhe nalr in the spln state S 1nvolves the matrix element- E.'ﬁ.

-

functlon.{

. e
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S ’MS M

(3))( . (1:2}>
()

T . 3 ; d T,

. b b Lo -

SN CRASEY f V) 3(7y 304V p5(rp5) 1/2 1/2
z(1/2 6.8 M, ‘ 1/2 c{)> Ves+l by,

kjWhere, ln our case, channel a renresents the 1nc1dent Droton (with spin, 1sosp1n '

“ﬂfnrogectlons ca; T ) and channel b represents the outg01ng triton or hel¢um-3

- - The uranSLerred pair is represented by the wave function 'X with progectlon e

ffﬂquanuum numoers M ana M Vij is the uwo-body interaction between the inci-

S

N 9i}dent proton {varticle 3) and -either one of the nucleons (particles’'l,2) im the ':

"‘}_;transferred pair, which in general may be transferred_in either an S=0, T=1

1¥?ﬁjb_ror tne (o,t) reacblon, only the a (S 0) term will Cont“lbute, for the (P:

( 3S) or an S= l, T=0 state (3 S). We represent the singlet-even
”%_,strength of the two- body potential Vij by A5 ana the triplet-even strengtheff1'f§7

7ljby‘ AT.Y.Then the dependence of the metrix element (L) on these parameters for

1»transfef of the pair in.singlet'or triplet spin states is given, respectively;byzlecfﬁ -}f’

I

Y R C S

3

He) re-z':;f%;}
1 ‘act1on, nowever, both the O(S =0) and al\S-;) terms are 1mportant.‘ Writing

Eg. (4) in terms of a, and a,, and expressmng the overlap in terms of a fractlonal f‘:i

0 1’

entege expansion (whlch introduces a factor of 1/2 and performlng an 1ncoherent;&~';b“;

”_ﬂ[sumvof sguares, as requlred by the assumption of a zero spln-orbit 1nteractlon 1n L

f“ﬁthe OUulCal model, yield ‘the result given in Eq. (3).



& & depends upon the na ure of the'

‘Ev1dence that the tensor force 1nfluences nucleo

2 to '

T
[

nucreon scatterlng}% Lo well as ev1dence rrom model-dependent centr 1~ orce :
calc 1gtlons of S wave scatterlng Z-and the bOundfstate of'the deuteron; lead

us to cxpect some. spln dcpendence in uhese plckup reactlons.-"Moreover, a_j}'
' l3,lh

Varleuy of shell model calculatlons 1nd1cate that the tensor force 1s_strong

o

/‘-’

-?-i’]an'drtha+ the ratlo of the s1nglet even '(A”) strength to the triplet-even (A Y-

strength'shou a be about O 6/1 lj’ l5 As we shall see, the data suggest‘use“

= 0. 3 A If the nucleon—nucleon interaction were soln—lndependent, then

h_; Al,;ana ao /a 2 =*l.O _so that there would be equal probabllluy of transQi.

':fferring tro nucleons 1n elther S=O'or S=1 spln states in the (p, ne) rea"tlon.

-

) for our partlcular ch01ce,., O /a = 3.0,f'so that for a glven frnal state, the

~S= O transfer 1s enhanced by a factor of three over .the AS=l?¥transfer;5
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- show that the second ratio is essentially unity_(ﬁithin 10%). Both in the 1p .
.. shell® and in the 2sld sne11707 27 tpese transitions to analog T=3/2 final .

statés are found 10 be virtually identical.l8’l9 ‘Therefore Eq. (6) becomes

.lv_ l S - R s o | . o
o) L Cer ) s 2w S
dmziy - i NS

11|
o(p,“Fe) | $=0' CSTZ(p, e ) e f(% %1 0% %

On the basis of the earlier‘assumptions,then, thls represents the upper bound,ZQ'z””;
‘l.that can be expected in’ comparing (p,t). and (p, He) ‘cross sections,?o sinceff;'“ R
' “an 1ncoherent contrlbutlon of S 1 transfer in the (p,BHe) reaction could

7'onlJ reduce thls ra+1o .

o RESULTS ATD DISCUSSION "~
. Thevtwo-nucleon tfau sfer. theory under dlscus51on% has been successfully
T3:tested oa targets of w1dely varying mass Mangelson and. Harvey7have obtalnedgoodfiustef;
;?,Stne angular distributions found in the C(3 ,p) N reaction and Glendenning \

“*'Lhas had equall y good results in fitting the 2O8Pb(p,t)206Pb reaction. Since

ylthe,~(p, t) angular di utlleucions to be presented below are also well predicted;;;LfTT

-i“we,vill assume that the theory proberly tekes into accountﬁthe:dynamicsAof the. a,fih.-

ifdifect'two-nucleon_tnanSfefv reactlion. .
of particular concern is the ability of the theory to fit.the shapes . -

3

’;;4£and the magnitudes“of the (p,°He) - transitions relatlve to the (p,t) transi-f'*j

'iﬁf'tions A hough this w1ll depend somewhat on the ch01ce of acceptable optlcal
'lmodel Darameuers, the theoretical ratios of (p, ) to.(p, He) cross sections ;flﬂgl,-

EE TN

‘
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+1on Ior the’ experlmental ratlos of (p,t) to (p,3he) cros ‘sections in termsf

‘of bbe theo”y based on a Spﬂn—lndependent nucreon—nucleon 1nteracUlon (A AT)
- . S .

as well as the case: of a'**rongly spln—dependent 1nteractlon (A = 0;3 A )1
Th inty oductron of thls spln-dependent force w1ll alter the rclatlve (o.

(D 3He)

cross sectlons ana hence alter the ratlos to be comoared in

.inrwhic multlple L valies are alloie .f. fﬁﬁf , ],[ej'L>' : o ;

'1 I*"1no.lly, we attempt to understand the general 1mp11catron of the few :

f observed exnerlmental tran51tlons in wnlc the ratlo of the (p,t) to the ;7

.

;Eer eley 88”>cyclOur0n. Comoleue exoerlmental results and theﬂr dlscussron

'ere presenued'ln. a pollow:Lng naper.Zl Here’ only a few strong tran31tlons

;are con81dered in order to test the assumptlons of" the theory Flgure l pre—

’sents;energsﬁ;Spe<:tra f taken at 22 degrees 1n the laboratory The levels of

N

,gtion (DWBA) calculations, hrror bars, where shown, reflec+ only statistical
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74 angle to the data and the ' (p,t) and (p,3He) tran51tlons are normalized inde- °

" pendently of each other.‘ Two-nucleon otructure factors were calcu_ated Irom

' ©. coefficients of ffractiOnal parentage provided by Kurath22 and as such are cal- B

. culated on the basis of a complete intermediate coupling wave function for
these mass 13 final states.' General formulas used in the calculation of two- N

nucleon narentﬁge iactors for these reactlons are glven in Ref 21 and the

5i:cholce of ODulC&l model potertlals used, in flttlng the data is alsc rlscussed"i.sc

viffln this reference. The optlcal potentials used are presented in Teble II, along .

l3C and 31

i with those used in the . P calculations to be discussed below. The .

o same optical potential was used for both tritons and helium-3 in the exit

i{chahnel{ﬁ

chlﬁhough the:‘(n,t) - ground state tfansitionf (I=0) shown in Fig! 2
”:ils over- pved1Cued by the theory at back angles, the general structure is qulte
lhkwell reoroduced ' Furthermore the - 3 51 MeV (3/2 ) and 7.38" MeV (5/2 ) transm—
';tlons (ooth L 2) shown in Flgs. 3 ana L, resocctlvely, are well predlcted by the
-;theory ‘In addlulon, the flts to the (p,3Fe) angular dlstrlbutlons ‘shown in | ;ﬂﬂ}}f'*

'vFlgs._Z throuuh h_ Whlch assume a spln-lndependent nucleon—nucleon 1nteractlon,

: arehfalrly good. . The effect of 1nuroduc1ng a snln-dependent 1nteractlon is to: ‘.igaff"
_1altel the relatlve amounts of L=0 apd L=2 -in these (p,SHe)_ tran31tlons; el
;'éince‘uhe factor :CSTZ .in the differential cross section of. Eq (l) will be ;f?i“fl”
.Tfalterea,v}Thelnartlcular choice made (A‘ = 0.3 A ) strongly enhances the -S= O

‘-,transfer; result 1pg in a considerable increase of the L=O ‘component,in the o e

‘;gnound state Lransltlon but’ cau31ng little dlfference in the - 3.68 MeV transi{;g;gﬁ;;gl
, T .

'f.tlon.‘ The effcc of thlslls shown’ in Flg. 5, whlch presents normalized (p,

He) .
’(Ifits to the ground state (1/27) and 3.68 MeV (3 /2-) ‘transitions, utilizing

"7 the spin~depencdent interaction. The ground state transmtlon is now better flt




,iby the thcory, whlle the' 3/2 'trans1tlon shows no 31gn1flcant onange.;

thounh Lho opoic l model parameters used in thls study were obtalnea by

¥
.

llnuorool°*1on rrom parameoers glven 1n the llterature for nelghborl g nurlel

.

:and as. sucb wre certalnly subJect to 1naccura01es, thls effect o¢ improving the .

fground stete' (p He) flt by 1ntroduc1na the spln-dependent force does reproeg

{L:du e for other ChOlCCo of the hellum- potcntlal The flt to the 7.55 MeV

- nucleo“—nuoleon interactlon, since two—nucleon selectlon rules restrict this

tron51ulon to.a purc L—Z transfer. N SRTET '”ﬁ

3

Bes1dos 1nfluen01ng the angular dlstrlbutlons of some (p,

He) transi~ 7

jtions,_a‘spln-depenaeno nucleon—nucleon force Wlll also alter the relatlve D

'~fCIOSS SeCtiOnS for’ (p,t) and (p, He) reactlons. In partlcular, for the

g
B

'fchoice made of;IAS O 3 A 'hé7 (o,t) cross sectlon and the "8=0 componenf

“of the_;( 3Fe) tran51tlon w1ll be enhanced relatlve to the S=l oomponenﬁ;ofw

Ap, He)_ transitiontv_Before comparing any transitions;'it is of interest v~

10 ascertain whether Coulomb and kinematic effects on the relative cross'

SN

iSec%ione are,importenti*'Forvthe‘reactions to be discussed'in this and the

Lfollowiné sections,'fhe,DWBAfintegrated cross sections for (p,t) and (p, He)

-, _transitions tovany[giVen_mirrorrpair, utilizing identical struct ture factors for

.

31both,%ere virtually.ﬁheesame.zs Conseouently, theory and experlment can be

leeCuly corpared for euch such palr.

Sa ;

| (p;o) 3

and (p, He) ground state tranbltlons, the date aref

'periment for th

4
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for a spin-indenendent“interactlon and.the,otherufor.thelchoeen spin-depe ndent,

interaction. = Agreement hetWeen'theory‘and erperiment for the relative magnltudes
'bor these ‘ranoltlonuils certalnly better in the case.of the spin-depencent
;if”fﬂﬂ einteraction} . Slmllar comparlsons have been made for the other levels clecuesed

and the ratios (R) of thelr_ (p,t) to (p, He) 1ntegrated cross sections (Vne -

'iitheory being 1ntegrated over the ‘same ranbe as. the experlment) are orese”oed

“in Teble III. The overall result is that one has‘to invoke this strongly spin-’
”lvdependent force in“order to anproach agreenent between these theoretical ratioe‘
h:end the_erperimentel ones. Noting the'table, the 3/27 level is relatively
A;ffiixWell predicted by our-cholce.of a spin‘dependence while thevground state (1/27)
-H;Ltransition ie‘not; Nevertheless; the.everage agreement with experiment' for J
‘-cgiilg,”these two levels is con51oerably 1morovea. Ofaparticular interest is the ex-yjfﬁ

"ﬁf;perimental ratio for the 5/2 "transition, which is greater than the limit of . '/

"h/l. Accordﬁncly, the theoretlcal ratlo ror this trans1tlon is in the poorest

. agreement with experlment,f

‘

: B:‘ 13C( t)*lC and l3C(p, He)llB | '.‘ . fl_‘ 'jc"fkg'*j;}ig
| Thle reactlon wa.s also studied at the Berkeley 88” cyclotron, Jlth ,tl S
lﬁ:an 1n01dent proton energy of M9 6 MeV. Eigue’?present& erlergy Spectra |
:ltaﬁen at 22 deoree° in the laboratory llne spins ‘and parities of the levels of';
;'-1nterest and the‘nuclear conflguratlons assumed for thése. states are shown in
"lTebleklv;' Dnllke the maes 13 states orev1ously'dlscussed two-nucleon coe”fl-

'cientsrof fractional parentage based on intermediate coupling wave'runctlons

“_were not ay alloble for these reactlons, so the nuclear structure factors were

v




vpo*mal¢upd DWBA flts for the lcvelu'uhown in Table IV. The theory is. no*mallzed

.at a Iorward angle 1ndependently Lor cach utate in the¢upect¢um The opticalff
"l mode ' arametera ugea are glven 1n Table II. The flts to the (p,t) véngularf

dlstr~butlon s, vlth the p0351ble excentlon of tne 2 00 MeV (1/2 ) tran51olon,

‘Teaction were~3ust.those'used in the 5N reactlon, w1th a sllght 1ncrease 1n

_euergy in these two reactlons a1f¢ers. by 6 MeV. Theoretlcal fits. snovn for~

'thp (D,3HL) ancular dlsurlbutlons in Plgs. 8 tarough ll are for a spln-lnaepenr

A

.denu 1nberacbion.v We have not compared flts to the (p,.He); data for the cases_

o

soln—lndevendent vS.

3,

15 h ) JC tran51ulons because these mass ll flnal state wave functlons areA

j I\‘(P:

541',‘,.

(p,t) and (p, He) cross sectlons.whlch,.as noted

% Lo

’ulcaldtion of the (n,t) and (p He) intcgrated cross secLions to uhe several,
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essentially equalfso‘that theory and experiment'can be.directly comnarei for
. eech nirror pair.’wnnxe 12 presenus such a comparlson for the grouni stzte

1ans1clons, whcre the cross sectlons 1n ub/sr are compared-with thecorstical -

predlctions Tor Lhe case of a spln-lndeoendent and the spln—de encant inter-
tion. The theoretlcal curves are plotted in ar01trary units Vlthout relative

normalization. As such, they represent how well'the theory accounts for *he

)

relative megnitudes of these (p,t) and (p,jHe) “transitions. Note that the
'egreement 1is much better.with the inclusion of the strongly spin-devendent l-v

v_interaetion. Slmllar comparlsons have been made for the other strong states a

.ffrex01tcd in the mass 11 flnal nuclel, and the ratios (R) of (p,t) %o (p,3 )

'5_j 1nnegraued cross sectlons (the tneory belng integrated over the same range as

a::the experiment),are Shown'in»Table V. However,‘and unlike the lsN results;f‘

. relatively poor agreement is obtained for each mirror level, even in the limit

?of the strong sPin dependence.- Nevertheless, the resuits for these mass 11

“final staues are Stlll consmstenu with what was found for the mass l3 flnal
;nncle1-tnat agreement between theory -and experlmert lmproves as one goes to a ﬁ5
istrongly soln-dependent 1ntera0ulon.

The most 1mportant results in Table V are the experimental ratlos for

.“ thu 1/2 and 5/2 1ntegrated cross secblons, both of whlch are well above the,;“l

r."

-ﬂh/l limit expected for a pure S=0 transfer of the neutronrprotonvpalr.g The;ﬁxw

‘vtheoretlcal'raulos for these transitions, even in the case of strong spin-

i'dependence, remain 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__ahf
3%(p,3He) “ransitions are shown again in Fig. 13.. At forward angles, where

“direct reaction contributions to the cross section are expected to be at a
- ) . ‘\\ 2 ) ) i .

maximum, the « (p,t) transition is favored over the (p;3He) by factors as .
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Lk

ree e amples whcre the raulos of (p,t) to (n,“He)zf

* ol ; k.

arc now th

v-‘ B
i

‘cross sectlons are beyond the llmlt predlcted by theory Table VI nresents

:ofvthe'dete nd compares the resultu w1th those obtaﬂned over uhe bOual anbular

ot

: range,considered'earlier.‘ Also shown are the theoretlcal predlctlons for

spln-l dependent iinteraction, integrated over the same angular range.-

f:C 3lE£ t)7 p and BlP(p, He)29S1

Other data avallable on T—l/2 tar gets [ hose - of 7L1, Be (Ref.,6);;

27Al 31P (Rel.'l6), and 39K (Ref l?, ZM)J are cons1stent with the orev1ously

'mentloned general trend that unless inhibited by nuclear structure cons1dera—

@

£

tlons, the -(p,t) trans1tlon is stronger than the correspondlng mirror (p, He)

;transitioni, This is- shown in Table VII. where the experlmental results for the

crossiseetion ratioslof (p,t) and' (p,3He) reactlons on ‘these targets are

v .
)

viven.u Two values are shown. l) the dlflerentlal cross sectlon ratlo arlSlng

M

jfrom the' peak angle in the (p,t) reaction and-the,corresponding angle.in.the

p,3He) reactlon, and 2) *he ratlo of 1ntegrated cross sectlons over the an-"

i!/\A

\

gular range observed Not shown are data concernlng the ''S- forbldden" tran51—'

* o !

_fulons in’ the Be(p, )7Be_ and 7Ll(p,t)5Ll reactlons, hlch are virtually

vaosent in those'snectra. .«The ra+1os Wthh are close to unlty in Table VII
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the (p,t) transition}150the}'than"the strikinglcéseé bf this-inhibitioh dis-

';ifcusse@ in Ref. &, furtner exemples may be found in Ref. 21.

' Of‘the above’ data, hé3 31 (p,t)29P and 31P(p,3He) 9 gi “reactiops

;appeared'the most uractable for de+alled connlderatlon, since nuclear wave
functions were ava’laole and two—nucleon spectroscoolc factors were readily c@l---

v”culable. ,This experiment was performed by Hardy andrSkyrme,l6 using the 40 MeV

'“f'>proton beam from the-Rutheeford:Linac. "The ground:state”ahgular'distribuulons -f:
‘T;i?;end DWBA fits afe.soown'in Fig. lﬁ.i Although oniy a smeii'engular'fange is

Alicovefed bf ﬁhese’da%a,”it is etill worthwhile.to.preseht the DWBA fits in order”:iil;*
'f:ﬁito show that thc theory properly accounts Po” the expe}iﬁental ahgular distribue"

';T tlons The calculated curves ‘are arbltrarlly normallzed to the data and the

f,:ooulc l mode1 oarameters used are given in Table II. Note that the (p,t) transi-

3

“tion is again much stronger than the mirror (v, He) 'tran51tlon, with their

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

25 Hased'on a modei off{

strucoﬁre factors have been calculated from wave functions
IR three nucleons'outside a L288i core. Figne 15 shows che ground state angular =
$}7'dlsurloutlon compared w1th the theory for the spln—lndependent and spln-dependento&

e<fnucleon-nucleon 1nteractlon dlscussed earller. The theoretical curves represent.:

3

He ) transitions and, as observed

¢

”1;the relative magnitude ‘of these (p,t) and f(P:

‘earlier, agreement with experiment is much improved for the case of a strongly:

- spin-dependent nucleon-nuicleon interaction. : -

iV. POSSIBLE EXPLANATIONS

Although Lhe theory generally glves 8 good account of the shapes of

N




e fv
r

:cons1derably rmproves the agreement between tbeory and ex-

—'OJA)'. .

Deriment‘for these ratlos, but even so the overall average behav1or of tne data i

_»¢S nob reproduced Moreover, three examples now dlscussed lle OhuSld° the pure;?"'

S O llmlt of tne present theory An explanatlon for these results is. sought

elther 1n one, or both of the follow1ng l) that the neglect of spln-aeoendent_

'

1, HOWever, when a soln—orblt potentlal 1is” 1ncluded 1n the optlcal moqel

“ o

'oair;

-(S) trans-“

The coherence lntroduced through the spln—orblt 1nteractlon w1ll not

B

(p,t) reactlon 51nce, to flrst order, the spin transfer is zero.;.

b * \
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_dérable change since ndw"a:separation‘between theilL'and_S’ orar sferred in the

3

reaction c oqnot e achleved v In'this'Case; repreSen 1pg the enurancc erc exlt

.. channel spiry ns oy S and Sb"respchlvely, the dlfferentlal cross sectlor can 7';

do
== (

Where the‘disﬁorted Wave»amplitude'n0w3COntains discrete sums oﬁer the channely;'
spin projections (M ','ma', mb (See Ref 27 for a more complete dlscus51onﬂ)

3

v'.i;, - " The strong 1nfluence of the §=1 - transfer in- the (p, He) reactlon

'can be seen 1n those transmtlons in wnlch it permlts uhe reactlon to proceed

via multiple 'L'vtransfers.f Tor most of these ‘cases the ( He) angular dis-:

:ztribution is ouite.v‘u.hlike‘the.correspondin'cr (p,t) tran51tlon wnere, in the
cases dis cuseed here, only a 81nvle L value 1s allowed The coherence 1ntroduced

JV1+hrocUh the spln-orblt 1nteractlon could have a marked effect ‘on’ ‘the (p, He)'w

.
t

cross secolon, oos51oly redu01ng 1t w1th respect to the mlrror (p,t) tran31-

tion, 50 that'egreement between theory and exnerlment mlght be con51derably




,,potentlal To get an 1nd1catlon of whether such 1nterference terms could’ explaln’

‘our results, a very prellmlnary analys1s w1th the Oak Rldge code JULIE vas con-v

'ducted on. the N(p,t) and (p,3He) trans1t10ns populatlng the 5/2 levels at

13 29

38 MeV in Jl3N and 7 55 MeV in The results are’ only tentatlve, but

4

~we dld Llnd u51ng the optical potential glven 1n Table II alcdnsiderable im-

vwas still required;_ Clearly, much more extens1ve and detalled theoretlcal

DA -
AN
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s shown in Fig. 16. Also:shown‘in this'figure is'the‘angular distribution for .
{z;'the 15 ( t)l3N 6 38 MeV (5/2 ). tran31tion, which is also a forbidden trans1--i“1%
tion for plckup in the (lp) shell. Both of these tranSitions have similar shapes, utg:*

espec1ally at forward angles, and 1t is provocative to cons1der them as arising

largely through a two—step (core ex01tation) reaction mechanism The

l3N 6.38 MeV (5/2 ) trans1tion is discussed 'in more detall in Ref.

f“ijzzl;: here we discuss the tl3C(p,t)llC (7/2" ) tran81tion.' This level is also L

lZ

rfﬁ{frelatively strongly ex01ted in the (d,t) C reaction where it is again

19,32

J forbidden and 1ts p0pulation has been interpreted vas arising mostly

throuch a core exc1tation pickup reaction. A compound nucleus mechanism is un~-" -

likely at these high bombarding energies and in general no ev1dence is seen -for O

19,21,33.

apprec1able knock-out population of final states.

BV

. Although the above eVidence xmplies the presence'of a two-Step reaction,¥7v‘

mechanism, we have attempted to analyze this. tran31tion as if it arose through

lia direct (L=h ) pickup of at (lp lf) neutron pair. DWBA calculations were in"

x;v;-?fact able to reproduce the observedshape quite well and are presented in Ref. Zl.g
Interestinglm this calculation also indicated that a 5% admlxture of (lf 7/2)

a’=1n the 3C ground Su&te wave function could account for the strength of this

p,t) (7/2 ) transition (This amount would be con51stent with what is

;expected for 'lf7/2 admixtures 1n lp shell nuclei3u) Mltlgatlng agalnst »d'
_draw1ng this conclus1on are 1) uncertainties in the DWBA treatment of such quanti-}v;?t
.‘;ties as the bound state wave function for this type of tranSition and 2) the

’iabsence of relatively strong transitions to. posmtive parity states ariSing from ,ﬁf%fif
vﬁa presumably larger amount of (ZSld) : admixtures in ‘the . 3C ground state. L

"1l

LS (The 6 90 MeV /2 ) Tevel of C s populated strongest, but with a peak

x:'f Cross ection of only 15 ub/sr : Considerably more detailed calculations would
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be necessary to establlsh the orig1n~of the populatlon of thls 7/2— state.i"t 38

-t

:L.'ﬁ Further suggestlon of the presence of an 1nterfer1ng mechanlsm in

r

/2 ) transmtlon. anwe I? presents thls angular dlstrlbutlon along w1th the

mlrror (p,t) trans1tlon to the h 32 MeV 5/2 ) level 1n llC .at two dlfferent

3

the (p, He) anvular dlstrlbutlon shown 1n Flg l7 1s reproduced at both energles

Thls tran51tlon 1s restrlcted to ‘& pure L—z transfer for both the (p, ) ,and
(p, He) reactlons on the bas1s of a dlrect plck-up of two lp nucleons.“”A ;f“

. 2 »'
typlcal L*Z shape 1s seen for the (p,t) transmtlon,l733wh1chis well pre~~v

dlcted by the DWBA calculatlons, whlle the' (p, He) cross sectlon is poorly f1t

at forward angles (Flg. lO) and shows small anvle behav1or remlnlscent of an; g

L—O transfer.- The fact that this behav1or appears 1n the (p,3He) angular

’

dlstrlbutlon and not in the (p,t) merlts further study, but could perhaps be
accounted for by a core- exc1tatlon process which proceeds predomlnantly through

l3C ~3 68 MeV (3/2 ) “level. 35

31

transition. Follow1ng the treatment glven by Penny and Satchler, aYSChematlc

for the core exc1tation transition (including 1nelastic scatterlng) The last
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:{core excitation‘transitions.i We have seen thatgthe ‘;lC 7/2-'>state,is excited .i:

d‘ with an appreciable cross section;and insofar as thisICOuld'be taken as evidencedi
'j'g.for a core eXCitation pick-up reaction, then 1nterference effects could presum— 1;dp;,
Ti;pably be quite large. For a two-nucleon transfer reaction, in the absence of
?i?gspin-orbit coupling, the orbital angular momentumv L and total angular«momentum‘;}~f{
g}AJ transferred in each reaction path Wlll be coherent. Due to its additional |
:;;fallowed S= l spin transfen many more‘interference terms would be involved in a given

“.jt(p,3He) transition than the corresponding mirror (p, ) . tranSition It is not };‘55

jcf[;fclear whether such effects could account for the observed ratios of (p,t) and -

3

;;';;;gaj(p, He) tran51tions to mﬂrror final states. . ‘i*5€L7{;f

- V. SUMMARY
A spin dependence in the nucleon-nucleon interaction, somewhat
l3,

"}stronger than what is generally used 15 has been introduced in the twof

LY

—:ucleon transfer DWBA treatment.in an attempt to reproduce“the observed ratios”

‘of mirror. (p,t) .to (p, He) rcrosshsections. Generally speaking, this led to_

;a'modification of the computed ratio in the correct direction but did not :in

fitself'provide a satisfactdry account of the data;A'Several‘transitions were ob-
vftserved in which this ratio was greater than the h/l lmmit expected for pure 8= O
’Vfgtransfer of the nucleon pairs and interference terms aris1ng through elther spin—?’“*fi“l

"”;forbit coupling in the optical potential or through core excitation were suggested ”Hf

{as accounting for,this resultﬂ. The former explanation is somewhat preferred, f

:Q*especially when one notes that the‘examples which are outside this limit arisef

{”?t;from highly populated final states. [They involve the strongest transition in f}
. 15 (

':c{ithe”" t) N data and the second and. third strongest in the 13C(p,t)

[N e N et AERVIC N 3 v PR
3 . Rk I . L "‘n EIN e
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In summary, then, 1f core excmtatlon 1s sufflciently probable and 1f,

the parentave of the final state has a large component based on the excited core,~

.

section. - This applles both to thel (p,t) and the (p, He) reactlons._ The

nOu 1nclude them. On the other hand, the coherence 1ntroduced through spln-orblt
"coupllng in the optlcal potentlal does not, alter the f(p,t) reactlon and applxas

1

only to the (p, He)?'reactlon when the (LS) angular momentum quantum numbers

tlons) v In fact, untll thls latter problem 1s understood, the Spectroscoplc

utlllty of (p, He) or (3He,p) reactlons on T#O targets is greatly hampered It
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. .Table VII.
.- Targets

L(p;t)/(p,3ﬁe) Cross Section Ratios for Other Déta‘AVailable on;T=1/2, :

f;Excitationg-ﬁ

S« o For.low Z member of the mirror pair

st maximum beyond zefo degree

ffIntegratedg
(eT)Ratio
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FIGURE CAPTIONS

N(p,t)l3N and N(p, He)13 "reactlons at

‘ Energy spectra for the“

t22 deg. The spectra have been adjusted to match the ground state

s

Angular dlstrlbutlons for transitions to the ground states of 13

130 populated in the x N(p,t) and (p, He) reactlons,

pendent nucleon—nucleon 1nteract10n, AS-‘AT The theoretical curves,

v
$

angles.t The optical model parameters used were the same for trltons

13 l3

7 38 and 7 55 MeV 5/2 ) levels in C N and c, respectlvely " As

DWBA flts to “the. 2%5 ( 3He)l3C ground state (1/2 ) and 3 68 MeV

interaction,~ A =O.3A ;: The theoretlcal curves have been arbltrarily

et

.-
-

trlbutlons.; The curves are drawn through the experlmental points and
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~?-;ground state transition and the solid line the . 5 (p,3He) 3C 'ground

istate tranSition._ The cross sections are given 1n the same arbitrary

N

‘iunits and have not been normalized to each other..

liiffc) As in b), but with the Spin-dependent (A -O 3A ) nucleon—nucleon

‘.

f;interaction.{57'

.iFié;l7fffEnergy spectra ‘for the l3C( )llc and J'3c(p', Hg) 13 reactions at

.1};22 deg. (lab.) The spectra have been adjusted to match channels for

;the 7/2" levels,'show1ng a slight non-linearity in the triton energy

:gspectrum at the higher energies.

?Angular distributions for transitions to the ground states of llC',

:;and' llB populated in. the 13C(p,t) and (p, He) reactions, re-bﬁ:>‘

-,

jpectively., The‘curveS'represent DWBA fits to the data for a spin-v'

The theoretical curves have

:independent nucleon-nucleon interaction. ‘;

fbeen separately and arbitrarily normalized to the data at forward
_angles. Optical model parameters used were the same for tritons and

helium-3 and are given 1n Table II.viJ

fAngular distributions for transitions to the 2 OO MeV and 2 12 MeV

(1/2 ) levels in lC vandvllB, respectivelyf ;As in Fig. 8 the---

lurves represent DWBA fits to the data.

.

1l

_(5/2 ) levels in llC and B, respectively t'As in Fig. 8 the

’:(3/2 ) levels inj*l c and




a) the l3C(p, )llC 2 00 MeV and "’ the ,13C(p 3He

)ll

B ‘2.12 MeV

t

1nteract10n. : 'I‘he theoretical curves have been separately and,




nucleon—nucleon 1nteraction.' The dashed llne représents the

P(p,t)29P ground state tran31tlon and the solid. line the

P(p,BHe) 9Si ground state transition.ﬂ;Theféross seétions are.

Angular dlstrlbutions for the' 3C( t)ll

N(p,‘b)l3N 6.38 MeV (s/z ) trans:.tlons-.

’




1.
2

t)N

S|un0d .

Y

ey B
T

(&%
<

Ve

iy,




T
ol
s

o
~
~
<~

UCRL-

t) 13N

1/27;L=0




[
—
-
—

- 1 - v
o
7
N~
. ! . . ' o
3 = >
0 : (3}
i = ,M
. ) - . . nﬁw o
Al
‘ ..,* "
. - , 3N o
,“ . ﬂ —.’
o.,x.. < ™~
R — o)

. '_5Nv( p;

-

DN e hin S e 5 b




38 MeV

7.
L=

.
]

13 %
5727

"ISN (p,”

A

:2

N (p, 3He) '3C*7.55 MeV

15

5/2~

.
]

~3274-A

. XBL6E76




-2959

XBL6E74

Fat kg e : £ 3 F el

e
Y T AT
IR N




T T-

T

i LI 3
w2 L0

g.s.

lll'lll

i

RN BREEy|

( arbitrary uan) _f

00l

T LT 7 I ERRN

BN AR

ORI BN
=+

i
T

- lsN('P.‘s-‘HGE) Pc g

A

| 1 [} L 1

(deg)

0 50 10

XBLE74-2972-A >

CReLLI-TEON o e



- T L
T > MR
R
R X @ oy QV_?_
N ] O, EIN R
> NZ =
SO S c2s s M
. - | ! .
. m /a.lls 4& 4_”.\\/
R 3 3 3N - =8 ¢ < SR
N e =1 = >t -8
: EEREP VR o'y &y < Vs .
LR 8&.4.7 OO @
T« < [ u> =
o *SV N .
@ oM e
. 4 w3M )

o> g
.e-.«.v
MT,

. o .

R
AN

c

y

.

ubyo

4

300

o

1ad spu

< -

A n

oy e -

O .
-

noo

..A,.?.n%ﬂ?

e

A




R X T SR RO S

=0, 2

.
’

3/2°




¥ 3 . - D
ST . B T P : . T 93 PR ! g LAy
R - : :

iy

e
AN

2.00 MeV.

%

Hg*2.12 Me

¥
AN

(P 2 %

Rt

I e

%]

L

B R
LRI TRt

SR S

e U AR A e e R

e

e s Tt




.44 MeV-

4
*

©

o |
T
: 3.
“a
Lt}




R
Taa

SRR e
T gt
TR

i st
Bt

PR
o 3

a4 e

a4t




'UCRL-17731

K _'..49'- L

™77

T

T

T .V Jvyrryr,

- A

SRSt SN e 2t £ 0L It ey

[« 3¢(p,He) B g.s.
3/27;L=0,2

1 | 4 { t 1 I

. '3C(p,1)”C g.s.

f“\\..sfziua

-

-1

[l

do/dQ

B T T
by (deg) T

( arbitrary ._ﬁur'ii'rs.)

0.1

1.0

05

005

mrorrngy—

.14

T rrTT

T

—

'c g.é.u

Lol

Ll

L ASAEES Bunn S Sha ht i 0 B S RS S N B M B

[ |INEEL 4]
N B SRS SRR I B T

XBLE74-2073-A




it

v o
R

SATR

e s e ey b awee - o v

P S

Y .ne:. P

TV 7T

2
4.44 MeV

32 MeV
*
sb=2

c.* 4,

- JLs

I'I‘B
5/2”

i

572

L]

3He}

'3C(p,

2.00 MeV .

IIC*
e)l's*2,
L=0,2

p, 3H
172

A

PR e

: PN v A it

.. S y n R N T e
B It T T e . D T Tah M Sl AT i g

HEAR vkt

i

iy

SN

R

ps

D ean
Ve TV e




e

R e
e e

o

Gacl-aesied
o

B DR NS




ey

ORI TS RN S gl ol
oV

pas
el 3 ey
=

=

o4
-

PR
S e IR T uet
7

T

So2tiL=0
e ?'P(p, ®He) #%si  g.s.

ts)

-

c
3
>
S
o
—

R e T

TP s ]

P

'Pip, 3He)Si

1

g.s.|

3

l
0

o
e
KRN




- 4
7
ey LT TT ] | |
1 . S
2 ,
o : ‘ .
0 - -
= SR
.l . ' ; .. " ! ~ R
, o :
~., B - 7 ” )
. ()
C = S
. e +
R <. N
3 — o - S
L ¥ R
St : .IC W
@ ‘ - =
bt - @
| Q. 5
- S -
o Q. -
L o 10
R . B : ' p
N v : . - ; v . ‘ N
B . S nhv
R 11 !

¢

(s/q7) " yp/op




o

v ok
Yealde

g

W gt <

L

iy,

v
R

»t

e e s e e sl o

.

4.44 MeV

.32 MeV
2

5/27;L=2 -

134
:"'lsc(p'

B*
3 L=

6 MeV

(p,t)'c*a
3He)"

= 49,
i 5/2

P

3He)''8*4.44Mev ] f

]

:2‘.
=2

L
L

>
L
2
S
"
&
3

.
’
.
L}

572"
5/2"

A '3C(p,f) Hg
|3C('p

. tra b et st T e N o~ . A
A Thpiams ey : Co R R VD AP RS

. '3 Ce R O s
St : . : Bl RN g . - R
N, ; SN LU ¢ s N ; AN
gt : e - - Fen . y - e &




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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

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 behalf 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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