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ABSTRACT
The -aspects of two-nucleon transfef reactions that depend on
‘nuclesar structure can be iSOlated in structure amplitudes G, which do
not éepend on the kinematics of scattering states of the reaction. The

calculation of these amplitudes from microscopic nuclear models is
illustrated in a number of ekamples. The structure amplituées measurev
the degree fo which a nuclear state possesses the particular correlations
.predicated by the-factrthat the pair is transferred to or from a light
nuclide which itself has definite and. simple correlations among its

nucleons. Several specific nuclear reactions are considered in some

detail, and the étructure'amplitudes for, many nuclear levels are givén.
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I. INTRODUCTION

In an earliér paper the theory of direct two-nucleon-transfer

- reactions was developed in such a way as to give a central role to the T

- structure of the nuclear states involvedQl’g The purpose of the present

paper is twofold. TFirst, we discuss in more detail the form of the

cross section in order to show how the nuclear structure can influence

the intensity and multipolarity of the tfansitions. Second, we show
- in detall how to extract from nuclear wave functions, obtained from any

"particular microscopic model of the nucleus, the information that is

relevant to the double-transfer reaction and thus to expose these functions

to an experimental test.

" The general features of two-nucleon transfer reactions can be

5 1,5 Nuclei and levels not easily studied by other

‘means can be excited. The nuclei can be removed by two nucleons from

stable targets. Levels having two nucleons excited can be,formed‘which

cannot appear (in lowest ‘order) in single-nucleon transfer or inelastic

 }’reéc%ions. The reaction is highly selective, favoring, in stripping’

H“rreactions; those states having a large parentage based on the target

iﬁ its ground state.

Jusﬁ as for single-nﬁcléoh transfer, the angular disfributionnﬂi
for twO-nucieon-transfér feacfions_is characterizedvﬁy’the orbital
angular momentum that is transferred. In the first‘case,,the angular

momentum is carried. by a single nucleon, and the intensity of the

fAreactiOn is proportional to the probability that the nucleon'has that

.angular momentum in the nuclear state. But in the second case, the

angular momentum_is’darried by_the'pair of nucleons, and many different

“configurations of‘the'twovpuclebns can contribute to a given angular-

momentum transfer. The resulting coherence can lead to very strong
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transitions to levels for which it is constructive. It is based on

correlations introdﬁcéd‘by the angular-momentum coupling énd the re-

- sidual nucleon-nucleon interaction. The residual interaction is re-

spbnsible for configuration mixing in the wavé functions and consequently
the two-nucleon-transfer reaction prbvides a meéhanism fsr studying the
nuclear wave functiogs in details not acceséible'to the single~transfer
reaction.

'Generai selection rﬁlés havé been étated.séveral times.l’i’u
Certain additionai rules, which hold under special circumstances, are
discusséd in the appendix.

| - In the nex£ sections we define the iﬁgre@ients of the cross
sectioh aﬁd shdw how those that depend on the nuclear wave functions
can be constructed.’ A number of differént modél wave functions will
beﬂconsidered. jOur emphasis throughout is on the spectroscopy, but
a brief discussion of the angular-momentum;transfer amplitude is included. -

Specific reactions are considered in later sections and comparison with

experiment is made. ' _ ;

II. INGREDIENTS OF THE CROSS SECTION

Tt is well known that the cross section for single-nucleon

transfer reactions can be factorized into two parts: one contains
the nuclear-structure information, and the other depends on the kine-

.. 1,5,6 . o » e
matics.-’?’ - For two-nucleon transfer reactions such a factorization

ié ﬁot‘possible in general. This is because of the coherence described

in the introduction. . However the stripping amplitude Can still be

factorized into a factor /G that depends upon details of the nuclear
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sﬁructgre,'and a kinematic factor B: We concentrate as much of the
structure in%ormationuin‘G:asﬁis possible, thus leaving B to represent
the probability émplitude for transferring a structureless nuclide into'
the orbital state N, L in a structureless nuéleus.‘ This represents a |
complete Sepération of the nuclear-structure caléulation'ffom the épec— ;
troscdpically'uninteresting calculétiqn of the transfer amplitude and
the attendant distorted-wave method.

) The differentialgqross section is foundl_to fe an incoherent

P

sum over L, S; J, and T of

o Ti\j* - |2
- & |G Oyrerr By Bk (2.2)

where L, S, J are the orbital, spin, and total angular momenta of the
pair of transferred nucleons, and T is their isospin. The several
radial states, characterized by N, contribute coherently to the cross

section. The relative weights with which they contribute are deter-

‘- mined by the structure factors G. Ihesélthemselves are very sensitive

to the<ﬁnielauprsinduCed by the residual interaction that manifests

_itéelf iﬁvG by a sum over configuration amplitudes. The amplitude,

ﬁﬁL, is completely analogous to the similarly denoted amplitude in the

fheory of (d,p) reactions.l’7’8 Tt contains the radial wave function

: uNL(R) for the center of mass of the pair, in place of the neutron

‘radial function unz(r). But whereas in: single stripping, only one

principal quantum number n is relevant, in two-nucleon stripping,

" almost always several radial'functiOns are required to describe the

9

center-of-mass motion of the transferred pair.
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Ifiis‘easy to show that thrbugh the coherence, the details off
thevnuciear sﬁructure és‘manifested in the G's can have a marked effect
( .
on the'crosS—séction. Acqording to Eq. (2.1) the cross section could.be
rewritten in terms of a transfer amplitude that contains'érojécted wave

functions

K 3 . .

N ) . 4 ‘;.

o U gy (R) =Sﬁ Cnrss YL () . (2.2)

(This plays the role of the so-called form factor in the distorted-

wave calculation oij.) Suppose as an example that three radial states,f

"N =1, 2, 3 are required for a description of the center-of-mass motion

+
)N . at large

of the transferred pair.v The functions U, have signs (-
radius. Therefore, if the nuclear wave function yieldstN's that have

the . same Sign,'then U will be small in the nuclear surface, and large

. in the interior as illustrated in Fig; 1, whereas, if the GN’S had
" turned out to have alternating signs, u would be concentrated at the

- nuclear, surface. Because of the expected importance of the surface

region, especially in reactions that have complex outgoing particles;

_such effeéts should show up in the cross .section.. It_cah influence

© the multipolarity of the tfansition when several L's are otherwise

allowed.v

The structure factor G is a product of three overlap integrals:

Cyrsor = 8 }: Pyrsar “a .(nO, NL; L‘l_nlfl), nyip3L) (2.3)

The first overlapy. B, is of the same form as appears in the theory of -

(d,p) reactions, ahd.whqséfsquare is proportional to the spectroscopic
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. factor. It'ﬁeasures the parentagé of the ﬁﬁcleus (A +2) based on the v;
nucleus (A) ;?d having two nuéleons in the state y(= ﬁlzlnéke';')’
L,s,J,T. In fhe next section wé discuss at leﬁgth this parentage factor,
since it contains the information about thé nuclear-cbupling schene.

The spatial part of the Wa&e function f&r the two nucleons in
the state ?, referred to above, can be transformed <to the relative and
centef;offmass coordinates r ;nd R by .

[Pty B g, (221

| - .= n%\ '{nz», M; L'lbnl%l’nQ'eZ’.. L) [.\/}nx({)ﬂbNA(B) }L (2.4)
.where thé square bracket denotes vector coupling. Here h»and.A are the
~ orbital ‘angular momenta‘of the relative and centefQof—mass motions,
while'n and N afe their respective principal quantum numbers. The co-
ordihates r and R are th¢ most suitable for treating double-transfer
reactions. The'relative motion, which,rin the nuéleQS’is described by
¢nX(r); has tb oveflap with the mbfion 6f«the pair in the light nuclide
from-whiéh they are transferred. This overlap is -denoted by Qn. We
shall assume that the relaﬁive motion in theilighﬁ nuclides (a = 3,4) .
is pure's;stéte.v Consequently the only part of the nuclear state which R
can contribute is that which corresponds to s-state motion (M =0) in
the reiative coordinaté,lo This accounts for the appearance only of
 the A = 0 transformétion brackets in_Eq.‘(E.B). For-harmonic oscillator

wave functions, ¢n£’ in Egq. (Q.M).the brackets éan be obtained in clbsed

2formll’}2 ahd_%héy have been tabulated.lj
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If the nuclear wave functlons have deflnlte symmetry under

o exchange of the two partlcles, then

1, : if n ﬁlg = neﬂ 5

{
% |
ge={ o . o (2.5)
.€J2,.  otherwise ' '

If the ﬁave function has not a definite;symmetry (i.e., a neutron-proton
configuration without definite isospin), then g = 1.

The sum-oﬁ v in Eq.‘(2.3) is over the various configurations
that may be.present’in the‘nuclear wave functioﬁ of the‘pair of trans-
. ferred nuCleons.v As we see from Eq. (2.3), the different configuratiocs
enter coherently. For some levels-acd their components the coherence
will be constructive 80 as to'yield a large cross section, but for others
it may be destructive.. The sum y, which is explicitly over nl ljlnélgjg,

13

contains an implicit sum over” n because of the commection

" 2(n + W) + L= é(nl *ny) FA L, L (2.6)°

If we assume a Gaussiaﬁ wave function for the light nuclide

bp e (-0t ) (2)

" and harmonic-oscillator functions for the bound nucleons in the nucleus,

we obtain
/e L : ' : " '
e PR PO
- 2" " (n-1). ’
/’

whlch 1s a monotonlcally decr easing function of n. Here
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x= B/l ), yeaee)E T (e

where a (= EEOr 4) is the mass number of the light nuclide.

* The oécillator parameter v is defined so that the single-nucleon

wave functions are proportional to exp (-l/2lvr2). This parameter is

typically about A-l/5 F_g} which corresponds to an oscillator spacing

fw 2 41A‘l/3 MeV. Of course if one is using shell-model wave functions

< .

. obtained_by diagonalization of the shell-model'Hémiltonian; the same

 value of v s?ouldvbe used in Eq. (2.8)vas waslused in the diagonalization.

The Size'parameter 7 of the light nuclide is connected to its

mean-square radius by

{ -e—gé— for Het o
64 (=) o
a2=y . | (2.9)
1. 3 L ‘
— for He” or H
6<r2>. ' '

1u;15

The experimental rms radii and the corresponding size parameter are

.listed in Table I.

It should be remarked that the structure factors depend on the

prbperties of the light nuclide (in particular its size), through the-

v - _ : L
overilap Qn. For nuclides heavier than He *the assumption concerning

the dominance of the relative s-state'may be less valid. Indeed one

should use as a probe those nuclides whose properties'aré well enough

. known as to a;low anvintérpretation of the reaction in terms of_the

‘properties of the nucleus.

The full exﬁression for the cross section is written in the

appendix.
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'III. CALCULATION COF THE PARENTAGE FACTOR '
We shall refer to ﬁy, which appears in the structure factor
G [Eq. (2.3)], as.the parentage factor connecting the nucleus (A+2)

to (A). To define our notation we denote the reaction by

<a>si+(A>JlTl'H<a-e>52+<A+2>J2T2 LG
Atomic-mass numbers ére'given in parentheses,‘and spins and isOspins
. are.indicatea'by-subscripts.‘ Then for stripping reactions, ﬁy meas—_‘
_ures the extent to which‘the nucleus (A+2), in the state in which it is
: formed by the reéction, appears as the ground state of the nucleus (A),
plus two nucleons.in the state (= nlllnEZQJJ,L,S,J,TV. For piék-up
' reactions, B measures the degree to which the ground state of'(A+2)'has
~as its parentlthe state of the nucleus (A) thatvis formed in ﬁhe reaction,

plus two nucleons with the above gquantum numbers. More precisely:

'3
Vg

) /
BypsonlIyTa) - | |
o [Jiae) [T U | | |
o ( 2 EngTl (2) ¢7LSJT(51’52)jJ o 9T, (A,zyrdh ary dr,
' S ' 272 |

(3.2a)
. ' .16 A2,
where the square bracket denotes vector coupling. The factor { 2») 1as

. to be understobd as symbolic in the follOwing sense: In case the isospin

formalism is not used in constructing the wave functions, then. -

A+2 N+vy. zZ R ; .
(= O (O T (3.2v)

where v and 7 are the number of neutrons arnd protons transferred
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(v T = 2)._'Iﬁ any caée, if, as is usual, thé overlap is computed wifh
fwave'fuhcfions that refer only to a certaihn antisymmetrized subgroup of
"'fhe fotal number of nucleons, then A (or N and Z) stands only for the .
number in the group to which the pair is added.
" If the wave functions of (A).and (A+2)'are known, say from a
shell-model caiculatiOn,,then 8 can‘be computed. As a.simple example,
consider a pucleus (A)'that has closed shells. Some stétes of the

nucleus (A+2) might therefore have the structure

\}:/JQT2 (A+2) ?O(A) %Ti? C(jljg)J2T2 ¢(ji§‘)J2T2 (rl,rg) , {(3.3)
1“2

where the C's are the mixture coefficients for the levels above the

closed shells of (A). To calculate B NLSTT we want to transform

(o) from the j-j scheme to the L-5 .scheme, this is achieved with
(JlJ )3

the coeff1c1ents

_Ul 1/2 jl], X /2 E{'el 12 3
I, 12 5, = ([L10s103,103,0) 2, L2 5% (3.4)
L.os I - L s J }

where [j] = 2j+1L and {} is a 9-j coefficilent. T Upon doing this and

inserting the resulting expression for WJ (A+2) into Eqg. (3.2), we
2

can perfofm the integrations immediately, obtaining

o : I
19279272 | 2 2
_ L s g j

" Which is the parentage factor connecting the ground state of (A) and

 the state J2T2 of (A+2).
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It is very important to notice from Egs. (2.1) and (2.3) that

the configura%ion mixture coefficients C i# the wave function contrib-

' ute‘cohéreﬁtlfgto the structure factors. Thus the two-nucleon stripping

. reaction is sensitive to the phnases as well as the magnitudes of the -

mixture coefficients.' The single—nucleonlstripping reaction by contrast

j depends only on the absolute values of these coefficients. It should
'be evident however that, sﬁarting with experimental results, it is in
- general impossible to deduce the wave function. Even supposing that

" the expériment uniquely determined the G's, there is an infinity of

ways_in which the product of the three factors on the right side of

Eq. (2.3) could be arranged to yield them. However, if we have a wave

function obtained from a shell-model calculation, say, we can compute

from it the structure factors, and thus test_whether the wave function
is-compatible with the experimentai :esults. In the next section this
précedﬁre is illustrated in deteil for fhe_Nlh wave functions.

.The parentage factors.can be easlly obtained when/avpair of like
nucleons is added or taken out of a gifén shell j. In particular, when

n is even the ground state is (assuming a pure configuration):

™50 =5 (™3 3, (B a1™e) TG v g, (Pmsoy
” ' SV, "’ -
(5.6)

where v is the seniority, and the bracket () ) is a coefficient of

| | 2y’ : .
fractional pa:centage.l8 Again expanding the (j~) J configuration on
an L-S basis, and inserting Eq. (3.6) into Eg. (3.2), we obtain

immediately
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S 1/2: . _ v »{3
n{n-1 ., n-2 .2 n ' _ ' '
=[—(—2—-—-—l} (v, (37317)0) %z /e 3y o (3.7)
. Similarly the wave function for an excited state |(§™) v =2, J) can'be -

“expanded and one finds

4

[(5778) v,3, « (3™) v7,)

Prsg
r .
L= ;n“;-l)} (3 ‘2>v1 b TPV 12 5t (3.8)
- R o fL s Jj

‘Explicit formulae for coefficients of fractional parentage can be ob-

- tained for states of low senlorlty by methods dlscussed by Schwartz and

19

de- Shallt One flnds

((3°B) vy 3, (52)313(5™)0)

| {2(n-2) 2541 11/2 i J'# .
L el T V=2,
Ny (3.9)
Coa Yy 1/2 |
. 2j+3~-n H _ ‘ _ _
Ricesiar S veo0, =0
B J
. '_2 T .2 ) . ) v
v((Jn ‘}.vlJl > (3 )J}}(gé)v'z 23,
. ' . [
‘ g,. 5 _ & ) n-2 2j+l-n. 1/2 o r-o
; J1J2 le tn(n—l) 25+1L - |
= & _ - \1/2 (3.10)
) i_,a f o - {23+1-n)(23+3-n) { I -0
._{ J J2 v.,0 _in(n—l} (25~ l)(2J+l f » 9q :

[See Eq. (36) of Ref. 19 for the case when J # 0, J; # 0.]
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Similarly to the above, when n is 0dd We obtain:
Dy . n-2 .
- By () Vel e (TTT) v =1 ]
r T1/2 ) 1/‘2"’ i
n-1) n-2 .2 o ny N .
- TP v, GBI v a1 e 3/
K | ” ' L s J]
: . (3.11)
B where |
oMy By ey
W) v=15 G IIS) v=13)
) 2 (25+1)(2j+2-n) 51/2 Fio
2j-1 n{2j+L) J ’
= ¢ , (3.12)
{2(j+2;ri 1 1/2. I =0
ﬂn(&jﬂ) e
~' k )
‘We:rnow . consider -the situation in”which.the nuéleons_are transferred
. /
to or from differen“c shells. Then
: n ; na-ll nb#l
—l 1’1 l . . n.
l/ 2 1 A T
= ()2 (03,50 3y 5,000,705 (30 LS NEROLN
— -- : - . - o '
1 . ‘ H - Q K] ,:
Ja da Jaz %za 1/2 Ja i :
X J.b’ 3y Jb% izb‘ 1/2 3 | (3.13)
‘ } LJJ' J J2 ] L}J s J J

_ o5
from (d,p) reactions,

written down [cf. BEq. (67) in Reference 1.]

”The coefficiénts of fractional parentage are exactly those familiar

and'for‘states of lowest seniority can be -
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1 , :
The parentage factor for configuration mixed-wave functions
based upon the above configurations can easily be found from those given

. for the pure gonfiguratidns._ Thus for example if

T (2> oy By

= 3 / Ca Cbyg

17, ) .CjanJanl(Ja W (3 M3 I
JanJan

(3.1ks)

-
o
/

o . o n -1 n -1 :
MEAEINY c{B 1G5 e, (Jza s T
B T P g @ 2 o
Jan a“Dp .

-

then\

0 (1) L(2)) ,
/ _ - ¢ B'YLSJ [Jan’
\;JJanJan ) .

eﬁqﬂ‘i JgeﬂJE%;%j

S Priss

2
(3.1b4p)
For several other_configurétionS‘that might rise in the conven-
tional shell model, we have given the corresponding parentage factors
1
elsewhere..
In regions of the periodic table, removed by more than several
1,nucleons from closed shells, the conventional shell model becomes very

A cumbersome.. In such situations the Bardeen-Cooper;Schrieffer method has
20,21

been appliéd to the nuclear—sﬁructure problen. With some saérifices
ﬁ; 'one can obtaih a solufioh to the many—bbdy problem. Using this nuclear
. » -« model, Yoshida22 has considered the two-nucleon stripping reaction and
. ;i”obtains "spectroscopic factors," which he calls B(J, 3132), for various
o “types of nuclei. The other details of the reaction he develops in an
. interesting butvunnecessariiy approximate fashion. We can however use
‘directly his expression for the ”spectroscopié factors" in terms of

.

“which our parentage factor is given. as
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4

Pypsy = B,

B

'He finds, for,example, that .if both nuclei (A) and (a+2) are in zero

'
H

quasi-particle states:(i.e., groﬁnd states of even nuclei)

B(034) = (3_;'1/2>

If however (A+2) is in a zero quasi-particle state and (A) is in a two
quasi-parficle state with configuration (jljé)J, then

1/2 vj (A+2) vj (A+2) :, (3.17)

B(33,35) = ~(27 + 1) ) |

2

which is appropriate,for pickup from an even nucleus. If the nucleus
(A%é) is in a two quasi-particle state while (A) is in the ground state,
then

 ‘ B(lejé) = Uji (n) Ujg_(A)f} . o g (5.18) 

Other situations are also treated, notably collective vibrational states.

IV. ANGULAR-MOMENTUM TRANSFER AMPLITUDE

>

The -second factor in Eg. (2.1), BﬁL, is the amplitude for transfer
of a pair of nucleons befweén the iight‘nuclidg and the nucleus, when
 their center;of-mass mofion in the nucléus is characterized by the quéﬁ—
'tum numbers N, L, M. I£ gontains no'de%ailed.reference tothe nuclear
structure,‘since this in%ormatién has been concéntrated in.the structure

 factors G. The B's are expected, as in single-nucleon transfer

I, 12 3§, é' - (3.15) ::
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:well known from other work.

" tentials.
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’

- . | . , o - : | |
reactions, to depend in a characteristic way on the angular momentum

L that is transferred. In addition they depend on the number of nodes

(N-1) in the radial fﬁnctiqn uNL(R) for the center of mass of the pair

of tfansferred nucleons in thé nucleus. In general (as already rémarked),
several different radiai states N are requirea to define the center-
of-mass motion, and these enter cohefently with’weights and phases that
depénd upon the detai}s of the nuclear wave functions as egpressed in G.

'*The actual calculation of 'B‘Aréquires the use of distorted Waveé
to describe the motion of the incident and oubgoing nuclides, a method

- 7,23-26
)25 There are, however several uncer-

‘tainties that arise when ‘the nuclides are strongly absorbed in the nucleus.

In the first place there is a whole set of optical potentials that give

 essentially the same elastic scattering and differ from each other in

the characteristic that, one additional half-ﬁave'length of each pertinent

partial wave is pulled’inﬁo the potential'for successively deeper po-

27

In the second place, it is entirely possible that inside the:

'nﬁcleus no- optical potential can give an adequate description of the

wave‘function."If'this be s0, then, fortunately; for the same reason

that it is so, the interior should play a very minor_role in the direct .

transfer process, while compound nucleus contributions to which the

interior would contribute will'usualiy contribute little intensity to

o L
any given channel above a few MeV bombarding energy.2 This should be

especially so if the outgoing particle is composite. In such a situ-

ation it would be appropriate to introduce a cutoff, or otherwise damp
the contributions to B coming from the nuclear interior.
An attempt to find a prescriptioﬁ for calculating B will be

the subject of a subseqguent publication.
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V.- METHOD OF ANALYSIS
Fellowing the preceding discussion we éhéll gséume that thé
interior of the nuéleus makes. a negligiﬁle contribution to the angular-
momenﬁum transfer~am£iitude BﬁL' In this case the dependence on N
: Becomes trivial. The wave functipns uNi(R) at lérge radius have the

N-1 N (in the convention used by most authors), and out-

sign (-) _
“side the nucléus‘they pbey the field—freé Schroedinger.equation with
negativefénergy corresponding to,the separation energy bf the two

:g nuciééns from'thg nucleus.. We therefore write

L

oo O g o B ery 0 5y

where EL has the same structure as B, except that the wave function

uNL(R): is replaced by the spherical Hankel function ~iLh£l) (ikR) where
A A

K

B is the separation energy ofﬁthe pair from the nucleus,

= eB/hz, €
and M* is fhe reduced nﬁcleon mass. (More accurafely, 2M* is the mass

‘of the transferred pair thétvpossibly includes some bindiné energy. )

 The integration in B extends from RN to infinity. (In the p}ane;wavé
approximétion, B is proportional to the Butler Wronskian.) The guantity
Wi, (v,k), which depends on the separation énérgy and the size paraﬁeter
gf the nucleus (see SectionII),lis a positive normalizing cdhstant found
'by matching the iﬁterior (harmonic oséi;lator) function t§ the Hankel
function, and renormalizing the_éombination to thé original normalization.
| It is tabulated in Table IT. o |

| From E% avreduced cross section can be calculatéd, which depends

on the distortion of the incident and outgoing nuclides by their inter-

action with the target, the @Q of the reaction, the separation energy
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of the transferred pair from the nucleus, and of course the scattering'v

angle, but‘whichjis completely independent of the nuclear.structure.

i

We denote the reduced cross section by

S M2 ' | |
QL(K’RN)G) o zdlB]-J * . N (52)
The actual cross section is proportional - to
do i N e 3 (k,R.,0) | (5.32) 7
SRS T SRS A AL ¥ g '
. . - 1, -
‘where ‘ ,
R - e B g | -
g = L CST‘ )3 ()7 W GNLSJTF (‘5.3b)'
: SJT N ’ '

o

now contains all the structure information on which the cross-section

depends, under the assumption that the nuclear interior makes a negligible

contribution to the reaction. We admit that, while this assumption is

" “plausible, it is not known to be true. It is not an easy point to in-
>,vestigate, because of the difficulties inherent in treating reactions
vj as a many-body problem. We emphasize, however, that the analysis of

" nuclear wave functions to yield the structure factors G is independent

ofvthis question.

The factor C:T in Eq. (5.3b) is simply an .isospin factor which

:;is written .down in the appendix.

" The WﬁL'in Table II are independent of the cutoff radius, RN’

that is used in computing the modified transfer amplitudes, ﬁ%.i This

independence 1s in line with our design to keep the structure calculation

. independent of the distorted wave calculation. The price paid for this
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is that the bable may be (mistakenly) interpreted as implying that the

cross-section’ decreases with increasing L, because the WNL'S do. The o
‘point is that the ﬁ%'s contain the Hankel function hLJ(iKRﬁ)which in-

creases with L, and compensatés the decrease in On the other. hand

NL®
the W, for given L, increase with N. This is significaﬁt, and is not

 compensated by ﬁ%; which is (by design) independent of N.

VI. ANALYSTS OF THE C2(c,d)N"* REACTION
Here some aspects éf the two-nucleon stripping reactions discussed
-~ in the foregoing are illustrated in greater detail by cbnsidering the

12(

C a{d)Nlu reaction to variouS‘éxcited states. This reaction has been

28,29

chosen because of the availebility of experimental results as well
v'as shell-model Calculations.so’Bl Our object ié to test the appropri-
ateness of ﬁhe wave funétioné by extracting the spectroscopic information,
relevant to the two-nucleon transfer reaction, and:to compare the results
with the experimentel cross section to £he various levels.

Since C12 and the two light nuclidgs have isospin T = 0, only
states in NllF of the saﬁe isospin can be excited. In his shell;model
_calculatibn, True29 gssumed that meny of the states in I\TllL could De
deséribéd 85 an inert C12 core plus a neutron and proton in the shells
beyond (i.e., pl/E’ d5/2;.sl/2’ d3/2)' The parentage factor_f@r stotes
of this structure is given by Eg. (3.5).32 '

True's wave functions were obtained with an oscillator parsmeter
v = 0.27 5o for the s and d orbits, snd v = 0.32 F 2 for the p orbit.

. P i
We use the.latter value to évoid the unnecessary complication. of using . ;

- two. such parameters. From Eq. (2.7} we then find for Qn‘theAvalues

showvn in Téble,III.
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The bracket <]> in Eg. (2.3) cen be obtained from the tables of
13 (Cur notation is slightly different: in partic-
ular our n . is rélatéd‘to theirs by n =n' + 1.)

The three factqrs.obtained in such a way for the T =0 states

of the configuration dg/2 are gatheréd together in Table III, along

- with the resulting sfructure factors G. From earlier discussions of

© the selection rules,l we know that only the triplet (S = 1) part of =

the wave function cdntributes’in (0t,d) reactions and that for configura-

. tions j2, only states with J'='odd ‘have T = 0. Therefore for such

 configurations we have calculsted . G only for S =1, J = odd.

NLSJ

“For other two nucleon configurations, jj‘, the T =0 states can have

both odd and even J. -For any T =20 level, since only S:=1 1is allowed .

for (o,d) reactions, the multipolarity of the transition is limited to

one value, L = J, if the spin and parity is <J,(L)g while it cen have

Lo ' . +1 :
two values, L = J * 1, if the spin and parity is J,(-)J L (Note that

J is the total angular momentum carried by the transferred pair, and is
necessarily the spin of one of the nuclei in the reaction only if the

other has spin zero. This is the situation for the reaction discussed

here.)

" The sbove selection rules are reflected in the entries in Tabie Iv

where the stfﬁcture facﬁors for other configurations relevant to NlL_are

given.
The structure_factors for a configuration mixed state can be
found by weighting the factors for the pure configurations by their

amplitudes in the mixed state. True has computed energy levels and wave

" functions of Nll+ on the basis of the conventional shell model.3o  In e

"more recent, unpublished calculation, he has ihcludéd the f7/2 level,
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h which is not of much importance for the low lying levels, but enters as

31

an important component of some of the higher ones. The'structure

factors cor?esponding to these wave functions are presented in Table V.

. The energies quoted are thevcalculated ones, and are somewhat different

from the original publishéd calculation. The cofrespondence between some
of these states and experimental levels-cen be found in True's paper and
in the following paper.gg- The energy eigenvalues for the higher lying
levels could bg in errbr,by several MeV. The calculation in the region,
above say 9 MeV should in fact be fegarded as qualitative. [

.A comparison of the structure factors for the configuration mixed
states in Table V wifh the structure factors for their domiﬁant configura-
tion.which can be found in,Tabie IV, reveals that.important differences - |
can be introduced ever by sméli adﬁixtures. This is becéuse, as slready

emphasized, the detailed structure of the wave function induced by the

nucleon-nucleon interaction enters coherently in determining the transition

. rate for transfer of the two nucleons. Thus if we refer to True's paper

for.the mixture amplitudes of the ground state of Nlu, we see that he
finds it has an smplitude of 0.96666 for <pl/2)2' However, the sum of

the absolute values of the other amplitudes, which have only a 7% proba-

‘bility, is 0.48; it is this numbér, compared to the dominant smplitude,

that is important for coherent effects, not the probability. Figure 2
shows the L = O. part of the configuration mixed-wave function for the
ground state of 7 obtained by weighting the functions of Fig. 1 by the

stfucture factors listed in Teble IV. Tor compafison the L = 0 part

- of the dominant configuration is shown also. In this case the effect of

thé small componénté has been to concentrate the wave function further

out near the edge of the mucleus. In contrast the L = 2° parf is pulled
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in by the adéitional configuratibns; Thesé are strikinéveffects cqnsid¥
ering ﬁhey aéevcéused by 7% admixtures in the wave function, and they

"manifest themselves in‘the?crucial surface region. |

For more strongly mixed states, the coherence can Be of even
'muéh mbre importance. Consider for example theltwo b+ states. The wave
functiqﬁ'of‘thé lower one is

-z

0-64(pyotq/2) + 0-17(e3/585/0)
| and that bf the upper onevis the orthogonal function. Theﬂfirst has a-
sﬁructure factor for an L = 4 transition of 0.75 while the second has
0.0hi The cross section is proportional to the squares of these numbers.
© An eiamiﬁation of‘the:étructure factors will suggest which leﬁels- 
lwill bé strongly or weakly madé and what the dominant multipolarity of_
‘the transition is for those cases where it is mixed. Se;eral points have
to be kepﬁ in mind wﬁen.reading the tables for this purpose: (a) for
., given L, the componen£ with the larger N is favored because the corre-
"sponding‘wave function is peaked cloéef;to the nuclear surface.b (b) for
given L,‘alternating Sigﬁé for the N components corresponds to construétive
* interference in the surface region, and ‘leads to stronger transitions.
(¢) the higher L'é are often‘kinematically favored by the energy of the
experiment,and the Q value of the reaction. For the resction.considered
here, and MC—BO.MeV alpha particles, lga - %de = L, where R is the nucleaf
radius, 50 thaf L =3, 4, 5 are favored, all other things being equal.
- Thus an‘fL =L, N= l' transition would be favored over an L =2, N =1,
but possibly'not over an L %'é, N=2 or L=0,N=3.
| Concerning comparisons with experiment, it is very importent to.

kéep in mind the purely sfatistical Tactor (EJfl) which is contained in
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_the experlmeﬁtal 1ntens1t1es, and whlch very much favofs the high spln .
states. Thus the 5+ level at ~ 9 MeV domlnateo the spectrum. 29_ However,
if thié factor is removed, the intensity is only about 1.5 stronger than>
'the.ground‘state intensity. ‘From the ﬁuclear structure point of view,v'
this is the relevant comparison. |

Referrlng now to Table V we see that among the 1+ states, for
example, the one at O MeV w1ll be excited by both L =0 and L =
transitions, the one at 5.5 MeV will go predomlnantly by L = 0, the
one at 9.3 MeV will be weakly exqitéd, the one at 12 MeV will go predom-
inantly by L}=v2 ond the one at 1k MeV.will be weakly excited. |

- For the most part the spectrum of T'= 0 levels in Nlbr below
9 MeV is understood. Priorbto tﬁe Present calcuiation, and a pfeliminary
report of it;l the region abo#e .~ 9 MeV was unexplored by this reaction.

From the tables we see that in the region from about 9 to 16 MeV the a,d‘

reaction should excite the following levels, listed roughly in order of

éxpected descending intensity: 6-(L = 5), 4-(L = 3), 4+ (L = 4), two
3+(L = 4), 2+(L = 2) and 1+(L = 2). A number of transitions are observed
in this energy region.29 We chall not speculate as to their assignments,

however, since ‘the calculated energies at this high excitation can not

© be trustedAtoﬂwithih,several MeV.

VIi; THE 017 (HeS,p) " REaTTON
’In this réaction, the trensferred pair can carry both T =0 and 1;
) and since the target has isospin;b,.both T =0 and 1 levels in Nll1L can
be reachedf The calculation of the structure factbrs for the T =0

levels is identical to that in the eXample of section 6, except that
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!

'the overlsp integrals, Qn’ will be somewhat different owﬁng to the

different sizes of Heh.and He3 (see Table I). Therefore /the numerical

3

values of the structure factors will be somewhat different for the He

initiated reaction considered here.

il
ol

We concentrate attention on the structure factors for the T

‘levels. As discussed in the appendix, the total angular momentum of the

~ transferred pair when they carry T = 1, is subject to the selection rule .

J + An = even .

Since the target has zero spin, J in this case is the spin of the final

LI Y

N

. “ - B - +
nucleus. Therefore the T = 1 levels with the spin and parity O, 1,
cannot be excited. The structure fectors for the remaining levels of N]'LL
are given in Table VI, and correspond to the secbnd of True's calculations.

As in the preceding example, we can form a rough idea df which

states will be most strongly populated. Of the O+ states, the second

»Ehould be the sﬁrOngest; of the 1l- states, the first; and of the 2+ states,

the first. The 3- and both L+ states should be strongly populated.

VIII. THE Pb208(p,t)Pbgq6 REACTION

As a final example of the construction of the structure factors

- we consider the above reaction. In this case Pb208 is doubly magic so

.its wave function can be assumed to have completely closed shells:

ijgOB} =.|p§/2 fg/2 pg/g el O) , (8.1)

where -only neutron configurations sre ilisted, since they alone are involved

. in the reaction.

31
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o | 206

The wave functions for the levels of Fb™ ~ have been obtained by |

33

True and For&,“ and are -of the form

'206.
le ’ 3 i 4 i ik kU1 I

where closed shells have not been mentioned. - The parentage factor for

- components of the first type in Eq. (8.2) is

. ¥ A\ 12 m.-2 , W A Y2
B, = {( 1>} (7 )3, D3l Mo e /2 5.
jjLer N2/ - lr s 7

| e, w2, I

) = (27 + Y2 zi Ve i - - (8.3)

[L s J o

’ where N = 2j + 1 and the coefficient of fractional parentage is given
by Eq. (3.9).

For terms of the second type we obtain

Jold, d, o4 /2 3|

" 1 i i
3,187 = { >< >} Jk Jk ofle 1/2 5
< ol s g
Ni-l ‘ N, Nk"-l N
N X (357 Dy 35100 10) (s, Vi 3,1 13,0
| VR -
# : L \1/2 ) * . -
. = (27 + 1) b 1/2 de . (8.4)
L s J | : -

The fractional psrentage:coefficients are here unity.
The structure factors for the configuration mixed states are,

according to Eq. (2.3)

k 1k J J1 LsJ

NLSJ = Z.al P Qn<nO,NL;L qrﬂigniﬁi;L)
1 . JiLSJ :
,*l - |
8 nO,NL;L[niZi,nkﬁk;L) . (8.5)

ANEE

- Lol + By lG7 Loy (6.2)
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‘- IX. SUMMARY

'
t

\
In the feéctidns we have considered, a pair of nécleons is 
- transferred between a ﬁucleus ahd a light nuclide. The pair is presentéd: )
or taken'éway from the nucleué in a specifically correlated conditioﬂ |
"predicated by’the prbpérties of the light nuclides. Nuclear states will
_have greatly varying proportioné of the appropriate correlation, thus
"acéounting-in paft for the ﬁide range of intensities observea for levels
in a given nucleus.. In addition, strongly excited states must have a
‘parentage based on the lighter nucleus. The Vaﬁe functions of a nucleﬁs_;
obtained'from a microscopié model must reproduce_the Observed. intensitieg
which depend on rather intimaté detaiis. Theée'reactions therefore
pfovide a severe check of the wave functions.

A measure of the appropriate correiation<iS'provided by the
structure amplitude_G, which appearé as a factor multiplying the transfer
amplitudé;JBNL., The lattér quantity which depends upon the écattering
. 'states and.the kinematics, 1ls divorced from oﬁr main discussion.

’;Iﬁ any'microscopic nuclear modei; the correlatiohs are reflected
.in the wéve functions.by mixtures of several of the basic stétes of the
model. ‘OnceAtheSé wéve functions haVe‘beeh provided; the structure
amplitudés can be computed as a lineér combination of the structure
amplitudes of the basic states. |

The calculation of G-haé'been iilustrated in.a number of possible
‘. situations in Sec. III, and particular reactions were considered in the
final sections. To make a COnélusive check on whether the wave functions
correctly‘reproduce the obsérved intensities, one would have to carry out
the calculation éf'fhe transfer amplitudes‘B, perhépsvaloﬁg lines suggested J |

in Secs. IV and V. However the structure factors alone are sufficient to

suggest which states will bhe strongly populated, and with what multipolarity.
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o . o o R ,
From the point of view of this paper the most important experi-

from regions of the periodic table

ments to do are those using nuclei

where detaile&nnuclear structure calculations are possible.
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APPENDIX

We write down in more detail the form of the differential cross

. section for two-nucleon transfer in the direct-reaction mode. The nota-.

'_‘tion for the reaction is defined in Eq. (3.1). The cross sections for

the stripping and pick-up reactions are given by

k. 27, + 1 |
a0 F2 <o 4o . |
a8 "5 57T (Gglo o (stripping) - (a-1)
ARt S - |
g k, 25, + 1 ° . | -
dc 1 %1 do :
S 5 3 T aglo »  (pick-up) (a-2)
\ 2 <o
where
* ¥ .
m.m ’ :
doy . MM o o ; M |2
3000 = (oni)2 2 LEJT Cop ﬁ % “NssT Pn (a-3)
Cop = (TlTZl,TTZ]T2T22> b - (A-ka)

* *
Here my and m, are the reduced masses of the light nuclides and the

bracket is a Clebsch-Gordon coefficient for the isospins, wnere the

transferred péir carries T, . The quantity bST is an overlsp factor

involving the'spin-isospih functions of the light nuclides.and is

_given by

. VSSO aTl o : ; (t)P) . or (HeBJn)
LD _ A ‘ 3 -l
bST = ¢ (1/2) (aso 8y * Bgy aTO) , (t,n) or (He>,p) (A-kp)
8, g . (a,d)

where .we have assumed thet the spatial wave functions are totally symmetric.

In case the isospin formalism is not used, factors involving T should be

dropped (and the counting factor in B should be rewritten, as explained

32

in Sec. III, in terms of neutron and proton numbers.

.
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Thé'ﬁransfer amplitude B%L is definedvfcr stripping by

NL

Bl = ™2 [0 g g ™

(+),

X V(p)\lf;L (ki;ﬁl)w(p)gngRé - | 'KA~5)
. and for.pick-up by
LM M,
(=377 By, (gy-ky) (A-6)

o NL
| Here W(i) refer to the'séattering solutions, R, Rl; and R2 refer to the
center-of-mass coordinates of the ﬁransférred pair and the two light
nuclides of Eq. (3.1), and p = [B'— 521. The wave fuhction o(p) refers
to that part of the internal Qave‘functiOn for the light nuclide (a)

‘'which depends on p.  This separation is possible when we use a Gaussian

wave function for the nuclide (a):

S 22,22 o202 _
9, = Ne = | |
: 2 2y 2 2
#0(31°%) 0y0 (%% , (a=3)
(A-7)

Here r is the relative coordinate between the transferred pair of nucleons,
re-between the pair of nucieons in the nuclide (a - 2) in case a = L.

For a =v3v this coordinate is absent. The functions Py are harmonié

oscillator functions:

KA SRRl Q
| 3/2, | 1/2 - 2
[ el [T B 0t AR S
S _(A—Ba).
' -1 + 8- 1)z X -
| Lffi/.2<x> = nz <n . > (—k}f)“ ,  (nz1) . - (A-8p)
n - k - 1 : E :

k?O
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- The factor Q, in Eq. (A-3) is the overlap between the deﬁteren
‘in’(a,d) reactions, and the relevant part of the a-wave function,

whereas if a = 3 1t is unity:

it

[uiten) wpn®D Lan, (=W |
Q. = ,_ _ . (A-9)
1 » ' ’ (a 3)

It acts only as an,o%er-all nermalizing factor. The overlap integral on_1

the coordinste r in Eq. (A-7) is called o

[ ey 22 2
Q = \/huno<2 vro) ulo(an r7) r° ar (A-lq)

and is discussed in Sec.'II.

" In our formulation, the wave function u describing the center-

NL

of-mass motion of the transferred peir is a harmonic-oscillator function.

~This ehoiCe was made because of fheir convenieht analytic properties.

These fuﬁctions arebgood repreeentations of the single-particle wave

4 funetions in any potential well of.the tyﬁe,usueily assumed for the

shell-moael central petential, except in the_Surface fegion,Awhere they” ‘

decéy too rapidly; -This fault can be easily remedied by repiaéing the

oscillator by the appropriate Hankel_(or Coulomb) function beyond the

- point in the surface regioﬁ where their logarithmie defivatives match.
Alternately ene could from the beginning use eingleeﬁarticle

wave functions corresponding ﬁo, say, a WOOdseSaXOn‘petehtiai. The

convenieﬁce of the oscillator functions could still be exﬁioited-by

' expanding the fofmer in terms_of the oscillator functions. In this case, -

in Eq. (2.3) the replacement |

l 17arz’? 2 2’L>

: naln2 ' . S (Aell)

"Qn(no,NL;Lln L h;L) — Z > 0y (00, NL; L ny 4y 1,
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- should be made. Here 8Ly, are the expansion coefficients. -
X ' o { _
General selection rules for two-nucleon transfer reactions have"

1131)'"

béen given elsgwhere. In special cases additional rules hold.

If both perticles are transferred to (or from) the same state

~ to form (jE)J then the additionsl rule
J+ 8 = even v o v (A;lE)-
governs ﬂhé total spin and-angular momeﬁtumﬂ Becagse of the selection
rules on S as dicfated by the particulaf reaction, thié'restricts the
Tﬁ'.sQuared-coﬁfigurations t§ only certain spins J.
" For any 5onfiéuration, if S =0, then J must obéy the barity
rule: J + An = even. | '
Thesevare summarized iﬁ Table VII. We emphasize thaﬁ J, S, and
T belong tovthe transferred pair and are connected to the nuclear properties
o
?E_ , Jo=d,*J , T.=T,+T . o (A-13)
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The rms radius and size parameter for the llght nuclides’

Table:I.
T (unlt of length is 10- l5cm)
_ , ' Heh' a H65 j H:])
B2 e | 1.97  1.68
'n 0.233 0.206 0.242
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]

G Table II.: Constants Wyp for matching Hankel-function tail
o : to harmonic oscillator function. The oscillator constant

is v = 0.32 F°. The_transferred pair has the wave number
ko= 0,287(12.492.- Ex)* © where Ex is the excitstion energy

in Nlu. Intermediate values of Kk can be interpolated easily
‘ - whenfog W is plotted against k. '
WNL(V,K)
’ K L N =1 N =2 j | N =3
. 1 0 bko - 0 13.0 - 29.0
1 5.3 15.00 32,7
2 4.83 : 13.7 - 30.3
3 . 3.42 10.1 . 22.9
- = 2.30 . 7.07 ‘ 16.5
0.8 0 - 2.30 : 5.40 " 10.3
L 1 2.31 . 5.4k ( 0 10.3°
S 2 1.71 . h.23 8.29
- 3 o0 266 Sk
. 0.538 150 . 3.21
0.6 o 1.13 2.14 3.45
1 0.918 - 1.82 3.02
2 0.530 o 1.15 2.01
3 - 0.245 : - 0.579 1.07
4 0.0975 - 0.250 0.493
0  0.765 1.29 1.92
1 - 0.545 0.997 S 1.54
2 0.270 - 0.550 " 0.908
3 10.106 0.238° -~ 0.h22
. L 0.0352 0.0868 ©0.165
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1

.Table.IIi; Spectroscopic.data for (dg/g)J, T.=’O.(S = l)‘states.:
oL By N n o8 (1 "  .
frl_' 0 _' * 0520 .3 1 0.983 '0.408 0.212
R 0.182 - - 0.745 - 0.072

‘ 1 3 0.031  0.408 0.007
> oo 21 0.983 0.289 - 0.11k

“,‘ 1 0182 - 0.k _ o.oje |
3 2 0.785 2 1 0.983 0.289 0.223

) 1 2 0.182 - 0.4k - 0.063
L4 - 0.151 11 0.983 0.612 - - 0.091

5 1.0 , 1 1 0.983 0.6122 . 0.602
P .

a This is the bracket appearing in Eq. (2.3).
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" Table IV. Struétu_ré amplitudes for pure configura‘t'iohs‘ SR f
of isospin T =0 (S =1) in NM¥ (v =0.32 F2). ¢~ -

Syrsy
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5981

.0304 0.6343
.0248 . 0.5179

L09k2" T 0.3930

1501 .

5673 -
LOLkL"
L0067 - -
.0322 -
L0632 ‘
.0910
.6018
L0136 -
L0215

-0555 _
.0192 -
7353 .
L0101 -
.0L26
. 080k
.0L86
.2363 .
L6017 -

.0015 -

0.1337

S Pyjp s

’_'O v . S

.Pl/é.dé/zla:

L030k . 0.h486
L0719 ¢ 0.2123 -

L1135
2229

F.l

} ?(2s>2.V:‘f'

f'-(§5/§2v”

S oo0o0 o
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o0 0O
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.1501 o
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L1715
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~
o
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~
mA
i_l

‘oo oo

.5307

TR R OO N
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SR -0.0166 0.k110 . e T
(a /2)2'- o = 0.0036 . 0.0385 . - 0.1135° " 7 .
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 Table IV (cont'd)
CNLsg

N =1 N =2 N =3 N =%
- 0.0080  0.0666 - 0.1661

0.0083 - 0.0692 0.1726

0.0302 - 0.0940

0.0189 - 0.0587
- 0.0808 0.251k4
- 0.0959
- 0.0587
. 0.7768 _

- 0.0111 - 0.0923 0.2301
- 0.0227 0.0705 ‘
- 0.065k4 0.2034
- 0.0487 0.1516

-0.1590

0.5382 : _
- 0.0006 0.06090 0.0534 0.1087
- 0.00k0 0.0285 0.0628

0.0062 - 0.0438 0.096L

0.0179 - 0.0503
- 0.0575 © 0.1619
- 0.0580

0.549L4
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Table V. Sti'ucturehamplitudes for the configuration mixed states.
- i of M* having isospin T =0 (S = 1). '

1 \ i

_ ‘ G
~ . Dominant - ' NL'_SJ | ,
gx  E*  Configurstion” L N=1 N=2 N=3 N=k
-'of 3.1 Py/p S ' ' 1. " 0.030 0.634 .
0 f(pi/g)g 0 - 0.027 0.150 - 0.118  0.007
: e 2 - 0.586 0.11% - 0.004 '
5.5 5<28)2 0. . 0.013 - 0.018 0.578 - 0.011
o . 2 .- 0.113 . 0.008 = 0.006
9.3 (§5/2)2 S0 - 0.002 - 0.098 . 0.065 - 0.011 .
St 2 - 0079 - 0.073 0.006 '
12 2s a/p 0 - 0.006  0.052 - 0.046 - 0.003 -
3B o 0.0k - 0.569 0.002
W a,da, 0 - 0.00k 0.047 - 0.08kL G.00k
- 3/2%/2 5 T ooz 0.095 - 0.002
| 11_! uf5 P1/2 ?s_ o 'o.016‘ 0.549 -lO.QlY_
12 pyp gy 1 0.059 - 0.157  0.032
2 . 2 - 0. 0.
2+ 88.2sd5/2 2 Qol;u:.05l+6
| 14 2563/2 2 0.053 i 0.232
] 16 43/2 45 /2 2 - 0.0kl - o.081’
- 2- 3.6 p d 1 - 0.092 0.4L00 - 0.077 .
' 3 1/2 .545 3 0.215 - 0.001
7.3 pos. dl 1 -0.027 0.119 - 0.032:
S Pi/2 B3/e 3 - 0.715 0.0k
3 6.0.‘ésd /2 2 - 0.081  0.656 - 0.009
e | oL Sk 0.019 - 0.005 |
Sl -“Ca /2)2 2°  0.063  0.027 0.006
o 2, " 0.048 - 0.003 -
1k o po g foa : 2 0.050 - 0.095 0.001
T el L ©-0.320 - 0.000 -
- 0.005 - 0.018 - 0.000

316 : d3/2 d5/2

£ o
1
o

.335 0.000
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o Table V (cont'd)

g G. i
: . i quinant ‘ NLSJ
g E®  Configuration” L N=1 N=2 N£3 N=h
3= : 5.1 P1/p d5/2 ‘3 0.572 - 0.048
N .
+ “ J..l. d3/2 d5/2 L 0.750
17 pl/2 f7/2 LL_ - 0.0L0 .
- 15 A25vf7/2 g - 8.825 ,0'511‘A'
S5t 8.5 (d5/2) , g - 8:282 0.016
- . | ]
R T
6- 1k .d5/2 f0/2 o 5 o.???

& Energies_are calculated ones. With several exceptions only states
calculated to lie below 16 MeV are shown.

in some cases the functions are very strongly mixed so that there is
no configuration that is dominant. ‘




Table VI.. Sﬁructure amplitudes for the
levels of Ni* excited in the (He3,p)

1
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T=1(5=0,1L=J)

reaction (v = 0.32 F~2).

Jx

o+

.o+

Yt |

10

12

P1/2 T7/2

: Cyrss
. ' Dominant
E Configuration N=1 N=2 3 N = L
5.7 (pl/2)2 - 0.049 - 0.348 189 - 0.013
7.9 (2s)2 | - 0.02k - 0.115 =~ 0.525 0.012
- | .
e ‘(d5/2> - 0.0163 - 0.187 .129 0.0164
7.0 P1/p 2s < 0.006 0.401 0.021
pl/2 _d3/2 - 0.058 - 0.247 .053
. 9.6 2s ds /5 0.035 0.548 . 006
: 1g ,(d5/2) - 0.038 - 0.035 .004
16 . 2s a3/2 - 0.007 - 0.226 .003
T4 pl/2 4d5/2 0.488 - 0.030
2
12 (d5/2) | - 0.563 o.005‘
%3 %/
0.5k -0.005
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Table VII.‘ ‘Selection rules for two-nucleon-transfer _rea-,ctions.

3
Cod
5

78

- Reaction s® Té ©ar® ' 32 T d1ds
a,d =1 , 0 ' 0 v ' odd - —
t,p or 0 1 1 even J + An = even
He3,n o or 0 if Ty £ 0
tm or 1 0 0 odd o

, He3,p L . ' o _ :
, o. 1 1 ' o even . Jd + Ax =

even
or 0 if T, £0 o

8 Belongs to transferred pair.

Isospin change of nucleus.
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LT L  FIGURE CAPTIONS
Fig. 1. Thrée s-states of the center-of-mass motion of a pair of

. . nucleonms in ¥ are shown. Curve (a) shows the projected

wave function [Eq. (22)] corresponding to structure factors

W , +
Gy = 1, and curve (b) corresponds' to Gy = (-)N 1

U "1vFig..2.-.Projection of the I\Tl)+ ground-state wave functions for the
 centef—§f—massvof the last neutron and proton appropriate
to the Cie(a,d)Nlu réaction. The L.= 0 part is shown for

“the bure configuration (pl/g)Q’ and for the configuration

mixed~wave function of Ref. 29.
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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

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 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.








