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Abstract: The SU(6)/SU(3) factors of few-nucleon fractional parentage coefficients in 1s-0d shell nuclei
are calculated directly without being generated recursively from one-nucleon c.f.p. Tabulations are
given for x-nucleon reduced matrix elements, (x = 4, 3, 2, 1), connecting states of high SU(3)
symmetry, where the x-nucleon states are limited to states of totally symmetric space and oscillator
quanta symmetry, i.e. SU(3) representations (80), (60), (40), (20) for states of space symmetries
[4], [31, [2], [1]. Together with the SU(3)/R(3) factors calculated by Draayer, these reduced matrix
elements make it possible to predict spectroscopic amplitudes for reactions in which the x-nucleon
groups are transferred in unexcited (0s) internal states. In a specific application, a-particle spectros-
copic amplitudes are calculated for core-excited states in s-d shell nuclei, reached by the transfer
of (0p) ™ !(1s0d) ~ 3, or (Op)~ %(1s0d)~ 2 groups in pickup reactions and (150d)3(1p0f)* or (1s0d)?(1p0f)?
groups in stripping reactions, where states in the final residual nuclei are approximated by SU(3)
strong coupling states, (free of spurious c.m. excitation), corresponding ot the largest possible
intrinsic deformations in these nuclei. The effect of a difference in a-particle size parameters in
projectile and residual nuclei is discussed.

1. Introduction

Recent direct multi-nucleon transfer reaction experiments with Li or heavy-ion
projectiles have stimulated a number of new theoretical calculations !~ 3) of a-
particle spectroscopic amplitudes. Besides a number of specific cluster model
calculations *-* %), general theoretical formulations in the framework of the harmonic
oscillator shell model have now also been brought to a state of development ! ~3)
which makes specific calculations feasible. In all the recent formulations it is assumed
that the a-cluster is transferred in an unexcited (0s) internal state, an assumption
which is justified not only for Li induced reactions but also for direct transfer reac-
tions between heavy ions because of the surface nature of such reactions?). Cal-
culations in the framework of the j-j coupled shell model have been carried out by
Kurath and Towner 2) who relate the a-spectroscopic amplitudes to a sum of coupled
two-neutron and two-proton spectroscopic amplitudes by means of a formula which
is not only convenient for calculations in heavy nuclei but directly relates properties
of a-transfer reactions to the more familiar properties of two-nucleon transfer
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reactions. Their calculations also show that there is much fragmentation of the o-
transfer strength in a good j-j coupling nucleus among the many possible config-
urations (j, j, /3 j,) of a given major oscillator shell. The SU(3) shell model calculations
of Ichimura, Arima, Halbert, and Terasawa!), on the other hand, show that the
a-strength can be highly concentrated in a few rotational bands in a good SU(3)
nucleus. In s-d shell and lighter nuclei it is therefore advantageous to calculate o-
particle spectroscopic amplitudes in the framework of the SU(3) representation of
the harmonic oscillator. In this framework the overlap between an a-cluster wave
function and a four-particle shell model wave function takes an extremely simple
form!), and the calculation of a-particle spectroscopic amplitudes is immediately
reduced to a calculation of n— (n—4) particle parentage coefficients for the n
valence nucleons. In the usual method of calculation such four-nucleon c.f.p. are
generated recursively from one-nucleon c.f.p. Although the process is straight-
forward, it is tedious and complicated by the fact that the many needed intermediate
state one-nucleon parentage coefficients are not available in tabulated form in the
SU(3) scheme. As a result, a-particle spectroscopic calculations based on.the SU(3)
model have been limited !*®) to nuclei near 0. Although full four-nucleon c.f.p.
have not been available for s-d shell nuclei, the SU(3)/R(3) parts of these c.f.p. are
readily available through the work of Draayer and Akiyama 7-8). A recent extensive
tabulation by Draayer ®) gives the full angular momentum dependence of these
factors and makes possible a prediction of the relative a-transfer strengths to dif-
ferent members of a rotational band (with angular momentum projection X)),
provided the states of the rotational band are pure (or relatively pure) in their SU(3)
symmetry quantum numbers. Draayer’s tabulation of the angular momentum
dependent (SU(3)/R(3)) factors have therefore reduced the problem to the calculation
of the SU(6)/SU(3) factors of few-nucleon c.f.p. in the s-d shell. These factors are
needed to predict absolute values of a-spectroscopic amplitudes, to assess quan-
titatively the effects of SU(3) representation mixing in the ground state rotational
bands, and to compare the a-transfer strengths to excited rotational bands with those
for the ground state band. The latter would be particularly difficult to estimate in the
framework of the j-j coupled shell model if the rotational bands are based on core
excited states, such as the low-lying negative parity rotational bands in s-d shell
nuclei. For a-particle spectroscopic amplitudes to core excited states in s-d shell
nuclei, the SU(3) scheme is therefore not only a powerful calculational tool but is
vital to furnish a reasonable description of the states themselves.

It is the purpose of this contribution to exhibit a method by which the SU(6)/SU(3)
factors for few-nucleon c.f.p. in the s-d shell can be calculated without being generated
recursively from one-nucleon c.f.p. and without a chain calculation. A brief discus-
sion of spectroscopic amplitudes for few-nucleon transfer processes and their relation
to few-nucleon parentage coefficients is given in sect. 2. Some of the details of the
method of calculation are given in an appendix together with a fairly extensive
tabulation of four-, three-, two- and one-nucleon reduced matrix elements con-
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necting states of high SU(3) symmetry (large SU(3) quantum numbers (iy)). In these
tabulations the four-, three- and two-nucleon states corresponding to the transferred
cluster are limited to states of totally symmetric space and oscillator quanta sym-
metry, i.e. space symmetry quantum numbers [4], [3], and [2], respectively, with
corresponding SU(3) symmetry (80), (60), and (40).

Sect. 3 takes up the calculation of a-particle spectroscopic amplitudes for core
excited states in s-d shell nuclei; i.e. a-particle spectroscopic amplitudes for the
transfer of (Op) ! (1s0d)~3, (Op) 2 (1s0d)~2, ... clusters in pickup reactions, and
(1s0d)® (1p0f)*, (1s0d)? (1pOf)?, ... clusters in stripping reactions. The general
formulation is given for both the SU(3) weak-coupling®~!!) and SU(3) strong-
coupling !?) models. Numerical estimates, however, are based on the SU(3) strong-
coupling model since it is somewhat simpler and can be expected to give a good
estimate of a-transfer strength to core excited states in s-d shell nuclei. It is also
closely related to the generalized quartet model of Harvey !3) which can be used as
a guide to the most-likely low-lying particle-hole excitations in such nuclei. The
SU(3) strong-coupling scheme has an additional advantage. Most states with large
values of the SU(3) quantum numbers (Au) are entirely free of spurious c.m. ex-
citations. In those few cases where spurious c.m. excitations must be considered,
the SU(3) strong-coupling scheme also furnishes the simplest calculational frame-
work for the elimination of such excitations 7). The few states of spurious c.m.
excitation which are needed in this investigation, are tabulated in an appendix,
together with a discussion of the limits on the SU(3) quantum numbers 4, u which
delineate the regions free of spuriosity.

The four-nucleon c.f.p. tabulated in this contribution are limited to those needed
for the calculation of a-transfer amplitudes under the assumption that the size of
the transferred a-cluster is the same in both projectile and residual nuclei. The effect
of a difference in size on a-spectroscopic amplitudes has been discussed by Ichimura
et al."). Since their formulation involves relatively complicated Talmi-Moshinsky
recoupling transformations, a simpler derivation leading to somewhat more general
results is given in an appendix. However, these results in no way change the con-
clusions of ref. !) that the differences in a-cluster size should lead to only small ef-
fects on observable phenomena in s-d shell nuclei.

2. Few-nucleon spectroscopic amplitudes

The differential cross section for the direct x-nucleon transfer reaction A(a, b)B,
with B= A+x, and a = b+x, is in general given by a coherent superposition of
structure (spectroscopic) factors, B, and kinematic (reaction mechanism) factors, f.
Adhering strictly to the notation of ref. ?):
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It is assumed that the states of the transferred x-nucleon group can be described in
the framework of the harmonic oscillator shell model, and Q = 2N+ L gives the
number of oscillator quanta for the relative motion of the x-nucleon cluster with
respect to nucleus A, If the intrinsic state of the transferred x-nucleon cluster has an
angular momentum, j,, then J, =j_ +L, with similar definitions for @, L, J, for
the x+ b nucleon projectile. The structure factors B2% 2L are given in terms of the
two spectroscopic amplitudes A(B - A+ x) and A(a — b+x) and in general involve
a sum over the intrinsic states of the transferred x-nucleon group and angular
momentum recoupling coefficients [for details, see ref. 2)]. If the x-nucléon group is
transferred in an unexcited internal state with zero intrinsic angular momentum,
such as the (0s) internal state of an unexcited a-cluster, the structure factor, B, is
given by a simple product of the two spectroscopic amplitudes. In this case the dif-
ferential cross section for the transfer reaction is also given by a product of a single
spectroscopic factor and a reaction mechanism factor, as in the case of a direct one-
nucleon transfer reaction (provided the target and residual nuclear states are not
mixtures of core excitations with different particle-hole numbers).

The present investigation will be concerned solely with the spectroscopic am-
plitudes 4(B — A+x). These spectroscopic amplitudes are determined by three
types of factors. Again in the notation of ref. 2), [see also ref. ')], the spectroscopic
amplitude A(B — A+ x) is given by

B \iC
Awisa(B > A+3) = (B—jx) 3, CUBY 2l AT S
r

X Pin (EJPu R m(C)- ()

The first factor, given by the mass ratio, B/(B—x), comes from the generalized
Talmi-Moshinsky transformation which relates the wave function @y, (r._,),
describing the relative motion of the x-nucleon cluster with respect to the center of
mass of nucleus A, to the wave function @, (R,), describing this motion with respect
to the center of the harmonic oscillator potential well !). (Since Q = 2N+ L may be
large this factor can be important, although it is often ignored in two-nucleon
transfer processes in heavy nuclei.) The second factor, the double-barred matrix
element, is the reduced matrix element of an x-nucleon creation operator, ', where
the x creation operators are coupled to total angular momentum J, and are specified
by additional quantum numbers I'. The last factor, the “G” factor of refs. 1:?), is
the overlap of the x-nucleon cluster wave function and the x-particle shell model
wave function, specified by quantum numbers, I'J, . The coordinates, &,, describe
the internal degrees of freedom of the x-nucleon cluster, whereas the shell model
coordinates, {,, describe the motion of these x nucleons relative to the well center.
If shell model wave functions are specified in j-j coupling, this overlap is different
from zero for many possible x-particle shell model states, and the spectroscopic
amplitude involves a summation over many states, I', specified, for example, by the
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single-particle quantum numbers n,/,j,, ..., n.l j., with additional intermediate-
coupling angular momentum quantum numbers such as J, ,, J,, [see ref. 2)]. In the
framework of the SU(3) representation of the harmonic oscillator shell model the
overlap for the x-particle group takes a very simple form. If the x-particle cluster is
transferred in an unexcited (0s) internal state, and if the oscillator size parameters
for the x particles is assumed to be the same in the a-nucleon projectile and the B-
nucleon residual nucleus, the above summation over I' collapses to a single term.
For x = 4, this overlap or G-factor has been given by Ichimura ef al. !), and has the
simple form ‘

Q! o o4 B

G= |:4Qq1!q2 !43!44!] I:a!b!c!d!:I Strnerds0 91090, 2w +1.930%0 ®
for four-nucleon transfers in the configuration g,9,939, + ¢°q5¢5q? (with
a+b+c+d=4), where g, = 2n;+1; is the number of oscillator quanta of the ith
transferred particle, and Q = ¢, +¢,+g3+9, =2N+L is the total number of
oscillator quanta in the transferred cluster. [For the transfer of a (1s0d)3(1p0f)*
four-particle cluster, for example, a=3, b=1, c=d=0, with ¢, = ¢, =¢; =2
(=4q),9.=3(=4¢,); and Q@ =9.] In eq. (3), [f] stands for the space symmetry
quantum numbers, given in terms of the usual partition numbers; (Au) are the
Elliott SU(3) quantum numbers; [the notation follows that of refs. !*3)]. In eq. (2),
a summation over more than one state I" will occur only in the extremely rare cases
when the final state in nucleus B can be reached from the initial state in nucleus A
by more than a single configuration with the same Q; e.g. the configurations (1s0d)?
(1p0f)2, and (1s0d)® (2s1d0g)!, both with Q = 10; [the K=0* band'®) in 2°Ne
with band head centered on the wide level at 8.3 MeV, may be such an example;
see ref. 1) and sect. 3]. For x = 3, (again for a three-nucleon cluster transferred in
a (0s) internal state with oscillator size parameter properly matched between a-
and B-nucleon systems), the three-particle overlap factor for the transfer into the
configuration ¢,4,9; = ¢°¢°¢°, witha+b+c =3, is

or T 3 T
= [3% a, !613!] [a!b!c!:l S5 0r400.2n+1.010%%0 @

(see appendix D).

In the framework of the SU(3) representation of the harmonic oscillator, the
calculation of the x-particle spectroscopic amplitude, Ay;s;, is thus reduced to the
calculation of the double-barred matrix element of eq. (2) which, except for trivial
factors, is an n — n— x parentage coefficient for the n valence nucleons of nucleus
B. The calculation of these coefficients is simplified greatly if the double-barred
matrix element is factored into an SU(3)/R(3) factor and a second factor inde-
pendent of SU(3) subgroup labels (and hence independent of all angular momentum
quantum numbers); particularly since the SU(3)/R(3) (angular momentum de-
pendent) factors are readily available through the recent work of Draayer® 7).
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The states of nuclei A and B are specified by [ fJa(Au)BST«k, LJ, or alternately by
LA (Aw)BSTrgx,J, [see ref. )], where [f] and (Au) label the space and SU(3)
symmetry, respectively; a is used to distinguish multiple occurences of a given (i)
in a specific [ f]; B distinguishes multiple occurences of ST in the spin-isospin sym-
metry [ f] contragredient to [ f]; (labels o and/or § are usually omitted when not
needed). The labels x are generalizations of the angular momentum projection
labels K used by Elliott where the x refer to orthogonalized states [see refs. 3 8)],
and where K (or k), K, K| refer to the projections of the angular momenta L, S, J.
For states labeled by [fla(Au)BSTrgx,;J, the reduced (double-barred) matrix
element of the x-nucleon creation operator of eq. (2) can be factored into a triple-
barred matrix element, (independent of all SU(3) subgroup labels) and an SU(3)/R(3)
angular momentum factor, 4%, ;, in the notation of Draayer 3),

Lf T (W) Sy Ty M, sesicy Jllx ICOSIT [ fla(A)BS o Ty Mr s K5 T )
= AnpssXLf 1A )B S Tylllx "I COSTINf Tl Ae)BS o Tad
x {TyMy, TM|T's My >. (5)

The operator ! = [a* xa* xa* xa*], e.g., is built from four nucleon creation
operators, a*, properly coupled to resultant quantum numbers [4](Q0)LSJT. The
factor 4%, s, gives the dependence on all SU(3) subgroup labels and has been eval-
uated and tabulated by Draayer 3)

Ly Sy Ja
Afpsr= % CortaCur,X| L S J JKAukyLy; (QOLI(A W)k Lg). (6)
KLLAK,_LB EB SIB J/B

Here X( ) is an angular momentum 9-j coefficient in unitary form; the double-
barred coefficient is an SU(3)/R(3) Wigner coefficient; and the c,,; are the trans-
formation coefficients from states of good x,LSJ to states of good sk, SJ; [see
ref. 3)]. In s-d shell nuclei the triplebarred matrix element of eq. (5) can further be
expressed in terms of the conventional SU(6)/SU(3) and SU(4)/ST factors of an
n — n—x parentage coefficient > 16)

LS T @B S Tlllx ™ @OST|[f JdAw)pSA T,> = €D, (7a)

where the “C” and “D” factors are given in terms of the n —» (n—x) c.f.p. by

C = LA @ ™ CONNLS Tl Ae)>

_ n! dimg,_ [fT] ) s
= I:(n-x) X! dimg [ /] ] LS lel2py); QOIS T (X'i)>,  (7b)

D = ([ JIBSATa; [1*ISTRLS 1B S T (Tc)
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The D-factor is the spin-isospin part of the n —» n—x c.f.p. which can be identified
as a reduced SU(4)/[SU(2)S><SU(2)T‘] Wigner coefficient for the supermultiplet
scheme !7). For x = 4 the representation [14] corresponds to the scalar representation
of SU(4), (with S = T = 0); and the SU(4) Wigner coefficient has the trivial value
+1, (provided [7']1=1[f1;Sg=8aT3=T,). For x=3,2,1, and most rep-
resentations [ f] of interest, these coefficients can be obtained from the tabulations
of ref. 17) and are given as part of the tabulations of appendix A.

The C-factor is chosen to include, besides the SU(6)/SU(3) part of the s-d shell
c.f.p., the binomial coefficient (}) and the dimension factors, dim [ f]. Here, dimg___
[ /] is the dimension of the representation [ /] of the symmetric group S,_,, the
permutation group for n—x particles, described by the partition numbers [ f];
similarly for dimg [ f”] for the representation [ /"] of S,. (Note that the dimensions
of the totally symmetric states [x] are dimg_[x] = 1.) If the x nucleons are transferred
into or out of the (Op) shell, egs. (7) hold if the SU(6)/SU(3) part of the c.f.p. is
replaced by +1. The (Op) shell has been discussed by Kurath !8). If the nucleons
are transferred into or out of the (0f1p) shell, the c.f.p. of eq. (7b) must be interpreted
as the SU(10)/SU(3) factor of the space part of the full c.f.p. Since both SU(4) and
SU(3) subgroup labels have been factored out of the matrix element for the x-nucleon
creation operator to reduce it to the C-factor, it will also be useful to denote this as
the quadruple-barred matrix element of the operator x'.

Fairly extensive tabulations of the C-factors for x-particle transfers of (1s0d)
shell nucleons are given in appendix A for x = 4, 3, 2, and 1. Some of the details of
the method of calculation are also presented there. Although the method of calcula-
tion can be applied equally well to parentage coefficients corresponding to x-particle
transfers in excited states, with (1, u,) # (Q0), the tabulations of appendix A are
limited to those needed for the transfer of x-nucleon clusters in unexcited states,
corresponding to space symmetry quantum numbers [4], [3], [2], and [1], respec-
tively, with corresponding SU(3) symmetries (80), (60), (40), and (20).

Using the sum rules for the 4%, , factors [see egs. (4.2) and (4.3) of ref. *)], the
C-, D-,and G-factors can be used to determine the total spectroscopic strength for
pickup or stripping reactions to states of specific SU(3) symmetry. For the pickup
of an x-nucleon cluster

B \¢ .
Y (BAW) ~ AGw) = (B_> C*D*G*TyMy, TM|TyM1,>?, ®)

pickup —X

where this pickup sum rule refers to the summed strength for transitions from a
specific rotational state in the representation ('u’) of nucleus B (with fixed gk}, Jg,
e.g.), to all rotational states of the representation (Ay) in nucleus A (all possible
KgK;,and J,) via all possible L- and J-transfers of an x-nucleon cluster of fixed space
symmetry [x] and SU(3) quantum numbers (Q0), and specific S, T, and M,.. Simi-
larly,
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Y. (A(u) - B(A'p))

stripping

_( B s st w2 28g+1 dim (A'y)
B (’E——E) CD G A My, Myl T Mry) 2S,+1 dim (Ap) ’
where dim (Ap) = A+ 1)(u+1)A+u+2), is now the dimension of the SU(3)
representation, and the stripping sum rule refers to the summed strength for tran-
sitions from a specific rotational state in the representation (Au) of nucleus A to all
rotational states of the representation (4’u’) of nucleus B, again via all possible L-
and J-transfers of an x-nucleon cluster with fixed [x], (A, u,) = (Q0), S, T, and M.

To gain a feeling for the relative importance of C-factors for different transitions
it is useful to compare these with a sum rule for transitions from a fixed state
(A'u)Sy TakskyJg of space symmetry [ /] in nucleus B to a/l states of space sym-
metry [ /] in nucleus A via transfer of an x-nucleon cluster of fixed space symmetry
[x] (totally symmetric in its space wave function), but with all possible (A, u,), L, S,
and 7. This is given by the sum rule for the triple-barred matrix element

XO1- 11+ 0xD

Y AT @B Sy Tyl IA=9STY [ £ Jou(Ap)BS A Ty >
— a(Au)BSATA
(Axitx)pST

- (") dims, .L1]. (10)

dimg, [ '] :
These sums, Z, are tabulated in appendix A at the head of each table of C- and D-
factors and can tell at a glance what fraction of the total pickup strength from a
specific state [f"]J(A'u’) is concentrated in transitions to a specific representation
(Au) of [ f]. Note, however, that the sum, Y, contains strength from x-nucleon clusters
in internally excited states with (A, u,) # (Q0). For the transfer of four nucleons
from the 1s0d shell, for example, with space symmetry [4], i.e. with the spin-isospin
structure of a real a-particle, this sum would in general contain transfers of four-
nucleon clusters in SU(3) states (4, i) = (42), (04), and (20), as well as those for the
“a-cluster” states with (A, u,) = (80). (The label p, needed only for (4, p,) # (Q0),
is defined in appendix A.)

It is interesting to note that a large fraction of the summed strength, ), for [4]
nucleon pickup is concentrated in the a-cluster transitions from the ground state to
the ground state rotational band in all good SU(3) nuclei in the first half of the
(1s0d) shell. The numbers are collected in table 1, under the assumption that the
ground states of the target nuclei and the ground state bands of the residual nuclei
shown are pure in their SU(3) quantum numbers. Table 1 shows both the sum, ),
of eq. (10) and the percentage of this summed strength which resides in the ground
state to ground state rotational band transitions. The pickup strength from the

©®
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TABLE 1

Per Cent of [4]-nucleon Transfer Strength in
Ground State - Ground Rotational Band a-cluster Transfer

Ax(x'u') - A'“Y(xu) Percent z(a)
20Ne(80) N 160(00) 100 1
2lye(81) - To(20) 100 1.25
22ye(82) - Bo(uo) 79 1.67
23ya(83) - L9F(60) 63 2.5
21‘Mg(8b,) > 20Ne(80) 47 5
2Omg(66) - 2lne(81) 34 6
26, (10,2 22

MgEMS) ), Ne(82) %% 7.5
2851(0,12) » ZMug(8l) 60 15

(a)The sum rule strength (Z) is defined by eq. (10).
The numbers give the percentage of the sum rule
strength in transitions from the ground state of
(A'H') in nucleus A via a-transfer to all members
of the rotational bands of (AK) in nucleus A-4,

ground state of 2*Mg, assumed to be the 0* state of pure SU(3) symmetry (Au) = (84),
to all members of the (80) rotational band in 2°Ne, for example, soaks up 47 %, of the
sum rule strength. The missing 53 9/ resides partly in unexcited a-cluster transitions
with (4,4,) = (80) to the excited ?°Ne representations (42) (22%), and (04) (4%);
while the remaining percentage involves “excited states” of the a-cluster with
(AH,) = (42) (22% to the ground state (80) band and 0.4% to the excited 2°Ne
SU(3) representation (42)), and finally with (4,u,) = (04) (4% to the (80) band of
20Ne). It is interesting to compare the percentages of table 1 with the corresponding
percentages for a good j-j coupling nucleus. If the ground state of **Ti is assumed to
be a 0* state of pure (0f;)* configuration and seniority 0, the a-cluster transition
connecting this to the ground state of *°Ca would use up only 0.3%, of the cor-
responding sum rule strength ?). The remaining 99.7 %, of the transition strength now
comes from four-nucleon transfers corresponding to excited states of the a-cluster.
If, on the other hand, *4Ti had been the (0f1p) shell analog of 2°Ne, that is if it had
been a good SU(3) nucleus with a ground state rotational band based on a (12,0)
representation of SU(3), the “a-cluster” transition connecting this state to the ground
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state of “°Ca would have used up 1009 of the summed strength. (Since this is a
hypothetical remark, we shall not be concerned with the fact that “*Ti does not
present us with a stable target for a pickup reaction to *°Ca.) The numbers again
emphasize the close relationship between the SU(3) representation and the cluster
model. The numbers also show that small admixtures of lower (iu) representations
into the representations of high SU(3) symmetry may be relatively less important in
their contribution to the a-transfer strength to the ground state bands, since they are
generally weighted by smaller C-factors.

3. Alpha-particle spectroscopic amplitudes for core-excited
states in s-d shell nuclei

The C-factors tabulated in appendix A can be used together with the factors,
AR, <, tabulated by Draayer %) to calculate any a-particle spectroscopic amplitude
for a transfer involving a (1s0d)* cluster. Since core excitations give rise to low-lying
bands in many s-d shell nuclei, a-particle spectroscopic amplitudes for the transfer of
(Op)~1(1s0d)~3, (Op)~2(1s0d)~2, ... clusters in pickup reactions, and (1s0d)*
(1p0f)!, (1s0d)? (1p0f)?, ... clusters in stripping reactions may also be of particular
interest. Since the G2 factors for such transfers are favored by the factor (4!/a!b!),
[see eq. (3) and table 1 of ref. !)], such transfers may compete favorably with transfers
into or out of the (1s0d) valence shell, provided the corresponding parentage coeffi-
cients are sufficiently large. Transfers of (1s0d)* (1p0f)” clusters may also be strongly
favored over (1s0d)* clusters by the kinematic factors for the direct reaction process
since the wave functions @, (r,,) for the relative motion of the a-cluster will be larger
in the surface region if the transfer involves a cluster with a larger number of quanta
0 = 2N+ L. Since both the SU(3) weak-coupling and SU(3) strong-coupling models
have been used to describe core-excited states in s-d shell nuclei, the formulation
will be given for both coupling schemes.

The work of Ellis, Engeland and collaborators 1% 1) shows that the weak-coupling
model furnishes a good approximation for particle-hole excitations in nuclei near
160, particularly for configurations (Op)™ (1s0d)™, (with n, < 12). In the SU(3)
weak-coupling model the n = n, 4-n, particle states are specified in a basis such as

|©p)" [ fi]e:(4, pep, LS J, Ths (1s0dy™[ £, ]aa(2, ,“2)KL2L2 8,J,T,; IM;TMy),

with J = J,+J,, T=T,+ T, ; that is, only the total angular momenta and isospins
of the particle and hole configurations are coupled to resultant J and 7. The space
symmetry and SU(3) quantum numbers for both particle and hole configurations
separately are assumed to be good quantum numbers in some zeroth approximation.
To evaluate the reduced matrix element of the four-nucleon creation operator,
£144CO it is only necessary to couple the creation operators for the two separate
shells [to space symmetry [4], SU(3) representation (Q0), total L, and S = T =0]:
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K2, e = X Q10015 (Q, 0L IQO)L Y[ 1]t [172]st[}[14]00)

11last

x % lymiylmy| LM smy, smy,J00)<tm,, tm, [00>  (11)

mimgimei

X xY[X:](Qlo) 11x21(Q20)

limysmg tm;, xlzmzm_,ztmtz 4

where x,+x, =4, 0, =x,4,, 0, = X,4,, @ = @, +Q,. The double-barred coef-
ficient is an SU(3)/R(3) Wigner coefficient. [Its algebraic form is known, Sharp
et al. %).] The second coefficient is an SU(4)/[SU(2) x SU(2)] Wigner coefficient
[the D-factor of eq. (7c)]. With x = 1, 2, 3, these coefficients have the simple values

OBPrEM100> = +1,  [P13{1133[14100> = +1,
<[PJI0[12]1013[14100) = +y/3  <[17]01[1*J01}[14]00)> = —./3.
Straightforward angular momentum recoupling gives the result

g T LA (A p )i, By S1 7 T (g™ 2L f7 oo (R o)K7, Ly S5 05 Ty s Ty Tl

X [Xﬂxx](on) X XT[xz](QzO)][sf_l_((ng)o'L (12)
X ||(‘11)M[f1] oy Ay, Ly S 0, Ty (Qz)"z[fz] (A pa)iey, Ly S, 0, Ty J g o
Tt T S, s 8 L, I, L, L, L Ly

= Y x|t T S, s S, |x{L, L, L )x{s,08
LASALLS: T, 0 T S, 0 S, Ly L Ly Ju L Jg
Ly 8 J; L, 8 J
xX\ L, S, J, x| L, 8, J5 K[1%]st[172]st]}[ 14700
Ly Sa Ja Ly Sp J3

X Ay pydrer, Ly (@1 OV (A e, Ly D<Az a)kr, Ly; (2 00 ll(A% o )ier, o >
x (@1 0013 (22 O IQOILHCL £ ety (A )8 THXE " @ ONLf 1 Joes Ry p1)S, T

x K[ f2J02(Rs 15)S; TolllgiF SN f2]ox(R2 1S T
The X-coefficients are again angular momentum 9-j coefficients in unitary form. The
triple-barred reduced matrix elements can be read from the tables of C- and D-
coefficients in appendix A, and the SU(3)/R(3) Wigner coefficients are available
through the code of Akiyama and Draayer”).

Since the SU(3) strong-coupling model leads to somewhat simpler results, it is the
model which will actually be used to give numerical estimates of the a-particle
spectroscopic amplitudes for core excited states in s-d shell nuclei. The SU(3) strong-
coupling model is also somewhat closer not only to the cluster model ) but to the self-
consistent deformed oscillator model 2°) or any model in which the rotational states
are projected from intrinsic osciilator states such as those pictured in the generalized
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Fig. 1. Intrinsic state for (0s)*(0p)*2(1s0d)’(1p0f)! configuration with largest possible deformation.

quartet model of Harvey *3). This is illustrated by fig. 1 for the configuration (1s0d)’
(1p0f)! of >*Mg. In the SU(3) strong-coupling model, states for the configuration
(g,)" (g,)™ are approximated by the state vectors

Ilg )™ [fidai(Ay py) X (@) f2oa (G )L f N Acs STM 1, 16, TM ),

where the square bracket denotes the coupling of SU(3) representations (4, u,)
(A, ;) to resultant SU(3) symmetry (4p) and the simultaneous coupling of the
supermultiplet symmetries [ f,][7,] to resultant supermultiplet [ 7], hence resultant
space symmetry [ /]; with subgroup labels including S and 7, «g, x;, and J, (al-
ternately x,, L, and J). In the (1s0d)” (1p0f)! configuration of 24Mg, the leading
SU(3) representation (the representation with maximum possible value of 24+ u),
for the (1s0d)? group is (4, u,) = (83), while the single particle in the (1p0f) shell
belongs to the SU(3) representation (4, u,) = (30). In the product (4, ;) x (4, 4,)
the leading representation is (Ag) = (11,3). Fig. 1 shows that the strong-coupling
state |[4°3](83) x [1](30)][4°](11,3) also corresponds to the negative parity state
with the largest possible deformation for this configuration. The levels shown are
those for the intrinsic states of a nearly axially symmetric deformed harmonic
oscillator with w, < @, S w,. The levels are labeled by the oscillator quantum
numbers [n,n,n,] and by the single-particle Elliott quantum numbers?!) ¢, , =
2n,—n.—n, and A, , . The configuration shown has the values

e=)Y (2n,—n,—n)=25 M,=1%1Y (n.—n)=3

where the sums are over all occupied levels. The allowed values of ¢ and A in the
SU(3) representation (Au) are given by?!) e =2A+u—3p—3q, A =3iu+ip—1q,
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with 0Zp<i, 0=¢g=u; so that ¢,,, =24+u. In the coupling of [(4,p,)x
(A212)1(Ap) = [(83) x (30)](Au) with possible (Ax) = (11,3), (10,2), (94), (91), (83),
(75), (80), (72), (64), (56), only the state with (Ag) = (11,3) contains ¢ = 25, so that
the many-particle state shown in fig. 1 corresponds to the intrinsic state with (Au) =
(11,3). (All SU(3) states with (4u) = (11,3) can be projected from this highest weight
state 21).) A weak-coupling state for (1s0d)” (4, u,) = (83), (1p0f)* (A, u,) = (30), on
the other hand, will contain a mixture of all the representations (11,3), (10,2), .. ., (56)
above, and corresponds to a smaller intrinsic deformation than the strong-coupling
state. The SU(3) strong-coupling model may therefore be expected to give the better
approximation for core-excited states with well defined rotational bands at a low
energy of excitation. The strong coupling state with (iu) = (11,3), unlike the weak-
coupling states, is also entirely free of spurious c.m. excitation (see appendix C).

In the SU(3) strong-coupling representation the reduced matrix element of the
[4? nucleon creation operator can be expressed in terms of SU(3) and SU(4) re-
coupling coefficients. Straightforward generalization of the angular momentum
calculus to the SU(3) and SU(4) symmetries yields

AR )LL) IS JA WIS T M picacy Tyl|[1x1@0) x y el @0 8100, |

X (ICLA 1A )L 5] A2 )L JAWST M p g1, J o>

= ANrs=os=fA'1); (QOYANL AT ) "X L ATA 1D (13)
X LA NSO N 1A 200

(A1p4) (2p) App [.71] []2] []]
x Xsul (@,0) (Q,0) (QO0) Xsuw) (1] [1™] [14] = [0] ],

(A1 u1) Qapsy) (Ai)p’ (71 1551 7]

where the coefficient A%, s, is the Draayer factor given by eq. (6), (with S = 0).
The quadruple-barred reduced matrix elements for the two major oscillator shells
are given by the C-factors, [egs. (7b) and appendix A], and the X-coefficients are
generalizations to SU(3) and SU(4) of the 9-j transformation coefficient of ordinary
angular momentum calculus, again in unitary form. These unitary 9-(Ax) and
9-[ 71 transformation coefficients can be expressed in terms of simpler SU(3) and
SU(4) Racah coefficients 8- 17) by reduction formulae which are discussed in appendix
B. Only very special simple cases are needed for core-excited states in s-d shell nuclei.
The results for these cases are given here (for details, see appendix B).

Case 1. For a-transfers from the configuration (1s0d)* to the configuration
(1s0dy™**' (1p0f)™2 (stripping reactions): [f;]1 =101, (A,u,) = (00); [f]1=[/.],
(A) = (A, 7); and [F5] = [1%4], (A3 43) = (Q,0) with Q, = 3x,. The quadruple-
barred matrix element for the (1p0f) shell is +1; and
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ILAJA #)Dx2 NQ 0L f WA 1)Sa Ty M, sk Tl F2HET, o
x ILLAIAWOTOONIL S JA)SA Ty My, K555 >
ARror(X'1); (QOXAWLAIAL ™= @O LA
x U((Au)(@; OXA wXQ0); (A i XQODU(LFI[1= 1L FI[1=21; [ 711D

Case 2. For a-transfers from the configuration (Op)'?(1s0d)* to (Op)'2~~
(1s0d)">~*2 (pickup reactions): [ 7] = [0], (X #y) = (00); [71 = [/;], (W) =(A5119);
and [f,]=[1*"*1, (A n,) = (0Q,), with Q, = x,. In this case the quadruple-
barred matrix element for the (Op) shell is given solely by the binomial coefficient and
dimension factors of eq. (7b); and

[[444JO0£1A LS JA IS Ty My, K555 TulIx 3212, .
X ILLAJO2IL 1A, )L fJAmSA T M TaKsKyd oD
= Axporl(X'1); (QOAWX LA XL f)A, 12>

(14)

(15)

di 4
x U(AAXQ; XX KXQ,0); (lzuz)(QO))[. m (44) ]K(xl),

dim (4, u,) dim (@, 0)
where
12\ dim d 1
o= [() me I 1
x;/ dimg,,[444] | dimgye,[17]
with

[KO)P =2 [KQP =1,
(KO =% [K@P =15

The A, 4 dependence of the SU(3) dimensionality is given in connection with eq.
(9); dimgy, [ ] denotes the dimension of the SU(4) representation []. The U-
coefficients are SU(3) and SU(4) Racah coefficients, 6-(Au) or 6-[ 7] coefficients,
again in unitary form, and are given in a notation which is a direct generalization
of that for the angular momentum recoupling coefficient, U(J,J,JJ5; J1,J,3).
The SU(4) Racah coefficient of eq. (14) with the scalar representation [0] (= [14])
in the 23 position has a magnitude given by the simple SU(4) dimension ratio !7):
[dim [ 7/]/dim [1¥] dim [f]1]*. Some of the most useful values are shown in table 2.
The numbers show that transfers of (1s0d)® (1p0f)! clusters in stripping reactions, for
example, are inhibited by this recoupling coefficient, most strongly for nuclei with
A =4n+1 (by a factor of #5), somewhat less so for nuclei with 4 = 4n+2, 4n+3,
(by factors of £ and 2, respectively); but there is no such inhibiting factor for 4 = 4n
nuclei. The SU(3) Racah coefficients are available through the code of Akiyama
and Draayer 7). Algebraic expressions for these coefficients are also available through
the work of Biedenharn et al. >2); [see eqs. (3.46) and (3.56) of ref. 2%); for phase
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TABLE 2
~ X. ~ ~
u(TEIY YR 235 (£4300))
~ X ~ ~ X ~
(B h oy ey v | ot oo v
oy 1 [131}+ . o1 1 p®r pf1 o
o1 1l ¥l 1 5 5 3 x
1 0’y 0ty 0l oo
(11 11} oy (o }+ 2 . , P
0y ¥ o1 }_ gt | et 0o .
0?1 oy ¥l e 2. 2 2 5 4
s \ 11 0f1 0% rend - 2
1’} 1’y a7} 3.2 3
37 2 }' B [ 0®1 0®1 o -
11 m oty g
3
(2% ©fy 0¥y e+ (2

conventions consistent with refs. 7-8), however, see eq. (A.4) of ref. '%); note also
that Q = @, +Q,]. Many of the SU(3) Racah coefficients actually needed can be
expressed in terms of ordinary angular momentum Racah coefficients. Whenever
all six SU(3) representations in the 6-(4u) symbol correspond to Young tableaux
with at most two rows, the SU(3) U-coefficient is equivalent to an ordinary angular
momentum U-coefficient. E.g.

Usuo{(4XQ: OXEINQ, 0% (HXQO) = Usur (% 928,72 %)
provided " +2u” = A4+ 2u+Q,and A’ + 2" = A"+ 2u”" + Q,. [See also the relation
(A.1) of ref. '#). We call attention to a printing error in eq. (A.1) of ref.'*): the
symbol p has been omitted in the representation (A+4,+A4;—2x—2y,
P+ 1y + iy +x+y).] Since the AY, s, factors follow from eq. (6), while the quadruple-
barred reduced matrix elements are the C-factors, eq. (7b), for the 1s0d shell (tab-
ulated in appendix A), all of the factors needed to calculate spectroscopic amplitudes
for a-transfers to core-excited states in 1s0d shell nuclei are now readily available.

Results are shown in tables 3-5 for the pickup reactions via (Op)~* (1s0d)~3 and
(0p)~2(1s0d) "2 a-clusters and in tables 6 and 7 for the stripping reactions via
(1s0d)? (1p0f)! and (1s0d)? (1p0f)? a-clusters. In nuclei where the positive experi-
mental and theoretical identification of the SU(3) quantum numbers of the core
excitations is still missing, the (Au) chosen are those for the leading SU(3) repre-
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TABLE 3

a-Spectroscopic Strength for
(op) "' (1500) 3 Pickup - Even A

(0" + (A'u')” Core-Excited Band Sum
00 h

(louo)0+ > (2" Ground State Band Sum
2 6 © 3 5 7
Ne (80)* » '®0(21)” ,
= 2,51 (312)  (69%)
204, (80)* + %0 (00)*
22 +,18 - .
e8> 06D Ly Ly @ 258 65 518 IR
Ne(82) - °o+,2+,l|+
2ug (84)" > 2One (82)" - 1.3 k=2" (133)  (83)  (4o%)
g (sn)* + One(80)*
24 + 20 -
) o He(0) 4 g () Wy 3% 3% so%
Mg (84)  + ““Ne(80)
24 + .20 -
Mg (84) " + ““Ne(71)". (c)
"= 0 0.20 25% 6% 51% 17%
2 Mg (84)" + One(80)* 7
2851 (0,12) » Pmg(on)” o (@
251(0,12) » 2Mg(8u)*
k=0 5.3%  6.13  0.7%  0.0%
28st(o,lz) - 21'Mg(67)' - 0.82 km2 25% Lg% 0.0%
p1.8 F1) ¥ : -
$1(0,12) » “"Mg(84) Kby 30% 0.2%
Kmb, 29%
18 +

(a) The ground state ''band" for 0 is assumed to be made up of the lowest 0+, 2,
5 states with realistic (sd)2 wavefunctions, The number in parenthesis is
based on the assumption of pure (Au) = (40) symmetry for the ground state band.

(b) Via the 60% l[p'](OI)(sd)5(81)1(90)> component of the non-spurious (30)  state.

(c) The range of possibilities arises from the possible linear combinations of the
3 components in the non-spurious (71)° states (see text).

(d) Could go only via (39), (66), {93), (12,0) admixtures into the 28, ground

state,

sentations (maximum value of 24 + u) which correspond to the intrinsic state with the
largest possible deformation. The process of identifying this leading (A1) has been
illustrated by the discussion of the (1s0d)’ (1p0f)* configuration in connection with
fig. 1. For even nuclei and one-particle excitations out of the Op shell or into the
1pOf shell these leading (A1) have been tabulated by Harvey [see table 5.1 X of ref. 21)].
In the region near ®Si where the deformation of the intrinsic shapes changes from
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TABLE 4

a-Spectroscopic Strength for

(Op)"(lsOd)'3 Pickup - 0dd A

¢ 60)* > "Sn(o1)”

= 1.13
20xe(80)* + '®0(00)*
23, ok 190 -
23Na(83) > 19r(81)+ - 0.83

Na(83) ~ 'IF(60)

Zneen)t o+ o)™ | o
2ine(81)* > To(20)*
Pugee)” » Me®)” o

25Mg(66)+ + 2lye(an)?

2u9(66)* + 2THe(91)"

(a)
= 0~ 0.78
25Mg(66)+ > 2ye(an’?

{a) Via the |[p (01)(sd)®(82)1(91)> component of
the non-spurious state with intensities from
0+ 11/14 (see Appendix C).

prolate to oblate %), some representations with maximum A+ 2y are also included.
To gain a quick overview of the relative importance of a-transfers to core-excited
states compared with the strengths of the ground state bands, the sum rules for the
(AR ,5,)? have been used; and the tables give the ratio of: (a-transfer strength from
the ground state of the initial nucleus to all members of the rotational bands based
on the core-excited SU(3) representation (Au) of the final nucleus) to: (a-transfer
strength from the ground state of the initial nucleus to all members of the rotational
bands based on the dominant (Au) of the ground state configuration of the final
nucleus).

Table 3 shows the results for pickup reactions via (0p)~*(1s0d)~3 a«-cluster
transfers to negative parity bands of even nuclei in the first half of the 1s0d shell.
The table also shows the percentage of the full band strength which resides in tran-
sitions to individual members, /™, of the negative parity bands. (This is given by the
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TABLE 5

a-Spectroscopic Strength for
(0p)'2(|sod)'2 - Pickup

20y (80)* » 160 (42)*

- 2,76
20y (80)* » '®0(00)*
22 + 18 +
Ne(82)" - '“0(82) (a)
22Ne(s2)+ L A - 1.08 (0.78)
€ o',2%,4
2hyo @1)* > 20y (an)* - 0.6
Zhyg(8)* > One(80)*
Bsi0,02)" > Pah 10t L o
78 L) ¥ .
$i(0,12) +~ “"Mg(84)
2851 (0,12)* » g (anyr>u) o
251 (0,12)* + Ping(an)*
9 (60)* » On(22)* - L8
Beeo)* > Pnion)”
2he8)t » oce2)* - 130
2lve(81)* > o(200*
23 + 19 qat
Na(83)  » "7F(83) - 1.03

Bya(83)t -+ r(e0)*

23ya(83)* + F(on)*
Bya(s3)* - re0)*

25y.(66)* > 2'ne(85)*

- 0.4
2ug(66)* » 2'ne(s8N)*

(a) Number in parenthesis assumes pure (Au) = (40) symmetry

180 ground state band.

for
(b) Via the |[p‘°(oz) (sd)5(81)](91)> component of the non-
spurious state, with intensities from 0 + 29/38 (see

Appendix C).

factors (A%, s,)? for individual transitions, since the sum rule for (4%,5,)? is unity
for pickup reactions.) The first entry of table 3 gives the a-transfer strength for
transitions from 2°Ne to the 1p-1h states of 10, In this case there is no distinction
between the SU(3) weak and strong coupling models for states of [4444] space
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symmetry, since the state [(4,u,)(4;u;)1(Ap) = [(01)(20)](21) is the only non-
spurious state of 1k excitation'4). With 4%, =0.23 for 2°Ne(80) — 1°0(00);
table 3 leads to the strengths 42, = (2.51)(0.31)(0.23) = 0.18 for the transition to
the 1~ state, and 42, = (2.51)(0.69)(0.23) = 0.40 for the 3~ state. Since the 3~
and 1~ states at 6.13 and 7.12 MeV in 160 are not pure 1p-1h states of [4444] sym-
metry, these are overestimates. On the basis of the Ellis and Engeland '%) wave
functions for these states, the 3~ state at 6.13 MeV is predicted to have a 1p-1h
content of 78 %, and only 72 %, of this belongs to the S = 0 state of [4444] symmetry
so that 42, would be reduced by a factor of 0.56 to a value of A3, = 0.22. Similarly,
the 1~ state at 7.12 MeV has a 1p-1h content of 71 %, of which 76 %, belongs to the
S = 0 state of [4444] symmetry, so that 42, is reduced by a factor of 0.54 to 4%, =
0.097. Assuming that the 3p-3h components can be approximated by the SU(3)
strong coupling states [(03)(60)]1(63) of [4444] symmetry the a-spectroscopic
amplitudes to the 3p-3h components of these states would be given by 4%, = 0.002
and 42, = 0.031. These spectroscopic amplitudes for a transfer with Q = 2N+L =35
(compared with Q = 7 for the a-transfer to the dominant 1p-1h pieces), must, how-
ever, be multiplied by kinematic (reaction mechanism) factors which can be expected
to be smaller by an order of magnitude compared with the Q = 7 kinematic factors.
Even for the transfer to the 1~ state the coherent superposition of 3p-3h and 1p-1h
contributions should lead to no more than 109/ corrections to the cross section,
compared with the predictions based on the dominant 1p-1h components alone.

The pickup reaction on 22Ne to the K= 1~ band in 20, approximated by the
SU(3) strong-coupling state [(01)(60)](61), can again be expected to be strong
compared with transitions to the lowest 0%, 2%, 4* states in '®0. In this case re-
alistic 180 wave functions > 24) have been used to calculate the a-particle spectro-
scopic amplitudes to these 0*, 2%, and 4* states. If on the other hand the wave func-
tions for these states were approximated by states of pure (Au) = (40) symmetry, the
predicted strength to this “rotational band” changes by only ~ 259, even though
180 is by no means a good SU(3) nucleus. [The weak coupling wave functions of
Ellis and Engeland !°) indicate that the strong coupling approximation for the
K =1~ band may be quite good.] The numbers for pickup transitions to '°O and
180 Jead us to expect that estimates based on the SU(3) strong coupling model should
be fairly reliable for heavier nuclei in the 1s0d shell with well-developed negative
parity rotational bands. With eq. (8) and the entries from table 1 of appendix A the
numbers in table 3 can be converted to absolute values for the A%, . E.g., for the
transition to the 1~ state of the (61) band in 20, 4%, = 0.063, somewhat high
compared with recent experimental results >°) for the (d, °Li) cross section to the
1~ state at 4.45 MeV in 120.

Table 3 shows the pickup strengths to three negative parity rotational bands in
20Ne. The total a-transfer strength to the K = 2~ band based on the SU(3) strong
coupling state [(01)(81)](82) which is identified with the experimentally observed !°)
band at 4.97 MeV is larger than the summed strength to the (80) ground state ro-
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tational band by a factor of 1.31 and moreover is concentrated in just three states
with a preference for the 3~ and 7~ states. The 0" — 0* ground state to ground state
transition, on the other hand, takes up only 21 % of the total strength to the (80)
band, [see table 3 of ref. 3)]. (Note that the K = 0~ rotational band based on (Au) =
(82), with I"=07,2",4", ..., as well as the 7= even members of the K=2"
band, have a predicted strength of zero.) The K=0" band with I*=1",...,97,
and bandhead at 5.79 MeV is identified with (4u) = (90). It is built !) from the two
states: |[(Op)**(01) (1s0d)®(81)](90)> and |[1s0d)* (60) (1p0f)* (30)](90)). One linear
combination of these two states is the spurious state with 15w excitation in the c.m.
motion (appendix C). The a-pickup strength shown in table 3 comes from the 609
(0p)** (1s0d)*® component of the non-spurious state. A third negative parity rotational
band has been identified in °Ne with K™ = 1, and with bandhead at 8.72 MeV.
There are three configurations with resultant (Au) = (71) which can give rise to such
a band: |[(Op)**(01) (1s0d)*(81)](71)), |[(Op)'!(01) (1s0d)°(62)]1(71)), and
I[(1s0d)3(60) (1p0f)* (30)](71)). Note, however, that one linear combination of
these three states is a spurious state with 1w excitation in the c.m. motion (appendix
C). The remaining two (Au) = (71) bands built from these three configurations are
proper core-excited states in 2°Ne. The a-pickup strength depends on the relative
amplitudes of the first two components. However, it is largest if the coefficient of the
second, (1s0d)%(62), term is zero. In this case the coefficient of the |[(0p)'!(01)
(1s0d)*(81)](71)> component is [24/79]*. Since the (A, u,) = (81) states lie much
lower in energy than the (62) states in the (1s0d)* nucleus 2! Ne, we would expect
this to be the best approximation for the 1~ band at 8.7 MeV in 2°Ne and take the
ratio 0.20 in table 3 as the best estimate for the a-pickup strength to this band. (The
value 0.0 is obtained for a state for which the amplitudes of the three components
above are 0.60, —0.70, and —0.38, respectively.) It should also be noted that the
a-stripping strength to this band from !°O is zero even though it has a sizeable
(1s0d)3 (1p0f)* component. Since the transfer of a (1s0d)? (1p0f)! a-cluster carries
an SU(3) representation (90), the transition is forbidden by the selection rule
(00) x (90) 4 (71).

Table 4 shows the results for the pickup reactions via transfers of (Op)~* (1s0d) 3
a-clusters to negative parity rotational bands of odd-4 nuclei, and table 5 the results
for pickup reactions via transfers of (Op) 2 (1s0d) ™2 a-clusters to low-lying positive
parity 2p-2h configurations for nuclei in the first half of the (1s0d) shell. Since
the AR, ¢, factors can be calculated with available computer codes 7), the percentages
of the summed strength in transitions to invividual states are not included. The tables
show only the ratios of the summed pickup strength to all members of the rotational
bands of the core-excited (Au) relative to those to the ground state rotational band.
In almost all cases the core-excited bands compete favorably with the ground state
bands.

Stripping reactions via the transfer of (1s0d)3(1p0f)! and (1s0d)*(1p0f)* a-
clusters may be particularly important. With a transfer of Q =9 and 10, they are
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TABLE 6
a-Spectroscopic Strength for

(IsOd)3(lp0f)I ~ Stripping

16 + 20 -
0(00)" > “"Ne(90) - (a)
; £ 1.83

0(00)* > 2O (80)*

IBoo+» 2y (11,1)”

- 0.87 (1.05 ®

IBoo+ > 224 (82)*

20Ne(BO)+ > 2“&3(11,3)-
204 (80)* » Mg (81)*

= 1.45

20y (80)* » 2mg(9k)”

(¢)
= 0~ 0.38
2040 (80)* » Mg (8l)"*

2o (a)* > 2855 (4, 1)”

= 1.03
Bugan)* > 2551 (0,12)*

Phugen)* > sis 10" | o
g (aw)* > s1(0,12)"

Topo)* + he(1,07 | g
75(200* + 2Tne(s1)*

Beeo)t » Bra(n” L 5
r(60)* + Pna(ss)’

2lne(a)* > Bug1, ) 51

2Tye(81)* + 25ug(66)*

(a) Vvia the 40% |[(sdf3(60)(PF)I(SO)](90)> component of
the non-spurious (90)  state.
(b) For realistic (sd)? o ground state for |80. Number

in () assumes pure (40) ot ground state.

(¢) The maximum value 0.38 arises when the |[(sd)7(83)(Pf9(30)](9“)>
component of the non-spurious state has an amplitude of
[A/|5]l/2. see text and Appendix C.

favored over the transitions to the ground state rotational bands (Q = 8) by the
kinematic factors for the reaction process. Tables 6 and 7 show that in many cases
they are also favored by the spectroscopic factors. The ratios tabulated in tables 6
and 7 give the summed o-transfer strength from the ground state of (d,u,) to the
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TABLE 7

a-Spectroscopic Strength for
(IsOd)z(IpOf)2 - Stripping

165.(00)* + O%e(10,0)*

(a) (b) (c)
= 2.29 (3.27) (0.59)
160 (00)* » 2ONe (80)*

18 22 +
0.+ * ““Ne(14,0)

. (] - - = 0. b4 (0.53) (a)
0ot > ““Ne(82)

Dne(80)* > Pug(in, )t | g

20ye(80)* > 2mg(88)*

Z“ML(au)* + 28s;(16,2)+ - 1.39

g (8w)* > Bsi(0,12)*

020" > 2'ne(12,0)* (e) (f) (9)
2 . 0.99 (1.98) (1.27) '8
75(20)* > 2'Ne(81)*
Y0yt »~ Bnain, )t
Ye60)* » Pa(ss)*
2lye81)* > 25ng(14,3)"
2lne(81)* > Oug(e6)t
2l (an)* > 25

+
Mg (15,1) - 0.99
2lne(81)* > Poug(e6)*

(a) Assuming maximum.possible (IsOd)z(lpOf)2 content consistent with zero
(ZsldOQ)I(ISOd)3 content in non-spurious (10,0) state (see text and
Appendix C).

(b) Assuming a (10,0) a-cluster state (ref. 1).

(c) Assuming maximum possible (lsod)z(lpOf)2 content and (ZsldOQ)(ISOd)3
component required to give zero spurious content.

(d) For realistic (sd)2 ot ground state for '80. Number in ( ) assumes pure
(40) o* I80 ground state. )

{e) Assuming zero (lsOd)h(ZsldOQ)] content for non-spurious (12,0) state
(see Appendix C).

(f) Assuming zero (Op)-I(ISOd)S(lpﬂf)‘ content for non-spurious (12,0) state.

(g) Assuming maximum possible (lsOd)z(IPOf)2 content possible in a non-
spurious (12,0) state.

states based on the core-excited SU(3) representation (1'y’) relative to the summed
strength for a-transfer into the rotational bands based on the ground configuration
(An). Using eq. (14), and the sum rule, eq. (9), these ratios are given by
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B4 X (Ao o) = PY(A'p)
B4 X (Ao o) > BY(Ap)

_( B ) (G[Asody™(1p0fy=]?* (C[As0dy])> , , dim (A)
"~ \B-4 (G[(1s0d)*])>  (C[(1s0d)*])? ~ 5Y® 7"5Y® dim (Ay) °

(16)

where the SU(3) and SU(4) Racah or U-coefficients are those defined by eq. (14).

Since both low-lying K™ = 3~ and 0~ bands are known in 2*Mg, table 6 gives the
a-transfer strength for stripping into bands based not only on the |[(1s0d)?(83)
(1p0f)*(30)1(11,3)) state corresponding to maximum possible intrinsic deformation,
but also to bands based on the lower SU(3) representation (du) = (94) since it
contains a K =0~ band. The SU(3) strong-coupling state {[(83)(30)](10,2)) is not
included since a-transfer from the major (80) component of the ground state of 2°Ne
to this state is forbidden by the selection rule (80) x (90) 4 (10,2). Moreover the
K =07 band of this representation leads to I"=07,27,4", ... only. Although
the summed strength into the bands based on (11,3) is large, the I =37,57,77,9~
members of the K = 3 band take up only 0.06, 1.5, 9.9, and 30.3 %/, respectively, of
this summed strength, while the 17,37,57, 77,9 members of the K= 1 band
take up 5.5, 21.4, 19.7, 2.0, and 9.7% of this strength. Since there are three con-
figurations of l1hw core excitation with (Ag) = (94) and one spurious component
(see appendix C), the two non-spurious states with (4x) = (94) must be linear com-
binations of the three states [[(Op)''(01) (1s0d)°(93)1(94)>, |[(1s0d)’(83)
(1p0£)1(30)1(94)>, and |[(1s0d)” (64) (1p0f)'(30)1(94)>, and the a-transfer strength
depends on a coherent superposition arising from the last two components and
can vary from zero to a maximum which leads to the ratio of 0.38 of table 6. The
17,37,57,77, and 9~ members of the K = 0~ band of (94) take up only 22.7, 4.9,
0.6, 3.8, and 0.2 %, respectively, of the summed strength.

Thestrippinginto the(10,0)band of 2°Ne via an (1s0d)?(1 p0f)? cluster may hold partic-
ularinterest. Ithasbeensuggested ! *)thata K = 0* band withbandhead centered onthe
wide level at 8.3 MeV, may be a band based on the (1s0d)? (1p0f)? configuration.
The calculations of Strottman and Arima !2) seem to confirm this possibility. There
are, however, seven ways of constructing SU(3) strong coupling states with an ex-
citation of 2hw, coupled to (Au) = (10,0). Only one of these is based on the con-
figuration (1s0d)Z(1p0f)?, a second on the configuration (1s0d)? (2s1d0g)!, while
the remaining five involve excitations out of the Op shell (see appendix C). Two of
the seven states with (u) = (10,0) are spurious, corresponding to excitations of
2hw and 1hw of the c.m. motion, respectively, where the 1kw excitation is based on
the non-spurious (90) state. The spurious states are constructed in appendix C. If it
is assumed that the lowest non-spurious state with (Ax) = (10,0) has zero (2sld0g)
content, but maximum possible (1s0d)2 (1p0f)? content consistent with this assump-
tion, the amplitude of the |[(1s0d)%(40)(1p0f)3(60)](10,0)> component of the
non-spurious state is only @ = 0.517, but leads to the ratio 2.29 of table 7. If, on the
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other hand, it is assumed that the lowest non-spurious (10,0) state has maximum
possible (1s0d)?(1p0f)*> content, then the requirement that the state have zero
spurious content leads to amplitudes of a = [#5]* = 0.608 and b = —21/[1850]* =
—0.488 for the |[(1s0d)?(40) (1p0f)*(60)](10,0)> and {[(1s0d)3(60) (2s1d0g)!
(40)](10,0)> components. In this case the two components will interfere destructively
in their contribution to the a-transfer strength, leading to the ratio 0.59 of table 7.
It is interesting to note that the (10,0) “cluster state” constructed by Ichimura
et al.') has coefficients a = [42x$]%, b = [42x4]%, leading to constructive inter-
ference for the a-transfer and a ratio of 3.27 in table 7. '

Although accurate predictions for a-spectroscopic amplitudes to any specific
core excited state in an s-d shell nucleus will undoubtedly require more detailed
structure calculations taking into account the effects of representation mixing, the
numbers of tables 3-7 can be used as a zeroth order guide for the a-transfer strengths.
They also show that a-transfer amplitudes to core-excited states are generally as
large as those for bands based on the ground state configuration.

Appendix A
FEW-NUCLEON PARENTAGE COEFFICIENTS

The ready availability of the SU(3)/R(3) parts of the n — (n— x) nucleon parentage
coefficients through the code of Akiyama and Draayer 7) has reduced the parentage
problem to the calculation of the SU(6)/SU(3) parts of these coefficients. Although
these could be generated by a recursive process from one- and two-nucleon c.f.p., it
is simpler to calculate the x-nucleon reduced matrix elements directly, particularly
for the physically most interesting states with large values of 24+ u (alternately
A+2p). Since only the SU(6)/SU(3) factors of the reduced matrix elements are
needed, it is simplest to extract these from the full matrix elements calculated in the

[SU@) x SU(6) > SU(3) o [SU(2) x U(1)]] scheme, using the Elliott2!)intrinsic
oscillator quantum numbers, ¢AM , ; where the SU(2) representations are charac-
terized by the A-spin, while U, is characterized by ¢ =) (2n,—n,—n,), see fig. 1.
In the 1s0d shell the single-particle SU(2) x U(1) quantum numbers have the simple
valuest A =0, e=4;A=4%,e6=1;4=1,e= —2. The spectroscopy is therefore
one involving the coupling of a small number of particles of small A-spin with real
spin 3 and isospin 4 in configurations to be denoted by:

(A =0, &=4,A=3¢e=Dfn,A=1e= -2,

The coupling problems associated with this spectroscopy will be illustrated in
some detail for the seven-particle system, by the most important states for the
spectrum of 23Na, in particular. The seven-particle (1s0d) configuration with largest
possible € (¢ = 19; n, = 4, n, = 3, n, = 0) is illustrated as part of the configuration
of fig. 1. The four identical (4 = 0, ¢ = 4) particles can couple only to the totally
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antisymmetric SU(4) representation [7,] = [1*] = [0], the scalar representation of
SU@) with § =0, T=0, or (PP'P”) = (000) in terms of Wigner’s supermultiplet
labels !7). The three identical (4 = 4, ¢ = 1) particles can couple only to total A-
spin of 2 for the totally antisymmetric supermultiplet [13], with (PP'P") = (} 4 -9,
or to total A-spin of % for the SU(4) representation [21], with (PP'P") = (33D).
With M, = A these states, with maximum possible ¢ for the configuration, cor-
respond to SU(3) highest weight 2!) states with & = 2A+yu and p = 2M,; hence
(Ap) = (83) for the supermultiplet [1%], or space symmetry [43], and (Au) = (91)
for the supermultiplet [21], or space symmetry [421]. With ¢ = 16, there are two
possible configurations (A =0, & = 4)3:,0 (4 = 4, e = D)y, 14, With [[314, = [1%]2,
[211]1, or [22]0; and (A =0, e=4)yo (A =13, e =D, A=1, 6= =),
now with [ 7,14, = [12]1, or [2]0. Simple SU(4) and A-spin coupling leads to the
enumeration of the possible coupled final [ 7] and total A-spin values for these two
configurations. To illustrate with a specific example, states with a final [7] = [1°],
corresponding to highest possible space symmetry [43], can be constructed only
from (4 = 0, = 4P 310(A = 3,8 = D s [(A = 0,6 = )50 (4 = 3, 6= 1)?211]1];
and [(A =0, e =4 s (A =13%, =Dz (A4 =1, e = —2)};;,]; with total A-spins
of 2; 1; and 0, 1,2. Of these five states with space symmetry [43] and & = 16, two
(with A-spins of 1 and 2) belong to the (iu) = (83) representation whose highest
weight ¢ is 19. The remaining three (with A = 0, 1, 2) give rise to new intrinsic states
of highest weight in SU(3) with 24+ pu = 16 and u = 24, hence (iy) = (80), (72),
(64). Continuing the process, there are three possible configurations with ¢ = 13:
(A=0, =472, (A=1%, e =1)y,4, With [f,]4, = [21°], or [221]}; (41 =0,
e= 4o =14, 6= Dy, (A=1, 6=~y with [7,14, = [1°B or [21]4;
and (A = 0,8 =)o (A =%, 8= 1)}, (4 =1,e= —2)F,,,, with [ 314, =[12]0,
[12]2, or [2]1. Again, restricting the discussion to states with [f] = [1%], cor-
responding to space-symmetry [43], there are now six ways of coupling [ £, 1[/>1[f5]
to resultant [f] of [13], with total A-spins of 4 (5 occurences), 3 (5 occurences),
and $ (3 occurences). Of these 13 states with ¢ = 13, three (with 4 = , 3, 3) belong
to (Ay) = (83), one (with 4 = 1) to (80), two (with 4 =1, 3) to (72), and two (with
A =3,3) to (64); leaving five ¢ = 13 states (with 4 = 1,1, 2,3, 3) which become
highest weight states in new SU(3) representations with 24+ u = 13; that is, two
independent states with (Au) = (61), two independent states with (Au) = (53), and
one with (Au) = (45).

To find the proper linear combinations of the full set of states which are of highest
weight with respect to both SU(3) and SU(4), a computer code has been constructed.
First, all states of the proper ¢éM, M M,Y are constructed in the occupation
number representation for this scheme, with ¢, M, ... set equal to ¢ =21+p,
M,=4%u, and Mg=P, M, =P, Y= P”, the desired highest weight quantum
numbers for SU(3) and SU(4), respectively. [The SU(4) quantum numbers are here
given in terms of Wigner’s supermultiplet labels PP'P”; Y is the third additive
quantum number for SU(4), the eigenvalue of E,, in the notation of ref.!”).]
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Next, the highest weight states are constructed by simple step-up operator arithmetic.
The proper linear combinations of states of the appropriate eAM , M¢M; Y must
yield zero when acted on by the SU(3) step-up operators 4,,, 4,,, 4,, = 4., and
by the SU(4) step-up operators S, , T, , E,,, E,,, Ey,, E;_, [in the notation of
refs. 21:17), respectively].

It is sufficient to calculate the matrix element of the x-nucleon creation operators
between n and (n— x) nucleon states which are of highest weight with respect to both
SU(3) and SU(4), since both the SU(3)/R(3) and SU(3)/[SU(2) x U(1)], as well as
the SU(4)/spin-isospin factors of these matrix elements are known. Lower weight
states are therefore needed only for the x-nucleon creation operators, coupled to
L], ). For x =1, 2, 3, 4, these have been constructed explicitly for all possible
eAM ,SMTM by simple step-down operator arithmetic, again in the occupation
number representation. The full matrix element of the x-nucleon creation operators
then follows from a direct calculation of the overlaps of the occupied states.

Finally, the full matrix element of the x-nucleon creation operator is factored

<As0d)[fJo' (X1 )e' A’ M g5 B'S M T Myl xS vty stems,
x |(1s0d)" [ fJoAu)eAM 4; BSMsTM ;)
= Y KLf @) V=132 || [ f Tl Ap)d< (Ap)eA; (Ae e, ANA WA,
P

X (AM 4 A M JAM <[ F1BST; [11S. TR IBS T
x (SMS, Mg |SMg>{TM; T, My |T'Mz). (A1)

The quadruple-barred matrix element of ' is the desired SU(6)/SU(3) factor
of the reduced matrix element, the C-factor of eq. (7). Four bars are used to indicate
that not only the dependence on all M-quantum numbers but also the dependence
on SU(3) and SU(4) subgroup labels has been factored out of the full matrix element.
The { |} ) factor is the reduced SU(4) o [SUg(2) x SU(2)] Wigner coefficient, the
D-factor of eq. (7), which for most cases of interest is available through the work of
ref. 17). The M-dependent factors are ordinary angular momentum Wigner coef-
ficients. The double-barred coefficient is a reduced SU(3) Wigner coefficient in the
SU(3) o [SU(2) x U(1)] scheme which is available through the code of ref.”). The
SU(3) multiplicity label p is needed only for those (4, u,) for which the coupling
(An) x (A, u,) contains the coupled representation (A’x’) with a multiplicity 4, with
d > 1. For the states of primary interest in this investigation, with [f,] = [x],
(A 1) = (Q0) = (2x, 0), the SU(3) product (4u)x (QO0) is free of multiplicity; the
label p is not needed, and the summation over p is replaced by a single term. To
calculate the quadruple-barred reduced matrix element it is sufficient to choose
highest weight states with respect to SU(3) and SU(4) for the n and (n— x) nucleon
states in the full matrix element, thatistosete = 2A+u, A =M, =4u; S=M;=P,
T=M,;=P, and to replace the SU(4) label by the highest weight value for
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Table A.1l

(n[f](M)a||||[a.+xa+;< a'x a+][l+](80) I (n-l) £ 1k a? = ¢?

n=4 [4]-[0] =l
Ow) X)) c?
(80) (00) 1.00000
n=5 M13-01] s=1.25
Ow) oy &
(81) (20) *1.25000
(62) (20) 0.9%6k427
n=6 [k23s{2] =5/3
(w)a ) c?
(82) (Lo) 1.30950
(02) *0.33333
(71) (02) 1.25000
(63) (Lo) %¥1.07138
(L)1 (40) 0.00000
(bh)2 (40) 0.94289
n=6 [#11][11] 3=1.5
Op) (vp) o2
(90) (21) 1.50000
(71) (21) *1.17855
(63) (21) 1.28566
n=7 [4314(3] =2.5
Ou) Out) c?
(83) (60) *1.57137
(22) 0. 75000
(72) (22) *1.60709
(64) (60) 0.94279
(22) *0.,06429
(ks) (60) *1.07145
n=7 [k21)5{21] s=2.0
Owa O 'u') c?
(91) (b1) *1.27677
(22) *0. 48750
(11) %0, 20000
(72)1 (41) 0.00000
(22) *1.17547
(11) 0.138572
(72)2 (41) 1.25009
(22) 0.00306
(11) 0.11429
(64) (b1) *1.07140
(22) 0.64287
(45) (L1) *1.20025

n=8 (44 Ja00) =5
() (') c?
(8Y4) (80) 2.33465
(42) *1.12240
(ok) 0.20000
(81) (42) *1.54764
(20) 0.83333
(73) (b2) 1.78572
(o4) *0.41667
(u6) (80) 2.02035
(L2) *0.03677
n=8 [4311[31] =3
(w)a vt c?
(92) (61) 1.46669
(b2) 0.52380
(31) 0.34921
(23) 0.31111
(81)1 (k2) *#0.66323
(81)2 (42) %0.88L35
(731 (61) 0.00000
(k2) 1.42123
(31) #0.26238
(73)2 (61) *1.19173
(42) 0.01579
(31) *0.2Ukg7
(65) (61) 1.25717
(k2) *0. T1ho6
(23) 0.51429
(46) (61) 0.99997
(42) *0.19993
n=9 [d413s{41] ub
() (') c?
(93) (81) *2.18900
(62) *0.65477
(51) *0.52379
(43) *0.438L6
(66) (81) ¥2.02032
(62) 0.94279
(43) *0.76526
(74) (81) 0.47135
(62) *1.83335
(51) 0.52376
(43) 0.02233

391



n=9 [432]a[32] £=3.75
Ow) ('u') e
(10,1) (62) #1.66672
(51) #0.30476 .
(43) *0. 71426
(74) (62) *1.09990
(51) 0.78564
(43) 0.0
n=10 [(bh2]a[k2]  ==7.5
() uer
(10,2) (82) 2.31533
(63) 0.84657
(71) 0.35736
(60)1 0.19047
(60)2 *0. 08465
(52) 0.45917
(4)1 0.3607k4
(bb)2 0.05497
(83) (82) *0.64275
(63) 1.01848
(71) 0.08L466
(60)1 *0. 36262
(60)2 *0.21936
(52) #0.32740
(L)1 0.00000
(4h)2 0.72754
(75) (82) 1.92855
(63) 0.00000
(71) %1.10200
(52) 0.21043
(bh)1 0.23673
{4l)2 *0.73048
(56) (82) %0.35709
(63) 1.63328
(71) #0.05L42
(52) %0.61225
(Lb)1 *0.05454
(L4)2 *0.57724
(u8) (82) 2.35711
(63) *1.49995
(bl 0.81818
(hl)2 0.12U62
n=10 (4411 Jofb11] y=7
(Ap) O ptat c?
(83) (71) 0.83808
(63) 1.95554
(s52)1 0.10576
(52)2 *0.06448
(75) (90) 1.45908
(71) %0.08978
(63) *1.65012
(52)1 0.40792
(52)2 %0.24863
(56) (90) 0.67345
(71) *1.34685
(63) 0.64002
(52)1 0.h9k452
(52)2 0.11899h

n=11 {b433-[43] =10
(w) (') c?
(11,1) (83) *2.87032
(72) %0.88435
(6L4) %*1.10386
(10,0) (64) 2.58580
(92) (83) 0.58437
(72) *0.02380
(64) *1.26270
(84) (83) *2,14295
(80) 0.77822
(72) 0.33679
(64) *0.06667
(57) (83) %2, 20974
(72) 1.47320
(64) 0.07671
(2,10) (83) *3. 75000
(64) 2.25000
(38) (83) 0.31248
(64) *1.94875
(L5) 0.53322
n=11 [b421)-[421] 5=8.75
() (A wt)a c?
(10,0) (6L4) 2.10100
(92) (72)1 *0.1L965
(72)2 *0.89781
(64) *1.77769
(84) (91) #*1.32645
(80) 0.03537
(721 0.9%216
(72)2 0.02567
(6k) 1.06688
(57) (91) 1.57138
(72)1 0.67347
(72)2 *0. 11224
(64) *1.22722
n=12 [Lblls[uh] =15
(w) (A'p') c?
(12,0) (8Y4) 4.89103
(73) 2.17379
(93) (84) 2.80213
(81) *1.09449
(73) *0.07535
(h6) *0.88309
(66) (84) 2.48672
(81) *0.6734k
(73) *0.94193
(46) *x0.68404
(39) (84) 3.399%6
(73) x2.22527
(46) *1.07148
(0,12) (84) 9.00000
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n=12 [4431]a{431] 5=35/3
(w) ('p e’ c?
(10,1) (73)1 0.07916
(73)2 1.13981
(65) 2.19810
(93) (92) 1.32652
(81)1 *#0.36483
(81)2 0.00000
{73)1 #1.16618
(73)2 *0,0746Y4
(65) *1.13337
(46) 0.68686
(66) (92) *1.49656
(81)1 *0.6734Y4
(81)2 0.22448
(73)1 0.06997
(73)2 0.0Lg76
(65) 1.12212
(u6) 0.00000
(39) (92) 2.29168
(73)1 1.37755
(73)2 %0.02721
(65) *1. 37490
(1,10) (92) 1.66667
(731 2.18182
(73)2 #1.55155
(65) 0.93333
n=12 [4h22])a[k22] $=10.5
() (') ¢
(66) (10,0) 1.16726
(81) #0.06734
(73) #1.95916
n=13 (b1 )s[b41] 3=17.5
Ow) (') c?
(10,2) (93) *1.47185
(74) 1.68215
66) 2.28251
(83) (93) %0.76916
(74) 0.00000
(66) *1.77529
(75) (93) 1.61173
(%) 0. 47616
(66) *1.28391
(48) (93) *2,266L6
(%) 0.00000
(66) 1.353%
(1,11) (93) 5.00000
(7h4) 2.50000
(66) %2, 50000
(0,10) (74) *2.50000
(66) 0.11665
(29) (93) 1.12181
(74) *0.66667
(66) 1.79483

n=13 [44327-[432] m=1h
() (pt) ¢?
(83) (74) *0.33333
(75) (10,1) *1.06399
(74) 1.14276
(L48) (10,1) *1.6499Y
(7h4) 1.78570
(0,10) (74) *2.16667
(29) (10,1) *1.83333
(74) 0.00000
n=14 b2 3a[kh2] =21
() (pt) @
(10,0) (75) *2.74738
(84) (10,2) 1.04758
(83) *1.14297
(75) *0.99%625
(56) 1.41324
(48) 1.7609%
(65) (x0,2) #1.00729
(83) 0.190k49
(75) *0.14385
(56) 0.08978
(48) 1.630L45
(57) (10,2) 1.63183
(83) *0.1h732
(75) *1.58243
(56) 0.11688
(48) 0.93406
(0,10) #0.539%6
(2,10) (10,2) 3.66667
(83) 1.50000
(75) *2.37357
(56) *1.19043
(u8) 1.33333
(38) (10,2) 1.48078
(83) . *0.33333
(75) 0.2115h
(56) 0.22222
(L48) *1.53853
n=1h [4bh11]-[bb11] $=20
(w) (et c?
(92) (83) 1.02860
(75) 2.09236
(73) (83) *1.L6240
(75) 0.1hshh
(65) (83) %*0.13333
(75) *2.41678

* .
‘denctes negative value for C.
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@z s | [a'a'xa 5 9g0ypl [ (=302 W' )ar 572732 = ¢

n=b ] b
S T s' T D2
00 3 3 1
Ow) ('u") ?
(80) (20) k. 00000
(42) (20) 1.20000
n=4 [311-[1] »=4/3
ST s' T p2
11 1 *1
ST & S
01 i i 1
Ow) (A 'p') ¢?
(61) (20) 1.33333
(42) (20) %0.93333
n=5 k13s[2] 7=2.5
ST s' T p?
11 10 0.5

3 0 1 0.5
() au) B
(81) (ko) %2. 50000
(62) (ko) 0.10000

(02) 1.33333

=5 (le(11] m2.5
ST s' T p2
i % 11 0.9

i 00 0.1
() w2
(81) (21) 2.50000
(62) (21) %2, 50000

Table A.2

K. T. HECHT AND D. BRAUNSCHWEIG

2

n=5 [323-[2] =2

S T s' Tl D2

43 10 1

32 01 1

33 10 *0.5

13 0 1 0.5

Ow) (au) c?

(62) (40) 1.60000
(02) %0.33333

(43) (40) *0.93333

n=6 (4234{3] $=20/9

ST s' T’ 2

10 1 1 1

01l i g *x].

(Mo (a'u') o2

(82) (60) #1.95556
(22) 0.13333

(71) (22) *1.11111

(63) (60) 0.0
(22) 1.11111

()1 (60) 2.03639
(22) %0.08485

(k)2 (60) %0.0h36L
(22) *0.54627

n=6 [h2Jaf21]  z=ho/9

ST s' ' D2

10 % 1 0.8

10 3 *0.2

01 3 3 0.8

01 3 *0.2
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n=6 f423-[21] (cont'd) n=7 [4310[31] (cont'a)
(w)a o) P () au)
(82) (41) 2.77778 (83) (61) *3.66667
(22) 1.66667 (k2) #2.08333
(11) (k1) 0.15000 (64) (61) 3.00000
(22) %1.60555 (42) 0.75000
(63) (41) *#3.00000 (72) (61) *0. 40000
(22) %0.55555 {42) 0.86428
(k)1 (b1) 0.33939 (45) (61) 0. 54000
(22) *0.16970 (h2) *3.60000
(4b)2 (1) 0.72727
(22) 2.58589
n=T h213{31] =3
| 1] 2
n=6 [411])a021] ==k ;T ST L
ST g' T D2 5 %‘ 11 0.75
11 31 0. Ly 33 10 0.25
11 3 2 0. Ll 32 11 %0.75
11 1 3 0.11111 %_g o1 0.25
00 3 *1 11 1 0.5
) w2 33 01 0.5
(90) (L1) L. 00000 ot 2
(71) (b1) ¥0.55000 wa (') C
(22) 1.65000 (91) (61) 2.38333
63) (k1) 1.20000 (k2) 0.30952
(22) *2.00000 (72)1 (61) *0.11ko7
(42) 0.81632
(b3 Tk ] (72)2 éilg *O.é1905
n=7 3 ™=2.5 2 : 0.85033
ST - 2 (6k) (61) 1.20000
(42) #1.20000
i 0 0 1 (45) (61) 0.00000
L) aw) A
) ggeg *0.13827 () (ur) 2 (2)
0 0.
(k2) *1. go$1g (8) Eglg 6. essﬁg
(72) (u2) 0.75000 (f) 2'933-
(u5) (ﬁo) 1.07143 81) (63) i:gzsgg
(42) 0-09524 (51) *2.70902
(73) &‘?.3 ?Zi‘}é«?é
il [i3hfsi] 275 (62) ¥0.69hkk
ST s’ T D gﬁlg 2.2332&
11 3 *1. 3
11 T *2'6 (46) (81) 1.28571
13 o 1 o (62) 6.76000
22 : (L3) *0. 38095
{a)

Yor D2 factors, see (n-L).
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n=8 [(4313-{41] ¥=3.2

Gwa  Gwn @ @

(92) (81) 1.76003
(62) 0.25350
(51) 0.11580
(43) 0.06173

(81)1 (62) #0.64198
(51) 0.00903
(43) 0.47186

(81)2 (62) %0.85598
(51) *0.14749
(43) *0.32099

(73)1 (81) %0.72960
(62) 0.42990
(51) *0.35598
(43) *0. 30990

(73)2 (81) 0.29184
(62) 1.28471
(51) 0.24880
(43) 0.30291

(65) (81) 1.25716
(62) 0. 80000
(43) 0.10286

(46) (81) *1.00000
(62) 0.28000
(43) *0. 96000

n=8 [4317-[32] =i

ST s' T °

11 g i %0.5

11 1 g 0.5

10 % 3 *0.5

10 3 3 0.5

01 ! % %0.5

01 : 3 *0.5

(w)a (A pt) 2

(92) (62) 2.02800
(51) 0.1L4486
(43) 1.38272

(81)1 (62) #0. 32100
(51) 0.55320
(43) 0. 4ho22

(81)2 (62) 0.10698
(51) 0.45526

n=8 [4317-[32] (cont'a)
Owa O'ut) c?
(43) #0.91712
(731 (62) 0.55030
(51) #1.02436
(43) 0.82542
(73)2 (62) #1.03326
(51) #0.56498
(43) *0,05732
(65) (62) 1.60000
(43) 0.00000
(46) (62) 2.24000
(43) 0.00000
n=9 (441 ]-[2] =9
Ow) Gua 2 (a)
(93) (82) *3.21430
(71) #0.19048
(63) *1.83333
(bl)1 *0.9L66
(Lb4)2 *0.14430
(74) (82) 0.00000
(71) 2.30476
(63) *0.93333
(uh)1 *0.01060
(4h)2 %0. hohoh
(66) (82) *3.77142
€3) 0.00000
(bh)1 *0.54545
(Lh)2 1.68312
n=9 [W413[M11] 310
EeYS) (rpn) 2 (2)
(93) {90) 3.40L77
(1) 2.09523
63) 0.0
(74) (90) %1, 04762
(71) 0.20952
(63) *2.52000
(66) (63) 6 .00000

(a)

For D° factors, see (n-4).
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n=9 [l(*32 ]—flﬂ ] 2;1*- S(a) n=10 [bh23a421] ( ;ont ')
(1) A ¢ (Ow) (\ue' ¢
(10,1) (82) 2.29091 (75) (72)1 3.66667
2'673 ggﬁﬂ Egﬁ)z 0.61111
(74) (82) 1.50000 4 } 550000
(71) 0. 7314k (56) 59?3 W3 epo
(63) %0. 14000 E;’Sﬁ *8:323%%2;
n=10 [b4235[43]  5=20/3 Eig; :; gﬁgi
() Opt) 2 (a) (48) (61 7.46667
(10,2) Eggg 2. 42429 (45) 3.11111
0.00000
Egﬁ% :g: igggg n=10 [b411)albo1] w14
(83) Egg; *o.é3887 () e ")at c? (a)
0.37303
(72) 0.61111 (83) &%3 *8233233
(64) %0.86617 (72)1 *1.68750
(’45) #0.23704 (;2)2 o. 758
(75) (83) *2.29175 6L -2793
(72) 0.13095 fus; *(1).23337
(64) ¥0.07953 e
{us) 0.8 (75) (91) 3.14287
(56) (83) *0.11111 %3232 *3133?3?
Egﬁ; *323:‘132 (64) *#2.86371
(45) 0:00711 (45) 1.20000
(18) (3] 300000 (56) (91) 0.68942
(65) 0.09333 (72)1 *1.57284
(45 0-88889 (72)2 *0,92882
| & IiE
n=10 [4h23a[421] ¥=50/3
(w) ') 2 (@) n=11 [b43]a{ll]  5=5
(10,2) Egl% 5.2528 L) O'pt) 2 ()
0 1.35 »
(72)1 #0.21769 (11.2) Egl{; g'ggggg
(72)2 2.32205 (73) 0.60421
(64) 0.0 (10,0) (84) 1.0l1430
(83) &) w1 18151 (73) 1.35978
(7931 *1:33%'&5 (92) (84) 1.22378
(72)2 0.23283 5%3 :3'20333
(64) *#1.4141L (84) (84) l. 13_030
. (4s) 0.20741 (81) *0'06538
(75) (91) 1. 74604 (73) 0.01832
(a)

For D° factors, see (n-4).
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n=11
Ow)

(cont'd)

C2

(57)

(2,10)
(38)

n=11
()

#0.52365
1.55772
#0,19231
#0.36363
*3.00000
0.50000
#1.21154
1.53846
0.03535

=25
o2 (a)

(11,1)

(10,0)

(92)

(84)

(57)

(2510)
(38)

*7.87879
0.00000
%3, 25000
0.62338
*2.77062
*1.63636
7.27287
1.44370
0.20167
0.03555
1.90912
%0.60338
1. 40000
%*3.27387
*2.94648
0.00000
*1.53065
%1.088L0
*1,06062
0.67880
%*1.52778
*3.50000
%0.62222
#3.15000
0.00000
11.66667
5.83333
*1.25000
*0.72727
#0.07273
#0.81667
*3.71210

K. T. HECHT AND D. BRAUNSCHWEIG

(4421 3a[431] w=8.75

O'u')a! 2 (a)
(731 0.94548
(73)2 2.363%8
(92) 0.64813
(81)1 *0.58667
(81)2 #0.19556
(73)1 %0.85716
(73)2 0.1280L
(65) 1.01820
{92) 1.30955
(81)1 0.00000
(81)2 0.00000
(731 %0.61224
(73)2 *0.00680
(65) *1.69670
(46) 1.08608
(92) #2. 4Lk
(73)1 *0.11429
(73)2 #0.00127
(6é5) 1.26000
(46) 0.00000
[l Ja{841 ] 3=ho
auy @ (@
(93) 15.21729
(93) 5.64115
(1) 2.38098
(66) 1.66438
(93) 3.22349
(74) 3.80959
(66) 2.36315
(93) 2.50000
(74) 5.00000
(66) 5.92316
(66) *28., 00000

[uh31]a[kh1]) 3=56/9

(a)

For D2 pactors, see (n-4).

(pt) 2 (&)
(93) 1.16033
(74) *1.20678
(93) 0.62680
(74) %0.51853
(66) »1.66L438
(93) #*1.07450
(74) 0.05079
(66) 0.78772
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n=12 (4431 ][441] (cont'a)
(w) ('p') c?
(39) (93) 2.50000
(74) 0.20000
(66) %0.65813
(1,10) (74) #2.13333
(66) 1.67522
n=12 [s4313a[432]  $=112/9
() ) 2 ()
(10,1) (74) 2.26272
(93) (10,1) 2.64818
(74) *1.26986
(66) (10,1) #1.39684
(7h4) 0.0
(39) (74) 2.66667
(1,10) (74) *1. 77778
n=12 (k22 }a{l32] =14
ST s' 7 p2
20 23 1
02 3 g *1
11 23 #0.33333
11 3 2 0.33333
11 + % %0.33333
00 3 3 1
Ow) (') c?
(66) (10,1) %#2.09526
(74) 2.28576
n=13 [ulh1JaTlb2] g=21
(us) (ut) 2 (a)
(10,2) (10,2) %3.55560
(83) 1.45458
(75) 2.85320
(83) (10,2) %0.98720
(83) %0.22222
(75) *3.19822
(a)

For D° factors, see (n-h).

n=13 [4h13afil2]  (cont'd)
(w) ('pt) ?
(56) 0.00000
(75) (10,2) 2.53852
(83) 0.22918
(75) #0.2051L
(56) *1.81824
(48) *1. 42666
(48) (10,2) *2.20000
(83) *2. 40000
(75) %0.27692
(56) 1.11111
(48) 1.88042
(1,11) (75) 6.00000
(56) 1.87500
(48) *5.62500
(29) (83) 0.00000
(75) 2.991k46
(56) 0.05186
(u8) 1.92312
(0,10) (56) #0.97225
(48) #0.02778
n=13 (b1 Jafll11] 325
() apy 2 ®
(10,2) (83) 3.63%36
(75) L. 7553k
(83) (83) 0.55556
(75) *0. 9790k
(6) 2.0%6k2
(75) (83) *#2.29173
(75) *3.07700
(56) 0.29091
(48) (83) 1.50000
(75) h.15392
(56) *1.11111
(1,11) (75) 10.00000
(56) *7.50000
(29) (83) 3.30000
(75) 0.07L79
) (56) L. 20000
(0,10) (56) 3.88889
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n=13 [4432)[kh2] 5=8.4
() (') 2 (o
(83) (10,2) 0.98720
(83) «0.88889
(75) %0.26108
(56) 0.73311
(75) (10,2) 0.63463
(83) *0.22917
(75) *0.82054
(56) 0.49165
(48) 1.42663
(48) (10,2) 2.20000
(83) 0.15000
(75) *1.10772
(56) *0.01111
(u8) 0.47011
(0,10) 0.29%630
(0,10) (56) 2.02222
(48) *1.LhLhY
(29) (83) 1.35000
(75) %*1.05300
(s6) %0.71297
(48) 1.05772
n=1k [4bh2]albl3]  p=14
(M) (X vp.v) CQ (a)
(10,0) (84) 3.01687
(84) (11,1) *#2.00000
(10,0) %0.00388
(92) 0.79367
(84) 1.25360
(57) #1.01k4LYL
(65) (11,1) 0.76923
(10,0) #0.15670
(92) 0.02L69
(84) 0.85471
(57) *1.49189
(38) 0.00000
(57) (11,1) *2.00000
(92) *1.157L0
(84) 0.17308
(57) 0.13676
(38) *1.48489
(2,10) *1.30772
(38) (84) %2.15385
(57) 0.21939
(38) 0.14815
(2,10) 0.95729
(2,10) (84) *2.00000
(57) 2.46160
(38) 0.66667
(2,10) %2.37037

n=1h4 [uhh2Ja[kb21] 3=k
(w) awy 2 @
(10,0) (84) 3.77111
(84) (10,0) 1.00884
(92) 2.18259
(84) 1.56700
(57) 5.07226
(65) (10,0) *1.629%64
(92) *1.69755
(84) *0.0h27hL
(57) 2.01L70k
(38) 2.09460
(57) (92) 2.03704
(84) 3.46160
(57) 2.7351k
(38) 0.60608
(38) (84) 0.67308
(57) *1.09688
(38) *2.962%
(2,10) (84) 10.00000
(57) 3.07699
(38) 3.33333
n=1h [ulb11 Js[llk21] 332
() (pt) ® (&)
(92) (92) 1.9Lk425
(84) 5.38466
(73) (92) *2.25689
(84) 0.19883
(57) 0.81L57
(65) (10,0) 0.69842
(92) 0.00000
(84) %3.58981
(57) } 1.00256
(a)

¥* .
denotes negative value for C or D.

For D° factors, see (n-4).
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Table A.3

@l£I0w)a st|||la a*][al(m)32T2|||(n-a)[f'](w-)a- s'1'y? = ¢??

n=Y [41s[2] =6 n=5 [413-{3] =2.5
1 1 2 [} 1 t 2
ST s'T s, T, D 5T s'T s, T, D
00 10 10 0.5 ig % % 10 0.5
01 01 *0.5 + £ o1 0.5
Ow) ('uh) c? () aw) P
(80) (40) 6.00000 (81) 60) *2,50000
(42) (40) 1.33333 (62) (60) %0.10000
(02) 2.33333 (22) 1.06667
n=l [311[2] =2 n=5 4134217 =5
oo 2
5T g 5,1, 2 ST s'T Sy T, D
11 10 0 1 0.5 3 %% 10 0.4
11 01 10 *0.5 +3 i % 10 0.1
10 10 10 *1
01 0 1 0 1 1 %% % g 0 1 %0.4
3 H o1 %0.1
Ou) () o - 2
(61) (40) *2.00000 (u) ('p')
(42) (%0) 0.00000 (81) (b1) 5.00000
(02) 1.00000 (62) (M) *1.66667
(e2) 3.33333
n=h (313-[21] T=2
sT 8T s, T, O =5 (3214(3] =2
ST s' T S, Tp D
11 11 10 0.5
11 11 o1 %0.5 i1 13 10 1
10 11 01 0.75 €3 11 o1 L
10 0o 10 0.25 232 2 2
01 11 10 *0.75 i3 3 3 10 0.5
01 0 0 01 %0.25 13 P o 1 0.5
- 2
52:.; EZl: ) Ca 00000 Qut) (') <
*,
* (62) (60) 1.60000
(42) (21) 2.00000 (22) 4006667
(43) (60) 0.93333

(22) *#1.06667
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n=5 (32)4[21] = n=6 [k23+{31] ™5
ST s' T 8, Ty 02 ST s' T S, T, 02
i3 23 10 0.31250 10 11 01 0.6
0 .
11 10 w250 o1 11 19 of
33 01 #0.56250 01 01 %01
gg 3 -3 01 %0.31250 Ow)a [T b
3 0 1 0.12500 (82) Eilg h'£136667
2 0.83333
3 % 10 0.56250 (1) (61) 0.50000
3r 34 10 #0.25 Ehag 2. 01192
31 1.57143
3 % 01 *0.25 (63) (1) %0.50000
31 10 0.25 ghag 0.83333
23 2.00000
3 01 0.25 (us)1 gilg 2.0%530
"ot 2 2 *2. 5
(M-l) (L H ) c (23) *0.051‘_55
(62) (k1) *#2,66667 (4l)2 (61) *0.03030
(e2) *1.33333 (42) 0.30303
(43) (k1) 2.33333 (23) #2.5L545
(22) 0.33333
n=6 [411]4{31] 4.5
06 [h2lbik] 2;5/3 sT 8T S, T, ?
ST s' T S, T, D
11 11 10 0.33333
10 00 10 1 11 01 0.33333
01 00 01 1 10 01 0.16667
5 01 10 0.16667
Mo (') ¢ 00 10 10 *0.5
(82) 2303 *},Sgggi 01 o1 *0.5
2 . 1t 2
(11) (42) 0.41667 Ow) (A" c :
63) (80) 1.07143 (90) %61) 4.50000
(42) *0.59524 (71) 61) 0.00000
(4)1 (80) 0.0 (42) 2.35713
(42) *1.23738 (31) 0.64287
(o4) 0.25252 (63) (61) 1.20000
(k)2 (80) 0.94286 (42) *2.00000
(42) *0. 00866 (23) 0.30000

(ok) 0.16970
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n=7 #33[41] 56 n=7 421 Jak1] (cont'd)
ST $'T . S, T, e (Ow)a (') 2
1 (91) (81) *1.78750
43 i § 10 0.5 (62) %0.09028
01 *0.5 (72)1 (@) 0.48981
w  owy & 2 o2
(83) (81) %3.92856 (72)2 (81) %0.61735
(62) %0.83333 (62) +1.14683
(43) *0.23810 (43) «0.1h69h
(64) (81) *1.071hk (64) (81) *1.071h4
(62) #1.63333 (62) .0.83333
(43) *1.98l412 (43) %0.05079
(24) *1.20000 (45) (81) 1.20000
(b5) (81) %0,42858 (62) *0.31111
(62) *2.TTTTT (43) 0.27778
(43) 1.01584
(24) 0.00000
n=7 (421350323 =3
T 1] 2
n=7  [433{32) 7.5 sT S8 7T SoT D
ST s' T 8, T, o° %% -;i i 10 0.31250
i3 ';‘ 3 10 0.4 3 3 10 0.12500
3} 10 *0.1 3 34 01 0.56250
33 o1 wun 33 33 o 0.31250
: 3 01 *0.1 3 % 01 %0.12500
3 10 0.56250
() [ X)) o 3y 3 2 :
H 2 10 0.25
(83) (62) 416667 § 3 o 1 0.0
(u3) #3.33333 2 25
(64) (62) 4.16667 3 3 10 0.25
(43) 1.11111 N
(b5) 82; *0.33326 3 01 %0.25
1.
(23) :h.gooog Owla (et 2
(91) §62§ #2.88889
51 #0.11111
n= k21 3a{k1] 2.4 (72)1 (62) %0.76192
5T s' T s, T, 2 E%; é-ggggg
31 L1 (72)2 (62) 0.12698
3_3 N 10 1 (51) 0.10160
12 i o ’ (64) %3) e
11 Y 1 0 0.5 2) *1.06667
22 = Y - (43) 0. blyllly
3 3 S5 (45) (62) #0.62222

(43) 1.5555
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n=8 [k Yafl2] =18
oW e @ @
(84) (82) 7.85720
(63) 5.00000
(b1 2.7272%6
(k)2 0.141560
(81) (82) 0.59092
(1) %3.078L40
(63) 1.20372
(52) *1.0714%
(73) (82) 1.94806
(11) 2.81388
63) *0.66667
(52) L.17862
(4h4)1 *1.57830
(4h)2 *0.24050
(46) (82) 0.25714
(63) 5.00000
(us)1 *0.60606
(4k)2 6.87018
n=8 [4317a{k2] =3.6
Q#)O. (X'l—l')a' Ca (9-)
(92) (82) #2.33333
(71) #0,07620
(63) *0. 46667
(52) *0.05T1h
(81)1 (82) 0.59091
(1) *0.62338
(63) *0.143333
(52) 0.38572
(81)2 (82) *0.78788
(71) *0.57720
(63) 0.57778
(52) *0.0571L
(731 (82) 0.00000
(71) 1.34768
(63) 0.00000
(52) 0.04592
(44)1 0.56746
(44)2 0.00000
(73)2 (82) #0. 492l
(71) 0.07730
(63) *1.51668
(52) %0.20408
(bh)1 #0.60780
(S)For D2 factors, see (n-4).

n=8

n=9

n=9

[4313a{42] (cont 'd)
(u)a Gua  cf
(bl)2 %0.196
(65) (82) *2.1&233
&, e
#0.0
(uk)2 0.55k
(46) (82) 0.20005
(63) 0.46667
(L)1 0.50911
(L4h)2 *0.75758
[4b1 350437 =6
() aw) 2 (@
(93) (83) %2.86U62
ggﬁg *0.16320
*1.91762
(74) (83) *0., 52084
(72) 1.45834
(64) #0.59%62
(45) *0.08000
(66) (83) %3.,21430
(64) *0.10000
(45) 0.95238
[4h1 Ja{k21] =15
() ape 2@
(93) (91) 6.11111
(72)1 *0.37415
(72)2 3.99098
(64) 0.00000
(%) (91) #0.87303
(721 3.33333
(72)2 0.5555
(64) *1.90909
(4s) 0.28000
(66) (64) 8.00000
(45) *3.33333
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n=9 [432bl21] =7.5 n=10  thh2)a{u31] (cont'd)
() Qude @ ® () (e c?
(10,1) (91) »4.52525 (56} (92) %0. 47618
(80) %0.61%63 (73)1 0.783%8
(72)1 0.06667 (73)2 0.55728
(72)2 *0.71111 65) #0.01037
(%) (91) *1.30954 (46) *0.75422
(72)1 #2.55100 (48) 65) 7.00000
(72)2 #0.06803 (46) 0.00000
(64) *1.27277
(45) 0.18667
n=10 (L4111 Ja[l31] ;&10.? )
T ' a
=10 [bb2Ta[hl] o5 é;“; E“; LA =
- 2 (a 3 92 1.18827
() (a'p') c (B 0.00000
(10,2) (84) 1.70944 - (81)2 x0. 72750
(81) 0.00000 (7131 *2.43873
(73) 0.20979 (73)2 0.01026
(83) (84) 1.12180 (65) 0.63636
(81) #0.18188 (75) (92) 2.94645
(73) #0.31339 (731 #0.15306
(75) (84) 1.08176 (73)2 0.06123
(73) #0.00L458 (65) #2.62500
(46) *0. 34091 (46) 1.59093
(56) (84) 1.1538 (56) (92) 0.23811
(73) %0.70331 (731 *1.56735
(46) %0.03367 (73)2 %0.68028
(u8) (8k4) 1.80000 (65) 2.07411
(46) #0.22222 46) *0.37713
n=10 [442 Ja[431] =12.5 n=11 [ul43 Jallb1] =10
() aune @ @ (Ow) oy 2 (@
(10,2) (92) 5.55556 §u,1) (93) %6.15386
(81)1 0.00000 10,0) (93) *1.30536
(81)e 0.83333 (92) (93) #1.66194
(731 *0.614935 (74) *1.08026
(73)2 2.88603 (84) (93) #2.35052
(83) (92) 0. 00000 (74) *0.99208
(81)1 2.72820 (66) *1.43592
(81)2 %0.32738 (57) (93) *1.66667
(73)1 0.07215 (74) *1.33333
(73)2 1.03897 (66) #2,15394
(65) #0. 79547 (2,10) (66) *7.00000
(75) (92) 2.45540 (38) (74) #2.00000
(73)1 1.14798 66) *1.256L2
(73)2 0.81633
(65) 2.18750
(u6) *1.32578
(a)

For D° factors, see (n-}).
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n=1l (443 Ju[l432] =20
Ow) ('pt) 2 (a)
(11,1) (10,1) #8.12500
(90) #2.70833
(92) (10,1) 1.46053
(90) 0.07715
(74) 3.24080
(84) (10,1) *1.52778
(74) *2.97620
(57) (74) #4.00000
(38) (74) 2.66667
n=l11  [bh21la{bil] 3.5
Ow) ) @ (a)
(10,0) (93) *#1.06061
(92) (93) *0. 91406
(7h) 1.25703
(81) (93) #0.58762
(74) 0.15873
(66) 1.43593
(57 Eg{a; 1.66667
0.01333
(66) #0.53847
n=11  [44217s[432] =7
(Ow) ) @ (8
(92) (10,1) %0.760L48
R
(84) (10,1) Yo, it
(74) 1.19050
(s7) (74) 1.60000
(&)For p? factors, see (n-4).

n=12 [hbk Jo[4k2] n=3%
() ('pta’ 2 (a)
(12,0) (10,2) 18.46178
(o)1 0.86126
(91)2 7.95008
(93) (10,2) 4.23086
(o1)1 3.90794
(91)2 %0.11133
(83) 5.15628
(75) k.61548
(66) (10,2) 1.571h4
S
.21
(56) 2.85718
(48) 1.31871
(39) (0,10) *1.50000
(48) 3.9664L
(56) 8.43763
(75) 6.00000
(0,12) (48) 30.00000
n=12 {431 Ja[kk2] 5.6
Ow) Ouda' 2 ()
(10,1) (10,2) *2.15386
(91)1 0.37214
(91)2 %0.00062
(83) 1.13134
(93) (10,2) *1.41028
(91)1 *0.01608
(91)2 20.019%6
o e
1.53850
(66) (10,2) 1.5714h
(83) 0.42858
(75) 0.0
(s6) #0.62222
(48) 1.31871
(39) (0,10) 0.50000
(48) *1.32213
(s6) 0.01250
(75) 2.00000
(1,10) (48) 2.69231
(56) *1. 40000
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n=l2  [4bezlal42] »6.3 n=13  [44b1]efhk2l] =30
st s 5,1, O () ap) ¢
(10,2) (10,0) 1.92593
20 9 38 ! (92) 5,555
2 o 5 (84) 8.54718
! 23 o2 (83) (10,0) 1.62%5
1 : 2 (92) 0.99025
00 10 10 %0.5 (85) %0.53483
01 o1 %0.5 75) §§i§ *l.g?gg
) 2 *3,605
L) (') < (48) (84) 3. 00000
(66) (10,2) 1.571hs (57) 3.8u625
(83) 0.0 (38) 0.69446
(75) *1.05497 (29) (57) %0.05128
(s6) *0.11429 (38) 3.65130
(u8) *1,31871 (0,10) (38) 2.77780
(1,11) (38) *10.00000
(57) %15, 00000
ns13 [Lhh1 Ja[u43] z:=10.% )
"t 2 a
E“‘) ) E" b ; ¢ = p=13  [bb327a[kb3) ez
10,2 11,1 #3272 e 2 (a
(10,0) %0.18520 () (A 'u') c
(92) 0.50505 (83) (11,1) 1.43591
(84) 1.70942 (10,0) *0.15670
(83) (11,1) #0.35898 (92) *0.60855
(10,0) 0.03918 (84) *0.18697
(92) #0.36008 (75) (11,1) 1.50000
(8Y4) *¥2.99150 92) 0.00595
(75) (11,1) 1.50000 (84) *0.72117
(92) 1.82292 (48) (84) #0.60000
(8u) 0.18030 (2,10) #1.25359
(48) (84) #2. 140000 (38) %0.13889
(57) 0.19232 (57) 0.76925
(38) 2.22222 (0,10) (2,10) *1.34815
(2,10) 1.25357 (38) 1.155%
(29) (57) 3.14103 (29) (2,10) 1.31624
(38) 0.43209 (38) *0.23766
(2,10) 0.59829 (57) %0.56411
(0,10) (38) #0.13889
(2,10) *0.64820 n=13 [#4323{kb21] =12
@ ey 39000 ) w2 @
(2,10) *4.50000 (83) (10,0) *1.01853
(92) +1.584k2
(8u) %0.37395
(75) (92) *0.65475
(84) #*1.44237
(u8) (84) xk., 80000
) . 238; *0.2';’578
a (a- 57 *1.53852
For D° factors, see (n-u4). (0,10) (38) 3.8
(29) (38) 1.90127

(57) 1.12820
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n=ll  [hh442]a{lbh) 7=3.5

Ow) o) @ @

(10,0) (12,0) 1.37879

(93) *1.06062

(8Y4) (12,0) 1. Ll

(93) #0.58762

(66) 0.23932

(65) (93) #1.4i233

(66) 0.59829

(57) (93) 0.83333

(66) 0.717%

(39) *0.64104

(38) (66) *0.94233

(39) 1.02832

(2,10) (66) 0.38889

(39) 0.85u72

(0,12) #1.21212

n=14  [b4h2Ja[4h31] =22.5

Ow) aw) &

(10,0) (93) 5.30303

(84) (10,1) 3.05556

(93) 2.93807

(66) 3.58982

(65) (10,1) *1.83333

(93) #0.03205

(66) 1.95443

(s7) (93) 4.16667
(66) 0.0

(39) 3.20521

(38) (66) 1.57054

(39) %0.57131

(1,10) 1.728L4

(2,10) (66) 5.83333

(39) 4.27358

(1,10) #3.33333

n=lh  [4h411]a[4431) =18
Ow) (et 2 (s
(92) (10,1) 1.1ko72
(93) 5. 48442
(73) (10,1) x1.32408
(93) 0.08103
66) 1.67046
(65) (10,1) 0.52383
(93) *1.79L87
(66) 2.23365

(a)

For D° factors, see (n-k).

*
denotes negative value for C or D.
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SU(3) PARENTAGE COEFFICIENTS

“+(20)§§H|(n-1)[f’](>~’u')a' s'ry? = c?p

n=3 33[2] =3

ST s' T D2

33 10 0.5

33 01 *0.5

() O'pt) o

(60) (40) 3.00000

(22) (40) 1.33333
(02) 1.66667

{00) (02) 3.00000

n= [21)+[2] =1.5

ST s' T D2

%% 1 1

33 01 1

33 10 0.5

33 01 0.5

() awy

(1) (50) 1.50000

(22) (40) 0.83333
(02) *0.66667

(11) (o2) 1.50000

n=3 [217a{11]  5=1.5

8T s' T D2

%% 11 1

%% 11 1

3 11 %0.5

13 0o 0.5

D) aw)

(b1) (21) *1.50000

(22) (21) 1.50000

(11) (1) 1.50000

Table A.h

2

n=4 [41-(3] =k

ST g' p2

00 3 3 1

() (") 2

(80) (60) *lt.00000

(42) (60) *1.20000
(22) *2.80000

(ok) (22) *k. 00000

(20) (22) %2.50000
(00) *1.50000

n=l [311(3] w=b/3

ST s' T p2

11 3 3 1

10 3 3 1

01 1 1

Ow) (u) b

(61) (60) *1.33333

(k2) (60) *0.93333
(22) 0.40000

n=l (31bf21]  ==8/3

ST s' T 2

11 % 3 0.5

11 1 -;4 *0.5

10 -;4 3 %0.5

10 3 *x0.5

01 3 3 0.5

01l I3 0.5

Ow) (et c?

(61) (41) 2.66667

(42) (1) *0.66667
(22) 2.00000
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n=5 (41 3a04] ™=1.25

ST s' T D2

33 0o 1

Ow) ) ¢?

(81) (80) 1.25000

(62) (80) 0.96429
(42) #0,28571

n=5 [413[31] *=3.75

ST s’ T D2

3 11 0.6

33 10 0.2

33 01 0.2

Ow) (w') 2

(81) (61) #3.75000

(62) (61) 0.41667
(42) *3.33333

n=5 {323-[31] =3

ST s' T °

33 11 0.75

23 10 %0.25

32 11 0.75

33 01 *0.25

33 11 0

13 10 *0.5

i1 01 0.5

() (u') ¢?

(62) (61) 2.66667
(42) 0.33333

(43) (61) 0.46667
(42) 1.33333
(23) 1.20000

n=5 [32]a{22] =2

ST s' T p°

-3% 2 0 0.625

23 1 %0.375

33 0 0.625

33 1 0.375

13 1 0.75

33 0 *0.25

() ('p') ?

(62) (42) 2.00000

(43) (42) *2.00000

n=6 (4230417 $=8/3

ST S' T 2

10 % 1

01 i 3 1

Ow)a ('ut) c?

(82) (81) 2.50000
(62) *0.16667

(71) (81) *1.12500
(62) 1.13426
(51) *0.hOT74L

(63) (81) #0.64286
(62) #1.38889
(43) #0.63492

(44)1 (62) 0.00000
(b3) *1.90909
(24) *0.75757

(bb)2 (62) *1.95556
(L3) 0.20202
(2k) +*0.50909
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6 (423a[32] =10/3

ST s' 1 p°

10 g 3 0.8

10 3 3 0.2

01 3 g 0.8

o1 3 3 %0.2

Owa ()  c

(82) (62) %3.33333

(71) (62) 0.07407
(51) *3.25925

(63) (62) 1.11111
(43) *2.22222

(k)1 (62) 0.76%h
(43) 2.18182
(24) 0.38788

(uk)2 (62) %0.08081
(43) 0.70707
(2k4) *2.5U545

n=6 s11J{l1]  m=2.b

ST s T 2

11 + % 1

00 + 3 1

[e™) ('p') c?

(90) (81) %2, 140000

{(71) (81) *0.82500
(62) *1.37500
(51) %0.20000

(63) (81) *1.28572
(62) 1.00000
(43) %0.11429

(a)

For D° factors, see (n-h).

n=6 [4113{311] 3=3.6
sT s' T p°
11 3 2 40/81
11 33 20/81
11 3 % 20/81
11 £ 3 *1/81
00 : 3 1
(1) (') c?
(90) (70) #3.60000
(71) (70) 0.51k29
(51) #3.08571L
(63) (43) *3.60000
n= 433a[k2] =4.5
{2) (A'ua' 2 ()
(83) (82) 3.75000
(63) 0.75000
(72) (82) 1.02274
(71) 1.87012
(63) *0. 75000
(52) 0.85714
(64) (82) 0.32142
(63) 2.08333
(kb1 1.81818
(b)2 0.27706
(45) (63) 1.33333
(k)1 *1.27273
(k)2 1.89394
n=7 [4213-[42] 1.8
(o pta 2 (2
(91) (82) 1.77273
(71) 0.02727
(721 (82) 0.46754
(71) %0.96512
(63) *0.3’4286
(52) 0.02449
(72)2 (82) 0. 148702
(71) %0.00891
(63) 1.15715
(52) 0.14694
(64) (82) 1.28572
(63) x0.33333
(44)1 0.07273
(Lh)2 *0.10822
(us5) (63) %0.93333
(bl)1 0.01818
(4h)2 0.84849

411
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n=7 [(b21]a{l11] =2
(\)a (Apa P (a)
(91) (90) %1.83333
(71) *0.16667
(721 (90) 0.71h29
(71) #0.02041
(63) 0.91429
(52)1 0.27472
(52)2 0.07629
(72)2 (90) #0.11905
(1) 1.36054
(63) 0.08571
(52)1 *#0.2637h
(52)2 *0.170%
(64) (63) *2.00000
(45) 63) 1. 40000
(25) *0.60000
n=8 (44 3-[43] =8
Ow) Gu) 2 (8
(84) (83) *#5, 00000
(64) #3.00000
(81) (83) #1.18182
(80) *2.50000
(72) 1.00000
(73) (83) #0.93751
(72) *3. 48214
(64) 0.71023
(46) (64) *1.60000
n= (43170437 3=1.6
Owa w2 (@
(92) (83) *1.55556
(72) *0.0lhlyly
(81)1 (83) *0.39394
(80) 0.83333
(72) 0.33333
(81)2 (83) *0.52525
(80) 0.00000
(72) *0.87111
(731 (83) *0.58036
(72) 0.49031
(6k4) 0.439%7
(73)2 (83) %0, 41270
(72) 0.03628
(64) *1.01299
(65) (83) *1.28572
(64) 0.11111
(46) (64) 1.24444

(a)

For D2 factors, see (n-4).

n=8 [431]a[k21]) =k
(u)a Guda' 2 (@)
(92) (91) 3.25926
(72)1 %0.06350
(72)2 0.6772L
(81)1 (91) +*0, 80808
(80) 0.30303
(72)1 *1.90476
(72)2 *0.05080
(81)2 (91) 0.269%
(80) 2.0L4546
(72)1 0.10158
(72)2 *1.08360
(731 (91) *0. 47620
(72)1 1.97084
(72)2 0.00194
(64) *0.56278
(73)2 (91) 0.03306
(72 0.0518L
(72)2 2.10898
(64) #0.12662
(65) (64) 3.55556
(46) (6L) #0.62222
n=9 [ub1]afs])  =1.5
() G 'ut) c2 (a)
(93) (84) 1.44231
(73) 0.05769
(74) (84) 1.00%2
(73) #0.32967
(66) (84) 1.28572
(46) *0.21429
n=9 [bl1Jofk31]  3=7.5
Ow) w2 (@)
(93) (92) *l4,58333
(73)1 0.53572
(73)2 *2.38095
(74) (92) 0.20833
(73)2 *3.06122
(73)2 %0.91972
65) 0.52500
(66) (65) *5.00000
(46) 2.50000
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=9 (432]a{l31] 2=3.75 n=11 [uu3la{kh2] b6
() (w2 (@) () aun 2 (@
(10,1) (92) 3.50000 (11,1) (10,2) 5.19230
(74) (92) 1.25000 (10,0) (10,2) 0.35898
(7131 0.73469 (92) (10,2) 0.538L6
(73)2 0.00816 (83) 2.13888
(65) 1. 40000 (84) (10,2) 1.22222
(o) o
5 2.
n=10 (42]a{l41]  $=10/3 (57) (75) 2.66227
Ow) (e 2 () (o) 112300
.2
(10,2) (93) *3.07693 (2,10) (u8) *5.00000
(83) (93) *0.79773 (0,10) *1.00000
R I R o
Eggg *ggz'srig (19) (0,10) *1:00000
o e e sy
%0.59830 n=11 31a[433] =5
(48) (66) »2. 80000 s 1 ot 2
33 11 0.9
n=10 [bh2)s[432] $=20/3
Op) (') @ (8 i ° 0 *0-1
(10,2) (10,1) *L. 00000 (M) (X'}i')a' 02
(©3) R A p b G ey ez
(75) (74) . 28571 (83) 21368
(56) (71) 0.50794 (8k4) (83) %3.12500
Eaé%o) E29g 5.00000
=10 {411 Ja{ll1 ] z&a.a( ) 3 Eg-‘?g ?L’L’Eﬁﬁ
Lw) w2 e 1.50000
(83) (93) *1.19659 G0 gér; *3228%
(74) 1.2L4LY (19) (29) *0.3055h
(75) 5%33 *(l)giﬁgg (37) #3.61111
(66) 1.34616
(s6) (7%) 0.91429
(66) *1.43591
(a)

For D2 factors, see (n-L).
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n=11 (421 ] kk2] s=2.1
() au) & (®
(10,0) (10,2) 1.16667
(92) (10,2) 1.18u62
(83) %0.62222
(84) (10,2) 1.22222
(83) 0.0
(75) %0.69231
(57) (75) #0.66667
(48) 1.29808
(56) 0.04500
(38) (48) 1.34615
(s6) *0. k2000
(19) (0,10) 1.1976h
n=11 [bh21lJa[ll11] ¥=2.5
() (u’) 2 (e
(92) (83) *1, ghLhk
(84) (83) %0.25000
(75) *#2.07693
(57) (75) 2.00000
n=12 [bklhYa[LL3] =12
() (w’) 2 (&
(12,0) (11,1) %9.23078
(10,0) *2.76923
(93) (11,1) *1.20000
(92) *3.75000
(8k4) *4.32695
(66) (84) *2.571h4
(57) %2.63737
(39) (2,10) 1.26925
(38) 4. 50000
(57) 1. 50000
(0,12) (2,10) 12.00000
(a')For D2 factors, see (n-k).

n=12 (4431 Ja[443] $=28/15
(Ow) aw) 2 ()
(10,1) (11,1) *1.17483
(10,0) 0.06154
(92) 0.45253
(93) (11,1) %1.20000
(92) %0.00185
(84) 0.48077
(66) (84) 0.85715
(57) 0.87913
(39) (2,10) 1.26923
(38) 0.05556
(57) *0. 50000
(1,10) (2,10) *1.29231
(38) 0.355%
n=12 [B431]-[lk21] 5=16/3
() o) @ (8
(10,1) (10,0) 1.60000
(92) 3.11111
(93) (92) 0.81482
(84) 3.8L4618
(66) (84) *1.71430
(57) 1.75826
(39) (36) *0. bhkhh
(57) %k, 00000
(1,10) (38) b, Llbhl
n=12 (422 Jalkl21] 56
ST s' T p2
20 % 3 1
02 3 % 1
11 g 3 0.33333
11 32 0.33333
11 3 3 ¥0.33333
00 1 *1
Ow) ('u') o
66) (84) #2.571h4
(57) %2.63737
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n=13 [ubb1Jallll] $=1.75
Ou) au) @ (@)
(10,2) (12,0) 1.18182
(93) #0.38L62
(83) (93) 1.34616
(75) (93) *0.93750
(66) %0.67308
(48) (66) #0. 70000
(39) 0.96154
(1,11) (0,12) #1.25000
(39) 0.50000
(0,10) (0,12) *0.95454
(29) (39) 1.3W615
n=13 [bs41 J,[L431] 3= 11.25
() awy 2 @
(10,2) (10,1) *3.00000
(93) *5.76923
(83) (10,1) *0.81481
(93) 0.24928
(75) (93) 1.56250
(66) #3.36538
(u8) (66) *3. 50000
(39) 1.60256
(1,11) (1,10) 3.75000
(39) *7.+50000
(0,10) (1,10) #0.50000
(29) (1,10) #*1.244%)L
(39) *0.00997
n=13 [b4327400U431] 3=h.5
Ou) ooy @
(83) (10,1) 2.03704
(93) 0.39887
(75) (93) 2.50000
(66) 1.34616
(48) (66) #1. 40000
(39) *2.56412
(0,10) (1,10) 2.60000
(29) (1,10) *1.71111
(39> 0.87750
(a)For p? factors, see (n-h).

*
denotes negative value for C or D.

n=14 [Llh2 Ja[hll1]  3=b
!M&) (A'u') 02 (a)
(10,0) (10,2) *#2.33333
(91) *1.21212
(84) (10,2) *2. 4Ll
(83) 0.16667
(75) »0.92308
(65) (83) 1.50000
(75) #0.92309
(57) (75) 1.77778
(48) 1.73078
(2,10) (1,11) #*2.51748
(0,10) %0.06838
(29) *0.30304
(48) #1.11111
(38) (29) *1.18827
(48) #*1.00962
n=1h 4442544327 w=10
() (k') C2 (a)
(10,0) (91) *7.25844
(84) (83) %3.33333
(75) *4.61540
(65) (83) 1.20000
(75) %0.18461
(57) (75) *2,22222
(48) %*2.16347
(2,10) (0,10) *1.11111
(29) 3.33333
(u8) *5,55556
(38) (29) *1,72840
(48) 0.0
n=1k 11 Joulh1] 3.2
() au) 2 @
(92) (10,2) *2.3692h
(91) 0.07521
(83) *0. 46667
(73) (91) 0.90278
(83) 0.21667
(75) *1.05000
(65) (83) #0.51429
(75) *1.72309
(0,11) (1,11) 2.54545
(29) #0.65455
(38) (29) %0.7129%
(48) 1.68269

415
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Y, Y = P”; similarly for &, A’, .... The additive quantum numbers ¢,, M, , My _,
M are then fixed. For (4, 1) = (Q0) the quantum number A, is uniquely specified
by &,. With pu #0, (e.g. (A, 1) = (42) for [f.] =[4]), the x-nucleon state with
&, = 24"+ — 24—y, connecting SU(3) highest weight states, will have d possible
values for A, where d is the multiplicity in the coupling of (Au) x (4, ) to states of
a specific (4'y). The calculation of the full matrix element between highest weight
n and (n— x) particle states for the d distinct values of A is then sufficient to solve the
system of linear equations, (A.1), for the d distinct quadruple-barred matrix elements.
Tables Al through A4 give tabulations of the quadruple-barred matrix elements, C-
factors, for the x-nucleon states [f,]=[x], (A, u,) = (2x, 0); i.e. the C-factors
needed for x-nucleon transfer spectroscopy under the assumption that the x-nucleon
clusters have the same size parameters in both projectile and residual nuclei and are
transferred in unexcited (0s) internal states. For fixed (1'y"), however, the computer
code calculates reduced matrix elements for all possible (4, i) contained in [f,] so
that the sum, ) of eq. (10) can be calculated and serve as a check on the computations.
(For some large particle numbers n, however, the (n—x) particle (Au) have often
been limited to save computer time.)

The tabulations Al through A4 are limited to n-nucleon states with the physically
most relevant values of (Au); those with large values of 24+ u or A+ 2y, and with the
larger values for the SU(3) Casimir invariants 2!). The label « which distinguishes
multiple occurences of a given (Au) in a specific [ /] symmetry is therefore needed for
only a few entries in the tables. Whenever r-fold multiple occurences do arise, the
computer code constructs r orthonormal states in an arbitrarv manner as solutions
of the system of linear equations resulting from the SU(3) and SU(4) step-up operator
arithmetic.

Phase convention. The phases of the n-particle states are, however, chosen ac-
cording to a definite convention. The 24 single-particle states of the 1s0d shell are
given an order index, j, wherej =1, 2, ..., 24, with

j=14+G¢-m)+2G—m)+44+84%+4A—-M ), (A2)

in terms of the single-particle quantum numbers m,, m;, A, M,. Of the many
possible components of an n-particle state those with state j =1 occupied are
ordered ahead of those with j = 1 unoccupied; of those with j = 1 unoccupied those
with j = 2 occupied are ordered ahead of those with j = 2 unoccupied; etc. ... The
phase of the n-particle state is then fixed by choosing the coefficient of the component
with the lowest n-particle order index to have a positive sign. This phase convention,
together with the phase conventions of refs. ”-®) for all SU(3) coefficients and of
ref. 17 for the SU(4) Wigner coefficients, then completely fixes the phase of any
n-particle state in either the SU(4) x SU(6) > R(3) or the SU(4) x SU(6) = SU(3) o

 The phase conventions of ref. !7) must be amended to read: Eq. (37) is valid for Py = 0; for P§ <0,
the phases follow from eq. (38). Eq. (40) of ref. !?) is valid if both P§ = 0, P{ Z 0; for P§ 2 0, P{ < 0 the
phase ¢ must be replaced by (P — P3+Pi — P53+ 8, + T2 +7j3— ;).
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[SU(2) x U(1)] scheme. It is difficult to relate this phase convention to those of other
workers. However, if tabulations of n— (n—1) nucleon c.f.p. are available for
comparison, such as those of Akiyama 2°) for the SU(6)/SU(3) factors and of Jahn
and Van Wieringen 27) for the SU(4)/ST factors, it is straightforward to compare
the relative phases for any pair of n-particle states by comparing the signs of the one-
nucleon reduced matrix elements of table A4, (both C- and D-factors), with the cor-
responding n — (n—1) c.f.p. of other tabulations.

Particle-hole relationship. The tabulations Al through A4 are limited to particle
numbers, n £ 14. Reduced matrix elements for larger particle numbers can be ob-
tained from a particle-hole relationship. Taking the hermitean conjugate of the full
matrix element of eq. (A.1), and making use of the symmetry properties of the SU(3),
SU(4), and SU(2) Wigner coefficients [see subsect. 4B of ref. ®) and subsect. 4.4 of
ref. 17)], leads to the following particle-hole relationship for the quadruple-barred
reduced matrix element:

<(150dy>* =+ x[ £ ¥ JoupA] [l /=A== |j(150d)** =" f*Jo (')

— (1P dim (V') dim [ /']
== dim (Ag) dim []
x {(1s0d)"[fJo' (X' )] Il TV 1A= ||(150d)" ~ *[ f Joe(As) s

where dim (x) and dim [ 7] are the dimensions of the SU(3) and SU(4) representa-
tions. Here [ f] denotes the full U(6) representation label: [ f] = [4°3°2°1%], with
4a+3b+2c+1d=n—x; and [f*] = [4579727¢79392¢1%]. The phase factor & is
given by

(A3)

(_ 1)@ = (_ 1)«}x(x+ 2)+P'(n)—1"(n—x)(_ l)llx-Az+pmx—p(_ 1) @(n)+ ¢(n-—x)’ (A4)

where P'(n), P’'(n—x) are the second supermultiplet quantum numbers for the n
and (n— x) particle states. The u, — 4, + p,... — p part of the phase factor follows from
the symmetry properties of the SU(3) Wigner coefficients [subsect. 4B of ref. ®)].
For (4, u,) = (QO) the label p is not needed and p,,,,— p = 0. The integer 4, denotes
the number of squares added to row two of the Young tableau for (iyu) to construct
the three-rowed tableau for (A'y’) in the Kronecker product (Au) x (4, u,). (A" =
A+4,—4,; Ww=u+4,—A;; A +A4,+4, =1,+2u,.) The phase factor ¢(n) is
associated with the phase convention based on the ordering indices of eq. (A.2) and
gives the sign of the lowest weight state with respect to both SU(3) and SU(4) reached
by hole conjugation of |(1s0d)"[f1(Au)...) relative to the sign of the state
|(1s0d)2*~"[ f*](uA) ...> constructed according to the phase convention spelled
out in connection with eq. (A.2). Since there is no analytical expression for this phase
a tabulation is given for the phase factors, (—1)?, in table AS.
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The phase factor (-1

TABLE A.5

)¢(ﬂ)

£ 0w G0 18 0w (n¢ ] w1 1w n?
[2] (40) - [32] (62) - (]  (93) - [4431] (10,1) -
(02) + (43) - (74) - (93) -
Mmj (21) + (51) + (66) - (66) +
[3]1 (60) + (24) - (4321 (10,1) + (39) -
(22) - (32) - (74 - (1,100 -
(00) - [42] (82) - [442] (10,2) - (4411 (10,2) -
[21] (») - (7 - (83) + (1) -
(22) + (63) + (75) + 83) -
an - (5s2) + (s6) + (75) -
(4] (80) + (bu)1 - (48) - (48) -
(42) - (b4)2 - (0,10) + (29) +
(od) + [411]  (90) + [s411]  (83) + (0,10) -
(20) + (71) - (75) + a1 -
[31] (61) - (63) + (s6) + [4432] (91) +
(42) -~ [43] (83) - [443] (11,1)  + (83) +
(23) - (72) + (10,0) + (75) -
(31 - (64) + (92) - (48) -
(12) - (b5) - (84) + (29) -
(20) - a21]  (91) + (50 + (0,100 -
[22] (42) + (72)7  + (2,10) + {4442] (10,0) +
(31 + (72)2 - (3,8 + (84) -
(o) - (e4) + (1,9) + (65) +
(20) - (45)  + [s421] (10,0) + (5s7) +
[h] (81) =+ [44) (84)  + (92) + (38) +
(62) - (81) + (84) + (2,10) -
(43) + (73) + (57) + {4bb11] (92) +
(51) + (46) - (38) - (73) -
(24) - {4311  (92) - (19) - (65) -
(32) - (81 [ahs] (12,0) + (38) +
(o - 81)2 - (93) - (19) -
(7301 - (66) + (o,11) +
(73)2 + (39) -
(65) - (0,12) +
(k6) -

¢(n) is defined in connection with eq. (A.4).
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Appendix B
SU(3) 9-(Au) AND SU(4) 9-[7] RECOUPLING COEFFICIENTS

Since no tabulations are available of the X-coefficients of eq. (13) which are the
generalizations to SU(3) and SU(4) of the 9-j transformation coefficients of ordinary
angular momentum calculus, it is necessary to relate these to SU(3) and SU4)
Racah coefficients. The unitary 9-(Au) symbol of the specific type needed in this
investigation [see eq. (13)] includes, besides the nine (Ax), two multiplicity labels p
and p’. Here p is needed whenever the coupling (4, y,) % (4, ¢,) contains the specific
representation (Au) with a multiplicity d, with d > 1; similarly for p” which dis-
tinguishes the 4’ distinct ways of coupling (1} u7) % (A, #3) to a specific (A'y). (Al-
though the need for p and p’ would be extremely rare in the applications of this
investigation, they are included for the sake of completeness.) Since products of the
type (Ap) x (Q0) are free of multiplicity, no further multiplicity labels are needed
for the remaining four couplings implied by the 9-(Au) transformation coefficient of
eq. (13). The evaluation of the 9-(Ay) coefficients can be accomplished by decom-
posing the 9-(1y) transformation into a succession of three 6-(1u) recoupling trans-
formations, as illustrated in fig. 2. Note that the decomposition of the 9-(4x) trans-
formation shown involves five steps altogether: three 6-(Au) recoupling transfor-
mations and two transformations which involve an interchange in the
order of the two representations of a simple SU(3) Wigner coupling, When one of thetwo
representations in an SU(3) Wigner coupling has a representation label with u = 0, this
interchange in the order of the two coupled representations merely changes the phase of
thecoupled state by afactor (— 1)?, with ¢ given by the sum of the three Aand ;[ see sub-

(apa) , ©Q0) (i
-2 A -
O ) @,0) —-—-> g
-2
o) o )7 (N3 /

6-{\p)
Recoupling

(Q,0) Ogpp)
(XZ"'Z) y
Ap)
0) -2 M) (g Q0 6- (Xp) 15 (0,00
ReOrdering Recouplmg

X7 Wy
Fig. 2. Decomposition of 9-(4u) transformation.
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sect. 4B of ref. ®)]. The decomposition of the 9-(Ay) transformation illustrated by
fig. 2 thus leads to the relation

(A1 p1) (A2 ) (Ap)p
Xsua| (@:0) (2,0) (Q0)
(A1uy) (Aap3) W)y’
= _; U((Ay XAz 2 XA WXQO); (Ap)p _ 5 (A@)_ pY(— 1)@+ @270 (B.1)
(Ap
x U((A3 M@, OXZANQ, 0); (A3 ) - —; (QO)_ _)(— 1)Ha*#a+Qutdi
x U((A 1 XQ1 OXA W NAL 12); (A 1) p's (A)— ).

[Multiplicity labels p in the U-coefficient, U((4, ty }(A, p;)Y(Au)(A3 13) 5 (A2 P12)P12P12,35
(A23H23)P23 P4, 23) are indicated only where they are needed.]

With (4, 4,) = (00), and consequently (A, ;) = (Ap), (A242) = (@,0); (A@) can
take on only the value: (1j7) = (Q0). In this special case eq. (B.1) reduces to

(Aw)  (00) (A
Xsua| (2:0) (2,0) (Q0) )= U((4uXQ, ONA'HXG,0); (A1 41); (Q0).  (B.2)
(4141) (@,0) ('w)

A slightly different relation is obtained from a similar decomposition of the 9-(Ax)
transformation, starting with the last coupled state shown in fig. 2,

(A1) (Rzpz) (o
Xsua| (@10) (2,0) (QO)
(A ) (Ayp) )y’
= T U #1)A 2)A NG, 0); (D)5 5 (A ) pN— Iyl Fra @it dihms
(g
X U((Q OXAy 1 XAEN A p2); (A ) - B3 (A Y — 1Y} H#+ Qe+ AR (B.3)
x U((AEXQ; OXA'wXQ,0); (Fi)- _; (Q0)__).

Now, with (4ju}) = (00), and consequently (4,u,)=(0Q,), (A3u3) = A'W);
(A1) can take on only the value: (1) = (4, u,). In this special case eq. (B.3) reduces to

0Qy) (A;4,) (Aw)
Xsua) (210) (@,0) (Q0)

00) () (Ww)

' dim (4 +
= UGN Uars @O | S g
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where the SU(3) U-coefficient with (00) in the 12-position has been expressed in
terms of the simple dimension and phase factors given by eq. (A.6) of ref. 14).

The SU(4) X-coefficient of eq. (13) is somewhat simpler since it contains the
scalar representation [0]. (Although multiplicity labels could again be needed in
principle, in actual practice they must be expected to be so rare that they have been
quietly omitted.) The exact analog of eq. (B.1) gives

(/i1 [f2] [F]
Xsuaw| [17] [1*2] [1*] = [0]
(71 73] (7]
= (= 1) e@™ IOy ([ FA=fL 01 ]; [0 [0D) (B.5)
x (=)W YF IR LT LD,
where o([7,1[7,]1[7>]) is the phase factor associated with the interchange in the

order of the SU(4) Wigner coupling of the representations [ f;] and [ 7,].
With [7,] = [01, and consequently [ f;] = [ 7], [f5] = [1¥2], this collapses to

[71 [0] [7]
Xsuwl| [17] [12] [0] |= UCFI™IL7I01=2]; [F11; [0), (B.6)
(7] [1] []]

With [f/]=[0], and consequently [f;]=[1**], [f;] =[7]; and using the
phase conventions of ref. !7), the SU(4) X-coefficient becomes

(1] [f.] [7]

1
Xsuw| (1] [12] [0] )= s (B.7)
o (71 7)) el
Appendix C

SPURIOUS EXCITATIONS OF THE CENTER-OF-MASS MOTION

In the SU(3) strong coupling scheme most states with large values of 4 and u are
completely free of spurious c.m. excitations. In those few cases where the (iu) of
interest can contain spurious ¢.m. excitations the SU(3) strong coupling scheme also
furnishes the simplest basis for the construction and hence the elimination of such
spurious components. The method has been given in detail in ref. *#). Spurious states
are generated by acting on the non-spurious states of lower oscillator energy with the
excitation operator which raises the oscillator energy of the c.m. excitation but does
not act on any of the intrinsic degrees of freedom. The c.m. excitation operator has
SU(3) irreducible tensor character (Ax) = (10). When acting on a non-spurious state
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(Ap) it can create only excitations of SU(3) symmetry (A+1, u), (A—1, u+1), and
(4, u—1); i.e. it can raise the (24 + u) values by at most two units. States of 1hw of
core excitation are then completely non-spurious if

20+ > QA+ ) +2. (C.1)

The maximum possible values of (24+ p) for states of no core excitation follow from
the e-structure of the single-particle spectrum (see fig. 1), from which it is apparent
that

(2A+ e = HA-16), for 16 £ 4 £ 20,

QA+ ) ey = 164+(4—20), for20 < A4 <28.

States of 2hw of core excitation can be doubly spurious (provided (2A+pu) ¥

(244 p),.+4), but they may also be singly spurious with a c.m. excitation of 1Aw
based on a core excited state of purely intrinsic excitation of 1hw. For nuclei with
16 £ A £ 28 and maximum possible (2A4+ u) the intrinsic excitations of 1hw can
increase the above (24 + u),,,, values by at most five units (either by lifting a particle
out of the ¢ = —1 level of the Op shell into the ¢ = 4 level of the 1s0d shell, or by
lifting a particle out of the £ = 1 level of the 1s0d shell into the ¢ = 6 level of the
1pOf shell, see fig. 1). Since the c.m. excitation operator can further raise 24+ p
by at most two units, states of core excitations of 2hw are completely non-spurious if

QA+p) > QA+ e +7, for 16 < 4 < 28 (C2)

Note that most of the core excited states included in tables 3, 4, 6 satisfy (C.1)
while most of those in tables 5, 7 satisfy (C.2).

In cases where spurious states must be considered these have been constructed
by the methods of ref. 14). The core excited states of 2°Ne will be considered in some
detail. States of [4°] space symmetry and 0% core excitation are limited to (Au) = (80),
(42), (04), (20). The c.m. excitation operator acting on these intrinsic states creates
the singly spurious states of 1 Aw excitation, [4°] space symmetry, and SU(3) quantum
numbers

90y, (71), (52), ... (C3)

where ... stands for representations with values of (244 pu) < 12. States of [4°]
space symmetry and lhw excitation can be constructed from the configuration
(1p0f)* (1s0d)® with (Au) given by (30) x (60), (22), (00), hence

(Aw) = (90), (71), (52)?, ...,

or from the configuration (Op)~ ! (1s0d)® with (4u) given by (01) x (81), (62), (51),
(43), ..., hence

(A) = (90), (82), (71)%, (63), (52)*, (60), (44), .. ..

Subtracting the states of spurious c.m. excitation, (C.3), the following are states of
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[4%] space symmetry and of purely intrinsic excitation of 1Aw:
(90), (82), (71)%, (63), (52)*, (60), (44), ... (C4

Note that states with (Au) = (82), (63), (60), (44), ... are automatically free of c.m.

excitation, but the intrinsic states with (ip) = (90), (71), (52), ... require special

construction. The simplest method involves the explicit construction of the spurious

states. The states of purely intrinsic 15w excitation must be orthogonal to these.
Using the formulation of ref. 1), the spurious (90) state is constructed as:

[2°Ne [4°](90), 1w, spurious)

= —[ZTH[@" ' 01)sd)*(81)]90) + [FP[(d)*(60)Xpf)'(30)]90),  (C.5)

where the two components are SU(3) strong coupling states. (Space symmetry
labels [ f11, [f.], . . . are omitted whenever they are uniquely determined by the SU(3)
quantum numbers (4, y,), (A, 45), . ... Also, SU(3) and SU(4) subgroup labels are
the same for both left and right hand sides of the equation and are to be quietly
understood.) The non-spurious (90) state is the orthogonal partner of the state (C.5),
with coefficients + [3]* and + [2]? for the (Op) ™! and (1p0f)! components. Similarly

|2°Ne [4°](71), 1A, spurious)

= —[H1Mlp" O1Xsd)* D7) ~ [f1*[p! O [41]62](7)>  (C6)
+[56141[(sd)*(60)pD' (30)](71)).

The two states of purely intrinsic 1w excitation and (4x) = (71) must be orthogonal
to this spurious state. One possible choice for one of these two states is one for which
the coefficient of the second component is set equal to zero, the coefficients of the
first and third components are then {$§]* and [331*, respectively. Since the (1s0d)’
nucleus 2'Ne has a ground state rotational band with (iu) = (81) as the major
component, with only small percentages 24) of (62), we might expect this choice for
a (71) intrinsic state to be a reasonable rough estimate for the states of the K =1~
band in *°Ne with band head at 8.7 MeV (see text).

States of 2hw excitation can include doubly spurious states (with both quanta
in the excitation of the c.m. motion). In 2°Ne these have SU(3) quantum numbers
given by (20) x (80), (42), (04), (20), for states of [4°] space symmetry; that is

(Aw) = (10,0), (81), (62)% ... (C.7)

Spurious states with only one of the two quanta in the excitation of the c.m. motion
can be constructed by acting with the c.m. excitation operator on the purely intrinsic
states of 1hw excitation [see eq. (C.4)]. From these the enumeration of the singly
spurious states follows as

(Ap) = (10,0), (92), (81)*%, (73)%, ... (C.9)
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Table C.1

Spurious States with [£] = [4°] (as) = (10,0) in 2Oe

Coefficients

Component(a) Doubly Singly

Spurious Spurious

State State

|7 (sa)? (40) (p£)?(60)7(10,0)> (2532 2
|1 (s2)3(60) (sag)* (40)1(10,0)> (a3 (&1
[ (oM (01) (sa)*(80)1(70) ()1 (30)] (10,0) > (& [t
[1pM (01 (sa)*(80)1(81) (p2)1(30) | (10,0) > it gt
11(01)(sd)”(61)](7o>(pf)1(3o):| (10,0)> -1 (g5?
1002y (sd)®(82)1(10,0)> (s (2Tt
1tp*°(10) (sa)%(90)1(10,0)> LI E

(a)SU3 strong coupling states (closed shells are omitted, space
symm. labels [fl]’[fQ]"" are also omitted since they follow
uniquely from (aqH;)s (AgH5) 1n all cases),.

The doubly and singly spurious states with (Au) = (10,0) are shown explicitly in table
Cl. Since they are made up of seven components, there are five purely intrinsic
(10,0) states. The coefficients of these five non-spurious states must complete the
7 x 7 orthogonal transformation matrix of which the entries of table C1 make up the
first two columns. If one of the intrinsic states is chosen to have the maximum
possible (sd)*(pf)? content, the coefficient of its first component must be given by:
2 =1—3&% —25 = 355; i.e. 37% is the maximum possible (sd)*(pf)? content in a
non-spurious (10,0) state of 2hw excitation. Since the remaining four entries in the
first row of the 7 x 7 matrix would then be zero, such a state must have a non-zero
coefficient for the (sd)3(sdg)! component, which is then uniquely determined by
the orthogonality conditions and has the value —21/5[74]%. This state would then
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have a 23.8% (sd)3(sdg)’ content. Similar arithmetic shows that a (10,0) non-
spurious state with zero (sd)®(sdg)' content can have at most 26.7% (sd)(pf)?
content. These numbers are particularly interesting in view of the fact that the K = 0
band in 2°Ne with band head at ~ 8.3 MeV has been tentatively assigned !°) as a

(10,0) band of the (sd)?(pf)? configuration.

Some additional spurious states of particular relevance to this investigation are

listed below:
19F;
['°F[4*3](91), 2hw, singly spurious)
= [F51*p* 02)sd)* B 1]ON) + [F5] I [p* *(10Xsd)*B1)](91))
+ (1" {01 [(sdY(60XpD (30)]O0YJO1),
21Ne:
|21Ne [4°1](91), 1Aw, spurious)
= — )4 0p 1 01)Xsd)*(82)J91)> — [F*I[p" 1 (01Xsd)*(90)]01)>
+ [ 1¥10(sd)*80XpH* (30)]901)) - [F31*I[(sd)*(6 1)pH ' (30)](91)),

|>*Ne [4°1](12, 0), 2xw, singly spurious)
= [314[(sd)*60XpH*(60)](12, 0)> + [751*[(sd)*(80)sdg)" (40)](12, 0))
—[FX1MIIp" 1 (01Xsd)*(81)](90XpH ' (30)](12, 0)),

|*!Ne [4°1](93)2A0w, singly spurious)
= —[$31410p" °(02)(sd)"(83))(93)> + [&5)*I[p" %(02)(sd)"(91)](93)>
— Bl 01)[(sd)*(81)XpH ' (30)](92))(93))
+ [ 1*lp! O [(sd)*[411(62)XpD* (30)](92)]03)>
+ 33140 0D [(sd)°[321(62)pH)* (30)](92)]93)>,

*2Ne:
|22Ne [4°2](92), 1hw spurious)
= [351*[p* 1 (01Xsd)"(83)](92))> — [F5]H[p" 1 (01)Xsd)"(91)](92)>
—3[(sd)*81Xpf)'(30)](92)> + [Z4]*I[(sd)°[41](62)p)* (30)](92)>
— [F Il [32]62XphH ' (30)1(92)>,

(C9)

(C.10)

(C.11)

(C.12)

(C.13)
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*Mg:
|>*Mg [45](94), 1hw, spurious)
= —[1*[p" ' (01Xsd)°(93)1(94)) + [331*1[(sd)"@3)pf) ' (30)]1(94)> (C.14)
+[314[(sd)"[43](64XpD " (30)]94)>-

Appendix D
ALPHA-PARTICLE SIZE PARAMETER EFFECTS

In this investigation all a-particle spectroscopic amplitudes have been calculated
under the assumption that the a-particle oscillator size parameter is the same in both
projectile and residual nuclei. The effect of a difference in a-particle size parameters
has been discussed by Ichimura et al. !). Since their formulation involves summations
over three Talmi-Moshinsky transformation coefficients and does not lead readily
to simple algebraic results, a simpler discussion (requiring only angular momentum
recoupling coefficients) is given in this appendix. The derivation of the modified
G-factors makes use of the relationship between the Moshinsky brackets and the
representations of the direct product group U(3) x U(2), as spelled out by Brody
and Moshinsky 2®) and Kaufman and Noack 2%), and for generalized (unequal
mass) Talmi-Moshinsky coefficients by Smirnov3®®) and Gal3'). For present
purposes the most useful formulation of this relationship is that given by Kramer 32).

Following ref.!), the internal coordinates ¢, for an a-cluster will be chosen as

Pi, P2, p3 Where

mawy

£
P = [2—h] ri; = J3ri—ry),

b
P = [%Q] F3s = \/%-("3“"3),
(D.1)

2x2 mw L,
ps = I:T TO:I Fiz-3q = 3(ri+r2—13—1),

dmo
Ps = [ A O]Ra = '%("’1"'"’2‘*""3"":0,

with r} = [mw,/h]*r;, where the transformation coefficients can be expressed in
terms of the unitary matrix »; with

4
p;= Z r;uij, (D2)
i=1

The internal a-cluster wave function &,,(,) can then be expressed in terms of har-
monic oscillator functions ¢@,,, as
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4 + 4
N (I ([_m%] r 12) Pooo (lim—za;%jl r 34) Pooo ([‘m‘;ﬁ] "12—34) , (D3)

where the oscillator parameter w,, may be different from the oscillator parameter
w, for the final nucleus, B = 4 +4. With the overlaps

o = {ProolP, ©o)lPo0o(P @oo)>

given in ref. !) [see egs. (7.6) and table 10 of ref. !)], the internal a-cluster function
can be expressed in terms of expansions involving the @4, (P, @g), withk =0, 1,2,....
It will be more convenient to use the single particle SU(3) representation (¢0) in place
of the principal quantum number n, ¢ = 2n+/, and use the notation

+
Pnim <|i%] ¥ i) = H:O)(”l)|0>’

where P{2%(y,) is a polynomial in the harmonic oscillator creation operators, #,, for
the ith particle which, when acting on the harmonic oscillator ground state |0),
creates the harmonic oscillator function @{@%(r)); [see ref.32)]. Note also that
PO = 1.

Following the development of Kramer 32), it is then possible to express harmonic
oscillator functions such as ¢{2%(p,) by

‘Pg‘o)(l’l =1 Uyy +Uy,)

it

= L [ﬁ] (1) (u2 )2 [PV, )P40y, ) 13V10),  (D.da)
4192 . .

q1t+q2=¢q

where the [ ] bracket indicates SU(3) coupling,
[P( q'o)('h)P( q;O)(”z)]g‘O)

= Y. @101 (@ O, lI@O)> 3. <lymy Lymy|im) P, )Pi%)n,),  (D.4b)

Lz mymy

[see eq. (25) of ref. 32)]. Similarly, using eq. (29) of ref. 32),
POy, R Y2 R FX Y Rat J )
q! *
= Z q_—““*, (uy )" (w3 )"(u5 )" (uy N (D.5)

ta gt
41924344 1°92°93°44-
q1+q2+g3+qa=q

X [P(m 0)(,’ 1)[P(qzo)(,lz)[P(qs0)(,’3)})(440)("4)](43 +4a, 0)] (g2+4q3+qa, 0)]}:1"0),
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so that, for example

maw,, ¥ "
Pooo ([——hi:' '12—34) = {Qgo+1Q,0(P5a 01,)+ P& (n,) + P (m3) + P50n,))

+3v/ 321 o([ P O ) PO ,) 1557 + [P O3 ) P V) 165
\/T 910([})( 10)('11)P( 10)('13)](20)+[P( 10)("1)P( 10)('14)](20)+ [P( 19 ,) P! l0)('14):“)200)
+ [P19(y,) P O(y,) &) + terms of order 2,4+ ...}H0D, (D.6)

and the internal a-cluster function of eq. (D.3) becomes
4

0,8 = {ng+%g(z)og1o Z P(zo)('l;)—ix 3023:02,0 Z [P(m)('l )P(m)('l,) G

i=1 i<j=1

+terms of order (40 Q%,, 2202,0)+ -..}[0>.  (D.7)
Eq. (D.5) when applied to the function @y ,([4mw,/h]*R,) = PEP(R;) for the
¢.m. motion of the a-cluster yields
Q! 3]

PR = T [5——] g

41424344 1192931941 ] 29
q1tazt+q3tqs=Q

X [ p(qxo)(,h)[ P(qu)(,h)[ p(qso)(,,s) P(QAO)("4)](QJ +4a, 0)](41: +aa+qa, 0)]32)|0>, (D.8)
which together with eq. (D.7) shows that the G-factor of eq. (3) of the text, with
Q =2N+L =Yg,, must be modified by the factor Q3,. To first order in Q,, G-
factors for Q = 2N+ L =Y g;,—2 are also different from zero. For this case, with
Q = 6 for example

6! 1
PEIR,) = {I:m] 76 (PEL2m3ms)+ PGP0 1304)+ PSP, namy)

6! 1T 1 o
+ P20, n2m3) + [2,2,] 56 (PLag 01123 1314) + 5 similar terms)+ } 10>, (DJ9)

where
PEP(man31,) = [P0, ) [PEOn3) PP )] “ V150
PEQ(m1 125 n31s) = [[PAO%,)PO,)12O[P2A3) PE O )14V TGS,

and where the terms denoted by ... involve particles in the (30), (40), ... shells.
There are then only two types of terms in the product @,,,(¢,)®{52(R,) which can give
non-zero contributions to the overlap with the four-particle shell model function
for the configuration (1s0d)*:

(I) Four terms of the type
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Pg)zoo)(’h)P (60)('12 N31,)
= Y <(20)0; (60)LII(A)x LY[ Py )[ PO (11,)[PEO(n3) PO 11,) ] € VTS, (D.10)

(Ap)x
(II) Six terms of the type
[PED ()P O ) 16 PP (15125 m3m) = Y., <(20)0; (60)LI|(A)LY[[ P VXap,)

(Au)x
x PUO, ) JEO[[P Oy, )P Oy ) ]2 P20, P20 )] VT CO1s. (D.1D)

The term singled out in (D.10) is in a form convenient for a parentage expansion in
which the (1s0d) particle labeled 1 is coupled to a totally symmetric group of three
(1s0d) particles. Some recoupling is required to get the remaining three terms of
this type into this form. For example

[P&m2) Py 1)1 = [P0 [P0, P, )11
= Y U((20)20)AuX40); (AAX60)X — 1)*+ 3 FU((20(20X AuX40); (RAXA'W))
(AR)(A'p")
x [P, )[PE11,) P4 Nip3 1)1 %, (D.12)

where an interchange in the order of P29(yy,), P2%(n,) in the SU(3) Wigner coupling
[Py, )P2%(n,)]* has been sandwiched in between the two 6-(Au) recoupling
transformations. Since all SU(3) representations in both types of SU(3) U-coef-
ficients are at most two-rowed, these can be replaced by SU(2) (ordinary angular
momentum) Racah coefficients in unitary form; e.g.

U((20)20)(AX40); (FaX60)) = U (11 Py %[3) :

Also, (— 1)““ (- 1)**; so that a composition of ordinary angular momentum
recoupling coefficients can be used to express (D.12) in the form

[PV )PV nsna)Iitd = 3 U <12 21; 52 ) (—prraaes
(A'u")
x [P20%,) [PV ) [P0 (ms) P21 01418, (DA13)

Using similar recoupling transformations on the last two terms of type (D.10) the

sum over the four terms of this type yields
4

Z Z P, 5200)(11 i)PgA(P('lj )
i=1
(G<k<l#i

= 4<(20)0; (60)LII(BO)L Y[ Py, )L P>y ) P*A1p3) P 3p,)]“VTCV] 5P

+<(20)0; (60)L||(42)cL ) {§[ P> )[P*Xap ) P2 Vp3) P g ) 4O 1O 153

+3/3 < T[PCY%,)[ PO, )3 P2V(1:) P2 Vp,,) 14
+5/3PCO,) PO ) JOP)]CP14R). (D.14)



430 K. T. HECHT AND D. BRAUNSCHWEIG

Terms of type (D.11) involve somewhat more recoupling. Using

+
(PP 130 = | 3, | Pt 19

[see egs. (10) to (15) of ref. 32)], and simple SU(3) recoupling transformations
[P 200) P ) ]2 TP O, P )] OL P21 POy, ]SO

111
2 2 /
= Z ZU(II 2; Z3>X 111 <lll2 Zl) (D.16)
GaYa'w) R {141 2 722
2
x [P0y [P ,)[ P2V (3) P>V ) ] OT 1,
where we have used
(10) (10) (20) 331
Xsum| (10) 10) 20) |=X| {341 (D.17)
(20) (20) (Tg) 1141

to replace an SU(3) 9-(Ap) coefficient in which all SU(3) representations are at most
two-rowed by an ordinary angular momentum 9-; coefficient (the X-coefficient or
the unitary form of the 9-j coefficient), with similar replacements for two SU(3) U-
coefficients in which all representations are again at most two-rowed. The sum of
the six terms of type (D.11) then yields

> [POOmIPO) GRS my)

i<j=1
(k<l#i,]))

= ¥ <ROY6O)LII(AuL [P, ) P>V ) [P Vg 5) PO )] T T

(Ap)

X (120 3,80) — 201 4p(42))- (D.18)

Note that terms with three-particle representations (4'y’) = (22) are missing even
though they are allowed both by the coupling rules and by symmetry. The coefficient
of this term is zero through cancellation of terms with different 1 in the sum of eq.
(D.16).

Finally, to calculate the overlap

(D EJPEPR)PEHF(150d), vy a1y ry)> = GOV(150d)*[4](ApxL), (D.19)

the G-factor with 2N+ L = 6 for a-particles of proper size, a parentage expansion
of the (1s0d)* particle shell model wave function is used

[P Py s re)) = 1[P0 ) [P0 )[PEOns) P20 ] VTV TEL10), (D-20a)
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(P rarsr)> = (PO ) [PV )PV as) PO )1 VT
+ TP, [P P P 4113 (D20b)
+3/5[P2%n ) [PV n2) [PV n3)PEOn,) ]V ] 243110

Combining (D.7), (D.9), (D.14), (D.18), (D.19), and (D.20), we obtain

G*°%((1s0d)*[4](80)L) = o3 <(20)0; (60)LIBO)L>R30 240

N
9 8—LY9+L)[*
= - 031 [(~’X—+——)] Qy5,  (D2D)

G(1s0d)*[4](42)xL) = %\? <(20)0; (60)LII(42)x L2504 0

ENER 0[72—L(L+1)

4
- 24 Ix6x7 j| ‘nggloa (D22)

where we have used the algebraic form for the SU(3)/R(3) reduced Wigner coef-
ficients tabulated by Vergados 3%). [The special case L = 6 has been calculated by
Ichimura et al.'). Eq. (D.22) agrees with eq. (7.8d) of ref.!) for L = 6, but there
appears to be a printing error in eq. (7.8b).]

To get a quantitative estimate of the a-particle size parameter effects in 1s0d shell
nuclei, it is simplest to look at the specific example of 2°Ne for which the a-spec-
troscopic amplitudes are given essentially only by the G-factors. The a-spectroscopic
amplitudes for the transfer of 2(N—1)+ L = 6 oscillator quanta to components
|(1s0d)*[4](Au)xL) of the 2°Ne state vectors are given relative to the dominant
amplitudes with 2N+ L = 8 to the component |(1s0d)*[4](80)L) by the ratio

Ay_1,(°Ne (Ap) < 1°0 (00) 16 GO((1s0d)*[4](Au)xL)
Ay (*°Ne (80) « 1°0 (00)) 20 G®OY(1s0d)*[4](80)L) °

where numerical values for this ratio are shown for all L-values in table D1. In view
of the fact that the contributions of the amplitudes 4, _, ; are suppressed relative to
those of Ay, by the kinematic factors associated with the reaction process, the effects
of a-particle size may be expected to lead at most to 10-20 ¢ corrections to a-transfer
cross sections in 1s0d shell nuclei.

To order Q,,Q3, the G-factors for the transfer of (1s0d)*(1p0f)* clusters with
2IN—1)+L =17 and (Ap) = (90), (71), and (52), and (Op)!(1s0d)® clusters with
2(N—1)+L =35 and (Au) = (70), (51), and (32), also have non-zero values. These
have been calculated by the technique outlined above. For the (1s0d)3(1p0f)!
clusters, e.g., there are now four types of contributions in which the Q = 7 quanta
in the functions @, ,(R;) are split up into pieces with ¢,q;4, ¢, = 0223, 1123, 1222;

(D.23)
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Table D,1

A1z (PONe(an) « Bo(00))

The Ratios

Ay, (POne(80) « 166(00))

for a-particles of realistic size

,(8) (a) = (80) () = (42)
8 0 0
6 246 -.208
L .324 -.273
2 .365 -.308
0 .381 -.321

(a)zN + L = 8 -030}"'1 noo = .948 (See ref.l))

Q0 =

The phases for the G-factors of this investigation
are consistent with the following harmonic oscillator
phase conventions: the single particle radial wave
functions have signs (-1)P as r,0. This leads to negative
values for nlO'

ijkl = permutation of 1234, see eq. (D.8); combined with the pieces of type
4:9;9x 9 = 2000, and 1100 from &, (&).

The G-factors for (1s0d)* (1p0f)* [4] nucleon clusters with Q = 7 are best compared
with the dominant G-factor with O =9,

GoO(1s0a(1p0N4J00) = V22 a3,
To order Q,,/Q2,, the ratios
GUO(1500)C kX1PON COTATANL)  (D.24a)

G([(1s0d)*(60)1p0f)*(30)][41(90)L)

R((70)/(90)) =
are given by:
(1) With (4g) = (90), (4, p,) = (60),

R— _ %o
Q

((TO)L; 2000[GO)L> = ]*. (D24b)

00 QOO

2Q,0 l:(9 —LX10+1L)
3Ix8x9
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(i) With (A) = (71), (A, p,) = (60),

_ 2 9 , . _l%[2L(L+1):|*
R = = 77 0o (70)L; 2000I(7TVL) = —% o,z | (D.24¢)
(iii) With (Ap) = (52), (llul) = (60),
_43Q _ 43 Q1o [98-LL+DP
\/—5 Qoo <(70)L (20)01(52)xL> T“ 5 Qo0 5,<o _W_ . (D.24d)
(iv) With (Ap) = (52), (4, py) = (22),
8 Qp 8 Q. [9B-LL+D]
=373 0y 2 LT0)L; (20)0][(52)xL) = ENE 9—005,0 “x7xs |- (D.24e)

Similarly, the G-factors for (0p)'(1s0d)*[4] nucleon clusters with Q = 5 are best
expressed in terms of the ratios

G ([(Op)' (10)(1s0d)*(4, p15)J[4](Ap)x L)

REMIN = =gaoopycioxisoareonrairory P
where
() with (1) = (70), (A ;) = (60),
2 3% , 30, [, 00— L)(8+L)]
R= -3/3 s {(S0)L; (20)0]|(70)L> = s |:7 3% 6% s (D.25b)
(i) with (1) = (51) (xz 1) = (60),
4 Q,[2LL+1)
- 7 g soL; ooy = 00 [ 2HEHDT oasg
Gi) with (1) = (32), (1 1) = (22),
_4/6 a Qm[ 6 [50—L(L+1)]:|*
No% Qoo 2 {(50)L; (20)0[I(32)xL) = oo |5%7  3x5x6 xokD.zsd)

For all L-values the ratios of egs. (D.24) and (D.25) have magnitudes comparable
to the illustrative numbers of table D1.

Finally, G-factors for [x] nucleon clusters with x # 4 can be calculated by similar
techniques. For a three-nucleon cluster, e.g., the internal and c.m. coordinates
P1, P2, R, can be chosen as

maw,

4
P = [Zh]'lz—'\/l('l

1x2 mw, |

P2=|:T A j|"12 3 = JHr +ry—2r), (D.26)

3mw, [
ps = [ : °] R, = JAr +ry+r),
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in the notation of eq. (D.1). For three-nucleon clusters with oscillator size parameter
[mw,/h]*; i.e. with wy, = w,, €q. (D.5) then leads at once to the G-factor given by
eq. (4) of the text.
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