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Three-body (ad%) models of the Li ground state are used to examine it,s alpha-deuteron

structure. Three models of the Li ground-state wave function are considered: simple, full

(0%), and full (4%). The full (4%) model is derived by solving the Schrodinger equation
with the S&- D& n-p interaction (4% D state in the deuteron) plus the S&~2, P&~2, and P3/2
a-X interactions, whereas the full (0%) and simple models truncate the n-p interaction to
only the 'S& component and the simple model also drops the S&~2 and P&~2 components of
the a-X interaction. These models are used to calculate the s- and d-wave Li~a+d
momentum distributions, the percentage of s- and d-wave a-d components in the Li wave

functions, the effective s- and d-wave configuration-space wave functions, and the S- and

D-wave Li —+a+d asymptotic normalization constants. The most sophisticated of the

models, full (4%), predicts a Li—+a+d momentum distribution in agreement at low

momentum transfers (q &0.3 fm ') with the latest momentum distribution extracted from

a 670 MeV Li(p,pd)a experiment; a 65.4% a-d component in the Li wave function with

only 0.049% coming from the d-wave contribution; that both the s- and d-wave effective
a-d wave functions have nodes at —1.6 and —1.65 fm, respectively, though they differ in

shape; and the values of the Li~a+d, S- and D-wave asymptotic normalization constants

to be 2.182 and 0.0178, respectively, consistent with present experimental values. Detailed
comparison between the models. is made, especially with respect to the role of the n-p tensor

force and repulsive S~~2 a-N interaction. The character of the a-d d-wave component is

thoroughly examined.

NUCLEAR STRUCTURE Li, three-body models, asymptotic norms,
~

spectroscopic factors, momentum distributions.

I. INTRODUCTION

Evidence is mounting that the low-energy proper-
ties and dynamics of the A =6 system can be under-
stood within the context of exact three-body theory
(alpha particle plus two nucleons, aN1Vj and good
phenomenological representations of the low-energy
behavior of the basic interactions (NN and aN).
The most sophisticated models give He and Li
three-body binding energies within 0.5 MeV of ex-
periment, ' predict a value for the He P-decay rate
within experimental errors, and yield an impressive
description of elastic and inelastic deuteron-alpha
scattering. Moreover, somewhat less complete
models indicate that the Li charge radius and
Coulomb energy, the resonance structure of the Li
low-lying excited states, and the Li alpha-deuteron
structure can probably be understood through
three-body physics. The purpose of this paper is to

present an extension of our earlier work on the
alpha-deuteron structure of Li, where now, the
Li—+a+d momentum distribution, percentage

alpha-deuteron component, asymptotic normaliza-
tion constants, and the effective alpha-deuteron
wave function are calculated with our most com-
plete Li three-body wave functions. ' Thus, the Li
alpha-deuteron structure predictions with three-
body models now will be at the same level of so-
phistication as the He P decay. '

In our earlier work on the alpha-deuteron struc-
ture of sLi, we used a simple three-body model
where the triplet n.-p interaction was limited to s
wave and the n-X interaction was represented by
only the dominant P3&2 resonant part. This model
is valuable as a first approximation in understand-
ing bound-state properties, because it gives a value
for the three-body binding energy essentially in
agreement with experiment. Nevertheless, because
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of its dynamical simplicity, important components
in the wave function are missing and good agree-
ment with experimental quantities such as He P
decay and asymptotic normalization constants can-
not be expected. At best, it will yield results to
within —10%%uo for the latter two quantities, but
these quantities are measured to within a few per-
cent and thus can be used to discriminate 10%
differences. Moreover, the very small and sensitive
d-wave component of the alpha-deuteron structural
quantities demands inclusion of the tensor com-
ponent of the triplet n-p interaction and the remain-
ing significant components of the a-N interaction
(S~~2 and P~&2 waves). Yet, this simple model has
been valuable in interpreting the early data on the
Li—+a+d momentum distribution extracted from
Li(p,pd)a measurements, the more recent
Li(p,pd)a results, and Li(e,e'd)a experiments. 9

Lately, ' it has been used to study the important
question concerning contraction of the deuteron
cluster in Li.

On the basis of the model described in the previ-
ous paragraph, hereafter called the simple model,
the alpha-deuteron (s-wave) properties of Li are
predicted as follows: (1) The S-wave Li~a+d
asymptotic normalization constant is 2.39, con-
sistent with the experimentally determined value of
=2.4 at the time, but —10% higher than the
current experimental value; (2) the d-a component
of the three-body Li wave function is 65%, con-
sistent with a dispersion estimate of 54% by No-
ble, " and lower than most experimental analyses at
that time; and (3) the d-a momentum distribution
is consistent in shape and absolute magnitude with
experiment. ' ' The later work of Bang and Gig-
noux supports the conclusion that the d-u com-
ponent makes up about 50—60% of the Li wave
function with their result of 52%. Thus, in first ap-
proximation, the predictions are in qualitative
agreement with experiment and some of the physics
has been extracted, but now experimental results
have improved such that it is appropriate to extend
the three-body model to test it further.

In the present work, we consider three models for
comparison purposes: (1) simple, (2) full (O%%uo), and
(3) full (4%). The simple model is the one described
above and used in our previous work. The full
model includes the S&~2 and I'&&2 waves of the u-N

I

interaction (added to the dominant P3/2 wave of the
simple model) and the triplet n p-interaction is gen-
eralized to accommodate the tensor component.
The amount of tensor component is characterized
by the percentage of D state present in the deuteron:
0% or 4%. We emphasize comparisons of the
model predictions with the latest experimental re-
sults for the Li~a+d momentum distribution,
the S- and D-wave asymptotic normalization con-
stants, and the percentage of s- and d-wave a-d
component. In conjunction, the s- and d-wave ef-
fective configuration-space alpha-deuteron wave
functions are given and discussed. All the d-wave
alpha-deuteron results represent the first predictions
of these quantities in parameter-free models begin-
ning from the basic interactions required in the
three-body dynamics.

The text is arranged as follows: Section II con-
tains the theoretical framework from which the
alpha-deuteron quantities are calculated. In Sec.
III, the form of the Li wave function is explicitly
given along with a detailed description of the three
Inodels used in this work. The results and discus-
sion are presented in Sec. IV. Our conclusions are
listed in Sec. V. Finally, an appendix gives the ex-
plicit equations used to calculate the various alpha-
deuteron properties.

II. THEORETICAL FRAMEWORK

The key quantity in the study of Li alpha-
deuteron structure is the overlap amplitude of the
Li ground state with a state for the cz particle and

deuteron moving relative to each other with
momentum q. Specifically,

(ad;q, lmd
~

Li;lm6)

g fI(q)(lmllms
~

lmd)v4m Y', (q), (1)
lml

(IQ& )

where the m; represent magnetic quantum numbers,
the Clebsch-Gordan coefficient is defined as in Ed-
monds, ' the spherical harmonics are defined in
Ref. 1, and the square of fI(q) is the I wave a-d-
momentum distribution. The effective a-d con-
figuration-space wave function is obtained from the
Fourier transform of Eq. (1):
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(4)

where p points from the u particle to the deuteron
center of mass and is conjugate to q, while ui(p) is
defined to be the I-wave effective alpha-deuteron
wave function and is given by

' 1/2

ui(p) = — f q dq ji(qp) f~(q) .

T

lim u2(p)~C2
p~ oo 2'

1/2
PP

1+ +3 3

pp JM p

Now, if we exploit the fact that the nearest singu-
larity in the complex-q plane of fi(q) occurs at ip,
where p=+2p~B d (p d is the alpha-deuteron re-
duced mass and B d is the binding energy of the al-
pha to the deuteron in Li), we can derive

' 1/2
PP

lim uo(p)~CO" (5)
p~ ao 27T p

where the o.-d L-wave asymptotic normalization
constants CL are defined as

CL, =i 2irip'~ lim (q ip, )fi—(q) .
q-+i@

This latter definition of the CI" is equivalent to the
definition given directly from a Li three-body wave
function; namely,

lim %~I(r,p)~Co
p-+ oo 2K

' 1/2

@(i)(r)p'"
1/2

—C" " ' 1+ + ~4~[Y('i(")X,~(')(-r)]".,',
e &P 3 3

(&)
2m. p pp p p

where the minus sign in front of Cz arises because Y~~ (p) =i Y2~(p) and r is the relative coordinate of the
two nucleons. Therefore, we have defined the a-d momentum distributions, effective configuration-space
wave functions, and asymptotic normalization constants. The final quantity of interest is the percentage (or
fraction) a-d component which follows from the normalization of the Li wave function to unity with the in-

sertion of the complete set of states

g f d q ~

1m~, q;ad)(ad;q, lmd ~+ g f d qd k ~Sm„q;a(np)'k )( (anp) kq, Sm~ =1.
mg Sm

The result is

PP = f d q(fi(q)) (10)

that is, the fraction of I-wave a-d component in the
Li wave function is the integral of the l-wave

momentum distribution.
Of the four quantities defined above, three can be

related to existing experiments. The a-d asymptotic
normalization constants are extracted from dis-

persion-relation analyses of forward-angle elastic
alpha-deuteron scattering, since they are related to
the residues at the Li pole of the scattering ampli-
tude, and the Li-pole term dominates such ana-

lyses. ' The momentum distributions are obtained
from coincidence experiments ' ' like Li(p,pa)d,
Li(a, 2a)d, or Li(p,pd)a, and if the data covers a

large enough range of q can be used to estimate' '
the Pi . It should be stressed that only the (p,pa)
and (a,2a) cross sections factor into a product con-
taining a kinematic factor, the p-a or a-a cross sec-
tion, and the sum of s- and d-wave momentum dis-

2

p(q)= g (fi(q))',
l=o
1+1

but (p,pd)

d 0'
(fo(q))' (k f ) .

(12)

(13)

I

tributions, when the PWIA (DWIA) or (equivalent-

ly) exchange-pole dominance is assumed. The
(p,pd) cross section factors only if the d-wave over-

lap amplitude is neglected. Fortunately, the latter
is a very good approximation since f2(q) is very
small compared to fo(q) for a wide range of q. The
(p,pd) cross section fails to factor in the presence of
fi(q) owing to the unit angular momentum of the
exchanged deuteron. For completeness, we give the
cross-section expressions: (p,pa) [similarly for
(a,2a)]

d'o do(pa)
dQpdEpdQ~ d+g m

p(q) (kinematic factor),

(11)
where
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III. MODELS EMPLOYED

The Li(1+), isospin singlet, wave function used in our work has the form

2

pmI(it12~p3) 2 & 3 2
~1 g gl (k12)[[I (k12)XX ' (12)] ' X F '

(p3)]gg 6 (p3)
+k12 + 8~3 l, l'=0

l, l'+1

3/2 1+J J+ 1/2 J'+ 1/2
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J=l/2 J'=
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l=J —1/2 l'=J' —1/2
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X I hi (k2s)FI (JI)(p) )[9'1,~2(k23y2) X 9'1, ,~2(p), l)]~ +(—I)'(23, 1~31,2))

(14)
where E is the normalization constant, I' = —,[1+(—1) ], and the isospin function is suppressed. The spec-
tator function G (p) gives the I-wave momentum distribution of the a particle relative to the two-nucleon
center of mass, while FI ~JIl(p) gives the total angular-momentum J'—orbital-angular-momentum I' momen-
tum distribution of a nucleon relative to the center of mass of an u-N pair interacting in the state lJ. There
are nine spectator functions in the full model: two 6's and seven F's. The form factors gl'(k) and hf(k) in
Eq. (14) originate from the separable potentials representing the NE and aE interactions, respectively. These
interactions have the forms

2

(k
~

V~~
~

k') = — 1 Q gg'(k)gl'(k')[[I'(')(k)XX('l(12)](')X[1'( )(k')XX (12)]( )]( 1 (15)
l, l =O
l, I'+1

where p is the NN reduced mass and A, 1 is the triplet coupling strength;
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~

k') =—,g Q AIJ( —1) hl (k)hl (k')[O'I tg2(k) X9'I tg2(k')]
J=1/2 I =J—1/2

l&1

(16)

where p' is the uN reduced mass and Al is the in-
teraction strength for partial wave l and total angu-
lar momentum J. Thus in the full (4%) model, the
6Li wave function is generated from the S~- D~
NN interactions and the S1/2, I'1/2, and I'3/2 +N in-
teractions. The details of calculating the wave
function along with a complete discussion of the in-
teraction parameters can be found in Ref. 1.

As mentioned in Sec. I, we consider three modds
in the present work: simple, full (0%), and full
(4%). In Table I, we give the model binding ener-

gies (K /M) along with the reference in which can
be found the detailed form of the spectator func-
tions and the values of N. ' An appendix to this
paper gives detailed expresssions for calculating the
fl(q) and CL that can be derived from the wave
function form of Eq. (14).

Model' Binding energy" (MeV) Ref.

Simple
Full (0%)
Full (4%%uo)

4.660
4.446
4.062

I

(solid curve) and the simple (long-dashed curve)
models compared to the data available at the time
of our earlier work. The data represent the
momentum distribution as extracted from two
Li(p,pd)a experiments: one at 155 MeV incident

proton energy' (open circles) and the other at 590
MeV. ' The data both indicate consistency as far as
absolute magnitude near q =0, but the 590 MeV
data imply a wider distribution, i.e., a greater full
width at half maximum (FWHM). In fact, the sim-

ple model seems to be in better agreement with the

TABLE I. Model binding energies.

IV. RESULTS AND DISCUSSION

We begin this section by considering the
Li~a+d momentum distribution. In Fig. 1, we

present the three-body predictions for the full (4%)

'The quantity in parentheses is the percentage D state in
the deuteron for the S~- Dl interaction used to generate
the Li wave function.
'The experimental binding energy for 6Li is 4.531
[3.697+0.834 (Coulomb)] MeV.
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data than the full (4%) model. However, a recent
reanalysis' of the 590 MeV experiment suggests
that the FWHM should be reduced by -60%.
Such a narrowing of the distribution clearly favors
the full (4%) model. Consistent with the reanalysis
of the 590 MeV data is the new data at 670 MeV
shown in Fig. 2 along with the full (4%)-model
curve. All three sets of data are in agreement about
the absolute magnitude of the momentum distribu-
tion near q =0, implying that absorption effects are
not large over the energy range indicated. More-
over, the full (4%) model agrees very well with the
670 MeV data over the expected range of validity of
a pole-dominance (or PWIA) analysis, specifically

q &0.3 fm '. Albrecht et al. have pointed out,
and Ero has reiterated to us, that deviations from
the three-body predictions are possible on the basis
that the p-d cross section for the elementary quasi-
free scattering, that which should be used in Eq.
(13), is larger than the free p-d scattering cross sec-
tion used in the extraction of p(q). This would be a
consequence of the large-angle scattering geometry
used in the 670 MeV experiment. At backward an-

gles, a virtual-pion-exchange mechanism ' appears
to have a dominating role in the p-d scattering near

670 MeV and this mechanism is sensitive to the ac-
tual form of the n-p relative wave function. Defor-
mation of the deuteron cluster might be reflected in
the elementary p-d cross section. ' Possibly, this is
the source of the underestimation of the momentum
distribution by the full (4%) model for q&0.3
fm '. Clearly, it would be valuable to perform a
calculation that checks the role of the virtual-pion-
exchange mechanism in the analysis of the 670
MeV data, but on the whole, the full (4%) model
agrees very well with the low-q experimental
momentum distribution.

Returning to Fig. 1, we note that the momentum
distributions predicted by the simple and full (4%)
models are quite distinct, whereas the differences
between the full (0%) and full (4%) are relatively
small, as can be seen in Fig. 3. The presence of the
tensor force leads to a higher value of p(0) (see
Table II) and a deeper diffraction minimum that oc-
curs at a somewhat smaller q value (-0.725 fm
as opposed to -0.775 fm '). The diffraction
minimum is an interesting feature of all three
models and reflects the role of the Pauli exclusion

lo'
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Io
to-I

IO-4
0 0.25

J,
0.50 0.75 I.OO

q (frn-')

l.25 l.50 l.75

FIG. 1. Li~a+d momentum distribution. The
data are extracted from Li(p,pd)a experiments at 155
MeV (open circles, Ref. 14) and 590 MeV (solid circles,
Ref. 15). The theoretical curves are the full (4%) (solid
line) and simple (long-dashed line) models.

IO I 4 0 R k

0.5 0.4 0.3 0.2 O.I 0.0 O.I 0.2 0.5 0.4 0.5 0.6 0.7

q (fm')
FIG. 2. Li~a+d momentum distribution. The

data are extracted from a Li(p,pd)a experiment at 670
MeV (Ref. 8) corrected for finite angular and energy
resolution by Monte Carlo calculation (Ref. 20). The
theoretical curve is the full (4%) model.
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principle, i.e., two valence nucleons outside closed
shells (the a particle). The location of the
minimum is markedly different for the simple and
full (4%) models. The full (4%) model minimum
occurs more than 0.25 fm ' before the one of the
simple model, a direct consequence of the repulsiue

S~~2 u-N interaction being present in the full
models. Such a distinct feature with its depth and
location predicted is worth attempting to verify ex-
perimentally, especially since it occurs within the
expected range of validity of the three-body model,
namely q (0.9 fm. '. Clearly, such a measurement

I

0 0.25 0.50 0.75 l-OO l.25 t-50 t.75
q (fm ')

FIG. 3. Comparison of the Li~a+d momentum

distributions from the (0%) (short-dashed line) and full

(4%) (solid line) models.

0 0.25 0.50 0.75 t.OO t.25 t.50 l75

q (fm')

FIG. 4. Partial-wave contributions to the Li—+a+d
momentum distribution for the full (4%%uo) model.

requires a high resolution (in q) experiment and is
probably best done with electrons where distortion
effects are not a problem. Moreover, the theoreti-
cal analysis would be optimal for the more difficult
Li(e, e'a)d arrangement, but Li(e,e'd)a would be

just as valuable.
The last sentence of the previous paragraph goes

back to the point about factorization of the coin-
cidence cross section for a's detected in coincidence,
but not for deuterons (see the last paragraph of Sec.
II). In Figs. 1 and 2, we have labeled the ordinate
as p(q), but strictly speaking for a Li(p,pd)a exper-
iment to have the standard factorization an approx-
imation is employed:

p(q) = (fo(q))', (17)
TABLE II. Predicted momentum distribution proper-

ties.

Model
p(0)
(fm')

qmin

(fm i)a
FTHM
(MeV/c)

Simple
Full (0%%uo)

Full (4%)

4.859
4.947
6.309

1.025
0.775
0.725

-80.5
-77.0
-75.0

'Momentum transfer at Li vertex where diffraction
minimum occurs.

i.e., the d-wave overlap amplitude is neglected.
Nonetheless, since f2(q) is so small, we did plot p(q)
for the theoretical curves. Figure 4 displays the two
momentum distributions separately and makes it
clear that the diffraction minimum occurs in the s-
wave distribution (as you would expect on the basis
of Pauli principle arguments) and it is filled in
somewhat by the d-wave distribution. Therefore,
except in the vicinity of the diffraction minimum,
the three-body model predicts that one is justified in
neglecting f2(q).
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Directly linked to the I„i~a+a momentum dis-
tributions is the fraction or percentage a-d corn
ponent in the Li wave functions [see Eq. (10)
above]. In Table III, we list the three-body model
results broken apart according to partial wave.
Three features stand out: (1) All three models
predict -63—66% a-d component in the Li wave
function; (2) all three models predict that the l =2
a-d component is & 1%,' and (3) the presence of the
n-p tensor force dramatically reduces the I =2 com-
ponent by almost a factor of 6 to -0.05%. Signifi-
cantly, all three models are consistent with the la-
test attempts at extracting the percentage e-d com. -

ponent from experiment. One feature of interest in
Table III is the last theoretical entry labeled full
(4% t =0) which is obtained by setting g2'(k) =—0 in
the full (4%) wave function, renormalizing the
wave function to unity, and recalculating the re-
sults. It indicates that the tensor-force terms con-
tribute -3% to the s-wave a-d component and
-50% of the d-wave component. The d-wave re-
sults given in Table III constitute the first predic-
tions of this quantity from a full dynamical model,
but Noble's phenomenological estimate of 0.027%
differs by only a factor of 2 with the full (4%) pre-
diction. As pointed out by Noble, shell-model cal-
culations exist that predict 0.08% d-wave com-
ponent and 9%%uo d-wave component. The latter
seems to be clearly ruled out. Qualitatively, it ap-
pears that the result of -0.05% for the d-wave a-d
component is a consequence of the reduced role of
the deuteron s-wave wave function component in
the structure (binding} of the deuteron when the
tensor force is present. The latter is reflected in a
slightly smaller inverse-range parameter in the s-
wave form factor [go'(k)] and a 38% reduction in
the (effective) s-wave strength parameter of the po-
tential. ' Comparison of the full (0%) and full (4%
t =0) results supports this interpretation.

We turn now to the components of the effective

alpha-deuteron wave function which are defined as
the Fourier transform of the overlap amplitudes,
Eq. (4). The s-wave component is displayed in
Fig. 5 for all three models. As expected from the
momentum distributions, the simple model gives
markedly different results from the full models and
the presence of the tensor force does not lead to a
significant change from the full (0%) curve. All
models lead to the expected 2s shape required by the
Pauli principle, but the presence of the S]~2 n-X in-
teraction makes the inner lobe more significant and
thus moves the node farther from the origin (-1.6
fm} in the full models. Far more contrast exists be-
tween models for the d-wave wave function as can
be seen in Fig. 6. The presence of the tensor force
causes a node to be present; otherwise, no node is
predicted. Unlike Noble's assumption, the three-
body model does not predict that the s- and d-wave
effective alpha-deuteron wave functions have the
same shape, even though for the full (4%) model
they have similar nodal behavior. The role of the
explicitly tensor-force contributions can be seen in
Figs. 7 and 8, where we have compared the full
(4%) model with the full (4% r =0}model. As ex-
pected on the basis of the PI results, the d-wave
wave function is most changed by their removal-
the inner lobe is smaller and the node closer to the
origin when the explicit tensor-force terms are
present.

10-

0.5-

Model pcs0
pad

TABLE III. Percentage alpha-deuteron component. 0 0
IO p(f~) 15

Simple
Full (0%)
Full (4%)
Full (4% t =0)
Experimental

values

64.9
63.2
65.4
62.1

0.63
0.28
0.049
0.025

65.5
63.5
65.4
62.1

58+9'
52+13

-0.5-

-1.0

SIMPLE MODEL

FULL MODEL (0%)
FOLL MODE1 (OV)

'Reference 16.
Reference 17.

FIG. 5. Effective a-d s-wave wave function. Com-
parison of three-body models.
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TABLE IV. Asymptotic normalization constants.

Model Ccxd cad
2

Simple
Full (0%)
Full (4%)
Full (4% t =0)
Experimental

value'

2.391
2.321
2.182
2.206

2. 15+0.05

0.0545
0.0286
0.0178

—0.00004
0.01+0.03

'See Ref. 13.

within experimental errors, a situation that is iden-
tical to our P-decay predictions. (2) Only the full
model predicts D-wave asymptotic norm values
consistent with experiment, but unfortunately the
experimental value is not known well enough to dis-
tinguish between the full (0%) and full (4%)
models, or for that matter, to even specify the sign.
(3) The three-body models considered predict that
the D-wave asymptotic norm is positive relative to
the S wave, a striking prediction since the
phenomenological pure n-d cluster model requires a
negative sign in order to have the proper sign for
the Li quadrupole moment. (4) The contributions
from the explicit tensor-force terms are small for
the S-wave asymptotic norm, but critical in leading
to the sign and magnitude of the D wave [compare
full (4%) with full (4% t =0)]. Since the D wave-
asymptotic norm depends on and is sensitive to the
small components of the Li wave function, it pro-
vides a good test of the three-body model. It would
be valuable to find a method whereby it can be mea-
sured more accurately and with good precision.

Before closing this section, two comments should
be made; one concerns neglect of the alpha-particle
structure and the other pertains to Coulomb effects.
A question that is frequently asked is "Why should
binding energies and other properties of the A =6
system not be sensitive to the structure of the alpha
particle?" Perhaps, it will turn out that a three-
body (aNN) model of the A =6 system is inade-

quate for understanding in detail low-energy
dynamics and properties. Nevertheless, a first step
towards understanding the importance of the
alpha-particle structure is to perform dynamically
correct three-body calculations with the best avail-
able phenomenological c-S and N-1V interactions to
look for discrepancies with experiment. Such effort
is important, because calculations of the latter type
take us beyond effective two-body theories, e.g.,
shell models, a-d cluster models, etc. Moveover,
the present work plus earlier calculations' indi-

cate qualitative, if not quantitative, validity of the
model within present experimental errors for those
cases examined. At this stage, improvement of ex-
perimental results and theoretical calculations of
other measurables ( Li quadrupole moment, charge
from factors, etc. ) are needed before a conclusion
about the shortcomings of three-body models can be
reached. One aspect of the present calculations that
should not be ignored is neglect of the Coulomb
interaction —especially with respect to the asymp-
totic normalization constants. ' Coulomb effects
might be expected to modify results significantly
since the Coulomb parameter (set up for a-d)

a. =p~dZ~Zde /A @=0.301 .

Nonetheless, one should be cautious since a com-
bination of effects come into play that can compen-
sate for each other. For example, the asymptotic
a-d wave function at large distances now behaves as
a Whittaker function which leads to a more rapid
decrease with increasing p owing to the extra p
factor, but this is compensated for by the decrease
in binding energy that creates a slower falloff of the
exponential factor. When these aspects are added to
the change in the intermediate-range shape of the
a-d wave function, it is difficult to predict how
much different the asymptotic normalization con-
stant values will be when Coulomb effects are in-
cluded. Future work on alpha-deuteron structure
should address this issue.

V. CONCLUSIONS

Both the s- and d-wave alpha-deuteron structural
properties of Li were investigated within the
framework of exact three-body theory (aNN) where
the S&- D~ n-p and S&~2, P~~2, and P3/2 cx N in-
teractions are the only input. Three models were
considered: simple model —only the S& n-p and
resonant P3/2 a-N interactions; full (0%) model—
S~ n pand all th-ree a Ninteractions; and ful-l (4%)

model —same as the full (0%) model, but with the
Dj n-p interaction included such that the deuteron

has a 4% D-state component. Four alpha-deuteron
quantities were examined: (1) Li~a+ d momen-
tum distribution; (2) percentage a-d component in
the Li wave function; (3) form of the con-
figuration-space a-d wave function; and (4) values
of the Li~e+d asymptotic normalization con-
stants. The major conclusions of this work are:

(1) Li—+a+d momentum distribution: (a) For
low momentum transfers (q&0.3 fm '), the full
(4%) model is in agreement with the data from the
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most recent Li(p,pd)a experiment at 670 MeV in-
cident proton energy. (b) A diffraction minimum,
whose source is the Pauli principle, is predicted to
occur at q-0. 75 fm ', and we suggest that it be
looked for in Li(e,e'a)d or Li(e,e'd)a experi-
ments. (c) The n pt-ensor force changes the predict-
ed momentum distribution by a relatively small
amount. (d) The d-wave component of the momen-
tum distribution is so small that its main effect is to
slightly fill in the diffraction minimum of the s-
wave component.

(2) Percentage a-d component: All the three-

body models considered predict that the a-d corn-
ponent of the Li wave function is -65%, con-
sistent with the latest experimental determination.
The full (4%) model predicts that the very sensitive
d-wave contribution is only 0.049%.

(3) Effective a-d wave function: All three models

predict that the s-wave component has a node, con-
sistent with the Pauli principle, but the simple and

full models differ significantly in their location of
the node. Both the full models locate the node at
—1.6 fm. Predictions for the d-wave component
differ for all three models; in particular, only the
full (4%) model predicts a node in this wave func-
tion at —1.65 fm.

(4) Li—+a+d asymptotic normalization con-
stants: The S- and D-wave asymptotic norms are
predicted to be 2.182 and 0.0178, respectively, from
the full (4%) model. With a caveat concerning
Coulomb effects, these predictions are consistent
with the current experimental extraction.
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APPENDIX

In this appendix, we give the detailed form for the overlap amplitudes and asymptotic normalization con-
stants as derived from Eqs. (14), (1), (7), and the deuteron wave function

2

Nq~4 g g)'(p)[& "(P)XX'"(12)]'"
l =0
l+1

(A1)
P +7

where Nd is the normalization constant and the deuteron binding energy is y /2M)vtv. The overlap amplitudes

are

g (g)'(k))'

fp(q)=NNg '
A, )G (q) I d3k

(k 2+@')(@2+k2+ —,q')

+21r I kdk I dg
k + +y +kqg

X Ipp Fp(1/20)(k) —
3 Ip1 (F)(1/21)(k) —2v 2F)(1/21)(k))

+2"| 2Ip) F)(3/21)(k) — F)(3/21)(k) T,3/2 1/2 5 3/2

2

1/2 3/2 1/2 1/2 3/2
20 F2(1/20) (k) 2+ I21 Fl(1/2 1)(k) + F)(1/2 1)(k)

2 2

1 3/2 1/2 3/2

2v2~ I21 Fl(3/21)(k)+ ~ Fl(3/21)(k)v5

3/2 5/2X 3
— ~-I2) F3(3/21)(k)T42 5 (A2)
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and

2

g (gi'(k))'

f2(q)=&&~ ' &(G'(q) f d'k
(k +y )(K +k + —,q )

+2m'f k dk f dg 2
k'+ +y'+kg'

T

2 Ioo +2(1/20) ( }T5+ Iol ~1(1/21) (k}+ +)(1/21) (k }
1/2 3/2 1/2 1/2 3/2

2 2

T

3/2 I /2 3/2

2 2
I01 +1(3/21)(k)+~ +1(3/21)(k}

5

3/2 5/2 1/2 1/2 3/2

2~5~ I01 +3(3/21)(k)T7+ 2 I20 FO(1/20)(k)T8 ~ ~2(1/20)(k)T9v'2

+ p I21 5 1(1/21)(k}T10+ +1(1/21)(k}Tl11/2 2 1/2 3/2

+ I21 F 1(3/12)(k)T)2+ (g +2/5+{(3/21)(k}T13 3+2/5F3(3/21)(k)T14 (A3)

where

iiJI. =Ii'i. (k q gK2)

~
&1'(

I
l + z q I

)~i(
I ~ 1+q I

)=—,
'

A',
K2+k2+ , q2+qkg—

(A4)

T, =3( —1,
T,= ', kT, +2qg, —

T7 , kT5+qg(5$————3),
2

T, =k T, +2kq(+
2

(Al 1)

(A12}

(A13)

(A14)

8, '(k) =g, '(k)/k',

4 L (k)=hi (k)/k

Tl ———,k +g,
2

T2 2k + T3+2k——qg,4

(A5)

(A6)

(A7)

(A8)

T, = k'+ q T, + q~(3/2+1),k

Tl{)———,k T5+k qg(2$ +1)
k (17/2+ 7)+—„q3g,

(A15)

(A16)

k 3

T, = , k'+ , qk2$—+ —(13+11/2)+
kT„= ', k T, + ' «(47'-17)—'+

5

(A9)

3

T,= , k'+ , qk2$+ , q'k—T,+ —q (5/2 ——3),
4

(A10}

k+ (83( —23)+ —,q g,
2k

5

k+ (31$ +89)+—,q g,

(A17)

(A18)
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T13——16k T5+ —,k qg(41( +7)

kq+ (163$'+29)+10q'g,
4

T)4 —,k——T5+ (13$ —4)kqk
2

k 3

(5g'+ —,g' ——,)+ g(5g' —3) .

SNNdm
CL i—— KL (ip),

3p
(A21)

+. ) (A22)

where the ~ z (q) have the same form as the angle-

dependent terms of the ft(q), but with the factor
(k +q /4+kqg+y )

' removed; that is,

~0(q) =2m. f k dk f dg( I00 Eo(1/20)(k)

The asymptotic normalization constants are derived
from the ft(q) and the integral equations for the
6 (q) spectator functions. Then, from Eq. (7), we
derive

+ . ) (A23)

It is easy to prove that the CL" are real.

a2(q)=21r f k dk f d(( ——,I0() E2()/20)(k)T5
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