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Determination of the 6Li˜a1d asymptotic D- to S-state ratio
by a restricted phase shift analysis

E. A. George1,2,* and L. D. Knutson1
1Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

2Department of Physics, University of Wisconsin–Whitewater, Whitewater, Wisconsin 53190
~Received 10 June 1998!

We describe a new method for determining the asymptotic normalization constants of the6Li→a1d wave
function. This method is based on a phase shift analysis of6Li14He elastic scattering data, with high partial
wave parameters obtained from Coulomb-wave Born approximation calculations ford-exchange scattering.
Applying this analysis to6Li14He elastic scattering atEc.m.52.2 MeV, we obtain a value for the asymptotic
D- to S-state ratio of the6Li→a1d wave function of20.02560.00660.010.@S0556-2813~99!01802-6#

PACS number~s!: 27.20.1n, 24.10.2i, 25.70.2z
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I. INTRODUCTION

There is considerable interest in experiments that can
vide information about the internal structure of the6Li
nucleus. As recently as a few years ago, exact quant
mechanical calculations of bound state properties were
sible only forA53. However, in recent years there has be
a significant amount of progress in extending these real
calculations to higher values ofA ~see, for example, Refs
@1,2#!. This progress has added new relevance to meas
ments of the internal structure of few-nucleon systems.

The importance ofD-state components of light nuclei i
well understood. In general theD-state terms arise from th
tensor force, and consequentlyD-state observables allow u
to test our understanding of this component of theNN po-
tential ~see Refs.@3,4#!. In 6Li, the small, negative quadru
pole moment indicates that the tensor force plays a role,
obtaining further information about the nature of the no
isotropic components of the bound state wave function
proven to be difficult. Experimentally, the most directly a
cessible quantity is the asymptoticD-state toS-state ratio of
the 6Li→a1d component of the wave function. The dete
mination of thisD- to S-state ratio, which we designate ash,
has been the subject of several previous experimental
theoretical studies. The results obtained to date will be s
marized in Sec. II.

Our purpose in the present paper is to describe a
method for determiningh. This method involves the analy
sis of polarization measurements for6Li14He elastic scat-
tering at low energies. In our analysis we make use of m
surements from Ref.@5# at Ec.m.52.2 MeV. It is believed@6#
that in this low-energy region there are large contributions
the scattering amplitude from the exchange scattering
cess in which a deuteron is exchanged between the
a-particle clusters. This gives rise to a strong back-an
peak in the differential cross section~see Fig. 1!. Because the
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exchange process plays an important role, it is reasonab
suppose that the measurements~especially at back angles!
are sensitive to details of the6Li→a1d wave function. The
difficulty is to find a reliable method for extracting the d
sired information.

ty,

FIG. 1. Differential cross section and analyzing powers
6Li14He elastic scattering atEc.m.52.2 MeV, from Ref.@5#. The
error bars represent statistical errors only. Normalization errors
4% for the differential cross section data, and about 10% for
analyzing power data. The solid line is a guide for the eye. T
dashed~dash-dotted! line is the result of an optical model calcula
tion using the set 1~set 2! parameters in Table I.
598 ©1999 The American Physical Society
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PRC 59 599DETERMINATION OF THE 6Li→a1d ASYMPTOTIC D- TO . . .
Processes that involve exchange graphs have freque
been analyzed in the past to obtain information ab
asymptotic wave functions. In few-nucleon systems this
most often been done by employing the ‘‘pol
extrapolation’’ method@7#. This method is based on the ob
servation that for reactions involving exchange contributio
the analyzing powers at the location of the exchange p
depend in a simple way on the asymptotic wave funct
normalizations. The complication of this method is that
physical values of the incident particle energy, the excha
pole is located at an unphysical angle~i.e., an angle withz
5cosu ,21). Therefore, what is normally done is to fit th
measured observables in the physical region with some fu
tion, and then use that function to extrapolate the meas
ments to the pole, thereby allowing a determination ofh.
The treatment of systematic errors in the extrapolation
difficult and controversial aspect of this method~see Refs.
@8–10#!. The proper treatment of Coulomb effects is al
problematic. The effect of Coulomb repulsion between
projectile and the target is to change the pole into a cut,
there are further complications if~as in 6Li14He elastic
scattering! the exchanged particle is also charged@11#.

The new method we will describe here avoids these
ficulties that are inherent in a pole-extrapolation analy
The approach we use is to determineh by performing a
restricted phase shift analysis of the6Li14He elastic scat-
tering data. The basic idea is as follows. For our kinemat
the exchange amplitude, when viewed as a function of
ergy andz5cosu, has a cut that begins atz521.36. Since
the branch point is close to the physical region, it is clear t
an expansion of the amplitude in powers of cosu will con-
verge only slowly. This implies that in a partial-wave ana
sis the exchange scattering contribution converges slowl
a function ofl. In contrast, one can show~see Sec. III C! that
the direct scattering contributions converge rapidly. As a
sult, one finds a ‘‘window’’ in angular momentum space
which exchange scattering dominates by an order of ma
tude or more over the remaining direct scattering contri
tions. Within this window the extracted phase shifts a
small ~typically only a few degrees!. From this we infer that
the scattering is ‘‘weak,’’ which means that the exchan
scattering for these partial waves can be accurately ca
lated in Born approximation. The parameters of the bou
state wave function can thus be related to the elastic sca
ing measurements by carrying out a phase shift analysis
makes use of these calculated exchange scattering cont
tions in the higher partial waves. The method is describe
more detail in Sec. III.

II. PREVIOUS STUDIES OF 6Li D-STATE PARAMETERS

Several theoretical predictions forh have been obtained
based on various models of the6Li wave function. Lehman
and his collaborators@12,13# have used three-body (anp)
models to obtainh'0.01. Nishiokaet al. @14# employed a
simple a1d cluster-model and found that wave functio
with h'20.014 @3# reproduced the experimental value
the 6Li quadrupole moment. A recent shell-model calcu
tion @15# predicts a quadrupole momentQ520.067 fm2, in
good agreement with the currently accepted experime
value of 20.082, but unfortunately no results forh have
tly
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been reported for this calculation. Finally, a6Li wave func-
tion with h520.07 has been obtained by variational me
ods @16#, although the quadrupole moment (Q520.8) for
this wave function is far too large in magnitude. A mo
recent calculation@2# gives a better result for the quadrupo
moment@Q520.33(18) fm2#, but h is not reported. The
authors of Ref.@2# point out that these variational metho
calculations are not very sensitive to the long-range prop
ties of the wave function, and so the values obtained foQ
andh are not yet expected to be reliable.

Only a few experimental studies of the6Li→a1d D
state have been carried out. Bornandet al. @17# performed a
forward dispersion relation analysis ofd-a elastic scattering
data and obtained values for the magnitudes of theS-state
andD-state asymptotic normalization constants. The sign
h is not determined by this method, but the magnitude w
found to beuhu50.00560.014.

More recently, Santoset al. @18# compared tensor analyz
ing powers for 6Li( dW ,a) at 10 MeV with distorted-wave
Born approximation~DWBA! calculations that included the
effects ofD states in both the4He→d1d and 6Li→a1d
cluster wave functions. This group found that best fits to
data were obtained for20.015,h,20.010 when a4He
wave function withD-state parameterD2520.2 was used.

Another determination ofh was reported by Punjabiet al.
@19#, who measured tensor analyzing powersT20 at 0.8° for
1H(6LiW,d) at 4.5 GeV. The measurements were then co
pared with plane-wave impulse approximation calculatio
of T20(q), whereq is the relativea-d momentum. A 6Li
wave function withh'0.02 ~obtained from a three-body
model! predicts analyzing powers with the correct sign b
slightly smaller in magnitude than the measured analyz
powers. These data thus favor a small but positiveD-state to
S-state ratio at smallq values.

Finally, Greenet al. @20# have compared6Li14He elastic
scattering data atEc.m.511.1 MeV to optical model plus
d-exchange calculations, including transfers from 2S and 1D
components of the ground-state6Li wave function. They
find that, in order for the calculations to not disagree with t
measured tensor analyzing powers~in particular,T21), the
D-state spectroscopic amplitude must lie in a range that,
their wave function, corresponds to 0.00.h.20.08.

In summary, neither the experimental nor the theoreti
determinations ofh give unambiguous results. The two re
cent experiments at low energies seem to favor a nega
value forh. However, it is not yet clear whether a negati
h is theoretically compatible with the measured value of
quadrupole moment.

III. EXCHANGE SCATTERING CONTRIBUTIONS
TO PHASE SHIFT PARAMETERS

A. Overview

We begin with a brief description of our method for d
terminingh from 6Li14He elastic scattering data. The fir
step is to use the distorted-wave Born approximat
~DWBA! ~see Ref.@21#! to calculated-exchange scattering
contributions to the higher partial waves. In this calculatio
a 6Li→a1d cluster wave function with bothS- andD-state
components is used at the reaction vertices. Coulomb wa
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600 PRC 59E. A. GEORGE AND L. D. KNUTSON
are used in the incoming and outgoing channels. The
change amplitude calculated in this way is then used to
tain theS matrix ~see Ref.@22#!. From theS matrix, phase
shifts and mixing parameters are extracted as outlined in
III B. As discussed in Sec. III D below, the phase shift p
rameters obtained from thisS matrix have a simple depen
dence on the asymptotic normalizations of theS- andD-state
components of the wave function. This makes it possible
determine the asymptotic normalizations by carrying ou
phase shift fit to6Li14He elastic scattering data.

In the phase shift fit, the parameters describing the
partial waves are allowed to vary freely. The high part
wave parameters are taken from the calculation, with app
priate scale factors incorporated to allow for variation of t
S- andD-state asymptotic normalizations. These scale fac
are then varied along with the low-l parameters to obtain th
best fit to the data.

To demonstrate that this general approach is reasona
we need to establish a few points. First, one must show
the contributions from the exchange scattering conve
more slowly as a function ofl than do the direct scatterin
contributions. This point is the subject of Sec. III C. It is al
necessary to show that the phase shift parameters depen
the asymptotic parts of the6Li→a1d wave function, and
are insensitive to the interior details. This point is addres
in Sec. III D. The details of the exchange scattering calcu
tion are given in the following section.

B. Calculation of the exchange scattering
partial-wave parameters

In this section we give a more detailed description of
method used to calculate the exchange scattering ampli
and the corresponding phase shift parameters. As noted
lier, we begin with the distorted-wave Born approximatio
In this approximation the exchange amplitudef is given by

f 52
mb

2p\2E fLi* ~r 8!xC
~2 !* ~kf,ra8 !VfLi~r !xC

~1 !~ki,ra!dt.

~1!

In this expressionfLi is the 6Li cluster bound-state wave
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function, xC
(1) and xC

(2) are the 6Li 14He scattering wave
functions with, respectively, ingoing and outgoing spheri
wave boundary conditions, andV is the transition potential.
The coordinates for the initial and final states are defined
Fig. 2. For the scattering wave functions we use a pur
Coulomb interaction corresponding to a uniformly charg
sphere of radius 4.4 fm. The transition potentialV includes a
full three-body Coulomb term at each vertex. Since the c
culations employ Coulomb distorted waves we refer to th
as CWBA calculations.

The calculations were performed using a locally modifi
version of the full finite-range DWBA codePTOLEMY @23#.
To test the numerical calculations, we performed an anal
calculation of the exchange amplitude in plane-wave B
approximation ~PWBA!, and compared the resultin
S-matrix elements with the results ofPTOLEMY calculations
in which the Coulomb potentials were set to zero. With t
appropriate sign conventions for thePTOLEMY matrix ele-
ments, there is good agreement between the analytic re
and thePTOLEMY results.

After obtaining theS-matrix elements in the CWBA from
PTOLEMY, we extracted the phase shifts and mixing para
eters. For mixed angular momentum states, we used
Blatt-Biedenharn parametrization@24# in the Born approxi-
mation limit ~that is, for small phase shifts and mixing p
rameters!. The relation between theS-matrix elements and
the phase shifts and mixing parameters is, for unmixed
gular momentum states

S5e2id'112id ~2!

and for mixed states

FIG. 2. Definition of the coordinates used in the distorted-wa
Born approximation calculation for the initial~left! and final~right!
states.
S5S cos2 e e2id11sin2 e e2id2
1

2
sin 2e~e2id12e2id2!

1

2
sin 2e~e2id12e2id2! cos2 e e2id21sin2 e e2id1

D 'S 112id1 2i e~d12d2!

2i e~d12d2! 112id2
D . ~3!
in-
on-

he
the
Here S is the S-matrix element obtained from thePTOLEMY

calculation, thed ’s are the phase shifts, ande[e( j p) is the
mixing parameter that connects two states having the s
total angular momentumj and parityp. Given theS-matrix
elements, it is then straightforward to obtain the phase sh
and mixing parameters which are needed for the phase
analysis.
e

ts
ift

C. Comparison of direct and exchange
scattering contributions

As we have mentioned earlier, our method for determ
ing h relies on the assumption that the direct scattering c
tributions converge rapidly as a function ofl, so that a win-
dow exists in angular momentum space in which t
exchange scattering contributions dominate. Using
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method outlined in the preceeding section we can now ea
determine the exchange scattering as a function ofl. It is also
fairly straightforward to make reasonable estimates of
convergence rate of the direct scattering.

In a semiclassical picture one expects the direct scatte
to be significant up to a maximum relative orbital angu
momentuml max,kR, wherek is the wave number for the
relative motion, andR'R11R2 . For 6Li on 4He at Ec.m.

52.2 MeV, with Ri51.5Ai
1/3, we obtainl max'3. This sug-

gests that the direct scattering contributions should be s
beyondl 53.

This result can be tested more rigorously by using
optical model to estimate the direct scattering. The opt
model calculations were carried out with a code that ma
use of subroutines borrowed fromPTOLEMY. Calculations
were performed with nine different6Li14He potentials ob-
tained from Refs.@20,25#. In Fig. 1, we show the results o
calculations of the differential cross section, correspond
to two representative optical model potentials~the tenth and
sixteenth parameter sets listed in Table 1 of Ref.@25#!. The
Woods-Saxon parameters for these two potentials are g
in Table I. The first of the two potentials gives the large
phase shift parameters at highl of the nine potentials tested
The second potential produces what we judged to be the
overall fit to the data. Note that both potentials produc
back-angle peak in the cross section, but this peak is at l
an order of magnitude smaller than the data. Because
failure to reproduce the size of the back-angle peak is a g
eral feature of the optical model potentials we examined
this energy, we take this as evidence that exchange scatt
is important.

In Table II, we list the phase shifts obtained from t

TABLE I. Optical model potential parameters for the calcu
tions shown in Fig. 1. Set 1 is the tenth set in Table 1 of Ref.@25#;
set 2 is the sixteenth set in the same table. A Coulomb pote
with R53.49 fm andR53.60 fm, respectively, was also include

Optical model parameters:
V ~MeV! R ~fm! a ~fm!

Set 1
real central 188.7 3.49 0.64
volume imaginary 9.4 3.49 0.64

Set 2
real central 150.7 3.60 0.43
volume imaginary 11.2 3.60 0.43

TABLE II. Comparison of average phase shifts~in degrees!
extracted from the optical model calculations of Table I, and fr
CWBA calculations of the exchange amplitude.

phase shifts set 1 set 2 CWBA

3S 233.2 222.8 137.9
3P 38.5 222.9 263.0
3D 20.62 0.56 24.4
3F 0.64 20.49 29.0
3G 0.42 20.09 3.3
3H 0.09 0.004 21.3
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S-matrix elements for both of these optical model poten
parameter sets. The phase-shift parameters obtained from
optical model are found to be substantial forl<3, but above
l'3, these parameters fall off quickly. Byl 55, the phase
shift parameters derived from the optical model calculatio
are all 0.09 degrees or less. Also shown in Table II are
phase shift parameters obtained from the exchange scatt
calculations described in Sec. III B. For ease of compari
the phase shifts for eachl have been averaged overj. We see
that the CWBA phase shifts fall off by a factor of 2–3 pel
value rather than the typical order of magnitude perl value at
large l for the optical model phase shifts. Atl 53 the ex-
change scattering phases are roughly an order of magni
larger than the corresponding direct scattering phase s
obtained from the optical model.

From the values in the table, it is also apparent that
l>3, where the exchange scattering dominates over the
rect scattering, the exchange scattering phase shift pa
eters are small in magnitude. This supports the assump
that the exchange scattering contributions for the highl val-
ues can be accurately calculated in the Born approximat

D. Sensitivity to asymptotic normalization constants

Next, we address the question of whether the method
have outlined is capable of providing reliable informatio
about the asymptotic parts of the wave function. In partic
lar, we wish to demonstrate that the exchange scattering
plitudes for largel are insensitive to the details of the interio
of the bound state6Li wave function.

There are good reasons to expect that this might be
case. Since our analysis is being carried out at low ene
and since we are concerned only about largel, it can be
argued that the reactions take place peripherally. In Fig. 3
show the radial dependence of the effective potential~Cou-
lomb plus centrifugal plus nuclear! for l 50 through l 54.
The nuclear potential used to generate these curves wa
set 2 optical model potential of Table I. The point here is th
for high l the Coulomb plus angular momentum barrier kee
the target and projectile well separated. For example, fol
54 the minimum separation is about 10 fm if we negle
tunneling~the barrier penetration probability@26# in this case
is about 0.04!.

al

FIG. 3. Radial dependence of the real part of the set 2~Table I!
potential plus the centrifugal potential for6Li14He elastic scatter-
ing at Ec.m.52.2 MeV, plotted for angular momental 50 through
l 54.
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then combined to obtain the best fit asymptotic normalizat
parameters.

IV. THE PHASE SHIFT ANALYSIS

The 6Li14He elastic scattering angular distributions us
in the phase shift analysis were obtained at the Universit
Wisconsin tandem accelerator laboratory. Angular distri
tions for the differential cross section, the vector analyz
power iT11, and the tensor analyzing powersT20, T21, and
T22 were obtained at a6Li incident energy of 5.5 MeV. The
data, shown in Fig. 1, have typical normalization errors
4% ~cross section! and about 10%~analyzing powers!. The
experiment is described in more detail in Ref.@5#.

The phase shift analysis of the data was performed wi
code that uses the CERN library routineMINUIT @28# to per-
form the least-squares minimization. We carried out a la
number of fits before reaching our final conclusions. In a
given fit the various parameters~phase shifts, inelastic pa
rameters, mixing parameters! were divided into two groups
The parameters in the low-l group were treated as pure
phenomenological quantities which are freely adjusted in
fit. The parameters in the high-l group were calculated from
the exchange amplitudes with adjustableS- andD-state mul-
tiplicative factors. In all of our fits, the theS-, P-, and
D-wave phase shifts and inelastic parameters and the mi
parameters forj 51 throughj 54 were included in the low-
l group.

One of the important steps in the analysis is to dec
which parameters should be included in the high-l group.
These parameters eventually determine the asymptotic
malizations, and therefore one is assured of obtaining r
able results only if the corresponding partial waves are
deed dominated by exchange scattering. One of the m
criteria we use in making this decision is consistency. It
possible to generate many different phase shift fits~for ex-
ample, by moving parameters between the high-l and low-l
groups or by floating or not floating the overall normaliz
tions of the data! and if the analysis is reasonable one sho
obtain consistent results for the asymptotic normalization
the details of the fit are varied. If a particular phase sh
parameter seems to require asymptotic normalizations w
are consistently well away from the values preferred for
majority of the parameters, one concludes that this param
is affected by nonexchange contributions.

In our initial attempts to fit the data set we found th
large splittings were required for all partial waves up throu
and includingl 53. We were particularly concerned abo
the F-wave splittings since these seemed larger than
could explain either by exchange scattering~which should
produce only small splittings! or by direct scattering~which
was expected to be small forl 53). It is now clear that the
large F-wave splitting is caused by a 42 state at Ex
56.56 MeV in the10B compound nucleus which is close
the energy at which the measurements were obtainedEx
56.66 MeV!. To verify that this is the correct interpretatio
we carried out a separate phase shift fit of the data show
Fig. 1 together with6Li( a,a)6Li excitation functions@29# at
six angles covering10B excitation energies from 6.44 to 6.6
MeV. We found that the analyzing power measurements
the energy-dependent cross sections can be reproduce
n
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multaneously if one includes the 42 state at Ex

56.56 MeV along with a 12 state at 6.87 MeV@30#. If one
then subtracts the resonant contribution from the3F4 phase
shift, the remainingF-wave phases are reasonably consist
with the expectations for pure exchange scattering.

In carrying out the trial fits it was found that several d
ferent phase shift parameters are capable of providing us
information about theD-state normalization. For our ‘‘final’’
fit we included in the high-l group all the mixing parameter
for j >5, the 3F323F2 splitting, and all of thel>4 phase
shifts. In principle, each mixing parameter and each ph
shift splitting could provide a separate determination of
D-state multiplicative factor. However, because the unc
tainties in these parameters are correlated, we used a s
common D-state multiplier for all parameters sensitive
this quantity.

The decision to include the3F323F2 splitting as one of
the parameters that determines the asymptotic normalizat
requires some justification. We note, first of all, that there
no nearby 22 or 32 states in the10B compound nucleus, so
these partial waves should be unaffected by resonance
tributions. Second, we find that theD-state normalization
determined from this parameter alone is consistent with
value obtained from the remaining parameters. With this
mind, we believe that the decision to include the3F323F2
splitting is justified, with the understanding that the final sy
tematic error should reflect the uncertainties associated
possible nonexchange contributions. The assumption tha
l 53 partial waves are dominated by exchange scatterin
certainly consistent with the results given in Table II.

V. RESULTS

Our final fit to the angular distribution data was obtain
with the parameters shown in Table III. This set has 26 f
parameters, and provides a fit to the data with ax2 per de-
gree of freedom of 1.27, corresponding to a confidence le
of 4% ~see Fig. 5!. The phase shifts for 4< l<8, the mixing
parameters for 5< j <9, and the3F323F2 splitting were all
determined from the exchange calculations, and scaled u
theS- andD-state multiplicative factors. The overall norma
izations of the individual cross section and analyzing pow
measurements were treated as free parameters in this fin
but the results obtained for these quantities are consis
with the normalization errors quoted in Ref.@5#.

Scaling theS- andD-state amplitudes of our original6Li
wave function by the renormalization parameters of our fi
fit gives the result C052.9160.09 and C2520.077
60.018. This yieldsh520.02660.006, where the error is
purely statistical. Note that the value forC0 is in good agree-
ment with that obtained by Blokhintsevet al. @31# from an
energy-dependent4He1d phase shift analysis,C052.93
60.15.

The statistical uncertainty for each fitting parameter w
determined in the usual way, as the square root of the co
sponding diagonal element of the error matrix. For a giv
parameter, this is equivalent to the change in that param
that would increase the overallx2 by 1, where the remaining
parameters are varied to minimizex2. This procedure was
used to obtain the statistical errors forC0 and C2 quoted
above.
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604 PRC 59E. A. GEORGE AND L. D. KNUTSON
The remaining problem is to estimate the systematic er
We do this by looking at the variation of theC0 and C2
values as we change the conditions of the fit. For examp
series of fits was carried out with different starting para
eters. These fits produced at most a few percent change i
S- and D-state renormalization factors, and a change in
resulting value ofh of no more than about60.001.

Next we performed several different fits with various i
elastic parameters fixed or varying freely. For these fits,
value ofh changed by no more than60.003.

We also looked at the effect of truncating the phase s
expansion at smaller values ofl. Performing new phase shif
fits with the L-, K-, and I-wave phase shift parameters a
the j 56 through j 59 mixing parameters set successive
equal to zero changedh by no more than60.004.

We then investigated the dependence ofh on the choice
of parameters to be included in the high-l group. The param-
eters that seem to have the largest effect onh are the3F2
23F3 splitting and theG- and H-wave phase shifts, with
some additional significant contributions from thee(51) and
e(62) mixing parameters. The role of each of these para
eters was investigated by moving the parameters, one by
from the high-l group to the low-l group and performing a
new fit. In no case did the resulting value ofh change by
more than60.012, with the typical change being abo
60.008.

TABLE III. Adjusted phase shift parameters for the fit shown
Fig. 5. The 4< l<8 phase shifts and the 5< j <9 mixing param-
eters were determined from the exchange scattering calculat
scaled by the appropriateS- and D-state multipliers. All phase
shifts, mixing parameters and inelastic parameters are given in
grees.

j 5 l 21 j 5 l j 5 l 11

Phase shifts:
l 50 253.41
l 51 229.23 217.08 219.30
l 52 64.64 33.71 4.95
l 53 26.23a 24.94a 214.26

Inelastic parameters:
l 50 0.00b

l 51 7.10 8.69 8.97
l 52 0.41 0.00b 0.99
l 53 1.03c 1.03c 1.03c

Mixing parameters:
e(12) e(21) e(32) e(41)
16.04 4.63 19.94 20.97

Normalizations:
s(u) iT11 T20 T21 T22

1.02 1.08 1.01 1.02 1.09
S- andD-state multipliers:

NS51.0060.03
ND51.1260.27

aThe splitting of the3F2 and 3F3 phases was determined from th
S- andD-state multipliers.
bInelastic parameters listed as 0.00 reach unphysical~negative! val-
ues in the fit and are therefore fixed at zero.
cThe F-wave inelastic parameters were constrained to be equa
r.

a
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e

e
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-
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Next, we explored possible systematic errors associa
with the calculation of the high-l phase shift parameters
First, we tested the sensitivity of our results to the non
ymptotic parts of the6Li→a1d wave function that was
used in the exchange calculation. For each of the six a
tional wave functions described in Sec. III D, we recalc
lated thed-exchange phase shifts and mixing parameters
used these in a new phase shift fit. In no case did the valu
h determined from the fit change by more than60.001. In
Fig. 6, the radial wave function used in the final fit report
in Table III, as well as the wave function that produced t
greatest change inh ~the wave function from Ref.@20#!, are
shown for comparison. Based on these results, the system
error in h due to the choice of wave function is taken to
60.001.

In addition, we estimated the systematic error that ari
from the assumption that contributions to the Coulomb d
torted waves from nuclear potentials are negligible. We
calculated the exchange contributions to the phase shift
rameters, using three different6Li14He optical model
scattering potentials in the incoming and outgoing scatter
channels. The optical model potentials used were the te
and sixteenth parameter sets from Table 1 of Ref.@25# and
the second set from Table 2 of Ref.@20#. The first two pa-
rameter sets were the same ones used in the calcula
shown in Fig. 1. The third set includes a spin-orbit potent
The resulting phase shift fits produced values ofh that differ
by no more than60.004 from that obtained using high-l
phase shift parameters calculated in the CWBA. Taking

s,

e-

FIG. 5. 6Li14He elastic scattering data atEc.m.52.2 MeV, with
the phase shift fit of Table III~solid line!. The normalization of the
data has not been adjusted.
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