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R-matrix fits involving levels of 8Be
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R-matrix formulas are used to derive information about levels of8Be and reactions involving8Be. Data
from the 4He(a,p) 7Li, 4He(a,n) 7Be, and7Li( p,a) 4He reactions and froma1a elastic scattering are fitted,
and a value obtained for the zero-energyS factor for 7Li( p,a) 4He: S(0)558 keV b. Recent measurements
and analyses of the7Li( d,aa)n and 7Li( p,g0)8Be reactions, and calculations concerned with low-lying
intruder states in8Be, are discussed with reference toR-matrix fits.

PACS number~s!: 24.30.2v, 24.10.2i, 21.10.Pc, 27.20.1n
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I. INTRODUCTION

In a recent paper, Spitaleriet al. @1# used the Trojan-horse
method to extract the zero-energyS factor for the
7Li( p,a)4He reaction from measurements of th
7Li( d,aa)n cross section. The value derived by Spital
et al. differs considerably from that obtained in anR-matrix
fit to earlier 7Li( p,a)4He data@2#.

R-matrix formulas have been used to fit data for a vari
of reactions involving levels of8Be. In addition to this fit to
the low-energy7Li( p,a)4He data@2#, measured values o
the 7Li( p,a)4He total cross section, angular distributio
and analyzing power at higher proton energies have b
fitted @3#, involving 8Be levels in the excitation-energy re
gion from about 16 to 25 MeV. Other8Be levels in this
energy range contributed toR-matrix fits to 7Li( p,g0)8Be
data @4,5#. Lower-lying 8Be levels were involved in fitting
data froma1a elastic scattering and from reactions such
9Be(p,d)8Be and8Li and 8B b decay@6–8#; in addition to
the well-known 01 ground state, 21 first-excited state at 3
MeV, and pair of isospin-mixed 21 levels at 16.6 and 16.9
MeV, also very broad 01 and 21 intruder states at about 1
MeV were required.

Some of theseR-matrix fits @2,3# are repeated and mod
fied here, because of the availability of additional data. Ot
fits @4–8# are discussed in the light of new data and n
calculations.

The R-matrix fit @2# found S(0)565 keV b for the
7Li( p,a)4He zero-energyS factor. Later Rolfs and Ka-
vanagh@9# gaveS(0)55268 keV b from their direct mea-
surement of the7Li( p,a)4He cross section. Spitaleriet al.
@1# obtainedS(0)53667 keV b. In their analysis of the
7Li( d,aa)n data using the Trojan-horse method, Spital
et al. made two approximations that seem to be incorre
they used anl 50 transmission coefficient for the7Li1p
Coulomb barrier, and they excluded contributions from
16.6 and 16.9 MeV levels of8Be. Their approach is dis
cussed in the next section.

The earlyR-matrix fit @2# to the low-energy7Li( p,a)4He
data of Spinkaet al. @10# gave only moderate agreement wi
the later measurement by Rolfs and Kavanagh@9#. This fit
@2# used some parameter values obtained in theR-matrix fit
to data over an extended energy range@3#; the latter fit was
0556-2813/2000/62~4!/044607~8!/$15.00 62 0446
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subsequently criticized for predicting incorrectlya1a
elastic-scattering phase shifts@11# and the4He(a,p)7Li ~478
keV! cross section@12#. In Sec. III, we repeat and extend th
fit @3# to include the more-recent data@11,12#, and then re-
peat the low-energy fit@2# ~with some modifications! to in-
clude the Rolfs and Kavanagh@9# and other relevant data, in
order to get a better value ofS(0).

In Sec. IV, we discuss theR-matrix fits to low-energy
7Li( p,g0)8Be data@4,5# in relation to recent measuremen
and calculations@13#. Section V discusses calculations@14#
that question the existence of the low-lying intruder states
8Be that are required by theR-matrix fits to data@6–8#.

II. INFORMATION FROM THE 7Li „d,aa…n
REACTION

From their 7Li( d,aa)n measurements, Spitaleriet al. @1#
extracted values of the nuclear part of the7Li( p,a)4He cross
section by using the Trojan-horse method@15#. The usual
two-body cross section was then obtained by multiplying
a Coulomb-barrier transmission coefficient, and normaliz
to the measured cross section@9# at the 7Li1p c.m. energy
E'300 keV. For the transmission coefficient, they used
7Li1p penetration factor for relative orbital angular m
mentuml 50. Decay to twoa particles is possible, howeve
only from positive-parity states of the8Be system, so tha
only odd values ofl can contribute to the7Li( p,a)4He cross
section, and at low energies one should use thel 51 penetra-
tion factor~as was used in an earlier work@16# by the same
group!. The penetration factor increases with energy m
rapidly for l 51 than for l 50, consequently use of thel
51 factor would lead to an even smaller value ofS(0).

Spitaleri et al. @1# assumed that only the quasifre
breakup part of the7Li( d,aa)n yield should be included in
their calculation of the7Li( p,a)4He cross section. They als
assumed that sequential decay through the 16.6 and
MeV levels of 8Be ‘‘represents an undesired physical bac
ground which has to be subtracted . . . , ’’ but this is open
question. Spitaleriet al. represented the quasifree break
and the sequential decay through states of8Be in their Figs.
1~a! and 1~b!. We present these in slightly different form i
Fig. 1, where it is assumed that the7Li( d,n) reaction pro-
ceeds by stripping; in both parts of Fig. 1, the neutron can
considered as a spectator, so that both represent quas
©2000 The American Physical Society07-1
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F. C. BARKER PHYSICAL REVIEW C 62 044607
processes. Sequential decay through the 16.6 and 16.9
states of8Be should not be excluded on the grounds tha
cannot be quasifree.

As an alternative to the Trojan-horse method, t
7Li( d,aa)n data could be analyzed by usingR-matrix for-
mulas. The contribution to the cross section for the two-st
reaction 7Li( p,a)4He due toN levels of 8Be of givenJp

can be written@17#

spa5~pg/kp
2!(

sl
U (

l,m51

N

Glpsl
1/2 Gma

1/2AlmU2

~1!

with

~A21!lm5~El2E!dlm2(
c

glcgmcLc
0 ~2!

and

Glpsl
1/2 5~2 Pl !

1/2glpsl , Gma
1/25~2 PaJ!

1/2gma , ~3!

wheres is the 7Li1p channel spin. The summations overl
andm in Eq. ~1! cover both bound and unbound levels in t
7Li1p channel. The summation overc in Eq. ~2! covers all
decay channels, includingpsl and a. The yield of the
7Li( d,aa)n reaction due to the sameN levels can be writ-
ten, as a function ofE @18#,

sdn,a}(
x
U (

l,m51

N

Glx
1/2Gma

1/2AlmU2

, ~4!

whereGlx
1/2 is a feeding amplitude andx labels the quantum

numbers for the formation process that give incoherent c
tributions. For sufficiently high deuteron energies,Glx is a
slowly-varying function ofE. If the 7Li( d,n) reaction pro-
ceeds by stripping, then one has

FIG. 1. Representations of possible reaction mechanisms fo
reaction7Li( d,aa)n: ~a! direct three-body breakup,~b! sequential
decay through states of8Be.
04460
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1/2}glpsl . ~5!

The formula~4! applies for energiesE above and below the
7Li1p threshold. For energies above the threshold, if o
one l-value contributes significantly, one has from Eqs.~1!,
~3!, ~4!, and~5!

spa}~1/E! Pl sdn,a . ~6!

It may be noted thatsdn,a contains contributions from8Be
levels above and below the threshold, and the same ap
to spa . It seems that Spitaleriet al. @1# were not justified in
excluding contributions from the subthreshold 16.6 and 1
MeV levels.

III. R-MATRIX FIT TO 7Li „p,a…

4He
AND RELATED DATA

In the previousR-matrix fit to low-energy7Li( p,a)4He
data@2#, a three-level approximation was used, and the d
consisted of values of the total cross section and angu
distribution coefficients forEp&600 keV. Parameter value
for one of the levels were taken from an earlier fit to mo
extensive data, including analyzing-power coefficients,
Ep&7 MeV @3#.

This earlier fit @3# involved two 01 levels and four 21

levels, with contributions from proton and neutron chann
corresponding to the ground and first-excited states of7Li
and 7Be, as well as thea1a channel. The formulas were
modified to take account of very broad background leve
which contributed to the general trend of the real part of
a1a phase shifts@6,7#. The imaginary parts of the phas
shifts and sharp changes in the real parts were not inclu
in the fitted data, also no data directly involving the7Li
excited state or either state of7Be were included. Hence it is
not surprising that the predictions of this fit showed discre
ancies with later measured values of the phase shifts@11# and
of cross sections for the4He(a,p)7Li ~478 keV! reaction
@12#.

Here the calculations of Ref.@3# are modified, with the
fitted data including the4He(a,p)7Li total cross sections
and angular distribution coefficients for both states of7Li
@12#, the 4He(a,n)7Be total cross section~summed over the
two 7Be states! @12#, the a1a elastic-scattering complex
phase shifts@11#, as well as the analyzing-power data used
Ref. @3#. These data are shown in Figs. 2–6, together w
the R-matrix best fit. The 4He(a,p) and 4He(a,n) data
cover the full range given in Ref.@12# ~for Ea values from
about 39 MeV to 49 MeV!. In addition, because we are he
particularly interested in the low-energy region, we inclu
values of the 4He(a,p)7Li ~g.s.! total cross section and
angular-distribution coefficients forEa'35238 MeV ob-
tained from the 7Li( p,a)4He data used in Ref.@3#. The
analyzing-power measurements cover the rangeEa536
247 MeV. These sets of data include values of the exp
mental uncertainties. The real parts of the phase shiftsdJ and
the inelasticitieshJ are given in Ref.@11# at closely spaced
energies forEa530270 MeV, without uncertainties. We
use the values ofdJ and hJ (J50,2,4) for Ea between 35

he
7-2



m
i-

s b
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and 49 MeV, at intervals of 0.5 or 1.0 MeV, measured fro
Fig. 1 of Ref. @11#, with uncertainties assigned rather arb
trarily (62°, 610°, and65° for d0 , d2, andd4, respec-
tively, and60.02 for eachhJ).

FIG. 2. Total cross section for the4He(a,p)7Li reaction as a
function of a-particle energy. The experimental points@12# are for
production of the7Li ground state~circles! and first-excited state
~crosses!. The ground-state points are extended to lower energie
using 7Li( p,a)4He data@3# ~squares!. The curves areR-matrix best
fits to the data shown in Figs. 2–6; ground state~solid line!, excited
state~dashed line!.

FIG. 3. Angular-distribution coefficients BL for the
4He(a,p)7Li reaction as functions ofa-particle energy. The points
and curves have the same meaning as in Fig. 2.
04460
We include two 01 levels, four 21 levels, and one 41

level. As in Ref.@3#, each level is assumed to beT50. The
lower 01 level at about 20 MeV and the three lowest 21

levels are closely related to those used in Ref.@3#. The low-
est 21 level represents the known 21 levels at 16.6 and 16.9

y

FIG. 4. Total cross section for the4He(a,n)7Be reaction~sum
of ground-state and excited-state contributions!, as a function of
a-particle energy. The experimental points are from Ref.@12#, and
the curve is for theR-matrix best fit as in Fig. 2.

FIG. 5. Analyzing-power coefficientsAL for the 7Li( p,a)4He
reaction, as functions of the equivalenta-particle energy for the
inverse reaction. The experimental points are from Ref.@3#, and the
curves are for theR-matrix best fit of Fig. 2.
7-3
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F. C. BARKER PHYSICAL REVIEW C 62 044607
MeV, which lie below the7Li1p threshold, and the othe
two are at about 20 and 22 MeV. A feature of the pres
data not apparent in the data available in Ref.@3# is that each
of the inelasticitiesh0 andh2 shows a steady decline from
its low-energy value of unity as the energy increases, w
rapid fluctuations due to narrow levels superimposed. Th
trends lead us to introduce broad background 01 and 21

levels, which we locate atEx530 MeV (Ea'60 MeV!. A
41 level near 20 MeV is needed to fit thed4 andh4 data. As
in Ref. @3#, trends in the real phase shiftsdJ are accounted
for by factorsQaJ (J50,2,4) attributed to additional broa

FIG. 6. ~a! Real partsdJ of thea1a scattering phase shifts an
~b! inelasticitieshJ as functions ofa-particle energy. The points ar
from Ref.@11#, with the assigned uncertainties not shown when l
than the symbol size.
04460
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levels of 8Be with reduced widths large for thea channel
and zero for all other channels@6,7#. Also, as in Ref.@3#, p-
and f-wave nucleons are included (l 51,3), we useBc equal
to 2 l for nucleon channels and zero fora channels, and the
channel radii are taken as 4.22 fm for nucleon channels
6.0 fm for a channels. This value of thea channel radius
was chosen to be reasonably near to the values obtained
fitting scattering and reaction data@6,7# ~see Sec. V!.

The best-fit level-parameter values are given in Table
The notation is as in Ref.@3#; the level parameters are th
eigenenergyEl of level l for eachJ value, and reduced
width amplitudesglpsl for the 7Li1p ground-state channel
glpl for the excited-state channel~with s51), andgla for
the a1a channel. In all, 35 parameters were varied, not
at the same time. Also slight adjustments were made to
background phase shiftsd̄J , which are represented by@19#

d̄J5aJ1bJ~E2E0!, ~7!

whereE is here the c.m. energy in thea1a channel; the
best-fit values ofaJ and bJ are shown in Table II. It is
possible that better fits could be obtained with parame
values different from those in Tables I and II, but the pres
set seems to reproduce the data sufficiently well. The bigg
systematic discrepancy, for the4He(a,n)7Be cross section
shown in Fig. 4, is presumably due mainly to the assumpt
of T50 for all levels.

The previous fit@2# to the low-energy7Li( p,a)4He data
assumed that contributions came only from three 21 levels
of 8Be, at 16.6, 16.9, and about 20 MeV, and thatf-wave
nucleon channels could be neglected. The parameter va
for the 20 MeV level were taken from the earlier fit@3# to the
higher-energy data, after allowance for a different choice
Bc values. For the 16.6 and 16.9 MeV levels, the nucle

s

TABLE II. Background-parameter values forR-matrix fits to
4He(a,p) 7Li and other data.

Jp E0 ~MeV! aJ ~deg! bJ (deg MeV21)

01 20.5 35.0 24.50
21 20.5 424.0 22.00
41 20.5 152.0 24.00
TABLE I. Level-parameter values forR-matrix fits to 4He(a,p) 7Li and other data.al54.22 fm, aa

56.0 fm, Bl52 l , Ba50.0. Eigenenergies are given in MeV, reduced-width amplitudes in MeV1/2.

Jp l El glp11 glp21 glp13 glp23 glp1 glp3 gla

01 1 21.01 0.033 0.0 0.0 0.0 20.707 0.0 0.321
2 30.0 2.047 0.0 0.0 0.0 0.314 0.0 20.525

21 1 15.85 0.091 0.388 20.332 21.101 0.006 20.472 0.225
2 20.17 20.170 0.270 20.297 0.123 0.322 0.048 0.226
3 22.29 20.028 20.397 20.089 0.034 20.080 0.115 20.142
4 30.0 0.834 0.172 0.638 0.064 0.468 1.50620.188

41 1 20.42 0.0 0.0 20.049 20.008 0.0 0.072 0.305
7-4
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TABLE III. Level-parameter values for 21 states of8Be. a154.22 fm, aa56.0 fm, B1521.60, Ba

50.0. Eigenenergies are given in MeV, reduced-width amplitudes in MeV1/2.

El glp11 glp21 glp1 gln11 gln21 gln1 gla

16.76 0.605 1.137 0.093 0.264 0.378 0.041 0.103
16.85 20.264 20.378 20.041 20.605 21.137 20.093 0.081
20.75 20.228 0.320 0.318 0.228 20.320 20.318 0.209
31.01 0.836 0.183 0.469 20.836 20.183 20.469 20.184
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reduced-width amplitudes were assumed to be related by
two-state isospin-mixing model, with approximately max
mal mixing, and values of small amplitudes were taken fr
shell-model calculations. The energies anda-particle
reduced-width amplitudes of these levels were determined
fitting the positions and widths that had been obtained ea
@7#. Only three parameters were varied in fitting t
7Li( p,a)4He data, which included the total cross secti
measured by Spinkaet al. @10# at four energies withEp
51302561 keV.

We now modify this fit in several respects. Later measu
ments of the7Li( p,a)4He S factor by Rolfs and Kavanagh
@9# covered the rangeEc.m.524.62873 keV (Ep'30
21000 keV!, with angular distributions measured forEp
5502900 keV. Other measurements are available at th
and even lower energies. Harmon@20# gave S(0)54962
keV b from his cross section measurements forEp520
2250 keV, but his results are normalized to theS factor for
the 6Li( p,a)3He cross section, which he apparently a
sumed to have the same angular distribution
7Li( p,a)4He. Engstleret al. @21# gave theS factor for
Ec.m.512.721000 keV and the angular distribution fo
Ec.m.52621000 keV; forEc.m.&50 keV, theS factor is en-
hanced considerably by electron screening. We fit the R
and Kavanagh data@9#, in addition to those of Spinkaet al.
@10# ~including their values of the angular-distribution coe
ficient as given by Rolfs and Kavanagh!. The positions and
widths of the 16.6 and 16.9 MeV levels are now given ve
precisely by thea1a elastic-scattering measurements
Hinterbergeret al. @19#. They used a simplified two-leve
R-matrix formula to fit their data, and gave the resultant v
ues of the level parameters. As we useR-matrix formulas
that have energy-dependent penetration and shift factors
include contributions from nucleon channels, we can
make direct use of their parameter values. Instead we c
struct thea1a d-wave phase shift forEa532236 MeV
(Ec.m.,654 keV! from the parameter values given in the
Tables I and IV, and then include these phase shift valu
with assigned uncertainties of62°, in the fitted data.

In addition to the three 21 levels at 16.6, 16.9, and abou
20 MeV that were used before@2#, we include the broad

TABLE IV. Background-parameter values for 21 states of
8Be.

E0 ~MeV! a2 ~deg! b2 ~deg MeV21)

16.84 77.61 25.33
04460
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background 21 level at about 30 MeV. The factorsQa2 are
included as before. Because of the additional data, we a
variations in more parameters than the three allowed bef
but still relate neutron reduced-width amplitudes to prot
reduced-width amplitudes in the same way.

The best-fit values of the parameters are given in Tab
III and IV, and the corresponding fits to the data are sho
in Figs. 7–9. It is interesting that the angular-distributi
coefficient B2 shown in Fig. 8 becomes negative forEc.m.
&100 keV, although Rolfs and Kavanagh apparently
sumedB2→0 asEc.m.→0. The change of sign is in agree
ment with the measurements of Engstleret al. @21#, which
were not included in the fit. From ourR-matrix fit we obtain
S(0)558 keV b. This agrees with the value 58.7 keV
given by Engstleret al. from a polynomial fit to previous
data ~essentially from Rolfs and Kavanagh! for Ec.m.>100
keV. It seems that the value ofS(0) obtained by Spitaleri
et al. @1# is much too low.

IV. THE 7Li „p,g0…
8Be S FACTOR

In a recent measurement, Sprakeret al. @13# found a nega-
tive slope for the7Li( p,g0)8Be S factor for proton energies
between 40 and 100 keV. This appears to be not inconsis
with the measurement of Zahnowet al. @22# for Ep5100
21500 keV; theirS factor is approximately constant up t
about 250 keV. Cecilet al. @23# found a constantS factor for
Ep5402170 keV.

FIG. 7. S factor for the 7Li( p,a)4He reaction as a function o
the 7Li1p c.m. energy. The experimental points are from Ref.@9#
~open circles! and Ref. @10# ~filled squares!. The curve is the
R-matrix best fit to the data shown in Figs. 7–9.
7-5
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F. C. BARKER PHYSICAL REVIEW C 62 044607
An R-matrix fit to 7Li( p,g0)8Be data, including theS
factor, angular distribution, and analyzing power, over
wide energy range (Ep&1500 keV!, found a positive slope
of the low-energyS factor @5#. This fit includedM1 contri-
butions from two 11 levels of 8Be ~the 17.64 and 18.15
MeV levels!, andE1 contributions from two 12 levels ~the
GDR and a lower-lyingT51 level!. All of these levels lie
above the region of low proton energies, and this is ess
tially the reason for the positive slope of theS factor.

Sprakeret al. @13# seek to explain their observed negati
slope by including anE2 contribution from the 21, 16.6
MeV level of 8Be, which lies below the7Li1p threshold.
They say ‘‘The influence of this state has not been includ
in previous work.’’ In Ref.@4#, however, possible contribu
tions from the 16.6 and 16.9 MeV levels were consider
and estimated to be less than 1% of the observedS factor.
This upper limit is reduced by using more-recent experim
tal values for theE2 ground-stateg widths of the 16.6 and
16.9 MeV levels@24#.

FIG. 8. Angular-distribution coefficientB2 ~denoted bya2 or A2

in Ref. @9#! as a function of the7Li1p c.m. energy. The points an
curve have the same meaning as in Fig. 7.

FIG. 9. Real partd2 of the a1a d-wave scattering phase shi
as a function ofa-particle energy. The points are obtained from t
parameter values in Ref.@19#. The curve has the same meaning
in Fig. 7.
04460
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Nevertheless, Sprakeret al. claim that they can obtain
agreement with their observed negative slope, in a mo
that contains contributions only from directE1 capture and
from the 16.6 MeV level; however, this model and exte
sions of it do not describe other observed quantities suc
the angular distribution and analyzing power f
7Li( p,g0)8Be @13#.

Sprakeret al. assumed a linear function of energy to
their low-energyS factor

S~Ec.m.!5S01S1 Ec.m.. ~8!

With their data normalized to those of Zahnowet al. @22# at
Ep598.3 keV, they obtainedS050.5060.07 keV b andS1
5(29.563.2)31024 b, giving S1 /S0521.9 MeV21. @For
7Li( p,g1) 8Be, they obtainedS1 /S0521.3 MeV21.# The
R-matrix fit @5# gaveS1 /S050.5 MeV21.

In support of their negative slope, Sprakeret al.gave their
results for theS factor for 7Li( p,a)4He, which they mea-
sured at the same time—with normalization to the results
Rolfs and Kavanagh@9#, they foundS054964.4 keV b and
S150.03660.003 b, orS1 /S050.7 MeV21. They say that
their results are in excellent agreement with those of Ro
and Kavanagh, who gaveS055268 keV b, but did not give
a value ofS1. The R-matrix fit to the Rolfs and Kavanagh
data shown in Fig. 7 givesS1 /S052.9 MeV21 for the en-
ergy rangeEp540– 100 keV. Similarly the polynomial fit of
Engstleret al. @21# gives S1 /S053.2 MeV21. The discrep-
ancy for 7Li( p,a)4He between theS1 /S0 values of Spraker
et al. ~0.7! and the fits to the Rolfs and Kavanagh data~2.9
and 3.2! is about the same as that for7Li( p,g0)8Be between
the S1 /S0 values of Sprakeret al. ~–1.9! and theR-matrix
calculation @5# ~0.5!. This might lead one to question th
claim by Sprakeret al. that ‘‘there is not a systematic prob
lem in this technique which produces negative slopes.’’

Sprakeret al. @13# also measured the7Li( p,g0)8Be ana-
lyzing power at 90°. From their Fig. 5, this decreases fro
0.42 to 0.12 asEp decreases from 80 to 40 keV~although the
text says the decrease is from 0.4 to about 0.25!. From the
formulas in Ref.@5#, Ay(90°)5b1 /(12 1

2 a2)'b1 ~sincea2
is very small!, and theR-matrix fit @5# to higher-energy data
predicts a decrease from 0.38 to 0.35 asEp decreases from
80 to 40 keV.

V. USE OF R-MATRIX FORMULAS IN CALCULATIONS
FOR 8Be BELOW THE 7Li¿p THRESHOLD

TheR-matrix fits of Secs. III and IV depend explicitly on
properties of8Be levels in the energy region near and abo
the 7Li1p threshold. The fits of Sec. III also involve prop
erties of 8Be levels below this threshold; the factorsQaJ are
attributed@3# to broad levels of8Be that were required in
earlier R-matrix fits @6,7#. These fits were made toa1a
elastic-scattering phase shifts and to data from reaction
which 8Be is an unstable product nucleus, decaying to twoa
particles, e.g.,9Be(p,d)8Be(a) 4He, and from8Li and 8B b
decay. In order to obtain consistent fits to the scattering
reaction data, thea1a channel radiusaa needed to be large
about 6.5 or 7.0 fm, and this large value implied the ex
7-6
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tence of excited 01 and 21 states of8Be at about 10 MeV
excitation energy. These states were very broad, and ha
be interpreted as intruder states, as they could not belon
the lowest (1s41p4) shell-model configuration. Warburto
@25# sought to avoid such low-lying intruder states by usi
a smaller channel radius~4.5 fm!, but he could not then
consistently fit the scattering and reaction data with the sa
values of theR-matrix parameters.

Recently, Fayacheet al. @14# have queried the existenc
of low-lying intruder states in8Be. They carried out shell
model calculations including higher configurations@(012
14)\v# and also made deformed-oscillator model calcu
tions; they did not find any low-lying intruder states in8Be,
although they did in the neighboring nuclei10Be and12C. In
a Comment@26# on this work, it was argued that their mod
els were not sufficiently realistic for a decision to be possi
on whether or not such intruder states exist in8Be, but a
Reply @27# to the Comment argued that the calculations w
relevant. In particular, the Reply says ‘‘We therefore fe
that we made . . . a very solid case to the effect that th
are no low-lying intruders in8Be.’’ If such states do not
exist, the justification for the calculations of Sec. III wou
be considerably weakened. It seems, however, that sever
the arguments used by Fayacheet al. @27# to support their
conclusion are open to question.

Fayacheet al. @27# claim that more-realistic shell-mode
calculations using the Arizona interaction@28# give results
that completely agree with theirs. These calculations for8Be
and similar ones for10Be @29# do give results that agree wit
those that Fayacheet al. @14# obtained for their interaction
~c!, for which the lowest calculated intruder state was n
30 MeV for both 8Be and10Be, but do not agree at all with
the results for their interactions~a! and ~b!, on which Fay-
acheet al. based their conclusion that finding low-lying in
truder states in10Be does not prove that they are also pres
in 8Be. As is said in the Comment@26#, such shell-model
calculations @14,28,29# using a harmonic-oscillator bas
would not be expected to predict states of the type sugge
by the R-matrix fits to 8Be data@6,7#, as they are very un
bound.

Also Fayache et al. @27# suggest ambiguity in the
R-matrix analysis@6,7#, by saying that there is uncertainty i
how the parameters should be chosen and referring to a
cent analysis ofs-wave a1a scattering by Humbletet al.
@30#, which found no evidence for the existence of a re
nance near 9 MeV. This analysis@30# adopted a channe
radius of 6 fm and consequently the values of theR-matrix
parameters were comparable with those in Ref.@6#, including
an R-matrix pole near 9 MeV. At this pole energy, the res
nant phase shiftb5d2f increases through 90°. Humble
et al. @30# defined a physical resonance by requiring the to
phase shiftd to increase through 90°, and it is obvious th
there is no ‘‘resonance’’ near 9 MeV, but this does not imp
any ambiguity in theR-matrix parameter values.

In seeking to understand why some of their calculatio
gave low-lying intruder states in10Be and 12C but not in
8Be, Fayacheet al. @14# considered the Nilsson diagram
They said that intruder states in10Be and12C are formed by
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taking nucleons from upward-going lines, whereas for8Be
the nucleons must be taken from a down-going line, wh
costs much more energy. To illustrate this they show, ho
ever, only the prolate side of the Nilsson diagram. Since th
10Be ground state is triaxial and12C is oblate, it is not at all
clear that their argument is valid, even though the Reply@27#
insists that it is. For12C on the oblate side, the line from
which the nucleons must come is also down-going~for in-
creasingubu); as illustrated in Fig. 10, the excitation energ
required to form an intruder state in12C is about the same a
that for 8Be on the prolate side, for the same value ofubu.

Fayacheet al. @27# say that an intruder state in8Be can be
formed only by exciting one of thea particles. If, however,
the 8Be ground state is regarded as a 3s oscillation of twoa
particles, then a 01 intruder state can be formed by a 4s
oscillation, without exciting eithera particle.

It seems that model calculations of the type performed
Fayacheet al. @14# and the supporting arguments that th
give @14,27# are not adequate for reliable conclusions to
drawn on whether or not there are low-lying intruder sta
in 8Be. The situation remains that consistentR-matrix fits to
scattering and reaction data require such states.

VI. SUMMARY

R-matrix formulas have been used and can be used t
data for various reactions involving8Be and to give infor-
mation about levels of8Be.

The 7Li( d,aa)n measurements of Spitaleriet al. @1#
could be fitted and the7Li( p,a)4He S factor derived using
the R-matrix formulas of Sec. II, as an alternative to th
Trojan-horse method that they adopted.

A large amount of data from the4He(a,p)7Li,
4He(a,n)7Be, and 7Li( p,a)4He reactions and froma1a
scattering is fitted in Sec. III, and a value obtained for t

FIG. 10. Nilsson diagram~from Ref. @31#!. Eigenenergies~in
units of \v0) as functions of the deformation parameterb. The
arrows indicate nucleon excitations involved in the formation
intruder states in8Be (b.0) and 12C (b,0).
7-7
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zero-energyS factor for the 7Li( p,a)4He reactionS(0)
558 keV b. This is somewhat less than the value 65 keV
obtained in an earlierR-matrix fit @2#, but much larger than
the recent value 3667 keV b given by Spitaleriet al. @1#.

The suggestions by Sprakeret al. @13# that the slope of
the low-energyS factor for the 7Li( p,g0)8Be reaction is
negative, in contradiction with the prediction of anR-matrix
-

le,

ki

n,

.
.

Y

04460
b
fit to higher-energy data@5#, and that this can be attributed t
a contribution from the subthreshold 16.6 MeV level of8Be,
are questioned in Sec. IV.

It is suggested in Sec. V that arguments@14,27# against
the existence of low-lying intruder states in8Be, which are
required by consistentR-matrix fits to scattering and reactio
data, are not convincing.
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