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Subthreshold resonance in the6Li „d,a…4He reaction and its astrophysical implications

K. Czerski, A. Huke, H. Bucka, P. Heide, G. Ruprecht, and B. Unrau
Technische Universita¨t Berlin, Institut für Strahlungs- und Kernphysik, D-10623 Berlin, Germany

~Received 4 June 1996; revised manuscript received 5 November 1996!

The total cross section of the6Li( d,a)4He reaction has been measured for deuteron energies between 50
and 180 keV. From a detailed distorted-wave Born approximation analysis of the angular distributions and the
excitation function up to 1 MeV it was possible to determine the strength of a subthreshold resonance that
dominates the cross section at sub-Coulomb energies and contributes significantly to the increase of the
astrophysicalS factor at low energies. Consequently the electron screening energy we have determined for the
6Li ~d,a)4He reaction is considerably smaller than the value given in previous works which overestimate the
theoretical predictions. In addition the stellar reaction rate has been calculated up to a temperature ofT953.
@S0556-2813~97!00403-2#

PACS number~s!: 25.45.Hi, 24.30.Gd, 26.35.1c, 27.20.1n
pr

gh
h
de
e
ty,

o-

cr
n

o
d
o
th
io
le

fo
ca
h
n
gh
r-

di
n

of
xi
-

ec
tio
m

by
eus
ates
mir-

mi-

the

cha-
f the

ts at

the
es.
ysi-
ta set
cise

tler
to
by
u-

per-
the
nd
sis
is
d a
the
ical
tion
I. INTRODUCTION

The recently developed inhomogeneous models of
mordial nucleosynthesis@1–4# and its predictions of signifi-
cant abundances of nuclides heavier than4He have stimu-
lated many low-energy studies of nuclear reactions on li
nuclei @5#. In contrast to the standard big bang model t
inhomogeneous models assume a fluctuation of baryon
sity. Consequently, the primordial nucleosynthesis proce
differently in high-density, neutron-poor and low-densi
neutron-rich regions. The relative high abundance of2H in
neutron-rich regions@6# ~for some parameters of the inhom
geneous models comparable to that of4He! causes that the
deuteron induced reactions can play an important role in
ation and destruction of chemical elements in the early u
verse, as has lately been shown for7Li and 8Li isotopes
@7–9#.

From the experimental point of view the determination
the astrophysically relevant reaction rates needs knowle
of the reaction cross section at energies far below the C
lomb barrier which therefore is strongly reduced due to
rapidly decreasing penetrability. The experimental situat
gets even more difficult at energies low enough that the e
tron screening effect contributes significantly@10#. The am-
biguities connected to the extraction of the cross section
bare nuclei as it is required for astrophysical applications
be limited if the value of the screening energy is known. T
enhancement of the cross section due to electron scree
has recently been verified experimentally for several li
nuclear systems@11–15#. The results for the screening ene
gies generally overestimate the theoretical values@16#. In the
case of nuclear reactions on lithium targets a significant
crepancy has also been observed. Particularly the scree
energy derived from the6Li( d,a) 4He reaction amounting to
3406110 eV @12,13# overestimates the theoretical value
186 keV calculated within the Born-Oppenheimer appro
mation @17#. This difference could be due to the fitting pro
cedure~polynomial fit to the measured cross section! used to
derive the experimental value for the screening energy.

In order to get more precise information about the el
tron screening contribution as well as the cross sec
for bare nuclei an investigation of the reaction mechanis
550556-2813/97/55~3!/1517~6!/$10.00
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at such low energies is necessary. Our recent study@18# of
the deuteron stripping reactions on6Li suggests that the
6Li( d,a)4He reaction may be dominated at low energies
a broad 21 subthreshold resonance in the compound nucl
8Be. This resonance is composed of two isospin mixed st
that cause a decrease of the branching ratio between the
ror stripping reactions (d,n) and (d,p) on 6Li for incident
energies below 200 keV. One of these mixed states predo
nantly with an isospin 0 should have a largea width and
should be observed in the6Li ~d,a)4He reaction. However,
new measurements of the cross section ratio between
6Li( d,a)4He and6Li( d,p)7Li reactions@19# do not provide
any arguments for the suggested resonance reaction me
nism. The measured ratio was found to be independent o
incident energy and amounts to 5.3 in favor of thea channel.
This agrees with the data obtained in older measuremen
higher energies@20#.

Consequently the deuteron induced reactions on6Li have
been described as nonresonant: either withinR-matrix theory
~energy-independent parametrization! @21# or in the frame of
distorted-wave Born approximation~DWBA! theory @22#.
Both cross-section calculations were not able to describe
experimental excitation functions at sub-Coulomb energi

To investigate the reaction mechanism and its astroph
cal consequences an analysis demands a consistent da
over a wide deuteron energy range. There exist the pre
cross-section and angular distribution data by Elwynet al.
@20# up to 1 MeV on the one hand and the data by Engs
et al. @12,13# down to very low energies on the other. Due
systematic uncertainties up to 40% for part of the data
Engstleret al., these data had to be normalized by the a
thors to the data by Elwynet al. For our analysis it was
necessary to confirm this overall data set. Therefore we
formed a thin target measurement described below of
6Li( d,a)4He reaction for deuteron energies between 50 a
180 keV relevant for astrophysical applications. Our analy
then will show that the low-energy cross section for th
reaction is a sum of a direct mechanism component an
subthreshold resonance contribution. The evaluation of
resonance contribution allows to determine the astrophys
S factor at zero deuteron energy as well as the stellar reac
1517 © 1997 The American Physical Society
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rate, yielding an appropriate value for the electron screeni
energy.

II. EXPERIMENTAL PROCEDURE

The experimental setup is shown in Fig. 1. The magne
cally analyzed deuteron beam from the cascade accelera
was impinged on a thin6LiF target ~10 mg/cm2 on a 10
mg/cm2 carbon backing, corresponding to 2–3 keV deutero
energy loss! focused to a spot of about 2 mm in diameter
The 8.2 MeVa particles were detected by a 100-mm2 Can-
berra PIPS-detector being placed at an angle of 150° w
respect to the beam in 10-cm distance from the target. Sin
the experiment was designed to also check the possibility
detecting the recoil nuclei from the (d,n) and (d,p) reac-
tions for future experiments there was no protective foil i
front of the detector. To avoid pileups from elastically sca
tered deuterons we therefore used for spectroscopic purp
a fast timing amplifier connected to a stretcher~Ortec 542!
that adapted the pulse length for analog-to-digital convert
processing. The latter determined our pulse-pair resolution
be better than 100 ns. A typical spectrum obtained in th
present experiment is presented in Fig. 2. For a correct me

FIG. 1. Experimental setup.

FIG. 2. Charged particle spectrum measured atEd
lab5160 keV.

The peaks labeledp0 andp1 are from the6Li( d,p)7Li reaction and
7Li stands for the recoil nucleus. Thedd line corresponds to elastic
deuteron scattering.
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surement of the beam current it was necessary to take ca
deuterons~up to 50%! that have changed their charge sta
when traversing the target. Therefore the target was ele
cally connected to a surrounding cylinder box. The tr
beam current was the sum of the Faraday cup plus the
inder current~see Fig. 1!.

III. RESULTS

The measured cross sections for the6Li ~d,a)4He reaction
assuming an isotropic angular distribution for deuteron en
gies below 200 keV@20# were converted into astrophysica
S factors according to the relation

S~E!5Ec.m.s~E!exp~2ph!, ~1!

where 2ph531.29Z1Z2(m/Ec.m.)
1/2 is the Sommerfeld pa-

rameter (Z1 andZ2 are the charge number of the projecti
and the target nucleus, respectively,m is the reduced mass in
amu, andEc.m. the center-of-mass energy in keV!. Our re-
sults including all systematic errors amounting up to 10
mainly due to target thickness and beam energy uncertain
are presented in Fig. 3 together with the data from the ot
authors@12,13,20#. All measurements are in good agreeme
which confirms the consistency of the data set over
whole energy range. A strong increase of theS factors with
decreasing deuteron energy can be observed.

As in the case of the6Li( d,p)7Li and 6Li( d,n)7Be reac-
tions @18# we expect a significant contribution of a broa
21 subthreshold resonance in the low-energy region~below
60 keV the influence of the electron screening effect m
additionally be taken into consideration!. This s-wave reso-
nance, according to Ajzenberg-Selove@23#, has a rather large
width of 800 keV and lies 80 keV below the reaction thres
old. Other subthreshold resonances are not expected to
tribute significantly mainly because of their sma
a-particle partial widths or their unfavorableJp assignments
@23#.

In order to determine the resonance contribution we h
first calculated the direct reaction component in the frame
zero range DWBA with a conventional finite range para
eter of 0.65 and a nonlocality~local energy approxi-

FIG. 3. AstrophysicalS factors for the6Li( d,a)4He reaction
from the present work and from previous measurements@12,13,20#;
the data from Refs.@12,13# do not include systematic errors.
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55 1519SUBTHRESHOLD RESONANCE IN THE6Li( d,a)4He . . .
mation b50.54) parameter@24#. Two angular momentum
transfers were considered~l50,2! with the corresponding
spectroscopic factorsC2S51.032 and 0.087, respectivel
@22#. The optical model parameters for the deuteron chan
are from@25# and for thea-a channel from@26#. They are
listed in Table I together with the bound state parame
@27#. To get the zero range strength factorD0

2 the experimen-
tal angular distributions@20# for six deuteron energies be
tween 369 and 975 keV have been fitted by the express

~ds/dV!exp5D0
2~ds/dV!DWBA1sc , ~2!

where (ds/dV)DWBA is the theoretical angular distributio
for the direct component andsc a constant which reflects th
isotropic resonance contribution. The results are summar
in Table II and shown in Fig. 4. As is expected, the valu
for D0

2 are constant within errors, the weighted average be
D0
25(2.160.1) 103 MeV2 fm3. Subtracting the calculate

direct reaction contribution from the measuredS-factor val-
ues one gets the compound resonance component which
be fitted by a Lorentz curve (s-wave resonance!. The result
is presented in Fig. 5. With a fixed value of the resona
width G5800 keV the fitting procedure yields the resonan
energyER5(250620) keV. Only the experimental point
for deuteron energies greater than 60 keV have been ta
into account, since for smaller energies the electron scre
ing effect cannot be neglected~see Sec. IV!. In Fig. 6 the
DWBA calculation result for the direct component and t
sum curve of the direct component and the resonance co
bution describing the data are presented.

In summary we can conclude that the 21 subthreshold
resonance plays an important role for understanding the
citation function of the6Li( d,a) 4He reaction at low ener
gies. In Fig. 7 the total cross section for this reaction
shown. A comparison with theS-factor curves~Fig. 6! al-
lows us to state that a prominent structure in the cross sec
at deuteron energies around 600 keV is a result of the s
threshold resonance, the strength of which is shifted
higher deuteron energies due to the Coulomb penetration
fect.

The derived resonance energyER5(250620) keV
agrees with the valueER5(2100680) keV obtained from
the analysis of the6Li( d,p)7Li and 6Li( d,n)7Be reactions
@18# and confirms the importance of the resonance contr
tion for both stripping reactions.

TABLE I. Optical model and bound state parameters for
DWBA calculations.

Initial channel Final channel Bound state

V ~MeV! 2115 2132 fitted (270!
r V ~fm! 0.9 1.07 1.25
aV ~fm! 0.9 0.669 0.695
W ~MeV! 23.0
rW ~fm! 2.07
wW ~fm! 0.5
4WD ~MeV! 26.8
r D ~fm! 2.46
aD ~fm! 0.45
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IV. ELECTRON SCREENING EFFECT
AND STELLAR REACTION RATES

For astrophysical applications it is important to extrap
late the measuredS-factor values to zero deuteron energ
S(0). However, the direct experimental determination of th
value might be difficult because at very low energies,
measured cross sections do not represent the bare nucle
ues. The cross section is increased due to the screening e
arising from the electrons surrounding the target nuclei.
the simplest picture, the gain of electronic binding ener
~called screening energyUe) can be transferred to the rela
tive motion of the colliding nuclei which then penetrate t
Coulomb barrier with a slightly higher energyEeff5E1Ue
@10#. The enhancement of the cross section~or of the astro-
physicalS factor! is given using the relation

f5
s~E1Ue!

s~E!
5
S~E1Ue!

S~E!

E

E1Ue

exp@22ph~E1Ue!#

exp@22ph~E!#

'expFph~E!
Ue

E G , for Ue!E. ~3!

In an adiabatic limit, i.e., the electrons take the lowest ene
state of the combined projectile and target ‘‘molecular’’ sy
tem, the value for the screening energyUe can be calculated
from a static atom model. In the case of the lithium pl
hydrogen ion system it amounts to 186 eV@17# which is in
disagreement with the experimentally determined avera
value of 4206120 eV @12,13#. The latter has been obtaine
by fitting a polynomial expansion to the data together w
the exponential enhancement factor according to relation~3!.

In difference to works@12,13# we can use the knowledg
about the mechanism of the6Li( d,a)4He reaction to esti-
mate the experimental value of the screening energyUe . In
Sec. III we have determined the parameters of the subthr
old resonance and the strength factorD0

2 of the direct contri-
bution taking into account only the experimental cross s
tions at deuteron energies above 60 keV for which
electron screening effect can be neglected. The experime
S factors for energies below 60 keV@12,13# show a charac-
teristic increase due to the electron screening effect.

As is pointed out in the paper by Langankeet al. @28# the
experimental values of theS factors at such low energie
depend strongly on the stopping power needed for the de
mination of the effective projectile energy. The recently o
served deviation from the velocity proportionality of th
stopping power below about 15 keV for the H1He system
@29# resulting from the minimum energy transfer necess

TABLE II. Parameters of the fit to the angular distributions@20#
according to relation~2!.

Ed, lab @keV# D0
2 @103 MeV2 fm3# sc @mb#

975 2.160.2 1.5960.05
875 2.360.2 1.7060.05
773 1.960.3 1.9560.07
673 2.060.3 2.0460.09
570 1.760.4 2.0860.11
369 1.160.7 1.5660.15
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FIG. 4. Comparison between the experimental@20# and theoretical angular distributions for the6Li( d,a)4He reaction for deuteron
energies between 369 and 975 keV.
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for the electron capture by the projectile@30# reduced the
screening energy derived from experiment@28#. This is due
to the very high excitation energy for He. However, in t
case of other target materials, for which the excitation ene
is significantly smaller, the velocity proportionality shou
be valid also at lower energies~see@31# for alkaline metals!.
This is experimentally very well verified for many targ
materials down to about 10 keV~tables by Anderson and
Ziegler @32#!. So we assume that theS factors given by Eng-
stler et al. @12,13# down to about 20 keV need not to b
corrected with respect to the stopping power values.

A fit to the low-energy data using relation~3! and our
theoreticalS factors is presented as a solid line in Fig. 8.
leads to a value for the screening energy ofUe5130620
eV. This value is significantly smaller than the averag
valueUe53406110 eV obtained previously for the6Li1d
system in Refs.@12,13#. It means that our analysis of the da
based on the subthreshold resonance contribution yield
y

d

a
FIG. 5. Lorentz curve fit to the resonance part of the measu

S factors for the6Li( d,a)4He reaction.
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55 1521SUBTHRESHOLD RESONANCE IN THE6Li( d,a)4He . . .
stronger increase of the bare nucleiS factors than results
from the polynomial fit of Refs.@12,13#.

On the other hand, our experimental value of the scre
ing energy is even lower than the theoretical one of 186
minus about 22 eV due to the ionic binding of the LiF targ
This result agrees with recent dynamical approaches to
screening effect@33,34# according to which the screenin
energy depends strongly on the projectile energy. Its va
varies between the adiabatic approximation maximum li
for low energy and a sudden approximation minimum lim
for high energy. In the latter case the target electrons do
change their orbits during a collision and therefore the g
in electron binding energy corresponds only to an increas
a combined target nucleus charge which amounts to 114
~calculated according to the prescription given in@33#! for
the system of a deuteron plus6Li atom. The time dependen
Hartree-Fock calculations of Ref.@34# for the systems
d12H andd13He predict a smooth transition between t
sudden and adiabatic approximations at the intermediate
ergy region. The maximum value of the screening energy

FIG. 6. Comparison of the experimental and theoreticalS fac-
tors for the 6Li( d,a)4He reaction. The dashed line represents
DWBA calculation for the direct reaction component. The solid li
is theS factor predicted taking an additional resonance contribut
into account.

FIG. 7. Total cross sections for the6Li( d,a)4He reaction. The
description corresponds to that given for Fig. 6.
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these cases is achieved only at a beam energy of 20 k
Unfortunately, there are no comparable calculations for
Lithium atom.

Another consequence of the subthreshold resonance
tribution is a significantly larger value of theS factor at zero
deuteron energy. Our value amounts toS(0)523.062.0
MeV b compared with 17.4 MeVb from Refs.@12,13#. For
astrophysical applications it might be useful to parametr
the energy dependence of theS factor for a wide energy
range. Due to the resonance contribution we had to choo
special form of the parametrization for deuteron energies
to 1 MeV:

S~Ec.m.!5S~0!exp~24.83831023Ec.m.

11.358631026Ec.m.
2 ! ~4!

whereEc.m. is the center of mass energy in keV.
According to the standard prescription@35# we have cal-

culated numerically the stellar reaction rates which are p
sented in Fig. 9~solid curve!. The resulting curve can be

e

n

FIG. 8. Fit of the experimental cross-section enhancement fa
due to the electron screening effect. The dashed line represent
bare nucleiS factors corresponding to the solid line in Fig. 6.

FIG. 9. Stellar reaction rates for the6Li( d,a)4He reaction~solid
curve!. The dashed curve represents the contribution from the di
reaction component only.
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1522 55K. CZERSKI et al.
fitted with a usual polynomial expansion up to a temperat
of T953:

NA^sv&51.5131011T9
22/3exp~210.1116T9

21/3!

3~1.013.14T9
1/3210.44T9

2/3110.64T9

24.78T9
4/310.871T9

5/3!, ~5!

where T9 is the temperature in 109 K and NA^sv& is in
cm3 s21mol21.

V. CONCLUSIONS

The analysis of the angular distributions@20# and the
total cross sections~@20,12,13# and present work! of the
6Li( d,a)4He reaction indicates a strong contribution of t
s.
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e21 @Ex(
8Be!522.2 MeV# subthreshold resonance at lo

deuteron energies. This confirms similar results obtained
the study of the low-energy mirror reactions6Li( d,p)7Li
and 6Li( d,n)7Be published previously@18#. A prominent
structure observed in the cross section at deuteron ene
around 600 keV~Fig. 7! is a result of the resonance streng
shift to higher deuteron energies due to the Coulomb p
etration effect. The resonance contribution also leads t
significantly larger value for the bare nuclei astrophysicaS
factor at zero deuteron energy and consequently to a lo
value for the electron screening energy which now is som
what below its maximum limit corresponding to the adi
batic approximation of the atomic collision.

Using these results we have determined the stellar re
tion rates for the6Li( d,a)4He reaction for temperatures u
to T953.
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Schröder, E. Somorjai, B. Kirch, and K. Langanke, Phys. Le
B 279, 20 ~1992!.

@13# S. Engstler, G. Raimann, C. Angulo, U. Greife, C. Rolfs,
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