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The angular distribution of the reactifhi(d, «)*He at deuteron energies below 100 keV and the total cross
section as well as the angular distribution of the reactfi(d, p)*'B at energies below 350 keV have been
measured. Based on our experimental results and data of other authors, the reaction mechanism has been
studied in a wide energy range, relevant for astrophysical applications. It has been found that in both cases
broad resonances in the compound nuclei play the key role for the description of the excitation functions. The
long-standing problems of describing the angular distributions could be solved for both reactions by assuming
a coherent superposition between resonant and direct reaction amplitudes. A theoretical approach allowing for
coherent calculations has been developed. Some astrophysical implications are discussed.
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I. INTRODUCTION to an uncertainty as well in the absolute value of the cross

Nuclear reactions at projectile energies far below the Cou_sectlon as in the course of the excitation function. Here, we

. 0 would like to present a theoretical approach based on the
fgguzaerg?:haer?auis;alg/e(c)];eaasstirr?phisr:g‘?rlalgﬁﬁretsrt]'ei(r)(‘)’\;i\/:édistorted wave Born approximatigqipWBA) describing the
pidly gp Y, éirect part of the cross section and on a coherently added

tlors dOf nuclear reactions can expenmen.tlally be dett_arrhmme ontribution of the relevant compound nucleus resonances.
only down to a certain minimum projectile energy. There-gacq se of the theoretical complications connected with the

fore,_to obtain information ab_out the nuc_lea_r rates in astroggnerent superposition, in the past both contributions were
physical plasmas, the experimental excitation curves haV@suaIIy added incoherently.

generally to be extrapolated towards lower energies. The The importance of a coherent superposition of the direct
situation gets even more complicated at energies low enougdhd resonance contributions is particulary evident in
so that the electron screening effect, leading to an exponeRteuteron-induced reactions dihi. A few years ago we
tiallike enhancement of the cross section, contributes signifipointed out5] that both the cross sections and the branching
cantly [1]. Thus, the extrapolation procedure can be carriegatios of the mirror reaction®Li(d,p,)’Li and °Li(d,n,)'Be

out unambiguously only if the reaction mechanism is wellcan pe explained if an isospin-mixed resonance state, lying
known in a wide energy range. Here, we will study deuteronapout 80 keV below the reaction threshold, is included. Due
induced reactions ofiLi and B nuclei which, on the one o the domination of the direct reaction amplitude, the reso-
hand, are relevant for the primordial nucleosynthesis in inpance component could be added incoherently. The same
homogeneous scenarifg], but, on the other hand, are not resonance was found to contribute to fiué(d, )*He reac-

yet understood as far as the reaction mechanisms are coggp, [6]. However, under the assumption of incoherent super-
cerned. _ position of the reaction amplitudes, the angular distribution

In both reactions, the entrance channel threshold corrés thjs reaction could be described only by changing the sign
sponds to a hégh excitation energy In the compound nucleyt the imaginary part of the optical potential in the initial
(22.3 MeV for’Be and 25.2 MeV for“C). This means that channel. It was pointed out in R€f7] that the coherent ad-
even at very low projectile energies many reaction channelgjtion of the resonance amplitude can remove this ambiguity.
are open and the level densities in the compound niiBei |n the present work, supported by some experimental data,
and°C are relatively high. Therefore, microscopic reactiongetajled calculations of the cross section and angular distri-
theories, such as the resonating group th¢8r), generally  pytion for the reactiorfLi(d,a)*He performed within our
being very successful in the description of low-energy,nnroach, will be given, and consequences for the determi-
nuclear reactions on light nuclei, cannot be applied heréqation of the electron screening energy and the astrophysical
Within those theories, any truncation of the number of reacs t5ctor will be discussed.

tion channels or of excited states leads inevitably to @ not Thg theoretical description of the angular distribution and
predicable, imaginary scattering potential and consequently,o apsolute cross section of th8(d, p) !B reaction pro-

vides another long-standing problem. Already in 1973 it was
realized[8] that the angular distribution for the transitions to

*Electronic address: ruprecht@physik.TU-Berlin.DE the different final states of'B cannot be described in the
"Present address: TRIUMF, 4004 Wesbrook Mall, Vancouverframework of the standard DWBA theory for a wide deu-
B.C., V6T 2A3, Canada teron energy range. Additional contributions to the reaction
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amplitude, due to exchange terms and finite range correachannel, respectively. For definitions of the Gamma function
tions, were proposed. Furthermore, the absolute cross seEf) and the Coulomb function, sg&2]. The corresponding
tions measured by different groups differ from each other bycross section yields the well-known Lorentz formula.

a factor of 100. The low-energy measurements and the the- On the contrary, th& matrix for the direct contribution is
oretical calculations performed recenfly] do not change usually calculated by means thnsfervariables: orbital an-
this situation considerably. The correction to the optical pogular momentum transfér spin transfes, total angular mo-
tential in the initial channel, supposed to include the anti-mentum transfej. Computer codes for DWBA calculate re-
symmetrization effects, could properly describe the meaducedT matrices depending on the transfer variathesand
sured angular distribution for the ground-state transitionj. For a coherent superposition, DWBRmatrix elements
However, the presented experimental differential cross seanust be reordered frodisj} to {JLS representation. Unfor-
tion differs substantially from those measured by other autunately, phases are not uniformly defined by different au-
thors and from our experimental data achieved in the similathors, so theT matrix definitions have to be used carefully.
energy region[10]. In this paper, all measurements of the After the reordering process the resonance matrix elements
198(d, p)*'B reaction performed since 1954 for deuteron en-have to be added. Finally, LSJ matrices must be transformed
ergies below 3 MeV will be compared. It will be shown that to unpolarized differential cross sections via the well-known
the resulting excitation curve as well as the angular distriburelation found by Blatt and Biedenhafh3] (see alsd14]):

tion can be explained if the standard DWBA contribution

will be completed by a coherent superposition of the excita- B, = i% > (=) D i(La ‘_]fa‘]_,SaK)
tion of the giant dipole resonan¢&DR) and a giant quad- 4k§ |§I;§sasﬁ JLQLBICL;
rupole resonanc€GQR) as doorway states in the compound _

1 = T =J* fd o o
nucleus'“C. XZ(Lgd LB‘]’SBK)TﬁLﬁSﬁ,aLaSaT;LBSB,aLaSa’ (2

Before we present the results of our calculations for the
deuteron-induced reactions 6hi and 1°B, some details of where
the theoretical approach will be given in the next section. LTk
~ _ A A= L JR—
Z(L,JLJ,SK) = L)\JL)J( O” A O)W(LAJLXJ,SAK),
Il. THEORETICAL ASPECTS

The direct contribution to a nuclear reaction has been cal- with Ly =v2Ly +1, A = o 8.
culated within the DWBA model with the zero range ap- |, andl, are the spins of the projectile and the target nucleus.
proximation. Considering the accuracy of the experimentairhe round bracket denotes the Clebsch-Gordan coefficient,
data, this approximation is sufficient. Computer codes fofqre for the couplinga+L_a=K, andW is the Wigner coef-

DWBA usually give the results as reduced cross sections foficent B are Legendre polynomial coefficients of the differ-
each angular momentum transfer which is allowed by selec

. o éntial cross section
tion rules. However, for a coherent superposition, we need

the transition(T) matrix with the correct phase. Additionally, do

: . . . —=2,BkP , 3
direct and resonanc& matrices must be given in the same dQ % kPk(coso) )
representation.

The resonanc@ matrix TR is parametrized by the total at the reaction angl® in the c.m. system. We define the
angular momenturd of the compound level, the orbital an- anisotropy coefficients
gular momgnta_a, Lz and the spin§a, S; of the entrance A« = By/By. (4)
(a) and exit(B) channel, respectively. The energy depen- o
dence(here fora # B) is given by the Breit-Wigner formula All results presented here are expressed by these coefficients

(see, e.g.[11]) and the total cross sectier(E), represented by means of the
S factor, defined by
TR= - 266l pP Py (1) E
PaPET "L 12 +i(Eq- E) S(E) = o(B)E expy| 2. (5)

wherey,yz is the product of the reduced level width ampli- .

tudes,Eg is the resonance energy, afidis the total width. ~ The Gamow energ§ amounts to 13.3 MeV folLi+ dand
These are the free parameters in this model. The penetratiodd-0 MeV for'°B+d. To consider the electron screening, the
P are defined as IFE(P)‘*GE(p)], whereE and G are the S factor must be myltlplled by the screening enhancement
regular and irregular Coulomb functions dependent gon factor f(E). For projectile energies much Iarger than the
=kr, wherek denotes the wave number ands the distance ~Screening energy, a good approximation is given higee
between the reacting nuclei in the corresponding channelll)

The scattering phasesare defined a§.:0'|_(p)—¢|_(p), with o(E +U) p(l \/ET;U)
the Coulomb phase, (p)=argI'(1+L+i#) and the hardcore fE)=————=exp z\/ ——|.
phase ¢, (p)=arg G+iF). 7 is the Sommerfeld parameter. o(E) 2VEE
The penetration factors as well as the scattering phases have For numerical calculations the computer application Di-
to be calculated at the nuclear radius of the entrance and exitVan has been developed. The code for the direct contribu-

(6)
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tion is taken frombwuck4, written by Kunz[15,16. His
program, written irfFortran is able to calculate reduced cross
sections in DWBA zero range approximation with projectile
and ejectile being in any combination of spin 0, 1/2, and 1.
The code was integrated into DiwWan and extended by the
resonance contribution after transformation from {isg} to
the {LSJ representation as described above. DiWan calcu-
lates for a given energy range cross sections&fattors as Se e e
well as Legendre coefficients of the angular distribution. :
Both direct and resonance contribution can optionally be
combined coherently or incoherently. The resonance param-
eters, as given in Eq1l), and the strength of the direct con-
tribution, expressed by the zero range param@&rcan be
varied. The resulting excitation curves can be directly com-
pared with experimental data. Further details can be found in
[17)].

In the following sections we discuss the experimental FIG. 1. (Color onling The target chamber used for toe-°Li
data, partially completed by our own measurements, and théeaction.
oretical results for the two reactions.

cylinder

collimators

ticles, measurements only at backward angles are sufficient.
For current measurements and suppression of secondary
electrons, the target system was surrounded by a cylinder

As mentioned in the introduction, tH&i(d, @)*He reac-  with openings for the incoming beam and the ejectiles.
tion at low deuteron energies is dominated by a broad reso- Data were collected with a VERSAmodule Eurocard
nance[6]. The energy positioiEg corresponding to an exci- (VME) system and could be evaluated online. So the state of
tation energy oE,~22.2 MeV in the®Be compound system the target could be directly observed and changes of the tar-
lies about 80 keV below the reaction threshold. The totalget surfacge.g., the buildup of a carbon layer or sputtejing
width T is about 800 keMsee[18]) and the quantum num- could be noticed immediately by observing a decrease of the
bers are)™=2*. Because of the identical particles in the exit yield.
channel, only even anisotropy coefficients appear. In the fol-
lowing we only regard theé\, coefficient. B. Results and calculations

Accurate data exist both for the total cross sections and Qur experimentally determined anisotropy coefficients for
for the angular distributions down to 15 ke9-21.. Sur-  the 5i(d,«)*He reaction are presented in Table | and, to-
prisingly, aroundg, ,, =100 keV the anistropy coefficied,  gether with measurements from Refs9-21, depicted in
seems to change sign. To confirm and improve the accurag¥ig. 2. Obviously, A, increases with increasing energy.
of the data, we performed our own measurements in thig\\ound 50 keVA, tends to be negativéA,~—-0.05. This
energy region, using the following setup. anormal behavior was originally observed by Ré®0,21]

and was confirmed by our measurements with improved pre-
A. Experimental setup cision.

For the calculation of the direct contribution the zero

ange parametelbé for the d® d=«a cluster is needed. The

lIl. THE SLi(d,a)*He REACTION

Deuteron ions are generated in the high-frequency ior?
source of the 200 kV electrostatic Cockroft-Walton accelera-
tor. After extraction and acceleration, the ions are focused by
an electric quadrupole pair. The following analyzing magnetth
selects theD* beam component, which enters the target
chamber after a distance of 3 m in a vacuum of“1Pa.

TABLE I. A, coefficients for thé'Li(d, «)*He reactionES" is
e effective energy in the c.m. system.

Inside the chambefsee Fig. 1 two slits reduce the beam Ech [keV] Ao A Target

diameter to 5 mm. In early measureme(t998 thick tar- 21.89 0.1 0.1  1Qug/cn?, 2000
gets(100 ng/cn? LiF) were used. In a refined rge@surement 25.60 ~0.03 003  1@g/cr?, 2000
e e e e 31 0005 0025 gt 200
with a 3 mm hole on the front side a clearly defined beam 33.02 0.020 0.025  1pg/cn?, 2000
spot could be achieved. The 11 MeV alpha particles were 3673 0.033 0.008  1pg/cn?, 2000
background free detected by 100 m@anberra PIPS detec- 41.15 -0.015 0.015  10pg/cn?, 1998
tors(for energy spectra s¢6,17]). With a distance of 12 cm 58.96 -0.045 0.010  10@g/cn?, 1998
from the target to the detectors, the solid angle precision was  73.21 -0.057 0.008  10@pg/cn?, 1998
better than 5%. To reject elastically scattered deuterons the 7870 -0.040 0.010  10Qg/cn?, 1998
detectors were covered by aluminum foils. Due to the 90° g5 41 0.00 003  10@g/cn?, 1998

symmetry of the angular distribution of the identiealpar-
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FIG. 2. (Color onling Measured A, coefficient for the 0.6 ' ' ' = ' '
8Li(d, @)*He reaction in dependence on the deuteron energy in the
c.m. systen{logarithmic scalg r

D3 values used by different authors vary between 1 and
1000% 10* MeV? fm?, so we decided to use it as a free fit

parameter determining the overall strength of the direct con-
tribution. Additionally, the optical potentials are needed for

the reaction channels and the bound state. They are listed in ' "\\\\ rd
Table Il together with potentials used for the 1°B reaction _04l \\‘// i
(see Sec. IV B All potentials have the simple Saxon-Woods s . . . s .

0.01 0.02 0.05 0.1 0.2 0.5 1 2
shape Ec.m. MeV]

V(1) = Vit (xg) +iVig(x), FIG. 3. (Color onling Energy dependence of the calculated and

measureds factor (a) and anisotropy coefficier{b) for incoherent

whereg(x,) = df (x,) f(x,) = 1 “superposition”(D5=22x 10* MeV?fmq). The dashed line shows
" dx, Vo1+en’ the direct contribution only. The symbols used are the same as in
Fig. 2.
_r-r, AR
andx, = a (7)) experimantal data are the total resonance widtithe reso-

" nance energyEg, the product of the reduced width ampli-

The parameters are as defined by Ré&b]. The potential  tudesy,y; and the zero range paramef§.

given by Ref.[22] results from deuteron scattering 6fC, Figure 3 shows the results obtained for an incoherent ad-

but can be well applied for other light nuclei. The influencedition of the direct and resonance contributions. While the

of spin-orbit terms has been tested to be negligible. Thestrophysicals factor fits the data points very well, the an-

spectroscopic factors of the deuteron within fhénucleus  isotropy coefficientA, doesn't bear any resemblance to the

were taken from Ref[25]. measurements. Obviously, the incoherent method is not ap-
Theoretically, a resonance state of a compound nucleus fslicable to describe the angular distribution.

determined by the reduced width amplitudes for all channels, In Fig. 4 the same data are shown together witiolaerent

orbital momenta. and total spinsS. Assuming that mainly  superposition of the reaction amplitudes. The resonance pa-

the s wave contributes to the entrance chandefLi, then  rameters andj have been adjusted visually to best fit the

only the combinatiodL ,,S,}={0,2} is possible to reach the experimental S factor and angular distribution

2* resonance state. For the exit chanagla only {Lg. Sgt simultaneously—an automatic fit procedure is not yet pro-

={2,0} is possible. Altogether, the parameters used to fit thevided by the code. Because of a relatively large resonance

TABLE II. Optical potentials used for th&Li(d, «)*He and'°B(d,p)*'B calculationsE is the energy in
the c.m. system. The depths for the bound stdte¥He andn+1°B are only used as starting values for the
program. Their imaginary parts are not used.

Potential Ref. Vgr/MeV rg/fm ar/MeV  V,/MeV r/fm a,/fm
d+6Li, *He, orl®B [22] -115 0.9 0.9 26+1.3 2.48-0.0036 0.45
a+*He [23] -117 1.14 0.6 -1 1.14 0.6
p+11B [24] -63.4+0.F 1.15-0.00E 057 3.64+25E =Ry 0.5
n+1%B [24] -60+0.F " " 2.56E : "
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30

TABLE IIl. Experimental data sets for th#B(d, py) reaction
and the applied renormalization factors
25+ B
201 ] E. . Range Absolute Renormalization
g Reference [MeV] Uncertainty Factor
2 5] b
5 Burke 1954[28]  0.59-1.53 30% 0.12
® 101 ] Paris 195429] 0.13-0.57 10% 1
Marion 1956[30] 0.74-2.51 15% 3.13
> ] Arena 1972[34] 0.58-2.08 10% 3.81
g Arena 1977[35] 0.83-1.67 10% 4.05
o1 g Yan 1997[9] 0.07-0.14 10% 1
This work 2001 0.10-0.28 10% 1
05 ' ' ' ' ' ' [10,39
0.4+ E
0.31 1 ing the Trojan Horse metho[®6,27. Obviously, our lower
o ] screening energy is due to the influence of the subthreshold
py resonance, which is not taken into account by Rgf8,21].
0.1+

] The high screening values obtained by Rgf36,27 are
I o2 A based mainly on twe factor values at the lowest energies
ir which seem to be systematically underestimated compared to
] Refs.[20,2]] and our own measuremerits).
03 . . . . . . Concerning theA, curve, the measured data are now in
01 00z 005 01 02 05 12 very good agreement with the coherent superposition calcu-
Fom. eV lations. This is a remarkable result because the interference

FIG. 4. (Color onling Energy dependence of the calculated and €ffect can hardly be seen in the total cross sectidgfactor,
measuredS factor (a) and anisotropy coefficientb) for coherent but rather in the angular distribution. Although a variation of
superposition. The dashed curve(& corresponds to a screening the fit parameters can produce a nega#lygsee[7]) in the
potential ofU=190 eV. The symbols used are the same as in Fig. 2region 50—100 keV, the curve shown here has only nearly

zero values in this region. We decided for the latter choice of
width, it was possible to fit both reaction contributions for Parameters because the ovefiactor as well as\, data are

deuteron energies larger than 50 keV, where the enhanc8tted best by this set.

ment of the cross section due to the screening effect can be

neglected. The adjusted values of parameters are as follows: IV. THE '9B(d,po)*'B REACTION

D2=1.0x 10* MeV2fm3, Er=-0.08 MeV, I'=0.56 MeV, ) o ]

is of the same order of magnitude as that used(thp)  €nergy of 25.19 MeV for thel+'%B system corresponds to
reactions(1.55x 10* MeV2fmd), an excitation energy if’C where the level density is rela-

tively high. It is also the region where giant resonances are
expected. Before theoretical calculations were performed the

. . ) reevaluation of existing experimental data was a major task
Both coherent and incohere8tfactor calculations fit the a5 explained in the following section.

measured data very well. Only at very low energiestice

the logarithmic scalethe curves differ from each other and
from the experimental data. The enhancement of the experi-
mentalS factors can be explained by the electron screening A lot of experimental data fod+B reactions exists for
effect. According to Eq(6) we can determine, for the coher- energies down t&,,,=36 keV[9,28—37. While the angular

ent calculation, theS factor at zero deuteron energ¥0)  distributions measured by different authors are mostly in
=23+2.5 MeV b and the screening energy=190+50 eV.  good agreement, there exists a problem of absolute values of
The small absolute error &(0) mainly arises from the pre- the cross section, varying by a factor up to(36e Table Il).

cise measurement of Elwyat al. [19]. The value of the The authors have no explanations for these deviations. Nev-
screening energy is in agreement with the upper limit of theertheless, excitation curves obtained from different authors
adiabatic estimation 186 eV. The largdd values of have similar shapes in overlapping energy regions. There-
380+250 eV for solid targets and 330+120 eV for gaseoudore, we consider it justified to renormalize the data sets, so
targets, and consequently the lower value &f0) that the absolute values are similar in the overlapping re-
=16+3 MeV b, published by Engstlet al. [20,21], rely on  gions. As reference set we decided for the data of P28k

an extrapolation by a polynomial fit only. Similar large because they were in best agreement with the other measure-
screening energi€820+50 have recently been obtained us- ments.

0.0+

-0.1+

C. Discussion

A. Experimental data
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FIG. 6. (Color onling S factor for the!’B(d,po)''B reaction.
The dashed line shows the direct contribution only.

Some data sets were presented by authors as differential _ . . . L
cross sections for three or four angles at many projectiléeacuon’ being isotropic n the ce_nter-_of-mass system
energieq28,30,34. Other authors measured a precise angugc'm's)’ was used for a _SO“d a_ngle callbratlon at all scatter-
lar distribution for only a few energig€8-31,33,35 Some- N9 a”gl‘if' The resulting anisotropy coefficients for the
times the measured data were presented more complicatec?(_d-po) B reaction at t_he c.m. energies 137 and 254 key
(see[29]) or were normalized to other data. Therefore, weare in good agreement with data from Paris but disagree with
had to carry out a reevaluation of every data set to olfain results of Yaret al. [9] (see Fig. J. Contrary to us, Yaet al.
factors and anistropy coefficients. TI® factors deduced used silicon surface barrier detectors and thick targets, lim-
from the experimental data presented here had to be renditing the minimum scattering angle to 60°.
malized. The renormalization factors are listed in Table Ill.  The absolute cross sections were determined using a thick

As can be seen in Fig. 6, ti&factor data give a relatively boron target100 ug/cn¥) on a Ta backing and measuring
consistent picture. There is an overall increase oSfector  the thick-target yield at the single backward angle of 135°.
with decreasing energy and a broad resonanceE@t — The thick-target yield was corrected for the observed angular
=1.4 MeV. Additionally, a double resonance structure at

FIG. 5. Particle telescope spectrum for 1B +d reactions.

1.0

Eap=1500 keV is visible. A similar resonance structure in the S @ '
corresponding excitation energy region was also found in the 0.8f
photoreactions?C(y, p)*'B and*°C(y,n)*'C [40]. al
At low energies relevant for astrophysical applications, 04l
the absoluteS factors and angular distribution have been ’
recently measured by Yaet al. [9]. Whereas theS factor < 02r
values agree with those of Paris very well, the anisotropy 0.0

coefficient of the angular distributioA; has the opposite
sign compared to the results of Paris.

In our experiment, we measured angular distributions and
the astrophysicab factors at the c.m. energies between 100
and 300 keV, which enabled us to check the overall normal-
ization of the absolute cross section and clarify the devia-
tions in the angular distribution. As previously described
[10,38, the experiment was performed with the 360 kV elec-
trostatic accelerator at the Technical University Berlin. In
order to resolve different proton and alpha exit channels, we
used a particle-telescope system consisting of a Airde-
tector of 15um thickness and a total ener@ydetector with
a thickness of 50um and an active area of 50 mMmA
typical dual-parameter energy spectrum is presented in Fig.
5. Since the range of protons from the ground-state transition
was larger than the thickness of tRedetector, the corre-
sponding spectral line is characteristically broadened and
shifted towards lower energies. The distance between the de-
tector and the target amounted to 52+2 mm.

Angular distribution measurements were carried out at 15 FiG. 7. (Color onling Anisotropy coefficients; () andA, (b)
different angles between 15° and 130° with a tHiB target  for the 108(d, py)1'B reaction. The dashed line shows the direct
(30 wg/cn?) on Al backing (30 ng/cnv); both layers were  contribution only. The symbols used are the same as in Fig. 6. For
enclosed by a thin carbon foil0 ug/cn?). The!®B(d,3a)  reasons of clarity, error bars10% are omitted.

Ec.m. [MeV]
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distribution and for the oxygen contamination of the target,normalized to Pari$29], which is in very good agreement
determined by energy-dispersive x-ray microspectroscopyith the low-energy results of Yaet al. [9] and of the
(EDX). The effective projectile energy within the target was present work. The experimental angular distributions, ex-
evaluated taking into account a strong energy dependence pfessed byA; andA,, also appear to be consistent for ener-
the cross sectiof38,39. The resultingS factors are in good gies up to 3 MeV. The strength of the fitted direct reaction
agreement with other low-energy measurements frometan contribution provides an additional argument for the reliabil-
al. and Paris. The deviations in the angular distribution dedity of the absoluteS factors and the applicability of our the-
termined by Yanet al. do not affect theirS factor values oretical model. In fact, no change of the standard value of the
because the yield measurements were performed at 9@%ro range parametd3 was necessary. Consequently, we
where the differential yield approximately reaches its mearcan estimate the value of tt&factor at the deuteron energy
value. zero, being important for astrophysical applications, to about
S(0)=27+3 MeV b.

B. Calculations The excitation function of thé’B(d,py)*'B reaction is
eglearly dominated by three"Iresonances. Since their posi-
fions, widths, and relative strengths correspond to those ob-

relevant for this energy region ad=1"(see[18]) and iso- &erved in photoreactiog0] on 1°C, they can be interpreted

spin T=1. They can be regarded as part of a fragmente .
GDR of the'2C nucleus as shown in the results obtained for®> P&t of the fragmented GDR in the compound nuc’ré@.s
photoreactiong4q]. In that work, also an isospii=0 ad- The experimentalS factor values could also be described

mixture of 10% was determined, which allows for excitation V.Vith an incoherent calculation, but the simultaneous descrip-

of the GDR in the initial channal+°B. The orbital angular tion of A,(E) as well asA,(E) failed. As can be seen in Fig.

momentum of the initial channel is restricted to 1 or 3, While7_’ the direct contribution cannot explain the angular distribu-

the sping1* and 3, respectively couple to a minimum of 2. ]E|0n. Ahn mcohe_rent CallIZUIatK?: evhen increases thg_dew?tlﬁn
In the exit channel more combinations are possible. We del©o™ the experimental data. A coherent superposition of the

cided for the values with the lowekt {L 5, Sg}={0, 1}, which three T resonances mentioned _above yield§(£) and
shows the strongest interference effect in Aecoefficient; A5(E) curve qualitatively reproducing the experimental data.

calculations with other quantum numbers yield no better reHowever, thety (E) curve can only be explained with a small
sults. However, the energy dependence of Aheoefficient contribution of the 2 resonance, which also has been ob-
could not be described well by only the GDR contribution. It SéTved by Refl41] and interpreted as a being part of a GQR.
was necessary to include a small @sonance contribution /S stated before, the excitation of the GDR in te
to obtain the final results shown in Figs. 6 and 7. This con-+" B System is only possible due to an isospin impurity
tribution can be considered as part of a giant quadrupoldhich can be caused by an internal isospin mixing. The elec-
resonance. Investigations of inelastic proton scattering offomagnetic interaction leads to a mixing of closely lying
12C [41] pointed to a large quadrupole strength as a doorwa?tates of a similar internal structure having the same spin and
state in the energy region of interest. For the two |OW_|yingparity but differing in isospin by one unit. This effect can be
resonances we suppose that they have similar total and réaused by two resonances: one with a large proton and a
duced partial widthgsee Sec. IV ¢ small neutron width and the other witmap branching ratio

The description of the experimental data for ®éactor ~ tUrned aroundsee[S]). Indeed, the “twin” resonances at
as well as for the angular distribution shown in Figs. 6 and 70-38 and 0.61 MeV have the same quantum numbers and
could be obtained simultaneously including the following nearly the same energy. Also the proton-to-neutron ratio fluc-
resonances: tuation has been observed in photoreactipt. Addition-

() Two narrow I resonances atEx=0.380 and ally. a strong suppression of theB(d, pp) " 'B/*B(d,ny)*'C
0.610 MeV with y,75=0.15 and 0.14 MeV, respectively, ratio on the low-energy side of the resonances has been mea-

As far as is known, quantum numbers of the resonanc

and a total width of"=0.366 MeV sured by Ref[43]. Finally, in contradiction to Ref{9], the
(i) A broad I resonance atEg=1.61MeV, v,y; theoretical model presented here favors the positive value of
=-0.567 MeV and'=1.24 MeV. the A, coefficient for very low energie@ee also end of Sec.

(i) A broad 2 resonance atEr=1.355MeV, v,y, IV AandFig. 7.
=0.0642 MeV and'=0.710 MeV.
The zero range parameter was fixed to the usual value for
(d,p) reactions, i.e.p2=1.55x 10* MeV fm3 and the spec- V. CONCLUSIONS

troscopic factor was taken from R¢#2]. The optical poten- The calculations presented here show that interference be-

tials for the proton and neutron are derived from Watgt) . . )
P tween compound nucleus and direct reaction amplitudes can

and were used unchanged as given in Table 1l and(Eq. ave a strong effect on the cross sections and angular distri-
The resulting curves are shown in Figs. 6 and 7, togetheIP 9 9

. : : butions, while an incoherent calculation cannot explain the
with Iculation performed without any resonances. ’ . . !
a calculation performed out any resonances measured data. The higher effort that is necessary in the cal-

culations due to the different angular momentum presenta-

tion of both models is recompensed by good fits of the ex-
The S factor data measured by different authors and dif-perimental data, simultaneously for t8éactor as well as for

fering by a factor of up to 30, give a consistent curve whenthe angular distribution over a wide energy range. No change

C. Discussion
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of the standard optical potentials is necessary and the stabution could be fitted very well by applying a coherent su-
dard DWBA method is fully sufficient. perposition of direct and resonance amplitudes, whereby a
" App'Yifl]lg this method to the °Li(d,a)*He and  small contribution of the giant quadrupole resonance at the
B(d,po) B reactions, some physical effects become vis-c.m. energy of 1.36 MeV was additionally needed to de-
ible. For the®Li(d, a)*He reaction one single, subthreshold scribe theA, anisotropy coefficient.
2" resonance is appropriate to describe all experimental data | general, due to the low amount of deuterga™ of
and a screening value of 190+50 eV can be derived. Afne amount of protonsin the standard homogeneous Big
interesting point here is the strong interference at high enerBang nucleosonthesi®BN) model, deuteron-induced reac-
gies dominating the angular distribution far outside the reso:. ) T )
11 . tions do not play an important role in astrophysical network
nance range. For th¥B(d,po)''B reaction an aspect dealt lculati ¥ h 881 the 9B(d.n)LC
here concerns long-standing differences of the total cros&? cu.atlons. . owever, h?és shown [ ], ,t € +( N
section as well as the angular distribution investigated bySaction contributes to theB production via thes™ decay of
different groups in the last 50 years. After the reevaluation © alfge_r the BBN. For a baryon—toiﬁ)hoton ratio gf=2
and renormalization of high-energy data, one obtains a con 10 it can contribute=10% to the "8 production. The
sistentS factor curve, being also in agreement with low- ~ B(d,n)~°C reaction rate can be estimated by the mirror
energy values of Yaet al. [9] and of the present work. We reaction *°B(d,pp)"'B investigated here. A more precise
argue that the strong resonance structures visible inSthe analysis has to consider the mentioned isospin mixture,
factor are part of the fragmented giant dipole resonance, olwhich will be a future task.
served previously in the photoreactions 66 [40]. The ex- Finally, the results of an analysis of the cosmic micro-
citation of the giant dipole resonance in the deuteron-inducewave background radiatiof#4] predict a baryon-to-photon
reaction on'°B is possible only due to its significant isospin ratio being slightly larger than the ratio obtained within the
impurity [40]. Consequently, two resonances lying at c.m.standard BBN mode[45]. Therefore, the inhomogeneous
energies of 0.38 and 0.61 MeV can be interpreted as a dounucleosynthesis models for which deuteron-induced reac-
blet of isospin mixed states. The experimental angular distritions have a much larger impact still remain important.
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