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Astrophysical reaction rates for %B(p,a)’'Be and 'B(p, a)®Be from a direct model
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The reactions'%B(p,a)'Be and''B(p,«)®Be are studied at thermonuclear energies using DWBA calcula-
tions. For both reactions, transitions to the ground states and first excited states are investigated. In the case of
10B(p,a) "Be, a resonance d,.c=10 keV can be consistently described in the potential model, thereby
allowing the extension of the astrophysicafactor data to very low energies. Strong interference with a
resonance at abo#,..=550 keV require a Breit-Wigner description of that resonance and the introduction of
an interference term for the reactidfB(p,a;)"Be*. Two isospinT=1 resonancefat E ;=149 keV and
E,.s = 619 keV) observed in thé'B-+p reactions necessitate Breit-Wigner resonance and interference terms to
fit the data of the'*B(p, «)®Be reactionS-factors and thermonuclear reaction rates are given for each reaction.
The present calculation is the first consistent parametrization for the transition to the ground states and first
excited states at low energid§0556-28136)03305-§

PACS numbses): 25.40.Hs, 24.10.Eq, 26.26f, 28.52.Cx

[. INTRODUCTION tion of the resonance and the reproduction of the most recent
data[12-14 at very low energies. The only available data
The determination of the astrophysic@lfactor of the measuring thex; contribution to theS factor are given in
reaction'B(p,«)’Be at thermonuclear energies is important Ref. [15].
in several respects. In the search for advanced fusion reaction The reaction*'B(p,a) ®Be has been measured below 1
fuels the reaction'B+p—®Be+a— 3« is discussed as a MeV [16,17] and most recently14]. It should be noted that
promising candidate for a relatively clean fusion figj2].  the effect of electron screenirid4] increases the very low
However, natural boron contains 19.798 which produces €N€rgy cross sc'acu,ons' CO.n_SIderany and thus has a major im-
"Be contaminations via thé®8(p,a)’Be reaction. There- pact on a reaction’s significance as a terrestrial fusion fuel.

fore, for a full understanding of the feasibility of boron as a
fusion fuel one has to consider the rate for the latter reaction II. METHOD

as well[3]. It is commonly accepted that nuclear reactions for ener-

The Importance of the'*B(p, ) Be reaction In astio-  gies apove about 20 MeV mainly proceed via a direct
physical scenarios results from the fact that it is the dominanf, . .hanism. For intermediate energies, however, distinct lev-
process for the destruction éfB. It was also claimed that it els of the compound system are populated, resulting in many
could be usefully incorporated in explaining the abundancegases in pronounced resonances in the excitation functions.
of boron isotopes including the present theory of spallative=or astrophysically relevant energies, typically sub-Coulomb
generation ofl elements[4,5]. Furthermore, in theoretical energies of a few keV or tens of keV, Compound mecha-
investigations of primordial abundances of elements, its rat@isms are often very important. However, direct transitions
has to be incorporated in the reaction networks employed iean also be important at stellar energies. For example, the
nucleosynthesis calculations for inhomogeneous big bangeactions of the p chains in the Sun are known to be mainly
scenariog6,7]. dominated by such direct mechanisfi8,19. Recent theo-

Experimental results for thé’B(p,a)’Be reaction at en- retical investigations of a number of sub-Coulomb transfer
ergies below 1 MeV are scarce. There have been measureeactions[20—-24 have also shown that they can be de-
ments of the'®B(p,ay)’Be cross sections with sometimes scribed by a direct reaction potential model like the distorted
inconsistent results in the energy ranges 220 kels,< 480 ~ wave Born approximatio(DWBA). Although “direct reac-
keV [8], 60 keV <E,< 180 keV[9], 70 keV <E,< 205 tion” is often used synonymously with “nonresonant,” the
keV [10], and, more recently, 120 ke E,< 480 keV/[4].

However, these measurements do not extend very far into the TABLE I. Spectroscopic factors fot’B=t+'Be.
region dominated by thd™=5/2* resonance E,=8.701 . —
MeV in YC[11]) which is of great importance for astrophys- J('Be) E ('Be) Par Fsr2 Fr
ics. In our calculations we therefore focused on the descripy, 1.1 MeV 0.0136 0.0037
3/2 0.0 MeV 0.0812 0.0706 0.2571
“Current address. %, is the excitation energy calculated from the shell mdaél.
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TABLE |l. Parameters of the optical and bound state potentials for the reat%&{p,«) "Be.

p+1B Real part: single-folding potential
A, = 1.326
ro =12 ff

Imaginary part: Woods-Saxon derivative potential
Wp = —15 keV,rp = 1.5 fm2ap = 0.5 fnf

a+Be Real part: double-folding potential
No = 1.7
ro = 1.69 fnf
Imaginary part: Woods-Saxon volume potential
W, = —4.6 MeV,ry = 1.4 fm?a, = 0.52 fnf

Bound state Double-folding potential
(t+7Be) D
re = 1.4 frf

8Taken from Ref[45].
®Calculated for the different separation energies corresponding to the different staBes[d7] (see text for
more information.

same potentials that describe the direct mechanism can givetripping using light projectiles and ejectildfor a<4 and

rise to resonances corresponding to energy levels in the=1 or x=3) is given in zero-range DWBA b}26,27]

projectile-target system. Such potential resonances are very

broad at energies above the Coulomb barrier and do not alter 4o papp kg 2Jg+ 12 c2y NU/sj(ﬁ) i

cross sections significantly within several kédf even a few dQ (27422 k, 2J,+15 ~ 71 2s+1

MeV). However, due to the Coulomb barrier they become

small at low energies, with typical widths of a few keV. A with the usual zero-range normalization constant

DWBA description of a resonance structure at thermonucleaN = 1/2aD§: 5.12<10° [28]. The spectroscopic factors

energies of a three-nucleon transfer reaction is give24ih 7, relevant for our calculations were taken fr¢28].

In the sub-Coulomb energy range of,@) reactions the Important for the success of our potential model is the fact

DWBA method has previously only been used to analyzehat the input data for the optical potentials can be taken

nonresonant parts of the excitation functigd,22. We  from realistic models, i.e., from semimicroscopic or micro-

want to emphasize, though, that it is possible to reproducecopic formalisms such as the folding-potential model, the

resonance features in a DWBA calculation. resonating group methd®GM), or the generator coordinate
For the results in this paper we utilized the zero-rangemethod(GCM). In this respect the potential model combines

DWBA code TETRA [25]. The differential cross section for the first-principles approach of a microscopic theory with the

the transfer reactioa+A—b+B with a—x=b, A+x=B flexibility of a phenomenological method.
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FIG. 2. Sfactor data of the reaction
10B8(p,ap)"Be in the range 0.04E.,,<0.15
MeV. The curve is the result of the DWBA cal-
culation. The experimental data are represented
by triangles[14] and by squaregl3].
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In this work we used the method of the folding potential butions were taken from Ref32] unless noted otherwise.
[23,30 to obtain the optical potentials in the entrance andFor the bound state potentiaksis fixed, since the known
exit channel as well as the potential for the bound state. Theinding energy of the transferred partiolg a triton, in 1B
folding potential is given by23] or !B, respectively, has to be reproduced.

" While ;[he resonant cross sectioor S factor) of
_ B(p,ag) ‘Be can be reproduced well by the DWBA alone,
UF(r)_)\f drAJ drapa(ra)pa(ra) an interfering resonance in%B(p,a;)’Be* and—due to
their unnatural parity—the resonances'B(p, «)®Be have
to be treated explicitly assuming, e.g., single-level Breit-
Wigner expressiongsee Sec. Il B.

XV(E,pA,pa,s=|r+ra—rA|). (2)

In this expression is the separation of the centers of mass of
the two nuclei in the channeb, andp, are the respective
nucleon densities and is the adjustable strength factor. The lll. RESULTS FOR 1%B(p,a)’Be
factor \ differs slightly from the value of 1 because it ac-
counts for the effects of antisymmetrization and the Pauli
principle. The effective\N N interactionV for the folding pro- At high energies the transition to the ground state of
cedure was of the DDM3Y typE31] and the density distri- 'Be (Q=1.15 MeV[33], binding energyE,;,= 18.67 MeV

A. The reaction °B(p,a,) 'Be

“B(p,a,)'Be’
10000 LI L L L O
1000 =
. FIG. 3. Sfactor data of the reaction
g ] 1%8(p,a;)"Be* in the energy rangé&, ,=<0.2
2 MeV. The experimental data are taken from Ref.
g 00 ey E [15]. Shown are the DWBA contributioftlotted,
5‘? e e e - §il§.i”. _____ 5o = the Breit-Wigner contribution(dasheg, and the
- §§§ . sum of the DWBA, Breit-Wigner, and interfer-
B 1 ence term(solid).
10 =
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TABLE IIl. Reaction rateNx(ov) of the reaction*®(p,@)  energy E,.c=0.01 MeV was #/2, thereby producing the
"Be in cn® s™" mol~*. The rate calculated with DWBA for bare ¢ \vave resonance previously suggesidtl The value of
nuclei is compared to values given in previous work. in the alpha channel remained an open parameter since there
are no elastic scattering data available for the unstable
nucleus’Be. The imaginary part of the potential in the pro-

Temperatur2 Caughlanet al®  Younet al® This work

0.002 0.20% 10~ 28 0.494x 10~ 26 ton channel is very small because there are no other channels
0.004 0.496¢ 1020 0.175< 10~ Y7 open at these low energies besides tpey] and (,«)

0.006 0.56K 1016 0.208< 10~ 13 channels. The complete set of optical parameters is given in
0.008 0.206¢ 1013 0.630<10-1t  Tablell. N _ .

0.010 012%10~ 1 0167 10-° 0.323<10~° For the transition to the first excited state oBe*

0.012 03110~  0.319<10-® 0.607x10~8 (Q=0.72 MeV) the optical potential in the proton channel
0.014 0.39K 102 0.326<10-7  0.605< 107 stays the same as for the ground state transition. We also

assume that the potential féBe* + «; can, to first order, be

0.016 0.31%10°8  0.217x10°°® 0.393x10°°© . .
0.018 0184107  0107x10°° o0.1gsx10°5  apProximated by the potential fdiBetag.
0.020 0836107 0.416<10-5 0.716<10-5 For “"B(p, ) ‘Be the resultlngS fgctors in the energy
0.025 0.17% 10-5 0.617¢10-*  0.102¢ 103 rangeE; m=<150 keV are shown in Figs. 1 ar_1d 2. The ex-
0.030 0174 10-* 0471X10-3  0.754¢ 103 perlment_al resu_lt$14] are well repr_oduced with theT reso-
0'035 0'109< 10-3 ) 0.369>< 10-2 nance width being about 15 keV, in agreement with other
0'040 0'49& 103 0.880¢ 102 0'13®< 10-1 measurementsl1,33. It should be n_oted that the calculated

: : o ' ' . energy dependence of tie factor is only valid for bare
0.045 0.17x10 0.406<10 nuclei. Due to electron screening, measurements to even
0.050 05310 %  0.687<10 ' 0.104<10° lower energies would not show the same Breit-Wigner-like
0.060 0.32K10 ' 0.324x10°  0.484x10° shape. The deviation of the experimental data at the two
0.070 0.13% 10° 0.110<10"  0.164x10* lowest measured energies in Fig. 1 is already due to screen-
0.080 0.43% 10° 0.301x10"  0.448<10' ing effects[14]. The calculated differential cross sections
0.090 0.118&10" 0.700<10"  0.104x10? show the same isotropic behaviour as can be seen in the data
0.100 0.27% 10* 0.144x102  0.214x10? of Ref.[13].
0.120 0.11x10? 0.468<10>  0.700<10?
0.140 0.34%10? 0.119x10°  0.179<10° B. The reaction °B(p, a;)'Be*
0.160 0.850 102 0.254¢10°  0.387x10° Using the same approach as described above we also cal-

3 3 3

8;28 g'gi 183 g‘ggi 183 gzgi 184 culated the cross sections for the transition to the first ex_cited
0'300 0'35& 10° 0.552>< 10 0‘89% 10 state at energiek; < ;50 keV. Interference effects with
0'400 0'149< 105 0'17% 105 0.302>< 105 other resonance(&espeually a proad 5{2 level a’g abput 550

: . s . 5 : 5 keV) were reported inl1l] at slightly higher projectile ener-
0.500 0.41x10 0.415<10 0.707<10 gies. In order to successfully reproduce the experimental data
0.600 0.89K10° 0.814<10°  0.134x10° [15] while keeping unchanged all of the parameters entering
0.700 0.16%10° 0.145<10°  0.219¢10° the DWBA computation, we had to include that 5/2evel
0.800 0.276¢10° 0.240<10°  0.324x10° in our calculation. This was achieved by a single-level Breit-
0.900 0.436x 10° 0.379<10°  0.442¢10° Wigner fit to the level at 550 keV and by finally calculating
1.000 0.63% 10° 0.571x10°  0.570x10° a total cross sectiofor S factor, respectivelyfrom the in-
Given in 10 K. terferenc_e of the Breit-\_Nigr)er and the DV_\/BA contributions.
®Calculated with the parametrization given in RéR9,40. The single-level Breit-Wigner formula is given §7]
‘Here we cite Ref[4]. 2J+1

o(E)=mh

[34] of the triton in the!’B nucleus was previously analyzed (23, +1)(2Jp+1)

by means of the DWBA methofB5]. For the transition to Ty (E),
the first excited state at sub-Coulomb energies, there has X(E—ER)2+[F (B2
only been a simplified DWBA calculation of the direct reac- tot
tion contribution to the cross section which considered only. i
the Coulomb potentid36]. To our knowledge, no calcula- | N€ quantitieslg, J,, andJg denote the total angular mo-
tion of the contribution of the transition to the ground state alrlrg)entum of the resonance, of the incoming proton and of the
sub-Coulomb energies has been performed so far. B target nucleus, respectively(E), is the energy depen-
The spectroscopic factors’,; are listed in Table I. For dent proton partial Wldth of the resonance with orbital angu-
the calculation of the folding potential in the "Be channel & momentunt, I', is the energy independent alpha partial
as well as for the bound state- (Be) the density distribution  Width, and'(E) is the total width of the resonance as
gf 7Li [32] was used instead of the unknown distribution of 91V€n by
Be.
In our calculation, the strength factar for the optical Lo BE)=TH(E)+T,. (4)
potential in the proton channel was adjusted in such a way
that the phase shift of the opticalwave at the resonance I', would be small and is neglected here. Due to the positive

()
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°B(p,a)"Be
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"% L - FIG. 4. Ratio of the reaction rate of
& 108(p, @) "Be obtained in this work to rate values
’g 10 |— — from Refs.[39,40.
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Ty
Q value it is sufficient to consider the energy dependence of Sot.a,(E) = Spwea(E) + Sgw(E)
only the proton partial widtd™,. This energy dependence '
can be described b37] —2[ Spwea(E)Sew(E)1Y?coss. (8)
1/2
The phase shiffs is given by[38
Fp(E>|=R—<—) P\(E, R, ) phase shifb is given by|3¢]
n\ M
ith th bil s=arct rﬁz(E_ER)) il 9)
with the penetrabilit =arctan —————| — =.
P Y To(E) | 2
1
P/(E,Ry)= (6) The totalS factors and the DWBA and Breit-Wigner con-

2 2
F(E,Rn)"+ G(E,Ry) tributions are shown in Fig. 3. Although the experimental
given in terms of the regular and irregular Coulomb wavedata[15] are quite well reproduced at higher energies, the
functionsF andG and the nuclear raditR, . For simplicity, agreement slightly worsens toward lower energies. The ex-

R, will be derived here from the Coulomb charge radiusPeriment seems to give a larger value for the width of the 10
(light ion conventiofx keV resonance. This is caused by the assumption that the

imaginary part of the optical potential in the proton channel
Ry=r AL, (7)  is the same as for the transition to the ground statéBH.

The dimensionless quanti® is the reduced proton width. TABLE V. Parameters of the optical and bound state potentials
The available experimental dafa1,15 were not suffi-  for the reaction*'B(p,a)®Be.
cient to yield an unambiguous fit within our calculation. A

small alpha width leads to a larger proton width and vicep+*'B Real part: single-folding potential
versa. For example, with a resonance energygQf=560 Ap = 0.81
keV we obtain the following pairs of alpha partial width and re = 1.29 fnf
proton reduced width:T',=0.1 keV, 6,=0.49, and
I' ,=500.0 keV, ,=0.01. We were not able to distinguish «+2Be Real part: double-folding potential
between the different sets in our chi square(Fowever, the A, =121
resonant ,y) cross sectionf1l] seems to favor a large ro = 1.55 fnfP
assumed to be small. Wy = —3 MeV, ry = 1.75 fm®®a, = 0.65 fif
Finally, we can write the energy dependé&htactor as
TABLE V. Spectroscopic factors fot'B=t+2Be. Bou;wd state Double-folgjmg potential
(t+°Be) A
— b
J(®Be)  E (°Be? P12 P32 Fsi2 Fai2 re = 1.5 ff
0 0.0 MeV 0.2632 #Taken from Ref[45].
. . b
2 3.4MeV 00001 04669 00618 0.0577 Averaged(see text

“Calculated for the different separation energies corresponding to
8, is the excitation energy calculated from the shell mdasl. the different states ofBe [47] (see text for more information
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TABLE VI. Results of the Breit-Wigner fits for the reaction

Actually, the imaginary part for ther; transition should be
1B(p,a)®Be.

slightly larger because more flux is going into agchannel
than into the relatively smalt,; channel which is included in :
the imaginary part used for the ground state transition. WitHeaction

Resonance 1 Resonance 2

a larger imaginary part the resonance width is increased. ThiﬁB(p ao)®Be 62=0.017
result is very sensitive to the depth of the imaginary optical ' I ":5 5 keV
potential; with an increase by only 50 keV the resonance “
structure is already flattened out completely. However, in
order to get an upper limit on the contribution of this transi- ;, 8o % - -
tion to the totalS factor we used the same optical potential as B(p.a,)"Be FHP:SO%SIZOV r @’2_9%650;1 v
for the ground state transition. a= 2.1 Ke a=eJ00 ke
The thermonuclear reaction r ov) is given in Table
(o) is g Ecm=148.5 ke\? Ecm=660 keV

lll, where N, is the Avogadro constant and the bracketed
quantity is the velocity averaged product of the cross sectiofyq fit parameter; value was taken from RES3].
and the relative velocity of the interacting partic[&¥]. In
Fig. 4 the ratio of the resulting rate at low temperatures to thg¢E, ,,=22-1100 keV. It is therefore justified to describe the
rate given in Ref[39] is shown. This rate remained un- reaction in terms of a quasistabfBe nucleus interacting
changed in a more recent compilatip#0] of reaction rates. with an « particle.
Since theE,.—=0.01 MeV resonance was not taken into ac- The S factor of 'B(p,a;)®Be* is dominated by two
count in[39], its rates differ considerably from our new val- T=1 resonances &, ,=149 keV (J"=2", orbital angular
ues in the corresponding temperature region. Our calculatiomomentumlz=1) and atE.,=619 keV J"=2", Ig=0)
shows that the contribution of the reactidfB(p,a;) ‘Be*  [33] in the 1C compound system. Due to its unnatural par-
is less than 103 of the rate for the ground state transition, ity, the E.,= 619 keV resonance would not be expected to
and that the compiled rates have to be revised. contribute to theS factor of the 1*B(p, a)®Be reaction. In
Ref.[33] the two resonances are quoted as plurel. With-
out at least a small admixture @f=0, however, these reso-
nances could not decay into tf8e + a channel. The con-
cept of isospin mixing has been thoroughly investigated and
understood for the 1 states; experiments with pion scatter-
Cross sections for this reaction were measured in Refing [41,42 show that several excitetfC states exhibit quite
[17] (o as well asa;) and recently to even lower energies considerable mixing. The two states in question would only
in Ref. [14] (sum of &g and a;). In the latter case, the,  be weakly excited in pion scattering and have not been ob-
S factor amounted to only about 1% of tlag value at en-  served, but it is plausible that all high-lyintfC states are
ergies below 500 keV. The reaction can proceed either via &ospin mixed43].
direct 3» breakup, or via a sequential decay involving the  Within the simple approach adopted here, the DWBA cal-
states of®Be. It was demonstrated ifl17] that the direct culation (T=0) gives the nonresonant contribution. The
3a breakup makes no significant contributiess than 5%  mostly T=1 resonances are reproduced by single-level
to the total cross section at all the energies investigate@reit-Wigner terms, and th&=0 admixture of the 619 keV

IV. THE REACTIONS B(p,a,)®Be AND 'B(p,a;)®Be*
A. Available data

“B(p,a)’Be

T T IIIIIII T T T T T T T]

1000

11 lII|lI'

FIG. 5. Sfactor data of the reactions
B(p,a;)®Be* and 'B(p,a,)®Be. Dashed

100
curves, nonresonant contributigbWBA); solid

IIIIII|

curves, contribution from the sum of DWBA,

S-factor [MeVb]

IIIII

-—;*;!‘I‘!‘———“

III|

Breit-Wigner, and interference terms. The data
are taken from Refs[17] (triangles and [14]
(circles.

Lol 10

-
o

100
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resonancelg=0) interferes with the mostly=0 direct part. TABLE VII. Reaction ratesN(ov) of the reaction''B(p,a)
The isospin mixing is accounted for implicitly in the Breit- ®Be* in cm®s™* mol™*. The rate calculated with DWBA is com-
Wigner approach via the decay width into thechannel. pared to values given in previous work.

Lacking an appropriate representation for the direct con= b :
tribution, Ref.[17] gives only a polynomial fit of thés fac-  Temperature Caughlaret al. This work
tor. In Ref.[14], the direct, nonresonant contribution is as- 4 oo 0.28% 10-27 0.197x 10-31
sumed to be energy independent, and the same formalism gf 0.715% 10~ 19 0.281x 10~ 19
a Breit-Wigner term plus an interference term is employed t 006 0.83% 10-15 0.613< 10-15
describe the cross section. In this work, the determination o 008 0.30% 10~ 12 0.383¢ 10~ 12
the direct contribution is based on a more basic calculationzn)'010 0'20& 10-10 0'255% 10-10
and the transition to the ground state is described with th%'012 0'48& 10-9 0'563)< 10-9
same set of parameters. 0.014 0.615 108 0,702 10-8

B. The calculation 0.016 0.50%« 10*; 0.582x 10*(73
0.018 0.29& 10~ 0.349<10~

TheQ value of this process ®=8.59 MeV[33], and the  0.020 0.136¢10°5 0.162< 1075
binding energy iEi,q=11.22 MeV[34]; the spectroscopic .025 0.286 10~ 4 0.345< 104
factors.””,; [29] including all constants are listed in Table ¢.030 0.29% 103 0.353x 103
V. 0.035 0.185 102 0.226x 102

The calculation was performed using®8e density dis- g a0 0.84% 102 0.104x10~1
tribution that was chosefd4] so that folding it with the ( g45 0.30K 101 0.377x 101
strength parametev, = 1.21 is fairly close to the preliminary  os0 057K 10° 0.708¢ 10°
result obtained for the triple-alpha reactipi]. 0.070 0.24% 10" 0.304% 10

The strength factox, in the proton channel was kept as a 0.808 10% 0.102x 102
free parameter, since there are no low energy elastic scatte6l090 0'22& 102 0'28& 102
ing data available suited for an optical potential fit. Differ- 0'100 0'55& 102 0.711>< 102
ential cross sections measured at one afijié confirm that ' ' 3 ' 3
elastic scattering below 400 keV in the center of mass 120 026K 103 0.33% 104
consistent with the Rutherford scattering law. 0.140 0.99& 104 0.123¢ 104

Due to the low energy in the proton channel both the0-160 0.29% 104 0.358x 104
imaginary potential and a real spin-orbit term can be ne0-180 0.71x 10 0.864x10
glected. In the alpha channel, a nonzero Woods-Saxof-200 0.156<10° 0.180<10°
imaginary part was usedthe geometry parameters were 0-300 0.15%10° 0.187x10°
roughly averaged between those for’Li and a-°Be, both ~ 0.400 0.55x10° 0.711x 10°
taken from Ref[45]). The complete set of optical parameters 0.500 0.138 10’ 0.183< 10’
is given in Table V. In first order, the optical potentials are0.600 0.29& 10’ 0.381x 10’
assumed to be identical for the reactions to #8@ ground  0.700 0.58& 10’ 0.689x 10’
state and to the first excited state. 0.800 0.10& 108 0.112x 108

Similarly to the approach fot’B(p,«;)’Be*, a sum of  0.900 0.17410° 0.167x 10°
Breit-Wigner terms and an interference term was used. The.000 0.264 108 0.233x 108

total S factor for the reaction to the first excited state of =——=
8Be* consists of the contributions by both resonance{G'Ven in 199 K.

[Sec {E) and S, {E) at E.,=149 keV andE,,=619  Here we cite Refl40].

keV, with orbital angular momentg=1 andlz=0, respec- )

tively], the nonresonant contributi® as calculated by the The totalS factor for the reaction to théBe ground state

DWBA, and an interference terfii4,38: consists of only theS-factor contributions of the lower en-
ergy resonancel g=1) and the nonresonant term as calcu-
Stot,al( E)=Sies {E) + Ses AE) + Snr(E) lated by the DWBA.

y For a value of\, almost identical to the one used for
—2[ SNR(E)Sres 4 E) ]V%cOSS. (100 19B(p,a)’Be, the Breit-Wigner terméincluding the energy
dependent proton partial widtlvere fitted to the experimen-

) , , . tal data of Refs[14,17. The values of¢,, I',, andEs,
Each resonance is described by a single-level Breit-Wignefesyiting from the fit are listed in Table VI.

term[Eg. (3)] with a fixed « partial widthI", and an energy
dependent proton partial width,(E) expressed in terms of
the penetrabilityP,(E) and the reduced proton width, .
The phase shifts is given by Eq.(9). The resultingS-factor curves are shown in Fig. 5. The
The interference term is between the nonresonant compalashed lines represent the nonresonant contribution of the
nent and thel =0 fraction of the 619 keV resonance which DWBA, while the full lines include the Breit-Wigner reso-
is determined by the Breit-Wigner fit. There is no interfer- nances. In the absence of an interference term for the reac-
ence with the 149 keV resonance since it has 1. tion to the ®Be ground state, the DWBA alone reproduces

C. Results
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the trend of the data points outside the resonance region. Fassumed in Ref.40] at low energies This clearly demon-

the reaction to the first excited state 8Be, the DWBA  strates that extrapolations from higher energies have to be
curve is in good overall agreement with the ad-hoc assumpdone very carefully to include the correct shape of the reso-
tion of a direct, non-resonant contribution made in R&d], nance.

with the exception of a decrease §{r with increasing en- For the transition to the first excited state iBe the in-
ergy. Note the pronounced enhancement of the low energierference effects with a 5/2level at about 550 keV have to
data points due to the effect of electron screeribg. be taken into account. This was achieved by including a

Due to the strong contribution of interference effects toBreit-Wigner term describing the resonance at 550 keV and
the a, S factor, one cannot hope to describe the angulaan interference term between the DWBA and Breit-Wigner
distributions with the DWBA. For theyy S factor, however, contributions. However, the cross sections of thetransi-
such a description seems to be reasonable outside the redimn are lower by several orders of magnitude than those of
nance. In Ref[14] no differential cross sections were mea- the « transition and therefore it does not contribute signifi-
sured. In Ref.[17] a few angular distribution curves are cantly to the final reaction rate.
available, but they tend to disagree with measurements pres- In the case of*'B(p,a)®Be the inclusion of an interfer-
ently carried ouf46]. The DWBA calculations favor Ref. ence term between single-level Breit-Wigner and DWBA
[46], but the exact shape of the angular distributions dependlso reproduces the data acceptably well. Systematic studies
crucially on the value\, of the protoni!B folding potential.  at higher energies are being carried out at prepéit

The reaction ratéNa(ov) of B(p,a;)®Be* is listed in
Table VII and compared to the values obtained from the
parametrization given in Ref40] (here, the contribution of ACKNOWLEDGMENTS
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