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Cross sections for th&Li(p,v)"Be, Li(n,y)Li ®Li(n,~)°Li and 8Li(p,7)°Be capture reactions have been investigated in the framework of

the potential model. The main ingredients of the potential model are the potentials used to generate the continuum and bound-state wavi
functions and spectroscopic factors of the corresponding bound systems. The spectroscopic factord fayntHtLi s, 8Lion="Li,.

bound systems were obtained from a FR-DWBA analysis of neutron transfer reactions indutldddnjioactive beam on aBe target,

while spetroscopic factor for thtLi®p="Be,s; bound system were obained from a proton transfer reaction. From the obtained capture
reaction cross section, reaction rate for $hé(n,~)°Li and ®Li(p,~)°Be direct neutron and proton capture were determined and compared

with other experimental and calculated values.

Keywords:Capture reactions; transfer reactions; spectroscopic factors.

Se hace un estudio de las secciones eficaces de las reacciones de capfiligmayaBe, “Li(n,~)5Li, 8Li(n,7)°Liy 8Li(p,~)°Be en el

marco de un modelo de potencial. Los principales ingredientes de este modelo son los potenciales usados para generar las funciones «
onda del continuo y para los estados ligaddscamo los factores espectragicos de los sistemas ligados correspondientes. Los factores
espectrosapicos de los sistemas ligados patazn="Li s, *Li®n="Li,, fueron obtenidos del d@tisis con FR-DWBA de la transferencia de

un neutbn del proyectil radiactiviLi a un ricleo de’Be, mientras que para el sistema ligddloop="Be,, los factores espectragicos

se obtuvieron de atisis de la transferencia de un prot De las secciones eficaces de reacciones de captura obtenidas, se determinaron las
razones de readmn de captura directa y se compararon con otros valores calculados y experimentales.

Descriptores:Reacciones de captura; reacciones de transferencia; factores esppatossc

PACS: 25.60.Je; 25.40.Lw; 25.70.Hi

1. Introduction forward. Careful and accurate account of physically relevant
information has to be considered in the description of the re-
It is very important for the astrophysics to know the reac-aCtlon beforg the ext_rapolanon IS p_erforme(_j. The description

of the reaction requires not only information on the struc-

tion rate of a specific reaction at th&amow Peak For i fth lei involved but al | derstandi f
light-nuclei nucleosynthesis, in many astrophysical environ~_'€ OF the nuclel Involved but aiso a clear understanding o

ments the energy of tHt@amow Pealks very low, in the range :Eh? rreactl?nnmrechanls?. nln(ijr:relc':jm?hcgs tlo r(rjlitzirmlnei Ct?pr;
of few tens to at most hundreds of keVs. For many light- ure reaction cross sections inciude the .oulo ssociatio

. . . . ._method, which corresponds to the inverse temporal reaction
nuclei nucleosynthesis reactions, experimental cross sectio p P

at these very low energies are not often measurable; eithé) the capture, the reduced-width or ANC (Asymptotic Nor-

because the cross sections are too small or because the Comallzatmn Coefficient) method and potential model, where

bination of target+beam is not possible. A typical case is théhetila;terntmo ?18?1 trransrte;treafttloptshas a ¥v::1y rto gzt r|1nfc;r-
8Li(n,v)°Li capture reaction where direct measurement is nofhation on the non-resonant part ot the capture reaction pro

possible because fbi or neutron target exist. For such case, CEess. T.his.Wi” be explained in more (_jetail in the next s_ection.
the cross sections of the capture reaction have to be obtainéréi1 ese |nfj|rect methods are very suitable to be used in asso-
by indirect methods. Also, where low energy measurementg'atIon with low-energy radioactive nuclear beams.

are not possible , extrapolation from higher energies and/or In this work, we report the results obtained for the non-
indirect methods to determine the cross sections are usualhgsonant part of the neutron and proton capture reactions

adopted. Extrapolation from higher energy data is not straigtiof light nuclei; °Li(p,v)"Be, “Li(n,~)5Li, 8Li(n,~)°Li and
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8Li(p,7)?Be in the framework of the potential model. The tential model, it is necessary to calculate the overlap function
results for the neutron capture reactions has been publishedso taking into account the internal part of the nuclear po-
elsewhere [1], while the results for th&i(p,7)°Be proton  tential, bo.,q=S'/? x ®(r). Here,S'/? is the spectroscopic
capture reaction are still preliminary. amplitude andb(r) is the wave-function which describes the
Neutron and proton capture reactions involving light ra-bound state. Also, in the ANC method, the wave function of
dioactive nuclei such a&.i and 8B have been found to be the incoming nuclei in the continuung,.,;, is assumed to
important in astrophysical environments such as the inhobe due only due to the Coulomb potential. This assumption
mogeneous model for big-bang nucleosynthesis [2], the inimay only be true for a very peripheral capture reaction. In the
tial stage of Type Il supernovae [3], and nucleosynhtesis irpotential model, the continuum wave functiaf..;, has to
massive stars [4]. The inhomogeneous model for big-bangye calculated with a potential which includes also the nuclear
nucleosynthesis [2] has been proposed as a possible way itteraction. Thus, the essential ingredients in the potential
produce higher mass abundances fordAnuclei which are  model are the potentials used to generate the wave functions
not well predicted by the standard big-bang model. In thisy,..; andIy,..q, @and the normalization for the latter which
model, short-lived isotopes such &s and ®B play an im- s given by its spectroscopic factor. This potential model, has
portant role in the subsequent synthesis of heavier elementsecently been applied in the analysis of ti@®(d,p)'”O and
Neutron and proton capture reactions involvitigmay also  '60(d,n)'"F transfer reactions to determine the correspond-
be important in initial stage of the Type-Il supernovae [3],ing **O(pn)*"F,s, 150(pn)*"F15 and®O(n;y)170O,, astro-
where they can produce seed nuclei for the r-process. Alsghysical direct capture cross sections [8].
in a very high neutron density environment, neutron-induced Based on the potential model, the direct radiative capture
three-particle interactions can be an alternative way to syn(DRC) of ans- and/ord-wave nucleon (proton or neutron)
thesize!'2C via the3Li produced in the reaction sequence by a nucleus, proceeding via E1 transition and leaving the
1He(2n;)%He(2n¢)3He(3)8Li [4]. In supermassive stars, compound nucleusin its ground state, is given by:

i.e, the first stars in the universe with high proton density and 16
71'

very low metalicity, alternatives ways to synthesiZ€ are oyt e(n,) = == k3| (scat |07  Toouna) s (1)

the reaction sequencé8e(p:)*B(a,p)'' C(p)'2N(B)12C 9h

and "Be(p:)°B(p,7)?Cle,p)'*N(3)'*C. In both sequences, wherek, = e, /hc is the wave number corresponding to a

radioactive’B nuclei can play a crucial role. ~y-ray energye,, OF! stands for the electric dipole opera-
tor and the initial-state wave functiap,..; is the incoming

2. The potential model nucleon wave function scattered by the nucleon-nucleus po-
tential. Here the effective charge for the neutrons used in the

The potential model as well as ANC (Asymptotic Normal- electric dipole operator is given by.;s = —eZ/A, where

ization Coefficient) are indirect methods to obtain the crossd and Z are the atomic mass and charge of the compound
section for direct capture reactions. The idea of the ANCnucleus.

method is to use transfer reactions such as (d,p) or (d,n) reac- In the low energy region of astrophysical relevance,
tions, in inverse kinematics, to extract the “asymptotic wavethe non-resonant part of théLi(p,y)"Be, 7Li(n,v)8Li,
functions normalization coefficients” that can be related to®Li(p,v)°Be and®Li(n,v)°Li capture reactions is dominated
the capture cross section. The relation between the trangy the E1 radiative capture of artwave nucleon, or a-

fer and capture reactions is given by the fact thatAdéC,  wave nucleon for energies above 1.0 MeV. To calculate the
which normalize the cross sections for the non-resonant parton-resonant part of these capture reactions in the framework
of the capture reaction, is obtained from peripheral transfeof the potential model we used the computer code RADCAP
reactions whose amplitudes contain the same overlap funcleveloped by Bertulani [9].

tion as the amplitude of the corresponding capture reaction In Table | we list all the parameters of the potentials used
of interest [5]. Therefore, thelNC method is based on to generate the incoming and bound wave functions. All the
the assumption that capture reactions at stellar energies uspetentials were assumed to be a Woods-Saxon shape with
ally proceed through the tail of the nuclear overlap func-geometric parameteng, = 1.25 anda = 0.65 fm. The
tion. The amplitude of the radiative capture cross sectionslepths for the bound-state potentials were obtained by ad-
is then dominated by contributions from large relative dis-justing them to give the binding energy of the corresponding
tances between the participating nuclei. In the ANC methodbound system. Details of the analysis for the neutron capture
the asymptotic coefficient is used to normalize the Whittakereactions’Li(n,v)8Li 5 15: and®Li(n,7)°Li,, are published
function, which is used to describe the tail of the overlapin Ref. 1. The scattering potential parameters for both en-
function, bouna=ANCXW_, ;11/2(2rr). However, it has trance channel sping, = 5/2%,3/2%, for the ®Li(2")+n
been shown that s-wave neutron capture, even at rather logystem were obtained by keeping the same volume inte-
energies, is not peripheral [6,7] and so it is necessary to usgral per nucleon, WJ/A, as those for the entrance channel
another indirect method such as the potential model to calspins,s = 27, 1", deduced from the scattering potentials of
culate the wave function of the incoming neutron or protonthe “Li+n system [7]. The scattering potential depth for the
and the wave function for the bound system. Thus, in the po-
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TABLE |. Wood-Saxon potential parameters used in the capture reaction calculations. Depths and B.E. are in MgV-witB5 fm and

a = 0.65 fm, where the radii are given b = ro x AL/
B.E. Vo (bound) SF(p3/2,p1/2) channel spin o(gcatt) JIA (MeV/fm?)
6Li+p="Bey. 5.606 65.25 0.83(09),0.0 3/2+,1/2+ 46.0+2.5 67837
SLi+p="Be,s 16.888 76.72 1.50(17),0.17(03)  5/2+,3/2+ 49.742.5 678:37
7Li+n=8LigS 2.033 46.38 0.87(15),0.11(2) 27,1+ 56.15,46.50 793,657
TLi+n=8Li1 4 1.052 43.30 0.48,0.0 2t 1t 56.15,46.50 793,657
8Li+n:9LigS 4.064 47.82 0.62(13),0.0 5/2+, 3/2Jr 58.15,48.15 793,657

SLi+p system was obtained by adjusting it to reproduce theused to normalize the non-resonant part of the corresponding
data from th&Li(p,~)”Be capture reaction [10]. Keeping the capture reaction®Li(n,~)°Li, “Li(n,v)3Li and 8Li(p,v)°Be.
same /A, we obtained the depth for the scattering poten-Transfer reactions have two vertices, and the spectroscopic
tial for the 8Li+p system. In this work we found that the factor for one of them has to be known in order to ob-
cross sections for the capture reaction for these light nucldiin the spectroscopic factor for the other vertex. In the
are sensitive to the choice of the incoming nucleon potentialcase of the elastic-transfer reactitBe@Li, *Be)?Li, where

The more bound the system more sensitive the cross sectiotfse outgoing channel is the same as the incoming channel,
is for the choice of the potential depth used to determine theve have the advantage of having only one unknown ver-
continuum wave function [13]. Although we have obtainedtex. In the present analysis we used the spectroscopic factor
the incoming nucleon scattering potentials for the reactiorvalue for the®*Be,;®n="Be,; as Soge = 0.44(7), which is

of interest from analysis of close systems, it would be interthe average of spectroscopic factors from two (d,t) reactions
esting to obtain such potentials from direct elastic scatteringtudies [22,24]. The spectroscopic factor ftui @p="Be,,
measurement &.i+p and®B+p. A program of investigation (J7=3/27) vertex was considered as the average of
for these elastic scattering experiments at low energy is urthe experimental values determined from the(d,p)"Li

der way at the Sao Paulo University using the radioactive iorand 7Li(p,d)®Li reactions [28]. The spectroscopic factors
beam facility RIBRAS [11]. for the SLi s and °Li,s were obtained from the anal-
ysis of neutron transfer reaction®Be@Li,"Li)!°Be,;

and °Be(Li,"Li,;)®Beys, respectively [1]. The spectro-
scopic factor for thé'Liop="Be,; (J7=3/27) bound sys-
tem was obtained from the analysis of the elastic-transfer

Low-energy radioactive nuclear beams are very suitable toBeCLi:’Bes) Liy, reaction. Details of the analysis of this

be used in connection with the potential model to investigat@articular transfer reaction will be presented elsewhere [13].

capture reactions of astrophysics interest. The Nuclear StruéS We can see in Table-ll, the spectroscopic factors ob-

ture laboratory at University of Notre Dame in USA [12] tained for theLiop="Be,.(/7=3/27) and *Lien="Li,,

and later on, the Institute of Physics of Sao Paulo Univer{/"=3/2") bound systems are in good agreement with shell-

sity [11], have developed and installed facilities to produce™M0del calculations.

relatively intense low-energy and energy-resolved radiative

nuclear beams RNB. Among these beatts,can be pro- 4. Capture Reactions and reaction rates

duced with intensities of about 10 p/s in both systems. In

this work we present some results on spectroscopic factorEhe results of the capture reaction calculations using the po-

obtained from transfer reactions induced b§La radiative  tential model for the'Li(n,~)3Li and 3Li(n,~)"Li are shown

ion beam or’Be target. The experiment was performed atin Fig. 1. The experimental points fdti(n,~)5Li are from

the Nuclear Structure Laboratory of the University of Notre Refs. 7 and 29 to 32.The curve labeled (a; dotted line) is

Dame using the Twinsol system [12] and the procedures arthe sum of channel-spia = 1 ands = 2 contributions

described elsewhere [1,13]. for the neutron capture reaction to the first excited state of
We have measured angular distributions for one-neutrofiLi, while curve (b; dashed line) is the sum of the channel-

and one-proton transfer reactions, nam&Be@Li,’Li)1°Be, spins = 1 ands = 2 contributions for the’Li ground-

9BelLi,’Li)®*Be and®Be(Li,’Be)’Li reactions. Also, we state. The thin solid line is the sum of these two contribu-

have measured angular distribution for elastic scatteringions, where only the contribution of neutrons captured to

9BelLi,®Li)°Be. From the FR-DWBA analysis, using the the orbitalps, in 8Li(g.s.), using the spectroscopic factor

code FRESCO [14], for the angular distribution of theseSs.i(9.s.)(3/2)=0.87, is considered. The thick solid line is

reactions, we extracted the spectroscopic factors for thtéhe same calculation considering in addition the contribution

8Liop="Be, "Lion=3Li and 3Li®n="Li bound systems. of the capture to the orbita} /,, using the spectroscopic fac-

These spectroscopic factors are listed in Table Il and weror Ss1,;(9.5.)(1/2)=0.113. For th&.i(n,7)"Li ,, reaction, the

3. Spectroscopic factors from transfer reac-
tions
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TABLE II. Spectroscopic factor§?S.

Jr Shell Model This work
calculation (d,p),(d,n),(d,b) 8Li+°Be transfers
8Li,s@n="Li s 3/2- 0.628) 0.888) 0.68(14Y’ 0.90° 0.65(15Y’ 0.62 (13)
"Li gs®@n="Li g (p32) 2+ 0.977 0.87 0.87 (15)
"Li gs®@n="Li g (p1/2) 2+ 0.056F 0.113Y 0.113 (17)
8Be,;@n="Bey, 3/2- 0.580 0.44(7y
°Be,.@n=""Be,, 0+ 2.357 2.23 (13))
OLi s @p="Beys 3/2- 0.83 (09)
8Ligs@p="Beys(p3,2) 3/2- 1.356 0.64) 1.50 (27)
8Li gs@p="Beys (p1,2) 3/2- 0.153 0.17 (03)

a) from Ref. 15,

c¢) from Cohen and Kurath [17],

e) from8Li(d,p)°Li reaction at 76 MeV [19],
g) from Ref. 7,

i) average of S=0.37 from Ref. 22 and S=0.51 from Ref. 24,

k) average S=0.90 [28] S=0.72 [25] S=0.87 [26],

(21
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FIGURE 1. The capture cross sections for thei(n,~)5Li and
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b) from Ref. 16 using same Cohen Kurath wave-function,
d) froffLi(d,p)°Li reaction at 39 MeV [18],
f) fron? Li(d,t)3Li reaction at 15 MeV [20],
h) from Ref. 21,
j) average of S=2.10 from Ref. 22 and S=2.356 from Ref. 23,
) from théldn)°Be reaction at 40 MeV [27].

lower curves labeled (a) correspond to the potential depths
scaled from the niLi capture reaction analysis. Curves la-
beled (b) correspond to the assumption of the same potential
for the incoming wave-function as for the bound state sfor
wave neutron only (dotted curve) asdndd-wave neutrons
(solid curve). In Fig. 2 we plot the S-factor obtained for the
SLi(p,v)"Be and®Li(p,v)?Be capture reactions.

We have also computed the nucleosynthesis reaction rate
as a function of the temperature for the dirci(n,v)"Li
and®Li(p,7)°Be,s capture reactions. The expression for the
reaction rate for E1 capture in émol~'s~! is given by [33]:

Na(ov) = K/O’(E)E exp(—C2E/Ty)dE,  (2)
0

where
K = Cyp= 21y %

andC; = 3.7313 x 10'°, Cy = 11.605, N4 is Avogadro’s
number,y is the reduced mass of the systeéfy,is the tem-
perature in units of 10K, o is the capture cross sectianis
the relative velocity, and’ is the energy in the center-of-mass
system.FE is given in MeV and the cross sectiontiarns.
Although some resonances above the+n and 8Li+p
threshold in’Li and °Be, respectively, could be important, in
the present calculation only the direct capturétto,; and
9Be,, is considered. The reaction rate for tHe(n,)"Li s
capture reaction at the temperatiie=1 was deduced to be

Ny{ov) = (3.17 £ 0.70) x 103cm*mol~'s™1,

where the uncertainty is from the uncertainty in the spectro-
scopic factor used in the calculation (20%) and from the vari-

8Li(n,)°Li reactions. The various curves are explained in the text. ation of +1 MeV in the potentials used to determined the

distorted wave (10%). This result is comparable to the most
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“Li(p,y)'Be 5. Conclusion

160 —— FF T 0 * 1 * [

140 ® & - We have measured the angular distributions for the elas-
:.:“ 120 — V,=460MeV| ] tic scattering of®Li on °Be and for the neutron trans-
> 1005 — V,=43.5MeV| 4 fer reactions °Be(Li,”Li)!°Be and °Be(Li,’Li)*Be at
2, = 1.3 it — V,=485MeV| Erap=27.0 MeV. Spectroscopic factors for the
8 80 = r S I . 8Li gs®n="Li s and"Li 4 ®n=5Li 4, bound systems were ob-
é 60~ { R ] tained from the comparison between the experimental dif-
wn 401 2 ferential cross sections and FR-DWBA calculations with the

20+ - code FRESCO [14]. The spectroscopic factors obtained are

[ L] compared with shell model calculations and also with exper-

\jﬁ
o

L i Il I 1 I 1 | 1 | 1 | 1
02 04 06 08 1,0 1,2 14 imental values from (d,p) reactions.

parts of capture reactions of astrophysical interest.

E MeV) Using the spectroscopic factors obtained for the
8 . 9 8Li,s@n=Li,s and "Li,s®n=3Li,, bound system, we
Ll(p’Y) Be have determined the cross-sections for thé&n,~)5Li and
2500¢ ' e llowelrhl;'ut (lv ﬂ!w 2|MeIV) ! 8Li(n,)"Li 4 neutron-capture reactions based on a potential
—~ 2000 B upperlimit{Vu=52.2 MeV) model. Our work has shown that low-energy radioactive nu-
. — medium valucu(V —49.7 MeV) clear beams can be very suitable not only to perform spectro-
1500 2 scopic investigations but also to determine the non-resonant

)

S-factor (eV-b

1000 We have recently installed a double-solenoid system to
2 produce secondary low energy radioactive ion beams at
500 - the Pelletron-LINAC laboratory in University of Sao Paulo,
o s s L e L i e s Brazil - The RIBRAS system [11]. This system was con-
?),0 02 04 06 08 1,0 1,2 14 ceived based in the Notre Dame-Michig&winsol facility

E (MeV) but with a higher field integral. The RIBRAS system is al-

. i . . ready operational using primary beams from the 8 MV Pel-
FIGURE 2. The astrophysical S-factor deduced for fhép,~)"Be letron tandem and we are producifige [38], "Be, SLi and

and3Li(p,)?Be capture reactions. The upper and lower limits are e ) )

obtaine((rj) Z())nsiderigg the uncertainties in E:[)r?e depth of the scatteringéjSB secondary beams with m,tenS'ty °_f abo‘,“* 1010 par_tl'

potential. cle per second. Other reaction studies usifi§ @eam with
astrophysical interest, such &8(a,p) are planned.

recent theoretical calculations [34-37] and is in good agree-

ment with the value from a recent (d,p) experiment [18]. The
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