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NUCLEAR ASTROPHYSICS WITH RADIOACTIVEBEAMS AT TAMU�L. Tra
he, A. Azhari, C.A. Gagliardi, A.M. MukhamedzhanovR.E. Tribble, X.D. TangCy
lotron Institute, Texas A&M University, College Station, TX 77845, USAand F. CarstoiuInstitute for Atomi
 Physi
s, POBox MG-6, Bu
harest-Magurele, Romania(Re
eived November 28, 2000)A major 
ontribution in nu
lear astrophysi
s is expe
ted now and inthe near future from the use of radioa
tive beams. This paper presents anindire
t method utilizing radioa
tive beams to determine the astrophysi
alS-fa
tor at the very low energies relevant in stellar pro
esses (tens and hun-dreds of keV) from measurements at energies more 
ommon to the nu
learphysi
s laboratories (10 MeV/nu
leon). The Asymptoti
 Normalization Co-e�
ient (ANC) method 
onsists of the determination from peripheral trans-fer rea
tions of the single parti
le wave fun
tion of the outermost 
hargedparti
le (proton or alpha parti
le) around a 
ore in its asymptoti
 regiononly, as this is the part 
ontributing to nu
lear rea
tions at very low ener-gies.It 
an be applied to the study of radiative proton or alpha 
apture rea
tions,a very important 
lass of stellar rea
tions. The method is brie�y presentedalong with our re
ent results in the determination of the astrophysi
al fa
-tor for the proton 
apture rea
tions 7Be(p; 
)8B and 11C(p; 
)12N. The �rstrea
tion is 
ru
ial for the understanding of the solar neutrino produ
tion,the se
ond is a rea
tion that would bypass the mass A = 8 gap in the hotpp 
hains. Our study was done at the K500 super
ondu
ting 
y
lotron ofTexas A&M University (TAMU). Proton transfer rea
tions with radioa
-tive beams 7Be and 11C produ
ed with MARS were measured, as well asproton transfer rea
tions involving stable partners. We present the exper-iments, then dis
uss the results and the un
ertainties arising from the useof 
al
ulated opti
al potentials between loosely bound radioa
tive nu
lei.PACS numbers: 25.60.Je, 26.65.+t, 26.20.+f, 25.60.Bx� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(1071)



1072 L. Tra
he et al.1. Introdu
tionWhile we have known for some time now that nu
lei are the fuel of thestars, in many 
ases we do not have yet enough information, or enoughpre
ise, about the nu
lear rea
tions taking pla
e in stars to make reliablequantitative predi
tions about astrophysi
al pro
esses. Good and notableexamples are: the produ
tion rate of 8B from proton 
apture on 7Be in theSun, a rea
tion responsible for most of the solar neutrinos, and the pro-du
tion rate of oxygen from alpha 
apture on 
arbon in the He burning
y
le. And newer results in astrophysi
s only in
rease the list of unknownbut needed rea
tion rates. These re
ent major e�orts and breakthroughs inastrophysi
al observations are mat
hed by an in
reased interest in nu
learastrophysi
s. In short, one 
an say that the goal of nu
lear astrophysi
s isto provide the knowledge and data needed to understand how nu
lear pro-
esses produ
e or in�uen
e astrophysi
al phenomena, past and present. Themost important 
hallenge in the determination of the nu
lear rea
tion ratesrelevant for astrophysi
s 
omes from the energies involved. We need 
rossse
tions at very low energies, in the range of tens and hundreds of keV. Oneapproa
h used is to determine the 
ross se
tions from dire
t measurementsof the same rea
tion in the nu
lear physi
s laboratory or at somewhat higherenergies and then extrapolate down. These 
ross se
tions, espe
ially when
harged parti
les are involved, are usually very low due to a very small pen-etration through the Coulomb barrier. They are therefore very di�
ult tomeasure dire
tly. To over
ome the limitations of the dire
t approa
h, a rangeof indire
t methods is 
urrently employed. What they all have in 
ommonis to measure some nu
lear quantities that are then used in the 
al
ulationof the 
ross se
tion at low energies. The measurements have not only to beas a

urate as possible, but also the quantities measured have to be relevantand determinant for the rate at lower energies. The list of indire
t methodsis rather short though: the use of inverse rea
tions (like for example mea-suring the photodisso
iation instead of radiative 
apture), the determinationof the resonan
e parameters from other rea
tions when resonan
es have amajor or sizable 
ontribution at astrophysi
ally relevant energies [1℄, theCoulomb disso
iation [2℄, the Trojan horse method [3℄, and more re
ently,the use of peripheral transfer rea
tions to determine the asymptoti
 normal-ization 
oe�
ients [4℄. The use of radioa
tive beams will open enormous newpossibilities for all of these indire
t methods. This paper, will refer to thelast of these indire
t methods, developed and used by our group at the Cy-
lotron Institute of the Texas A&M University. The method, whi
h we 
allthe Asymptoti
 Normalization Coe�
ient (ANC) method, relies on the fa
tthat at low energies a 
harged parti
le radiative 
apture rea
tion to a looselybound state is a purely surfa
e pro
ess, due to the Coulomb repulsion in the
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e 
hannel. Its 
ross se
tion is entirely determined by the behaviourof the wave fun
tion at very large distan
es from the 
enter, and this is whatwe need to determine a

urately in order to 
al
ulate pre
isely the rea
tion
ross se
tion. More spe
i�
ally, we need to determine the tail of the radialoverlap integral between the bound state wave fun
tion of the �nal nu
leusand those of the initial 
olliding nu
lei. At large distan
es, the proton (or the
harged 
luster) feels only the long range Coulomb intera
tion of the 
ore nu-
leus and this overlap integral is asymptoti
ally proportional to a well knownWhittaker fun
tion. Therefore the knowledge of its asymptoti
 normaliza-tion alone determines the 
ross se
tion. This asymptoti
 normalization, inturn, 
an be determined from the measurement of a transfer rea
tion involv-ing the same vertex, provided that this transfer rea
tion is also peripheral.All the experiments were done at or around 10 MeV/nu
leon, energies mu
heasier to handle in the nu
lear physi
s laboratories. In the next se
tion webrie�y des
ribe the method used. We then present the results of some test
ases using stable beams, and dis
uss the experiments involving radioa
tivebeams. A dis
ussion of the re
ipe we found to establish the opti
al modelpotentials needed for 
al
ulations of transfer rea
tion 
ross se
tions involv-ing loosely bound stable or radioa
tive nu
lei is in
luded. Part of the resultshave been published before [5�10℄.2. ANCs from peripheral proton transfer rea
tionsThe relation of the ANCs to the dire
t 
apture rate at low energies isstraightforward to obtain. The 
ross se
tion for the dire
t 
apture rea
tionA+ p! B + 
 
an be written as� = �j hIBAp(r) j Ô (r) j  (+)i (r)i j2 ; (2.1)where � 
ontains kinemati
al fa
tors, IBAp is the overlap fun
tion forB ! A+ p, Ô is the ele
tromagneti
 transition operator, and  (+)i is thes
attering wave in the in
ident 
hannel. If the dominant 
ontribution to thematrix element 
omes from outside the nu
lear radius, the overlap fun
tionmay be repla
ed by IBAp(r) � CBApljW��; l+1=2 (2�r)r ; (2.2)where CBAplj is the ANC, W is the Whittaker fun
tion, � is the Coulombparameter for the bound state B = A + p, and � is the bound state wavenumber. Thus, the dire
t 
apture 
ross se
tions are dire
tly proportional tothe squares of these ANCs.



1074 L. Tra
he et al.Traditionally, from proton transfer rea
tions spe
tros
opi
 fa
tors havebeen obtained by 
omparing experimental 
ross se
tions to DWBA predi
-tions. For peripheral transfer, we show below that the ANC is better de-termined and is the more natural quantity to extra
t. Consider the protontransfer rea
tion a + A ! 
 + B, where a = 
 + p; B = A + p. As waspreviously shown [4, 5℄ we 
an write the transfer 
ross se
tion in the formd�d
 =XjBja (CBAplBjB)2b2AplBjB (Ca
plaja)2b2
plaja �DWlBjB laja ; (2.3)where �DWlBjBlaja is the 
al
ulated DWBA 
ross se
tion and ji; li are the totaland orbital angular momenta of the transferred proton in nu
leus i. Thefa
tors b 
plaja and bAplBjB are the ANCs of the bound state proton wavefun
tions in nu
lei a and B whi
h are related to the 
orresponding ANC ofthe overlap fun
tion by (Ca
plaja)2 = Sa
plajab2
plaja; (2.4)where Sa
plaja is the spe
tros
opi
 fa
tor. We have used this formulationto extra
t ANCs from three peripheral proton transfer rea
tions involvingstable beam and target nu
lei, 9Be(10B,9Be)10B (Ref. [5℄), 13C(14N,13C)14N(Ref. [6℄) and 16O(3He, d)17F (Ref. [7℄). For surfa
e rea
tions the 
ross se
-tion is best parametrized in terms of the produ
t of the square of the ANCs
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tive Beams at TAMU 1075of the initial and �nal nu
lei (CB)2(Ca)2 rather than spe
tros
opi
 fa
tors,be
ause of the strong dependen
e of the latter on the parameters of the
ore-proton potential used in the 
al
ulations. This is shown in Fig. 1 wherethe extra
ted spe
tros
opi
 fa
tors vary with up to a fa
tor two, whereasthe 
orresponding C2 are very stable (2%) against the redu
ed radius anddi�useness (r0; a) of the potential used, when values r0=1.0 to 1.3 fm anda=0.5 to 0.7 fm were used.2.1. Using ANCs to predi
t astrophysi
al S-fa
tors: test 
asesThe ANCs found from the proton transfer rea
tions 
an be used to deter-mine dire
t 
apture rates at astrophysi
al energies using the pro
edure out-lined above. Astrophysi
al S-fa
tors have been determined for 16O(p; 
)17Fas a test of the te
hnique. For 16O(p; 
)17F, the required C's are just theANCs found from the transfer rea
tion 16O(3He,d)17F. Using the pro
edureoutlined above, the S-fa
tors des
ribing the 
apture to both the groundand �rst ex
ited states for 16O(p; 
)17F were 
al
ulated, with no additionalnormalization 
onstants, with the standard de�nition of the astrophysi
alS-fa
tor [11℄. The results obtained 
ompare very well [7℄ to the two pre-vious measurements of 16O(p; 
)17F. Similarly, using the ANC determinedfrom the proton ex
hange rea
tion 9Be(10B,9Be)10B at 10 MeV/nu
leon forthe system 9Be+p !10B [5℄ we found the dire
t 
omponent of the astro-physi
al S-fa
tor at low energies for the 9Be(p; 
)10B rea
tion [12℄ and 
oulda

urately des
ribe the data of the dire
t measurement.3. Opti
al model potentials for loosely bound p-shell nu
leiOne major sour
e of un
ertainty in 
al
ulations 
an be the opti
al modelpotentials used in the DWBA 
al
ulations of the 
ross se
tion �DW inEq. (2.3). As we all know, we do not have at this time any reliable pro-
edure to predi
t the detailed behaviour of the nu
leus�nu
leus potentialfor any mass�mass 
ombination and for large ranges of energy. Therefore,we had to try to �nd a �lo
al solution� for our problem. Parameters forWoods�Saxon type potentials were obtained from the �t of the elasti
 s
at-tering angular distributions measured in 7 proje
tile-target 
ombinationsmeasured at TAMU. It did not appear that we 
ould extra
t pre
ise rulesfor the predi
tion of phenomenologi
al potentials for other pairs of partnersinvolved. Therefore mi
ros
opi
 nu
leus�nu
leus potentials were 
al
ulatedby a double folding pro
edure. The nu
lear densities 
al
ulated for ea
hpartner in the Hartree�Fo
k approximation were folded with six di�erentnu
leon�nu
leon intera
tions. The resulting nu
leus�nu
leus potentials werelater renormalized [13℄ to obtain a �t of the elasti
 s
attering data. For ea
he�e
tive intera
tion used the normalization 
onstants have similar values in



1076 L. Tra
he et al.all systems, whi
h makes it appear likely that the pro
edure 
an be extendedto the 
al
ulation of opti
al potentials for other similar nu
leus�nu
leus sys-tems. The pro
edure and renormalization 
oe�
ients needed for the analysisof elasti
 data with these double folding potentials are extra
ted and dis-
ussed in [10℄. We found that the fa
tors of utmost importan
e in a goodpredi
tion of the potentials using a double folding pro
edure were:(a) To get a good des
ription of the mass distributions of the two partners,espe
ially in the surfa
e region. For this we used a Hartree�Fo
k pro
e-dure in whi
h the parameters were slightly adjusted to reprodu
e boththe experimentally determined mass or 
harge radii, and the bindingenergy. This tends to be parti
ularly important for loosely bound nu-
lei.(b) The real and imaginary parts of the potentials have di�erent geome-tries. Therefore the usual pro
edure in whi
h a real folded potentialis normalized with a real and an imaginary renormalization 
oe�
ientis not appropriate. From all e�e
tive intera
tions used, we 
on
ludethat the intera
tion of Jeukenne et al. [14℄ gives the best results. Itprovides us with an imaginary part that has a geometry whi
h is inde-pendent from that of the real part of the potential. In addition, thisintera
tion was smeared with two gaussians of di�erent ranges for thereal and imaginary part.(
) Use, 
he
k and extra
t an appropriate density dependen
e of the ef-fe
tive intera
tion.We found that while the depth of the real potential needs a substan-tial renormalization (hNV i=0.366� 0.014), the imaginary part does not(hNW i=1.000� 0.087). This suggests that the imaginary part of the ef-fe
tive intera
tion is well a

ounted for. The renormalized double foldedpotentials obtained were also used in the DWBA analysis of the protontransfer rea
tions with stable nu
lei, and the results were found to be in ex-
ellent agreement with those given by the phenomenologi
al Woods�Saxonpotentials.The pro
edure found was su

essfully applied to extra
t the opti
almodel potentials for the 7Be, 8B, 11C and 12N radioa
tive proje
tiles neededin the des
ription of the 7Be+10B, 7Be+14N and 11C+14N experiments, de-s
ribed below.
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tions with radioa
tive beamsWe have measured the (7Be,8B) rea
tion on a 1.7 mg/
m2 10B target [8℄and a 1.5 mg/
m2 Melamine target [9℄ in order to extra
t the ANC for8B! 7Be + p. The radioa
tive 7Be beam was produ
ed at 12 MeV/nu
leonby �ltering rea
tion produ
ts from the 1H(7Li,7Be)n rea
tion in the re
oilspe
trometer MARS, starting with a primary 7Li beam at 18.6 MeV/nu
leonfrom the TAMU K500 
y
lotron. The beam was in
ident on an H2 
ryogeni
gas target, 
ooled by LN2, whi
h was kept at 1 atmosphere (absolute) pres-sure. Rea
tion produ
ts were measured by 5 
m�5 
m Si dete
tor teles
opes
onsisting of a 100 �m �E strip dete
tor, with 16 position sensitive strips,followed by a 1000 �m E 
ounter.A single 1000 �m Si strip dete
tor was used for initial beam tuning.This dete
tor, whi
h was inserted at the target lo
ation, allowed us to op-timize the beam shape and to normalize the 7Be �ux relative to a Faraday
up that measured the intensity of the primary 7Li beam. Following opti-mization, the approximate 7Be beam size was 6mm�3mm (FWHM), theenergy spread was � 1.5 MeV, the full angular spread was�� � 28mrad and�� � 62 mrad, and the purity was � 99.5% 7Be for the experiment with the10B target. The beam size and angular spread were improved for the ex-periment with the 14N target to 4mm�3mm (FWHM), �� � 28 mrad and�� � 49 mrad. The typi
al rate for 7Be was � 1.5 kHz/pnA of primarybeam on the produ
tion target. Primary beam intensities of up to 80 pnAwere obtained on the gas 
ell target during the experiments.

Fig. 2. Angular distributions for elasti
 s
attering from the 10B and 14N targets.The dashed 
urves are 
oherent sums of opti
al model 
al
ulations for the target's
omponents and the solid 
urves are smoothed with the experimental resolution.



1078 L. Tra
he et al.Results for the elasti
 s
attering angular distributions from the two tar-gets are shown in Fig. 2. A Monte Carlo simulation was used to generatethe solid angle fa
tor for ea
h angular bin and the smoothing needed for the
al
ulation to a

ount for the �nite angular resolution of the beam. The ab-solute 
ross se
tion is then �xed by the target thi
kness, number of in
ident7Be, the yield in ea
h bin, and the solid angle. In both 
ases, the opti
almodel 
al
ulations are 
ompared to the data without additional normal-ization 
oe�
ients. Overall, the agreement between the measured absolute
ross se
tions and the opti
al model predi
tions is ex
ellent thus providing
on�den
e that our normalization pro
edure is 
orre
t.The ANC for 8B! 7Be + p was extra
ted based on the �t to the presentdata and the known ANCs [5, 6℄ for the other verti
es 10B ! 9Be + p and14N ! 13C + p, following the pro
edure outlined above in our test 
ase.Two 8B orbitals, 1p1=2 and 1p3=2, 
ontribute to the transfer rea
tion butthe 1p3=2 dominates in both 
ases. Angular distributions for the (7Be,8B)rea
tions populating the ground states of 9Be and 13C are 
ompared toDWBA 
al
ulations in Fig. 3.

Fig. 3. Angular distributions for 8B populating the ground state of 9Be from the10B target (left) and 13C from the Melamine target (right). In both 
ases, the solid
urve is smoothed over the angular a

eptan
e of ea
h bin.The astrophysi
al S-fa
tor for 7Be(p; 
)8B has been determined fromthe ANC whi
h in
ludes a 8% un
ertainty for opti
al model parameters,a 11% un
ertainty for experimental �ts and normalization of the absolute
ross se
tion and the un
ertainty in the ANC's for 10B ! 9Be + p and14N ! 13C + p. The relative 
ontribution of the two angular momentum
ouplings to the S-fa
tor is straightforward to 
al
ulate and introdu
es anegligible additional un
ertainty in our result [4℄. The values that we �nd
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tive Beams at TAMU 1079are S17(0) = 18.4 � 2.5 eVb for the 10B target, and 16.6 � 1.9 eVb for the14N target. Both are 
onsistent with ea
h other and in good agreement withthe re
ommended value [15℄ of 19+4�2 eVb.We also 
on
luded a su

essful run for a similar measurement with ra-dioa
tive 11C on a melamine target. Radioa
tive 11C was obtained witha primary 11B beam on the same hydrogen 
ryotarget and was separatedwith MARS as above. Elasti
 s
attering of 11C on the melamine targetand the proton transfer rea
tion 14N(11C,12N)13C were measured with goodresolution and statisti
s using a beam of about 0.4�106 parti
le/se
 11C at110 MeV. We obtained data for the evaluation of the 
ontribution of thedire
t 
apture in the rea
tion 11C(p; 
)12N of importan
e in the hot pp 
y-
les. The opti
al model potential predi
ted a

ording to the re
ipe outlinedabove gave a very good des
ription of our elasti
 s
attering data of 11C onthe melamine target (that is on a mixture of 12C and 14N nu
lei) withoutneed for any major 
hange in our parameters. This is another 
on�rmationof its 
orre
tness, as it was the good predi
tion of the elasti
 s
attering of7Be on the two targets above. DWBA 
al
ulations for the transfer rea
tion
ross se
tion predi
t very well the shape of the observed angular distribu-tion and are stable to within 5% when the opti
al potentials used are variedwithin their un
ertainties. Preliminary results are shown in Fig. 4, where
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attering (left) of 11C onthe melamine target and for the proton transfer rea
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ulations of the target 
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1080 L. Tra
he et al.elasti
 (left) and proton transfer (right) angular distributions are presented.The ANC measured allows us to determine the dire
t (non-resonant) 
ompo-nent of the astrophysi
al S-fa
tor for 12N!11C+p with improved a

ura
y.A full a

ount of this experiment will be published [16℄.5. SummaryIn 
on
lusion, in a series of experiments we show that transfer rea
-tions indu
ed by radioa
tive beams 
an be su

essfully used to obtain a
-
urate data for nu
lear astrophysi
s. We start with proving that periph-eral proton transfer rea
tions 
an be used to extra
t asymptoti
 normaliza-tion 
oe�
ients and show them to be a more pre
ise and relevant quantitythan the usual spe
tros
opi
 fa
tors extra
ted in su
h 
ases. We des
ribea test 
ase where, based on an ANC extra
ted from the transfer rea
tion16O(3He, d)17F, we 
al
ulate S-fa
tors for the radiative 
apture 16O(p; 
)17Fthat 
ompare very well with those measured dire
tly. Finally we dis
ussthe radioa
tive beam transfer rea
tions 10B(7Be,8B)9Be and 14N(7Be,8B)13Cand the astrophysi
al fa
tor S17 extra
ted with the method above, in
lud-ing sour
es for un
ertainties. The data analysis of a similar experiment with11C is in the 
on
luding phase. From it the dire
t (non-resonant) part ofthe astrophysi
al S-fa
tor for 11C(p; 
)12N is determined.This work was supported in part by the U.S. Department of Energy underGrant No. DE-FG03-93ER40773 and by the Robert A. Wel
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