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1. Introduction

There have been many advances toward understanding the origin déthends, yet many
open guestions remain without an answer. A number of specific capteseai@ important ingre-
dients in the puzzle. In the nucleosynthesis of light elements and the rpspritge are a number
of charged particle reaction rates that need to be known with good agciaese of course tend
to be strongly hindered in the energy window of astrophysical interestt@the Coulomb bar-
rier. Neutron capture rates relevant for the r-process, on the odéimel, lare a technical challenge,
specially as one moves away from the stability valley, as then one would eeed &n beam ex-
periments. For these reasons, alternative methods for measuring readtastrophysical interest
have become an important area of research. In this contribution wedaaiging transfer reactions
and breakup reactions to extract capture rates for astrophysics.

With the new technical developments at radioactive beam facilities it is nogilpeso mea-
sure reactions involving exotic species, in complete kinematics with good statisticgany rare
isotope laboratories around the world, transfer measurements are moof ffge main program
(e.g. [1, 2, 3, 4, 5]). Many of the nuclei of interest are at the limits ofiitaland therefore have
large breakup cross sections. Breakup observables can now bargteas detail thanks to the
large effort in the developments of efficient detector arrays, bothHfarged particles and neutrons
(e.g[6,7,8,9, 10, 11]). Given this present scenario, transfereakup reactions have realistically
become useful tools for extracting astrophysical information. Whilst thesear reactions can
provide a viable experimental alternative to the direct measurements, tloeseglsdre a reliable
reaction model. Here we focus mainly on this aspect.

The ANC method (asymptotic normalization coefficient) was first introduceddreiphties
[12] and later implemented at Texas A&M [13, 14]. It consists of the followifag the proton
capture Ap,y)B, the zero energy S-factor is solely determined by the asymptotic normalization
coefficient (ANC) of the overlap functiopA|B). On the other hand, the cross section for the pe-
ripheral transfer reactions A(a,b)B, is proportional to the squareéyataf the ANCs of A|B) and
(alb). As long as the ANC ofalb) can be determined independently, then the ANCAB) can be
extracted from the transfer A(a,b)B thus determining the dirdqt p)B cross section. Amongst
many other applications, this method was successfully used to determinéBef®ey)®B reac-
tion rate with 10% accuracy. It was also tested experimentally Wi@{ p, y)*’F: cross sections
obtained from transfer were in good agreement with direct capture tatd §]. The method has
since been expanded to include resonant states by connecting the Adl@sbdnant state with
its width [17]. The ANC method can now handle complex reactions wheraaesgsonances
interfere with the direct capture process [2].

Transfer reactions can also be used to extract neutron capture @eshas first to under-
stand whether the capture rate of astrophysical interest contains antampoontribution from
the nuclear interior. If that is the case then both the spectroscopic f&f)rafhd the ANC are
needed and should be determined through independent measuremeetgpefimental program
at Oak Ridge has been initiated to measure a series of neutron capturthrategh (d,p) reac-
tions ([3, 4, 5]). On the theoretical side there have been a number oéstaidning at validating
the method [18, 19, 20]. Here we review the standard transfer theagssrly used and discuss
uncertainties and ambiguities associated with the models. We look at the ¢¥&a(@f, p)*°Ca
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in particular, and compare with the correspondingy) reaction. The'8Ca(n, y)*°Ca capture re-
action has an impact on the s-process. Because the capture is fronoamnngss-wave neutron,
the reaction is not peripheral. This type of capture reactions is particutdesesting since it can
provide a large array of information concerning the structure of the fineleus, as well as the
incoming scattering potential.

Another important indirect method is the so called Coulomb Dissociation methgd I[21
us consider the direct capture rate fo# x — B is needed. In the Coulomb dissociation method,
one uses the reactidd+ T — A+ Xx+ T instead. The composite nucleBss excited through the
virtual photons generated by a heavy targetnd breaks up intd+ x. From the Coulomb disso-
ciation cross section, and factoring out all kinematic effects, the phosoaetion cross section
is extracted. The desired capture cross section can then be obtaineth&ghoto-dissociation
cross section using detailed balance. The method has been applied totya efcases includ-
ing the controversialBe(p, y)®B [6, 7]. Theoretically, there have been many efforts to describe
breakup reactions accurately. This is particularly relevant for unskeaens; with breakup being
such an important part of the reaction process, perturbative apm®asually fail [22, 23, 24, 25].
Breakup reactions are very peripheral, so when the reaction mechaaismell accounted for,
these data can be used to extract the ANC. In [25] the ANCGBais obtained from RIKEN data.
The correspondingBe(p, y)®B cross section obtained from Coulomb dissociation data compares
well with the direct measurement [25]. A systematic method of extracting AK&@s Coulomb
dissociation and using them to extract the peripheral direct capture seoton has recently been
suggested [26]. Results f&tC(n, y)1°C obtained from breakup measurements at intermediate en-
ergy [8] provide cross sections in very good agreement with the latestdapture data [27]. Here
we include a further discussion of this systematic approach and presegtita assessment of the
errors introduced in some approximations.

In Section Il we present some general considerations concerning dapture and nuclear
reactions. Transfer reactions are discussed in Section Il breakefions in Section IV. In Section
V, we conclude with final remarks.

2. General considerationson direct capture and nuclear reactions

Direct capture processes at low energy are very sensitive to sai@eulomb or centrifugal.
Let us then consider the procesi, y)B. The matrix element describing the process can be written
as
MY =< D Ol o> (2.1)

whereQ is the well known electromagnetic transition operator, dggh is the incoming scattering
wave, usually calculated with the same potential that generates the finEpi@nction®ay. If
there is a barrier present, the matrix element tends to be dominated by the asynegion and
therefore becomes essentially proportional to the ANC of the bound staiteisThe case ofp, y)
reactions.

It is only for incoming s-wave neutrons that low energy direct capture axur at short
distances, because then the penetrability is much larger. In those caeds, sensitive to the
overlap function in the nuclear interior and not only to its asymptotic tail. It is theaful to have
independent experiments that can pin down both the SF and the ANC.
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In addition to the bound state, the transition elemdiit depends on the incoming scattering
state and the nuclear interaction generating it. Ideally one could determinetdriciion from
measured phase shifts. In practice, we use the same form for the interasftibat for the bound
state, and adjust the depths to known states in the same partial wave. Ndfenthatates are
known, this can introduce large uncertainties.

Nuclear reactions are intrinsically sensitive to specific parts of the ovéulagiion. Sub-
Coulomb reactions occur at large distances and therefore can onlg tireliail of the overlap
function. These reactions are good to extract ANCs. Higher energyr@hctions have significant
contributions from the surface region and, when the ANC is establisheg@mdiently, can be used
to determined the SF [18, 19, 20].

Whereas the direct capture process is straightforward to calculateanugaction calculations
depend on the nuclear distortion and consequently are subject to optidal arbiguities. One
also needs to investigate other mechanisms as higher order processeseaudy be taken into
account.

3. Transfer (d,p) reactions

Transfer reactions have been used as a spectroscopic tool sincarithelays of nuclear
physics. The standard theory for calculating transfer cross sectiom iBitorted Wave Born
approximation (DWBA). The DWBA amplitude for the transfer reactiqd, p)B is given by:

MIP —< ) Gan]AV [ ppn ) > (3.1)

Here, the transition operator is written in post-foivi =V, +Vpa —Upg With Vjj the interaction
potential betweenandj andUpg the optical potential in the final-state. The distorted waves in the
initial and final states arqyi(H and L,Uf), andgpn, is the deuteron wavefunctioa, is the neutron
single-particle wave function, that depends on the single particle paranfaterally radius and
diffuseness). The single particle wavefunction has well known asymsgtatig(r) — bik h(ikr),
wherel is the orbital angular momentum ardis the wave number. The constdnis the single
particle ANC. From the ratio of data to the DWBA angular distribution cross@ecat the forward
angle peak, experimental spectroscopic factors are standardly abSjpe

As deuteron breakup can play an important role, it is important to go beyentt-step Born
approximation. One way of including deuteron breakup approximately is witi@nadiabatic
model (ADWA) [28]. Although the adiabatic approach was originally depetbwithin the zero
range approximation, finite range corrections can be effectively indlagein [29]. In ADWA,
the distorting potential in the entrance channel no longer fits deuteron eleattering, but rather
connects to the nucleon optical potentials, the neuthgnand the prototJ,a optical potentials,
generally much better known.

Implicit in the DWBA procedure is the assumptions that the many body overlagifun of
nucleus B relative to A has the same radial dependenggs). Then the many-body ANC
relates to the single particle normalization coefficietitrough the spectroscopic fac®t = SFIF.

Within ADWA we benchmark the use @fl, p) reactions as an indirect astrophysical tool. Our
test case i48Ca(n, y)*°Ca and we analyze both the ground state and the first excited state [20]. Th
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Figure 1: Sexp(b) from #8Ca(d, p)*°Calexq atEq = 1.99 MeV (green dots)Eq = 13 MeV (red squares),
Eq = 19 MeV (purple diamonds) arigy = 30 MeV (open circles) and froffCa(n, y)*°Ca(exg at 25 meV

(blue triangles). Also shown are the experimental unastits in the(d, p) reaction at 199 MeV (dashed
lines) and then, y) reaction (solid lines). The calculations donéegt= 30 MeV are arbitrarily normalized
because there is no data at this energy.
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Figure 2: Same as Fig.(1) but now referring(ﬁéxp(b).

choice of*8Ca is based on the very high quality data for thermal neutron capture, theneen
neutron scattering length and the number of (d,p) data set€@mwhich offer a significant test
for the reaction model used.

All details for the calculations are described in [20]. Single particle paras&iethe bound
states irf°Ca are varied, corresponding to a range of single particle ANCs (bipaegch case the
transfer cross section is calculated. From the comparison to (d,p) datb3aad 19 MeV [30, 31]
we extract SFs as a function of b. Results for the ground state arenfrdda [20]. Here we
show the results for the first excited state Fig.1 and Fig.2. The ANCs ar@ethfaom the relation
C? = Seprz. When the reaction is completely peripheral, it becomes proportional to treesq
of the 4°Ca ANC and is insensitive to the details of the overlap function in the interioatHar
words,C(b) is independent of the single particle parameters and the @A) is a horizontal
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line. This is illustrated in Fig.2 for the sub-Coulomb (d,p) reaction. The suldgbab reaction is
insensitive to the optical potentials, so that for this case one can determiid¢@mery accurately
Cr2>1/z =9.30+0.93 fm™L. Contrary to our expectation, the (d,p) reactions at 13 MeV and 19.3 MeV
are also rather peripheral. If we extract a SF from these data, it wihrsinbm large ambiguities
due to the single particle parameters. Instead, an ANC can be extractedébutould need to
evaluate the uncertainty due to the nucleon optical potential parameterizbigoertheless, it is
reassuring to verify that the ANCs extracted from the three (d,p) datametonsistent.

For the same range of single particle parameters, we perform the captowatons and
extract SFs from the thermal data [32]. Using these results we are dksdoateproduce the
neutron capture cross section in the astrophysically relevant engjigyn feom a few keV to about
200 keV [32, 33]. By looking at Fig.2 and the slopeG#f(b) obtained from(n, y), it becomes clear
that the(n, y) is sensitive to the nuclear interior and in conjunction with the sub-Coulomb (d,p)
can be used to determine the SF rather accurately. Our result for thekiBl, itsto account the
experimental errors of the data, 3= 0.71"529.

Which energy would be appropriate for the (d,p) experiment in order\e tiee same level
of sensitivity to the nuclear interior as tlip, y)? We have explored this in detail and concluded
that, for this particular casdy = 30 MeV would provide a similar dependence on the single
particle parameters. The conclusion could change somewhat with differermeterizations of the
nucleon optical potentials. Unfortunately no (d,p) data is available betwi&an®56 MeV. For the
calculations aEy = 30 MeV shown in Figs.1 and 2, we have used ficticious data as normalization
just to illustrate the parameter dependence (data at this energy wouldybesedéul). The angular
distribution for the 56 MeV data is not well described by our model and thiexgve do not include
it here.

4. Breakup reactions

Coulomb dissociation has been suggested as an alternative method to @ixéetctapture
cross sections [21]. Even though the breakup of a loosely bound ligiéus on a heavy target
is dominated by the Coulomb interaction it has been proven that nucleatsetf@e contribute
significantly [34] and should not be subtracted from the data [23]. Bhérmuum discretized cou-
pled channel method (CDCC) [35] provides a non-perturbative fraoriew which to describe
Coulomb dissociation, treating Coulomb and nuclear effects on the same foltirigpole exci-
tations are fully taken into account as well as final state interaction effects[@4]). The idea is
then to start with a single particle structure model for the projectile and adpigatameters to
obtain a good description of the breakup data. The reaction model thewalskes into account
nuclear and Coulomb effects in a coherent manner. That same potential foothe projectile
which fits the breakup data would then provide the corresponding necdgiare cross section.

As mentioned before, when the direct capture is completely peripheralnthéndormation
needed from the bound state is the ANC. In [26] we introduce a method@dogxtracting the
ANC from Coulomb dissociation data and from it calculating the capture reactde apply the
method to**C(n,y)1°C, a reaction that has been subject to long debate [36]. A number of single
particle parameters are used to span a range of single particle ANCdtsRessthe corresponding
cross sections, calculated within CDCC, are shown in Fig.3. All details of dlmilations are
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Figure 3: CDCC cross sections for the Coulomb dissociatiort3@ on 2%8Pb at 68 MeV/nucleon. Data
from [8].
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Figure 4: x? per degree of freedom extracted from comparing CDCC crag#ss to the Coulomb disso-
ciation data.

presented in [26]. For each curvexdis determined from the comparison with the RIKEN data
up to 4 MeV relative energy (dashed black curve) and up.2oMeV relative energy (red solid
curve) [8] Thesex? per degree of freedom are plotted in Fig.4 where a clear minimum appears.
Following [37], we use this minimum to extract the ANC and from the intersectfaix, + 1)

and oury? curve we extract an error bar. When including all the data up to 4 Me‘ivelanergy,

we obtainCy = 1.31+0.07 fm /2. When including data up to.2 MeV relative energy, which is

the region where the theoretical cross section is sensitive to the ANC, tam G = 1.32+0.04
fm~1/2. Additional errors may come from the systematic errors in the data, optitehals used

in the CDCC calculation and the p-wave potential used fottfen continuum.

With this ANC it becomes possible to determine the capture cross section. sdlisrehow
there is very good agreement between the capture determined from tler®alissociation data
[8] and that obtain through the direct measurement [27].
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5. Concluding remarks

In conclusion, nuclear reactions, when appropriately used, canderaiternatives to direct
capture experiments of astrophysical interest, which may be to difficultalwery small cross
sections or the unstable nature of the target. In this contribution we foctrarsfer and breakup
reactions as indirect tools with particular emphasis in validating the theoretic#lmsed to ex-
tract the astrophysical information.

A study on the consistency betwe®¢a(d, p)*°Ca and the correspondirig, y) measurement
is discussed. In this case, tfre y) reaction has a significant contribution from the nuclear interior
as there are no barriers for the incoming neutron. Unfortunately all tp¢ feactions studied are
essentially peripheral. Our calculations indicate that (d,p) data at enbighes than 20 MeV are
necessary to be able to extract the spectroscopic factor from tratetealone. Although there
is a wide spread of (d,p) data available up to around 20 MeV, there is oelgeinof data above
this energy and it is not well described by our model. A new (d,p) measutsratEy = 30 MeV
would be very desirable.

In this contribution we also discuss the use of Coulomb dissociation as ancincieasure-
ment of peripheral direct capture. We show ¥€(n, y)°C that the capture cross section obtained
from Coulomb dissociation data at 68 MeV/nucleon is in very good agreewidntlirect mea-
surements, as long as an adequate reaction theory is used to model kup nexess.

Many different theoretical aspects remain to be studied and here we mbuatiarfew.

e An important step forward is to extend these indirect methods to study udistates. The
treatment of resonances as bound states may well be inadequate aetictakstudies are
needed to better understand the implication of final states embedded in theiaontin

e So far we have assumed the projectile to be well described by a single psidileln many
cases, this is not a good approximation and we need to better understanddulis may
change when including mixed configurations in the projectile.

e These indirect methods are partly developed to hafrdlg) reactions of neutron rich nuclei.
The implications of particle instability, in particular the loosely bound nature ogtband
state and the proximity to threshold needs to be further studied in particular iegios of
the nuclear chart relevant to the r-process.

We are thankful to Sam Austin for useful discussions on error analysis

References

[1] A. Azhariet al, Phys. Rev. C 63, 055803 (2001).

[2] A.M. Mukhamedzhanoet al.,Phys. Rev. C 78, 015804 (2008).
[3] K.L. Joneset al, Phys. Rev. C 70, 067602 (2004).

[4] J.S. Thomaet al, Phys. Rev. C 71, 021302 (2005).

[5] J.S. Thomaet al, Phys. Rev. C 76, 044302 (2007).

[6] B. Davidset al,, Phys. Rev. Lett81, 2209 (1998).



Indirect methods for astrophysical reaction rates F.M. Nunes

[7] J.J. Kolata et al., Phys. Rev.&3, 024616 (2001).
[8] T. Nakamureet al., Nucl. PhysA722, 301c (2003).
[9] U.D. Pramaniket al, Phys. Lett551B, 63 (2003).
[10] A. Shrivastaveet al., Phys. LettB596, 54 (2004).
[11] C. Nociforoet al, Phys. Letts. B 605, 79 (2005).
[12] A.M. Mukhamedzhanov and N.K. Timofeyuk, JETP Lett. 3990) 282.

[13] H. M. Xu, C. A. Gagliardi, R. E. Tribble, A. M. Mukhamedahov, and N. K. Timofeyuk, Phys. Rev.
Lett. 73, 2027 (1994).

[14] A.M. Mukhamedzhanoet al,, Phys. Rev. C 56 (1997) 1302.

[15] C.A. Gagliardi et al., Phys. Rev. C 59, 1149 (1999).

[16] C. llliadiset al, Phys. Rev. C 77 (2008) 045802.

[17] E.I. Dolinskii and A.M. Mukhamedzhanov, Bull. Acad.iSUSSR, Phys. Ser. 41 (1977) 55.
[18] A. M. Mukhamedzhanov and F. M. Nunes, Phys. Rev. C 7260212005).

[19] D.Y. Panget al., Phys. Rev. C 75, 024601 (2007).

[20] A. Mukhamedzhanov, F.M. Nunes, P. Mohr, Phys. Rev. C2008) 051601.

[21] G. Baur, C. A. Bertulani, and H. Rebel, Nucl. Phys. A4588 (1986).

[22] N. C. Summers and F. M. Nunes, Phys. Rev. C 70, 0116024j200

[23] M.S. Hussein, R. Lichtenthaler, F.M. Nunes, 1.J. Themp, Phys. Letts. B 640 (2006) 91.
[24] N. C. Summers, F. M. Nunes, and I. J. Thompson, Phys. R&4, 014606 (2006).

[25] K. Ogata, S. Hashimoto, Y. Iseri, M. Kamimura, and M. ¥ahPhys. Rev. C 73, 024605 (2006).
[26] N. C. Summers and F. M. Nunes, Phys. Rev. C 78, 0116013(200

[27] R. Reifarthet al, Phys. Rev. C 77 (2008) 015804.

[28] R.C. Johnson, iProceedings of the Second Argonne/MSU/JINA/INT RIA Worksh Reaction
Mechanisms for Rare Isotope Bearadited by B. A. Brown (AIP 791 (2005) 132).

[29] G.L.Wales and R.C. Johnson, Nucl. Phys. A 274 (1976) 168

[30] J. Rapaport, A. Sperduto and M. Salomaa, Nucl. PAyS7, 337 (1972).
[31] W.D. Metzet al, Phys. Rev. A2, 827 (1975).

[32] H. Beeret al, Phys. Rev. C 54 (1996) 2014.

[33] P. Mohret al,, Phys. Rev. G6, 1154 (1997).

[34] F. M. Nunes and I. J. Thompson, Phys. Re\6902652 (1999).

[35] M. Kamimura, M. Yahiro, Y. Iseri, H. Kameyama, Y. Sakgraand M. Kawai, Prog. Theor. Phys.
Suppl.89, 1 (1986).

[36] N. Timofeyuket al,, Phys. Rev. Lett 96, 162501 (2006)
[37] W.-M. Yaoet al, J. Phys. G33, 1 (2006) pg 303.



