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1. Introduction

In neutron-rich scenarios of astrophysical nucleosyiighiesavy elements are formed by the
rapid neutron process in hot and dense environments cogsist a-particles and neutrons [1].
Formation of heavy elements must overcome the problem thaiaear isotopes with mass num-
bers 5 and 8 are unstable [2]. These gaps can be bridged byr&eeliody reactions

a+a+a—2C+y, (1.1)
a+a+n—-°Be+y, (1.2)
a+n+n—%He+y. (1.3)

These three-body reactions are usually treated as twopstegsses where the unstable iso-
topes®He and®Be are first created, which subsequently, before decay@agt with another neu-
tron or a-particle [3, 4, 5]. This approximation of two independeegsential processes does not
always provide an accurate description, in particular sesavhen the lifetimes of the intermediate
configurations are comparable to, or shorter than, theiogatime of the last step of the process
[6]. This implies that these processes proceed throughigemiree-body reactions.

The purpose of this contribution is to investigate the redaproduction rates of the three
possible reactions as function of the density and the teatyer of the environment, using the
genuine three-body reaction dynamics without sequernpiataximation.

2. Production rates

The rateRanc(E) of the radioactive capture reactian- b+ c — A+ y from a continuum state
of particlesa, b, c with kinetic energyE can be related to the cross-section of the inverse photo-
dissociation reaction [7],
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whereE = E, + Ba is the kinetic energy of the initial continuum three-bodatsiE, is the photon
energy,a,(E,) is the photo-dissociation cross-section of the nuclkusis the speed of lighty;
is the degeneracy of particles= a,b,c, A, and i, and Ly are the reduced masses of the systems
related to the Jacobi coordinaté¢s,y), for the three-body system [8].

The photo-dissociation cross-section for the inversegssk+ y — a+ b+ c can be expanded
into electric and magnetic multipoles. In particular, thectric multipole contribution of ordek
has the form [9]
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where the strength functio?® is
B(EA,npJo — nJ) = % |(NIM| O}, InoJoMo) %, (2.3)
u
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whereJy, J andMg, M are the total angular momenta and their projections of thialimnd final
states, and all the other quantum numbers are collectedninemd n. The electric multipole
operator is given by

3
o) = i;mri —RM, 4 (Qy) (2.4)

wherei runs over the three particles, and where we neglect cotititsifrom intrinsic transitions
within each of the three constituents [10].

The strength function#, is computed by genuine three-body calculations of bothbthend
final state and the continuum initial states. We use the hgpleerical adiabatic expansion method
described in [8]. Tha-n, a-n, anda-a interactions are given in [11, 12]. The continuum three-
body states of given angular momentum and parity are caémlilasing the box boundary condi-
tions [13]. The continuum spectrum is thus discretized. 3thength functions are then calculated
for each discrete continuum state using (2.3). The digtabuwd % /dE is built using the finite en-
ergy interval approximation, where the energy range isléiiinto bins, and all the discrete values
of 4 falling into a given bin are summed up. Afterwards the poares connected by splines and
the expressions (2.2) and (2.5) are computed.

2.1 Temperature and density dependence

The production rat®c(p, T) of a recombination reaction as function of the dengitgnd
temperaturél’ of the environment is obtained by averagiRg.(E) with the Maxwell-Boltzmann
distribution over the initial energie& and multiplying by the density; of particlesa, b, andc.
These densities are usually writtenras= pNaX; /A, wherep is the density of the environment,
Na is the Avogadro’s numbe# is the mass number of partideandX; = N;M; /(NaMa + NpMp +
NcM¢) is the mass abundance of nucléexpressed by the number of particésand their masses
M; (see Egs.(1) and (3) in ([7]),
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It is also possible to use the relative abundayice N; /(Na + Np + N¢).

The density dependence of the production rates (2.5) issiergle for a given temperature —
the reaction rate for three particles has to be multipliethieynumber of each species of particles.
For a given total densitp which is the sum of the neutron amdparticle densities, the density
dependence is given @8XIX3", whereX, = 1— X, andX, are the mass fraction of neutrons
anda-particles. Them = 1,2,3 corresponds to production 8ifle, °Be and'C, respectively.

When noa-particles are presenX, = Yy, = 0, the production rates are all zero. When only
a-particles are presen¥, = Yy = 1, only 2C can be produced. The density dependence for
production of®He and®Be are each others reflection agaiXgt= 1/2 but are pushed toward
smaller values as function &f. The production of?C increases monotonically as functionf
andYy.
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Figure 1: Production rates diHe, °Be, and'C as function of temperature for several densities.
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Figure 2: The phase diagram for productiHe, °Be and'2C in theY,-T parameter space. The curves
correspond to a constant ratio of production rates of twdaiuc

3. Relative production yields

We show in fig.1 the average rates as function of temperaturseiveral densities. All im-
portant contributions from different angular momenta aadtjgs, or equivalently different elec-
tromagnetic transitions, are included in the figure. We $e¢C is very low, but of course
increasing relatively with alpha-particle abundance. iyhler temperature th&He contributions
dominate wherea¥Be by far has the largest contribution at very low tempemt&®esponsible for
the°Be dominance is the 1/2+ state which is above but very clo&8Be¢0+) threshold [14].

The complete picture of the density-temperature deperdehdhe three-body production
rates is shown in fig.2. All these nuclei can be destroyedersdime environment but we consider
here only the individual three-body reactions creatingrth@ransfer reactions frofHe and°Be
using the same basic ingredients of neutrons and alphassmapraduceBe and!?C. Again, these
nuclei can be produced in four-body recombination reasfiB]. However, all these processes are
beyond the scope of the present investigation. Ygdless than about.@ and temperatures above
T ~ 1— 4 GK the nucleu$He is produced more than twice as ofter’Bg. AsY, increases the
relative®Be production increases and becomes dominant for all texhpes wheiY, exceeds (@.
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The rates at very low temperatures are difficult to estimateerically as they require extrapolation
to zero energy which in turn require certain assumptionsutabiee asymptotic behavior of the
photo-dissociation cross-section[16].

By further increase oY, the relative creation rate dfC increases. A¥, ~ 0.82 the®Be
production is still dominating whel?C is created with half the rate §He. AtY, ~ 0.86 the
production rates fot’C and®He are equal, but the production e still dominates. Only when
Y, is larger than about.09, where very few neutrons are present, the productiorofaf€ exceeds
the other rates. These relative rates are very crudely emtEmt of temperature except for very low
Yq values. Except for the smal}, results, similar overall conclusions were obtained in ey
investigations [3, 17, 18].
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