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We consider dense and hot environments consisting ofα-particles and neutrons. These environ-

ments possibly appear after type II supernova explosions and are the suggested starting place for

the rapid-neutron process. Three nucleosynthesis reactions are possible in such environments,

3α →12 C+ γ, 2α + n →9 Be+ γ, andα +2n →6 He+ γ, all of which are three-body reactions.

We investigate the reaction rates of these reactions as function of the density and the temperature

of the environment. We use genuine three-body models without sequential approximation.
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1. Introduction

In neutron-rich scenarios of astrophysical nucleosynthesis heavy elements are formed by the
rapid neutron process in hot and dense environments consisting of α-particles and neutrons [1].
Formation of heavy elements must overcome the problem that all nuclear isotopes with mass num-
bers 5 and 8 are unstable [2]. These gaps can be bridged by the three-body reactions

α +α +α →12 C+ γ , (1.1)

α +α +n →9 Be+ γ , (1.2)

α +n+n →6 He+ γ . (1.3)

These three-body reactions are usually treated as two-stepprocesses where the unstable iso-
topes5He and8Be are first created, which subsequently, before decaying, react with another neu-
tron orα-particle [3, 4, 5]. This approximation of two independent sequential processes does not
always provide an accurate description, in particular in cases when the lifetimes of the intermediate
configurations are comparable to, or shorter than, the reaction time of the last step of the process
[6]. This implies that these processes proceed through genuine three-body reactions.

The purpose of this contribution is to investigate the relative production rates of the three
possible reactions as function of the density and the temperature of the environment, using the
genuine three-body reaction dynamics without sequential approximation.

2. Production rates

The rateRabc(E) of the radioactive capture reactiona+b+ c → A+ γ 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],

Rabc(E) =
h̄3

c2

8π
(µxµy)3/2

(

Eγ

E

)2 2gA

gagbgc
σγ(Eγ) , (2.1)

whereE = Eγ +BA is the kinetic energy of the initial continuum three-body state,Eγ is the photon
energy,σγ(Eγ) is the photo-dissociation cross-section of the nucleusA, c is the speed of light,gi

is the degeneracy of particlesi = a,b,c,A, andµx andµy are the reduced masses of the systems
related to the Jacobi coordinates,(x,y), for the three-body system [8].

The photo-dissociation cross-section for the inverse processA+γ → a+b+c can be expanded
into electric and magnetic multipoles. In particular, the electric multipole contribution of orderλ
has the form [9]

σ (λ)
γ (Eγ) =

(2π)3(λ +1)
λ [(2λ +1)!! ]2

(

Eγ

h̄c

)2λ−1 dB

dE
, (2.2)

where the strength functionB is

B(Eλ ,n0J0 → nJ) = ∑
µM

|〈nJM|Oλ
µ |n0J0M0〉|

2, (2.3)
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whereJ0, J andM0, M are the total angular momenta and their projections of the initial and final
states, and all the other quantum numbers are collected inton0 and n. The electric multipole
operator is given by

Oλ
µ =

3

∑
i=1

zi|ri −R|λYλ ,µ (Ωyi) , (2.4)

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

The strength function,B, is computed by genuine three-body calculations of both thebound
final state and the continuum initial states. We use the hyper-spherical adiabatic expansion method
described in [8]. Then-n, α-n, andα-α interactions are given in [11, 12]. The continuum three-
body states of given angular momentum and parity are calculated using the box boundary condi-
tions [13]. The continuum spectrum is thus discretized. Thestrength functions are then calculated
for each discrete continuum state using (2.3). The distribution dB/dE is built using the finite en-
ergy interval approximation, where the energy range is divided into bins, and all the discrete values
of B falling into a given bin are summed up. Afterwards the pointsare connected by splines and
the expressions (2.2) and (2.5) are computed.

2.1 Temperature and density dependence

The production ratePabc(ρ ,T ) of a recombination reaction as function of the densityρ and
temperatureT of the environment is obtained by averagingRabc(E) with the Maxwell-Boltzmann
distribution over the initial energiesE and multiplying by the densityni of particlesa, b, andc.
These densities are usually written asni = ρNAXi/Ai, whereρ is the density of the environment,
NA is the Avogadro’s number,Ai is the mass number of particlei, andXi = NiMi/(NaMa +NbMb +

NcMc) is the mass abundance of nucleusi expressed by the number of particlesNi and their masses
Mi (see Eqs.(1) and (3) in ([7]),

Pabc(ρ ,T ) = nanbnc
h̄3

c2

8π
(µxµy)3/2

gA

gagbgc
e−

B
kBT

1
(kBT )3

∫ ∞

|B|
E2

γ σγ(Eγ)e
−

Eγ
kBT dEγ . (2.5)

It is also possible to use the relative abundanceYi = Ni/(Na +Nb+Nc).

The density dependence of the production rates (2.5) is verysimple for a given temperature –
the reaction rate for three particles has to be multiplied bythe number of each species of particles.
For a given total densityρ which is the sum of the neutron andα-particle densities, the density
dependence is given asρ3Xn

αX3−n
n , whereXn = 1−Xα andXα are the mass fraction of neutrons

andα-particles. Thenn = 1,2,3 corresponds to production of6He,9Be and12C, respectively.

When noα-particles are present,Xα = Yα = 0, the production rates are all zero. When only
α-particles are present,Xα = Yα = 1, only 12C can be produced. The density dependence for
production of6He and9Be are each others reflection againstXα = 1/2 but are pushed toward
smaller values as function ofYα . The production of12C increases monotonically as function ofXα

andYα .

3



P
o
S
(
N
I
C
 
X
I
)
0
2
0

production rates of 6He, 9Be, 12C D.V. Fedorov

Figure 1: Production rates of6He,9Be, and12C as function of temperature for several densities.
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Figure 2: The phase diagram for production6He, 9Be and12C in theYα -T parameter space. The curves
correspond to a constant ratio of production rates of two nuclei.

3. Relative production yields

We show in fig.1 the average rates as function of temperature for several densities. All im-
portant contributions from different angular momenta and parities, or equivalently different elec-
tromagnetic transitions, are included in the figure. We see that 12C is very low, but of course
increasing relatively with alpha-particle abundance. At higher temperature the6He contributions
dominate whereas9Be by far has the largest contribution at very low temperature. Responsible for
the9Be dominance is the 1/2+ state which is above but very close to8Be(0+) threshold [14].

The complete picture of the density-temperature dependence of the three-body production
rates is shown in fig.2. All these nuclei can be destroyed in the same environment but we consider
here only the individual three-body reactions creating them. Transfer reactions from6He and9Be
using the same basic ingredients of neutrons and alphas can also produce9Be and12C. Again, these
nuclei can be produced in four-body recombination reactions[15]. However, all these processes are
beyond the scope of the present investigation. ForYα less than about 0.1 and temperatures above
T ≈ 1−4 GK the nucleus6He is produced more than twice as often as9Be. AsYα increases the
relative9Be production increases and becomes dominant for all temperatures whenYα exceeds 0.2.
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The rates at very low temperatures are difficult to estimate numerically as they require extrapolation
to zero energy which in turn require certain assumptions about the asymptotic behavior of the
photo-dissociation cross-section[16].

By further increase ofYα the relative creation rate of12C increases. AtYα ≈ 0.82 the9Be
production is still dominating when12C is created with half the rate of6He. At Yα ≈ 0.86 the
production rates for12C and6He are equal, but the production of9Be still dominates. Only when
Yα is larger than about 0.99, where very few neutrons are present, the production rateof 12C exceeds
the other rates. These relative rates are very crudely independent of temperature except for very low
Yα values. Except for the smallYα results, similar overall conclusions were obtained in previous
investigations [3, 17, 18].
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