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Abstract. In neutron-rich nucleosynthesis scenarios the mass gapsA = 5, 8 are assumed to be bridged by three-
body electromagnetic recombination reactionα(αn, γ)9Be. We suggest an alternative path: the nuclear four-body
neutron-recoil recombination reactionα(αnn, n)9Be. A qualitative estimate of the reaction rate for the alternative
reaction shows that for higher neutron densities the rate is comparable with the electromagnetic rate.

1 Introduction

In post-collapse supernovae scenarios of astrophysical nu-
cleosynthesis heavy elements are formed by rapid neutron
capture in a hot neutron-rich environment with 1020−30 neu-
trons per cm3 and temperatures of the order of 109K [1].

The recombination of twoα-particles and a neutron
into 9Be is an important process in these scenarios as it
bridges the gaps of unstable isotopes with mass numbers
A = 5 andA = 8 [2]. The recombination is assumed to
proceed through the three-body electromagnetic reaction,

α(αn, γ)9Be , (1)

where the excess energy is taken away by the emitted pho-
ton [2–5].

However in neutron-rich environments the recombina-
tion can also occur through the four-body nuclear recom-
bination reaction

α(αnn, n)9Be , (2)

where the excess energy is passed to a neutron in the envi-
ronment.

Compared to the electromagnetic reaction (1) the pro-
duction rate of the nuclear process (2) has an extra fac-
tor: the density of the available recoil neutrons in the en-
vironment. Assuming the typical range of nuclear forces
is about 2 fm, the characteristic neutron density for the
nuclear process is be about (2 fm)−3 = 1038cm−3. Conse-
quently, even for the higher estimate of the neutron density
in ther-process environments, 1030cm−3, the nuclear four-
body recombination (2) has an extra small factor of 10−8

and therefore was always assumed to be negligible com-
pared to the electromagnetic recombination.

However, simple estimates show that the two processes
might be comparable at the higher end of the neutron den-
sities under consideration. Indeed the electromagnetic di-
pole process involves a factor (R/λ)2 ∼ 10−5, whereR ∼
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3fm is the characteristic size of9Be,andλ = 2π~c/(~ω) ∼
800fm, is the wave-length of the emitted photon, where
~ω ≈ 1.6MeV is the binding energy of9Be. And then there
is another small factor, the fine structure constant, 1/137,
which makes the total factor 10−7.

Crucially, the reaction (2) involves low kinetic energies
of the particles, as both the temperature,T ≈ 0.1MeV, and
the energy released in the reaction,≈ 1.6MeV, are small
on the nuclear scattering scale. The cross-section is thus
largely defined by the s-wave scattering lengths between
the reacting particles. However the neutron-neutron sin-
glet scattering length,ann ≈ 20fm, is unusually large on
nuclear scale, about an order of magnitude larger than the
characteristic range of nuclear forces. Therefore the rate of
the nuclear process has an extra large factor, the square of
the neutron-neutron scattering length, which gives an ex-
tra 102.

Thus this estimate shows that the rates of electromag-
netic and nuclear recombination reactions might be similar
at neutron densities of about 1029cm−3.

2 Neutron-recoil recombination

We use the participant-spectator model [6], where the tran-
sition amplitudeM f i for the recombination of theααn sys-
tem from an initial (continuum) state|i〉 to the final (bound)
state〈 f | is given as

M f i =

∫

d3r〈 f |
e−ip′·r
√

V
W

e+ip·r
√

V
|i〉 , (3)

wherer is the relative coordinate betweenthe recoil neu-
tron and theααn center of mass,p andp′ are the initial
and final momenta of the recoil neutron (relative to the
ααn system), andW is the interaction between the recoil
neutron and theααn system. The three-body states|i〉 are
normalized to unity within the volumeV. The final results
should be independent of the normalization volume.
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Both the temperature,109K ∼ 0.1MeV, and9Be bind-
ing energy,∼ 1.6MeV, can be considered as small for the
neutron-neutron and neutron-αscattering. In this regime
the interaction between the recoil-neutron and the recom-
bining particles is largely determined solely by the corre-
sponding scattering lengths.

The singlet neutron-neutron scattering length,ann ≈
20fm is about ten times larger than the neutron-αscatter-
ing length. Therefore we can neglect the neutron-αinterac-
tion in the matrix element (3) and only leave the neutron-
neutron interaction.

In the low-energy regime the interaction can be approx-
imated by the Fermi’s pseudo-potential particularly suit-
able for the plane-wave approximation for the recoil neu-
tron,

W =
4π~2ann

m
δ(rnn) , (4)

wherernn is thedistance between the two neutrons andm
is the neutron mass.

Introducingrn = r − rnn as the coordinate between the
recombining neutron and the center of mass of the recom-
biningααn system, and integrating (3) with theδ-function
interaction (4) gives

M f i =
4π~2ann

Vm
〈 f |e−iq·rn |i〉 , (5)

whereq = p′ − p is the transferredmomentum.
Since the temperature of the environment is smaller

than the binding energy of9Be, we neglect the initial ther-
mal energy of the system compared to the recoil energy.
Neglecting also the mass of the neutron compared to the
mass of9Be we assume that for any initial state|i〉 the
recoil energy is equal to9Be binding energy,ǫ. Thus the
transferred momentum is given as

q =

√

2mǫ
~2
. (6)

The number ofstates per unit energy,dνq, for the recoil
neutron in the final state is given as

dνq =
Vd3q
(2π)3

=
qmV

(2π)3~2
dΩqdEq , (7)

wheredΩq is an infinitesimalsolid angle around the direc-
tion of q andEq is the energy of the recoil neutron.

The differential probability for the transition|i〉 → | f 〉
for anααn system per unit time per one recoil neutron is
given by the Fermi’s Golden rule,

dw f i =
Nn

4
2π
~
|M f i|2

dνq
dEq
, (8)

whereNn is the numberof available recoil neutrons in the
volumeV, and the factor 1/4 is the probability to find two
neutrons in a singlet state in a thermal gas of neutrons.

Substituting the matrix element (5) and the number of
states (7) into (8) gives

dw f i = nna2
nnv
∣

∣

∣〈 f |e−iq·rn |i〉
∣

∣

∣

2
dΩq , (9)

wherenn is the neutron density,v = ~q/m is the velocity of
the recoil neutron.

Integrating over the recoil angles gives the reaction rate

w f i = nna2
nnvF f i , (10)

where

Fi f =

∫

dΩq

∣

∣

∣〈 f |e−iq·rn |i〉
∣

∣

∣

2
. (11)

3 Electromagnetic recombination

The dipole electromagnetic recombination reaction rate is
given as [7]

w
(E1)
f i = 8π

2
9
ω3

~c3
B(E1)

f i , (12)

where~ω is the photon’s energy, andB(E1)
f i is the reduced

dipole transition probability integrated over the photon an-
gles and summed over magnetic quantum numbers of the
final state,

B(E1)
f i = 4(2e)2

∑

µµ f

∣

∣

∣〈 f |rαY1µ(rα)|i〉
∣

∣

∣

2
, (13)

whererα is the coordinate of anα-particle from center of
mass of the recombiningααn system, 2eis the charge of
theα-particle,µ f is the magnetic quantum number in the
final state of the recombining system, and factor 4 is there
because there are two identicalα-particles.

One can rewrite the rate in a more elucidating form as

w
(E1)
f i =

(4π)3

9
ω

e2

~c

(R
λ

)2 B(E1)
f i

e2R2
, (14)

whereR2 ≈ (2fm)2 is the meansquare charge radius of
9Be, andλ is the wavelength of the photon.

4 Qualitative comparison of the nuclear
and electromagnetic rates

The nuclear rate (10) and the electromagnetic rate (14) can
be compared qulitatively. Indeed the dimensionless factors
F f i and B(E1)

f i /(e
2R2) should be of the same natural order

since they contain only quantities of the natural scale of
the three-body system. Then the ratio of nuclear to electro-
magnetic rates can be estimated as

w f i

w
(E1)
f i

∼ (nna3
nn)

(

v
c

)

(

R
λ

)2

λ

ann
∼ 105(nna3

nn) , (15)

wherev/c ∼ 0.05 andλ ∼ 800fm. Thus the nuclear rate
will be comparable to electromagnetic rate for neutron den-
sities of the order

nn ∼ 10−5a−3
nn ∼ 1030cm−3 , (16)

which is right on the edge of the possible neutron densities.
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5 Conclusion

We suggest an alternative reaction for bridging the gap
of unstable nuclear isotopes withA=5,8 in neutron-rich
nucleosynthesis scenarios, namely the nuclear four-body
recombination reactionsα(αnn, n)9Be. We estimate qual-
itatively the rate of the nuclear recombination within the
participant-spectator model and compare it with the rate of
the electromagnetic recombination reactionα(αn, γ)9Be.
We show that for scenarios with the neutron densities of
the order of 1030cm−3 the nuclear rate is comparable with
the electromagnetic rate.
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