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Few-Body Reactions in Nuclear Astrophysics:
application to ®He and °Be production
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Abstract. In this work we obtain the astrophysical reaction and production rates for the two-patrticle radiative
capture processes+ n+n — °He+ y anda + « + n — °Be + y. The hyperspherical adiabatic expansion
method is used. The four-body recombination reactiorse + N+ n — ®He+a,a +n+n+n — SHe+n,
a+a+n+n-°Be+nande + « + « +n— °Be+ « are also investigated.

1 Introduction B1+By+- - -+By) is defined as the number of reactions tak-

ing place per unit time and unit volume of the star. It gives

Once the hydrogen fuel in a star is exhausted, the produc.then the VE|OC|ty at which the prOdUCtS of the reaction are
tion of energy and the temperature drop. The gravitational created. _ _

collapse increase the temperature and the helium becomes  The production rat® obviously depends on the center
the new source of energy. Due to the lack of neutrons, thef mass kinetic energl of theN-particle system involved
A=5 and A=8 instability gaps have to be bridged by the in the reaction. We shall denote the production rate at a

triple-alpha reaction + a + o — 1°C +y.
Nevertheless, tlierent scenarios are also possible such

as the so called “hot bubbles”. In these environments the

rapid neutron capture nucleosynthesis can happen [1,2].

Among these processes, two very relevant ones are the

formation of°Be through the reactiom+ a + n — °Be+y
[3,4] and the capture of two neutrons by@iparticle lead-
ing to ®*He+y [4,5]. These two reactions can be followed
by the capture of anothetparticle leading to eithé?C+n

or °Be+n. Since the triple alpha reaction is too slow at the

temperature-density conditions in the hot bubble, the reac-

tions mentioned above play a crucial role.

Together with the radiative capture reactions there are
also other reactions that in a high temperature neutron rich

environment could also play a relevant role. In particular
the four-body recombination processes- ¢ + n+n —
SHe+a,a+n+n+n—-°%He+n a+a+n+n—-°Be+n
anda + @+ @ +n — ‘Be+a.

2 Theoretical description: Production and
reaction rates

given energy aP(E).
The total production rate is then given by:

P= deP(E)B(E,T), Q)
whereB(E, T) is the probability of finding thé\ particles
with a center of mass kinetic ener@y This probability
depends on the temperature of the star, and it is given by
the Maxwell-Boltzmann distribution, which fé¢ particles
takes the form:
3N-5
7 E
(&)

wherekg is the Boltzmann constant. From the exponential
in Eq.(2) it is clear that for a given temperatureonly
energies satisfying < kgT (or at most a few timekgT)

are relevant. Therefore, for a temperature %0 (or 10

GK), sincekgT ~ 1 MeV, only energies not bigger than

a few MeV'’s play a role. The typical temperature in the
center of a standard star, like the sun, is of aboat GK,
while the one in a hot bubble could reach up to 10 GK [6].
Therefore, in a nuclear energy scale, we are in any case

11
T

E

B(E, T) -

)

Let us assume some stellar environment characterized by #lealing with very low (sometimes extremely low) energy

temperaturd, a mass density and the mass abundances
X; of their different constituents. Let us assume also a nu-
clear reaction involvingN of the elements contained in the
star, which transform them into whatewdrfinal products.
TheProduction Ratefor such reactionfy+Ax+: - -+ Ay —
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reactions.

The production ratd®(E) is given by some function
R(E) of the kinetic energy multiplied by the density of
each of the element®ntering in the reaction. This density
can be written ag; = pNaXi/A;, with N being the Avo-
gadro number the mass number of elemdntandX; the
mass abundance of such eleméntX; = 1). Therefore:
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cross section for the inverse reaction. This is particularly
relevant, since such two-body cross sections are often mea-

P(E) =n-nz---nnR(E) = surable experimentally.
— (PN X (X2 Xy R(E) 3) Note also that the energy in Eq.(6) is the kinetic energy
T TA Al \A A ' in the center of mass of the initial system, which i§etient

. . . ) . for a given reaction and the inverse. However, the center of
R(E) is the transition probability of the reaction with  mass kinetic energies of both processes are related through

initial energyE, which is given by: the Q-value of the reaction. In the reactida + A + - - - +
o 1 Ay — Bi + By + -+ + By the initial kinetic energyEy
R(E) = ?—x (4) and the kinetic energ¥w (initial energy for the inverse
g1-92:: 9N o " process) are related By = Ey — Q whereQ is the Q-
2 07 Pv-1 value of the direct reaction.
Xf(s(E_Ef)RTHWW/f)‘ (27T)3W’

where ¥ and ¥s are the center of mass wave functions 5 ¢ Theory: Two-particle Radiative Capture
of the initial N-body and finaM-body statesWV is the in-

teraction responsible for the reactiqn, - --, py_; arethe | et us consider here the radiative capture readierb +

M — 1 relative momenta of thé products of the reaction ¢ — A+ y, whereA is a bound three-body state haviag
(the remaining momentum is thd-body center of mass | andc as constituents.

momentum whichis integrated away), apdi = 1,---, N) As discussed above, the reaction rd&g,.(E)) for this
is the degeneracy of each of particle states in the incidentprocess can be related(®a, (E,) = (vo,(E,)), whereE =
channel. _ ) E, + B, B is the binding energy of the three-body system
Inserting (3) into (1) we can then write the total pro- A andc,(E,) is the photodissociation cross sectionfof
duction rate as: This relation is given by:
X1\ (X2 XN 2
P= N () () () mEr © Pt (E) 2
A A A Ranc(E) = = — o, (E 7
v N B =z (uxty)*? \ E ] gagnge (&) )

where
wherey; (i = a,b, ¢, A) is the degeneracy of particieand

(R(E)) = deR(E) B(E.T). 6) Hx andy, are the reduced masses of the systems connected
which is the so calledReaction Rate. In any case, to avoid by the usuak andy Jacobi coordma_tes used to describe
confusion betweeR(E) and(R(E)), we shall refer to the the th.ree body system made by partlc:iet?, andc.
first of them as the reaction rate (or reaction rate at a given, _ith the help of Egs. (2) to (6) and using Eq.(7) we can
energy), and to the second one as the energy weighted ret-hen write t.he production rate for te+ b+ ¢ — A+y
action rate. reaction as:

As one could intuitively think, reactions involving more 3 gr ga 8
particles have a smaller reaction rate. The larger the num-  Panc(p, T) = nanbncg—a/z—e ket X
ber of particles involved, the smaller the probability to have . (oxg1y)¥* gagoge
all them close enough to react. As an example, one could % 1 f E20,(E )e—k';—yT dE 8)
consider the two-neutron radiative capture processi + keT)3 Jg 777 7
n — S%He + y and the four-body recombination reaction
@ +n+n+n— %He+n. They are both a source Bifle.
However, as seen in Eq.(5), the production rate is propor- : " ) )
tional topN. Therefore, for a liciently large star density The photodissociation cross section f(_)r the inverse pro-
o, a higher number of particle in the initial state could ~ C€SSA+y — a+ b+ c can be expanded into electric and
compensate the decrease in the reaction rate, and then bal@dnetic multipoles. In particular, the electric multipole
come a relevant process. contribution of orden has the form:
Note that the matrix element in the integrand of Eq.(4) 3 21-1

is the same for a given process and the inverse, where the o-g)(Ey) = L/H”l)z (5) @ , 9)
initial and final states are exchanged. The onljedence A[(22+ )] * \he dE

between the reaction rates of both processes appears in thgqre the strength functiof for a transition between a

integration momenta, since the final states are in prinCiplethree-body stattngJoMo) and the excited stat¢nIM)} is
different in one case and the other. Therefore, it is always;en by:

possible to relate the reaction rates for a given process an
the inverse. Ir! pqrtmular, when o_nIy two particles are in- B(EA, nodo — nJ) = Z I(nJMIOﬁInoJoMon, (10)
volved in the initial state, Eq.(4) is simply the two-body m

. e . . H
cross section multiplied by the relative velocity between
both particles, andR(E)) for such process is usually de- whereJy, J andMg, M are the total angular momenta and
noted by(vo). Thus, the reaction rates for processes lead- their projections of the initial and final states, and all the
ing to two particles can be written in terms of the two-body other needed quantum numbers are collectedigntmdn.

which, sincen; = pNaX;/A;, depends on the mass density
and the temperature.
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Finally, the electric multipole operator involved in the 3 Numerical results: Reaction and

previous expression is given by: Production rates
3 . o
3.1 Two-particle Radiative Capture
0l = >zl - RIu(@,) . (11) P P
i=1

Their reaction rates can be obtained from the photodisso-
ciation cross sections of the inverse processes.

For the®He, the dipole term dominates by roughly four
orders of magnitude and the quadrupole result agrees with
previous estimates by Gorres et al. [3] and Fowler et al.
[8]. For the dipole contribution our reaction rate is about
one order of magnitude higher than Gorres et al. [3], Efros
et al. [5] and Barlett et al. [4]. The reason is that in these
calculations a fully sequential capture process is assumed.

For thea + o + n — %Be + vy radiative process the
dominant contribution comes from th¢21 states, which
produce a peak below 1 GK related to the low-lying reso-
nant state in the photodissociation cross section. Only for
temperatures beyond 5 GK thg5 contributions begins to
dominate. For temperatures beyond 1 GK our calculation
agrees with the one in [9].

The computed reaction rate for the productiof®é is
at least one order of magnitude above the one for the pro-
duction of®He. Only for temperatures around 5 GK they
become comparable.

The production ofBe is dominating in all the cases for
low temperatures. For higher temperatures the reaction rate
for production ofBe is comparable to the one obtained for
the production ofHe, and the dominance of one process or
another depends on the abundance of neutrons and alphas.

wherei runs over the three particles, and where we neglect
the contributions coming from the intrinsic transitions in
each of the three constituents [7].

2.2 Theory: Four-Body Recombination

We now consider the process+ b+c+d —» A+d
whereA is a bound three-body state haviagb, andc as
constituents. This is the so called four-body recombination
process where partick is just a spectator taking the ex-
cess of energy released wharb, andc create the bound
stateA.

As previously discussed, since we only have two par-
ticles in the final state, the reaction rgfu(E)) can be
related to(Rad(T2)) (= (vadoad(T2))), whereT, is the fi-
nal relative two-body kinetic energl, = T, + B, with B
being the binding energy of the three-body syst&nand
oad(Ty) is the cross section for the breakup/o#fter col-
lision with d. This relation is given by:

Rabcd(E) =
re T,

27)3 V218 A He —Z g aa(T2) (12
(an) VEULI (/Jx/ly/vlz)s/2 F(%) E? wa(T2) .(12)

3.2 Four-Body Recombination

wherey; (i = a,b, ¢, A) is the degeneracy of particieand _ )

tix, 11, andy, are the reduced masses of the systems con-Processes having a neutron as spectator clearly dominate.
nected by the usual, y, andz Jacobi coordinates used to The diference is of roughly two orders of magnitude. This

describe the four body system made by partices, c, is due to the dferent nuclear interaction between the spec-
andd. tator and the three constituentSte or°Be, and not to the
Inserting now Egs.(2) and (12) into Eq.(6) we then eas- additional Coulomb repulsion felt by the spectator.
ily get: When comparing the rates for production®fe and
%Be we find that the reactiom + n+ n+n — ®He+n
4(271)?5h6 PN . dominates for all temperatures, and the proeessa +
(Rabed(E))Y = 3/5 e T X n+n — °Be + n shows a reaction rate comparable to the
(xtty12)*'2 gagge one obtained for production He having any-particle as
1 - R S spectator.
X(kBT)g jl;l Tooa(Ty)e =TT, . (13) The largest production rate is the one corresponding to

thea+n+n+n — SHe+nreaction. Anincrease in the mass
From this expression it is evident the connection be- density by a certain factor, enhances by the same factor the

tween the reaction rate and the observahlg, which in relative four-body recombination production rate. There-

principle can be measured experimentally. However, to comfore, for temperatures as the ones estimated for a hot bub-

pute it numerically, one can directly do it using Egs.(4) to ble (units of GK), the four-body recombination reactions

(6), which require only calculation of the matrix element could easily be very relevant. On the other hand, for typi-

(W Ps). cal temperatures in the interior of a standard star of about
The assumptions made are two: First, the four-body 1072 GK the electromagnetic processes clearly dominate.

wave functions are approximated as a three-body wave func-

tion plus a spectator particle in a relative plane wave; and

second, the matrix element involved in the calculation is 4 Summary and conclusions

treated as the sum of three matrix elements corresponding

to the interaction between the spectator particle and eachTemperature and mass density are two crucial star prop-

of the constituents in the three-body system. erties which determine the production rate of a given re-
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adion. As typical temperatures are small, only very low
relative energies are relevant.

For a proper description of the radiative capture re-

actions we must include all the possible mechanisms and
usually those of them involving less particles are more im-

portant. However, if the star density is large enough the
latter could be relevant.

For temperatures as the ones estimated for a “hot bub-

ble”, the four-body recombination reactions could be very
relevant. On the other hand, for temperatures of abotft 10
GK the electromagnetic processes clearly dominate, and
only mass densities many orders of magnitude larger could
make the four-body processes to dominate.
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