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Abstract. Recent investigations suggest that the neutrino- 
heated hot bubble between the nascent neutron star and the 
overlying stellar mantle of a type-II  supernova may be the 
site of the r-process. In the preceding c~-process build- 
ing up the elements to A ~ 100, the 4He(2n,"/)6He- and 
6He(o~,n)9Be-reactions bridging the instability gap at A = 5 
and A = 8 could be of relevance. We suggest a mechanism 
for 4He(2n,~/)6He and calculate the reaction rate within the 
c~+n+n approach. The value obtained is about a factor 1.6 
smaller than the one obtained recently in the simpler direct-  
capture model, but is at least three orders of magnitude en- 
hanced compared to the previously adopted value. Our cal- 
culation confirms the result of the direct-capture calculation 
that under representative conditions in the c~-process the re- 
action path proceeding through 6He is negligible compared 
to 4He(c~n,'y)9Be. 

PACS: 25.40.Lw; 25.40.Ny; 97.10.Cv 

1 Motivation 

Many calculations of the two-step radiative capture reac- 
tions of astrophysical interest have been done by now in the 
framework of the single-particle direct-capture model. An 
accuracy of the model was not known to a sufficient degree 
and its assessment by performing a few-body type calcula- 
tion is of interest. This is accomplished in the present work 
for the 4He(2n, 7)6He reaction. 

In the past years a new neutron-rich astrophysical sce- 
nario taking place in the neutrino-heated hot bubble between 
the nascent neutron star and the overlying stellar mantle of  
a type-II  supernova has been proposed [1]-[5]. The ma- 
terial, originally in nuclear statistical equilibrium (NSE) at 
high temperature, is expanded and cooled so rapidly that 
not all the a-part icles  have time to reassemble. In this en- 
vironment most nucleons are either in the form of free neu- 
trons or bound in c~-particles. The nucleosynthesis in the 
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neutrino bubble takes place in subsequent steps: first, c~- 
particles are formed from the free nucleons. Then, in the 
following c~-process, nuclei up to about A ~ 100 are pro- 
duced [ 1 ]. Finally, the neutrino bubble is also an ideal site for 
the r-process synthesizing the elements of about A >__ 100 
[1, 6 ,7] .  

The bottleneck of the above nucleosynthesis processes 
is the formation of nuclei with mass numbers A > 9 from 
the nucleons and c~-particles, because two-step processes 
have to be involved in bridging the instability gaps at A = 5 
and A = 8 (see Fig. 1). Due to the lack of neutrons in hy- 
drostatic helium burning in red giants, these instability gaps 
have to be bridged by the triple-alpha reaction 4He(2o~,',/)12C 
which proceeds as a two-step process c~ + c~ ~ 8 B e  and 
8Be(c~,~')12C. However, in the c~-process where neutrons are 
available the instability gaps can also be overcome by the 
reaction 4He(cm,7)9Be which is much more efficient in the 
c~-process than the triple-alpha reaction rate [ 1, 5]. 

Another reaction chain could also be of importance. This 
chain starts with 4He(2n,7)6He and is then continued by 
6He(o~,n)9Be, thereby closing the instability gaps at A = 5 
and A = 8 (see Fig. 1). Here one should take into account 
that the abundance of free neutrons for the c~-process is 
of the order of 102o.3o neutrons cm -3 [1, 6] and that the 
yield of  the c~2n reaction forming 6He is proportional to 
Y a Y  2 while the yield of the 2cm reaction is proportional 
to Y~Yn. (The notation Y,~ and Yn stands for the concentra- 
tions of alphas and neutrons, respectively.) The rate of the 
4He(2n,7)6He reaction was estimated in Ref. [8] and found 
to be very small. However, as it is shown below the main 
mechanism of the reaction was missed in that study. We 
thus investigate whether the rate of the reaction is enhanced 
to a sufficient degree due to this main mechanism under 
representative conditions. While we are using a three-body 
model of the process the same issue was studied in a recent 
independent paper [9] using a simpler direct--capture model. 

The 4He(2n,~/)6He-reaction is also of special interest be- 
cause experimental data of the nucleus 6He show features 
characteristic for halo nuclei [10, 11]. This is indicated by 
the special character of the a - spec t ra  for the decay of the 
J "  = 2 + level at E = 1.8 MeV in 6He and the measurement 
of an abnormally large electromagnetic-dissociation cross 
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Fig. 1. Possible two-step processes involved in bridging the instability gaps 
at A = 5 and A = 8. The main reaction flow under typical conditions in the 
a-process is indicated by thick arrows, the thinner arrows represent almost 
negligible reaction flows 

section [12, 13]. We note as well that the strength functions 
for the reverse reaction were calculated in Ref. [14] in the 
framework of an approach treating all the three final-state 
particles on equal footing. 

2 The model  

Let us formulate our model for calculating the 4He(2n,7)6He 
reaction rate. We adopt a two-step mechanism for the pro- 
cess, tn the first step the p-wave 3 / 2 -  resonant state of 
SHe is formed and the reaction proceeds through a wing of 
this resonance. Calculations of two-step reactions proceed- 
ing through the low--energy wing of a resonance are well 
known from the triple-alpha process. However, the mecha- 
nism of the reaction we are considering proves to be differ- 
ent. In analogy with the triple-alpha process, a transition of 
a p-wave neutron to the resonant state of 6He followed by 
a E2 capture to the ground state of 6He would be the sec- 
ond step of the reaction. However there exists an alternative 
possibility, namely a non-resonant El -capture  of an s-wave 
neutron. The latter process proves to dominate strongly the 
reaction in our case. This occurs because of both the lower 
multipolarity and the absence of a Coulomb or a centrifu- 
gal barrier suppressing this transition. We thus adopt this 
process as the second step of the reaction. The resonant 
E2-contribution will be commented on below. We use the 
three-body a+n+n representation of the nuclear system in 
our calculations. 

The reaction rate per particle triplet for 4He(2n,7)6He, 
in analogy to the triple-alpha process, is given by [15, 16] 

fo °~ 1~ d (n4He) (El)  
(2neHe) = 2 dEl P (SHe, E l )  dEs 

f0 ~ d (nSHe) (El ,  E2) (1) 
x dE2 dE2 ' 

where El  and E2 are relative energies in the (4He+n)- and 
(SHe+n)-system, respectively. The quantity F (SHe, E l )  is 

an energy-dependent width of SHe, whereas the integrands 
d (n4He) (El) ~dE1 and d @SHe) (El ,  E2) ~dE2 are trans- 
port cross sections 0.(E)v [17] for the first and second step, 
respectively, times the corresponding Maxwell distributions 
~., g E e x p ( - E / k T ) .  

The first step of the reaction is represented by the first 
integral in Eq. (1) [15, 16]. An equilibrium between the 

production and the decay for the population of SHe is as- 
sumed here. The relative production rate of 5He is given by 
0.I(Ei)vl. The total production cross section 0.i coincides 
with the elastic (4He+n) cross section as neutron emission 
of SHe is the only possible exit channel. The relative decay 
rate is given by F (SHe, E l ) / h .  The integrand is the ratio of 

the 5He particle density at given E~ to the product of net a 
and n particle densities at the equilibrium. To calculate the 
energy dependent width f (SHe, E l )  we need a (4He+n)- 
potential. It was obtained by scaling the depth and range of 
the folding potential to the experimental energy and width 
of the 5He ground state. Both these quantities are exactly 
reproduced by our potential and o l ( E l )  is also reproduced 
reasonably well. The values 0 .89MeV [18] and 0.76MeV 
were adopted as the Breit-Wigner 5He energy and width, 
respectively. 

The value of the width was deduced [19] from the most 
recent experiment [20]. In Ref. [20] itself a significantly 
larger value of the width was reported and we would like to 
explain the difference between the two values. In Ref. [20] 
the spectrum of that work was fitted by the expression of 
the form 

FR(mna) (2) 

izo - uro - + 

times a smooth function in the (n - a )  relative energy E,,~. 
Here En(E)  = 272P(E)  and A(E)  = - 7 2 [ S ( E )  - S(Eres)] 
where 72 is the reduced width, and P and S are the pene- 
trability and the shift function defined as usual. The value 
of Pn(Eres) was then reported as a width. However, this 
R-matr ix  value is known to differ from the physical width 
determining the lifetime of a system. Just the latter width P 
determines the energy-dependent width in Eq. (1) and it can 
be obtained from the location of the pole Ena = Eo - iF~2 
of the factor (2). This width was found in Ref. [19] and the 
value obtained is close to the older estimates [18]. 

To calculate the second step reaction rate @SHe), the 

5He(n,7)6He cross section is required. As explained above, 
we consider the electric dipole transition E 1 from an incident 
s-wave. The cross section is given by 

arc (E~ ,~  3 e2 12 
02 ( E l ' E 2 ) -  ~ -  • J~C// ~ U  2 I I (3) 

with 

I = -~2 .I0 drt dr2ub(rl)rlUsc(E2,r2) 

xr2fe=1,j=g/2,(rl.r2) , (4) 

where E 7 = El + £7_, + Q12 is the energy of the photon, 
with Ql2 = 0.98MeV being the Q-value of the reaction 
4He(2n,7)6He, In Eq. (4) the coordinates rl  and r 2 are the 
distances between the valence neutron and the a - c o r e  or the 
center of mass of SHe, respectively. The quantities v2 and 
~2 are the relative velocity and wave number in the entrance 
channel (SHe+n) of the second step. The quantity Ub(r'l)/rl 
represents the radial part of the quasi-bound wave func- 
tion of the 5He resonance, and use(E2, r2)/r2 is the radial 
part of the (SHe+hi scattering wave function. The function 
fg=l,j=3/2(rl, 7"2) is the radial component in the expansion 
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Fig. 2. Calculated cross section for 5He(n,7)rHe 

~P (6He) = Z fei (r'' r2) [Xej ([l, O'lz) Xgj (1"2, O'2z)] J=0 (5) 
je 

of the a+n+n ground-state wave function. Here Xej are 
angular-momentum functions with orbital momenta g (nec- 
essarily equal to each other) and total angular momenta 
j = g±l /2 ,  001z and 002z are spin variables of the valence neu- 
trons, and the brackets [ . . . ]  denote vector coupling. Only the 
(g = 1, j = 3/2)-component  may contribute to the cross sec- 
tion. The 6He wave function is normalized to unity and the 
scattering wave function is normalized as Ztsc ~ sin(kr2 +~5) 
in the asymptotic region. 

The ground-state wave function Ztb(7"l) of 5He was ob- 
tained as the Siegert solution to the (4He+n) Schrrdinger 
equation and this solution was taken inside the centrifugal 
barrier and normalized there to unity (see e.g. [21]). The 
Siegert solution is an eigenfunction corresponding to the 
boundary condition for a decaying system and inside the 
barrier it represents the contribution of a resonance to con- 
tinuum wave functions. Its absolute value decreases inside 
the barrier and increases in the outer region. The cut-off  
radius 7.425 fm was taken at the point of a minimum of 
I ub I. Replacement of this complex-energy (E0 - iF~2) 
solution by the real-energy E0 scattering solution with the 
same cut-off  radius leads to less than only 1% difference 
in the second-step cross section. This shows both that the 
resonance contribution is a predominant one and that the 
cut-off  radius has been chosen correctly. Variation of  this 
radius, e.g., by + l . 5 f m  changes the cross section by not 
more than 20%. (Reasonable variations of  the cut-off  radii 
give even narrower limits.) The above-mentioned (4He+n) 
folding potential was used to obtain Ub. 

To calculate the scattering wave function %c(E2, r2) we 
construct the optical (5He+n)-potential by using the fold- 
ing procedure [22, 23]. We first reproduced the matter den- 
sity distribution for 4He by means of a simple Gaussian 
with the r.m.s, matter radius of 1.469 fm deduced from the 
r.m.s, charge radius of 1.676 fm [24]. To obtain the density 
distribution for 5He, we folded the 4He-density distribution 
with the above-mentioned wave function '/2b(/~l, rl). Finally, 
we used again the folding procedure to obtain the potential. 
Due to abnormally large separations between the valence 
neutrons and the c~ core in the final-state 6He halo nucleus 
the cross section is largely enhanced. The outer free-motion 
parts of the u b and %c functions contribute predominantly to 
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Fig. 3. Calculated cross sections for 6He(%n)5He 
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Eq. (4) due to the same reason. If  one replaces the (4He+n) 
potential we used above by the square-well  potential whose 
range and depth are fitted to the position and width of the 
5He resonance the reaction rate obtained changes by less 
than 1% and thus it is insensitive to the form of the po- 
tential. An accurate three-body wave function of  6He (see 
[11]) was used in our calculations. Originally, it was given 
in LS-coupl ing  and in the form of an expansion over hyper- 
spherical harmonics and we present it in the form of Eq. (5). 

While we included the formation of the 5 H e ( 3 / 2 - )  res- 
onance as the first step of the reaction we neglected the 
contribution from the broad 1 / 2 -  resonance. Taking into ac- 
count Eq. (1) the relative 1 / 2 -  contribution may be roughly 
estimated as 

[001/2 (E )F3 /2  7,/31/2 ] [0°3/2 ( E )  -/"1/2 73)3/2 ] - I (6) 

where cr's are elastic cross sections, F ' s  are widths and w's  
are weights of the fe=z,j components with j = 1/2 and 3/2 
in the 6He wave function from Eq. (5). The weights we 
Calculated are w3/2 = 0.87 and Wl/2 = 0.049. The compo- 
nent entering Eq. (4) thus dominates the 6He wave function. 
Substituting these values into (6) along with the value of 
Ft/2 -~ 4 MeV [18] we obtain 0.01o't/2(/~?)-/o'3/2(S). The 
ratio of the cross sections is less than unity. Thus the con- 
tribution of the 5 H e ( I / 2 - )  resonance to the reaction rate is 
negligible. 

3 React ion rates  

The calculated cross section for 5He(n,'-/)6He can be para- 
metrized by cr = 0.152/(E2 [MeV]) 1/2 [/zb] and it is depicted 
in Fig. 2. Furthermore, in Fig. 3 the cross section for the in- 
verse process 6He(%n) 5He, as obtained from the principle of 
time-reversal invariance [25, 26], is shown. The cross sec- 
tions given in these figures were obtained by assuming that 
5He exists exactly at the resonance energy El  = 0.89 MeV. 
The 5He(n,7)6He cross section exhibits the I /v -behav io r  
corresponding to incident s-waves. The 6He(q,,n)SHe cross 
section shown in Fig. 3 is about three orders of  magnitude 
higher than the maximum value that was originally used for 
the determination of the reaction rates of 4He(2n,7)6He and 
6He(7,2n)4He by Fowler et al. [8] (cf. below). 

The obtained reaction rate can be parametrized in the 
following way: 
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Fig. 4. Ratio of calculated reaction rate of 4He(2n,-'/)rHe for 7"9 = 0.5 - 8 . 0  
and the maximum of the previous adopted value [8] 

Table 1. Parameters of the reaction rate for 4He(2n,7)rHe calculated in our 
three-body model 

0 .1-<T9-<2 2<7"9--<15 
a 0.00265 0.293 
b 2.55 -0.351 
c 0,181 -5.24 

C S - I  N 2 (2n4He) = a(T9) bexp ~99 10-8 cm6 tool -2 , (7) 

where the parameters a, b, c are listed in Table 1 for the two 
temperature regions 0.1 < T9 < 2 and 2 < T9 < 15 (719: 
temperature in units of 10 9 K). 

The inverse reaction rate A.~ per nucleus per second can 
be calculated by using the RevRatio [8] 

A-y = RevRatio x N 2 (2n4He) s -1 (8) 

The RevRatio is parametrized in the following way 

(-113  
RevRatio = 1.08(T9) 3 exp \ T9 J 1020 cm-6 m°le (9) 

As shown in Fig. 4, the reaction rate for 4He(2n,"/)6He 
calculated with the help of our three-body model is more 
than three orders of magnitude larger than the maximum of 
the previously adopted value [8]. This is mainly due to the 
non-resonant El-transition of the second step 5He(n,7)6He, 
which dominates the cross section, and which was not taken 
into account in Ref. [8]. We have also obtained an estimate 
comparable to the results in Fig. 4 using the direct-capture 
model. 

The huge enhancement of the reaction rate obtained can 
simply be demonstrated as follows. Let us estimate the ra- 
tio of the second-step non-resonant transport cross section 
(~rv),~r to the resonant one. To simplify the reasoning, let 
us consider the case of higher temperatures such that kT  is 
comparable to or larger than the width El of SHe (T larger 
than about 101° K). Below it will be convenient to treat the 
(crv)nr value as an average transition probability. This im- 
plies that the 5He+n relative wave function is normalized 
to exp(ikr) plus the scattered wave at large distances. The 
resonant second-step transition disregarded in our calcula- 
tions proceeds through the first excited state 6He(2 +) lying 
within the width of the broader SHe resonance. The quan- 
tity (~rv) for this transition can be estimated as (c.f. [17]) 

Table 2. Comparison of the reaction rates of the photodisintegration 
CHe(%2n)4He (second column) and 6He(c~,n)gBe (third column) for dif- 
ferent temperatures (first column) 

'/"9 A7 N A (6Heo~) 
0.5 1.28 x 10 -2 6.45 × 105 
0.8 7.71 x 102 3.16 × 106 
1.0 4.36 × 104 6.69 × 106 
1.5 1.66 × 107 2.64 x 107 
2.0 4.87 × 108 6.86 × 107 
2.5 4.54 x 109 1.37 x 108 
3.0 2,27 x 10 ~° 2,26 × 108 
5.0 8.50 x 10 ~ 6.05 x 108 

(h2/2/z),a-l/2Z]-3/2z 3/2 exp(-z)hw~ where A is the posi- 
tion of the 6He resonance with respect to the (SHe+n) thresh- 
old, z = A / k T ,  # is the reduced mass for (SHe+n) and w~ is 
the transition probability pertaining to the transition from the 
6He(2+) quasi-bound state to the ground state. The quantity 
A equals to lET -- El) where E~ is the absolute position 
of the 6He(2 +) resonance and E1 is the energy of 5He. This 
quantity should be averaged over the distribution of/~i giv- 
ing z~(T) _~ F1. The ratio (crv)~./w~- of the two transition 
probabilities equals to the squared ratio of absolute values 
of electromagnetic transition matrix elements. The transi- 
tions considered are E1 and E2, respectively, and this ratio 
can thus be estimated as R3[(2l + 1)/k.~R] 2 where l = 2, 
k, v '~ i 0 - 2  fm -1 is the photon momentum, R -~ 4.5fm [11] 
is the average distance between a (4He+n) subsystem and 
the other outer neutron in the 6He nucleus and the R 3 factor 
comes from the difference in normalizations of the initial 
state wave functions entering the transition matrix elements. 
As a result we arrive at the rough estimate 

[(hk.~)2 ] - ,  h2 - , / 2  
[ 2# J (~--R ~ ) F~/2 :2 -3 /2  exp(:2) 25 

-~ 5 • 103:~ -3/2 exp(~) 

for the ratio of the reaction rates, where Yc ~_ I~i/kT. 
The rate obtained in our three-body calculation is about a 

factor of 1.6 smaller than the simpler single-particle direct- 
capture rate given in Ref. [9]. Therefore, we reach the same 
conclusion as in Ref. [9], i.e. for the trajectories relevant to 
the r-process given in Ref. [4] (the last 16 trajectories given 
in Table III) the reaction rate of the 4He(2n,3,)rHe obtained is 
stronger by a factor of  three than the triple-c~ reaction, but 
is still weaker by approximately two orders of magnitude 
than the 4He(cm,7)gBe reaction. 

With respect to the photodisintegration of 6He our cal- 
culations show that for the same trajectories as given above, 
the beta decay of 6He and 6He(2n,'3,)SHe are slower by 
about 10 and 11 orders of magnitude, respectively (the re- 
action rate for 6He(2n,7)SHe is given in [27]). The reaction 
6He(c~,7)l°Be is smaller by about two orders of magnitude. 
The only reaction which can compete with the photodisin- 
tegration is the reaction 6He(c~,n)9Be. The cross section for 
the inverse reaction 9Be(n,c~)6He was measured by Stelson 
and Campbell [28] in the energy range from 0.7 to 4.4 MeV. 
From this the reaction rate of 6He(c~,n)9Be was deduced. A 
comparison of the rate with the photodisintegration rate is 
given in Table 2 for different temperatures. While the rate 
for the photodisintegration is multiplied with the density p in 
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units g cm-3 and the 6He abundance in the network, the rate 
for the ct capture is multiplied with the square of the density 
and the abundances of 6He and c~. Therefore, under repre- 
sentative conditions (cf., Ref. [1]) with p = 5 x 104gcm -3 
and lea = 0.225 most of the produced 6He can be processed 
further on to 9Be. Even at T9 = 5.0 alpha capture by 6He 
is still more important than photodisintegration. However, it 
has to be noted that under representative conditions in the 
c~-process the reaction path proceeding through 6He is still 
negligible compared to the reaction 4He(c~n,7)9Be. 

In conclusion, we have considered a new mechanism of 
the two-neutron capture by the 4He nucleus which leads 
to a more than three order of magnitude enhancement with 
respect to the value adopted by Fowler et al. [8]. We have 
performed a simplified three-body calculation of the reaction 
rate that proved to be in accordance with the prediction of 
the simple direct-capture model within a factor of two. The 
inverse reaction of the photodisintegration of 6He has also 
been studied. Our cross-section for the photodisintegration 
via formation of the intermediate 5He state can be verified 
in experiments on 6He break-up on heavy targets at low 
energies, of the type performed last years [29, 30] for the 
~lLi nucleus. The results obtained have a relevance to other 
2N radiative capture processes as well. 
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