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Abstract. We calculate the Coulomb dissociation of 15 C on a Pb target at 68 MeV/u incident
beam energy within the fully quantum mechanical distorted wave Born approximation formalism of
breakup reactions. The capture cross-section and the subsequent rate of the 14 C(n, γ )15 C reaction
are calculated from the photodisintegration of 15 C, using the principle of detailed balance. Our
theoretical model is free from the uncertainties associated with the multipole strength distributions
of the projectile.
Keywords. Coulomb dissociation; radiative capture; reaction rate.
PACS Nos 24.10.−i; 24.50.+g; 25.40.Lw; 25.60.Tv

1. Introduction
The radiative neutron capture (n, γ ) process constitutes an important nucleosynthesis path
in the neutron-rich region of the nuclear chart. However, it is a challenge both from
theoretical and experimental points of view, given that in many cases one has to deal
with nuclei away from the valley of stability and cross-sections have to be measured
at very low energies relevant for stellar processes. Often, when direct measurements
are difficult or in some cases currently not feasible, one resorts to indirect methods
like the Coulomb dissociation method where equivalent information can be extracted by
performing measurements at higher beam energies.
However, there are a very few neutron capture reactions for which both direct and indirect measurements of the cross-sections have been possible. The 14 C(n, γ )15 C radiative
capture reaction is one such example. As discussed by Wiescher et al [1], it plays an
important role in the neutron-induced CNO cycle,
12

C(n, γ )13 C(n, γ )14 C(n, γ )15 C(β − )15 N(n, γ )16 N(β − )16 O(n, γ )17 O(n, α)14 C,

which occurs in the helium burning layers of asymptotic giant branch stars. Being the
slowest in the cycle, its rate is important to predict the abundance of 14 C given that it is
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one of the possible paths by which 14 C can decay. Another importance of this reaction is
in inhomogeneous Big Bang model [2], which offers possible ways to bridge A = 8 gap
and hence the production of elements with A ≥ 12. The suggested reaction sequence in
the neutron-rich zone is
7

Li(n, γ )8 Li(α, n)11 B(n, γ )12 B(β − )12 C.

Then the subsequent neutron capture over 12 C and 13 C leads to the production of 14 C, halflife of which (5700 ± 30 years) is longer than the time-scale of Big Bang nucleosynthesis.
So, 14 C is considered to be a seed nucleus for the production of heavier nuclei with A ≥
20, where 14 C(n, γ )15 C competes with alpha, proton and deuteron capture reactions on
14
C [3,4].
Experimental efforts to measure the 14 C(n, γ )15 C cross-section via both the direct and
indirect methods started during the early nineties. However, there are disagreements in
the extracted values of the cross-sections, especially at very low energies. The first direct
experiment to measure the (n, γ ) cross-section of 14 C was performed by Beer et al [5].
The extracted Maxwellian averaged capture cross-section (MACS) was 1.72 ± 0.43 μb
at 23.3 keV. This was very small compared to MACS extracted from another direct experiment by Reifarth et al [6], who found it to be 7.1 ± 0.5 μb. Horváth et al [7] extracted
the value 2.6 ± 0.9 μb from the experiment based on Coulomb breakup of 15 C on Pb at 35
MeV/u. Another Coulomb breakup experiment was performed at GSI [8,9] at high energy
(605 MeV/u) and the extracted value of capture cross-section was 4.1 ± 0.6 μb. Recently,
Nakamura et al [10] also performed a Coulomb breakup experiment at 68 MeV/u
beam energy to calculate the cross-section of (n, γ ) reaction. The MACS value extracted
at 23.3 keV was 6.1 ± 0.5 μb.
The theoretical calculations by Wiescher et al [2], based on the direct capture model
[11], predicted the value of capture cross-section to be 5.1 μb. This value was in good
agreement with the value calculated from other theoretical models like folding model [12]
and the microscopic cluster model [13]. In ref. [14], an indirect method based on mirror
symmetry was used to extract the (n, γ ) cross-section. Their value (5.3 ± 0.3 μb) was
also consistent with that of ref. [2]. Recently, a continuum discretized coupled channel
calculation [15] and also a semiclassical model based on the dynamical description of
diffraction dissociation of weakly bound nuclei [16] have also been reported to calculate
the cross-section of 14 C(n, γ )15 C.
With this background, we present a fully quantum mechanical calculation of the
Coulomb breakup of 15 C on Pb at 68 MeV/u beam energy within the aegis of postform finite range distorted wave Born approximation (FRDWBA) and then extract the
14
C(n, γ )15 C radiative capture cross-section and the reaction rate at relevant stellar temperatures. The theory includes the electromagnetic interaction between the fragments
and the target to all orders. Furthermore, the breakup contribution from the entire
non-resonant continuum (corresponding to all multipoles and relative orbital angular
momentum between the fragments) are also accounted for. The uncertainties associated
with multipole strength distributions in many other formalisms are also avoided as one
needs only the ground-state wave function of the projectile as an input. The analytic
nature of this theory stems from the fact that pure Coulomb wave functions are used in
the calculation and that the dynamics can be analytically evaluated. The first application
[17] of this formalism to nuclear astrophysics was on the Coulomb dissociation of 9 Li on
534
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heavy targets to calculate the 9 Li(n, γ )9 Li capture cross-section. We would therefore like
to apply the formalism to the case of 14 C(n, γ )15 C for two reasons: first to take advantage
of the analytic nature and secondly to bring into focus a slight discrepancy in the peak
position of the relative energy spectrum in the Coulomb breakup of 15 C at two different
beam energies [8,10].
The paper is organized in the following way. In §2, we present a brief formalism of the
Coulomb breakup process and the capture cross-section. Our results are presented in §3,
where we discuss the capture cross-section and rate of the 14 C(n, γ )15 C reaction from the
Coulomb dissociation of 15 C and finally in §4, we present our conclusions.

2. Formalism
We consider the elastic breakup of a two-body composite projectile a in the Coulomb
field of the target t as: a + t → b + c + t, where the projectile a breaks up into fragments b (charged) and c (uncharged). The Jacobi coordinate system adopted is shown in
figure 1.
The position vectors r1 , ri , rc and r satisfy the following relations:
r = ri − αr1 ;

rc = γ r1 + δri .

α, γ and δ are the mass factors, given by
α=

mc
;
mc + mb

mt
;
mb + mt

δ=

γ = (1 − αδ),

where mb , mc and mt are the masses of fragments b, c and t, respectively.

c
r1

rc
ri

b

r

t
Figure 1. The three-body Jacobi coordinate system.
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The relative energy spectra for the reaction is given by

dσ
=
dbc dat
dErel
bc at

1
2π μbc μat pbc pat
|βlm |2
×
,
h̄vat
(2l + 1)
h6
lm

(1)

where Erel is the b–c relative energy in the final channel, vat is the a–t relative velocity
in the initial channel, bc and at are solid angles, μbc and μat are the reduced masses
and pbc and pat are linear momenta of the b–c and a–t systems, respectively. βlm is the
reduced amplitude in post-form FRDWBA, given by
 
ˆlβlm (qb , qc ; qa ) =
dr1 dri χb(−)∗ (qb , r)χc(−)∗ (qc , rc )
(2)
×Vbc (r1 )φalm (r1 )χa(+)∗ (qa , ri ),
√
where lˆ = 2l + 1, qb , qc and qa are the wave vectors of b, c and a corresponding to
Jacobi vectors r, rc and r1 , respectively, Vbc is the interaction between b and c in the
initial channel, φalm (r1 ) is the ground state wave function of the projectile with relative
orbital angular momentum state l and projection m. χ (−) s are the Coulomb distorted
waves for relative motions of b and c with respect to t and the centre of mass (c.m.) of the
b–t system, respectively, with incoming wave boundary conditions. One replaces χc(−)
by a plane-wave as there would be no Coulomb interaction between c (uncharged) and t.
χ (+) (qa , ri ) is the Coulomb distorted wave for the scattering of the c.m. of the projectile
a with respect to the target with outgoing wave boundary conditions.
βlm (eq. (2)) is a six-dimensional integral, which can be simplified by using the local
momentum approximation [18], whereby it reduces to two three-dimensional integrals,
one giving the structure information and the other involving the dynamics of the reaction, which in turn can be evaluated analytically in terms of the Bremsstrahlung integral
[19]. For the validity of the local momentum approximation in our case one is referred to
Appendix A and for more discussions on the approximation to refs [20–22].
The relative energy spectra (eq. (1)) is then related [23] to the photodisintegration crosssection (σγπ,nλ ) as
dσ
1  πλ
=
σ nπ λ ,
dErel
Eγ π λ γ ,n

(3)

where π stands for either electric or magnetic transition of multipolarity λ, nπ λ is the
equivalent photon number and depends on the a–t system [23] and Eγ = Erel + Q is the
photon energy with Q as the Q-value of the reaction.
Now, if a single multipolarity dominates, which is the case for the breakup of 15 C
[14,24], then one can estimate the photodisintegration cross-section as
σγπ,nλ =

Eγ dσ
.
nπ λ dErel

The equivalent photon number nπ λ is calculated as
 θgz
dnπ λ
nπ λ =
dat ,
dat
0
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where θgz is the grazing angle for the scattering and dnπ λ /dat is the equivalent photon
number per unit solid angle. For E1 transition (as in the present case), it is given by [25]
 


Zt2 α c 2 4 2 −π η 1 2 − 1
dnE1
2

2
=
η e
[Kiη ( η)] + [Kiη ( η)] , (6)
2
dat
4π 2 vat
γ2
2
being the half distance of the closest
where η = Eγ a/h̄vat γ , with a = Za Zt e2 /μat vat
2
approach in the head on collision. α = e /h̄c, Kiη (y) are the modified Bessel functions

and Kiη
(y) are the derivative of Kiη (y) with respect to y. Further, is the eccentricity
parameter and it is related to
the scattering angle θat as = 1/ sin(θat /2). The relativistic
2
factor γ is given by γ = 1/ 1 − vat
/c2 . At this point it may be worthwhile to reiterate
that we have directly used the form of eq. (6) in eq. (5). Several forms of nE1 exist
in the literature which essentially can be traced to eq. (6) being reduced to its pure nonrelativistic and relativistic forms for γ ≈ 1 and γ
1,
1, respectively (for more
details, one is referred to refs [23,25,26].
The radiative capture cross-section σn,γ can then be calculated utilizing the principle of
detailed balance,

σn,γ =

kγ2 π λ
2(2ja + 1)
σ ,
2 γ ,n
(2jb + 1)(2jc + 1) kbc

(7)

where ja , jb and jc are the spins of particles a, b and c, respectively. kγ and kbc are the
wave numbers of the photon and that of relative motion between b and c, respectively.
3. Results and discussions
3.1 Structure of 15 C
15

C has a relatively large value for the one-neutron separation energy (1.218 MeV) compared to halo nuclei like 19 C and 11 Be. It has a ground-state spin-parity of 1/2+ and
therefore we consider it primarily to be a 1s1/2 neutron coupled to a 14 C(0+ ) core. The
single-particle relative motion wave function for neutron is constructed by assuming a
Woods–Saxon interaction between the valence neutron and the charged core whose depth
is adjusted to reproduce the binding energy. The depth turns out to be 55.40 MeV for
radius and diffuseness parameters of 1.223 fm and 0.5 fm (same as ref. [10]), respectively.
We also checked our calculations by including a spin-orbit term in potential following ref.
[16], but then it does not seem to have any effect on our results.
3.2 Relative energy spectra and the neutron capture cross-section
In figure 2, we show the relative energy spectra in the pure Coulomb breakup of 15 C on
a Pb target at 68 MeV/u beam energy. The centre of mass angle in this case has been
integrated from 0◦ to 2.1◦ , in order to compare it with experimental data [10] of the same
limit. We normalize our calculations to the data peak, in lieu of the spectroscopic factor
or to account for any possible detector efficiency.
It is interesting to note that for the RIKEN experiment [10] (incident beam energy = 68
MeV/u), the peak of the relative energy spectra comes at a relative energy of 0.55 MeV or
Pramana – J. Phys., Vol. 83, No. 4, October 2014
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a little more. In the GSI experiment [8] (incident beam energy = 605 MeV/u), the peak
of the excitation energy spectra is at an excitation energy of 1.67 MeV. So if one subtracts
the one-neutron separation energy of 15 C from this energy, one would correspondingly
expect the relative energy spectra to peak at 0.45 MeV. This peak position is slightly
different from the experiment at 68 MeV/u. However, it is in agreement with what our
calculations suggest. This can be seen in the inset of figure 2, which shows the GSI data
in comparison with our calculation (at 68 Mev/u), which has been normalized to the peak
of the high-energy data.
As one would not expect the peak position of the relative energy spectra to change
with incident beam energies, this slight discrepancy in the peak position between these
experiments needs to investigated.
The relative energy spectra is then used to calculate the photodisintegration crosssection (eq. (4)) and subsequently the 14 C(n, γ )15 C radiative capture cross-section
(eq. (6)). Of course, to ensure the applicability of eq. (4), we have checked that the
breakup is dominated by the electric dipole contribution [14,24]. In fact, estimates of the
dipole contribution and its dominance in the breakup of weakly bound nuclei have also
been discussed in refs [27–29] by simple analytic arguments in the extreme single-particle
model.
In figure 3, we show our 14 C(n, γ )15 C radiative capture cross-section (solid line) as a
function of the centre of mass energy (Ec.m. ) and compare it with the experimental data
from two different experiments. The solid black circles (Ec.m. = 0.05–3.0) are the data

0.4
15

14

C + Pb → C + n + Pb
Ebeam = 68 MeV/u

0.35
0.3
dσ/dErel (b/MeV)

0.15
0.25
0.1
0.2

0.05

0.15

0

01

2

0.1
0.05
0
01

23
Erel (MeV)

4

Figure 2. Relative energy spectra in the Coulomb breakup of 15 C on a Pb target at
68 MeV/u incident beam energy. The centre of mass angle has been integrated from
0◦ –2.1◦ . Experimental data are from ref. [10]. The inset shows the data from ref. [8] at
605 MeV/u, compared with the same calculation (for more details, see text).
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Figure 3. Neutron capture cross-section of 14 C (solid line) compared with direct measurements (solid squares), from refs [6,30] and indirect measurements (solid circles)
based on Coulomb dissociation data, from ref. [10].

from ref. [10] where neutron capture cross-sections are calculated from the Coulomb
dissociation method. The low energy direct measurements ranging from Ec.m. = 0.02–
0.8 MeV (solid squares), are from refs [6,30]. As mentioned earlier, this is one of the
few cases where data exist for both direct and indirect measurements for the same
reaction and except for a small region around Ec.m. = 0.5 MeV, we see a reasonably good agreement between these experiments. Our calculated capture cross-section
at Ec.m. = 23.3 keV is 7.71 μb which also compares well with that of Descouvemont
(see refs [6,13]).
3.3 Reaction rate
As mentioned earlier, 14 C(n, γ )15 C is in direct competition with proton, deuteron and
α capture on 14 C for the production of heavier isotopes with A ≥ 20. Earlier it was
suggested by Applegate et al [3], that once 14 C is formed, further production of heavier
elements is ignited via the (α, γ ) reaction. Kajino et al [31], on the other hand claimed
that due to high neutron abundance, (n, γ ) is a significant reaction path after 14 C formation. Furthermore, in ref. [2], the calculated rates indicate that 14 C(p, γ )15 N reaction is
important for temperature T9 > 0.8 (temperature in units of 109 K). Contradicting all
these, Kawano et al [32], on the basis of their calculations suggested that 14 C(d, n)15 N
reaction plays a major role in the destruction of 14 C. So, it is important to find the rate
of 14 C(n, γ )15 C reaction at various temperatures, especially in the temperature range
important for the inhomogeneous Big Bang model.
Pramana – J. Phys., Vol. 83, No. 4, October 2014
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The reaction rate per mole [33], NA σ v (NA being Avogadro constant), is related to
the neutron capture cross-section σn,γ (E) by
NA σ v = NA

8
(kT )3 πμbc



∞
0



E
dE,
σn,γ (E)E exp −
kT

(8)

where k is the Boltzmann constant, T is the temperature in Kelvin (K) and μbc is the
reduced mass of the 14 C−n system. The energy integration in our case is preformed from
0.02 to 3 MeV, consistent with the energy range shown in figure 3.
In figure 4, we compare our calculated reaction rate (solid line) with those obtained
earlier. The dashed and dot–dashed lines are theoretical predictions from refs [2] and
[13], respectively. The starred, dotted and squared lines are evaluations based on various
experimental estimates of the capture cross-section from refs [5–7], respectively.
It would be interesting now to compare the 14 C(p, γ )15 N reaction rate (line with triangles) calculated by Kawano et al [32], in the same graph. Our calculations show that
14
C(n, γ )15 C reaction will dominate over 14 C(p, γ )15 N for temperature T9 < 1.4. This
would imply that in the temperature range relevant for inhomogeneous Big Bang model
(T9 = 0.2−1.2), 14 C would be destroyed more by the (n, γ ) process than by the (p, γ )
process. This conclusion is also consistent with the rate from Reifarth et al, whose rate
compare quite well with our theoretical estimates in the temperature range mentioned
above. We wish to stress that our calculated rate is based on capture cross-sections estimated at very low energies to comparably higher energies and compared with both direct
and indirect measurements.
4

3

-1 -1

NA 〈σv〉 [cm mol s ]

10

3

10

Descouvemont
Wiescher et al.
Horvath et al.
Beer et al.
(p, γ)
Reifarth et al.
Present
2

10 0.2

0.4

0.6 0.8 1
9
T9 [10 K]

3

5

Figure 4. Calculated 14 C(n, γ )15 C reaction rate (solid line), compared with the other
theoretical predictions and evaluations based on various experimental estimates of the
capture cross-section (for more details, see text).
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4. Conclusions
In conclusion, we have calculated the 14 C(n, γ )15 C radiative capture cross-section and the
associated reaction rate by studying the Coulomb dissociation of 15 C on Pb at 68 MeV/u,
within the fully quantum mechanical post-form distorted wave Born approximation. The
entire non-resonant continuum is accounted for in the theory. We calculate the relative
energy spectra in the breakup of 15 C on Pb at 68 MeV/u and discuss it in comparison
with the available data [10]. However, one must add that for a more universal application
of our theory, especially at very high beam energies, relativistic effects need to be taken
into consideration. The local momentum approximation is also a price one has to pay to
retain the analytic nature of the dynamics part of the formalism. In fact, efforts are on to
overcome this problem, especially for neutron halo nuclei.
The neutron capture cross-section is then calculated from the photodisintegration
cross-section of 15 C, using the principle of detailed balance. Comparison with available
data from both the direct and indirect measurements is done for a wide energy range.
While our calculation is in good agreement with both data, we wish to point out that
at Ec.m. = 0.5 MeV, there are some disagreements between the direct measurements
and those extracted from the Coulomb dissociation data. As this is the region where the
capture cross-section is expected to be maximum, it would be useful to experimentally
investigate this region in more details.
We also calculate the 14 C(n, γ )15 C reaction rate per mole as a function of temperature. They are in good agreement with that evaluated from the direct measurement of the
capture cross-section [6] especially for T9 < 1. Our results also show that 14 C(n, γ )15 C
reaction will dominate over 14 C(p, γ )15 N for temperature T9 < 1.4.
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Appendix A. Validity of the local momentum approximation
The factorization of the breakup amplitude (eq. (2)) is affected with the help of the local
momentum approximation [20–22], on the outgoing charged fragment b. Essentially,
one uses the Taylor expansion of χb(−)∗ (qb , r) about ri , which is exact and helps in the
separation of variables ri and r1 ,
χb(−) (qb , r) = e−αr1 .∇ri χb(−) (qb , ri ).

(A.1)

The approximation involves the replacement of del-operator by an effective local
momentum, K(= −i∇ri ), whose magnitude is given by
K=

2μbt
(Ebt − V (R)),
h̄2
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Figure 5. Variation of η(r) (upper half) and K(r) (lower half) with r for the Coulomb
breakup of 15 C.

where μbt is the reduced mass of the b–t system, Ebt is the energy of particle b relative to
the target in the c.m. system and V (R) is the Coulomb potential between b and the target
at a distance R. Thus, the local momentum K is evaluated at some distance R (10 fm,
in our case) and its magnitude is held fixed for all the values of r. The direction of K is
taken as that of the outgoing fragment b. The condition of validity (see eg. [20]) is that
the quantity
η(r) =

1
2 K(r)

|dK(r)/dr|

,

(A.3)

calculated at some representative distance R should be more than the projectile radius, ra .
To check the validity of the approximation, in figure 5 we show the variation of η(r)
(upper half) and K(r) (the magnitude of the local momentum) (lower half) as a function
of r, for the Coulomb breakup reaction 15 C + Pb → 14 C + n + Pb at the beam energy of
68 MeV/u. At r = 10 fm, η(r)
ra = 3.12 fm, the projectile r.m.s. radius.
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