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Threshold effects in the
°B(p,a)’Be, **C(p,y)**N and
“N(p,y)*>O reactions

Michael Wiescher*, Richard James deBoer and Joachim Gobrres

Department of Physics and Astronomy, University of Notre Dame, Notre Dame, IN, United States

The typical energy range for charge particle interactions in stellar plasmas
corresponds to a few 10s or 100s of keV. At these low energies, the cross
sections are so vanishingly small that they cannot be measured directly with
accelerator based experimental techniques. Thus, indirect studies of the
compound structure near the threshold are used in the framework of
reaction models to complement the direct data in order to extrapolate the
cross section into the low energy regime. However, at the extremely small cross
sections of interest, there maybe other quantum effects that modify the such
extracted cross section. These may result from additional nuclear interactions
associated with the threshold itself or could be due to other processes, such as
electron screening. Measurements in plasma environments like at the OMEGA
or National Ignition Facility facilities offer an entirely new set of experimental
conditions for studying these types of reactions, often directly at the energies of
interest. In this paper, we examine three reaction, °B(p,«)’Be, **C(p,y)**N and
“N(p,y)*O, which have all been measured at very low energies using
accelerator based methods. All three reactions produce relatively long-lived
radioactive nuclei, which can be collected and analyzed at plasma facilities
using a variety of collection and identification techniques.

KEYWORDS
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1 Introduction

Nuclear reactions in high density plasma environments in the interior of stars are the
engine for the chemical evolution of our universe. The nuclear reaction rates used for
simulating the associated nucleosynthesis patterns rely mostly on accelerator based
reaction cross section measurements folded with the Maxwell Boltzmann energy
distribution of the interacting particles. However, the laboratory cross section data are
typically obtained at much higher energies than those that occur in a stellar environment
and in most cases the reaction rates rely on theoretical extrapolation into the stellar energy
range, the so-called Gamow window. While such extrapolations require a reliable
understanding of the nuclear structure near the particle threshold as well of the
contributing nuclear reaction components and mechanisms, they also require a
reliable understanding of the environmental conditions in the stellar plasma. The
latter is not yet available and relies entirely on model predictions [1], which do not
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seem to match the available experimental data very well. This
requires the development of an experimental program in nuclear
reaction studies in a hot plasma environment. The production of
a stellar plasma at sufficiently high temperature and density
conditions in the laboratory is a unique challenge, but the
development of high power laser induced inertial plasma
environments seems to provide a path in that direction. First
experiments on the study of fusion reactions between different
hydrogen and helium isotopes have revealed promising results,
but they have focused so far on fusion reactions between low Z
isotopes, such as *H (*H, n)*He [2] or *H (*H, 2n)*He [3], and *He
(H, p)°Li and *He (*He, 2p)*He fusion branches [4] where the
cross section study is less handicapped by the Coulomb barrier
and supported by the strong interaction based fusion mechanism.

Inertial confinement fusion (ICF) [5] facilities like the
National Ignition Facility (NIF) [6] and OMEGA [7]
endeavour to create an environment similar to that found in a
nuclear detonation or in the core of a star, but under highly
This is
accomplished by focusing an array of high powered laser

spatially confined and controlled conditions.
beams onto a tiny pellet or capsule of fusion fuel. The
radiation pressure causes its rapid implosion achieving for
short nano-second time periods temperature and density
conditions comparable to stellar plasma conditions [8]. So far
nuclear reaction studies at both OMEGA and NIF have not gone
beyond the fusion of very light hydrogen and helium isotopes. To
explore the value of these facilities for a broader nuclear
astrophysics program, it might be appropriate to investigate
possible measurements for higher Z isotopes. A first attempt
has been made recently to study the '°B(«, 1)'*N reaction [9] at
NIF providing a first glimpse at the challenges such
both in the

collection and in identification of the reactions products [10].

measurements will have to be overcome,

While the cross section of the aforementioned fusion
reactions between hydrogen isotopes is rather large, many, if
not most, of the reactions of interest to astrophysics are radiative
capture processes. They typically have a substantially lower cross
the the

and not interaction force.

Hamiltonian is
the
Nevertheless the production and measurement of long-lived

section  since determined by

electromagnetic strong
reaction products might provide a sufficiently efficient way to
directly determine the reaction rate for the temperature and
density condition of an inertial fusion plasma.

In the following sections, we will discuss three suggested
reactions 'B(p,a)’Be, “C(p,y)"’N and "*N(p,y)"*O and their role
in different stellar environments. We will also present the cross
sections anticipated for conditions that can be reached at laser
plasma facilities such as OMEGA and NIF. These cross sections
are based on extrapolations of accelerator based data using
phenomenological R-matrix theory [17, 11]. The R-matrix
calculations presented here were performed with the
AZURE2 code [13] and are extensions of those described in
detail in the works of [13,14], and [15] for the 'B(p,x)’Be,
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FIGURE 1

Simultaneous R-matrix fits to (A) the scattering data of Chiari

et al. [20], (B) the °B(p, ag)’Be (transition to the ground state of
’Be) data of Youn et al. [21], Angulo et al. [22], Wiescher et al. [18],
Spitaleri et al. [23], and Vande Kolk et al. [14] and (C) the

198 (p, a1)’ Be (transition to the first excited state of ’Be) data of
Angulo et al. [24], Wiescher et al. [18], and Vande Kolk et al. [14].

2C(p,y)"”N and “N(p,y)'°O reactions, respectively. Therefore,
only the details relevant to this work are discussed here. The
anticipated reaction yield in the laser driven plasma environment
will be presented and the feasibility of radiative capture
experiments at laser plasma facilities will be estimated and
discussed.

2 The °B(p,a)’Be reaction

The '°B(p,a)’Be reaction plays an important role in the
nucleosynthesis of first stars. It effectively reduces the flow of
the competing '°B(a,d)"*C reaction by which the primordial
He and Li can be converted into C, N, and O [16]. On the other
hand, it feeds two alternative branches of the hot pp-chains
[17], “Be(e",v)’Li(a,y)"'B(a,n)"*N and at higher temperatures
"Be(a,y)"'C(p,y) °N(B")"*C.  Both
alternative break-out possibilities, however without the

branches  facilitate
production of the important deuterons as fuel for the hot
pp-chains.

The 'B(p,«)’Be reaction has been extensively studied over a
wide energy range between 20 keV and 2 MeV using a number of
different accelerator facilities (see Wiescher et al. [18] and
references therein). The reaction cross section is considerably
larger than the competing '’B(p,y)"'C radiative capture reaction
[19]. Figure 1 shows the S-factor for the transitions to the ground
state and the first excited state in “Be. The astrophysical S-factor,
S(E), represents the energy dependent cross section o(E) of the
reaction corrected in first order for the Coulomb penetrability.
S(E) therefore represents the nuclear transition probability as
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well as the tunneling probability through the orbital momentum
barrier as a function of the energy E.

S(E) = 0(E)-E- ¥, (1)

with # being the classical Sommerfeld parameter.

The S-factor curve for the '°B(p,«r)’Be reaction towards lower
energies is characterized by the tail of a strong resonance at
10keV [7, 22] and by the contribution of several broad and
interfering resonances in the higher energy range [18]. The cross
section determination is based on a comprehensive R-matrix
analysis including representative sets of '’B(p,«)’Be data and also
includes data for complementary reaction channels such as
radiative capture '’B(p,y)"'C and elastic scattering "°B(p,p)'°B
as described by [14]. Through this self-consistent application of
[13], a
extrapolation over the entire energy range with relative small
uncertainty has been achieved [43, 25].

the phenomenological R-matrix theory reliable

2.1 R-matrix analysis of the '°B(p,a)’Be

As discussed above, the low energy cross section of the
YB(p,a)’Be reaction is dominated by a strong s-wave, near
threshold, resonance at =10 keV. The corresponding level has
a total width of =15 keV and has J* = 5/2*. There is a single direct
experimental study that measures down to the very low energy of
E. m =17 keV [22]. A more recent Trojan Horse measurement
has also studied the very low cross section, reporting data down
to 5keV that maps the near threshold resonance [23]. Despite
these low energy measurements, the cross section at the energies
of inertial confinement fusion facilities still is rather uncertain.
For example, Spitaleri et al. [25] quotes a low energy uncertainty
of between 10 and 20%. While the data of Angulo et al. [22] have
rather small error bars, the data also show a significant amount of
scatter, indicating the presence of significant non-statistical
uncertainties.

In addition, the near threshold 5/2* resonance can interfere
strongly with other higher energy resonances, which strongly
motivates an R-matrix analysis that covers a broader energy
range. The recent work of Vande Kolk et al. [14] provided a
consistent set of '“B(p,a)’Be angular distribution data that
resulted in a much improved characterization of the next
highest energy 5/2* resonance at =1.3 MeV, which has a total
width of =740keV and interferes strongly with the near
threshold state.

It should be noted that the TUNL evaluation lists another
5/27" state at E,, = 9.200 (50) keV, but in Vande Kolk et al. [14]
no evidence for this state was found, so it has not been
considered. Additionally, the large widths of the resonances in
this region tend to obfuscate level identification. Microscopic
calculations near the proton separation energy in '"'C would be
very helpful in producing firmer level assignments.
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FIGURE 2

Reaction rates for the °B(p,a)’Be (sold black line), *C(p,y)*N
(dashed red line) and **N(p,y)**O (dashed-dotted blue line)
reactions calculated from the R-matrix fits described throughout
the remainder of the text.

2.2 The reaction rate of °B(p,«)’Be

The reaction rate for a nuclear reaction process characterized
by broad overlapping and interfering resonances is determined
by numerical integration over the reaction cross section and
Maxwell Boltzmann distribution of the interacting particles, with
the factors f(p), which corrects for electron screening, and the
partition function G(T), which takes into account the
contribution of thermally excited states in a plasma environment

8\ Ny ™
N, (ov) _<ﬂ—#> WL f(p)-G(T)- o (E)
.E-e /T dE. (2)

Here N, is Avogadro’s number, kg is the Boltzmann constant, T
is the temperature, p is the density, and y is the reduced mass. The
reaction rate as a function of temperature is shown in Figure 2.
The electron screening factor f(p) depends on the density of the
stellar environment [26] and is typically based on theoretical
estimates based on assumptions on an additional screening
potential term in the nuclear potential [27], while the
partition function G(T) is calculated as the probability for
thermally populating excited states in a hot plasma [28],
respectively. These two model dependent terms carry a
substantial uncertainty, depending on the assumptions about
the screening potential in the laboratory experiment and the
plasma as well on the knowledge or assumptions on the
excitation energies and level density of the target nucleus. The
rate declines rapidly with temperature with the contributions of
the broad resonance structures observed in the cross section (see
Figure 1) determining the absolute value of the rate at each
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temperature. The reaction rate measured directly at a laser
plasma facility will differ from the reaction rate based on low
energy accelerator experiments, which does not provide
information about the screening factor and the partition
function. A direct measurement of a reaction rate in a quasi-
stellar plasma such as provided by Omega and NIF in
comparison with accelerator based reaction rate estimates
offers a unique way for experimentally determining these
parameters.

The production of "Be in a laser driven hot plasma
environment can be calculated from the reaction rate and the
abundances of '°B boron and 'H hydrogen fuel. The difference
between observed and predicted number of reaction products
will provide the necessary information about the environmental
parameters in a plasma environment.

The production rate of “Be is determined by

dNrp,
dt

:NIOB.NlH-p.NA<o.v>mB(p,a)7Bz' (3)

This equation does not include any possible depletion
reaction of “Be by either electron capture or radiative proton
capture, since these processes are anticipated to have a much

smaller reaction rate than the '’B(p,a)’Be production rate.

2.3 The ’Be production in a laser driven
plasma environment

The production of 'Be can be obtained by integrating the
production rate over the temperature and density development in
the laser driven plasma. The yield Y7p, of "Be produced in a high
temperature shot environment can be easily estimated in the
framework of a simplified 1D hot spot model from the reaction
rate per particle pair, the number densities Nwg and N1y for the
reaction partners in the plasma, boron and hydrogen, respectively,
the hot spot volume Vi, and the actual burn width A#:

Y7, = Nuwg - Ny - <UV>1OB(P,(X)7BB Vs - At. (4)

For a NIF like laser driven plasma study of the reaction, the
optimum gas filling of the capsule would be a'’B,Hy Di-Borane
fill gas with number densities of Niwg ~ 10 cm™ and Nipy = 3 -
10% cm™?, respectively. This would correspond to a rather high
density after compression to a hot spot volume of about Vg =
107° cm® for the burn width period of At = 107" s. From Figure 2,
the reaction rate can be estimated to be 0v)up () 075 = 1072
cm’s ™" at a temperature of about kt = 30 keV. It should be noted
that these temperature levels have so far only be reached in direct
drive implosions, with the laser beams directly incident on the
target [29]. Adopting these conditions results in a production
yield of Y7p, =~ 10* to 10Be nuclei per shot. This number
depends linearly on the amount of gas in the shot capsule,
but exponentially on the temperature reached in the plasma
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during the shot since the reaction rate varies exponentially with
temperature. Higher shot temperatures would certainly translate
into a substantially higher "Be production.

This material must be collected either by catcher foils or by the
cryogenic Radiochemical Analysis of Gaseous Samples (RAGS)
system [30] to be analyzed and counted by high sensitivity mass
separation or Accelerator Mass Spectrometry (AMS) techniques.
The RAGS system so far has been only applied to the analysis of
indirect drive implosions with a Hohlraum system and new
developments are required for its application in direct drive
implosions. Considering the low number of “Be isotopes
produced during a single shot, their identification by measuring
the characteristic 10% y decay at 478 keV would not provide
sufficient sensitivity for a successful counting experiment.

This is of course only a rather crude estimate of the
production of "Be, a more reliable simulation would also
require taking other reaction channels, such as 7Be(p,y)gB, into
account, which would reduce the production number. However,
as this reaction cross section is orders of magnitude smaller, it
can be neglected in the present calculations.

3 The **C(p,y)**N reaction

The "*C(p,y)°N reaction is an important link in the so-called
CNO cycle, which facilitates stellar hydrogen burning in massive
stars. The CNO cycle is a catalytic process that is based on the
capture of four protons on the existing abundance of carbon,
nitrogen, and also oxygen isotopes in a stellar environment with
the subsequent emission of one alpha particle as well as two
IZC(p,y)‘3N(ﬁ*v)13C(p,y)l4N(p,y)lsO(ﬁ*v)lsN(p,oc)”C
[31]. The CNO cycle is not only important as an energy

positrons
source for massive stars but it also contributes to the
production of CNO neutrinos in our sun [32].

In the CNO reaction sequence, the '*C(p,y)"°N reaction plays
an important role in determining the fate of the '>C isotope in an
hydrogen burning environment as well for the production of °N.
The B+ decay of N is one of the predicted CNO neutrino
sources, whose strength is defined by the *C(p,y)"°N capture rate
since the production and the N decay are in equilibrium. This
shows that the respective neutrino emission rate A,("’N) depends
directly on the *C(p,y)"*N reaction rate N4{0v) ¢ pypyin and
the abundances of *C and 'H in the solar core:

ANy
dt

A CN) = = = N Nigp NakoWug (e O)
To reliably evaluate the "N component in the solar CNO
neutrino flux a reliable reaction rate for the “C(p,y)"’N reaction
in a plasma environment is necessary. This however presents a
major challenge because of the low reaction cross section.
The *C(p,y) N reaction is a radiative capture process, which

is based on the electromagnetic interaction, rather than the
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FIGURE 3

Simultaneous R-matrix fit to (A) the differential cross section

data of Meyer et al. [34], (B) the **C(p,y)**N angle integrated data of
Vogl [35] and Burtebaev et al. [36] as well as the differential cross
section data of Rolfs and Azuma [33], with adjustments for
energy calibration.

strong interaction, in contrast to our previous example. For this
reason, the cross section is expected to be substantially weaker.
However, at low energies, the "C(p,y)””N reaction is
characterized by the contributions from two pronounced
resonances and a non-resonant direct capture mechanism as
well as possible interference between these reaction components
[33]. The strength of these components define the low energy
cross section of the reaction and therefore also the reaction rate.
Figure 3 shows the S-factor of the C(p,y)"’N reaction at low
energies characterized by the contributions of the two broad low
energy resonances including new and as yet unpublished data in
the energy range above 1 MeV to obtain a better handle on the
upper resonance. The solid line presents a new R-matrix analysis
of the reaction cross section as described in the following.

3.1 R-matrix analysis of **C(p,y)"*N

The "C(p,y)"°N reaction is ideally suited for an R-matrix
description. Only a single, broad, s-wave resonance contributes to
the low energy cross section at E. ,, =461 keV. As shown in Azuma
et al. [13], the low energy cross section can be described very well by
the interference of this broad resonance with E1 direct capture,
modeled with external capture [5, 11, 37]. The exceptional data of
Vogl [35] carefully map this low energy resonance. These data have
been found to be consistent with the recent measurements of
Burtebaev et al. [36]. The reaction was also studied by Rolfs and
Azuma [33], but was found to have issues with its energy calibration
[40]. The R-matrix fit is found to give an excellent reproduction of
the data and the extrapolation of the low energy cross section is
quoted as having an uncertainty of =18% [13], which is largely
dominated by the overall normalization uncertainty.
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3.2 The **N production in a laser driven
plasma environment

The measurement of "*C(p,y)"°N in a laser driven plasma
environment is a considerable challenge because of the overall low
reaction rate at the characteristic conditions of a NIF shot where

(6)

Yiny = Niug - Nig - <av>12c(py)l3N - Vs - At.

For a gas filled capsule, methane "?CH, seems to be a suitable
choice with a particle densities of Ni2c = 10® cm 2 and N1y ~ 4 -
102 cm™, respectively. The reaction rate at kT ~ 30keV is

!, approximately four orders of

(oV)ug(pyin = 2-1074 cm’s”
magnitude weaker than the rate of the '"B(p,a)’Be strong
interaction process. This translates, at comparable shot
conditions, into six orders of magnitude lower yield,
Yin = 10 ®N nuclei per shot. Considering the presently
available shot rate of less than 10 shots per day, these are
obviously insufficient conditions for a laser plasma
experiment. This yield can be enhanced by some factor by
increasing the concentration of the reaction components
either by using higher filling pressure or exchanging methane
CH, by butane C4H;q gas. The Significantly higher shot
temperatures need to be reached to obtain a measurable N yield.

The relatively short half-life of °N, t,,, = 9.97 min, provides
another obstacle since it requires a speedy removal of the
reaction products from the NIF environment. Identification
and analysis of an on-line AMS or PET microlensing system, as
developed for mapping microdoses of radioactivity in
pharmaceutical studies [42, 41], could be used. Yet, it
remains doubtful if such spurious amounts of characteristic
PN can be collected and filtered out of the relatively dirty

vacuum environment of present generation plasma facilities.

4 The *N(p,y)**O reaction

The "“N(p,y)'°O reaction has been identified as the slowest
reaction in the CNO cycles [31]. The reaction includes several
sizable transitions to both the ground state and higher excited
states and is characterized by non-resonant direct capture
contributions as well as contributions from the tails of higher
energy resonances [31, 43] interfering with the high energy tails
of different subthreshold states [45]. The reaction rate is
determined by the sum of all of these transitions at the
temperature of the stellar or laboratory hydrogen burning
The "N(p,y)”O the
production of O, which " decays, also emitting a neutrino

environment. reaction results in
at fairly high energies. Recent measurements of the BOREXINO
detector showed signatures of the neutrino flux associated with
the O decay [46]. The observed neutrino rate A,('°O) seems to
be slightly higher than suggested by the reaction rate

Ny <0'V>14N(P)y)150 based on accelerator data
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Simultaneous R-matrix fit to (A) the **N(p,p)**N data of deBoer et al. [48] and the **N(p,y)**O data of Schréder et al. [49], Runkle et al. [50],
Imbriani et al. [43], Li et al. [44], Wagner et al. [51] for the ground state (B), 6.79 MeV (C), and 6.18 MeV (D) excited states.

dN15O

4,(70) = a

™

= Nuy - Niy P NA<O_V>“N(p,y)”O'

This might either suggest a higher abundance of Nuy or a
change in the reaction rate. The latter, however, was confirmed
by a new reaction study [15]. The following section provides a
short summary of the nuclear physics of the reaction as reflected
in the R-matrix analysis of the reaction channels.

4.1 R-matrix analysis of **N(p,y)**O

There are three transitions that dominate the total capture
cross section for the “N(p,y)"°O reaction: the 6.79 MeV, ground
state, and 6.17 MeV [47] (as shown in Figure 4). The 6.79 MeV
transition is described well by pure hard sphere external capture
[44]. The 6.17 MeV transition is instead dominated by the tail of
the 278 keV resonance at low energies. In constrast, the ground
state transition data, especially the very low energy measurements
of Imbriani et al. [43], have proven to be very challenging to
describe, especially when analyzed simultaneously with higher
energy data [21, 16, 44]. The low energy cross section for this
transition is made up of contributions from the 278 keV
resonance, external capture, at least one subthreshold state, and
the low energy tail of broad higher energy resonances [48]. The
complications of obtaining a satisfactory R-matrix description of
this transition are summarized in Frentz et al. [15] and Gytirky
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et al. [52]. Despite the difficulties in describing the ground state
transition, the low energy cross section is thought to have a
relatively small uncertainty of =7% [47].

4.2 The O production in a laser driven
plasma environment

A measurement of the reaction in a plasma would be
extremely interesting to investigate the possibility of plasma
related changes in the reaction rate. The reaction rate at kT =
30keV is  (0Wuy(pys0 =3.5-107%* cm’s™, which s
comparable to the reaction rate of '*C(p,y)"’N. The best
target gas might be an ammonia gas NH; or a mixture of
N, and H,. Adopting an ammonium gas, particle densities of
Nuy =102 cm™ and Nig =3-10%° cm™ are obtained,
respectively. This translates, for comparable shot conditions
as described above, into a yield of Yiso = 10 O nuclei per
shot, comparable to the anticipated count rate for the "*C(p,y)
PN reaction.

Again, the low production rate of the adopted shot conditions
makes an experimental study of radiative capture reactions
challenging. Higher densities would be desirable to improve the
conditions for a direct study of such a reaction in a laser plasma
experiment. An additional technical challenge is the halflife of '°O,
f1/2 = 2.01 min, considerably shorter than that of "’N; this requires
the development of speedy high efficiency extraction methods.
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5 Conclusion

Three reactions have been analyzed on their suitability for
study at laser confined plasma facilities such as NIF or Omega.
These studies would be important as a direct way to explore the
screening of the deflecting Coulomb barrier in a charged particle
fusion or capture process at the conditions of a stellar plasma.
While a number of reactions have been studied for fusion
between light hydrogen and helium isotopes [52, 23, 2], no
studies exist for these kind of reactions for higher Z nuclei. The
more recent measurement of '°B(a,n)'’N was a promising first
step [10], however, the technique was not quite suitable for the
study of reactions at stellar burning conditions. The boron
content was part of the outer beryllium ablator containing a
65/35 % deuterium-tritium (DT) gas fill. The « particles were
produced by D+T fusion reactions and therefore had a much
higher energy than « particles in a thermal plasma. The
successful analysis of the N reaction products using RAGS,
however, demonstrated that such measurements remain
feasible.

The '°B(p,a)’Be, *C(p,y)"*N, and the "*N(p,y)"°O reactions
are suitable because the radioactive decay of the reaction
products provide a unique signature. In addition, these
reactions play an important role in astrophysics, from the
nucleosynthesis in first stars to the interpretation of the
CNO neutrino flux from our sun. The cross section data
derived from accelerator based reaction data have been
the of the
environment by a extensive R-matrix analyses, taking into

The
produced in a generic NIF shot has been estimated on the

extrapolated into energy range plasma

account many reaction channels. reaction yield
basis of these reaction cross sections. The results indicate that
the production rate is limited by the low cross sections
compared to the fusion reactions with lower Z nuclei. The
strong interaction '°B(p,a)’Be process is the most promising,
not only is the reaction cross section much higher than the
typical one for radiative capture reactions such as >C(p,y)"*N
and the "“N(p,y)"”O, but also because of the lower Z of the
isotopes involved. Without significant improvement in the
the chances for

experimental arrangements, measuring

reactions with higher Z isotopes are limited.
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