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Abstract Itis a well-established fact that the generation of
the heavy elements occurred in stars—the Cauldrons of the
Cosmos—yvia multiple complex nuclear reaction processes
during stellar life and death. This paper will address the ques-
tion of the first step, the formation of heavier elements such as
carbon and oxygen from the primordial elemental abundance
distribution in first stars. This nucleosynthesis can be facili-
tated by nuclear clustering of primordial isotopes in hot and
highly convective first stars, provided that a helium rich or
hydrogen depleted environment is available. The paper will
summarize the associated nuclear reactions and the nucle-
osynthesis paths linking “He to '2C. This will be based on
an analysis of new experimental data for several of the antic-
ipated nuclear reactions, and the role they might play at dif-
ferent temperature and density conditions in first star matter.

1 Introduction

Big Bang nucleosynthesis and the production of a primor-
dial abundance distribution is well-established [1-3] and
the comparison between the predicted and observed primor-
dial abundances provides strong evidence for the Big Bang
model. Contrary to very early suggestions [4], which pro-
posed an instantaneous production of the observed galactic
abundance distribution in the primeval fireball, we now know
that the abundance distribution from Big Bang nucleosynth-
sis (BBN) is largely confined to light elements from hydro-
gen to helium and lithium. This is explained by the mass 5
and mass 8 gaps; the homogeneity of the early universe and
the lack of stable or long-lived isotopes at these masses pro-
hibits proton, neutron, or «-capture reactions, which would
facilitate the production of heavier nuclei in the CNO range
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and beyond [5]. The so-called Li-problem, associated with
fundamental differences in the predicted and observed Li
isotopic abundances, is the remaining inconsistency in our
interpretation of BBN [6,7]. In terms of 7Li, the BBN pre-
dictions disagree with the measured primordial abundances,
being substantially higher than the observations. Depending
on the treatment of systematic uncertainties, the discrepancy
is a factor "Ligpg / "Liyps = 2.4-4.3, representing a substan-
tial discrepancy. On the other hand, SLi observations indicate
much higher values than predicted by the BBN models.

Another question is associated with the nucleosynthesis
processes in a first star environment. The predicted mass dis-
tribution for these primordial stars is between 5 and 120 M,
[8]. These stars formed about 400 million years after the Big
Bang, and their lifetime is far smaller than the 13.6 billion
year age of the universe. Primordial stars are long gone, but
we can observe the reflection of their nucleosynthesis con-
tributions in the strong carbon, nitrogen, and oxygen pattern
of long-lived second or third generation stars [9]. Massive
primordial stars have a fundamental problem in that, unlike
younger stars, they cannot stabilize on the main sequence
through the CNO cycles. Instead, their energy generation, in
the hydrogen-burning phase, relies entirely on the pp-chains
[10]. The energy production rate is limited by the available
fuel and by the weak interaction based p+p fusion process
[11]. The star therefore cannot stabilize and is expected to
have core contraction until high enough temperature and
density conditions are reached that the 3o and subsequent
2C(a, )10 process are triggered.

The traditional view was, therefore, that during the core
contraction, the density and temperature conditions would
gradually increase. Eventually the ignition of the 3a-process
occurs, generating carbon and oxygen, which may then facil-
itate a CNO process on the remaining hydrogen fuel. The
evolution of such stars have been recently explored in a grid
of 26 stellar models between 15 and 140 Mg to explore a
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number of assumptions on convection and mixing conditions.
Temperatures ranging from 9x 107 to 1.6x 108 K and densi-
ties conditions from 10 to 250 g/cm® were investigated [12].
The corresponding Gamow energy range (see, e.g., [13]) for
the reactions considered here is below 200 keV center-of-
mass energy, an energy range which has not been reached by
experiment. Evaluating the reaction rates therefore requires
a full understanding of the reaction contributions towards
the Gamow range, since an extrapolation from higher energy
data must be performed.

The 3a-process is certainly one of the key examples of
the impact of nuclear clusters on stellar burning processes
[14,15]. It is a two-step process, in which the first step of
4He+*He produces a very short-lived 8Be. The equilibrium
abundance of this configuration allows a third «-capture pro-
cess, through a three a-cluster configuration in the '>C com-
pound nucleus, the Hoyle state [16—18]. The «-cluster con-
figuration of the compound nuclei involved, such as 8Be,
12C, and 100, is well established and is responsible for facil-
itating helium burning through the «-process in Red Giant
Stars. The cluster structure of the associated nuclei has been
studied in great detail and is responsible for the fine-tuning
of this fundamental reaction sequence [19].

While the impact of cluster states on the «-process is well
studied and documented, there are a number of other pos-
sible reaction sequences that may facilitate a reaction flow.
Here the focus is on the primordial abundance distribution
to the CNO range through near threshold «-cluster config-
urations in light nuclei [20]. These reaction sequences may
not only provide a transport path towards higher masses at
lower temperature and density conditions as required by the
a-process, but may also impact the °Li and "Li abundances
and therefore the lithium problem [21].

The a-cluster structure of °Li [22], 9B [23], and *N
[24,24], is characterized by a d®o configuration and the par-
allel isotope sequence 7Li, "B [25], N, °F by t®« config-
urations. Such configurations are all responsible for the emer-
gence of strong «-cluster resonances near the a-threshold in
the respective compound nuclei. In these cases, only in the
14N and "N compound systems are the neutron channels
open, making '°B and ''B(«, n) strong neutron sources. In
the other cases the neutron channel is closed at low energies
and the y -channel dominates, such as in the %LiandLi (o, )
reactions.

Such e-induced reactions feed on the interaction between
“He and other primordial light isotopes forming near-
threshold cluster configurations of the type d ® (n x «)
(with n = 1, 2, 3, ...) such as SLi, !B and *N as well as
t® (n x a) (withn =1, 2, 3, ...) such as 'Li, ''B and
I5N along the line of stability. This might cause the emer-
gence of reaction sequences such as 2H(w, ¥)°Li(a, y)'°B
followed by 'B(x,n), '"B(e, p) and '°B(e, y), form-
ing BN, 13C, and '“N, respectively, depending on the
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strengths of the various reaction channels. Similarly a sec-
ond reaction link may emerge, fed by the initial *He abun-
dance, He(w, y)7Be(e_v)7Li(oc, y)“B, with subsequent
UB(a, n)!*N, "'B(a, p)'*C, and "B(a, )N reactions.
Both reaction sequences will feed the CNO mass range in
a helium enriched primordial star environment.

However, pronounced «-cluster mirror configurations
such as 3He®(n x «) (with n = 1, 2, 3, ..) such as
7:8Be, and '12C can be formed by proton capture causing
strong reprocessing by a-emission via ®’Li(p,a)>*He and
10.11B(p,ar)”-8Be reactions. This prohibits a strong reaction
link between the pp-chains and the CNO cycles in stellar
hydrogen burning. Therefore, the proposed «-induced reac-
tion paths will only be feasible in largely hydrogen depleted
primordial stellar matter, where the mass fraction of hydro-
gen is X < 107°. Such conditions may emerge due to deep
convective processes in early star environments, e.g., during
hydrogen ingestion into a helium convective zone.

In this paper, we provide an overview of the observation
and analysis of such «-cluster states near the threshold for
some of the a-capture reactions mentioned above. We per-
formed a number of a-induced reaction studies on Li and
B isotopes to identify direct or indirect signatures of such
resonance states towards low energies and found very pro-
nounced «-clustering close to the thresholds. These near-
threshold «-cluster resonances enhance the associated rates
by many orders of magnitude. We have performed detailed
R-matrix analysis of the new and previous data sets on cap-
ture, transfer, and scattering data to determine the impact
on the reaction rates. We also performed an impact study
on the nucleosynthesis pattern in primordial environments
to investigate the affect of these reaction sequences for dif-
ferent levels of hydrogen in primordial abundance distribu-
tions.

2 Nuclear data

To explore the nature of the «-cluster structure near the o-
threshold of light nuclei, along the here proposed reaction
chain, either a-transfer or more directly low energy «-capture
reactions can be used. We primarily focused on low energy
a-capture measurements for this study, but also take into
account the information from corresponding transfer mea-
surements. The number of «-capture measurements on stable
lithium and boron isotopes is limited. The existing measure-
ments have mostly focused on higher energies, well above
the a-threshold in the respective compound nuclei. We have
developed an experimental program to extend the existing
data towards lower energies.

The ®Li(, ¥)'°B reaction has a Q-value of 4.461 MeV
[26,27]. °Li(°Li,d)'°B transfer reactions indicate a pro-
nounced 37 state at E, = 4.761 MeV corresponding to a
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resonance at 300 keV center-of-mass energy in the o-capture
reaction channel [28]. This state has indeed been observed as
a resonance in the ®Li(«, 1) '°B reaction with several higher
energy cluster resonances [29]. New measurements are in
the planning stage, but the present analysis will rely solely
on literature data.

The "Li(er, ¥)''B reaction has a Q-value of 8.664 MeV
[26,27]. At low energies, the cross section is dominated by
strong «-cluster states that result in narrow resonances at
E, =401, 814, and 953 keV [30]. At higher energies, broad,
overlapping resonances take over [31]. The energy range
between 0.6 and 1.0 MeV has been explored using high res-
olution Ge-detectors to explore the onset of the broad state
at 1.6 MeV center-of-mass energy. These results have not
been published and a new study has been performed at the
CASPAR underground laboratory to explore the data in more
detail. This new study used the HECTOR summing detector
array [32], however these results are not yet included in this
analysis.

Recently the Notre Dame group has performed an exten-
sive study on the 10B(«, n)!3N reaction [33]. The data sug-
gest several resonances at center-of-mass «-energies below
1.2 MeV as well as the low energy tail of a broad near-
threshold state as indicated in Fig. 3. These resonances may
suggest a-cluster configurations near the «-threshold in the
4N compound nucleus. These structures were also observed
in earlier studies of the '*N compound systems through the
10B(r, p)!3C and the '“B(x, d)'>C reactions by [34,35].
These early measurements have been confirmed by exten-
sive low energy studies, which will be published separately
[36]. The cluster nature of these states seem to be confirmed
by a-transfer measurements populating states in the range
above the « threshold [37,38].

A similar case is the ”B(a, n)!*N reaction [39], where the
excitation curve is characterized by broad resonance struc-
tures, which dominate the reaction rate. The cluster nature
of these states seem to be confirmed by «-transfer measure-
ments populating states in the range above the a-threshold
[40]. These data have been complemented by recent stud-
ies at the Nuclear Science Laboratory at Notre Dame and
the CASPAR accelerator [41] and inform the present analy-
sis.

The measurements at the Nuclear Science Laboratory
were made at £, = 520 to 2000 keV with beam intensities
on target between 0.03 and 18 1 A. A B enriched (99.9%)
target with a thickness of ~10 ug/cm? was created by elec-
tron sputtering enriched ''B powder onto a clean tantalum
backing 0.5 mm in thickness. The detection system consisted
of a *He proportional counter, which was made up of 20 *He
tubes encased in a polyethylene moderator. The detector has
been described previously in Refs. [42,43].

3 R-Matrix analysis and cluster structure

As all of the low Z reactions under consideration have
broad resonance contributions, the phenomenological R-
matrix [44] code AZURE2 [45,46] is used to fit the exper-
imental data and then facilitate the calculation of the reac-
tion rate. The alternative R-matrix parameterization of Brune
[47] was used to more easily connect observable energies and
widths with the R-matrix calculations.

One measure of the cluster structure of a state is the dimen-
sionless reduced «-width (see, e.g., [48])

62 = Ya Vi M

where y(f is the observable reduced «-width and Vv2v is the
Wigner limit

vy = 30%/2pa’. ©)

Here pu is the reduced mass and a is the channel radius. A
pure a-cluster state corresponds to 90% ~ 1. Table 1 summa-
rizes some of the properties of the near threshold levels that
correspond to strong resonances observed in the reactions of
interest.

Table 1 contains a few cases where 6 is somewhat larger
than one, although in all cases it is smaller than two. There are
several explanations for this discrepancy. On the experimen-
tal side, an incorrect J7 assignment and overestimated width
determinations (or a doublet) are possible. On the theory side,
it should be noted that the Wigner limit is an approximation
[49] and different definitions have been used in the literature
(see, e.g., [50]). Therefore somewhat larger values than one
may be physical.

In this section, R-matrix analyses are presented for four
different systems. It should be noted that each of these anal-
yses is quite different in terms of the availability of experi-
mental data and overall maturity of the R-matrix fit. For the
first reaction, ®Li(c, y)lOB, there are no cross section data
in the literature and the calculations are made using partial
widths obtained from scattering and resonance strength mea-
surements. Therefore, these are only rough calculations and
large uncertainties are present. For the Li (o, ) 1B reaction,
there are several measurements of the "Li(e, «’)”Li reaction,
but data for elastic scattering and capture are sparse. Further,
the underlying level structure over the region of the data is
rather uncertain, as there seem to be several very broad under-
lying states present. The fit presented is certainly not unique.
For the !B+« reactions, this fit is on firmer ground, the data
are described quite well by the levels reported in this region
over all channels, but at lower energies, there remains con-
siderable uncertainty regarding the level structure. Finally,
for the 11B(oz, n)14N reaction, there are many levels over
the energy range of interest. A successful multichannel fit is
close to completion, but there still are some inconsistencies
that may be the result of incorrect spin-parity assignments
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Table 1 Dimensionless reduced «-width amplitudes for states close to
the a-particle threshold in 7 Li+a and '%!' B+« induced reactions

Reactants a (fm) J7 E. MeV) Ty (keV) 02
Lit+ar 5.5 3t 4761 7.8x1073  0.46
2- 5.112 0.978 0.029
2+t 5.166 29%x107*  3.5%x107°
1t 5.187 110 1.7
2t 5.922 5.8 0.025
4+ 6.024 0.052 8.5x1073
3~ 6.130 1.52 0.020
1- 6.873 67 0.097
2~ 7.479 74 0.037
TLit+a 8 5/2= 89205 5.6x1070  47x1074
72t 9.1835 1.5x107%  4.4x10~*
512t 92717 49 0.19
32t 9.8612 81 0.38
3/2-  10.227 7.4 0.024
72t 10.3295 200 1.8
5/2=  10.3932 24 0.17
72t 10.6083 31 0.26
0B 4o 5 2- 12.0 45x1075  0.065
4- 12.4188 0.37 0.45
1t 12.4952 0.10 0.30
3t 12.5982 0.52 0.040
3~ 12.6890 7.3 0.90
UB+4o 55 72t 11.2389 1.7x10710  0.041
2= 11.2926 6.1x107%  0.035
127 11.4223 1.0x10~*  0.061
72~ 11.4290 L1x107% 032
127 11.6186 37x1075  32x1074

and insufficiencies in the modeling of the target effects. All
of the analyses presented are preliminary, and are the subject
of ongoing research.

3.1 ®Li(e, ¥)'°B

For the 6Li(a, y ) reaction, the lack of new cross section data
means that only calculations could be made based on the level
parameters available in the literature [29,51-59] as complied
in [60]. The capture reaction has been reported to decay pri-
marily to the ground state and first two excited states in '°B.
Little is known regarding the strength of the direct capture.
Upper limit estimates are made by taking a dimensionless
a-particle reduced width amplitude of 1 for the ground state
and first excited states. New experiments have been initiated
at the CASPAR underground accelerator at SURF in South
Dakota and at the University of Notre Dame Nuclear Science
Laboratory, but the analysis is not yet completed and will be

@ Springer
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Fig. 1 Estimate of the °Li(c, y)'°B S-factor based on level parameters
from the compilation [60] (red solid line). An estimate that includes an
upper limit for the direct capture is also shown (blue dashed line)

presented in a later paper. Estimated S-factors are shown in
Fig. 1.

3.2 "Li(a, y)!'B

The situation is somewhat better for the 7Li(a, y)1 1B reac-
tion, but there are still only a few measurements. The majority
of these come from [31], who measured the ground state tran-
sition over an energy range E, = 1.3 to 3.2 MeV at 6, = 90°.
The cross section over this region presents one large peak,
but the interpretation is that it is actually the sum of several
broad unresolved resonances. To give more constraint on the
level contributions, the capture data was fit simultaneously
with the inelastic scattering data [31,61-65] and the scatter-
ing data [61,64—66]. Information on the strength of narrow
lower energy resonances is obtained from studies by [30].
Example data from the fit are shown in Fig. 2.

3.3 10B(q, n)!3N and 19B(w, d)!2C

The 1°B(a, n)!3N and °B(w, d)!2C reactions (as well as
10B (¢, p)13C) were studied at low energies by [34,35],
but have seen very few measurements since. A low energy
study of the '°B(«, p)'3C reaction was also made by [67].
Some higher energy measurements are available that over-
lap with the measurements of [34,35], which include the
10B(«, n)'*N measurements of [68] and the '°B(«, p)!3C
measurements of [69]. Low energy «-scattering data is also
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Fig. 2 Comparison of sample data sets from [31,66] and unpublished
7Li(ot, yo)“B data with the simultaneous R-matrix fit of the elastic,
inelastic, and capture data

available [70], but are limited to just a single backward angle.
A recent study [33] has extended the 10B (@, n)!13N cross sec-
tion measurements down to E. . = 0.4 MeV, were mostly
limited to ;45 = 0° by detector threshold and kinematics con-
straints. [33] observes a new upward trend in the low energy
S-factor, suggesting the presence of additional low energy
resonance structure (see Fig. 3). Further, the level structure
seems to be well characterized, at least for levels with large
a-particle reduced widths, over this excitation energy range.
Fig. 4 shows the enhancement of the low temperature reac-
tion rate over that of [71], where a constant S-factor was
assumed. The lower uncertainty band has been updated from
that of [33], as additional measurements of the low energy
10B+¢ reactions, that are currently underway at the Univer-
sity of Notre Dame, have confirmed the presence of addi-
tional lower energy resonances.

3.4 "B(a, n)“N

The only low energy, high precision 'B(a, n)!*N cross
section study is that of [39]. In that work, measurements
of the 'B(a, p)14C and 14C(p, n)14N reactions were also
made over a similar excitation energy range in the N
system. The level structure in this region is fairly well
studied due to several measurements available for the
YN(n, rotal) [72,73], ¥N(n, p)1*C [74-77], “N(n, «)!'B
[74,76,771, *C(p, n)'*N [75,78-81], “C(p, p)*C [82,
83], and UB(a, p)14C [84,85] reactions. From these mea-
surements, many of the levels in this region have firm J™
assignments, however the evaluation by [73] has found some
discrepancies. Fig. 5 shows a R-matrix fit made to the new
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Fig. 3 Comparison of the present 'B+a measurements (blue circles)
with those made previously by ([34] (green diamonds), [67] (orange
crosses), [68] (grey upward triangles), [69] (brown squares), and [70]
(khaki downward triangles)) at low energy. The solid red line shows
the R-matrix fit from [33]. The vertical black dashed lines indicate the
lower energy limits of new measurements at the University of Notre
Dame [36]

data as well as to previous data across several channels. A
quality fit that also includes all available angular distribution
data is still underway.

4 Reaction rate analysis

The reaction rate for the radiative a-capture on Li and "Li,
as well as for the total a-capture on '°B and !'B feeding
different exit channels into the CNO range, have been cal-
culated by integrating the predicted R-matrix cross sections
over the stellar Maxwell-Boltzmann energy distribution for
temperatures in the range of 0.1-10.0 GK. The reaction rate
is given by

12
Nafo) = (i) Ma

o0
— EYEe ElksT4E.
. (kBT)3/2/o o(F)Ee

3)
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Fig. 4 Comparison of the '°B(«, n)!3N reaction rate to that of CF88
[71]. The solid blue line represents the ratio of the rate from the present
work to that of CF88, while the light blue region represents the uncer-
tainty range as described in the text. The red dashed line represents the
ratio of CF88 to itself for reference. The lower limit has been revised
from that of [33], based on new measurements
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14C(p, n)'*N (Ref. [81], green diamonds)), “N(n, p)'4C (Ref. [77],
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YN(n, total) ([72,73) reactions
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Fig. 6 Theratios of the reaction rates for «-induced and proton induced
reactions on ®7Li, 10118 _and 13C isotopes

where p is the reduced mass, E = uv?/2 is the center-of-
mass energy, N4 is Avogadro’s number, and kp is Boltz-
mann’s constant.

The new experimental data and the use of multichannel
R-matrix analysis has reduced the uncertainty in the reaction
rates. A significant change in the reaction rates compared to
previous analysis occurs for the a-induced reactions on B
feeding the CNO nuclei. The newly observed broad state near
the a-threshold in '*N causes a substantial enhancement of
the reaction rate at stellar temperatures, making a reaction
sequence “H(a, y)°Li(a, y)'°B(a, npd) feeding 1°N, 13C,
and '2C at comparable levels possible. A reaction branch
however, only becomes efficient with sufficient amount of
fuel (H, *He) and seed material (Li, B). Primordial matter
is highly abundant in hydrogen and helium fuel, therefore
proton induced reactions on the lithium and boron isotopes
also need to be considered. While the «-induced reactions are
facilitated by the pronounced «-cluster structure in the asso-
ciated nuclei, the same is the case for the competing proton
induced reactions such as 6Li(p, o), 7Li(p, ), 10B(p, o),
and ''B(p, &), through the pronounced cluster configura-
tion in the respective "Be, 8Be, !IC, and 2C compound
nuclei. With sufficient hydrogen abundance in the primor-
dial stellar environment, these reactions open a strong back-
processing reaction branch, preventing an efficient transfer
of light nuclei into the CNO range. This is a similar case as
for the '3C(a, n)'%0 neutron source in AGB stars, which is
only efficient in a hydrogen free, carbon bubble environment,
since the competing '3C(p, )N rate is orders of magni-
tude larger over the entire temperature range (see, e.g., Fig. 1
in [86]).

Figure 6 shows the ratio of the total rate for low energy
a-capture versus the rates for (p, o) reactions of the respec-
tive lithium and boron isotopes. Also shown, for compari-
son, is the ratio of the 13C(oz, n)160 rate and the compet-
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Table 2 Gamow energy ranges for the reactions investigated here at a
temperature of 7 = 0.08 GK

Reaction Gamow energy range (keV)
6 Lit+a 70-130
10.11B+g 110-190

ing 3C(p, )N rate. The figure indicates that the proton
induced rates are in all cases several orders of magnitude
larger than the competing «-induced reactions due to the dif-
ference in Coulomb barrier at the relatively low temperatures
considered here. For a typical primordial fuel ratio of hydro-
gen to helium of ~ 4, this means that a break-out via, e.g., the
®Li(er, )'°B(a, n)'3N reaction sequence is highly unlikely
in the presence of hydrogen fuel. Therefore, this reaction
sequence will only be viable in an environment that is helium
enriched or hydrogen depleted by convective processes.

We have performed a number of simulations for a pri-
mordial hydrogen-depleted helium-burning environment to
explore the possibility of bridging the mass 5 and mass 8 gap
via a sequential «-capture reaction chain versus the triple -
process environment. The calculations were performed in a
single-zone mode with 7 = 0.08 GK and p = 200 g/cm? for
a hydrogen depleted, with mass fraction of X (H) < 1079,
population III stellar evolution model. We use the NuGrid
collaboration’s PPN code [87] with charged-particle reac-
tions from the JINA reaclib V1.1 [88] data base, unless the
rate is replaced by the revised ones presented here. Table 2
lists the relevant Gamow energy ranges.

Figure 7 shows the reaction flux integrated over a short
period of 10™* years, transforming the initial *He by a-
capture into ’Be. Despite the low hydrogen abundance, most
of the primordial ®7Li is converted by ( p, &) reactions back to
4He, with the protons being produced by the *He(*He,2p)*He
reaction. However the °Li(c, y)lOB and "Li(e, y)“B reac-
tions show already a weak branch towards boron isotopes
within the short burning period. The ®Li(c, 3)'°B flux how-
ever is particularly weak, due to the initially low ®Li abun-
dance. The elemental abundances are still confined to the
region below the A = 8 mass gap.

The alternative branch, 7Li(oz, )/)1 IB, is substantially
stronger since it is continuously fed via the *He(a, y)’
Be(e™)’ Li reaction. Calculations over longer burning peri-
ods clearly demonstrate the emergence of the reaction
chain*He(a, y)’Be(e ™) Li(a, y)''B(ar,n)"*N with a weaker
llB(oz,p)l“C branch (Fig. 8). At these temperatures a sec-
ond reaction branch towards ''B emerges via the direct a-
capture reaction 'Be(a, YMC(BTv)'IB. TLi is the critical
stepping stone and this reaction links to the CNO range,
feeding entirely on the initial abundance of 3He. After about
10 years, the 3« process begins to emerge, gradually com-
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Fig. 7 The abundance distribution (top panel, where X is the mass
fraction) and reaction flux (bottom panel, where f = for (8Y;/d1) dt,
shows a time-integrated variation rate of the abundance Y; = X;/A;
due to the reaction j) at the onset of helium burning (r = 1074 y) in
a hydrogen depleted, X (H) < 1076, primordial environment. 3He is
converted to "Be and small fractions of ®Li and "Li are processed to
108 and !!'B respectively. However a fair amount is processed back by
6.7Li( P, o)>*He fueled by the 3He(*He, 2 p) reactions

peting in the transfer from light nuclei into the CNO mass
range (Fig. 9).

Figures 7, 8 and 9 show the reaction fluxes at different
time steps ¢ = 1074, 0.8, and 10 years after the onset of the
simulations to represent the dynamics of the nucleosynthesis
development. After 1 = 10~* y, or about one hour, the flux
and abundance diagram show that the A = 8 mass gap has
been bridged by several reactions with ®7Li(c, 1)'%!'B and
"Be(a, )'C(BTv)!'B providing the strongest links across
the gap. The flow via the 3x-process appears orders of mag-
nitude weaker. At this time, most of the !B is processed back
via the ''B(p, 2a)*He reaction with only a weak ''B(p, )
branch starting to feed '>C. At ¢ = 0.8 years, or 10 months,
with the abundances of ®7Li and %7Be near their maximum,
this process has solidified. Back-processing from the boron
range is reduced due to the decline in hydrogen abundance
and the ''B is distributed increasingly via the ''B(e, n)!*N
branch into the CNO range. The second emerging branch, via
the ®Li(a, y) reaction, feeds '°B and is gradually processed
further by the ' B(, p)'3C reaction and to a lesser degree by
the ''B(«, n)!3N reaction into the CNO mass range. The 3a-
process is still negligible. This is also the case at # = 10 years,
a steady flow of material fed by the transformation of the
existing light primordial isotopes facilitates this flux rapidly
feeding the CNO range. Even at this time, the 3a-process
remains negligible.

Figure 10 shows the corresponding development of the
isotopic abundances in the light element range being grad-
ually converted from the primordial 2H, 3He, and Li abun-
dance towards the boron isotopes and eventually into the

@ Springer
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Fig. 8 The abundance distribution and reaction flux during an early
period of helium burning (¢ = 0.8 years) in a hydrogen depleted primor-
dial environment
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Fig. 9 The abundance distribution and reaction flux after several years
of helium burning (¢ = 10 years) in a hydrogen depleted primordial
environment

CNO range, represented by '#N. The dashed lines show the
impact of the new reaction rates, which accelerate the nucle-
osynthesis processes, fed primarily by the interaction of the
light primordial >H and 3He isotopes with the primordial
“He.

This simulation is done with the assumption of no hydro-
gen, to demonstrate the feasibility of the process, even small
amounts of hydrogen delay the nucleosynthesis towards
heavier elements due to strong (p, a) back-processing as
demonstrated in Fig. 6. The hydrogen-reduced scenario pre-
sented here, may only emerge as a consequence of mixing
processes, as in the case of the carbon bubble in AGB stars or
at the end of the hydrogen burning and the on-set of helium
burning in a first generation star.
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Fig. 10 The evolution of the light element abundances of 'H, >H, *He,
4He, °Li, "Li as primordial isotopes and 10g, B 12C_ and *N as
nucleosynthesis products, over the first million years of helium burning
in an initially hydrogen depleted primordial environment (X (H) = 0 at
t=0)

5 Summary

This paper represents new experimental evidence on the exis-
tence of near-threshold a-cluster states in °B, !B, 14N and
5N isotopes, which enhance the reaction rates for a-capture
reactions on lithium and boron isotopes. R-matrix techniques
have been utilized to make predictions for the associated reac-
tion rates over a wide stellar temperature range. The inclusion
of the cluster states causes a significant enhancement of the
rates. A first order simulation of the associated nucleosyn-
thesis process, at typical temperature and density conditions
of first generation stars, has been performed to investigate
the impact of these reactions. For that purpose, a primordial
abundance has been used, but without hydrogen, to minimize
the impact of the strong back-processing (p, o) reactions
on lithium and boron isotopes. The results demonstrate that,
under these circumstances, lithium and boron emerge as pro-
nounced stepping stones in the conversion of primordial >H
and *He into carbon and nitrogen. This triggers a fast feeding
mechanism for the CNO cycle in first generation stars prior
to the on-set of the 3«-process. In the mode presented here
for static temperature and density conditions, the statements
remain valid up to hydrogen mass fractions of 1076, Cou-
pled to the new experimental effort at lower energies at the
US underground accelerator laboratory, CASPAR, new and
more detailed simulations are being planned to investigate in
detail the role of hydrogen in this process. These investiga-
tions continue to further our understanding of the impact of
dynamic convection and dredge-up processes anticipated for
the first star environments.
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