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u  Big	Bang	nucleosynthesis	
Astrophysical	S-Factor	
Thermonuclear	Reaction	Rate	
Resonance	Strength	
LUNA	0.4	MV	underground	lab	in	Italy	

u  Experimental	facilities	underground	
LUNA-MV	underground	lab	in	Italy	
Felsenkeller	underground	lab	in	Germany	

u  Asymptotic	giant	branch	stars	
Stellar	hydrogen	burning	
Neutron	sources	for	the	s-process	
Stellar	helium	burning	
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Three	tools	of	observational	cosmology	

BBN,	Big	Bang	
Nucleosynthesis,		
102	s,	1	GK	

CMB,	Cosmic	micro-
wave	background,		
4	105	yr,	3000	K	

SN	Ia,	type	Ia	supernovae,	14	
109	yr	
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State	of	the	art	of	cosmology,	ΛCDM	model	
State	of	the	art	(Planck	2015	data	release,	arXiv:1502.01589)	
u  The	universe	is	flat,	i.e.	we	have	~100%	of	the	critical	energy	density.	
u  There	is	a	cosmological	constant	(“dark	energy”),	called	Λ
u  There	is	significant	dark	matter,	and	it	has	low	energy	(“cold”).	
u  The	universe	shows	a	recently	accelerated	expansion.	

Λ
CDM 

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8

⌦bh
2 =0.02230± 0.00014

H0 =67.74± 0.46
km

sMpc

⌦⇤ =0.6911± 0.0062

tUniverse =13.799± 0.021Gyr

Planck,	arXiv:1502.01589	
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Time	t~3	min,	temperature	T~1	GK:	Big	Bang	Nucleosynthesis	(BBN)	

Take	home	textbook	knowledge	
u  Three	minutes		

after	the	Big	Bang	
u  Three	chemical	elements:		

H,	He,	Li		
u  Three	observed	abundances:	

2H,	4He,	7Li	
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Microphysics	and	Macrophysics:	Nuclear	Structure	and	Cosmology	

Deuterium	bottleneck	
u  Deuterium	only	stable	at	

sufficiently	low	temperature	
	
Mass	5	and	8	barriers	
u  No	stable	nucleus	with		

mass	Z+N	=	5	
u  No	stable	nucleus	with		

mass	Z+N	=	8	

Nuclear	binding	energy	
u  4He	has	the	highest	binding	

energy	of	all	stable	light	nuclei	

Electrostatic	repulsion	
u  Probability	for	capture	of	a	

nuclide	drops	exponentially	for	
increasing	Z	and	sqrt(Z+N)		
of	the	captured	nuclide	
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What	happens	during	Big	Bang	Nucleosynthesis	(BBN)?	

NS60CH21-Pospelov ARI 21 September 2010 19:28
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Figure 1
Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-relevant nuclear
abundances. The vertical arrow indicates the moment at T9 ≃ 0.85, when most of the He nuclei are
synthesized. The gray vertical bands indicate main BBN stages. (Left to right) Neutrino decoupling,
electron-positron annihilation and n/p freeze-out, D bottleneck, and freeze-out of all nuclear reactions.
Protons (H) and neutrons (N) are given relative to nb, whereas Yp denotes the 4He mass fraction. The
freeze-out abundances are given by the horizontal lines on the right-hand side of the graph.

1.1.1. O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in its sim-
plicity: Only a few factors determine it. The rates for weak scattering processes that interconvert
n ↔ p at high plasma temperatures scale as G2

F T 5, where GF is the Fermi constant. As the
universe cools, these rates drop below the T 2-proportional Hubble rate H(T ) (Equation 6). The
neutron-to-proton transitions slow down, and the ratio of their respective number densities can-
not follow its chemical-equilibrium exponential dependence: n/p |eq ≃ exp(−!mnp/T ). Around
T ≃ 0.7 MeV, this dependence freezes out to n/p ≃ 1/6 but continues to decrease slowly due
to residual scattering and the β decays of neutrons. The formation of D during this intermission
period is delayed by the process of photodissociation, which occurs efficiently because of the over-
whelmingly large number of photons (Equation 4) with energies in excess of the deuteron-binding
energy Ed = 2.22 MeV. Once the temperature drops to T9 ≃ 0.85, the exponential Boltzmann
suppression of such photons is sufficient to build a number density in D that is large enough to
ignite other nuclear reactions. At these temperatures, the neutron-to-proton ratio drops to ap-
proximately 1/7, and very quickly, all neutrons are consumed and are incorporated into 4He nuclei
that have the highest binding energy per nucleon among all isotopes lighter than carbon. Thus,
to a rather good accuracy,

Y p ≃ 2n/p
1 + n/p

∣∣∣∣
T9≃0.85

. 8.

The 4He mass fraction Yp is very weakly dependent on ηb as well as on the precise values for
almost all nuclear reaction rates. Instead, Yp is sensitive to the timing of major BBN events, such
as the neutron-to-proton freeze-out and the end point of the D bottleneck. Consequently, the
prediction for Yp relies on such well-measured quantities as the Newton constant, the neutron-
proton mass difference, the Fermi constant, the neutron lifetime, and the deuteron-binding energy.

544 Pospelov · Pradler
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Pospelov,	ARNPS	2010	

Yp	 						=	4He	

D/H							=	2H	

7Be/H+7Li/H	=	7Li	

Radioactive	3H	(12.3	a)	and	7Be	(53	d)		
end	up	as	stable	3He,	7Li	
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Observed	nuclide	abundance:	2H	
u  Observe	2H	absorption	lines	from	

the	Lyman	series	in	gas	clouds	

u  Plot	observed	2H	abundance	as	
function	of	the	age	of	the	gas	
cloud,	traced	by	the	oxygen	
abundance	O/H	

u  Fit	and	extrapolate	to	zero	O/H	
(=primordial	gas	cloud)	

The Astrophysical Journal, 781:31 (16pp), 2014 January 20 Cooke et al.

Figure 5. Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here (J1358+6522).
The left and right panels show, respectively, the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark and light green bands
are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite (Planck Collaboration 2013)
assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by Equations (5) and (6).
(A color version of this figure is available in the online journal.)

Table 2
The Precision Sample of D/H Measurements in QSO Absorption Line Systems

Literature This Work

QSO zem zabs [O/H]a log N (H i) log (D/H) log N (H i) log (D/H) Ref.b

(cm−2) (cm−2)

HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7

Notes.
a We adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
b References: (1) This work; (2) O’Meara et al. 2001; (3) Pettini et al. 2008b; (4) Pettini et al. 2008a; (5) Pettini & Cooke 2012; (6) Cooke et al. 2011;
(7) O’Meara et al. 2006.

adopted the same blind analysis strategy and marginalized over
the important systematic uncertainties. We refer to this sample
of five high-quality measurements as the Precision Sample.

In Table 2, we provide a measure of the total H i column
density, along with the associated error. Many of our systems
contain more than one component in H i, and the column density
estimates for these multiple components are correlated with
one another. To calculate the error on the total H i column
density, we have drawn 10,000 realizations of the component
column densities from the covariance matrix. We then calculated
the total column density for each realization; in Table 2, we
provide the mean and 1σ error derived from this Monte Carlo
analysis.

We consider the five measures of D i/H i in these DLAs as
five independent determinations of the primordial abundance
of deuterium, (D/H)p, for the following reasons: (1) We are not
aware of any physical mechanism that would alter the ionization
balance of D compared to H. Thus, to our knowledge, D i/
H i ≡ D/H. (2) The degree of astration of D (i.e., its destruction
when gas is turned into stars) is expected to be negligible at the
low metallicities ([O/H] < −1.5) of the DLAs considered here
(e.g., see Figure 2 of Romano et al. 2006); thus, (D/H)DLA =
(D/H)p. (3) The lack of dust in metal-poor DLAs makes it
extremely unlikely that selective depletion of D onto grains
occurs in the cases considered here (it has been proposed that
such a mechanism may be responsible for the local variations in
(D/H)ISM—see Linsky et al. 2006). (4) The five DLAs sample
entirely independent sites in the distant universe.

As can be seen from Table 2 and Figure 5, the five measures of
D/H in the Precision Sample are in very good mutual agreement,
and the dispersion of the measurements is consistent with the
errors estimated with our improved analysis. A χ2 test indeed
confirms that the five measurements are consistent within 2σ
of being drawn from a single value of D/H. We can therefore
combine the five independent determinations of (D/H)DLA to
deduce the weighted mean value of the primordial abundance
of deuterium:

log (D/H)p = −4.597 ± 0.006 (3)

105 (D/H)p = 2.53 ± 0.04. (4)

This value of (D/H)p is not markedly different from other
recent estimates (Pettini et al. 2008a; Fumagalli et al. 2011;
Pettini & Cooke 2012), but its precision is significantly better
than achieved in earlier papers that considered a more hetero-
geneous set of (D/H)DLA determinations. For completeness, we
have recalculated the weighted mean for all the known D/H
measurements listed in Table 2 of Pettini & Cooke (2012), after
updating the D/H values of the systems we have reanalyzed
here. The resulting weighted mean value of the primordial deu-
terium abundance is (D/H)p = −4.596 ± 0.006. This compares
very well with the value derived from the Precision Sample
(Equations (3) and (4)). Perhaps this is not surprising, since the
literature systems that did not meet our selection criteria (see
Section 2.2.1) have larger uncertainties, and thus their contribu-
tion to the weighted mean value of D/H is relatively low.

9
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Figure 2. The top panel displays a portion of the flux-calibrated HIRES spectrum near the damped Lyα line at zabs = 3.06726 toward J1358+6522 (black histogram)
together with the error spectrum (continuous blue line). The dashed green line marks the best-fitting zero level of the data, and the dashed blue line shows the best-fitting
continuum level. The solid red line shows the overall best-fitting model to the DLA. The bottom panel shows a zoom-in of the data and model; the weak absorption
feature that we have modeled on the blue wing of Lyα is Si iii λ1206.5 at the redshift of the DLA (∼4907 Å in the observed frame).
(A color version of this figure is available in the online journal.)

difference in the χ2 between successive iterations was <0.01,
the parameter values were stored and the χ2 minimization
recommenced with a tolerance of 10−3. Once a successive
iteration reduced the χ2 by <10−3, the minimization was
terminated and the parameter values from the two convergence
criteria were compared. If all parameter values differed by
<0.2σ (i.e., 20% of the parameter error), then the model fit
has converged.

As a final step, we repeated the χ2 minimization process
20 times, perturbing the starting parameters of each run by
the covariance matrix. This exercise ensures that our choice
of starting parameters does not influence the final result. We
found that the choice of starting parameters has a negligible
contribution to the error on D i/H i (typically 0.002 dex), but
can introduce a small bias (again, typically 0.002 dex). We have
accounted for this small bias in all of the results quoted herein.

3.3. Component Structure

Most of the narrow, low-ionization metal lines of the
DLA toward J1358+6522 consist of a single component at
zabs = 3.067259. A second weaker component, blueshifted by
17.4 km s−1 (zabs = 3.06702), contributes to Si iii λ1206.5
and to the strongest C ii and Si ii lines. Evidently, this weaker
absorption arises in nearby ionized gas.

In fitting the absorption lines, we tied the redshift, turbulent
Doppler parameter, and kinetic temperature of the gas to be the
same for the metal, D i, and H i absorption lines. We allowed
all of the cloud model parameters to vary, while simultaneously
fitting for the continuum near every absorption line. Relevant
parameters of the best-fitting cloud model so determined are
collected in Table 1. Figures 2, 3, and 4 compare the data and

model fits for, respectively, the damped Lyα line, the full Lyman
series, and selected metal lines. [Since the metal lines analyzed
here are the same as those shown in Figure 1 of Cooke et al.
(2012), albeit now with a higher S/N, we only present a small
selection of them in Figure 4 to avoid repetition]. The best-fitting
chi-squared value for this fit is also provided for completeness.14

Returning to Table 1, it can be seen that we found it necessary
to separate the main absorption into two separate components,
labeled 1a and 1b in the table. A statistically acceptable fit15 to
the metal, D i and H i lines could not be achieved with a single
absorbing cloud in which the turbulent broadening is the same
for all species and the thermal broadening is proportional to
the square root of the ion mass (i.e., b2

th = 2KT/m, where K
is the Boltzmann constant). The main absorption component
of this DLA appears to consist of two “clouds” with very
similar redshifts, temperatures, and H i column densities, but
with significantly different turbulence parameters (see Table 1).
The turbulent broadening for component 1a is bounded by
the metal lines, whereas the thermal broadening is bounded
by the relatively narrow H i line profiles. This combination of
turbulent and thermal broadening is unable to reproduce the
observed widths of the strongest D i lines, which require an
additional component with a larger contribution of turbulent
broadening. Surprisingly, metal absorption is only seen in the

14 We caution that the quoted chi-squared value is likely underestimated in our
analysis because: (1) there is some degree of correlation between neighboring
pixels that is not accounted for in the error spectrum, and (2) the continuum
regions selected tend to have lower fluctuations about the mean than average.
15 The addition of an extra absorption component (i.e., three components as
opposed to two, and four additional free parameters) reduces the minimum
chi-squared value by ∆χ2

min ≃ 660, which is highly significant (see, e.g.,
Lampton et al. 1976).

6

Cooke	et	al.,	ApJ	2014	
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790 Y. I. Izotov, T. X. Thuan and N. G. Guseva

Figure 8. (a) Y–O/H linear regression for the 75 spectra of 45 H II regions. Only the five He I optical emission lines λλ3889, 4471, 5876, 6678, and 7065
have been used for the χ2 minimization and determination of Y. Te(He+) was varied in the range 0.95–1.05 of the T̃e(He+) value. The equation of the linear
regression and the value of the χ2 are given at the bottom of each panel. (b) Same as (a), but all six He I emission lines λλ3889, 4471, 5876, 6678, 7065,
and 10830 have been used for the χ2 minimization and determination of Y. The points representing high-density H II regions, with Ne(He+) > 200 cm−3, are
encircled in (b).

Figure 9. (a) Same as Fig. 8(b), but high-density H II regions with Ne(He+) > 200 cm−3 have been excluded. (b) Same as (a), but while all six He I emission
lines λλ3889, 4471, 5876, 6678, 7065, and 10830 have been used for the χ2 minimization, only the four He I emission lines λλ4471, 5876, 6678, and 10830
have been used for the determination of Y.

uncertain because of its weakness. The parameters derived for the
sample shown in Fig. 9(b), with the additional inclusion of the high-
density H II regions, are presented in Table 3. The uncertainties of
these parameters are propagated in the derivation of errors of the
He mass fraction Y.

4.3 Final NIR sample

We have further restricted the final NIR sample to those H II regions
with high EW(Hβ) and high-excitation parameters x = O2 +/O. Both
these parameters are higher in younger starbursts. In their analysis
of a large sample of several hundred galaxies, Izotov et al. (2013)
have found that the weighted mean Ywm increases with decreasing
EW(Hβ) and decreasing x (their figs 10a and 11). These trends are
unphysical and suggest that objects with low EW(Hβ) and low x
should not be used for the determination of Yp. The main reason
for not including objects with low EW(Hβ) is because of the larger
contribution of the light of the underlying galaxy to their optical
continuum, so that EW(Hβ) is no longer an accurate starburst age
indicator. The starburst age would then be overestimated, resulting

in overestimated values of ICF(He) and Yp. On the other hand, Izotov
et al. (2013) have shown that no trend is apparent for galaxies with
EW(Hβ) ≥ 150 Å and x ≥ 0.8, limits which we adopt for our
sample. Izotov et al. (2013) found that the ICF(He) derived for
these galaxies using starburst ages based on EW(Hβ) are consistent
with those derived using SED fitting (their fig. 12). There is a further
advantage in using only high-excitation H II regions: He abundances
for most objects with EW(Hβ) ≥ 150 Å and x ≥ 0.8 are derived
with an accuracy better than 3 per cent because of a stronger [O III]
λ4363 emission, resulting in more accurate electron temperatures
and derived abundances.

Therefore, our final sample (hereafter the NIR sample) consists
only of those H II regions that have EW(Hβ) ≥ 150 Å, excitation
ratios O2 +/O ≥ 0.8 and σ (Ywm)/Ywm ≤ 3 per cent. These selection
criteria give a total sample of 28 H II regions. The linear regression
for the NIR sample, excluding He I λλ3889 and 7065 from the deter-
mination of Ywm, is shown in Fig. 10. We derive a primordial helium
abundance mass fraction Yp = 0.2551 ± 0.0010 (statistical), with a
χ2 per degree of freedom of 1.43. Although the dispersion about the
regression line is considerably smaller than that, for example, of the
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u  Observe	4He	emission	lines	in	gas	clouds	

u  Plot	observed	4He	abundance	as	function	
of	the	age	of	the	gas	cloud,	traced	by	the	
oxygen	abundance	O/H	

u  Fit	and	extrapolate	to	zero	O/H	
(=primordial	gas	cloud)	

Observed	nuclide	abundance:	4He	Primordial helium and the He I 10830 line 781

Figure 1. Representative APO spectra of H II regions showing the He I λ10830 Å and Pγ 10940 Å emission lines. The spectrum in (a) is that of a high-density
H II region while the one in (b) is that of low-density H II region.

other references given in Table 1. The complementary optical data
are necessary to derive physical conditions and abundances in the
sample galaxies.

2.1.2 Reduction procedures

We have carried out the reduction of the data according to the fol-
lowing procedures. The two-dimensional spectra were first cleaned
for cosmic ray hits using the IRAF1 routine CRMEDIAN. Then all A
and B frames were separately co-added and the resulting B frame
was subtracted from the resulting A frame. Finally, the (negative)
spectrum at position B was adjusted to the (positive) spectrum at
position A and subtracted from it. The same reduction scheme was
applied to the standard stars. We then use the IRAF routines IDEN-
TIFY, REIDENTIFY, FITCOORD, and TRANSFORM to perform wavelength
calibration and correction for distortion and tilt for each frame. For
all galaxies, a one-dimensional spectrum was extracted from the
two-dimensional frames using the APALL IRAF routine.

Flux calibration and correction for telluric absorption were per-
formed by first multiplying the one-dimensional spectrum of each
galaxy by the synthetic absolute spectral distribution of the standard
star, smoothed to the same spectral resolution, and then by dividing
the result by the observed one-dimensional spectrum of the same
star. Since there does not exist published absolute spectral energy
distributions (SEDs) of the standard stars that were used, we have
simply scaled the synthetic absolute SED of the star Vega (α Lyrae),
also of A0V spectral type, to the brightness of the standard star.

The emission-line fluxes were measured using Gaussian fitting
with the IRAF SPLOT routine. The line flux errors were estimated by
Monte Carlo simulations in SPLOT, setting the number of trials to
200.

Two representative spectra, one of a high-density H II region (left)
and the other of a low-density one (right) are shown in Fig. 1. The
fluxes and equivalent widths (EW) of the He I λ10830 Å emission
line, needed for the Yp determination, and of the Pγ λ10940 Å emis-
sion line, needed to adjust NIR and optical spectra, are presented in
Table 2.

1 IRAF is distributed by National Optical Astronomical Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

2.2 Physical conditions and heavy-element abundances

We derived element abundances from the narrow emission-line
fluxes, using the so-called direct method. This method is based
on the determination of the electron temperature within the O2 +

zone from the [O III] λ4363/(λ4959 + λ5007) line ratio. The fluxes
in all optical spectra were corrected for both extinction, using the
reddening curve of Cardelli, Clayton & Mathis (1989), and un-
derlying hydrogen stellar absorption, derived simultaneously by an
iterative procedure described by Izotov et al. (1994) and using the
observed decrements of the narrow hydrogen Balmer lines. The
extinction coefficient C(Hβ) and EW of hydrogen absorption lines
EW(abs) are derived in such a way to obtain the closest agreement
between the extinction-corrected and theoretical recombination hy-
drogen emission-line fluxes normalized to the Hβ flux. It is assumed
that EW(abs) is the same for all hydrogen lines. This assumption is
justified by the evolutionary stellar population synthesis models of
González Delgado et al. (2005).

The physical conditions, and the ionic and total heavy-element
abundances in the H II regions were derived following Izotov et al.
(2006). In particular, for O2 +, Ne2 +, and Ar3 + abundances, we
adopt the temperature Te(O III) directly derived from the [O III]
λ4363/(λ4959 + λ5007) emission-line ratio. The electron tempera-
tures Te(O II) and Te(S III) were derived from the empirical relations
by Izotov et al. (2006). Te(O II) was used for the calculation of O+,
N+, S+, and Fe2 + abundances and Te(S III) for the calculation of
S2 +, Cl2 +, and Ar2 + abundances. The electron number densities
Ne(S II) were obtained from the [S II] λ6717/λ6731 emission-line
ratios. The low-density limit holds for the H II regions that exhibit
the emission lines considered here. The element abundances then
do not depend sensitively on Ne. We use the ionization correction
factors (ICFs) from Izotov et al. (2006) to correct for unseen stages
of ionization and to derive the total O, N, Ne, S, Cl, Ar, and Fe
abundances.

The physical conditions and heavy-element abundances for most
of the objects in our sample were derived in several previous studies
by our group. The references to these studies are shown in Table 1.
We have listed the main physical parameters along with their un-
certainties in Table 3. These uncertainties were derived from the
uncertainties of the optical line intensities given in our previous pa-
pers (references in Table 1), and from the uncertainties of the NIR
line intensities given in Table 2. They were propagated to derive the
oxygen and helium abundances.

MNRAS 445, 778–793 (2014)
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Observed	nuclide	abundance:	7Li	and	the	“Spite	plateau”	
u  Lithium	absorption	lines	in	spectra	of	metal-poor	stars	in	the	halo	

of	our	galaxy	
u  Observe	lithium	elemental	abundance,	interpret	as	7Li		
u  Some	authors	have	attempted	to	measure	6Li,	as	well	

7Li	

6Li	

(relativ	zur	Sonne)	
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Cosmic	concordance	

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

March 7, 2016 13:42

Three	aspects	agree:	
1.  Observed	nuclide	abundances	
2.  CMB	value	for	η
3.  BBN	calculated	nuclide	abundances		

Blue	hatched	area:	CMB	(Planck	2015)	

Yellow	box:	
4He	observation	

Yellow	box:	
7Li	observation	

Small	yellow	box:	
2H	observation	

Purple/blue/green	
bands:	BBN	
calculated	
predictions	

1.	

1.	

1.	

2.	

3.	
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The	Big	Bang	nuclear	reaction	network	

F. Iocco et al. / Physics Reports 472 (2009) 1–76 15

Table 4
The most relevant reactions for BBN.
Symbol Reaction Symbol Reaction

R0 ⌧n R8
3He(↵, � )7Be

R1 p(n, � )d R9
3H(↵, � )7Li

R2
2H(p, � )3He R10

7Be(n, p)7Li
R3

2H(d, n)3He R11
7Li(p, ↵)4He

R4
2H(d, p)3H R12

4He(d, � )6Li
R5

3He(n, p)3H R13
6Li(p, ↵)3He

R6
3H(d, n)4He R14

7Be(n, ↵)4He
R7

3He(d, p)4He R15
7Be(d, p)24He

Fig. 5. The most relevant reactions for BBN.

7Li production is direct rather than coming from 7Be synthesis. Also, if one is concerned with the traces of 6Li produced in
BBN, the reactions R12 : 4He(d, � )6Li, and R13 : 6Li(p, ↵)3He are relevant. Due to their larger uncertainties, even reactions as
R14 : 7Be(n, ↵)4He and perhaps R15 : 7Be(d, p)24He are important in the 7Li error budget determination. All these reactions
are summarized in Table 4 and Fig. 5. Both leading and sub-leading reactions of some interest have been discussed e.g. in
[18], which we mostly follow here. Other compilations can be found in [81–83].

These reactions are not only important to understand the nuclear physics of the BBN, but also to assess an error budget for
its theoretical predictions. The first ‘‘modern’’ papers addressing these issues are [84,80]. For example, in [80], the authors
performed a systematic analysis of the nuclear network in BBN, as it had been implemented in the first publicly released
code [26],with the – at the time–new rates compiled in [85]. For the range of⌘ allowed at the time, they identified the twelve
leading reactions reported in Table 4. A detailed study of their rates and uncertainties led to a new code [35], implementing
an updated nuclear network.

Inferring theuncertainties on the light elements yields is conceptually a three-stepprocess. First, onehas to determine the
uncertainties on the cross-sections �i(E) (as functions of energy) measured in the Lab or theoretically predicted. Since a first
principle computation is virtually impossible for almost all processes, onehas to rely on some formof theoreticallymotivated
fitting formulae and interpolate between and extrapolate beyond the data. Indeed, the reactions in the early universe happen
in a thermal plasma, so the relevant nuclear input are the temperature-dependent rates given by the convolution of the
cross-sections with the Maxwell–Boltzmann distribution of nuclides, i.e. h�vi / T�3/2

R 1
0 dE � (E) E exp(�E/T ). These

can be approximated with analytical formulae in some simple hypotheses for the functional form of � (E). Although no
modern compilation relies on such approximations, they are often used to suggest a fitting formula for the numerical
integration results. Anyway, it is the uncertainties on these rates that ultimately propagate onto the final errors on the
nuclides. The formalism/machinery to treat this problem can be found in classical papers (as [80]), textbooks [86,87] and
has also been reported in several compilations of the last decade [81–83,18], so we do not repeat it here.Wewant to remark,
however, that: (a) In the last decade, in particular following [81], a world-wide effort in obtaining new measurements
at low energy for several important reactions involving light nuclei has been undergone; (b) in several cases, especially
when new measurements have become available, the different experimental data sets do not seem to agree within the
quoted uncertainties. In this situation, it is a tricky business to assess uncertainties in a statistically meaningful way, unless
one has reason to believe that some of the datasets are affected by unaccounted systematics and decides for example
to dismiss the older measurements. Here we follow the prescription illustrated in [18] and motivated on the basis of
the arguments presented in [88]. While in agreement with the error estimates given in other compilations [82,83] when
statistical errors dominate, we warn the reader that our procedure tends to produce smaller errors than other compilations
when discrepancies among datasets exist.

An additional technical aspect arises in the way uncertainties are accounted for in the BBN calculations. A lot of attention
has been paid in the last two decades to this problem. Onemay adoptMonte Carlo simulations directly, with various degrees

Iocco	et	al.	2009	
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E 	 	=	center	of	mass	energy	
Z1,	Z2 	=	charge	numbers	of		

	 				projectile	and	target	
	

	 	=	reduced	mass	

Definition	of	the	astrophysical	S-factor	S(E):	

	

	

Nuclear	reaction	cross	section	σ	for	low-energy	charged	particles	

•  Typical	Coulomb	barrier	height	:	~	MeV	
•  Typical	temperature	kB	*	T	~	keV	

→  The	energy	dependence	of	the	cross	section	is	
dominated	by	the	tunneling	probability.	

Neglect	angular	momentum,		
which	would	lead	to	an	additional	barrier.	

�(E) =
S(E)

E
exp

 
�2⇡Z1Z2↵

r
µc2

2E

!

=
S(E)

E
exp

 
�31.29Z1Z2

s
µ/amu

E/keV

!

µ =
m1m2

m1 +m2
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The	Gamow	
peak	

Thermonuclear	
reaction	rate	
NA<σv>	

At	which	energies	do	the	reactions	take	place	in	a	plasma?	

NAh�vi = NA

r
8

µ⇡
(kBT )

� 3
2

Z 1

0
�(E)E exp


� E

kBT

�
dE
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Thermonuclear	reaction	rate,	nonresonant	case	

NAh�vi = NA

r
8

µ⇡
(kBT )

� 3
2

Z 1

0
�(E)E exp


� E

kBT

�
dE

= NA

r
8

µ⇡
(kBT )

� 3
2 S

Z 1

0
exp

"
�31.29Z1Z2

s
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E/keV
� E

kBT

#
dE

= NA

r
8
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� 3
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Z 1

0
exp


� bp

E
� E

kBT

�
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Abbreviations	for	barrier	penetrability	b	
and	Gamow	peak	energy	E0	

b/keV = �31.29Z1Z2

r
µ

amu

E0/keV = 122
⇣
Z2
1Z

2
2

µ

amu
T 2
9

⌘ 1
3

Assumption	here:		
S(E)	=	const.(E)	=	S	
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Thermonuclear	reaction	rate,	nonresonant	case	
Abbreviation	for	Gamow	peak	energy	E0	

Abbreviation	τ

⌧ =
3E0

kBT
= 4.246

✓
Z2
1Z

2
2
µ/amu

T9

◆ 1
3

E0/keV = 122
⇣
Z2
1Z

2
2

µ

amu
T 2
9

⌘ 1
3

Assumption: 		S(E)	=	const.(E)	=	S(E0)	near	E0	

Thermonuclear	reaction	rate	can	then	be	expressed	as:

NAh�vi = NA

r
8

µ⇡
(kBT )

� 3
2 S

Z 1

0
exp


� bp

E
� E

kBT

�
dE

= 4.33⇥ 105
⌧2

µ
amuZ1Z2

exp(�⌧)
S(E0)

keV b

cm3

s mol



Daniel Bemmerer 
Institute of Radiation Physics   01.03.2019 Page 18 

IN-HOUSE RESEARCH 
Nucleosynthesis in stars and the big bang – the seeds for the r process 

Thermonuclear	reaction	rate,	sharp	Breit-Wigner	resonance	

Abbreviations	for	barrier	penetrability	b	
and	Gamow	peak	energy	E0	

NAh�vi = NA

r
8

µ⇡
(kBT )

� 3
2

Z 1

0
�(E)E exp
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�
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Experiment	on	7Be→7Li	at	LUNA,	Gran	Sasso	(Italy)	

Lab	below	1400	m	of		rock	
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3He(α,γ)7Be, LUNA 0.4 MV accelerator deep underground 

LUNA	approach:		
Measure	 nuclear	 reaction	 cross	 sections	 at	
or	near	the	relevant	energies		
(=	Gamow	peak),	using		

•  	high	beam	intensity	
•  	low	background	
•  	great	patience	

LUNA	=	Laboratory	
Underground	for	
Nuclear	Astrophysics	
-  Italy	
-  Germany	
-  Hungary	
-  UK	
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3He(α,γ)7Be experiment at LUNA (activation and prompt-γ technique) 

Windowless	3He	gas	target,		
with	3He	recirculation	
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3He(α,γ)7Be at LUNA, 7Be activation spectra 

Detected	7Be	activities:	0.8	-	600	mBq	
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3He(α,γ)7Be reaction, S-factor results from LUNA and others	

3
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Adelberger et al. 2011
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Brown et al. 2007
di Leva et al. 2009
Carmona et al. 2012
Bordeanu et al. 2013
Kontos et al. 2013
Takács et al. 2015, 2018
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3He(α,γ)7Be thermonuclear reaction rate NA<σv>	

u  Present-day	reaction	rate	very	close	to	
textbook	value.	

u  Precision	improves	over	the	years.	

State	of	the	art:	
	
u  5.1%	precision	at	solar	temperature	

Adelberger	et	al.,	Rev.	Mod	Phys.	83,	195	(2011)	

Nuclear	physics	input		
for	8B	neutrino	flux	ΦB:	

4.3%	

Reaction ΔΦB/ΦB 

3He(3He,2p)4He -0.43 1.8% 
3He(α,γ)7Be 0.85 7.5% 
7Be(p,γ)8B 1.00 7.7% 
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3He(α,γ)7Be reaction, what is needed for even better precision	

only on the energy dependence the low-energy behavior is similar, but they dif-
fer at higher energies. This contradiction has strong astrophysical consequences,
when the theoretical curves are normalized at high energies. The solar reaction
rates must be determined by extrapolation based on the data at higher energies,
but this extrapolations have to be well constrained.

One important, experimentally unknown component is the relative strength
of various angular momentum contributions (l = 0 and l = 2 relative angular
momentum i.e. s- and d-wave) to the cross section (fig. 3). In the astrophysically
relevant energy range only the s-wave has a sizeable contribution, in these all
the models agrees. The differences mainly appears at energies where the d-
waves become comparable to the s-waves. The high-energy data points have
both contributions, but without knowing the precise angular distribution of the

Figure 3: The main partial wave contributions to the 3He(α,γ)7Be S-factor.
The curves are the decomposition of the S-factors shown in fig. 2 (black [21],
red [26], blue [27]). The style of the curve determines the type of the partial
wave and the capture to the ground state or to the excited state. Less than
1% contributions are not shown. On the x-axis the energies were the proposed
angular distributions will be recorded is marked by green triangles.

4

1.  One	comprehensive	data	set		
spanning	a	wide	energy	range.	

2.  Separation	of	s-wave	from		
d-wave	component	at	1	–	2	MeV.	

	
When	this	is	given,	the	uncertainty	of	the	
reaction	rate	will	decrease	below	3%	also	for	
solar	temperature.	

Figure 1: The modern experimental data for the 3He(α,γ)7Be reaction (Weiz-
mann Inst. [24], LUNA [10–13], Seattle [25], ERNA [15], Madrid [16], ATOMKI
[17], Notre Dame [4]). The energy ranges important in the Sun and at the Big
Bang are marked.

Figure 2: Selected datasets [4, 10–13, 15–17] for the 3He(α,γ)7Be reaction,
compared with theoretical calculations [21–23] normalized to have the same
value at 1.5MeV. The scale of the axis and the symbols are the same as in
fig. 1, the error bars was left out for clarity.

3

See	the	poster	by	Steffen	Turkat!	
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Experiment	on	2H(α,γ)6Li	at	LUNA:	Experimental	setup	

2H(α,α)2H	
Rutherford	scattering	

2H(2H,n)3He	
d+d	-	reaction		

Background	by	a	second	order	process:	

as a possible explanation for the reported 6Li detections. Pre-galactic 6Li production mechanisms

have been ruled previously 4. As a result, the only remaining scenarios explaining a global 6Li/7Li

level of a few percent as reported 1–3, 22 involve non-standard physics 13, 18. Cosmic 6Li is clearly a

highly interesting probe of physics beyond the standard model.

The authors are indebted to F.L. Villante (INFN-LNGS) for informative conversations on

BBN calculations, and to the mechanical and electronic workshops of LNGS for technical sup-

port. Financial support by INFN, FAI, DFG (BE 4100-2/1), NAVI (HGF VH-VI-417), and OTKA

(K101328) is gratefully acknowledged.

Pressure
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Beam
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Beam

Figure 1: (Colour online) Sketch of experimental set-up.

1. Smith, V. V., Lambert, D. L. & Nissen, P. E. The 6Li/7Li ratio in the metal-poor halo dwarfs

HD 19445 and HD 84937. Astrophys. J. 408, 262–276 (1993).

8
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2H(α,γ)6Li,	in-beam	spectra	(a) Run 1
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2H(α,γ)6Li S-factor - Phys. Rev. Lett. 113, 042501 (2014)

BBN energies

Robertson et al. 1981, data
Mohr et al. 1994, data
Kiener et al. 1991, upper limits
Cecil et al. 1996, upper limit
Hammache et al. 2010 (E1+E2)
Mukhamedzhanov et al. 2011 (E1+E2)
Anders et al. 2014 (LUNA), data

2H(α,γ)6Li,	LUNA	results	for	the	S	factor	and	the	6Li	abundance	

u  First direct data point in the Big Bang energy window 

u  Determine primordial 6Li/7Li ratio = (1.5±0.3) * 10-5 entirely from experimental data 

u  Astronomical reports of 6Li/7Li ~ 10-2 are probably in error 

Michael	Anders	et	al.,		
Phys.	Rev.	Lett.	113,	042501	(2014)	
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CMB-based prediction, 7Li 

CMB-based prediction, 6Li 

§  Cosmic	7Li	problem:	Less	7Li	in	old	stars	than	predicted.	
7Li	production	mainly	by	3He(α,γ)7Be	è	7Li	
LUNA	data	rules	out	a	nuclear	solution	for	the	cosmic	7Li	problem.	

	
§  Reported	cosmic	6Li	problem:	Much	more	6Li	in	some	old	stars	than	predicted.	

LUNA	data	show	that	standard	BBN	produces	much	less	6Li	than	reported	by	some	observers.	

Cosmology:	The	Spite	abundance	plateau	and	the	lithium	problem(s)	
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Experiment	at	HZDR,	γELBE	bremsstrahlung	facility	

A.	R.	Junghans,	R.	Hannaske	et	al.	

Photodissociation	of	the	
deuteron,	controlling	the	
deuterium	bottleneck:	
	
1H(n,γ)2H	
	
2H(γ,n)1H	
	

3.1 Experimental setup 27

Bremsstrahlung facility

At the bremsstrahlung facility at ELBE a variety of photon-induced experiments have been car-
ried out in the past, see table 3.2. Technical details of the facility are discussed extensively in
[Schwengner2005, Rusev2006]. So far, the only experiment at the facility, in which neutrons have
been detected, was the feasibility study for this work [Beyer2005].

To produce bremsstrahlung, the ELBE beam can be deflected out of the main beam line after the
first cryomodule and the chicane using two dipole magnets and a quadrupole magnet between the
dipoles. Further beam optics are a doublet of quadrupole magnets and a doublet of dipole magnets
used to focus the beam on a radiator and to steer the angle between beam and radiator, respectively.
With the steerer magnets, it would be possible to produce partly polarized photon beams using off-
axis bremsstrahlung. The thin radiator foil made of niobium, the production of bremsstrahlung, and
also the measurement of the electron energy are described in section 3.2. As shown in figure 3.2,
the radiator is followed by a purging magnet that deflects the all electrons that have not interacted
with the thin foil into a beam dump.

The bremsstrahlung photons created in the foil pass the magnet unaffected and enter the pho-
ton beam line. A 3 mm thick quartz window separates the vacuum in the electron beam line
(10�10 mbar) from the vacuum in the photon beam line (10�6 mbar). It is followed by a device
that can move 10 cm thick metal cylinders into the beam to attenuate low-energy photons (beam
hardener made of aluminum, which was not used here) or the whole beam (beam shutter). The
photons leave the accelerator hall through a collimator in the 1.6 m thick heavy-concrete wall and
enter the experimental area. The collimator is mainly made from aluminum to avoid neutron pro-
duction. It starts 972 mm behind the radiator and is 2600 mm long. The diameter of the collimator

Table 3.2: Selected experiments carried out at the ELBE bremsstrahlung facility.
photon scattering 92,98,100Mo(g,g 0) [Schwengner2005, Rusev2006]

136Ba(g,g 0) [Massarczyk2012]
86Kr(g,g 0) [Schwengner2013a]

photo-activation 92Mo(g , n / a), 144Sm(g , n / p / a) [Nair2009, Erhard2009]
photodissociation d(g , n)p [Beyer2005]
photo-fission 238U(g , ff) [Kosev2007]
positron spectroscopy (g , e+e�) [Wagner2013a]
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Figure 3.2: Layout (top view) of the d(g ,n)p setup at ELBE. Three of the six neutron detec-
tors are indicated by dashed rectangles to see the underlying setup parts.
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Neutron	capture	on	exotic	nuclei	and	neutron-rich	BBN	scenarios	

Reaction	of	astrophysical	interest:	

Reaction	that	can	be	studied	in	the	laboratory:	

using… 	an	ion	beam	of	radioactive	20N	and	
	virtual	photons	from	a	heavy	atomic	nucleus	

19N+ n ! 20N+ �

19N+ n 20N+ �

Neutron-rich	BBN	scenarios	
postulate	a	nucleosynthesis	path	on	
the	neutron-rich	side	of	the	valley	of	
stability,	where	data	are	scarce		
(Terasawa	et	al.,	Sasaqui	et	al.)	
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MARKO RÖDER et al. PHYSICAL REVIEW C 93, 065807 (2016)

TABLE II. Photoabsorption and neutron capture cross section
of the nitrogen isotopes under study. The errors reflect statistical
uncertainties only. Upper limits are given with 90% confidence
level.

σγ ,n(20N), total = (1.15 ± 0.27) mb
ground state ! 0.62 mb
1st excited state = (0.51 ± 0.12) mb

σγ ,n(21N), total = (0.93 ± 0.30) mb
ground state ! 0.74 mb
1st + 2nd exc. state = (0.69 ± 0.16) mb

σn,γ (19N), ground state ! 0.016 mb
1st excited state) = (0.0057 ± 0.0014) mb

σn,γ (20N), ground state ! 0.0091 mb
1st + 2nd exc. state) = (0.0041 ± 0.0010) mb

where NA is Avogadro’s number, µ the reduced mass of the
system under study (e.g., 19N +n), kB the Boltzmann constant,
and T the temperature of the stellar environment (assumed to
be in thermal equilibrium with the nuclei under study).

Due to the large, predominantly statistical uncertainty of
the neutron capture cross section of the ground state of 19N
and 20N, we applied a randomization technique. For each
energy bin in the measured neutron capture histogram, a
random Gaussian distribution is built where the bin content
acts as mean value and the statistical uncertainty of the
bin acts as sigma of the Gaussian distribution. Then, the
randomly distributed neutron capture cross section is used
to calculate the Maxwellian averaged reaction rate for each
temperature [see Eq. (10)], forcing the Maxwellian averaged
reaction rates to be positive definite. This procedure is repeated
1000 times; thus, for each temperature we generate 1000
times a Maxwellian averaged reaction rate. Then, the mean
value of the resulting distribution is used as a value in the
randomized Maxwellian averaged reaction rate as a function of
temperature while the root mean square (rms) acts as statistical
uncertainty.

In order to judge how much the excited states contribute
to the total reaction rate, the population of the first excited
state of 19N relative to the ground state is assumed to be
[23]

P (ER) = exp
(

− ER

kBT

)
2IR + 1
2I0 + 1

, (11)

where ER is the energy of the excited state, IR the spin of the
resonant state and I0 the spin of the ground state.

In order to calculate the stellar reaction rate R, we combine
the neutron capture reaction rate of the ground state R0 and
the neutron capture reaction rate of the first excited state R1
with the population probability [Eq. (11)] [24]:

R =
g0R0 + g1R1 exp

(
− E1

kBT

)

g0 + g1 exp
(
− E1

kBT

) (12)

with g0 = 2I0 + 1.
It should be noted that the dissociation cross sections were

measured for nuclei in their ground state. Therefore, the cross
section and reaction rate determined using the detailed balance

FIG. 7. Stellar reaction rate for 19N(n,γ )20N (black solid line).
The red dotted line denotes contributions from the neutron capture
of the ground state of 19N and the blue dotted-dashed line denotes
contributions from the neutron capture of the first excited state of 19N.
The black dashed line denotes a theoretical curve given by [25].

theorem only constrain the contribution of the ground state.
As a result, the contribution of low-energy first excited states,
which are located at 843 and 1177 keV for 20,21N respectively
[18], to the total (n,γ ) reaction rate is not constrained by
the present measurement. In previous studies, the inclusion of
the capture to thermally populated excited states has led to
significant enhancement of the total cross section [9].

Then, the 19N(n,γ )20N reaction rates as a function of
the temperature are compared with reaction rates included
in reaction network codes which are mainly based on one
theoretical work [25] considering just direct capture and giving
a linear approximation NA⟨σv⟩theory = (1.54 × 103)T9.

In Fig. 7, the stellar reaction rate [see Eq. (12)] of
19N(n,γ )20N is plotted as a function of the temperature.
The red dotted line denotes contributions from the ground
state of 19N (generated with the randomization technique)
and the blue dotted-dashed line denotes contributions from
the first excited state of 19N while considering the population
probability [compare Eqs. (11) and (12)]. The black solid line
denotes the stellar reaction rate which is obtained by summing
the ground-state and first excited-state contributions, while the
black dashed line denotes theoretical estimates [25]. It is clear
that the excited state only plays a role for T > 3 GK.

At temperatures between 0.1 and 1.0 GK, our measured
data exceed the theoretical ones by up to a factor of 3 before
the ratio drops below 1 and finally levels out at 0.1 of the
theoretical predictions.

In Fig. 8, the stellar neutron capture reaction rate of
20N is shown in a fashion analogous to that of Fig. 7.
Again, we note that due to the limited resolution of the

065807-8

Data	show	no	significant	effect	on	heavy	nuclei	abundances…	
contrary	to	theoretical	predictions	

Marko	Röder	et	al.,		
Phys.	Rev.	C	93,	065807	(2016)	

MARKO RÖDER et al. PHYSICAL REVIEW C 93, 065807 (2016)

FIG. 9. Final abundances as a function of the nucleon number
derived from our network calculation with our measured reaction
rates (red solid line) and solar r-process abundance from reference
(black symbols) [29]. For details, see text.

one of the product species in the reaction. One can see that
the reactions under study become important (e.g., with a
reaction flow !10−5) at times within t ∈ [0.025,0.35] s which
correspond to temperatures T ∈ [2.07,0.60] GK. Thus, we
measured the reaction rate exactly in the important temperature

FIG. 10. Reaction flow as a function of time (and temperature)
during our network calculation for 19N(n,γ )20N (black dashed line)
and 20N(n,γ )21N (red solid line). The temperature is plotted as the
blue dotted line.

range. Corrections due to neutron capture of excited states of
the target nucleus play no role in this temperature range (Figs. 7
and 8).

In order to gauge the possible impact of an increase in the
reaction rate due to neutron capture into excited states of the
product nucleus, which is not constrained by the present data
(see Sec. VI), the network calculations have been repeated with
tenfold increased (n,γ ) reaction rates. The resulting fluorine
abundance is 50% lower than in the reference case, and again
no measurable impact is seen on any other nucleus.

VIII. SUMMARY AND OUTLOOK

Summary. We measured the Coulomb dissociation cross
section of 20,21N and discriminated between transitions into
the ground state and the first excited state of the outgoing
nuclei. In the case of 21N, we could not separate the first from
the second excited state due to the limited resolution of our
gamma calorimeter. Therefore, we presented only transitions
into any excited state of the outgoing 20N ions.

Furthermore, we calculated the photo absorption cross
sections via the virtual photon theory and the neutron capture
cross section by using the principle of detailed balance for
each individual reaction, discriminating for the excitation level
of the outgoing particle. In these cases, the ground state
contributions had such a low statistical uncertainty that only
an upper limit could be presented.

Moreover, the thermonuclear and the stellar reaction rates
were computed even for ground state transitions due to the use
of a Monte Carlo method. Additionally, the reaction rates were
compared to theoretical predictions.

Finally, network calculations were performed to estimate
the impact of our measured reaction rates on the possible
r-process scenario of a supernova with a neutrino driven wind.

A decrease of 10% in the fluorine (A = 19) abundance was
found relative to the abundances when using the reference
rates [25]. The abundances of nuclei with higher mass were
unaffected.

Outlook. In the future, our measured reaction rates may be
implemented in reaction networks which include even more
light neutron-rich nuclei. Other possible r-process scenarios
could be used to study the impact of these reaction rates on the
final r-process elemental abundance in more detail.

A repetition of our measurements with more statistics could
reduce the statistical uncertainties already in the excitation
energy spectra and the photoabsorption and neutron capture
cross sections.

Additionally, the low resolution of our gamma spectra
prevented the separation of the first from the second excited
state of outgoing 20N. Thus, a repetition with a gamma
spectrometer with higher granularity and intrinsic energy
resolution would improve the separation on the one hand and
the resolution of the excitation energy spectra on the other
hand.

Both experimental improvements will be provided in the
future FAIR (Facility for Antiproton and Ion Research) which
is presently under construction at GSI in Darmstadt, Germany
[30].

065807-10
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The	2H(p,γ)3He	reaction	cross	section,	destroying	2H	

Grey	circle:	CMB	(Planck	2015)	
Blue	band:	2H	
Green	band:	3He/4He	
Red	circle:	2H	and	3He/4He		
combined	

1.  Currently,	CMB	(grey)	and	BBN	(red)	are	in	perfect	agreement.	
2.  Currently,	BBN	is	much	less	precise	than	CMB.	
3.  The	BBN	precision	is	mainly	limited	by	the	nuclear	physics	of	2H	destruction,	

more	precisely	the	2H(p,γ)3He	reaction	rate.	

R.	Cooke	et	al.	2015	
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The	2H(p,γ)3He	reaction	cross	section,	destroying	2H	

See	the	poster	by	Klaus	Stöckel!	
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Cosmic	concordance	

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

March 7, 2016 13:42

Three	aspects	agree:	
1.  Observed	nuclide	abundances	
2.  CMB	value	for	η
3.  BBN	calculated	nuclide	abundances		

Blue	hatched	area:	CMB	(Planck	2015)	

Yellow	box:	
4He	observation	

Yellow	box:	
7Li	observation	

Small	yellow	box:	
2H	observation	

Purple/blue/green	
bands:	BBN	
calculated	
predictions	

1.	

1.	

1.	

2.	

3.	
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What	does	BBN	mean	for	the	chemical	elements	around	us?	
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Nucleosynthesis	in	stars		
and	in	the	big	bang	–		
the	seeds	for	the	r	process 

Photo:	HZDR/O.	Killig	

u  Big	Bang	nucleosynthesis	
Astrophysical	S-Factor	
Thermonuclear	Reaction	Rate	
Resonance	Strength	
LUNA	0.4	MV	underground	lab	in	Italy	

u  Experimental	facilities	underground	
LUNA-MV	underground	lab	in	Italy	
Felsenkeller	underground	lab	in	Germany	

u  Asymptotic	giant	branch	stars	
Stellar	hydrogen	burning	
Neutron	sources	for	the	s-process	
Stellar	helium	burning	
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Background	components	in	underground	laboratories	
Eur. Phys. J. A (2015) 51: 33 Page 3 of 9

Table 1. Summary of the sites and detectors used in recent
and in previously published studies [15,16]. See sect. 2.2 for a
detailed description of the highlighted new site and detector.

Site Depth Recorded energy range

[ m w. e.] 122% Clover 60% HPGe

HZDR 1 0.9–74 MeV [16] 0.3–39 MeV

Felsenkeller 110 0.3–22 MeV [16] 0.3–39 MeV

Reiche Zeche 400 0.5–73 MeV 0.3–41 MeV

LNGS 3800 0.1–8 MeV [15] no data

thickness at the rear. At the front end of the BGO there
is a “heavy met” collimator. “Heavy met” is an alloy of
tungsten (> 90%), nickel and copper. The collimator has a
square shaped 3.5 cm×3.5 cm opening. The same detector
was subsequently transported to each site, and laboratory
background spectra have been recorded [15,16]. The same
detector is again used here.

It was found previously [15,16], that an additional 5 cm
lead shield surrounding the whole detector has no measur-
able effect on the high-energy background count rate if ac-
tive shielding is applied. Therefore in the present compar-
ison the previously recorded unshielded spectra are used,
and the newly obtained spectra were recorded also with-
out additional lead shield.

2.2 New measurement in the “Reiche Zeche”

The Clover detector has been transported to the Reiche
Zeche mine in Freiberg, Germany. The Freiberg Mining
Field is an ore deposit of precious and non-ferrous metals
in the lower Eastern Ore Mountains in Saxony, Germany.
The first discovery of silver ore dates from 1168. The first
confirmed mining activity at Reiche Zeche dates back to
1384 [19]. The mine is currently used as a teaching, re-
search and visitor mine by TU Bergakademie Freiberg.
A possible use as a national underground laboratory has
been proposed [20]. The present measurement has been
done in the so-called Klimakammer 148m below the sur-
face. On this level, a former γ-ray measurement concen-
trating on the low-energy background had been performed
in the 1980’s [21].

Beside the Clover, a second HPGe detector with 60%
relative efficiency was transported to the same site (here-
after 60% HPGe). This detector is equipped with an an-
nular BGO shield (fig. 1, right side). The crystals of this
BGO have a different shape than the one of the Clover,
and are approximately 3 cm thick, leading to a higher veto
efficiency. Around the BGO there is a 2 cm thick lead
shield and at the front a 7 cm thick lead collimator with a
cylindrical opening of 3 cm diameter to suppress the over-
all count rate of the veto detector. This is necessary to
reduce false veto signals caused by random coincidences.
Subsequently, background spectra have also been recorded
with the 60% HPGe at Felsenkeller and at HZDR.

In table 1 the depth of the sites investigated, and
detectors used in the comparison are summarized. The
histograms have been stored on a daily basis and list mode

Fig. 2. Qualitative behavior of muon and neutron intensity
dependence from the depth based on [22] as described in the
text. The typical (α,n) neutron flux in Gran Sasso [11] is also
shown. The depth of the sites investigated in this work are
marked by vertical arrows.

data have also been recorded to keep track of possible gain
changes, which were finally found to be negligible. There
was no observable change in the background rate, so in the
final analysis the sum of the daily spectra has been used.

3 Expected effect of the cosmic-ray–induced
particles on the HPGe detector background
based on the literature and on simulations

Our study concentrates on the high-energy background
(Eγ > 3MeV), where the natural radioactivity of the sur-
roundings of the setup and of the detector materials plays
a negligible role at the surface of the Earth. Only this
energy region above 3MeV is discussed in the following,
where the background is originating either from cosmic-
ray–induced events or the ambient neutron background.

3.1 Cosmic-ray–induced background above 3 MeV

The primary cosmic rays entering the atmosphere of
the Earth are light nuclei with very high energy up to
1020 eV [22]. In the atmosphere, these particles lose energy
via electromagnetic and nuclear processes generating sec-
ondary cosmic-ray particles reaching the surface, and pen-
etrating into the Earth’s crust. These are mainly muons
(hard component), neutrons, protons (nucleonic compo-
nent), electrons, positrons and gamma rays (soft compo-
nent).

The approximate dependence of the muon and neutron
intensity on the depth is shown in fig. 2, and a qualitative
discussion will be given here following [22,23].

Red dashed curve: The depth dependence of the muon in-
tensity, as approximated by eq. (4.35) from ref. [22].
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27	m	

12.5	m	

5.5	m	

•  80 cm thick concrete shielding 
calculated by GEANT4 & MCNP 

•  En = 5.6 MeV,  2 103 n/s, isotropic 

Φn(LNGS) = 3 ×10-6 n/(cm2 s) 

MCNP:  Φn = 1.4 ×10-7 n/(cm2 s) 
GEANT4:  Φn = 3.4 × 10-7 n/(cm2 s)  

New	LUNA-MV	3.5	MV	accelerator	for	1H,	4He,	12C	beams:	
Installation	in	Gran	Sasso	hall	B	from	July	2019	
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LUNA MV- scientific program (2019 à 2024) 

 
 
 
 

Commissioning measurement: 14N(p,γ)15O. High scientific 
interest for revised data covering a wide energy range 
(400 keV- 3.5 MeV).  
 
12C+12C: solid state target. Gamma and particle detection. 
 
 
13C(α,n)16O: enriched 13C solid or gas  target. 
Data taking at LUNA 400 kV in 2017-2019.  
 
22Ne(α,n)25Mg: enriched 22Ne gas target. 
 
Next steps (not before 2024…): 
 
12C(α,γ)16O: 12C solid target depleted in 13C and alpha beam 
or α jet gas target and 12C beam.  
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u  System	of	nine	tunnels	built	for	
Felsenkeller	brewery	in	1856-59	

u  Cosmic	rays	attenuated	by		
45	m	rock	and	by	active	µ	veto	

New	underground	ion	beam	at	Felsenkeller,	Dresden	

10-4

10-3

10-2

10-1

4 5 6 7 8 9 10 11 12 13

12C(α,γ)16O
region of interest

Eur. Phys. J. A 48, 8 (2012)
Eur. Phys. J. A 51, 33 (2015)
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Muon	flux	and	angular	distribution	with	muon	tomograph	
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Neutron	flux	and	spectrum	with	moderated	3He	counters	

u  Flux	depends	on	local	shielding	

u  Neutron	data	informed	the	construction	project	

Integrated	n	flux	
[10-4	cm-2	s-1]	

Tunnel	 2.07	±	0.07	

Pb+Fe	bunker	 4.56	±	0.16	

Rock	bunker	 0.66	±	0.04	

Above	ground	 (121)	
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Felsenkeller, γ-background	measurement,	with	active	veto	

u  One	and	the	same	HPGe	detector	used	
subsequently	at	different	laboratories	

u  Background	rate	at	6-8	MeV	γ-ray	energy		
only	a	factor	of	3	higher	at	Felsenkeller		
than	at	Gran	Sasso	

Eur. Phys. J. A (2015) 51: 33 Page 7 of 9

Fig. 4. Comparison of all the spectra recorded. Upper left: Clover, no veto. Upper right: Clover, active veto. Lower left:
60% HPGe, no veto. Lower right: 60% HPGe, active veto. Black dotted lines: surface. Blue dashed lines: Felsenkeller (110mw. e.).
Red solid lines: Reiche Zeche (400 m w. e.). Green dash-dotted line: LNGS (3800m w. e.) [15]. Numerical values of count rates
are presented in table 3.

Table 3. Comparison of the recorded count rates in different energy regions, in the two detectors, at the investigated sites.
The shown numbers are in 10−3 counts / (keV hour). When less than 20 counts was observed in an energy bin, Poisson error is
quoted and shown instead of the square root of the counts. If no count was observed in a given region “0.000” and also Poisson
error of zero count is quoted. The energy regions where no data are available is indicated by “–”.

No active shield Veto detector active

Detector Site 6–8 MeV 8–10 MeV 10–15MeV 15–20MeV 6–8 MeV 8–10MeV 10–15MeV 15–20 MeV

HZDR 219± 1 154.7± 1.0 122.1± 0.5 97.8± 0.5 20.6± 0.4 9.0± 0.2 3.89± 0.10 1.53± 0.06

122% Felsenkeller 5.74± 0.11 4.44± 0.09 3.47± 0.05 3.01± 0.05 0.46± 0.03 0.180± 0.019 0.044± 0.006 0.008± 0.003

Clover Reiche Zeche 0.83± 0.08 0.45± 0.06 0.33± 0.03 0.32± 0.03 0.21± 0.04 0.11 +
−

0.04
0.03 0.028 +

−
0.012
0.009 0.028 +

−
0.012
0.009

LNGS 0.15± 0.03 – – – 0.18 +
−

0.05
0.04 – – –

60%

HPGe

HZDR 85.8± 0.3 62.9± 0.3 50.86± 0.17 45.79± 0.16 3.08± 0.07 1.12± 0.04 0.479± 0.016 0.248± 0.012

Felsenkeller 3.19± 0.07 2.35± 0.06 1.90± 0.04 1.72± 0.03 0.098± 0.013 0.041± 0.008 0.020± 0.004 0.011± 0.003

Reiche Zeche 0.40± 0.03 0.24± 0.02 0.151± 0.011 0.146± 0.011 0.008 +
−

0.006
0.004 0.002 +

−
0.004
0.002 0.000 +

−
0.001
0.000 0.000 +

−
0.001
0.000

The non-vetoed count rate in the Clover detector is about
a factor of two higher, as expected from the larger crys-
tal size. Beside the higher efficiency, the collimator of the
Clover contains tungsten. This material has a much higher
radiative neutron capture cross section than lead [31], en-
hancing the (α,n) signal in the detector. Below 10MeV,
the signal from (α,n) neutrons is also slightly higher in the
Clover compared to the 60% HPGe, because the thinner

Clover BGO is less efficient as a passive neutron shield,
and the BGO of the 60% HPGe is surrounded by addi-
tional 2 cm of lead.

Also the Clover has lower veto efficiency against the
muon-induced neutrons, due to its thinner BGO. The
number of veto signals created by these neutrons in the
BGO scales with the active volume of the veto detec-
tor.

110	m.w.e.	

0	m.w.e.	

400	m.w.e.	

3800	m.w.e.	

Tamás	Szücs	et	al.	
Eur.	Phys.	J.	A	48,	8	(2012)	
Eur.	Phys.	J.	A	51,	33	(2015)	
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Installations	in	Felsenkeller	

v22d

Tunnel IX

Tunnel VIII

Experiment

preparation

Experiment

control

Accelerator

control

SF6 storage tank

External ion source

Internal ion source

Bunker for in−beam experiments

Bunker for activation experiments

Joint	effort	HZDR	–	TU	Dresden	
u  Investment	by	TU	Dresden	(Kai	Zuber	et	al.)	and	

HZDR	(Daniel	Bemmerer	et	al.)	
u  Running	cost	covered	by	HZDR	
u  Engineering	and	technical	staff	by	HZDR	

Two	main	instruments	
u  HZDR:	5	MV	Pelletron,	50	µA	beams	of		

1H+,	4He+	(single-ended),	12C+	(tandem)	
u  TU	Dresden:	150%	ultra-low-background		

HPGe	detector	for	offline	γ-counting	
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5	MV	Pelletron	tank	inside	the	tunnel	

Photo:	HZDR/O.	Killig	

National	Electrostatics	(NEC)	tandem 
u  Radio-frequency internal ion source added  
u  1H+ beam 50 µA 0-3 MeV (internal ion source) 
u  4He+ beam 50 µA 0-5 MeV (internal ion source) 
u  12C+ beam 50 µA 0-10 MeV (external ion source) 
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Stollen IX

Stollen VIII

Sanitär,

Sozial

Vorbereitung,

Experimentkontrolle

Leitwarte

SF6−Vorratstank

SF6−Pumpstation

Sputter−Ionenquelle

Interne Ionenquelle

5 MV Pelletron

Bunker 1

Bunker 2

External	(=sputter)	ion	source	for	12C	beam	

Cesium	sputter	ion	source	produces	
intensive	12C-	beam:		
140	µA	after	the	source	

PhD	project	Felix	Ludwig	(HZDR	&	TU	Dresden)	
Bachelor’s	project	Julia	Steckling	
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Internal	(=radio	frequency)	ion	source	for	1H,	4He	beams	

PhD	project	Marcel	Grieger		
(HZDR	&	TU	Dresden)	
Master’s	project	Simon	Rümmler	
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National	Electrostatics	5	MV	Tandem,	300	µA	upcharge	current	

Dr.	Tamás	Szücs	

Bernd	Rimarzig	Toralf	Döring	

Maik	Görler	



Daniel Bemmerer 
Institute of Radiation Physics   01.03.2019 Page 50 

IN-HOUSE RESEARCH 
Nucleosynthesis in stars and the big bang – the seeds for the r process 

460 470 480 490 500 510 520
 [keV]γE

4−10

3−10

2−10

]
-1

 k
eV

-1
C

ou
nt

in
g 

ra
te

 [s

Earth's surface, graded shield

Felsenkeller VIII, graded shield

TU	Dresden	activity	measurement	bunker	in	Felsenkeller	
u  150%	ultra	low	background	HPGe	detector	
u  Lowest	background	radioactivity	measurement	

lab	in	Germany	
u  Under	commissioning,	preliminary	data	very	

promising	

478	keV	γ-ray	from	3He(α,γ)7Be	
activation	study	for	solar	fusion	Dr.	Konrad	Schmidt	(TU	Dresden)	
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Nucleosynthesis	in	stars		
and	in	the	big	bang	–		
the	seeds	for	the	r	process 

Photo:	HZDR/O.	Killig	

u  Big	Bang	nucleosynthesis	
Astrophysical	S-Factor	
Thermonuclear	Reaction	Rate	
Resonance	Strength	
LUNA	0.4	MV	underground	lab	in	Italy	

u  Experimental	facilities	underground	
LUNA-MV	underground	lab	in	Italy	
Felsenkeller	underground	lab	in	Germany	

u  Asymptotic	giant	branch	stars	
Stellar	hydrogen	burning	
Neutron	sources	for	the	s-process	
Stellar	helium	burning	
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F.	Herwig	(2005)		

25 Jul 2005 8:14 AR AR251-AA43-11.tex XMLPublishSM(2004/02/24) P1: KUV

436 HERWIG

Figure 1 Hertzsprung-Russell diagram of a complete 2 M⊙ evolution track for solar metal-
licity from the main sequence to the white dwarf evolution phase. In the cooler section of
the post-AGB phase, wiggles in the track are caused by numerical convergence difficul-
ties. The blue track shows a born-again evolution (triggered by a very late thermal pulse,
Section 4.2) of the same mass, however, shifted by approximately ! log Teff = −0.2 and
! log L/L⊙ = −0.5 for clarity. The red and green stars mark the position of the central stars
of planetary nebulae for which spectra are shown in Figure 8 (see Section 4.2). The number
labels for each evolutionary phase indicates the log of the approximate duration for a 2 M⊙
case. Larger or smaller mass cases would have smaller or larger evolutionary timescales,
respectively.

the core starts to resume gravitational contraction. H burning now starts in a shell
around the He core, and in the HRD the star evolves quickly to the base of the Red
Giant Branch (RGB). As the core continues to contract, the envelope of the giant
expands and the H-shell luminosity grows. The star climbs up the RGB, or first
giant branch. The star is cool and the entire envelope is convectively unstable. The
associated mixing leads to observable abundance variations along the RGB. The
ignition of core He burning depends on the intial mass (Figure 2). If the initial mass
is less than approximately 1.8 M⊙ the He core has become electron-degenerate
when the star evolves to the tip of the RGB. These stars experience a degenerate
core He flash and settle afterwards in quiescent He-core burning on the zero-
age horizontal branch (ZAHB). Initially, more-massive stars ignite He burning in
the core in a nonviolent mode and like less-massive stars continue their evolution
in the horizontal branch.
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Asymptotic	Giant	Branch	(AGB)	stars	as	a	physics	laboratory	(1)	

AGB	stars	on	the	
Hertzsprung-Russell	diagram	

F.	Herwig,	ARA&A	2005	
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 053101 Topical Review
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Figure 4. Left: schematic structure and evolution of AGB stars, showing recurrent H
and He burning episodes with indications for the related s process sites. Right: strength
and time-dependence of the neutron density in thermally pulsing low-mass AGB stars
contributed by (α, n) reactions on 13C (top right) and 22Ne (bottom right) [34]. Note
that the efficiency of the latter increases with the pulse number (11, 16, etc) due to the
higher bottom temperature in later thermal pulses.

After H burning resumes, these protons are captured by the abundant 12C, thus initiating
the sequence 12C(p, γ )13N(β+ν)13C in a thin region of the He-intershell, the so-called 13C
pocket [39]. Neutrons are released in the pocket under radiative conditions by the 13C(α, n)16O
reaction at temperatures of ∼0.9 × 108 K [40]. At a neutron density of 106 to 107 cm−3, about
95% of the neutron fluence in AGB stars is reached during this first stage of the s process
because it is restricted to the thin 13C pocket and lasts for about 10 000 years. In other words,
the pocket is strongly enriched in s-process elements, before it is engulfed by the subsequent
convective thermal pulse as indicated in figure 4.

The mechanism for formation of the 13C pocket is still a matter of debate (for a discussion
see [36, 37, 41– 45]), but it is obvious that the H profile adopted in the pocket and the resulting
amount of 13C determines the final s-abundance distribution [46]. Consequently, the pocket is
often parameterized to reproduce the observed s-process abundance patterns, e.g. the solar s
distribution or s-process features found in presolar grains [47].

A second stage of the s process in AGB stars occurs during the maximum extension of the
thermal pulse, when the temperature at the base of the convective zone exceeds 2.5 × 108 K.
Under this condition, the 22Ne(α, n)25Mg reaction is activated, maintaining a strong neutron
burst for a few years. This neutron burst contributes only about 5% to the total neutron fluence
in AGB stars, but its high neutron density of up to 1010 cm−3, depending on the maximum
temperature at the bottom of the thermal pulse, is instrumental for shaping the final abundance
distribution, especially in the s-process branchings. The relative strengths and dynamics of the
two neutron sources characterizing the s process in AGB stars are indicated in the right part
of figure 4 [40].

An important test of the current AGB model of the s process is again the comparison with
the solar s abundances and with the isotope patterns of the s-process branchings. Based on the

7

R.	Reifarth	et	al.	
(2014)		

Asymptotic	Giant	Branch	(AGB)	stars	as	a	physics	laboratory	(2)	

H→He

He→C

C/O
core

u  Convective	mixing:	 	H	burning	zone	–	He	intershell		
u  Nuclear	reactions:	 	Neutron	sources	 	Neutron	capture	

	 	 	 	 	H	burning	 	 	He	burning	
u  Plasma	effects	
u  Radiative	energy	transport	(opacity)	

Sensitive	probe	of	AGB	
star	models,	by	
observed	abundances.	
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AA56CH03_Bastian ARI 21 August 2018 7:50

When higher-resolution spectra allowed for direct spectroscopic measurements of Na and O
(through atomic lines) in stars where N and C abundances were available, it was found that the
N overabundance (C depletion) was associated to enhanced Na (O depletion); i.e., N-Na and
C-O are positively correlated (e.g., Sneden et al. 1992). Also, while the individual abundances of
C, N, and O show large spreads, the sum C+N+O is generally observed to be constant (e.g.,
Dickens et al. 1991; see also Section 6.2). Anticorrelated Na and O ranges were found in nearly
all the studied clusters, along with variations in Al and (possibly) Mg, which were anticorrelated
with each other (e.g., Gratton et al. 2004, 2012a). While O can potentially be depleted in the
interiors of low-mass stars through the CNO-cycle reactions, variations in the abundances of
heavier elements like Na, Al, and Mg cannot be produced by fusion reactions within low-mass
stars. This is because their temperatures are too low for the p-capture reactions to operate through
the NeNa- and MgAl-chains (e.g., Prantzos et al. 2007, 2017). Hence, the abundance anomalies
are not produced in the course of the evolution of stars we are currently observing, but they were
produced elsewhere, potentially within the interiors of more massive stars. See Figure 1b for the
well-studied cluster NGC 6752, which illustrates some of the typical element (anti)correlations
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Figure 1
(a) NGC 6752 CU,B,I versus B CMD. Photometry has been kindly provided by Peter Stetson. Spectroscopic targets from Yong et al.
(2005, 2008) are also plotted. Colors correspond to a different chemical composition, with green, red, and black symbols having high,
moderate, and primordial Na content, respectively. Stars with different light-element composition, which are well mixed along the red
giant branch in optical colors, occupy distinct sequences in the CU,B,I versus B CMD. (b) The same stars as in panel a are plotted to
show light abundance variations. NGC 6752 is representative of many clusters with measured abundance variations. Similar plots have
been shown by various authors for this and other clusters using different element ratios and/or different photometric indices.
Abbreviation: CMD, color-magnitude diagram.
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Abundances	[Na/Fe]=	log10(N(Na)/N(Fe))	
Bastian	&	Lardo	(2018)		

3.5’’	view	by	the	Hubble	Space	Telescope	
Image	credit:	NASA/STScI/WikiSky	

Elemental	abundances	in	globular	cluster	stars,	example:	NGC	6752	

1.  We	see	Na,	Mg,	Al	-	imprints	of	
higher	hydrogen	burning.	

2.  Some	abundances	are	
anticorrelated	–	why	so?	
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6 F. Ferraro et al. (LUNA collab.): Low-background, high-e�ciency gas target setup for the underground study of . . .
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BGO 

BGO 

PMT 

PMT 

Calorimeter 

Gas inlet 

Beam 

Pressure gauge 

Fig. 6. BGO detector sections. In the second section the interaction chamber is visible as well, together with the calorimeter.
– insert water cooling tubes – the gas inlet arrives close to the calorimeter – the other small tube arrives in the middle of the
chamber –
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Fig. 7. Electronics scheme. Each segment has independent
power supply and digital acquisition chain.

ally plays a critical role in surface laboratories, where the
reaction signal is often overwhelmed by the background.

LUNA benefits from a 1400 m thick rock overburden
(⇡ 3800 m.w.e.), which reduce the cosmic rays induced
background by a factor of 106 and 103 for what concerns
the muon component and the neutron component respec-
tively [? ? ] leading to very low cosmic background. The
BGO detector, thanks to its high e�ciency and the large
solid angle coverage, is able to e↵ectively detect the �-rays
originating from the decay of the excited state of the fi-
nal nucleus, causing a peak at Q + Ecm

p to arise in the
addback spectrum, usually above 3 MeV. In this region
beam induced background (from now on BIB) may be the
biggest impediment to the measurement, especially using
a high-e�ciency setup with low energy resolution.

Nuclear reactions involving light contaminants produce
high energy gamma rays, leading to a background which
depends on the contaminants in the setup, their posi-
tion and the beam energy [? ]. The most relevant reac-
tions participating in the BIB at LUNA are 11B(p, �)12C,
19F(p,↵�)16O and 18O(p, �)19F as already mentioned in
the past [? ].
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19F(p,↵�)16O dominates the spectrum when the en-
ergy approaches 340 keV, where a very strong and wide
resonance is situated, giving rise to a huge peak at 6130
keV and causing very high dead time [? ]. 18O(p, �)19F Q-

23Na	production	by	hydrogen	burning:	22Ne(p,γ)23Na	(1)	

Gran	Sasso	d’Italia,	2906	m	 LUNA	0.4	MV		
1H,	4He	ion	accelerator	

Gas	target,		
surrounded	by	γ	detector	
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23Na	production	by	hydrogen	burning:	22Ne(p,γ)23Na	(2)	

Three	new	resonances,	hitherto	unobserved.	

Resonance	
strength	ωγ	[µeV]	

Ep	=	156.2	keV	 Ep	=	189.5	keV	 Ep	=	259.7	keV	

Indirect	studies	 0.009±0.003	 ≤	2.6	 ≤	0.13	

Direct	experiment	 0.18±0.02	 2.2±0.2	 8.2±0.7	

F.	Cavanna	et	al.	(LUNA)	 	Phys.	Rev.	Lett.	115,	252501	(2015)	
D.	Bemmerer	et	al.	(LUNA) 	Europhys.	Lett.	122,	52001	(2018)	
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23Na	production	by	hydrogen	burning:	22Ne(p,γ)23Na	(3)	
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FIG. 4. (Color online) Excitation functions of the resonances investigated in the present experiment. The scans are obtained using the
following γ -ray transitions, which can be univocally attributed to the resonance decay (with the exception of the 661-keV resonance):
Eres

p = 436 keV, Eγ = 5296. Eres
p = 479 keV, Eγ = 6269. Eres

p = 639 keV, Eγ = 9403. Eres
p = 639 and 661 keV, Eγ = 440. Eres

p = 1279 keV,
Eγ = 6102 keV. For the 1279-keV resonance, both the scan measured at the beginning (black full circles) and at the end (orange [gray] open
circles) of the experiment are shown. The lines are the fitted Breit-Wigner resonance yield [30], taking beam energy straggling into account.

[31] and the relative difference of the stopping powers at the
two energies), and data acquisition dead time (0.5%).

B. 1279-keV resonance (Ex = 10017 keV)

The 1279-keV resonance is the most intense resonance
under study here. Therefore it was also used to monitor the
stability of the target over time.

Figure 4 shows two scans of this resonance, one measured
at the very beginning of the present experiment (integrated
charge Q = 0 C) and the other at the very end (Q = 1.87 C).
This one target was used for the whole data taking. Only a shift
of the rising edge of the yield profile was observed, which is
ascribed to the buildup of contaminants on the target surface.

In the long run at Ep = 1293 keV (Fig. 5), the 1279-keV
resonance was populated together with the lower-energy reso-
nance at 1264 keV, which according to the literature is ten times
weaker [32]. In order to exclude possible effects due to this
secondary resonance, the 1279-keV resonance was analyzed
using only two intense primary γ rays (Eγ = 6102 keV from
the 10017 → 3914 transition and Eγ = 9575 keV from the
10017 → 440 transition) that are well separated from the γ s
emitted in the decay of the 1264-keV resonance (Fig. 5). In
this way, the scan was unambiguously related to the 1279-keV
resonance.

For the resonance strength analysis, the reaction yield was
calculated individually for each transition and for each detector

using the following relation:

Ymax = N

ηBW (θ )Q
, (3)

where N is the net observed peak area (after subtracting
continuum background), η is the γ -ray detection efficiency,
B is the transition branching ratio, W (θ ) is the angular
distribution, and Q is the beam integrated charge. The values
for B and W (θ ) are taken from the literature [33].

The resulting target stoichiometries derived for each of the
two transitions analyzed for both HPGe detectors are mutually
consistent, and therefore the average value has been adopted
for the calculation of the target stoichiometry (Table I). The
contribution to the uncertainty due to the resonance ωγ has
been kept separated from the statistical uncertainty and from
the systematic uncertainties which are common to the 479-keV
resonance, i.e., the detection efficiency (Fig. 3) and the SRIM
stopping power [31]. It is found that the uncertainty on the
target composition is dominated by the uncertainty on the
resonance strength (Table I).

C. 479-keV resonance (Ex = 9252 keV)

The excitation function and a typical spectrum of the
479-keV resonance are shown in Figs. 4 and 5, respectively.
The 479-keV resonance was well separated in energy from all
the other resonances. Moreover, all the γ transitions reported
in the literature for the de-excitation of the resonance were

045807-4

Surface-based	experiment	at	
Rossendorf	3	MV	Tandetron	(IBC)	
R.	Depalo	et	al.,		
Phys.	Rev.	C	92,	045807	(2015)	
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23Na	production	by	hydrogen	burning:	22Ne(p,γ)23Na	(4)	

Thermonuclear	reaction	rate	<σv>	from	resonance	strength	ωγ	and	energy	Ereso	
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u  Radiative	energy	
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23Na	visible	

<σv>	from	low-energy,	
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The	new	22Ne(p,γ)23Na	data	and	the	Na	–	O	anticorrelation	

4830 A. Slemer et al.

Figure 10. O–Na anticorrelation in stars of GGCs. Observed data are the same as in Fig. 9. In each panel, the sequence of filled squares (from right to left)
corresponds to the elemental ratios [Na/Fe] and [O/Fe] in the TP-AGB ejecta of stars with initial composition Zi = 0.0005, [α/Fe] = 0.4 and masses from 3.0
to 5.0 M⊙ in steps of 0.2 M⊙. Few selected values of the mass (in M⊙) are indicated nearby the corresponding model. Panels of the left row: all models share
the same AGB phase prescriptions (our reference case M13), but for the rate of 22Ne(p, γ )23Na (see Table 1). Panels of the right row (from top to bottom):
results obtained with the LUNA rate, but varying other model assumptions, as described in Table 2 and marked by the corresponding capital letter on the
top-left. See the text for more explanation.

bend over the populated region is to invoke a dilution process with
gas of pristine composition that basically shares the same chemical
pattern as the field stars of the same [Fe/H].

According to a present-day scenario, the observed anticorrela-
tion would be the result of multiple star formation episodes within
GGCs, in which the ejecta of AGB stars from a first genera-
tion polluted the gas involved in the subsequent secondary star

formation events (Ventura & D’Antona 2008). In this framework,
GGC stars that populate the upper region of the anticorrelation (high
Na, low O) would exhibit the chemical abundances of pure AGB
ejecta, while stars on the opposite extreme (low Na, high O) would
sample a pristine composition, typical of the first generation. In
between are all the GGC stars born out of a mixture in which the
AGB ejecta were partially diluted into a pristine gas.

MNRAS 465, 4817–4837 (2017)
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Orange:	Observations	for	
17	globular	clusters	

Black:	AGB	star	models,		
with	old	22Ne(p,γ)23Na	rate	

A.	Slemer	et	al.	(LUNA),		
Mon.	Not.	Royal	Astron.	Soc.	
465,	4817	(2017)	
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 053101 Topical Review
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Figure 4. Left: schematic structure and evolution of AGB stars, showing recurrent H
and He burning episodes with indications for the related s process sites. Right: strength
and time-dependence of the neutron density in thermally pulsing low-mass AGB stars
contributed by (α, n) reactions on 13C (top right) and 22Ne (bottom right) [34]. Note
that the efficiency of the latter increases with the pulse number (11, 16, etc) due to the
higher bottom temperature in later thermal pulses.

After H burning resumes, these protons are captured by the abundant 12C, thus initiating
the sequence 12C(p, γ )13N(β+ν)13C in a thin region of the He-intershell, the so-called 13C
pocket [39]. Neutrons are released in the pocket under radiative conditions by the 13C(α, n)16O
reaction at temperatures of ∼0.9 × 108 K [40]. At a neutron density of 106 to 107 cm−3, about
95% of the neutron fluence in AGB stars is reached during this first stage of the s process
because it is restricted to the thin 13C pocket and lasts for about 10 000 years. In other words,
the pocket is strongly enriched in s-process elements, before it is engulfed by the subsequent
convective thermal pulse as indicated in figure 4.

The mechanism for formation of the 13C pocket is still a matter of debate (for a discussion
see [36, 37, 41– 45]), but it is obvious that the H profile adopted in the pocket and the resulting
amount of 13C determines the final s-abundance distribution [46]. Consequently, the pocket is
often parameterized to reproduce the observed s-process abundance patterns, e.g. the solar s
distribution or s-process features found in presolar grains [47].

A second stage of the s process in AGB stars occurs during the maximum extension of the
thermal pulse, when the temperature at the base of the convective zone exceeds 2.5 × 108 K.
Under this condition, the 22Ne(α, n)25Mg reaction is activated, maintaining a strong neutron
burst for a few years. This neutron burst contributes only about 5% to the total neutron fluence
in AGB stars, but its high neutron density of up to 1010 cm−3, depending on the maximum
temperature at the bottom of the thermal pulse, is instrumental for shaping the final abundance
distribution, especially in the s-process branchings. The relative strengths and dynamics of the
two neutron sources characterizing the s process in AGB stars are indicated in the right part
of figure 4 [40].

An important test of the current AGB model of the s process is again the comparison with
the solar s abundances and with the isotope patterns of the s-process branchings. Based on the

7

R.	Reifarth	et	al.	
(2014)		

Asymptotic	Giant	Branch	(AGB)	stars	as	a	physics	laboratory	

H→He

He→C

C/O
core

u  Convective	mixing:	 	H	burning	zone	–	He	intershell		
u  Nuclear	reactions:	 	Neutron	sources	 	Neutron	capture	

	 	 	 	 	H	burning	 	 	He	burning	
u  Plasma	effects	
u  Radiative	energy	transport	(opacity)	

Affect	the	s-nuclides,	
roughly	half	the	
elements	in	the	
periodic	table!	
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22Ne(α,γ)26Mg,	competitor	to	neutron	source	22Ne(α,n)25Mg		

BRIEF REPORTS PHYSICAL REVIEW C 79, 037303 (2009)
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FIG. 1. Part of a spectrum of pho-
tons scattered from 26Mg combined
with 11B during the irradiation with
bremsstrahlung produced by electrons
of Ekin

e = 13.0 MeV. This spectrum
is the sum of the spectra measured
with the two detectors placed at 127◦

relative to the beam. Peaks assigned to
ground-state transitions from states in
26Mg are marked with spins and parities
of the emitting states. Peaks marked
IN and SE denote inelastic transitions
and single-escape peaks, respectively.
Peaks labeled 11B and 16O belong to
transitions in 11B combined with the
target and to 16O in the target.

to the incident beam. Assuming that the given target mass
contains 100% 26MgO + 24(7)% H2O, the mass of 26Mg was
corrected by a factor of 0.91(3) with respect to the value
obtained under the assumption of pure 26MgO.

Scattered photons were measured with four high-purity
germanium (HPGe) detectors of 100% efficiency relative to
a 3 × 3 in. NaI detector. All HPGe detectors were surrounded
by escape-suppression shields made of bismuth germanate
scintillation detectors. Two HPGe detectors were placed
vertically at 90◦ relative to the photon-beam direction at a
distance of 28 cm from the target resulting in opening angles
of 16◦. The other two HPGe detectors were positioned in a
horizontal plane at 127◦ to the beam at a distance of 32 cm
from the target with opening angles of 14◦. Absorbers of
8 mm Pb plus 3 mm Cu and of 3 mm Pb plus 3 mm Cu were
placed in front of the detectors at 90◦ and 127◦, respectively.
Spectra of scattered photons were measured for 40 h. Part of
a spectrum including events measured with the two detectors
placed at 127◦ relative to the beam is shown in Fig. 1.

In photon-scattering experiments the energy-integrated
scattering cross section of an excited state can be deduced
from the measured intensity of the respective transition to the
ground state. The determination of the integrated scattering
cross sections relative to the ones of states in 11B [10] has the
advantage that the efficiencies of the detectors and the photon
flux are needed in relative units only. We calculated the energy-
dependent efficiencies for the four detectors by using GEANT3
[11]. The simulated efficiency curves were checked against
experimental efficiencies obtained from measurements using
22Na, 60Co, 133Ba, and 137Cs standard calibration sources, with
a 56Co source produced in-house using the 56Fe(p, n)56Co
reaction, and with values deduced for transitions in 11B [12,13].
For the relative photon flux we applied the bremsstrahlung
spectrum calculated by using a code [14] based on the
approximation given in Ref. [15] and including a screening

correction according to Ref. [16]. In this calculation, the beam
energy of Ekin

e = 13.0(1) MeV deduced from the maximum
energy of the protons emitted in the 2H(γ , p)n reaction was
used. An accurate beam energy is important for the correct
calculation of the photon flux spectrum, especially at high
energies close to the endpoint of the spectrum. The calculated
photon flux is compared with the experimental values derived
from measured intensities and known integrated scattering
cross sections of transitions in 11B in Fig. 2. For the calculated
photon flux we assumed an uncertainty of 6% as obtained
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FIG. 2. Relative photon flux deduced from intensities of transi-
tions in 11B (circles), in 16O (triangle), measured at 127◦ relative to
the incident beam, and calculated as described in the text (solid line).
The deviation of the value of the 5018 keV transition is commonly
observed [12,13,17– 19] and may be traced back to the literature value
of the corresponding level width [10].
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u  Bremsstrahlung-based	data	from	γELBE		
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17O(α,n)20Ne,	antidote	to	neutron	poison	16O(n,γ)17O		

u  Neutron	time	of	flight	data	from	nELBE		
using	the	time-reversed	reaction	
J.	Görres	(Notre	Dame),	A.	Junghans	et	al.	

natNe(n,tot)	at	nELBE	
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 053101 Topical Review

TIME (a) 

M
A

S
S

 C
O

O
R

D
IN

AT
E

 (M
) 

0.66 

0.68 

0.67 

C-O - core 

200 35000 200 35000 

convective envelope 

He – 
intershell 

H - burning 

He - burning 

13 C(α,n) 

22Ne(α,n) 

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0
7.2

LO
G

(N
E

U
T

R
O

N
-D

E
N

S
IT

Y
*c

m
3 )

10 15 20 25 30 35

TIME (ka)

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

LO
G

(N
E

U
T

R
O

N
-D

E
N

S
IT

Y
*c

m
3 )

0 1 2 3 4 5

TIME (a)

pulse 34
pulse 23
pulse 16
pulse 11

Figure 4. Left: schematic structure and evolution of AGB stars, showing recurrent H
and He burning episodes with indications for the related s process sites. Right: strength
and time-dependence of the neutron density in thermally pulsing low-mass AGB stars
contributed by (α, n) reactions on 13C (top right) and 22Ne (bottom right) [34]. Note
that the efficiency of the latter increases with the pulse number (11, 16, etc) due to the
higher bottom temperature in later thermal pulses.

After H burning resumes, these protons are captured by the abundant 12C, thus initiating
the sequence 12C(p, γ )13N(β+ν)13C in a thin region of the He-intershell, the so-called 13C
pocket [39]. Neutrons are released in the pocket under radiative conditions by the 13C(α, n)16O
reaction at temperatures of ∼0.9 × 108 K [40]. At a neutron density of 106 to 107 cm−3, about
95% of the neutron fluence in AGB stars is reached during this first stage of the s process
because it is restricted to the thin 13C pocket and lasts for about 10 000 years. In other words,
the pocket is strongly enriched in s-process elements, before it is engulfed by the subsequent
convective thermal pulse as indicated in figure 4.

The mechanism for formation of the 13C pocket is still a matter of debate (for a discussion
see [36, 37, 41– 45]), but it is obvious that the H profile adopted in the pocket and the resulting
amount of 13C determines the final s-abundance distribution [46]. Consequently, the pocket is
often parameterized to reproduce the observed s-process abundance patterns, e.g. the solar s
distribution or s-process features found in presolar grains [47].

A second stage of the s process in AGB stars occurs during the maximum extension of the
thermal pulse, when the temperature at the base of the convective zone exceeds 2.5 × 108 K.
Under this condition, the 22Ne(α, n)25Mg reaction is activated, maintaining a strong neutron
burst for a few years. This neutron burst contributes only about 5% to the total neutron fluence
in AGB stars, but its high neutron density of up to 1010 cm−3, depending on the maximum
temperature at the bottom of the thermal pulse, is instrumental for shaping the final abundance
distribution, especially in the s-process branchings. The relative strengths and dynamics of the
two neutron sources characterizing the s process in AGB stars are indicated in the right part
of figure 4 [40].

An important test of the current AGB model of the s process is again the comparison with
the solar s abundances and with the isotope patterns of the s-process branchings. Based on the
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H→He

He→C

C/O
core

u  Convective	mixing:	 	H	burning	zone	–	He	intershell		
u  Nuclear	reactions:	 	Neutron	sources	 	Neutron	capture	

	 	 	 	 	H	burning	 	 	He	burning	
u  Plasma	effects	
u  Radiative	energy	transport	(opacity)	

Affects	the	C/O	ratio,	
and	hence	all	
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4He + 4He ! 8Be + 4He ! 12C+ �

12C+ 4He ! 16O+ �

Stellar	helium	burning	and	the	Holy	Grail	12C(α,γ)16O		

u  12C	production	and	destruction	
controls	the	12C	/	16O	ratio.	

u  The	12C(α,γ)16O	reaction		
was	called	the		
“holy	grail	of	nuclear	astrophysics”	
by	1983	Physics	Nobel	Laureate		
William	A.	Fowler.	

Produce	12C:	

Destroy	12C	and	produce	16O:	

H→He

He→C

C,O→Ne→Si

Si→Fe
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The	12C(α,γ)16O	reaction	and	the	level	structure	of	16O	

NS65CH05-Davids ARI 8 September 2015 10:29
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Figure 3
The energy-level diagram of 16O and ground-state S factors relevant to 12C(α, γ ). Energies are specified in
MeV.

Cascade cross sections (feeding excited 16O states) are thought to be at least an order of magnitude
smaller. The extrapolation is complicated by the fact that subthreshold resonances are present in
both the 1− and 2+ partial waves (Figure 3). Therefore, the cross section at astrophysical energies
is determined by the interplay between subthreshold and suprathreshold resonances; direct capture
must also be taken into account for the 2+ partial wave.

Although the most straightforward approach to improving extrapolation accuracy is to extend
direct measurements below 1 MeV, such efforts are very difficult due to the small and exponentially
decreasing cross sections. Much of the progress on the 12C(α, γ )16O reaction over the past two
decades has instead been driven by indirect methods such as 12C(α, α) (83), β-delayed α-decay
(84, 85), and transfer reactions (86, 87) and by measurements at high energies (88–90). These
measurements are helpful because they constrain the R-matrix model used to extrapolate the cross
section. The excitation energies and radiative widths of the subthreshold resonances are well
known, but their reduced α widths (or asymptotic normalization coefficients), by contrast, are
not, and that is where the major uncertainty lies. Much of the indirect work is focused on these
quantities.

The 12C(α, γ )16O reaction was reviewed in References 13 and 91; the latter estimated the un-
certainty in the reaction rate to be +13

−12%. Recently, new data and an analysis of the E2 ground-state
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12C + 4He! 16O(0, 6.049, 6.130, ...)
12C + 4He 16O(0)

Forward	reaction	è	
u  Felsenkeller,	LUNA-MV	etc.	

Time-inverted	reaction	ç	
u  Real	7	MeV	photons:	HIγS,	ELI-NP	

sources	of	monochromatic	
photons	

u  Virtual	7	MeV	photons:	GSI	
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The	12C(α,γ)16O	rate	affects	the	production	of	many	elements!	
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State	of	the	art	on	12C(α,γ)16O	and	potential	for	Felsenkeller…		
…using	12C+	beam,	windowless	gas	target,	γ-calorimeter	

S(E) = �(E)E exp
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Structure	of	the	Sun	red:	Observable	 u  Corona	

u  Chromosphere	

u  Photosphere 		
Fraunhofer	lines	

u  Convection	zone		
Helioseismology	

u  Radiation	zone	

u  Core 	 	Neutrinos	

Wikipedia	
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Data	on	the	Sun:	Elemental	abundances		
from	the	model-based	interpretation	of	the	Fraunhofer	lines	

1D	model	-	observation	

3-dimensional	models	of	the	photosphere	lead	to	lower	derived	
abundances:		

	1D:	2.29%	(by	mass)	of	the	Sun	are	“metals”	(Li...U)	

	3D:	1.78%	(by	mass)	of	the	Sun	are	“metals”	(Li...U)	

3D	model	-	observation	

M.	Asplund	et	al.	
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The solar abundance problem: 
Contradiction between elemental abundances and helioseismology 

	
	
	

3D:	AGSS	2009	 RCZ=0.723	 YS=0.232	
3D:	CO5BOLD	2009	 RCZ=0.717	 YS=0.237	
1D:	GS	1998	 RCZ=0.713	 YS=0.243	
Helioseismology	 RCZ=0.713±0.001 	 YS=0.249±0.004	

A. Serenelli 2011 

Solar	models	computed	with	different	sets	of	elemental	abundances:		

	3D:	1.78%	(by	mass)	of	the	Sun	are	“metals”	(Li...U)	

	1D:	2.29%	(by	mass)	of	the	Sun	are	“metals”	(Li...U)	

•  A	significant	discrepancy	for	
the	closest	and	best-
observed	star	in	the	
universe!	

•  Can	the	third	observable,	
solar	neutrinos,	address	this	
problem?	
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The proton-proton chain and solar neutrinos 
1H(p,e+ν)2H

3He(3He,2p)4He 3He(α,γ)7Be

7Be(e-,ν)7Li

7Li(p,α)4He

7Be(p,γ)8B

8B(e+ν)8Be*

8Be*(α)4He

2H(p,γ)3He
85 % 15 %

15 % 0.02 %

1H(p e-,ν)2H
99.75 % 0.25 %

3He(p,e+ν)4He

0.00003 %
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How precise are the neutrino data? 
SNO	(Sudbury/Canada):	
8B neutrino flux measured to 3% precision! 

Borexino (Gran Sasso/Italy): 
pp neutrino flux measured to 10% precision! 
7Be neutrino flux measured to 5% precision! 
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u  7Be,	8B:	Data	more	precise	than	the	models	
u  13N,	15O:	No	data	yet,	but	models	are	not	

very	precise	

u  Need	smaller	error	bars	for	the	models!	

Solar neutrino fluxes: Data and model predictions 
Neutrino fluxes: 
Standard Solar Model;  
Antonelli et al.,  
arXiv:1208.1356 
 
GS98 = Old, high CNO 
elemental abundances 
 
AGSS09 = New, low 
CNO elemental 
abundances 
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Nuclear physics drives the uncertainties  
in the predicted solar neutrino fluxes 

Vinyoles	et	al.,		
Astrophys.	J.	835,	202	(2017)	

The total error due to opacity is estimated by combining the
two contributions in quadrature, i.e.,

( ) ( ) ( )d a s a s= +kQ 11Q a a Q b b,
2

,
2

Results obtained with Equations (8) and (11) are presented
for the dominant error sources in Table 7 for all relevant solar
quantities. Dominant error sources can be roughly grouped
ascomposition, nuclear, and stellar physics, the latter domi-
nated by opacity and microscopic diffusion.

Composition—Errors from composition are dominated by
the C, O, and Ne. This is not related to the solar composition
problem, however, but just to the fact that even the most
optimistic spectroscopic determinations of solar abundances
have a level of uncertainty of about 10%–12% that is very
difficult to beat. Refractories, on the other hand, are more
precisely measured from meteorites so their contribution to
uncertainties in solar quantities is currently minimal. Clearly,
CNO neutrino fluxes are directly affected by these uncertain-
ties, which are, in fact, the dominant error sources. For the
same reason, Z ini (and ZS) error is also dominated by
uncertainties in these elements. For helioseismic quantities, O
affects RCZ because it is a dominant contributor to opacity at
the base of the convective envelope. On the other hand, Yini and
YS depend more strongly on Ne due to a combination of its large
abundance, impact on opacity at deeper layers and larger error.

Nuclear reactions—Nuclear rates are still an important
uncertainty source for neutrino fluxes despite big progress in
the field. In particular, errors in S34 and S17 are still comparable
or larger than the uncertainties in the experimental determina-
tions of ( )F B8 and ( )F Be7 . As discussed in Section 3.2, the
ability of solar neutrinos linked to pp-chains to play a
significant role in constraining condition in the solar interior
depends, though it is not the only factor, on pinning down
errors of nuclear reaction rates to just ∼2%. For CN fluxes,
S114 is the dominant error source if composition is left aside.
Assuming a precise measurement of CN fluxes becomes
available in the future, right now S114 is the limiting factor in
using such ameasurement as a probe of the solar core C+N
abundance (Serenelli et al. 2013).

Opacity and microscopic diffusion—These are the dominant
sources of errors not linked to composition or nuclear reactions.

For solar neutrinos, our estimate of the contribution of opacity
to the total error is similar to previous calculations (Serenelli
et al. 2013) despite the different treatment given to opacity
errors. In this work, we assume a 2% uncertainty in the center
that increases linearly outwards. Because neutrinos are
produced in a localized region, our results are not too different
from assuming a constant 2.5% fractional opacity variation,
which was the previous choice. Opacity is the dominant error
source for ( )F B8 , and the second one for ( )F Be7 . For these
fluxes, it is important that opacities in the solar core be known
to a 1% level of uncertainty. Current theoretical work shows
variations of about 2% (Krief et al. 2016a) and experimental
measurements are notoriously difficult due to the combination
of high temperatures and densities involved.
Opacity is a dominant uncertainty error source for

helioseismic quantities, most notably RCZ and YS, with our
new treatment of uncertainties. A 7% opacity uncertainty at the
base of the convective envelope implies a 0.6% change in RCZ.
This is larger than all other uncertainty sources combined and
explains the substantially larger error in RCZ given in this work,
0.7% (Table 4), compared to 0.5% previously determined
(Bahcall et al. 2006). We observe a similar impact on YS, for
which we estimate now a total 2.5% uncertainty compared to
1.5% from previous estimations.
At first glance, the change in uncertainties for RCZ and YS

might seem small but in fact model uncertainties are now
substantially larger than helioseismically inferred ones. More-
over, the larger uncertainties lead to a formally better
agreement between solar data and SSMs based on AGSS09met
composition, which is now placed at about 2.1σ level when
RCZ and YS are considered, whereas before this was closer
to 3.5σ.
Microscopic diffusion is typically a smaller source of

uncertainty than radiative opacities. However, for CN neutrino
fluxes, its contribution is larger,only after S114 and C. The
reason is that accumulation of metals in the solar core due to
gravitational settling increases CN fluxes both because it leads
to a larger opacity in the solar core but also because the
increase in the C+N abundance directly affects the efficiency
of the CN-cycle.

4.3. Opacity Uncertainties: Effect of Different
Parametrizations

As discussed before, there is a certain level of arbitrariness in
the choice of the error function for opacity. Our standard choice
(Section 2.2) stems from a comparison of available opacity data
from both theoretical and experimental sources but also from
an attempt to not being too aggressive (optimistic) in our
choice.
A viable alternative is using the OP-OPAL difference as a 1σ

measure of the true opacity error (Bahcall et al. 2006; Villante
2010). Using the opacity kernels, it is straightforward to
evaluate the error in solar quantities Q if this opacity error
function is used. In Table 8, we compare the fractional errors of
solar quantities Q for the linear and the OP-OPAL error
functions. This comparison highlights the enhanced impact of
opacity errors on solar quantities following our new approach,
which we believe better reflects the current level of uncertainty
in stellar opacities.
Finally, Figure 6 compares the sound speed uncertainties

corresponding to the linear error function (indicated as the 7%
curve in the plot) and the OP-OPAL error function. The former

Table 7
Dominant Theoretical Error Sources for Neutrino Fluxes and the Main

Characteristics of the SSM

Quant. Dominant Theoretical Error Sources in %

( )F pp :L : 0.3 S34: 0.3 κ: 0.2 Diff: 0.2
( )F pep κ: 0.5 :L : 0.4 S34: 0.4 S11: 0.2
( )F hep Shep: 30.2 S33: 2.4 κ: 1.1 Diff: 0.5

( )F Be7 S34: 4.1 κ: 3.8 S33: 2.3 Diff: 1.9
( )F B8 κ: 7.3 S17: 4.8 Diff: 4.0 S34: 3.9
( )F N13 C: 10.0 S114: 5.4 Diff: 4.8 κ: 3.9
( )F O15 C: 9.4 S114: 7.9 Diff: 5.6 κ: 5.5
( )F F17 O: 12.6 S116: 8.8 κ: 6.0 Diff: 6.0

aMLT O: 1.3 Diff: 1.2 κ: 0.7 Ne: 0.7
Yini κ: 1.9 Ne: 0.5 Diff: 0.4 Ar: 0.3
Z ini O: 4.7 C: 2.0 Ne: 1.7 Diff: 1.6
YS κ: 2.2 Diff: 1.1 Ne: 0.6 O: 0.3
ZS O: 4.8 C: 2.0 Ne: 1.8 κ: 0.7
RCZ κ: 0.6 O: 0.3 Diff: 0.3 Ne: 0.2

12

The Astrophysical Journal, 835:202 (16pp), 2017 February 1 Vinyoles et al.

S34:	3He(α,γ)7Be	 S17:	7Be(p,γ)8B	S114:	14N(p,γ)15O	
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Nucleosynthesis	in	stars		
and	in	the	big	bang	–		
the	seeds	for	the	r	process 

Photo:	HZDR/O.	Killig	

u  Big	Bang	nucleosynthesis	
Astrophysical	S-Factor	
Thermonuclear	Reaction	Rate	
Resonance	Strength	
LUNA	0.4	MV	underground	lab	in	Italy	

u  Experimental	facilities	underground	
LUNA-MV	underground	lab	in	Italy	
Felsenkeller	underground	lab	in	Germany	

u  Asymptotic	giant	branch	stars	
Stellar	hydrogen	burning	
Neutron	sources	for	the	s-process	
Stellar	helium	burning	

Three	points	to	take	home	
u  Low-energy	charged	particle	

reactions	set	the	stage	for	all	
future	nucleosynthesis	

u  New	laboratory	data	have	a	direct	
effect	on	predictions	matched	to	
astronomical	observations	

u  Interdisciplinary	links	are	essential	
to	advance	understanding	


