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3He(3He,2p)4He state of the art and recommendations
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discussed in the Appendix, one needs a detailed discussion of
systematic uncertainties, particularly common-mode system-
atics. This requirement reduces the data sets considered to
just four experiments. The earliest of these originates from
the Muenster group (Krauss et al., 1987), followed by the
two LUNA publications of Junker et al. (1998) [which
supersedes Arpesella et al. (1996)] and Bonetti et al.
(1999); and the OCEAN effort of Kudomi et al. (2004).
Krauss et al. (1987) and Kudomi et al. (2004) identified a
common systematic error for their respective data sets while
the LUNA group provided statistical and systematical errors
at each experimental energy measured. In order to use a
uniform treatment we calculated an average systematic error
for the latter data sets. Larger systematic errors were noted
only at the lowest energies (due to uncertainties in stopping
power), where the total error is dominated by statistics.

Past efforts have fit data to an S factor including screening
corrections, with the bare S factor a polynomial up to qua-
dratic order,
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Although model calculations of Sbare33 !E" are available [see,
e.g., Typel et al. (1991)], a phenomenological representation
for the bare S factor is appropriate because the data extend
to the Gamow peak. There is no need for a theoretical model
to guide an extrapolation, apart from the functional form of
the screening potential.

The selected data for this review cover the range from
the solar Gamow peak to 350 keV, providing a limited range
with which to perform a four parameter fit to the S factor
including electron screening [S33!0", S033!0", S0033!0", and Ue].
We test the robustness of the fit parameters, by varying the
order of the polynomial for the bare S factor. Our results are
given in Table II.

Our quadratic fit agrees quite well with the fit derived by
Krauss et al. (1987), adopted in the reaction rate compilation
of Caughlan and Fowler (1988). However, there is a signifi-
cant spread in fit parameter values for the different order
polynomial fits, with slight decreases in the total #2. One can
also see this spread in fit results from other groups (Junker
et al., 1998; Bonetti et al., 1999; Kudomi et al., 2004). This
suggests that the data do not have the resolving power to
accurately determine all fit parameters: There are strong
correlations for the choices of data and fitting functions
made here. Adopting any single fit will underestimate the
uncertainties due to the degeneracy between parameter val-
ues. From Bayes’s theorem, assuming that the S factor in this
region (E < 350 keV) can be described without cubic terms,
we can derive constraints on the parameters by weighting
each fit in Table II by its total #2 value. This method takes
into account the spread from fit to fit. We find

S33!0" # 5:21% 0:27 MeV b;

S033!0" # &4:90% 3:18 b;

S0033!0" # 22:4% 17:1 MeV&1 b;

Ue # 305% 90 eV:

(32)

The results (see Fig. 4) reveal that existing data cannot
strongly constrain all of the fitting parameters separately, and,
in particular, do not sharply constrain Ue. To improve con-
straints on the screening potential one will need more precise
data from near the Gamow peak, as well as new measure-
ments up to the MeV range (with well-documented system-
atics) to better determine the higher-order terms in the
quadratic fit. New theory efforts in determining the shape
of this S factor would also be beneficial, as new low-energy
3He-3He elastic scattering data could be used as an additional
constraint.

Our principal concern, however, is the precision with
which Sbest33 can be determined in the vicinity of the Gamow
peak, not the separate parameters. From the fit’s correlation
matrix we find
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FIG. 4 (color online). The data, the best quadratic $ screening
result for S33!E", and the deduced best quadratic fit (line) and
allowed range (band) for Sbare33 . See text for references.

TABLE II. Table of fit parameters and their total errors for
constant, linear, and quadratic representations of the bare S factor.

Parameter Constant Linear Quadratic

S33!0" (MeV b) 4:84% 0:13 4:95% 0:15 5:32% 0:23

S033!0" (b) &1:06% 0:51 &6:44% 1:29

S0033!0" (MeV&1 b) 30:7% 12:2

Ue (eV) 395% 50 360% 55 280% 70

#2
tot

35.4 34.1 31.8

#2
tot=dof 0.40 0.39 0.37
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◆ No new experimental cross section data post-SF II.
◆ We plan to recommend to maintain the SF-II exitation function (see

figure).
◆ It will be noted in the text of the review that a recent Bayesian fit by Iliadis 

gives consistent results.

◆ There is an important caveat: 

The energy spectrum of the emitted protons from the reaction is
significantly different from the spectrum assumed for the data analysis of
most of the 3He(3He,2p)4He cross section measurements, see Zylstra et
al. 2017. 

This may actually increase the recommended uncertainty, which is 4.3% 
(SF-II).  

◆ As a result, we may recommend further work on this energy spectrum.



3He(a,g)7Be updated experimental situation
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New experimental data
◆ New capture data at high energy (Carmona+ 2012, Bordeanu+ 2013, Szücs+ 2019).
◆ One data set spanning a wide energy range but not quite reaching the LUNA data (Kontos+ 2013).
◆ One ANC measurement (Kiss+ 2020) but there may be some theory uncertainty, also there are new d+a calculations

New treatment of archival experimental data
◆ In SF-II, we dismissed all pre-2000 data due to the generally lower level of documentation.
◆ For SF-III, we plan to check each of the archival papers whether it indeed is insufficiently documented, and decide

case by case which ones to adopt for the final fit
◆ No large change in the recommended values is expected due to the re-inclusion of some archival data.

Ongoing work that we are aware of and that may be included if published by the cutoff date
◆ Elastic scattering at low energy (SONIK @ TRIUMF)
◆ g-ray angular distribution (Felsenkeller) 



3He(a,g)7Be data situation
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LUNA 2006 (activation, prompt!!)
Brown+ 2007 (activation, prompt!!)
di Leva+ 2009 (recoil)
Solar Fusion II fit 2011
Carmona+ 2012 (activation)
Bordeanu+ 2013 (activation)
Kontos+ 2013 (prompt!!)
Szücs+ 2019 (activation)
Zhang+ 2020
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3He(a,g)7Be planned approach for new recommended S34 value
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◆ Fit upper limit will be higher than 1 MeV (SF-II) but below the 7/2- resonance
◆ Do several fits using existing code by WG7 members:

halo EFT (Nollett, Rupak), tradional theory with Bayesian statistics (Iliadis)
◆ Frequentist fit will also be performed.
◆ Feasibility of doing an R-matrix fit with BRICK/AZURE on S34 will be explored
◆ Fitting will be done with floating norms, using the documented systematic errors of each experiment
◆ It is hoped that the final results will not depend much on fit algorithms used.

◆ Model choice error will be treated.
◆ Fits should take into account capture data, but also other data wherever possible (elastic scattering, etc.)

◆ Recommended S34(E) curve should be tabulated (using maybe 5-10 points) in the review.
◆ Fuller information should be made available as a supplement to the review, and also on ChETEC-INFRA web-based

cross section database (under construction now)



3He(a,g)7Be probable recommendations for future work

29/07/2022 Daniel Bemmerer, Kenneth Nollett: WG7 summary6

1. New capture data spanning the range between LUNA (0.1 MeV) and the bulk of the other data (1 MeV).
2. New elastic scattering experiments also at high energy (low-energy ongoing at SONIK - TRIUMF)
3. New angular distribution measurements (ongoing at Felsenkeller).
4. New measurement of the g-ray branching ratio.


