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3He(α,γ)7Be in the Sun and
Big Bang Nucleosynthesis

Radiative capture 
reaction rates determine 
energy release, neutrino 
production, and 
nucleosynthesis in Sun 
and other stars
3He + α → 7Be + γ 
(±5.1%)

Solar neutrinos

Big Bang nucleosynthesis



3He(α,γ)7Be in the Sun
 3He(α,γ)7Be cross section needed 

for predictions of solar neutrino 
flux

 8B solar ν flux now measured to ± 
8.6% by SNO, 7Be flux measured 
to ± 10% by Borexino

 S34(0) is the astrophysical S factor 
for the radiative capture 3He + α 
→ 7Be + γ at zero energy; most 
probable energy for reaction is 23 
keV

 8B flux ∝ S34(0)0.81

 7Be flux ∝ S34(0)0.86



3He(α,γ)7Be in Big Bang Nucleosynthesis

 BBN a robust prediction of hot big bang 
cosmology for > 40 yr

 Explains origin of large universal He 
abundance, trace quantities of D, 3He, & 
7Li

 Given general relativity, cosmological 
principle, abundance predictions depend 
only on mean lifetime of neutron, 
number of active, light neutrino flavours, 
universal baryon density, and nuclear 
reaction rates

 7Li produced via 3He(α,γ)7Be
 Primordial 7Li abundance proportional 

to S34(300 keV)0.96



Theoretical S34 Models
 Potential model and RGM cluster model 

of Kajino [NPA 460, 559 (1986)] shapes 
agree below 500 keV, but is it 
fortuitous? Absolute values of 
calculations significantly underestimate 
data

 Uncertainty in cluster model S34(E) 
derived from theoretical estimates of 
uncertainty in S34(0) and its logarithmic 
derivative, shown by dotted lines



1st Measurement with a Recoil 
Separator, ERNA

Di Leva et al. PRL 102 232502 (2009)



New FMD Calculation

FMD calculation by Neff in good agreement with ERNA data, 
disagrees with Parker & Kavanagh, Weizmann data

and quadrupole moments test the tail of the wave functions
and agree reasonably well with experiment.

In Fig. 2, we show the phase shifts for scattering in the
S- and D-wave channels. As for the bound states, the
addition of polarized configurations to the model space
significantly changes the results and leads to a good agree-
ment with the available data [32,33].

The capture cross section for the 3He!!;""7Be reaction
is calculated by using the many-body scattering and bound
eigenstates of the Hamiltonian. In the energy range up to
2.5 MeV, it has been shown [18] that only dipole transitions
from the S- and D-wave scattering states have to be con-
sidered. The obtained S factor is shown in Fig. 3 together
with the experimental data. Our results are in good agree-
ment with the recent measurements regarding both the
absolute normalization and the energy dependence. The
extrapolated zero-energy S factor is S34!0" # 0:593 keVb.

As our model successfully describes the 3He!!;""7Be
reaction, it should also do well for the isospin mirror
reaction 3H!!;""7Li. As shown in Fig. 4, we observe a
good agreement for the energy dependence of the S factor
but find that the absolute normalization is about 15% larger
than the data by Brune, Kavanagh, and Rolfs [34].
In summary, our calculations are able to describe con-

sistently the bound state properties and the scattering phase
shifts as well as the normalization and energy dependence
of the 3He!!;""7Be capture cross section. Our results
deviate from the correlation between the ground state
quadrupole moment and zero-energy S factor found in
cluster models using phenomenological interactions
[14,15]. Our approach differs in two main aspects from
those earlier studies. First, we use a well defined effective
interaction that describes the nucleon-nucleon scattering
data. In contrast to phenomenological effective interac-
tions, the UCOM interaction has a pronounced momentum
dependence and a longer range due to the explicitly in-
cluded pion exchange, a feature that turns out to be im-
portant for the low energy scattering solutions. Second, our
model space is larger than in the cluster model. Additional
FMD basis states in the interaction region describe polar-
ized clusters and shell-model-like configurations.
Although they are only a small admixture in the full
wave functions, they are essential to describe the bound
state properties as well as the scattering phase shifts.
The results can also be studied in terms of overlap

functions that are obtained by mapping the microscopic
many-body wave functions onto the relative wave function
of two pointlike nuclei in the resonating group formalism.
In Fig. 5, we show the overlap functions for the 1=2$

scattering state at Ecm # 50 keV and the 3=2% bound state.
The nodes in the overlap functions reflect the antisymmet-
rization between the clusters. We also show the dipole
strength calculated with these overlap functions. It repro-
duces the dipole matrix element calculated with the micro-
scopic wave functions within 2%. Comparing with the
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FIG. 3 (color online). The astrophysical S factor for the
3He!!;""7Be reaction. The FMD result is given by the solid
line. Recent experimental data [3–7] are shown as dark colored
symbols and older data [1] as light symbols.
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FIG. 2 (color online). 4He-3He scattering phase shifts. Dashed
lines show results using only frozen configurations; solid lines
are obtained with the full FMD model space. The calculated
D-wave phase shifts lie on top of each other. Experimental
results are from Refs. [32,33].
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FIG. 4 (color online). The astrophysical S factor for the
3H!!;""7Li reaction. The FMD result is given by the solid
line. Most recent experimental data are shown as dark symbols
and older data as light symbols ([34] and references therein).
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TRIUMF’s Recoil Separator



4He Beam Purity

Si detector viewing Au foil at 30 degree angle just downstream of 
drift tube linac



Beam Current Monitors

Si detectors viewing gas target at 30 and 57 degrees count
 3,4He continuously, Faraday cup measurements hourly



7Be Recoil Energy Spectrum:
Erel = 2.2 MeV, 3+ Charge State

Recoil peak at focal plane DSSD easily separated from scattered 
higher mass beam components



7Be Recoil Energy Spectrum:
Erel = 1.5 MeV, 2+ Charge State

Much more scattered beam in 2+ setting, but separation OK



Target Density Measurement:
3He + 12C → p + 14N*(6.446 MeV)



12C Beam Purity

Si detector viewing Au foil at 30 degree angle just downstream of 
drift tube linac



Beam Current Monitoring

Continuous monitoring of surface barrier detector at 30 degrees,
and Faraday cup just after gas target

Main peak is elastic 3He; other peaks are (3He,p) and (3He,α)



BGO Gamma Spectra

Background

3He(12C,p)14N



Beam Instability



Yield vs. Position

Asymmetry presumed due to resonance excitation function



Major Remaining Tasks
Be charge state distribution 
measurement at three energies, varying 
target pressures planned for 2012

Reduce/analyse target density and 
radiative capture data (Alex Rojas and 
Mariano Gallardo)

Complete Monte Carlo simulations of 
electromagnetic separator angular and 
energy acceptance (Sarah Reeve)
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