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Potential models (global scaling parameter): Tombrello & Parker, Descouvemont (R-matrix 
based), Mohr
Microscopic models (no global scaling parameter): Csótó & Langanke, Kajino et al., 
Nollett, etc...
Usually claimed to be valid up to Ecm~2.0MeV

Extrapolation to solar energies
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Extrapolation to solar energies
✤ Use as much of experimental information as possible

✤ Choose the model that best describes all of the experimental datasets

✤ Treat data in statistical robust way (no arbitrary inflation of errors)

✤ Take into account combined systematic errors

✤ Determine best estimate of S34(0)

5
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The least square function is a χ2 variable only under the conditions:

✤ model is adequate to describe the data; 

✤ fitted measurements are independent;

✤ measured quantities have a gaussian distribution, whose standard deviations must be correctly evaluated.

Parker, Nagatani, Kräwinkel, Hilgemeier: include systematic uncertainties.

Robertson, Alexander, Volk: single data point.

Datasets and models selection
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Adelberger et al.
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Improved model?

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 3Heð!;"Þ7Be 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 S34ð0Þ ¼ 0:593 keVb.

As our model successfully describes the 3Heð!;"Þ7Be
reaction, it should also do well for the isospin mirror
reaction 3Hð!;"Þ7Li. 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 3Heð!;"Þ7Be 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=2þ

scattering state at Ecm ¼ 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
3Heð!;"Þ7Be 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
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are obtained with the full FMD model space. The calculated
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PRL 106, 042502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 JANUARY 2011

042502-3

T. Neff, PRL106(2010)042502

cluster separations beyond a few fm, and using only the
longer-range parts of the bound- and initial-state wave func-
tions to compute matrix elements. This approach requires the
provision of ‘‘spectroscopic factors,’’ or more precisely, the
ANCs discussed above. Because we have imposed the con-
dition that the large-cluster-separation part of the ground
state match its expected form, it is true that for our cross
section calculations, the VMC method provides C1. How-
ever, it also provides the inner few fm of the wave function,
which requires some model of what is going on inside the
nuclear interaction radius, and may be important for under-
standing differences in the logarithmic derivatives of the S
factor found in various theoretical studies.

B. Scattering states

The initial-state wave functions are taken to be elastic-
scattering states of the form

!!"# ;LSJM $!A" %"#
JL&r"#'YLML

& r̂"#'

"(
i j

Gi j#!"!#
mS$ %

LSJM

, &15'

where curly braces indicate angular momentum coupling, A
antisymmetrizes between clusters, !" is the 4He ground
state, and !#

mS is the trinucleon ground state in spin orienta-
tion mS .
The Gij are identity operators if the nucleons i and j are in

the same cluster. Otherwise, they are a set of both central and
noncentral pair correlation operators that introduce distor-
tions in each cluster under the influence of individual nucle-
ons from the other cluster. They are derived from solutions
for nucleon-nucleon correlations in nuclear matter )37*, and
become the identity operator at pair separations beyond
about 2 fm. &These correlations have been included in the
definition of the overlap functions shown in Figs. 1 and 2.'
The correlations %"#

JL are derived phenomenologically.
The variational seven-body bound-state wave functions do
not give the correct energies with respect to cluster breakup,
so we do not expect to be able to use the variational tech-
nique to solve for these correlations. Instead, we generate the
%"#
JL as solutions to Schrödinger equations from cluster-

cluster potentials that describe phase shifts of "- 3H and
"- 3He scattering as scattering of point particles. Because of
the small amount of available laboratory data and the large
amount of work that has already been put into generating
potentials that reproduce them, we take cluster-cluster poten-
tials from the literature )4–7,19*. We now point out the main
features of these potentials.
We treat all of these models as &and many have been

explicitly constructed as' descriptions of both the "t and
" 3He systems with appropriate Coulomb potentials and
laboratory masses. Each of the potentials we use to generate
the %"#

JL has a deep, attractive central term and a spin-orbit
term. The spin-orbit terms are constrained mainly by the
spacing between the P3/2 and P1/2 bound states, and between
the resonances at 2.16 and 4.21 MeV in F7/2 and F5/2 "t

scattering, respectively &as well as their analogs in " 3He
scattering'. The other interesting feature in the scattering of
the odd partial waves is the apparent hard-sphere behavior of
the phase shifts in P-wave scattering. This comes about be-
cause the wave functions between the clusters must respect
the Pauli principle by allowing antisymmetrization of
nucleon wave functions between clusters. In the P waves,
this takes the form of wave functions that have a single node
whose location is almost independent of scattering energy,
and it therefore gives rise to phase shifts that look like scat-
tering from a hard sphere )38*. &See Figs. 1 and 2, where the
steep dips in absolute values of the cluster distributions at 2
fm correspond to nodes.' In the cluster-cluster potentials, this
requires that the central term be large and negative so that
the ground-state wave function has one node. Of course, a
more tightly bound ‘‘forbidden’’ state with zero nodes exists
for such a potential, but it does not allow antisymmetrization
of the nucleon wave functions. We note that the requirement
of a particular nodal structure only models approximately the
effects of the Pauli principle on the intercluster correlations.
We did not use potentials that enforced the hard-sphere be-
havior with repulsive short-range terms )39*.
Because of the requirements of the Pauli principle, one

also expects different potentials to describe the odd- and
even-parity scattering. The even-parity phase shifts are un-
fortunately lacking in details that models must match &see
Fig. 3', beyond the apparent hard-sphere scattering in the
S-wave data, corresponding to the Pauli required minimum
of two nodes in the wave function )38*. The measured
D-wave phase shifts are even worse, being consistent with
zero &or 180°, with the knowledge that there must be at least
one node in the wave function' throughout the region below

FIG. 3. Phase shifts for "3He scattering produced by the poten-
tials used to generate the %"#

JL . Data are taken from Refs. )42,43*; in
the lower panel, " denotes J+! 5

2
# phase shifts, ! denotes J+

! 3
2

# phase shifts. Potentials are taken from Refs. )4–7*.
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S34(0) = 0.57±(0.02)exp±(0.02)model keVb

using Kajino or Nollet model
✤ Improved models are needed to assess the low energy slope of S34(E)

✤ Additional experimental information to better constrain the models will help to reduce the 
uncertainty
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