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Abstract. Reaction measurements on fission products are being planned at both Argonne National Lab and
at the Facility for Rare Isotope Beams. These indirect experiments produce specific short-lived nuclei via beta
decay, and the subsequent neutron and gamma emission are studied. Some initial experiments found a surprising
overabundance of gamma emission, which theory has yet to explain. To remedy this, we are developing an
integrated nuclear data workflow that connects advanced nuclear shell model codes for describing the beta
decay with a contemporary nuclear reaction model code.

Beta decay is the mechanism for element transmuta-
tion towards stability, and plays an important role in com-
petition with neutron-capture in the formation of heavy
elements: Understanding this is one of the central tasks
of the nuclear theory community and the new Facility for
Rare Isotope Beams (FRIB) [1, 2]. A less common, yet
important [3] process is the emission of one or more neu-
trons immediately following beta decay in a process called
beta-delayed neutron emission (BDNE), depicted in Fig-
ure 1.

Figure 1. Schematic depiction of beta-delayed neutron emission
for the case of 94Rb. The distribution of states populated by beta
decay can be predicted with a microscopic structure model like
quasiparticle random-phase approximation or shell model. The
decay of the neutron and gamma emitting nucleus (94Sr) is his-
torically described by a statistical model, assuming compound
nuclear decay.
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1 Statistical description of BDNE does not
explain experiments

Theoretical description of BDNE has been an ongoing
challenge since the late 1970’s [4]. The idea of selectiv-
ity[4] of states populated by beta decay, leading to non-
statistical neutron emission, was proposed to explain peak-
features seen in delayed neutron spectra. These effects
were almost explained away by the Pandemonium effect
[5], which indicated that such peaks were artifacts due to
detector limitations. Others showed that in some cases,
(a) statistical models of BDNE could reproduce the peaks
if excited states in the residual nucleus were included
[6], and (b) that states populated in beta decay could be
strongly connected to excited states in the final nucleus
[7], supporting selectivity. At the close of the decade, the
nuances were better understood, including the importance
beta-decay strength function shape and nuclear level den-
sities [8, 9].

With the development of total absorption gamma-ray
spectroscopy (TAGS) [10, 11] and its application to the
study of BDNE [12–14], the Pandemonium effect can be
avoided. Even so, the statistical description in some cases
significantly under-predicts the intensity of emitted pho-
tons from TAGS experiments, e.g. in [13]. Thus, BDNE
remains an important and unresolved modeling challenge.
There are three hypotheses which may explain this.

Hyp. 1: Photon-decay strength function is stronger
than assumed. This is the simplest explanation: if the
photon-strength function is enhanced, the nucleus formed
by beta decay will de-excite below the neutron separa-
tion energy before delayed neutrons are emitted. If this
is the explanation, then many neutron capture rates will
also have to be re-evaluated, especially for astrophysical
interests.

Hyp. 2: Forbidden beta decay is stronger than as-
sumed, blocking high-l neutron emission. If forbidden
transitions play a significant role in these neutron-rich



cases, then higher angular momentum states populated by
beta decay would block this emission of neutrons to avail-
able states in the neighboring nucleus.

Hyp. 3: Beta decay does not lead to a compound nu-
cleus. Essentially, selectivity. This explanation requires
the greatest change in our description of beta-delayed neu-
tron emission. It would also have significant implications
for the use of beta-decay as a means of indirect cross sec-
tion measurements such as the beta-Oslo method [15].

2 Applying modern methods in shell
model calculations

Today’s Hauser-Feshbach (HF) codes for reactions have
evolved into multi-physics packages that go beyond purely
statistical [16] decay models. It’s now routine to have
an integrated software package that computes coupled-
channel optical models, pre-equilibrium decays, width-
fluctuation corrections, multi-chance fission, decays be-
tween hundreds of discrete states, and more [17, 18].

Some BDNE studies have made progress combining
quasiparticle random-phase approximation (QRPA)-type
descriptions of beta decay with HF calculations to rea-
sonable effect [19, 20]. We are also aware of recent ef-
forts with the shell model [21]. We want to continue along
these lines to incorporate modern shell model methods into
HF codes in a self-consistent way, including level densities
and gamma-ray strength functions derived from the shell
model.

2.1 Proton and Neutron Approximate Shell Model

Shell model calculations, treating nuclei at the nucleon-
degree-of-freedom, offer the largest model spaces to cap-
ture the physics of complex nuclei. Energy levels, bind-
ing energies, nuclear level densities, gamma-ray strength
functions, and beta-decay strength functions can all be
computed from the same wave functions generated from
phenomenological interactions. Even after restricting con-
figurations to a finite valence space, nuclei of interest to
BDNE generate basis dimensions several orders of magni-
tude larger than current computational limits, O(1010).

To make these models tractable without discarding im-
portant orbitals, we apply an importance truncation in the
many-body configuration space. We assign configuration
importance, in explicit proton-neutron formalism based,
based on the eigenvalues of the "separable" proton and
neutron parts of the Hamiltonian. This approach is mo-
tivated by the empirical fact that eigenstates of the nuclear
Hamiltonian H = H(p) + H(n) + H(pn) are well approxi-
mated by simple products of eigenstates of the proton-only
and neutron-only interactions, H(p) and H(n) [22, 23], with
fidelity increasing exponentially with the number of ex-
tremal states taken in combination.

Our code, PANASH (proton and neutron approximate
shell-model, unpublished), implements this importance
truncation scheme. Basis states are constructed by cou-
pling together eigenstates of H(p) and H(n), up to fixed to-
tal angular momentum and parity. The basis is then trun-
cated by using only some fraction of all states, taking the

lowest excitations from each subspace. Similar work has
been demonstrated by others [22, 23]. PANASH has been
designed and simplified for our purpose, and is ready for
extensive application.

We present some preliminary results computed with
PANASH. These include the energy level spectra (and
binding energies), beta transition strengths, photon
strength functions (PSF, or gamma ray strength functions
), and nuclear level densities (NLDs). All of these can be
used as input to the HF modeling of beta-delayed neutron
emission.

2.2 Spectra of a complex nucleus in the fpg shell

70Ge is a complex nucleus, thought to exhibit triaxiality
[24]. We use this as a rigorous test of our many-body
method, as has been done recently for other methods [25].
We work in the f pg model space, using the JUN45 inter-
action [26].

In this case, we construct the basis by taking all com-
binations of proton and neutron components which sat-
isfy the limit on component excitation energies: (E(p))2 +

(E(n))2 < ϵ2, for some truncation limit ϵ. This leads to a
maximum model space dimension of 104 at ϵ = 8.5 MeV,
using 217 of 701 protons components and 1190 of 47722
neutron components.

Results are shown in Figures 2. The error of our
ground-state binding energy is comparable to that of the
full configuration interaction (FCI, untruncated model) re-
sult. It is also a significant improvement over projected
Hartree-Fock (PHF) performed using the same interaction
[25]. PHF is a method where a deformed (possibly tri-
axially deformed) Hartree-Fock state is projected to have
good angular momentum, and then used as a reference
state for the random phase approximation (RPA) (which
is known to be unreliable for reproducing binding ener-
gies [27]). We also successfully reproduce the third 0+

state, which is missing from the PHF calculation. Overall
this is evidence that PANASH is able to capture important
many-body correlations.

2.3 Gamow-Teller decay

We compute beta-decay log f t values for the decay of 70As
to 70Ge. We use the same model space and interaction
as in the previous section, and a Gamow-Teller quenching
factor of q = 0.684, taken from [29]. We also use the same
basis truncation method as before, but this time we track
the evolution of the results as a function of the truncation
parameter ϵ. Results are shown in Figure 3. We find that
the error of beta decay log f t values are comparable to FCI
error relative to experiment.

2.4 GSFs and NLDs

For demonstration of PSF’s and NLDs, we show prelim-
inary results for 78Ge in the pf-shell ( f5/2, p3/2, p1/2, g9/2
valence orbitals above a 56Ni core) with the JUN45 inter-
action [26]. In this case, we take 20-percent of the pro-
ton and neutron eigenstates to construct the basis, yielding



Figure 2. Low-lying binding-energy spectra for 70Ge from
PANASH compared to the full configuration interaction (FCI,
untruncated model), a projected Hartree-Fock calculation using
the same interaction [25], and experimental values [28]. In this
case, the truncation is such that (E(p))2 + (E(n))2 < 8.5 MeV.

Figure 3. Decay half-lives given by log f ts from the ground state
of 70As, as a function of the maximum excitation energy ϵ of
subspace states used to construction the basis. Comparison to
DFT results [30] shown.

a maximum basis dimension 7,000, only 4-percent rela-
tive to the un-truncated dimension of 170,000. (This is
the dimension of the largest J-basis, J = 6.) To calculate
the M1 strength functions involved in the PSF, we use the
standard magnetic moment operator with proton spin and
orbital couplings gs = 5.586, gl = 1; and neutron cou-
plings gs = −3.826, gl = 0. We used the usual quenching
factor of q = 0.7 [26].

We compute the first 500 positive-parity states for use
in the calculation, for J = 0 − 10. The resulting level den-
sity and M1 photon strength function is shown in Figure
4. We find good agreement with recent results from [31],
which used a similar interaction with the same single parti-
cle space. Although that calculation also included negative
parity states, we find that these only slightly alter the PSF.

Figure 4. Preliminary calculations of photon strength functions
(PSFs) (top panel) and nuclear level densities (NLDs) (bottom
panel) using the PANASH code, with comparison to the full con-
figuration interaction (FCI), untruncated model. In both cases,
the first 500 positive-parity states were computed. Energy bins
are 0.1 MeV.

3 Going forward

We estimate that the case of 94Rb, relevant to [13], would
have a dimension O(1013) in an untruncated FCI calcu-
lation. By contrast, the proton/neutron subspaces are
O(107), which can be performed on a modest workstation.
A basis constructed with these components could then be
extended as far as achievable on available resources to
maximize fidelity. A major remaining issue will be the de-
velopment of effective interactions for previously unreach-
able model spaces.
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