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Conquering nuclear pandemonium
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An international team has solved an essential part of a long-standing discrepancy in the electromagnetic decay
heat that occurs after fission of the nuclear fuel component plutonium.
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We are entering an era of “nuclear renaissance” mo-
tivated by the diminishing supply and increasing cost
of fossil fuels and their negative impact on our environ-
ment. Nuclear power, as an affordable energy source
that does not emit CO2, will continue to be a signifi-
cant component of a portfolio of technologies that meets
world-wide energy production goals; see, e.g., the po-
sition paper of the European Physical Society [1] and
the U.S. DOE Nuclear Energy Research and Develop-
ment Roadmap [2]. Although the principles of reactor
operation are well established, the sustainability of en-
ergy production from fissionable materials must be im-
proved to meet future energy challenges. As future nu-
clear fuel cycles are investigated, a new focus is needed
on studies of the materials involved in nuclear energy
generation and on fission processes, in particular the fis-
sion products that are generated abundantly in nuclear
power plants and that impact safety and waste manage-
ment issues.

Uncertainties in nuclear data can lead to excessive,
or even erroneous, margins for safety in the operation
of fission reactors [3] as well as in waste handling and
potential transmutation [4]. Efforts to improve cross-
section data for the design of advanced reactor systems
are underway. Although nuclear decay data are gen-
erally considered better understood than cross-section
data, deficiencies in decay data remain. A commensu-
rate level of effort is needed to advance the state of nu-
clear decay data [5]. In particular, the energy released
during radioactive decay by post-fission processes, com-
monly called decay heat, must be better understood—as
pointed out in a recent assessment performed under the
auspices of the Nuclear Energy Agency of the Organiza-
tion for Economic Co-operation and Development [6]. It
is this issue that motivates the work of a large interna-
tional collaboration (Algora et al.) reporting in Physical
Review Letters[7], which resolves some outstanding puz-
zles on reactor decay heat from 239Pu.

Decay heat accounts for about 8% of the energy pro-

duction in the fission process [7, 8]. The accurate char-
acterization of decay heat is crucial to the design of re-
actor shut-down and emergency core cooling systems,
since it is the main source of heating after neutron-
induced fission is terminated [1, 7–10]. The decay en-
ergy (in particular, the high-energy part of the gamma-
radiation spectrum emitted in the decay) also needs to
be understood for proper design of shielding and stor-
age casks for transportation and storage of spent nuclear
fuel. Measurements on several fission products were
recommended recently [6] to improve the present un-
satisfactory status of decay heat data.

The products of fission process in nuclear fuel are
neutron rich, i.e., have a large excess of neutrons over
protons. This creates conditions allowing for several
beta decay transitions to occur. The allowed Gamow-
Teller beta transitions (no parity change, maximum spin
change of 1h̄ unit) compete with the “first-forbidden”
ones (parity change, spin change up to 2h̄). The
states fed by the allowed Gamow-Teller transitions, with
higher transition matrix elements, are pushed up to-
wards higher excitation energies by the residual nuclear
interactions (see, e.g., shell-model predictions [11]). The
resulting beta feeding to the levels in a daughter nucleus
is highly fragmented; i.e., many states are populated,
each with a small beta branching ratio. The weak beta
transitions are followed by cascades of gamma transi-
tions ending at the ground state of the daughter nucleus.

These gamma cascades usually pass through a few
discrete, low-energy levels, collecting the gamma inten-
sity at the bottom of the decay scheme. The individual
weak gamma transitions at the top of the cascades are
very difficult, or impossible, to detect with radiation de-
tectors optimized for good energy resolution but having
a low efficiency. The resulting “apparent” gamma in-
tensity balance in the decay of a neutron-rich nucleus
artificially enhances the beta feeding to the low-energy
states that are, in reality, populated by several unob-
served gamma transitions (Fig. 1). This phenomenon
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FIG. 1: The “Pandemonium Effect” as discussed by J. Hardy et
al., in 1977 [12] with a reference to John Milton’s Paradise Lost.
The true picture of the decay of the neutron-rich parent nu-
cleus (Z, N), with many weak beta transitions and following
low-intensity γ transitions, is given. Evidently, the determina-
tion of the true beta strength function, the γ-deexcitation pat-
terns, and their interpretation might suffer from undetected γ
radiation.

was analyzed by Hardy and collaborators in 1977 [12]
using an “unstructured” fictional nucleus named Pan-
demonium, after the city at the center of hell in John Mil-
ton’s 17th century poem Paradise Lost. Pandemonium
has been adopted into common English as a word mean-
ing “uproar,” “utter confusion,” or “state of chaos.” In-
deed, attempts to derive the true beta strength distribu-
tion and the resulting gamma decay pattern from low-
efficiency measurements may lead us to chaos in the in-
terpretation and applications of such data.

There is a method to determine the true beta feed-
ing pattern: measure weak, often high-energy, gamma
transitions with a large-volume, high-efficiency detec-
tion system, and construct a decay scheme having the
correct gamma intensity balance. The counting effi-
ciency should be as near to 100% as achievable over a
wide energy range. The experimental technique that of-
fers the highest detection efficiency is based on detectors
made of large scintillator crystals. These total absorp-
tion gamma spectrometers (TAGS) [6, 13–15] attempt to
cover nearly a full solid angle around the activity be-
ing studied. TAGS detectors have rather poor energy
resolution, typically about 6% full width at half maxi-
mum at 1.3 MeV. However, the cascades of gamma ra-
diation can be efficiently summed up inside the detec-
tor. Proper deconvolution of TAGS spectra [16] leads to
decay schemes representing a nearly true feeding and
decay pattern. Yes, we can conquer nuclear Pandemo-
nium.

The TAGS technique alone is not enough to get a reli-
able measurement of a decay heat for nuclei of interest;
one has to produce and select the activity to be studied.

The absence of the contamination and low background
is particularly important when using high-efficiency de-
tectors. Algora et al.[7] combined several sophisticated
techniques developed at the University of Jyväskylä to
achieve this goal. Neutron-rich nuclei were produced in
proton-induced fission of 238U targets placed inside the
Ion Guide Isotope Separator On-Line (IGISOL). Fission
products recoiling from the target, including refractory
elements that are difficult to extract from conventional
ion sources, were stopped in helium and transported by
gas flow into the acceleration stage of a mass separa-
tor. The Jyväskylä Penning trap, which provides a mass
resolving power M : ∆M around 105, was coupled for
the first time to the TAGS to produce isotopically pure
sources. After a nontrivial analysis of measured TAGS
spectra of these pure sources, the decay properties of
101Nb, 105Mo, and 102−107Tc revealed a “decay heat” en-
ergy component that was missing in the earlier experi-
ments. Inclusion of new results in the calculations of the
electromagnetic decay heat component for 239Pu fission
yielded much better agreement with the reference inte-
gral data, in particular for the period of 4 to 3000 s after
fission.

The work by Algora et al. paves the way for advanced
decay studies of fission products focused on nuclear fuel
cycle needs. Modern radioactive ion beam (RIB) facili-
ties have powerful separation techniques and radiation
detection arrays. Isotopically separated and postacceler-
ated radioactive beams are an ideal tool for the measure-
ments of absolute branching ratios. The postaccelerated
ions can be directly counted and identified by energy-
loss signals during the collection of radioactive samples
measured using efficiency-calibrated detectors, see, e.g.,
[17, 18]. Such applied decay studies on neutron-rich nu-
clei should become an increasingly important fraction
of the scientific programs at RIB facilities. We should re-
member that even the very best simulations of nuclear
fuel cycles require correct experimental input data.
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