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A model of nuclear level decay in a plasma environment is described. Nuclear excitation and decay by
photon processes, nuclear excitation by electron capture, and decay by internal conversion are taken into
account. The electrons in the plasma are described by a relativistic average atom model for the bound electrons
and by a relativistic Thomas-Fermi-Dirac model for the free electrons. Nuclear decay of isomeric level may be
enhanced through an intermediate level lying above the isomer. An enhanced nuclear decay rate may occur for
temperatures far below the excitation energy of the transition to the intermediate level. In most cases, the
enhancement factor may reach several decades.
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In a hot dense plasma, either laser heated or of astrophysi-
cal interest[1–3], nuclei in an isomeric state may have a
decay rate different from the laboratory value. The large
number of photons and free electrons modifies the environ-
ment in which the nucleus naturally decays under laboratory
conditions through spontaneous emission and internal con-
version(IC). In the plasma, the IC decay rate can be modi-
fied by the lower number of available electrons in the par-
tially ionized atom. Moreover, new decay modes also appear
such as induced photon emission, free electron scattering, or
bound internal conversion.

Furthermore, indirect decay channels may be opened, if
there exists a nuclear level lying above the isomeric level
that may be excited from the isomeric state, and then decay
down to the ground state. At first glance, one may expect that
this indirect decay mode may become significant when the
temperature is around the energy difference between the iso-
meric level and the upper level. However, if the multipolari-
ties of the excitation transition of the intermediate level and
of its decay are more favorable than that of the isomeric
transition, one may expect that the indirect decay mode be-
comes predominant at a lower temperature.

This indirect process would be a valuable tool for inves-
tigating nuclear excitation in plasmas. In a laser heated
plasma, it could provide experimental conditions allowing
tests of the nuclear transition rate model as well as the ability
to reach significantly populated higher energy nuclear levels.
These studies are critical for nuclear energy storage on an
isomeric level and its release mechanism.

If these hot plasmas are maintained for a long enough
duration at the thermodynamic equilibrium at a temperature
T, the different nuclear level populations reach an equilib-
rium given by the Boltzmann law where the ratio between
any two populationsNi andNf is easily calculated:

Nf

Ni
=

2Jf + 1

2Ji + 1
e−sEf−Eid/kBT s1d

wherekB is the Boltzmann constant,Ei andEf the excitation
energies, andJi and Jf the spins of lower initial statei and
the upper final statef.

One remarkable feature of the thermodynamic equilib-
rium is that the populations can be calculated without any
explicit knowledge of the detailed excitation and decay pro-
cesses. However, in the case of plasmas where only the
nuclear populations are not at equilibrium, it gives a strong
incentive to simultaneously evaluate each excitation process
with its associated decay process. According to the principle
of detailed balance, the excitation ratele from statei to state
f and the reciprocal decay rateld are related by

le

ld
=

2Jf + 1

2Ji + 1
e−sEf−Eid/kBT. s2d

Contrary to the case of most astrophysical plasmas, a laser
heated plasma will not live long enough for the Boltzmann
equilibrium to be reached. Evaluating this equilibration time
mandates the evaluation of the nuclear transition rate of ev-
ery significant microscopic process within the timeframe of
the plasma involving every nuclear state that might be popu-
lated.

Such studies have been undertaken for a long time[4,5]
but seem to get a renewed interest with the recent advent of
high-intensity laser sources[6–9]. It is now possible to create
plasmas with a lifetime as long as a few nanoseconds and
temperatures around several keV. If one considers inertial
fusion targets, the temperature might be ten times higher. In
such conditions, a significant number of isomers may decay
through the indirect channel. If the energy of the isomer is
released fast enough, it might be used to heat the neighboring
plasma and induce a heat wave able to decay more isomers.
The model presented in this paper may give us hints to the
properties of the isomeric nucleus needed for the controlled
release of energy stored on an isomeric level.

Various excitation processes have already been identified
[10]. The main couples of excitation and decay electromag-
netic processes are photon absorption and photon emission
(both spontaneous and induced); nuclear excitation by elec-
tron capture(NEEC), where a free electron is captured on an
empty state of an atomic shell, and IC; inelastic and super-
elastic electron scattering; and nuclear excitation by electron
transition(NEET) [11] and bound internal conversion(BIC).
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NEET is a resonant process where an electron on a loosely
bound shell decays down to an inner shell. If the energy
difference between the two atomic shells matches that of a
nuclear transition, the nucleus may be excited.

With the existing high-intensity lasers, or with the future
facilities being built, high-Z plasmas may be created with a
temperature ranging between 10 eV and 10 keV. In these
plasmas, the temperature rarely exceeds the excitation energy
of nuclear levels higher than the first excited one. When the
NEET resonant conditions are not fulfilled, the most efficient
excitation processes are NEEC and photon absorption. If we
content ourselves with the hypothesis that the electrons are at
thermodynamic equilibrium within this range of temperature,
the population of electrons having a kinetic energy greater
than the nuclear energy transition is usually rather small.
Therefore, the inelastic electron scattering excitation rate will
not significantly contribute to the total excitation rate be-
cause of this threshold energy.

Under those thermodynamic conditions as quoted above,
many electrons are free, but there still exist some bound
electrons on the inner shells. For strongly converted nuclear
transitions, this means that IC remains an important decay
process and that excitation occurs through NEEC, as the
electronic shells are able to capture a free electron. In those
temperature regions, the physical features of the electronic
shells vary greatly with the thermodynamic conditions, as the
screening effects highly depend on the number of bound
electrons. Hence, a correct evaluation of the nuclear transi-
tion rate by NEEC and IC must take into account a detailed
description of the atom.

In this work, a model coupling both the calculation of the
NEEC process and a description of the atom dependence on
the thermodynamic conditions of the plasma is presented.
Results about several nuclei will show the NEEC depen-
dence on the population of the orbital where the free electron
is captured. This model will be used to deal with isomer
decay in the plasma. We will then focus on the isomer indi-
rect decay process which involves both an excitation and a
decay process.

I. NUCLEAR EXCITATION BY ELECTRON CAPTURE
AND INTERNAL CONVERSION IN A PLASMA

NEEC is a resonant process in which a free electron is
captured into a bound atomic state and gives a part of its
energy to excite a nuclear state. It is the inverse process of
the well-known internal conversion. This process was first
quoted by Goldanskii and Namiot[12] in 1976, who esti-
mated a very simplistic probability of NEEC in a plasma.
Doolen [4,5] then proposed a more sophisticated approach
by coupling an internal conversion model with an average
atom model. A study of the NEEC process in solid matter has
been proposed in the frame of channeling experiments
[13–15]. In those experiments, a fully stripped ion beam is
channeled within a plane of a crystal to avoid nuclear inter-
actions. It may then capture electrons from the crystal. Some
of those captures lead to excitation via a NEEC process.
Simplified theoretical models[13–15] have been developed
around those experiments, but they may not be extrapolated

to plasmas. A more sophisticated theoretical model[16],
while it may more easily be extrapolated to plasmas, shows
several orders of magnitude discrepancies with the other
models. In any case, definitive experimental evidence of
NEEC existence remains to be observed.

In the model presented in this paper, we will always as-
sume that the local thermodynamic equilibrium(LTE) is
achieved for the electron and photon populations, but not for
the nuclear levels populations. This will allow us to derive
the expressions for the nuclear transition rates that satisfy the
principle of detailed balance seen above in Eq.(2).

The model developed in this work focuses on deriving
simultaneously the nuclear excitation and decay rates taking
into account the atomic wave functions evaluated by an av-
erage atom model at a given temperature and density. It in-
cludes a detailed treatment of the electronic transition, which
becomes necessary when the free electron kinetic energy is
close to the nuclear transition energy.

A. NEEC rate

To excite a nuclear transition of energyDE, the free elec-
tron, which is captured into an atomic state of binding energy
Eb must have a kinetic energyEr given by

Er < DE − uEbu. s3d

This matching condition needs only to be met within an en-
ergy interval given by the width of the final state. According
to the Fermi golden rule[17], the NEEC cross section for a
free electron of kinetic energyE may be written

sNEECsEd =
2p

qv
ukc fwbuHuciwrlu2rbsEd, s4d

wherev is the free electron velocity,ci and c f the nuclear
wave functions of the initial and final states,wr the free elec-
tron wave function, andwb the bound atomic state wave
function. H is the interaction Hamiltonian operator used in
the internal conversion theory[18], which contains a Cou-
lomb term and a virtual photon exchange term. This matrix
element is the product of a nuclear matrix element in which
the radial term contains an integration overrL (whereL is the
multipolarity of the nuclear transition) and an atomic matrix
element in which the radial term contains an integration over
r−L−1. It contains a summation over every atomic state in the
atomic shell. Therefore, the final state densityrbsEd may be
written

rbsEd = s2Jf + 1dgsE − Erd, s5d

where g is the line shape of the transition. It is centered
around the resonance energyEr.

To obtain a NEEC excitation rate in the plasma, we need
the free electron distribution function:

fsEd = nsEdfFDsEd, s6d

where nsEd is the electronic state density andfFDsEd the
Fermi-Dirac statistics function. The NEEC rate is then ob-
tained by summing over all free electron energies that allow
the capture:
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le
NEEC=E

0

DE

sNEECsEdvsEdfsEdPbsEddE, s7d

where PbsEd is the proportion of empty sites in the bound
state:

PbsEd = 1 − fFDsE − DEd. s8d

The matrix element involved in Eq.(4) must be evaluated
by using the electronic wave functions in the thermodynamic
conditions of the plasma. The results shown in this work are
based on a relativistic average atom model[19,20]. This
model solves the Dirac-Fock equation for bound electrons,
assuming the atom is in a box with a radius dictated by the
plasma density. The electronic populations are treated statis-
tically with a Fermi-Dirac distribution. The relativistic fea-
ture is necessary because the atomic properties for heavy
ions and the internal conversion coefficients cannot be accu-
rately calculated in a classical model, because they strongly
depend on the wave function behavior inside the nucleus.

In this work, a more sophisticated atom model detailing
the individual configurations is usually not necessary. With
such models, the NEEC and IC transition rates would be
summed up over every configuration. However, as every
term involved in the transition rates calculations, except the
line shapeg, varies slowly with the binding energy of the
captured electron, it can be safely assumed that these terms
can be factorized out of the integral in Eq.(7) and replaced
by their value in the average atom model.

The line shape of the electronic transition needs a more
detailed treatment, especially when the resonant energyEr is
close to the limits of the integral(7). The huge number of
different configurations precludes any exact calculations and
so only a statistical approach can be used. This high number
of configurations implies closely spaced individual transi-
tions [21] with their own width leading to a strong overlap.
So, we will replace the summation over every single transi-
tion linewidth by a statistically broadened averaged transi-
tion approximated by a Gaussian distribution[22–26]. We
naturally assume that it lies between the continuum and the
average atom shell where the electron is captured. So we
express the line shapeg:

gsE − Erd =
1

Î2p«2
e−sE − Erd

2/2«2
, s9d

where« is the dispersion of the electronic transition energy
of the real configuration around the average atom value[24],
issued from the classical theory of fluctuations[27].

No explicit Doppler effect is taken into account. However,
in the plasma, the electrons move much faster than the ions.
Therefore, for a given ion in the laboratory frame, the free
electron distribution function is nearly constant inside the
energy interval of width« aroundEr.

The final NEEC rate is expressed as

le
NEEC=

2p

q
nsErdzkc fwbuHuciwrlz2s2Jf + 1dfFDsErd

3f1 − fFDsEbdg
1

2FerfS Er

«Î2
D − erfS Eb

«Î2
DG ,

s10d

where erf is the usual notation for the error function, defined
by

erfsxd =E
0

x

e2t2dt. s11d

The hypothesis on the line shape is only necessary when the
average atom binding energy is close to the nuclear transition
energy. In that case, some of the individual transitions may
not occur as they may have an energy larger than the nuclear
transition energy, and thus, according to Eq.(3), are prohib-
ited from NEEC interaction. When not in that situation, the
expression(10) reduces to

le
NEEC=

2p

q
nsErdzkcfwbuHuciwrlz2s2Jf + 1dfFDsErd

3f1 − fFDsEr − DEdg. s12d

This expression can also be directly derived from Eq.(7) if
the line shapeg is taken to be a Dirac distribution. This is
equivalent to considering that the average atom model fully
applies, and that the electronic transition occurs between a
free state and a fixed energy bound state.

B. Internal conversion rate

For an isolated neutral atom with a fully occupied atomic
shell, the internal conversion ratelIC can be written with the
Fermi golden rule[17]:

lIC =
2p

q
zkciwruHuc fwblz2rrsErd, s13d

whererrsErd is the final state density:

rrsErd = s2Ji + 1dnsErd. s14d

The matrix element in Eq.(13) is the conjugate of the matrix
element in Eq.(4).

In a plasma, the internal conversion rateld
IC must take

into account the probability of presence of the electron on
the converted atomic shell as well as the probability of find-
ing an empty site in the continuum. It then can be expressed
as

ld
IC =

2p

q
zkciwruHucfwblz2rrsErd

fsEbd
2Jb + 1

f1 − fFDsE + DEdg,

s15d

where fsEbd is the distribution function of the bound elec-
tron. It has been divided by 2Jb+1 to get the proportion of
present electrons on the shell. It contains the same lineshape
as expressed in Eq.(9). The IC plasma rate is then obtained
by integrating over the energy of the electronic bound state.
The final nuclear decay rate becomes
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ld
IC =

2p

q
nsErdzkciwruHuc fwblz2s2Ji + 1dfFDsEbd

3f1 − fFDsErdg
1

2FerfS Er

«Î2
D − erfS Eb

«Î2
DG . s16d

C. Internal conversion coefficient evaluation

The neutral atom internal conversion rate is closely re-
lated to the internal conversion coefficient:

lIC =
a ln 2

TJf→Ji

g , s17d

whereTJf→Ji

g is the radiative lifetime of the transition. The
nuclear decay rate may then be expressed with the internal
conversion coefficient as a function of the thermodynamic
conditions in the plasma:

ld
IC =

asTedln 2

TJf→Ji

g fFDsEbdf1 − fFDsErdg
1

2FerfS Er

«Î2
D

− erfS Eb

«Î2
DG , s18d

where Te is the electronic temperature of the plasma. The
nuclear excitation rate is

le
NEEC=

2Jf + 1

2Ji + 1

asTed ln 2

TJf→Ji

g fFDsErdf1 − fFDsEbdg
1

2FerfS Er

«Î2
D

− erfS Eb

«Î2
DG . s19d

The ratio of the NEEC excitation rate to the internal conver-
sion decay rate is in accordance with the principle of detailed
balance as expressed in Eq.(2):

le
NEEC

ld
IC =

2Jf + 1

2Ji + 1
e−DE/kBT. s20d

The internal conversion coefficient calculations have been
carried out with a model taking into account the finite
nuclear size, the electronic screening effects, and the dy-
namic effects of the interaction between the electron shells
and the nuclear charge. They are based upon the model ex-
posed by Pauli[18,28,29] and use a purposely modified ver-
sion of theCATAR code[30], which uses external wave func-
tions extracted from the average atom model, as described
above.

D. Photon excitation and decay process

Another important nuclear excitation process is through
the absorption of photons. The corresponding decay pro-
cesses are spontaneous and induced emission. This last pro-
cess becomes predominant when the photon temperature be-
comes higher than the nuclear energy transition. These
radiative transition rates are calculated with a photon popu-
lation at the thermodynamic equilibrium, that is, a blackbody

population. Therefore, they only depend on the temperature,
not the density.

For a nuclear transition of energyDE between a lower
nuclear statei and a higher nuclear statef, the excitation rate
is given by

le
g =

2Jf + 1

2Ji + 1

ln 2

TJf→Ji

g

1

eDE/kBT − 1
, s21d

and the total(spontaneous and induced) decay rate is

ld
g =

ln 2

TJf→Ji

g

eDE/kBT

eDE/kBT − 1
. s22d

These photon excitation and decay rates follow the principle
of detailed balance.

II. Results

A. Transition rates

The model exposed in Sec. I may be used to evaluate the
transition rates in a plasma for any nuclear transition whose
lifetime is known. As a first case, we will consider the exci-
tation of the first excited level in molybdenum-93 built on
the isomeric level. It lies at 4.8 keV above the isomeric level,
which itself lies 2424.89 keV above the ground level(a sim-
plified level scheme is shown below on Fig. 1). It can be
excited via anE2 transition. Under laboratory conditions, it
mainly decays through IC on theL andM atomic shells.

Figure 2 shows the internal conversion coefficient of this
transition as a function of temperature at several densities for
the E2 transition built on the isomeric level. The IC coeffi-

FIG. 1. Simplified level scheme of molybdenum-93.

FIG. 2. Internal conversion coefficient for the 4.8 keVE2 tran-
sition in molybdenum-93.
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cient calculations under laboratory conditions have been per-
formed with the built-in potential provided with theCATAR

code[30]. At low temperature, the IC coefficient is constant
and close to its laboratory value evaluated at 4.363105. The
slight difference comes from the different models of poten-
tial adopted under laboratory conditions and in the plasma at
a temperature where the average atom model is not a perfect
description.

When temperature increases, the atom is progressively
ionized, and the remaining bound electrons are less screened
from the nucleus Coulombian potential. The atomic shells
are more tightly bound and the overlap between the atomic
wave function and the nuclear wave function is stronger,
resulting in an IC coefficient increase. Some abrupt drops
occur when the binding energy of an atomic shell increases
above the nuclear transition energy, thus prohibiting the in-
ternal conversion. In molybdenum-93, the atomic shellsL1,
L2, andL3 follow this behavior at temperatures ranging be-
tween 0.7 keV and 1.7 keV.

When density increases, the volume available for the free
electrons between the atoms decreases. So the ionization of
the atom becomes more difficult as temperature increases.
Thus, the decrease of the screening effects and the increase
of the binding energy occur at higher temperatures and so do
the abrupt drops of the IC coefficient.

The nuclear decay rate for theE2 transition above the
isomeric level of molybdenum-93 is shown in Fig. 3. The
decay rates feature the sum of the IC decay rate and the
photon spontaneous and induced emissions. For every den-
sity, the decay rate is constant at low temperatures at ap-
proximately the laboratory value, and then decreases when
the atom is progressively ionized. At higher temperatures,
the photon-induced emission becomes the major process, as
internal conversion is impeded by the lack of bound elec-
trons, and the transition rate begins to increase.

Between 1 and 10 keV, theL atomic shells ionization
occurs and strongly varies with density, as a denser plasma
requires a higher temperature for the same ionization frac-
tion. Therefore, at a given temperature, the IC decay rate
increases with density. If the IC coefficient was small in front
of 1, this effect would be negligible.

The nuclear excitation rate for this transition is shown in
Fig. 4. The excitation rates feature the sum of the NEEC
excitation rate and photon absorption. The excitation rate is

small for low temperatures when the NEEC is inhibited by
the fully occupied atomic shells and the low number of free
electrons. It increases when the temperature rises up to a
maximum after which the kinetic energy of most of the free
electrons becomes too high for NEEC. This maximum exci-
tation rate follow the increase of the free electron density.

Thereafter, the only remaining excitation process is pho-
ton absorption, which increases with temperature. No sharp
drop occurs where the IC coefficient vanishes on some
shells. The statistical broadening of the transition lies around
200 eV and so the IC rate smoothly disappears.

The theory developed by Doolen[4,5] is similar in prin-
ciple to ours. However, it did not include a statistical ap-
proach for the atomic transition treatment, relying only on
the average atom model. In the case of uranium-237, Fig. 5
shows the excitation rate in both our model and Doolen’s and
Fig. 6 the decay rate of the same transition. In both figures,
the good general agreement between both models is quite
obvious, although some of the discrepancies might be attrib-
uted to the statistical treatment of the vanishing internal con-
version on theM atomic shells.

B. Enhanced nuclear decay of isomers

The next results have all been processed for a generic
density of 1 g/cm3. For each considered transition, the real
nuclear matrix element has been used whenever available. In

FIG. 3. Nuclear decay rate by internal conversion and by photon
emission for the 4.8 keVE2 transition in molybdenum-93.

FIG. 4. Nuclear excitation rate by NEEC and photon absorption
for the 4.8 keVE2 transition in molybdenum-93.

FIG. 5. Nuclear excitation rate by NEEC and photon absorption
for the 11.39 keVM1+E2 transition of uranium-237.
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the few cases when it is not, the Weisskopf estimate has been
used instead.

Various nuclei possess a nuclear level scheme allowing an
isomeric state to decay by an indirect channel. A frequent
case occurs when the order of two levels in the same band is
reversed. The band built on the ground level 5/2+ of
molybdenum-93 is one such example whose level scheme
was shown above in Fig. 1. The 17/2+ and 21/2+ levels are
inverted, making the 21/2+ an isomer with a 6.95 h lifetime.

In a plasma, indirect decay of the isomer may take place
through the 17/2+ level lying only 4.8 keV above the iso-
meric level. If the plasma temperature is high enough, this
process may be more efficient than the natural decay of the
isomer.

Figure 7 shows in solid line the isomer decay rate via the
E4 transition, in a short dashed line the excitation of the
intermediate level and in a long dashed line the decay of the
intermediate level. The isomer direct decay rate always lies
between 10−5 and 10−4 s−1, corresponding to a lifetime of a
few hours. The excitation rate of the intermediate level is
totally negligible at very low temperatures, but rises very
quickly and becomes higher than the isomer direct decay rate
around 0.2 keV. From now on, the threshold temperature of
an isomeric level is defined by the lowest temperature for
which the indirect decay rate equals the direct decay rate. It

is lower by a factor of around 20 than the transition energy to
the intermediate level. At higher temperatures, it maintains
itself between 105 and 107 higher than the isomer decay rate.
As the decay of this intermediate level is always higher than
108 s−1, the limiting factor for indirect decay is the excitation
of the intermediate level from the isomeric level. So the net
decay rate of the isomer has been raised by a factor of 105 to
107.

The threshold temperature lies in a region where the main
atomic shells contributing to IC and NEEC are still fully
populated. Therefore, the transition rates are nearly indepen-
dent on the plasma density, and so is the threshold tempera-
ture. The transition energy is usually about one decade
higher (as Table I below will show). If the threshold energy
lies in a region where the atomic shells begin to be ionized,
it could depend on the plasma density. However, the transi-
tion would then lie in a region where IC is forbidden because
the nuclear transition energy is greater than the binding en-
ergy of even the most tightly bound atomic shell. Then, the
transition rates only feature the photon transition rate which
is independent on the density. Therefore, in most cases, the
threshold temperature does not depend on density.

Another example of enhanced nuclear decay is
technetium-96. The isomer level is a 4+ lying 34.28 keV
above a 7+ ground level to which it decays via aM3 transi-

FIG. 7. Natural and indirect transition rates for the 21/2+ level
in molybdenum-93.

FIG. 6. Nuclear decay rate by internal conversion and photon
emission for the 11.39 keVM1+E2 transition of uranium-237.

TABLE I. Isomer indirect decay.

Nucleus Em skeVd T1/2 Ts skeVd DE skeVd DE/Ts

Transitions

m→g m→e e→g

44Sc 270.95 58.61 h 3.45 78.9 22.9 E4 E2 E2
45Ti 36.74 3.0µs 0.70 3.0 4.3 E2 M1+E2 M1+E2

52Mn 377.749 21.1 min 11.29 353.9 31.3 E4 E2 E2
93Mo 2424.89 6.85 h 0.22 4.8 21.8 E4 E2 E2
96Tc 34.28 51.5 min 0.38 11.1 29.2 M3 M1 E2

0.78 14.9 19.1 E2 M1
99Tc 142.6833 6.01 h 1.68 38.4 22.8 E3,M4 M2 M1+E2
202Pb 2169.84 3.53 h 1.55 38.6 24.9 E4,E5 E2 E2
204Pb 2185.79 67.2 min 3.67 78.5 21.4 E5 E2 E3

242Am 48.60 141 y 0.65 4.1 6.3 E4 E2 E2
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tion in 51 min. Indirect decay is possible via two different
intermediate levels, 5+ and 6+, as shown in Fig. 8.

Figure 9 shows the indirect decay via the 5+ level and Fig.
10 via the 6+ level. For the 6+ case, the general behavior is
the same as for molybdenum-93. The threshold temperature
is once again around 20 times lower than the excitation en-
ergy of the intermediate level. At higher temperatures, the
indirect decay rate reaches nearly 109 times the direct decay
rate of the isomer.

The indirect decay via the 5+ level is a little bit different.
The threshold temperature is around 30 times lower than the
intermediate level excitation energy. Above a temperature of
2 keV, the decay rate of the intermediate level becomes
lower than the excitation rate to this level, and thus limits to
an already respectable 109 the decay rate enhancement.
However, this transition rate configuration allows populating
the intermediate level at a faster rate than its decay rate.
Therefore, it may be possible to realize a temporary popula-
tion inversion between the ground level and the intermediate
level.

The indirect nuclear level decay effect is present on many
isomeric states as shown in Table I. In this table,Ts is the
threshold temperature above which indirect decay to the
ground levelg is faster than natural decay, andDE is the
nuclear transition energy between the intermediate level de-
notede and the isomeric levelm.

We can define a decay enhancement factor as the ratio
between the indirect and the direct decay rate of the isomeric
level. The indirect decay rate is the lower between the exci-
tation rate of the intermediate level and the decay rate of this

intermediate level to the ground state. However, for every
case in Table I except for96Tc via the 5+ intermediate level,
the excitation rate to the intermediate level is the significant
rate.

The decay enhancement factors are shown on Figs. 11 and
12 and as a function of temperature for several nuclei. For
every nucleus, it increases up to an asymptotic maximum.
Before the asymptotic value, in most of the cases, the in-
crease is monotonic, but some nuclei show a structure due to
the vanishing of IC on some shells at high temperature. In
any case, the asymptotic value is reached at a temperature
high enough for NEEC and IC to become negligible in front
of the photon transition processes. The decay enhancement
factor is then directly correlated to the ratio of the nuclear
matrix element of the direct and the indirect transition.

Figure 13 shows the asymptotic enhancement factor as a
function of the ratio between the intermediate level excita-
tion energy and the threshold temperature. Only two of the
evaluated nuclei have a low ratio. For americium-242, the
transition to the intermediate level involves a change in the
quantum numberK, which greatly hampers the excitation.
For titanium-45, the natural decay transition is hardly more
difficult than the indirect decay one. That also explains a low
asymptotic enhancement factor. Every other nucleus has a
transition energy to threshold temperature ratio around 20 or
higher. For these nuclei, there is a wide variety of asymptotic
enhancement factors related to each individual nuclear prop-
erty of the nuclear transitions. These can get as high as 1013

FIG. 10. Indirect decay of the 4+ level in technetium-96 via the
6+ level.

FIG. 8. Low levels of technetium-96.

FIG. 9. Indirect decay of the 4+ level in technetium-96 via the
5+ level. FIG. 11. Decay enhancement factor.
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and are never lower than 106. The indirect nuclear decay of
an isomeric level can be very efficient.

This paper is an application of the ideas of Olariu[31–33]
in a context where it had not been considered previously: a
hot plasma where the excitation is ruled by thermal free elec-
trons and LTE atomic levels. The indirect isomer decay pro-
cess in the plasma is identical in its principle to the two-step
g-ray transition from isomeric states described by Olariu,
where the indirect decay is induced by an intense photon flux
at the appropriate energy. The isomer levels for which this
photon induced decay is the most efficient correspond to the
plasma cases where the transition energy to threshold tem-
perature ratio and asymptotic enhancement factor are the
highest. This result is easily explained by considering that
the Planckian photon population in the plasma plays the
same role as the incident photon flux.

III. CONCLUSION

In this work, we exposed a model of evaluation of NEEC
and IC transition rates in a plasma. It is based on the Fermi
golden rule and an atom description by the relativistic aver-
age atom model. This model is in a good agreement with the

model proposed by Doolen[4,5]. A new detailed description
of the electronic transition has been introduced with transi-
tion widths issued from a statistical broadening of a single
transition equivalent to the numerous individual transitions.

This last feature is the main improvement over the model
developed by Doolen[4,5]. It becomes needed whenever the
binding energy of the atomic levels onto which the electrons
are captured is close to the nuclear excitation energy. Even
though NEEC is a resonant process, the average atom model
provides a correct description of the atomic level properties.
A more detailed description of every possible configuration
would involve a summation of excitation rate terms with a
slightly different free electron population and energy(within
the statistical broadening boundaries). Averaging all those
terms to the average atom model value is not too stringent an
approximation provided that only the proportion of free elec-
trons whose kinetic energy is less than the atomic level bind-
ing energy is taken into account.

However, experimental evidence of the microscopic
NEEC phenomenon is still to be observed. An experiment
[34] has been scheduled on the GANIL facility and is in-
tended to observe for the first time a NEEC process on a
fully stripped ion57Fe. Other experiments in a plasma envi-
ronment are also being planned but still have not been final-
ized.

When a nucleus in an isomeric state is placed within a hot
plasma, its decay lifetime may be greatly reduced if there
exists a nuclear level a little higher than the isomer that can
be reached by a favorable transition. This indirect process
can be faster by several orders of magnitude for temperatures
that may be one decade lower than the excitation energy.
This can open a large field of experiments where the excita-
tion of nuclear transitions becomes possible for temperatures
much lower than the transition energy.

This study has been conducted from a theoretical point of
view. Experimental constraints, such as the admissible life-
time of the isomer, have not been dealt with in this work, and
would have to be taken into account for conceiving an ex-
perimental setup.

Theoretical work remains to be done, as two other elec-
tromagnetic nuclear excitation processes have not been con-
sidered. For the higher temperatures, when most of the elec-
trons are free, inelastic electron scattering may become a
dominant process. However, most of the threshold tempera-
tures found in this work are not high enough for this excita-
tion process to have a significant influence. A more complex
excitation process is NEET, with its corresponding decay
process BIC. It may play an important part in indirect decay
whenever the energy of the involved transitions approxi-
mately matches an atomic transition energy.

The nuclear indirect decay process may be a good tool for
investigating nuclear excitation in a plasma as it gives access
to higher transition energies than the temperature of the
plasma, as well as giving a relatively easy way to measure
the excitation rate with the remaining isomer population.

FIG. 12. Decay enhancement factor.

FIG. 13. Asymptotic enhancement factor.
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