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Utilizing the deuterium-tritium fusion resonance to diagnose thermal runaway in igniting plasmas
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For high-efficiency inertial confinement fusion implosions, it is predicted that a burning hot spot will suc-
cessfully encompass all surrounding fuel and then transition into a thermal runaway where the internal energy
increase from fusion occurs on a timescale faster than the expansion of the fuel is able to quench the fusion
chain reaction after ignition occurs. Observation of this dynamic phase transition would indicate distinct burn
properties and indicate an implosion’s robustness. A technique for diagnosing the presence of thermal runaway
from measurements of nuclear reaction history is presented. The technique is based on taking the logarithmic
derivative of the nuclear reaction history, called the o curve, and allowing a mathematical decoupling of the
mass, volume, and thermal reactivity in the fusion reaction rate equation. During thermal runaway, where
the thermal temperature dominates the burn dynamics, a maximum in the « curve is found where there is a
maximum in the first derivative of the thermal fusion reactivity, an effect to the deuterium-tritium (DT) fusion
cross-section resonance. This provides a distinct signature related to the fundamental nature of the DT fusion
nuclear resonance and signifies the transition into the fusion thermal instability. Impacts of charged particle
transport on the effect are also assessed and the analytical formulas are compared and found to be in agreement

with radiation hydrodynamic codes.

DOI: 10.1103/p189-ftjd

I. INTRODUCTION

Inertial confinement fusion (ICF) seeks to generate more
fusion energy from nuclear fusion reactions than the energy
required to heat and compress the fuel to fusion conditions.
The condition to generate more fusion energy from fusion
than the compression work typically requires an areal den-
sity greater than 0.4 g/cm” and temperatures greater than
4.5 keV [1-3]. This requires high implosion velocities, typi-
cally greater than 300 km/s [4]. The National Ignition Facility
(NIF) achieves these conditions by placing a fuel capsule in
the center of a cylindrical high-Z cavity (hohlraum), which
is illuminated by 1.8-2.2 MJ of UV light. The laser light is
converted to x rays by the hohlraum, which then ablate the
outer layer of the fuel capsule, causing the fuel to implode
[5-7].

The only design that has demonstrated success for high-
gain ICF implosions is the hot-spot ignition design, where
the fuel capsule consists of a low-density deuterium-tritium
(DT) vapor in the center, surrounded by high-density DT ice.
The ice is surrounded by a high-density carbon (HDC) ablator
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which generates the pressures to drive the implosion from the
x rays [8]. The ice acts as a pusher that implodes the fuel and
heats it to the necessary conditions to produce thermonuclear
fusion reactions, forming a “hot spot.”” Once this hot spot
ignites and generates more fusion energy than is coupled to
the fuel from the compressive work, the ignited hot spot then
drives a burn wave into the DT ice, increasing the fuel mass
participating in thermonuclear burn and therefore energy gain.
Since December 2022 NIF has successfully ignited multiple
experiments that produce more total fusion energy than the
driver laser coupled to the capsule [9-11].

Previous theoretical work and simulations have concluded
that the burn propagation is primarily driven by ablation of the
ice mass into the hot spot [12,13]. Before the hot spot ignites,
the mass ablation is primarily driven by electron thermal con-
duction from the hot spot into the ice [14—17]. Recent work
has shown that in the ignition regime the «-particle, x-ray,
and neutron flux driven into the ice by the burning hot spot
will significantly enhance the mass ablation into the hot spot,
driving the propagating ablative burn wave.

During the burn-propagation phase of the implosion the
rapid increase in mass will increase the reaction rate but tamp
the temperature growth rate of the hot spot due to the rapidly
increasing hot-spot energy from fusion distributing itself over
the hot-spot mass. Once the burn propagation is finished and
the hot spot has grown to contain all the ice mass, then the fuel
mass is fixed and the temperature of the hot spot will enter the
thermal runaway phase where the hot spot rapidly increases
in temperature, further increasing the fusion rate. The thermal

Published by the American Physical Society
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XRAGE Simulated Ignition Trajectories
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FIG. 1. XRAGE simulations showing a burning plasma (red), a
marginally igniting plasma (green), and a robustly ignited plasma
that initiates thermal runaway (blue). The colored dots denote the
compression-dominated regions, the dashed lines denote the mass
ablation phase of the implosion, and the solid line is the temperature-
dominated phase. The “x” indicates the nuclear bang time of the
implosion where the fusion yield rate, dY/dt, is at its maximum.

runaway phase is characterized by the growth in temperature
occurring on a timescale faster than the decompression of the
hot spot such that d7 /dpR — oo. This process then is only
stopped by the expansion or burnup of the fusion fuel, which
begins the decompression phase of the implosion.

Entering the thermal runaway phase is advantageous to the
ICF experiment as rapidly increasing temperature increases
the specific hot-spot energy ep; = Ej/my, where my is the
fuel mass and Ej; is the total hot-spot energy. This will in-
crease the robustness of the fusion burn to yield degradation
mechanisms such as mixing of cold high-Z reactants into the
hot spot. The rapid increase in temperature also means that
more expansion is required to quench the fusion burn and
therefore it will increase the burnup fraction.

Hydrodynamic simulations suggest that this transition into
thermal runaway will occur with NIF yields around 8 MJ,
slightly higher than the currently achieved 5.2 MJ [18,19].
Simulations have predicted that this transition is character-
ized by ignition occurring before peak compression, while
the capsule is still imploding and during nuclear bang time,
where the yield rate, dY/dt, is at its maximum, occurs at
peak compression rather than during the expansion of the fuel.
Figure 1 shows example ignition trajectories of nonigniting,
marginally igniting, and robustly igniting implosions where
the thermonuclear runaway is initiated [19].

Since fusion yield scales with both ion temperature and
fuel mass, an observed increase in the total yield or gain of
the target does not necessarily imply a thermal instability has
been created. Ion temperature measurements are likewise burn
averaged over both the temperature rise and the fast expan-
sion. Furthermore, due to the fast expansion rate of the fuel,
the fast flow speeds additionally broaden the neutron pulse
width, complicating ion temperature measurements from

neutron time-of-flight (nTOF) diagnostics [20-23]. Calcu-
lations of this effect have indicated that the measured ion
temperature from the spectral width differs significantly from
the true burn-averaged temperature [22,24]. Simulations pre-
dict that short burn widths (<50 ps) and high downscatter
ratio (>4%) are potentially indicative of thermal runaway;
however, the exact trend is dependent on the mode of yield
degradation such as the mechanisms of mixing, shell defects,
and preheat [19]. Currently, no time-resolved ion temperature
or areal density diagnostics exist to reproduce an experimental
curve such as the one in Fig. 1. Therefore, a dynamic signature
that can diagnose the seeding of thermal runaway is desirable
[25].

The transition from burn propagation to the initiation of
thermal runaway to heat the fuel is a rapid and dynamic
process and therefore requires a dynamic measurement to
accurately diagnose. This work investigates signatures unique
to thermal runaway that would be present in measurements of
the nuclear reaction history. Nuclear reaction history is a mea-
surement of the nuclear reaction rate as a function of time and
provides the nuclear bang-time and burn-width measurements
of the implosions of the NIF. It is the only diagnostic tech-
nique that can measure the dynamics of thermonuclear burn
[26-28]. The logarithmic derivative (« curve) of the reaction
history was found to have a unique signature that indicates
the presence of thermal runaway where the o curve spikes
and has a maximum at an ion temperature of approximately
14.4 keV for DT fusion. This is due to the resonance in the
DT cross section impacting the thermal reactivity (ov). The
impact of charged particle transport was found to lower this
temperature for low areal densities (see Appendix B) but is
within the uncertainty of the fits to the cross section at NIF
ignition-shot-relevant areal densities.

This condition provides a distinct signature of thermal run-
away in fusion plasmas, which enables the measurement of
the change from marginal to robust ignition in ICF implosions
to be measured. While the focus of this paper is on current
NIF-scale experiments, this condition will be common to all
platforms that seek to seed a thermal instability to generate
high gain from fusion self-heating, including direct-drive ex-
periments, pulsed-power-driven systems, and next-generation
ICF experiments.

II. MAXIMUM OF THE « CURVE IN THERMAL RUNAWAY

Derivation of ., in thermal runaway

The goal of thermonuclear fusion is to generate «-particle
self-heating of the fusion fuel, which will further drive more
fusion reactions. However, in ICF, the heat losses in the hot
spot must be overcome, such as radiation losses, thermal
conductivity energy losses, and expansion work on the pusher
done by the fuel. This leads to a power-balance equation
[12,17,29-31]:

dE
ﬁ=%+QPdv—CIy—61e+CIM~ (1)
Here % is the total power of the hot spot, g, is the a-

particle heating rate in the hot spot, gpgy is the gain or loss in
energy due to the compressive work done on the fuel, g, is the
radiation loss, g, is the thermal conductivity loss, and g, is the
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change in energy due to the enthalpy flux from the ablating
ice mass into the fuel, defined as gy = h‘fl—"f [12]. Neutron
heating in the hot spot is generally considered negligible;
however, recent work has demonstrated that it is important
for understanding the ablation rate of the ice into the hot spot
during the burn-propagation phase [12].

After ignition, if the g, term is much larger than the rest of
the gains or losses, the rest of the power-balance terms can be
ignored, which leads to the equation of thermal runaway,

dE T dy

e _ T g oY 2
dr go — myC dr fousd[ 2)

Here, Oy is the fusion energy released in the « particle, f,
is the fractional energy deposition of the « particle in the fuel,
my is the fusion fuel mass in the hot spot, and ¢, is the specific
heat capacity. In this thermal runaway regime, the burnup rate
is not yet high enough to decrease the reaction rate, and the
fusion heating outpaces the expansion. The thermal runaway
regime is stopped either by the burnup of the fuel or the
rapid expansion quenching the reaction rate and temperature,
invalidating Eq. (2).

The reaction rate % is the number of fusion reactions per
second within the volume of the fuel, given by as

dy
dt

Here, np and nt are the particle number densities of the
deuterium and tritium, respectively; V is the fuel volume; and
(ov(T)) is the thermal reactivity, which is a function of the
fuel temperature (7)) for a Maxwellian plasma [32,33]. g, isa
constant for the correction of the burn-volume-averaged yield
rate from an isobaric hot-spot profile [34]. Writing Eq. (3) in
terms of the total number density of the fuel leads to

dy 2

I =x(1 = x)gany{ov(T))V, “4)
where x is the fraction of deuterium in the total fuel mass [x =
np/ (np + nr)l.

In ICF, once the central hot spot ignites, the rapid ablation
of ice into the hot spot increases the fuel mass. This increase in
mass is independent of the compression of the hot spot by the
ice and will still occur even if the pusher is stagnant. There-
fore, Eq. (4) is modified to include the fuel mass term rather
than the density term; using p = my/V and ny = msN,/Apr
yields

= gonpnr{ov(T))V. €))

dy  x(1 = x)gaN2m(ov(T))
dr ALV

) (&)

where N, is Avogadro’s number and Apr is the average atomic
number of the deuterium and tritium atoms.

In ICF experiments, Cfl—f(t) is measured utilizing gas
Cherenkov detectors which measure the 16.7-MeV DT fusion
y ray from the D(T, y)’He reaction. In recent years, rapid
advances in Cherenkov detector technology, such as the ad-
dition of pulse dilation photomultiplier tubes, have enabled
temporal resolution measurements of less than 10 ps to be
taken on the NIF [35,36]. This resolution is fast enough to
capture the fast dynamics of the ignited plasma and enables
the logarithmic derivative of the reaction rate to be accurately
taken, which is the relative derivative of the reaction rate, or

“a curve” (a(t) = % In % ) which, for time-changing mass,
temperature, and volume, gives [37]
d(ov(T))
(ov(T)) dt

1dVv
- ——. 6
V dt ©

o 2 dms 1
« - myg dt

The advantage of Eq. (6) for analyzing measurements of
the reaction history is clear due to the relative derivatives of
the mass, volume, and reactivity terms being added rather than
multiplied and that the constants are eliminated in the reaction
rate equation. Therefore, if one of the terms dominates the
reaction rate, the others can be ignored.

The relationship between the fusion yield rate in Eq. (5)
and the internal energy in Eq. (2) leads to a nonlinear function
and a rapid growth rate in temperature as the fusion thermal
reactivity is a function of temperature. Often simple analytical
assumptions are made such as (ov) ~ aT?, which for b =
1 would lead to a first-order nonlinear differential equation
when substituted into Egs. (5) and (2), which leads to an
exponential increase in the temperature. For the temperature
regime of igniting plasmas (8-25 keV), b =2 is typically
used [3,14,38,39] and an asymptotically increasing solution
is found. These simplified relations, while too simple to fully
describe the dynamic processes in thermonuclear burning
plasmas, demonstrate the speed at which thermal runaway
increases the hot-spot internal energy.

In a plasma that achieves thermal runaway, these simple
relations demonstrate that the energy losses such as from ex-
pansion or mixing during the burn must decrease the internal
energy at a faster-than-exponential rate to quench the fusion
burn and prevent temperature growth, making the burn more
robust to typical energy degradation mechanisms. Thus, it is
a reasonable approximation that, in the early phase of thermal
runaway, after the burn-propagation phase of the implosion
is finished, the mass and volume terms in Eq. (6) can be
dropped as the increase in temperature is faster than the initial
hydrodynamic expansion of the fuel. After applying the chain
rule to separate the reactivity’s dependence on temperature
and time, the following equation is found:

1 diou(T)) 1

O~ Ty @

d{ov(T)) dT
(cu(T)) dT dt’

(7

Substituting Eq. (2) into Eq. (7), assuming f,, = 1, then yields
1 d{ov(T)) x(1 — x)QusgamsN2{ov(T))

a(t) ~ 5 .
(ouv(T))y dT Apre,V
®)
Canceling the like terms then produces
d{ov(T)) x(1 — x)Qrus&amsN?
() ~ (ov(T)) x(1 — X)Onisgatmy a ©)

dT ALe,V

which is the equation for the temporal evolution in « as a
function of time. By taking the derivative of «(t), the max-
imum of «(¢) is found to occur when the second derivative
of the thermal reactivity equals zero. This is demonstrated in
Eq. (10):

d*(ov(T)) dT x(1 — x)Qpusgam N>

.
W= 4 A2 eV

(10)
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Bosch-Hale DT Reactivity Vs Temperature
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FIG. 2. The Bosch-Hale reactivity fit [40] (dashed red curve) and
its first derivative. The dashed black line indicates the location of the
maximum of the first derivative.

Therefore, if thermal runaway is achieved, «(#) = 0 when
% = 0 or the first derivative of the reactivity %
hits its maximum. This condition is set by the shape of the fu-
sion cross section and will occur at different temperatures for
different fusion reactions. This demonstrates that in thermal
runaway the o curve will reach its maximum, oy, due to the
first derivative of the thermal reactivity.

To investigate where this occurs for DT fusion, the thermal
reactivity and its derivatives are plotted in Fig. 2 using the
reactivity fit from Bosch and Hale [40], which is considered
the most commonly used fit to the DT thermal reactivity.
The condition for o, 1S met at a temperature of 14.4 keV
4 10% based on the uncertainty reported in the correlation
and the DT cross-section experimental data. Table I shows the
condition for other ICF fuels of interest. Since the resonance
in the fusion cross section is occurring at much higher ener-
gies than the DT reaction, these reactions have much higher
temperatures for the occurrence of op,. Since DT is the
most applicable fuel for ICF, the rest of the paper will focus
specifically on utilizing the DT reaction.

Table I implies that for a DT fusion system where the ignit-
ing plasma is able to achieve thermal runaway the temperature
at 14.4 keV will cause a fiducial signal in the reaction history
where the o curve reaches its maximum and will be a distinct
signature of thermal runaway. With the temperature and the
energy per fusion reaction known, an equation for the value of

TABLEI. Temperature at which the first derivative of the thermal
reactivity is at its maxima, from Ref. [40].

Reaction Temperature at oy, (keV) Uncertainty of fit, +
D(T,n)*He 14.4 1%
DD,p)T 52.5 1%
D(*He,p)*He 58.8 5%
D(D, n)*He 58.3 1%

omax can be found as

d(av(Ta,mx)> x(1 - x)qusgapNaz
dT Al ey

Qmax = ’ (1 1)
which demonstrates that the temperature at which the value
of ormax occurs is at T, (14.4 keV for DT fusion), but the
magnitude of the value of o, is a function of the density
of the fuel. Typically, the uncertainty in the DT reactivity is
reported as <10% based on the cross-section measurements
[41-43], so this value is known within 1.4 keV.

While this derivation is straightforward, multiple effects
can impact the conditions set in Egs. (10) and (11). For exam-
ple, the correlation given by Bosch and Hale has been used,
but other correlations that fit the R-matrix data for DT fusion
exist and have historically been used [44]. Furthermore, it has
been assumed that the total energy produced by the fusion
reaction is constant. For low-areal-density systems, charged
particle transport introduces a dependence on the fraction of
the a-particle energy deposited into the fuel mass on both
temperature and areal density. The impacts of these effects
are explored in Appendixes A and B and yield the equation

d{ov(To,)) x(1 = )0 fugaoN;
Omax = 2} s (12)
dT AfGrCy
where Q, is the «o-particle energy released in a DT fusion
reaction and f, is the fractional value of the o-particle energy
deposited in the fuel and is given by

Jo =0.21171n (pR x 1000) — 0.6608 (13)

from a simplified charged particle
(Appendix B).

transport model

III. COMPARISON WITH SIMULATION

The analytical formula derived in subsection of Sec. II
shows that the timing of a,,x Will occur during runaway at
14.4 keV. Appendix B shows that charged particle transport
itself does not impact the occurrence of the phenomenon but
rather modifies the magnitude of o, and reduces the temper-
ature of its occurrence.

ICF implosions, however, are not static and the dynamics
of the implosion phase, which seed the hot-spot ignition and
burn propagation, and the expansion phase, where rapid in-
crease in pressure causes the fuel to expand and decrease in
density, require radiation hydrodynamics codes to properly
model. Comparison with these codes is critical for under-
standing whether the phenomenon of o, will occur in a real
ICF implosion.

To model the ICF implosion, the Eulerian radiation hydro-
dynamics code XRAGE [45—-47] was used to simulate the NIF
Hybrid-E designs which can experimentally achieve ignition.
The implosion was driven by a frequency-dependent source
(FDS) generated from integrated (capsule and hohlraum)
simulations using the HYDRA [48] code. Simulations of the
Hybrid-E [49] igniting design were run including a one-
dimensional (1D) clean implosion, and then with varying
degrees of fusion yield by adding preheat into the ice layer
[19,50]. Figure 3 shows example results of the 1D preheat
simulations and their respective yields to show the differ-
ences in the reaction history and its & curve for a nonigniting
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XRAGE Simulated Reaction History and a Curves
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FIG. 3. The XRAGE-simulated reaction history for (a) three se-
lected yield regimes and (b) their respective o curves, corresponding
to Fig. 1. The dotted lines denote the compression- and expansion-
dominated regions, dashed lines represent the propagating burn
phase from mass ablation, and the solid lines represent the region
where the temperature changes faster than the areal density in Fig. 1.

plasma, a marginally igniting plasma, and a robustly igniting
implosion performance close to the 1D clean yield.

The results in Fig. 4 demonstrate that the robustly igniting
implosions (blue and orange curves) generate a strong spike
due to the rapid mass increase during the burn-propagation
phase as well as a temperature increase, followed by the

XRAGE Simulated a vs lon Temperature
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FIG. 4. Simulated o curve as a function of ion temperature. The
dashed vs solid regions of the curves indicate the region of propagat-
ing burn and thermal runaway, respectively. The shaded red region
is the predicted point of o, from theory within the cross-section
data. The shaded grey region is the expected region associated with
the inherent experimental cross-section uncertainty and accounting
for charged particle transport.

rapid increase in temperature. This rapid temperature increase
occurs after the occurrence of o,x and, once the hot-spot
temperature reaches the predicted temperature region (shaded
grey and red regions), the o curve begins to decrease in
magnitude with increasing temperature. In comparison, the
marginally igniting implosion, which does not enter the ther-
mal runaway regime (green curve), rolls over and o, is not
in the predicted region of the thermal runaway condition. This
is due to the rapid expansion of the fuel, which stops the
hot spot from entering the thermal runaway regime. These
examples are from a limited subset of a larger simulation
dataset.

This decreasing magnitude of the o curve with respect
to temperature in Fig. 4 is easily explained by Eq. (10) and
Fig. 2. While Eq. (10) shows that the time derivative of «
will increase with the time derivative of temperature, Fig. 2
shows that the first derivative of the thermal reactivity is
decreasing in magnitude after 14.4 keV and therefore the
second derivative of the reactivity with respect to temperature
will be negative. Applying this to Eq. (10) then demonstrates
that the time derivative of o will be negative with increasing
temperature.

In order to test the sensitivity of the occurrence of oy« to
the burn degradation mechanism, 200 XRAGE simulations with
varying degradation mechanisms in one and two dimensions
were run and their values of oyax vs yield and temperature
were tallied and followed the simulation methodologies in
Ref. [19]. These simulations included the 1D degradation
mechanisms of preheat, premix, and a dynamic mix model,
as well as two-dimensional (2D) degradations such as ablator
defects and drive asymmetry. The impact of changing the
tungsten dopant in the HDC layer was also assessed; it can
either enhance or degrade the yield, depending on the amount
of tungsten added to the HDC shell. The simulation yields
were normalized to the nominal 1D Hybrid-E point design
with a yield of about 20 MJ. These simulations are plotted
in Fig. 5 to show that with increasing yield the temperature
at amax approaches 14.4 keV and enters the range predicted
by experimental uncertainties in the cross-section data and
corrections for charged particle transport. Figure 5(b) also
shows that magnitude of o« increases as the yield increases.

The temperatures at the occurrence of o« were plotted
against the normalized yield over the 1D clean yield to look
for the trend in the ion temperature at the occurrence of o¢p,x
vs the performance of the implosion. The results are shown
in Fig. 5(a), which demonstrates that the ion temperature at
the occurrence of oy« approaches the 14.4-keV value asymp-
totically and for the robustly burning implosions which seed
a thermal runaway. The value is within the anticipated region
of the occurrence of the temperature at o, for the charged
particle transport model obtained from the simple numerical
correlation in Fig. 8. The average value for the simulation
study was found to be 12.5 keV =+ 10% for the robustly ignit-
ing implosions; 88% of the implosions in the thermal runaway
regime were within the presented temperature regime for the
correlation of charged particle transport and the DT cross-
section uncertainty (grey shaded region). The general trend
agrees with the results that isolate charged particle transport
in Appendix B.
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lon Temperature at a,,,x vs Capsule Performance
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FIG. 5. (a) The XRAGE-predicted ion temperature at o, as a
function of the fraction yield over the 1D clean implosion and (b)
the XRAGE-predicted magnitude of o,y at the plotted temperatures.
The dashed red line shows the approximate region where thermal
runaway begins to occur. The grey region is the temperature expected
from a 10% uncertainty due to charged particle transport and the DT
cross-section uncertainties.

Figure 5(b) shows the general trend of the magnitude
of amax as a function of the temperature at the occurrence
of amax. The dashed red line in Fig. 5(b) corresponds with
the dashed line in Fig. 5(a), where the transition into the
thermal runaway occurs, which corresponds with a value of
omax = 70. Analysis of these data shows that 98% of the
implosions within the thermal runaway regime predicted by
the simulations have a value of am, > 70 ns~! and 100%
have a value of &y, > 60 ns~!. While the simulations are in
general agreement with the trend predicted by theory that the
o curve will decrease in magnitude after the temperature of
14.4 keV is reached, the simulations also predict that the value
of amax > 60 and the o curve decreasing in magnitude on
the rising edge of the reaction history during the deceleration

phase of the implosion is indicative of the thermal runaway
regime.

IV. DISCUSSION

The occurrence of a maximum in the o curve in an ignited
plasma that has seeded a thermal instability demonstrates a
unique feature that can be measured when the plasma transi-
tions to the thermal runaway regime. This is due to the change
in concavity of the DT fusion thermal reactivity due to the
DT fusion resonance-enhanced DT cross section. This can
be readily measured with currently available reaction history
diagnostics on the NIF, the only facility in the world where
igniting plasmas have been produced in a laboratory setting.
The database of NIF reaction history is currently being ana-
lyzed to investigate if thermal runaway has been measured.
The simulation work presented here, however, implies that
the NIF implosions are close to where simulations predict this
effect (at yields above 8§ MJ).

The occurrence of this phenomenon in fusion systems
undergoing thermal runaway is supported by theoretical cal-
culations (Sec. II), as well as full 1D and 2D radiation
hydrodynamics simulations that capture the full multiphysics
processes that occur in an ICF implosion (Sec. III). The occur-
rence of oy at a single temperature also provides a fiducial
temperature that can be used as a boundary condition to solve
Eq. (3) for the time-resolved ion temperature. This would
enable true spatially averaged, time-resolved ion temperature
to be measured in an ICF implosion for robustly igniting
implosions. For the range of yields anticipated on the NIF
(2-20 MJ), the current diagnostics have been found to meet
the temporal resolution requirements of less than 10 ps [51].
However, in the thermal runaway regime, in order to see the
rise of the o curve up to amax during the burn propagation, a
higher dynamic range detector will be needed [52].

While the focus of the paper has been on DT fusion reac-
tions in an ICF experiment, theoretically, there is no reason
why this effect should not occur in other fusion schemes such
as magneto-inertial fusion (MIF) or any other system that
exhibits thermal runaway. This measurement will enable the
transition from a marginally igniting implosion, where the
thermal instability is tamped by the rapid expansion, to a ro-
bustly igniting implosion in ICF, where the thermal instability
increases faster than the rapid expansion rate to be measured.

The occurrence of amax On the rising edge of the reaction
history was found to be due to the DT fusion cross-section
resonance changing the shape of the thermal reactivity at 14.4
keV during thermal runaway. This impacts the shape of the
o curve, causing the “spike” shown in Fig. 3(b) where the
rising edge of « increases with temperature and then falls
with increasing temperature. The decreasing magnitude of the
o curve while the reaction rate is increasing demonstrates that
the reaction history curve will be concave down but increasing
in magnitude on the rising edge after the 14.4-keV point
and the burn width will get smaller. This shows there is an
effect that decreases the burn width outside of the increas-
ingly rapid expansion in the ignition regime and explains the
change in the scaling of burn width with the transition to the
robust ignition regime given in Ref. [19]. This spike might
be challenging to measure due to the limited dynamic range
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of reaction history diagnostics currently available on the NIF.
The results from the simulations in Fig. 5(b) demonstrated
that the magnitude of ayax trends with yield in the thermal
runaway regime, which corresponds to a value of opax >
60 ns~!. This leads to the diagnostic criterion for thermal
runaway that the magnitude of « is decreasing on the rising
edge of the reaction history measurement and the measured
magnitude is « > 60 ns~!, which will imply that the spike
occurred even if it is not directly measured. Such a criterion
will be used to assess the presence of thermal runaway in
upcoming high-yield fusion experiments.

V. CONCLUSIONS

This work demonstrated that to the resonance of the DT
fusion cross section, when thermal runaway is seeded in an
ICF plasma, there will be a maximum in the logarithmic
derivative of the nuclear reaction rate (the “a curve”) with
a magnitude greater than 70 ns~! at a temperature of 14.4
keV. This was supported by derivation in analytical theory,
simple numerical models of a static hot spot, and radiation
hydrodynamic simulations. This effect was found to occur
at a temperature between 11.6 and 15.6 keV depending on
the choice of thermal reactivity function in the literature.
For the most commonly used reactivity, it is calculated to
occur at 14.4 keV. Numerical models were used to isolate
the effect of charged -particle transport and it was found for
ignitionrelevant areal densities (oR > 400 mg/cm?) that the
impact was less than 12%. Furthermore, the magnitude of
Omax 18 also diagnostically relevant, with a decreasing value of
o on the rising edge of the burn history with a magnitude of
max > 70 ns~1, which was found to be indicative of thermal
runaway. The occurrence of this phenomenon shows that there
is a measurable fiducial value in igniting plasmas that can be
used to indicate the presence of thermal runaway. This metric
is unique in that it measures a specific point in time rather
than an average value, and will be used to assess the presence
of thermal runaway in ignited plasmas for future, higher-yield
implosions.
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FIG. 6. The Bosch-Hale (solid blue curve), Hively (dashed
orange curve), and Caughlan-Fowler (dash-dotted green curve) re-
activity correlations.

hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

APPENDIX A: IMPACT OF REACTIVITY FUNCTION

Thus far the condition for «n, has utilized the cross-
section data from Ref. [40]. While a maximum and minimum
for the first derivative are implied by the shape of the reso-
nance of the DT cross section [53], there are other functions
used in the literature for the thermal reactivity. The main
functions fit to the reactivity, presented by Hively [54] and
Coughlan and Fowler [44], all fit R-matrix calculations uti-
lizing the DT cross-section measurements. These functions,
along with the Bosch-Hale thermal reactivity, are plotted in
Fig. 6.

These curves where then differentiated and the maxima of
the first derivative of the DT reactivity are given in Table II.
The errors of the location of the DT are also shown in the table
and use the errors of the fit to the R-Matrix data presented in
the respective papers. The average of all three temperatures
was found to be 13.88 KeV with an uncertainty of approxi-
mately 16% or 2.2 KeV.

These data imply that the occurrence of this effect is
not due to the choice in correlation; however, there is some
discrepancy in the fits as to at what temperature this effect
occurs, especially with the fit given by Coughlan and Fowler.

TABLE II. Temperatures for o,,x for each of the DT reactivity
correlations.

Correlation Temperature at o, (keV)  Uncertainty (+%)
Bosch-Hale 14.42 1%

Hively 15.64 1%
Coughlan-Fowler 11.57 5%
Average value 13.88 15.6%
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FIG. 7. The baseline solution without charged particle transport
(CPT) (solid blue curve), with MD CPT (dashed orange curve), and
with BPS CPT (dash-dotted green curve), showing the occurrence of
max On a chosen CPT model.

Understanding at what temperature the inflection point occurs
more accurately will require more experimental data to bet-
ter constrain fits to the DT reactivity in this region. Inertial
confinement fusion implosions, and their ability to create a
thermal plasma, could be leveraged for such a study to be
done.

APPENDIX B: IMPACT OF CHARGED
PARTICLE TRANSPORT

The total fusion energy deposited in the fuel, Oy, Will be
modified by some fraction of the total energy if the spatial
scale is small enough and the density is low enough for both
the neutron and «-particle energy for DT fusion [55], and will
be of the form

QDT = faQa + ann,

where f, is the fraction of the « particle, Q, is the a-particle
energy (3.5 MeV), f, is the fraction of the neutron energy
deposited in the fuel, and Q,, is the neutron energy from DT
fusion (14.1 MeV). At the low areal densities currently acces-
sible in laboratories, neutron transport is considered negligible
in ICF and is typically ignored.

The a-particle stopping power in hot, dense plasmas is
difficult to calculate and typically requires numerical simu-
lations. For this work, to estimate the value of f, the work
from Zylstra and Hurricane [56] was used. A simple numer-
ical code using a first-order Euler method which solves the
analytical form of the runaway burn equations for a static
hot spot is given in subsection of Sec. II with time steps
of 1 fs. Figure 7 shows the o curve as a function of time
with and without charged particle transport, utilizing a Brown-
Preston-Singleton (BPS) model [57] and a Maynard-Deutsch
(MD) [58] model. The initial areal density was varied with a
starting ignition temperature of 6 keV, which is believed to
be representative of NIF hot-spot conditions when « heating
takes over.
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FIG. 8. The value of T, as a function of areal density for each
of the numerical models demonstrating the effect of CPT on the
temperature value. The shaded region is the theoretical prediction

including the experimental uncertainties on the DT fusion reactivity.

The example solutions show that the heating rate is de-
creased and therefore the occurrence of oy« 1s delayed for the
CPT models, but the difference between the two CPT models
was negligible. The results of the areal density sweep are
shown in Fig. 8. The temperatures at which o« occur were
then plotted in Fig. 8. The figure demonstrates that at low areal
densities the stopping power of the « particle has a large im-
pact on the value of 7, , with a 34% reduction at 50 mg/cm?.
At NIF hot-spot relevant areal densities (>400 mg/cm?), the
effect is less than 12% and decreases with increasing areal
densities. From the simulations shown in Sec. III, all of the
simulations that seed a thermal instability reach areal densities
greater than 600 mg/cm? due to the rapid rate of ablation of
ice mass into the fuel, and the effect is less than 12%.
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FIG. 9. The value of f, as a function of areal density from the
BPS model.
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The impact of the charged-particle transport also shows the
magnitude of a,x due to the introduction of the f, term into
Eq. (10). The values of f, from the numerical model from
Figs. 7 and 8 are shown in Fig. 9. A logarithmic curve was fit
to the numerical model to use a function of f, and is given in
Eq. (11):

PR

= 021171n [ 25 ) — 0.6608, B1
f n(moo) ®BD

where pR is in mg/cm?. This leads to the modified form of
Eq. (10),

d(av(Tamax)) N?
Qmax = Qotfa 8a P = s (B2)
i dar AZc,

with the f, term introducing a scale length as in Eq. (8) due to
the areal density dependence. The impact of neutron heating
in the hot spot does not become significant below 1 g/cm?,
which is beyond the range of ICF experiments.
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