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The change in the power balance, temporal dynamics, emission weighted size, temperature, mass,
and areal density of inertially confined fusion plasmas have been quantified for experiments that
reach target gains up to 0.72. It is observed that as the target gain rises, increased rates of self-
heating initially overcome expansion power losses. This leads to reacting plasmas that reach peak
fusion production at later times with increased size, temperature, mass and with lower emission
weighted areal densities. Analytic models are consistent with the observations and inferences for
how these quantities evolve as the rate of fusion self-heating, fusion yield, and target gain increase.
At peak fusion production, it is found that as temperatures and target gains rise, the expansion
power loss increases to a near constant ratio of the fusion self-heating power. This is consistent with
models that indicate that the expansion losses dominate the dynamics in this regime.

Creating a controlled fusion reaction that produces
more energy than supplied to initiate it (i.e. target gain
> 1) is a grand scientific challenge with broad societal
implications[1, 2]. An outstanding issue for each ap-
proach pursuing this goal is creating plasma conditions
in which Lawson’s criteria[3], where the power of fusion
self-heating exceeds all the power losses of the system, is
satisfied. Recently, the first inertial confinement fusion
(ICF) experiment to satisfy the Lawson Criteria was per-
formed, achieving a target gain of 0.72[4–6]. In the in-
ertial confinement approach, a capsule target containing
deuterium and tritium (DT) fuel is imploded in order to
achieve the densities and temperatures required for fusion
to occur[7]. The achievable target gain and amount of fu-
sion energy produced is directly related to the dynamics
of these systems, particularly that of the competition and
power balance between fusion induced self-heating ver-
sus radiative and expansion losses. Understanding this
balance is of fundamental importance and can inform re-
search directions aimed at achieving still higher target
gains that are required to access new and novel regimes
of plasma science and to realize many of the potential
applications and benefits[8].

In this work, we detail the first dynamic observations
of the power balance in inertial confinement fusion ex-
periments. Observations of the time-resolved x-ray emis-
sion reveal that, for the first time, the increased rate of
alpha particle self-heating leads to an increasing reactiv-
ity, even as power is lost from the rapid expansion of the
fusion plasma. This dynamic leads to a temporal delay
in the peak fusion reaction history and an increase in
the size, temperature, and mass of DT plasma with in-
creasing fusion energy production. An analytic model[9]

is found to be consistent with these observations. Addi-
tionally, unlike prior work[10], in these experiments, due
to the increased levels of alpha heating during the expan-
sion phase, the areal density is observed to decrease by
∼ 25% with the observed 5× increase in fusion yield. The
analytic model captures this dynamic and indicates for
the highest target gain of 0.72, the areal density from the
reacting hot spot is approximately half of that of the con-
fining shell. At this target gain, the mechanical PdV/dt
work done by the plasma expansion was inferred to be
1.4±0.2 PW at the time of peak neutron production and
the power of alpha particle production was measured to
be 2.8±0.3 PW. Measurements indicate that as the target
gain exceeds ∼ 0.25, the expansion power loss asymtotes
to roughly half of the fusion-self-heating power at peak
emission. The analytic model and detailed radiation hy-
drodynamic calculations are found to be consistent with
this observation. This indicates that experiments have
transitioned into a regime in which the power loss from
expansion dominates over all other losses. The analytic
model suggests that modest, 2% increases in the kinetic
energy supplied to the implosion can increase the fusion
yield by up to 3× and can enable target gains > 1.

In an ICF produced DT plasma, the power balance can
be written as,

1

(γ − 1)

d

dt
(PV ) = fαPα − Prad. − P

dV

dt
− Pcond. (1)

here γ is the adiabatic index of the plasma, fαPα =
fαEαP

2T−2⟨σv⟩V/16 is the power of the α particle
self-heating, with fα being the fraction of energy de-
posited within the DT plasma. Prad. ∝ P 2T−3/2V is
the Bremsstralung radiative power loss. In ICF, the cen-
tral DT plasma is first heated by the mechanical power,
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FIG. 1. a-b) Temporally and spatially resolved x-ray emission
at photon energies > 10 keV from the reacting hot-spot for
two experiments, N210307 and N210808, respectively. For
each experiment, the time of each image (∆t) is given with
respect to the time of peak x-ray and neutron emission. c)
The observed expansion of x-ray emission as a function of time
for three experiments and the normalized neutron emission
history for N210808 (solid red curve). The dashed lines are
model predictions for the x-ray dynamics for implosions that
produced 1.36, 0.4, and 0.15 MJ of fusion yield.

PdV/dt, provided by the compressive work done from a
spherically imploding shell of DT fuel. After peak com-
pression is reached, the hot spot loses energy and cools
by expansion as PdV/dt mechanical work is done on the
remaining capsule material. Pcond. is the power loss as-
sociated with thermal conduction and can be neglected
as the energy lost from conduction is recycled back into
the plasma through mass ablation of the confining DT
fuel at the hot spot boundary[11]. In ICF, for ignition
to occur, Pα must exceed the sum of all loss terms and
have a heating rate that increases faster than the initial
increase in the PdV/dt loss rate[10]. Understanding the
dynamics and relative balance between heating and loss
terms is therefore of critical importance for achieving still
higher energy gains.

To understand the dynamics for ICF implosions with
target gains of near unity, follow on repeat experiments
to the first to satisfy the Lawson Criteria[4] were per-
formed. Each repeat experiment was conducted with as
close to the same laser and target conditions as possi-
ble. However, differences in the laser delivery and target

quality[12] on the four follow on experiments resulted in
lower fusion yields and target gains between 0.25 to 0.7
MJ and 0.13 to 0.36, respectively. Variations in fusion
yield have been correlated to ∼ ±20% with degradations
associated with low mode asymmetries and enhanced ra-
diative loss from ablator material that mixes into the re-
acting hot spot[12–15]. Data from this set, together with
data from prior experiments[16] that achieved lower tar-
get gains of <0.1, allows for a detailed understanding of
how the power balance and associated properties of the
reacting hot spot change as a function of α particle self-
heating, fusion yield, and target gain.

In these experiments, conducted at the National Ig-
nition facility[17], 192 laser beams, at a wavelength of
351 nm, were used to irradiate the inner surface of a
gold-lined depleted uranium cylindrical cavity, called a
hohlraum. The lasers had a total energy of 1.9 MJ and
a combined peak power of 440 TW. This irradiation pro-
duces a near black body x-ray flux with a peak temper-
ature of 310 eV that ablates the surface of a spherical
capsule target, with an inner radius of 1050 µm, placed
at the center of the hohlraum. The capsule is comprised
of an 80 µm thick outer high density carbon ablator[18]
that surrounds an inner 65 µm thick shell of cryogenic
equimolar DT fuel. The outward ablation triggers an
inward compression of the capsule target. During com-
pression, the kinetic energy from the shell is transferred
to the internal energy of the reacting hot spot, increas-
ing the average plasma temperature to > 4 keV, which
initiates the cascade of fusion reactions.

The escaping neutron spectrum and subsequent re-
actions are measured by a suite of nuclear diagnos-
tics that measure the fusion emission history[19], time
of peak emission[20], and the time integrated size
of neutron emission[21]. Additionally, from neutron
spectrometers[22], inferences of the emission weighted
DT ion temperature and the areal density of the hot spot
and DT shell are made from the unscattered and down-
scattered neutron spectrum, respectively. From these
measurements, time integrated emission weighted infer-
ences of the reacting hot spot mass and pressure can be
made[23]. The dynamics of the reacting hot spot can be
further understood by observing the Bremsstrahlung x-
ray emission which is spatially and temporally resolved
by pinhole imaging onto an x-ray framing camera[24]
with ∼10 µm and ∼100 ps resolution, respectively.

Figure 1 details the dynamics of the hot spot expan-
sion as the rate of α particle heating and total fusion
yield are increased. As seen in Fig. 1 a) and c), prior
experiments, such as N210307 (N yy-mm-dd) which pro-
duced 0.14 MJ of fusion yield show little expansion of
the hot spot over the fusion emission time history. Here,
peak emission is reached within ∼ −25 ps of the time
at which minimum radius is obtained and the neutron
emissivity begins to decrease as the hot spot expands.
In contrast, as seen in Fig. 1 b) and c), for N210808
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FIG. 2. The change in observed and modeled parameters
(shaded and dashed) as a function of yield and target gain.
The diamonds and square are for experiments using DT and
THD fuel, respectively. a) Delay in peak neutron emission
relative to the THD experiment that had a ±20 ps absolute
timing uncertainty which is denoted by the shaded gray band.
b) Radius of the time integrated neutron emission. c) Emis-
sion weighted neutron temperature. d) Inferred mass of the
reacting hot spot.

which produced 1.36 MJ of fusion yield, the hot spot is
observed to expand rapidly while the neutron emissivity
continues to increase, reaching a maximum ∼100 ps after
the time of minimum radius. As Fig. 1 c) shows, this dy-
namic is also observed on a follow on repeat experiment
N211121 which obtained a fusion yield of 0.48 MJ. The
increase in neutron emissivity for N210808 and N211121
as the hot spot rapidly expands is direct evidence that
increased levels of α-heating sustains the reactivity, ini-
tially overcoming expansion and radiative losses, allowing
for increased fusion energy production.

An analytic compressible shell model[9] of these im-
plosions was constructed to gain further insight into the
dynamics and compare expectations to observations. Us-
ing this model, the temporal and spatial evolution of x-
ray emission can be calculated and processed by the in-
strument response to compare to the observations. The
dashed curves in Fig. 1 c) show that these synthetic
trajectories capture the relative change in the expansion
rate as the overall fusion yield and rate of α-heating are
increased. Additional details of this model are given in
the supplemental material.

Figure 2 summarizes how the emission history and key
hot spot quantities change and evolve as fusion yield is
increased. In Fig. 2, the red diamonds are from the set
of repeat experiments that used DT fuel while the black
square represents a repeat experiment which used a fuel
layer of tritium-hydrogen-deutrium (THD) with a molar
composition of ∼74:25:2%. A THD layer was used to re-
duce the number of DT fusion reactions by > 1000× and
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FIG. 3. The observed time integrated neutron emission radius
vs. the measured average DSR which reflects areal density of
the hot spot and surrounding shell. The gray band is the
expected relationship from the compressible shell model with
the width set by the range of possible neutron scattering effi-
ciency from DT and remaining carbon.

remove the effects of α-heating on the observed dynam-
ics. In Fig. 2 a), it is observed that as the yield increases,
the peak of neutron emission is delayed in time by up to
∼100 ps. This delay results from the increased rate of
α-heating that sustains the reactivity as the hot spot ex-
pands, allowing the peak of the neutron emission to be
reached at later times, larger radii, and at higher plasma
temperatures as seen in Fig. 2 b) and c). This is con-
sistent with the time-resolved x-ray dynamics discussed
in Fig. 1. The rise in temperature with fusion yield also
increases the ablation rate, which as seen in Fig. 2 d)
increases the total amount of mass brought into the hot
spot from the higher density confining shell of DT fuel.
The shaded band and dashed lines in Fig. 2 show the
expected trends of the compressible shell model for these
key hot spot quantities. Here, the model input condi-
tions have been held fixed, except for a multiplier on the
radiative power loss to approximate the impact of the
observed asymmetry and radiative loss degradations. As
seen in Fig. 2, this method results in a model that can
simultaneously capture the key trends in the hot spot
dynamics.
Figure 3 shows that for these experiments, the inferred

areal density is observed to decrease by ∼ 25±5% as the
yield increases by ∼ 5×. The areal density is inferred
using the neutron spectrum with ρRDT = C × DSR.
Here, DSR is the ratio of neutrons down-scattered to
10-12 MeV by the DT plasma and shell to 13-15 MeV
component[22] and C is a coefficient associated with the
scattering efficiency and hot spot and shell scattering ge-
ometry. The decrease in areal density with increasing
yield is in contrast to prior work done at lower levels of
fusion yields[10] where 30-50 % increases in inferred areal
density correlated with ∼ 10× increases in fusion yield
[23, 25]. This change is associated with the increased
levels of α heating and fusion yields causing the majority
of neutrons to be produced during the expansion phase
where the shell areal density is rapidly decreasing. This
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FIG. 4. a) The power of the expanding hot spot (PdV/dt)
vs. the fusion α power produced at peak emission for prior
experiments and current experiments denoted by the circles
and diamonds, respectively. b) The ratio of expansion to
alpha power at peak emission vs. fusion yield and target
gain. Black dashed curve is expectation from 1D radiation
hydrodynamic calculations and the courser blue dashed line
represents the analytical expectation. Values predicted by the
compressible shell model for design improvements are given
by the open symbols.

has been predicted[26] but never before observed. The
gray band is the expectation from the compressible shell
model and is shown to be in reasonable agreement with
observations. The width of the band is associated with
the range of C coefficients from 18-19 which are found
using dynamic radiation hydrodynamic and static Monte
Carlo scattering calculations[27]. In this work, the com-
pressible shell model indicates that with increasing yield,
the hot spot areal density increases while the shell areal
density decreases. This leads to an increase in the relative
contribution from the hot spot to the overall scattering
from 11 to 30 %.

The competition between α-heating and hot spot losses
that determine the level of fusion yield and target gain
can be examined by comparing the rate of fusion heat-
ing to expansion losses. Expansion losses are inferred
from the temporally and spatially resolved x-ray emis-
sion data. Figure 4 a) shows the relationship between the
measured PdV/dt expansion power loss versus the self-
heating power from α particles at peak emission. Here,
the rate of expansion of the x-ray images is used to infer
dV/dt and a static hot spot model[23] is used to infer
the plasma pressure at peak emission. The compress-
ible shell model suggests that the pressure, P , at peak
neutron emission is within ∼ 10% of pressure inferred
from the static model. As seen in Fig. 4 a), as the yield
and target gain increase, Pα heating and PdV/dt losses

increase by ∼ 14× and ∼ 33× from prior work[16], re-
spectively. To examine how the power balance changes
with fusion yield, the ratio between PdV/dt and Pα is
shown in Fig. 4 b). It is observed that as the yield and
target gain increase, the ratio of (PdV/dt)/Pα first in-
creases as the rate of hot spot expansion increases and
then asymptotes to a value of 0.47± 0.04.

This behavior indicates that as the yield and target
gain increase, expansion overtakes radiation as the prin-
cipal power loss mechanism. The asymptotic behavior
of (PdV/dt)/Pα can be explained by using the boundary
condition that at peak neutron production dPα/dt = 0
and that ⟨σv⟩T−2 is constant at this time to rewrite Eqn.
1 as (PdV/dt)/Pα = {(γ−1)/(γ−1/2)}(1−Prad./Pα) ≈
(4/7)(1 − (4.3/T )3.33) for γ = 5/3. Here a temperature
power law was used to fit the radiative power loss and
the Bosch-Hale reactivity between 5-10 keV . This re-
lationship indicates that as temperature increases, the
relative importance of the radiative loss with respect to
the α-heating is reduced. The blue dashed curve in Fig.
4 b) shows that this relationship of power balance at
peak emissivity is in good agreement with the observed
trend. Here the temperature dependence on fusion yield
has been fit to the observed trend in Fig. 2 c). To further
investigate how the ratio of (PdV/dt)/Pα varies with fu-
sion yield and target gain, a 1D radiation hydrodynamic
calculation was first tuned to match the performance of
N210808 using the multi-physics code HYDRA[28]. The
reactivity was then increased and decreased to study how
the ratio of PdV/dt to Pα at peak emission changed with
varying yield. The fine black dashed curve in Fig. 4 b)
shows that this ratio evolves with increasing fusion yield
in a manner consistent to the dynamic seen in the data
and expected from analytic estimates.

To explore how the current ICF implosions can be im-
proved to reach higher target gains and fusion yields,
the compressible shell model that captures the overall
dynamics, key hot spot, and shell quantities is used to
explore three different approaches. The open square in
Fig. 4 b), is the result of the first approach, which is to
conserve the mass of the compressing shell but to increase
the in-flight aspect ratio and DT shell density by 2% and
2.8%, respectively. The open triangle and star show the
results predicted by the compressible shell model from
the second and third approach, which was to increase
the overall kinetic energy by 2%, by increasing either the
shell mass or shell velocity, respectively. Additional de-
tails on the sensitivity of fusion yield to changes in the
incident kinetic energy, and how the hot spot quantities
evolve at higher yields, are given in the supplemental
material. For the increase in shell mass, the width of
the shell was increased, while the peak density was held
constant. The model indicates that an increased amount
of PV work and heating occurs as the return shock tran-
sits the additional mass in the thicker shell, leading to an
1.9× increase in fusion yield. Increasing the velocity at
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a fixed mass results in an increase in the rate of PdV/dt
heating at all times and in fusion yield that is ∼ 2×
larger than results from the equivalent increase in kinetic
energy using a thicker shell with increased mass. Each
approach requires a different laser and target design and
some methods may be harder to realize due to increases
in instability growth-sensitivity that limit compression or
increased asymmetries that reduce coupling. These ef-
fects are not considered in the compressible shell model.
Nevertheless, this analytic model suggests that modest
improvements to the current N210808 design, taken to-
gether with mitigations of target defects which lead to
variability[12], can result in increased fusion yields and
target gains in excess of 1.

In conclusion, this work has detailed for the first time
how the observed dynamics and burn averaged plasma
conditions of near unity gain inertial confinement fusion
implosions change as the amount of fusion self-heating in-
creases. An analytic model is shown to be consistent with
the observations and indicates that expansion losses dom-
inate the power balance in this near unity gain regime.
The compressible shell model also indicates that higher
yields and target gains > 1 can be achieved with modest
improvements to the shell compression or kinetic energy.
Higher fidelity 2D and 3D radiation hydrodynamic sim-
ulations [28, 29] will be used to further investigate the
dynamics and guide design changes, seeking to improve
fusion yields. This work significantly advances our under-
standing of power balance in fusion plasmas and provides
a framework to future work to study the burn propaga-
tion dynamics of ignited plasmas informing what will be
required to achieve higher target gains required for many
applications.

This work was performed under the auspices of the
U.S. Department of Energy (DOE) under Contract No.
DE-AC52-07NA27344.
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