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ABSTRACT
In inertial confinement fusion, the deuterium and tritium fusion alpha particles carry not only energy but also appreciable momentum that 
is typically neglected in models of thermonuclear burn. In the central hotspot ignition scheme, the hotspot must self-heat and propagate 
thermonuclear burn before disassembly. Using radiation–hydrodynamics simulations with a Monte Carlo alpha particle transport model, 
we investigate the effect of alpha momentum deposition across sub-ignition to robustly igniting regimes by hydrodynamic scaling of current 
central hotspot ignition designs from the National Ignition Facility (NIF). We find that the effective alpha particle ram pressure accelerates 
the shell at burn, reducing hotspot compression, increasing the rate of disassembly and decreasing yield. This causes a notable (�30%) 
reduction in yield at current NIF scale, with a persistent (�10%) penalty at larger hydrodynamic scales. These results demonstrate that 
alpha momentum deposition is a significant effect for present ignition-scale implosions, necessitating its inclusion in ignition criteria, burn 
models, and designs for high-gain inertial confinement fusion.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0327431

Inertial confinement fusion (ICF) experiments involve the com
pression of fusion fuel, deuterium and tritium (DT), to high densities 
and temperatures to achieve thermonuclear burn.1 In the central hot
spot ignition scheme, a hot, lower density hotspot surrounded by a 
cold, higher density shell is assembled by implosion. Thermonuclear 
burn is initiated in the hotspot, and the fusion of DT releases alpha 
particles which deposit their energy back into the fuel. With sufficient 
fusion self-heating, the hotspot can “ignite” and propagate a fusion 
burn wave into the cold shell.2–7 In this manner, ICF implosions can 
achieve net energy gain from fusion. Ignition and energy gain with 
the central hotspot ignition scheme has been achieved experimentally 
at the National Ignition Facility.8–10 For these experiments, fusion 
particle heating dominates the power balance7 and therefore a 
detailed understanding of the coupling of the fusion products to the 
fuel is paramount.

Alpha particle energy deposition is the key physical process in 
thermonuclear burn and has been thoroughly studied in theory, simu
lation, and current ignition experiments. However, the fast fusion 

alphas (born with 3.5 MeV of kinetic energy) also carry significant 
momentum,11 the effect of which is usually overlooked. In this letter, 
we show that alpha momentum deposition has a significant deleteri
ous effect on yield for current central hotspot ignition designs. We 
quantify the effect using detailed alpha transport calculations within 
radiation hydrodynamics simulations. We show that the largest effect 
on performance occurs at current NIF experimental scale and the 
effect is reduced, but persistent, for hydrodynamically scaled 
implosions.

The introduction of alpha momentum deposition (Sqv) acts as a 
source within the momentum equation of hydrodynamics 

@qv

@t
þr Pþ qv2

� �
¼ Sqv: (1) 

During the stagnation phase of ICF, the flow is subsonic12 and there
fore alpha momentum deposition causes the hotspot and shell to 
depart from isobaricity. The effective ram pressure of the alphas acts 
to increase the shell thermal pressure relative to the hotspot pressure. 
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Approximating the alpha momentum deposition term, one can find 
the shell–hotspot pressure ratio by integrating over the hotspot–shell 
boundary region13 (Xb): 

ð

Xb

rPd3r � 4pR2
HSðPshell − PHSÞ; (2) 

ð

Xb

Sqvd3r � fqvmavadY=dt; (3) 

Pshell

PHS
− 1 � fqv

mavadY=dt
4pPHSR2

HS
� fqvb; (4) 

where P denotes the pressure, R the radius, dY=dt the total rate of 
alpha production, and ma and va the mass and velocity of DT fusion 
alpha particles, and we define b as the alpha momentum-to-thermal 
force ratio and fqv to be the fraction of total alpha momentum cou
pled to radial fluid momentum, which is equal to 2=3 in the uniform, 
free-streaming limit.14 The alpha-induced increased pressure gradient 
across the shell will act to accelerate the shell radially outwards. Radial 
acceleration of the shell will result in reduced hotspot compression 
and therefore reduced hotspot pressure.

To compensate for lost compression created by the alpha 
momentum deposition, the implosion will require additional kinetic 
energy to achieve ignition conditions. This prompts us to revisit the 
implosion velocity requirement for ignition and include the effect of 
alpha particle momentum. Betti et al.12 derive a hotspot ignition 
requirement on shell kinetic energy using a compressible shell model. 
This includes the effects of alpha heating but not momentum deposi
tion. Here, we add the increase in required shell kinetic energy to per
form work against the effective alpha ram pressure: 

1
2

Mshellv
2
imp ¼

ð

PshelldV; (5a) 

1
2

Mshell vign
noaqv þ Dvign

aqv

� �2
¼

ð

ð1þ fqvbÞPHS dV ;

Dv
ign
aqv �

1
2
hfqvbiPdV � v

ign
noaqv;

(5b) 

vign
noaqv ¼ 310 km=s a2:4

if
1 mg
Mshell

� �
100 MBar

Pa

� �0:39
" #1

7

; (5c) 

where the no-alpha momentum ignition criterion is taken from Betti 
et al.,12 vimp is the implosion velocity, aif is the in-flight adiabat,12,15 

Mshell is the mass of the shell, and Pa is the peak ablation pressure. We 
have assumed small alpha momentum-to-thermal force ratio (fqvb), cor
responding to a marginal ignition scenario. Furthermore, by using 
Eq. (4), we find 

Dvign
aqv ¼

1
2

ð

fqvbPdV
ð

PdV
vign

noaqv � Dvshell � �; (6a) 

Dvshell �
fqvYign

a mava

Mshell
; � �

ðYign
a

0
v dY

v
ign
noaqvYign

a

; (6b) 

where Dvshell is the total change in shell velocity due to alpha momen
tum and � is an efficiency term related to the loss of PdV work due to 

alpha momentum. If we use the ignition yield (Yign
a ) definition as in 

Herrmann, Tabak and Lindl15 (fusion energy equal to absorbed cap
sule energy), we arrive at a final quantitative estimate, 

Dvign
aqv ¼ 33 km=s �

fqv

2=3

� �
vimp

400 km=s

� �2 0:05
ghydro

 !

; (7) 

where ghydro is the hydrodynamic efficiency.16 Therefore, we see that 
the implosion velocity required for ignition is increased by alpha 
momentum, leading to an effective shift of the “ignition cliff,” where 
the yield is maximally sensitive to implosion parameters.

In the following we will quantify the effect of alpha momen
tum on current ignition designs, as well as hydrodynamically 
scaled versions. Hydrodynamic scaling involves uniformly scaling 
space and time by a factor S to maintain dynamical similarity. 
Although additional physical processes break pure scaling, hydro
dynamically equivalent implosions can be achieved through sys
tematic re-tuning of target (e.g., radii and thicknesses) and drive 
(e.g., duration) parameters about the pure S scaling.17 We use as 
our baseline the NIF shot N210808,8 the first ICF experiment to 
exceed Lawson’s criterion for ignition.18 The N210808 design has 
a peak implosion velocity of �400 km/s as well as a 
v

ign
noaqv � 400 km/s. It therefore sits on the ignition cliff. Equation 7 

suggests up to a few 10s km/s increase in the ignition threshold— 
this will result in a large change in yield. Considering hydrody
namic equivalent17 implosions, one finds the implosion velocity 
required for ignition decreases as vign

imp / S−3=7. Therefore, larger 
scales will robustly ignite even in the presence of alpha momen
tum. However, the energy gain will be reduced as alpha momen
tum deposition will speed up the rarefaction of the burning fuel. 
To investigate the effects of alpha momentum in different 
regimes, we simulated hydrodynamic scales, S, from 0.75 to 2.0 
(S � E1=3

driver and therefore equivalent to laser driver energies of 0.8 
to 15.2 MJ) to span the sub-ignition to robustly igniting regimes 
of central hotspot ignition, where we take N210808 as scale 1.

Spherical 1D radiation hydrodynamics simulations were per
formed with the Eulerian radiation magnetohydrodynamics code 
Chimera, with 250 nm radial resolution during burn. Chimera has a 
Monte Carlo alpha heating model;19,20 details of ICF implosion 
modeling with Chimera can be found in the literature.19,21–27 The as- 
shot capsule dimensions were used in combination with a frequency- 
dependent spectrum radiation drive (calculated from integrated hohl
raum simulations with HYDRA28) and a surrogate Germanium dop
ant with increased dopant fraction (tuning found �4x required26) as 
compared to the experimentally used tungsten. A re-tuning of the 
210808 design was performed at each new scale factor to ensure 
hydrodynamic equivalent17 implosions. This was performed automat
ically by a Bayesian optimization framework,29 aiming to preserve the 
scale¼ 1 implosion trajectory parameters [vshellðtÞ, scaled burn-off 
bang time, and scaled qR] across all scales by varying the doped and 
outer undoped ablator thicknesses.

To quantify the isolated effect of alpha momentum deposition, 
the Monte Carlo alpha heating model19 was run in two modes. First, 
an alpha energy transport only mode in which alpha particles deposit 
their energy only and helium ash is locally deposited, giving rise to 
fuel depletion effects. Second, the full alpha transport mode which 
includes the mass, momentum, and energy transport effects. More 
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explicitly, the coupling of alpha particle transport to the fluid involves 
the following updates to hydrodyanmic quantities over a time step: 

Dq ¼ manthermalise − ðmD þmTÞnspawn; (8a) 

DUi ¼

X
fiDE

Vcell
− hEiDTnspawn; (8b) 

DUe ¼

X
ð1 − fiÞDE

Vcell
; (8c) 

Dqv ¼
ma

X
Dv

Vcell
− ðmD þmTÞvnspawn; (8d) 

where ni is the number density of population i, DE and Dv are the 
changes in particle energy and velocity from particle–fluid interac
tions, fi is the fraction of energy deposited going to the ions, hEiDT is 
the DT Gamow energy,30 and summations run over all computational 
particles in the cell (of volume Vcell). The particle energy and velocity 
changes are computed using both deterministic friction and stochastic 
diffusion terms, as in Tong et al.19 and Sherlock.20 The stopping 
power model is Zimmerman’s implementation of Maynard– 
Deutsch31 and the thermalization energy cut off is 10 keV, after which 
thermalized alpha particle density is counted in nthermalise. The full 
transport model includes all terms as above. The alpha energy only 
transport model has Dqv ¼ 0 and Dq ¼ ðma − mD − mTÞnspawn for 
local helium ash generation.

The scaled radiation hydrodynamics simulations showed that 
alpha momentum deposition has a significant effect (�10%) on 
fusion yield for all ignited implosions (Yamp > 10), as shown in Fig. 1. 
The largest effect was seen at the current NIF scale, where the yield 
was reduced by �30% when the full alpha particle transport model 
was used. The fusion yields for alpha energy only and full alpha trans
port models were 4.2 and 2.9 MJ, respectively, compared to the 
1.37 MJ achieved in the N210808 experiment.9,10 The scaled designs 
plateau in yield amplification at �300 and �260 for alpha energy 
only and full alpha transport models, respectively. The effect of alpha 
momentum shows a similar plateau at a �10% reduction in yield.

The effect of alpha momentum deposition is quantified by the 
dimensionless force ratio, b, as defined in Eq. (4). This ratio quantifies 
the relative importance of alpha momentum and thermal pressure on 
the shell acceleration. As shown in Fig. 2, b is of order 0.1–1.0 for 
scales considered in this study. We calculate the alpha momentum 
coupling efficiency from simulation and we find that fqv varies 
between 0.60 and 0.66. The magnitude of the alpha momentum-to- 
thermal force ratio and momentum coupling efficiency show that 
alpha momentum will have a notable effect on stagnation and disas
sembly of the fuel. However, simulations shows that a larger b value 
does not equate to a larger reduction in yield. As the hotspot is ignit
ing, hotspot confinement is crucial to allowing self-heating. 
Premature hotspot decompression can quench ignition.5 However, 
once ignited, burn occurs until the fuel rarefies. This rarefaction 
occurs at approximately the sound speed32,33 but will be accelerated 
by the alpha momentum. This leads to an additional difficulty in 
achieving high burn-up fractions in the presence of alpha 
momentum-driven rarefaction, as shown in Fig. 1.

Alpha momentum deposition will also drive pressure gradients 
where it is peaked. This is typically at the hotspot edge due to a com
bination of a geometric effect (the alpha momentum flux is zero by 
symmetry at the origin) and the rapid decrease in stopping distance at 
the hotspot edge. We therefore expect to see an increase in radial pres
sure gradient in the presence of alpha momentum. By finding the 
time of peak momentum deposition at the hotspot edge, we aim to 
quantify this effect by finding the difference in the pressure gradient 
between our two alpha transport model scenarios. As shown in the 
middle plot of Fig. 2, this pressure gradient effect is reflected in the 
integrated simulations, with increasingly larger positive pressure gra
dients driven at the peak of momentum deposition. At the larger 
scales, the change in pressure gradient diverges from the alpha 
momentum driving force term. However, for these large scales, the 
increased alpha heating in the alpha energy only simulations drives a 
positive pressure gradient at the hotspot edge. This is because the hot
spot becomes transparent and energy deposition becomes peaked at 
the hotspot edge. For MJ level fusion yields, a simple momentum 
transfer estimate suggests that fusion alpha particles will add 10s km/s 
of radial velocity to the disassembling fuel. As shown in the right- 
hand side plot of Fig. 2, the shell velocity is increased by �30 km/s at 
the time of peak alpha momentum deposition for scale 1, relative to 
the alpha energy transport only simulation. This is also the time of 
peak b, and therefore the time at which we expect the largest effect 
from alpha momentum on the shell dynamics.

During the onset of ignition at scale 1, the reduced compression 
during burn caused by the effective alpha particle ram pressure short
ens the time for which the hotspot is self-heating. This can be seen by 
comparing trajectories in qRHS − hTii space16,32 with and without 
alpha momentum deposition effects, as shown in Fig. 3. The reduc
tion in shell velocity, leads to a reduction in hotspot pressure and areal 
density. The qRHS − hTii trajectory is therefore shifted to lower areal 
density, entering the ignition region later and therefore with less con
finement. At the time when 10% of the yield has been produced, alpha 
ram pressure has reduced the hotspot areal density by 50 mg/cm2. 
Without this effect, the hotspot is on the point of ignition, by Atzeni’s 
metric.32 As the burn continues, the trajectories diverge considerably, 
seeded by the �30 km/s reduction in shell velocity. Key measurable 
quantities reflect the changes in these burn trajectories. Comparing 

FIG. 1. (Top) The yield amplification (ratio of simulated yields with and without 
alpha heating) from different hydrodynamic scales. Yield amplification is used to 
factor out the (no alpha heating) yield changes purely from increased scale. 
Scale¼ 1 represents current designs at the NIF (in this work, N210808). Shown 
in blue and red symbols are calculations from Chimera. (Bottom) The ratio of 
yields from full alpha particle transport to alpha energy transport only.
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energy only and full alpha transport and experiment,9,10 respectively, 
the reduced compression leads to reduced total (0.60/0.57/0.54 6 

0.05 g/cm2) and hotspot (0.48 / 0.41/0.44 6 0.05 g/cm2) fuel areal den
sities as well as a reduction in the apparent DT (13.9/12.1/ 
10.9 6 0.4 keV) and DD (13.3/11.6/8.94 6 0.4 keV) ion temperatures.

Inspecting scale 1, hydrodynamic profiles at the time by which 
10 % of yield has been produced in Fig. 4 show the spatial dependence 
of the alpha transport effects, and the same trends discussed below 
continue throughout the burn. The most notable difference is in the 
pressure profile. The effect of alpha momentum deposition is a reduc
tion in hotspot pressure and a relative increase in shell pressure. In 
particular, a positive pressure gradient is established at the hotspot 
edge. The alpha momentum deposition is also strongly peaked at the 
hotspot edge, as discussed above. The positive fluid velocity (radial 
expansion) is increased across hotspot and shell, apart from at the 
hotspot edge. At the hotspot edge, the positive pressure gradient acts 
to decelerate the flow, in line with the expected change to the ablation 
process.34 Both the reduced hotspot compression and the alpha mass 

transport effect lead to reduced hotspot density and increased shell 
density, shown by the ratio of density between the a-transport models 
in the bottom subplot of Fig. 4. At this time, the effect on temperature 
is at the few percent level; therefore, the majority of the pressure 
reduction is reflected in the mass density reduction. For the center of 

FIG. 2. (Left) The maximal value of the alpha momentum-to-thermal force ratio, b, as a function of hydrodynamic scale. (Middle) The alpha momentum-driven pressure gra
dients and peak alpha momentum deposition rate as a function of scale; given in units of Gbar/lm, i.e., rates of change of momentum density (@qv=@t). The alpha momen
tum-driven pressure gradients, DdP=dr, are found by taking the difference between simulations with and without alpha momentum transport. The pressure gradients and 
alpha momentum deposition rates are calculated at the hotspot radius (defined as the radius enclosing 98% of neutron production). (Right) Time series from the scale¼ 1 
calculation with the full alpha transport model, where tBT is the nuclear bang time. The change in shell velocity Dushell is calculated by taking the difference between fuel 
areal density averaged velocities from simulations with and without alpha momentum transport.

FIG. 3. Trajectories in qRHS − hTii space from scale¼ 1 calculations; full alpha 
transport in red and energy only in blue. The opacity of the points are colored by 
the fraction of burn. Conditions at the time of peak neutron production are shown 
with crosses and at 10% of total yield with empty circles. Also shown, as a black 
dashed line, is the ignition boundary as given in Atzeni and Meyer-ter Vehn.32

FIG. 4. Radial profiles of mass density (q), pressure (P), velocity (v), momentum 
deposition rate (Sqv), and local unburnt DT fraction (UDT ) for the energy only and 
full alpha transport models, at 10% of total yield—energy-only and full a transport 
shown in dashed and full lines, respectively. In the lower plot, shown in the dot- 
dashed lines, are ratios of the hydrodynamic quantities where the ratio is (full 
alpha transport result)/(energy only transport result).
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the hotspot, a significant fraction of the density reduction is due to 
mass transport, i.e., non local helium ash deposition. This is shown as 
the center of the hotspot, which is only 90% unburnt DT fuel for local 
mass deposition. However, across the whole hotspot, the unburnt DT 
mass density is reduced in the full transport model, showing that the 
loss of hotspot areal density is driven predominantly by alpha 
momentum-driven decompression.

In conclusion, we show that alpha momentum deposition has a 
significant effect on burn dynamics in the central hotspot ignition 
scheme. In particular, we show the largest sensitivity (�30% reduc
tion in yield) on the ignition cliff, where current ICF experiments at 
the NIF are operating. The alpha momentum acts as effective addi
tional ram pressure which radially accelerates the shell. The increased 
acceleration results in reduced compression during burn and there
fore a loss in fusion yield. This effect is not usually accounted for in 
theoretical models of ignition and burn.2,7,13,35 Indeed, a limited num
ber of studies36–38 carried out, before the National Ignition Facility 
was built, for early central hotspot ignition designs, appear to have 
been neglected by the community. Without modeling of the deleteri
ous effect of alpha momentum, reduced performance and compres
sion in the experiment would likely be attributed to other poorly 
constrained degradation mechanisms such as fuel preheating, shock 
mis-timing, and fuel–ablator mix.39 Direct experimental validation of 
the alpha momentum effect will likely be difficult due to the degener
acy with other degradation mechanisms. Indeed, the magnitude of 
the shell velocity change from alpha momentum (few 10s km/s) is 
similar to that of the residual kinetic energy40 in current experiments. 
Additionally, momentum deposition (and mass transport) effects are 
more difficult to include in alpha energy diffusion models41,42 (which 
are commonplace in ICF simulation codes43–46) compared to particle- 
based methods19—we note that in HYDRA, momentum deposition is 
accounted for all the transported particles.28 In this work, we consider 
the 1D effect of alpha momentum for central hotspot ignition; how
ever, this prompts further investigation into effects on hydrodyanmic 
instability growth in burn,38 the creation of alpha-induced electrical 
currents47,48 and other ignition schemes.49–51 Looking forward to 
high-gain ICF, the dominant role of fusion products in both energet
ics and dynamics demands models which include the full complexity 
of thermonuclear burn.
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