
Inertial Fusion Physics

Ryan McClarren - University of Notre Dame

ICTP - IAE School on AI for Nuclear, Plasma, and Fusion Science

23 May 2023



• What can we do if we take the energy (~2MJ) from a laser this size

Inertial Confinement fusion attempts to create a sustained, controlled nuclear fusion reaction in the laboratory.

And focus it here in 20 ns.

Image credits:  atomicinsights.com and wired.com
1 MJ ~ 1 stick of dynamite
20 ns is about 10,000 times faster than 
it takes that dynamite to detonate.





• Combining light nuclei goes up the binding energy per nucleon curve 

• This implies that if I fuse hydrogen isotopes together I can release a lot of 
energy 

• Even more on a per nucleon basis than fission 

• Notice that helium-4 (an alpha particle) has an anomalously high binding 
energy per nucleon 

• Iron-56 is a special point: once you get beyond this energy is required to make 
larger nuclei. These endothermic reactions cause stars to die. 

• Once the the star cannot make fusion energy it begins to collapse on itself. 

• Most of the very heavy elements are formed in supernovae explosions 

• The probability for fusion between simple hydrogen (1H), is too small for non-
stellar fusion. 

• We have to use the  deuterium (2D) and tritium (3H) isotopes of hydrogen. 

• 2D exists naturally on earth in 1/6500 hydrogen nuclei. There is 1014 
tons of deuterium in the ocean. 

• 3T is rare and radioactive, but it can be readily produced, as we will 
see. 

Exothermic Fusion Reactions



• It has already been discussed that nuclear fusion is the joining 
of two nuclei to form a heavier nucleus (and other products). 

• The reaction that occurs most readily is between deuterium 
(2H) and tritium (3H). 

• This reaction also produces over 17.5 MeV, most of it carried 
by a 14.1 MeV neutron. 

• The energy scale here is quite large, 1 keV = 1.1605 x 107 K.  

• Nuclei at these temperatures are far too hot for any vessel to 
contain the plasma. 

• Magnetic confinement fusion uses magnetic fields to hold the 
plasma in place. 

• In this lecture I will talk about a different approach to assemble 
the fuel into the correct configuration for fusion to occur.

Conditions for Nuclear Fusion

[1] Atzeni, Stefano, and Jürgen Meyer-ter-Vehn. The physics of inertial fusion: beam 
plasma interaction, hydrodynamics, hot dense matter. Vol. 125. OUP Oxford, 2004.



• From the perspective of chemical reaction, a thermal reaction uses the random, thermal 
motion of atoms to drive the reaction process. 

• The idea is the same in thermonuclear reactions, we use the nuclei’s motion and energy to 
drive reactions. 

• In this case we must overcome the Coulomb barrier between the nuclei that repels their 
positive charges. 

• To get the effective reaction rates, we integrate the product of the cross-section, , at a 
given particle energy multiplied by the Maxwellian at the ion temperature (  in the 
figure). 

• The resulting integral is the reactivity, . We can multiply the reactivity by the number 
density, , of each reactant to get the reaction rate. 

• , where the subscripts denote deuterium or tritium. 

• , the half comes from that each nuclei cannot react with itself.  

• If we average the cross-section of this reaction (bottom right) over the thermal distribution of 
energies in a plasma, 

• We see in the bottom left figure that DT fusion has the highest reactivity at lower 
temperatures. 
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Thermonuclear Reactions
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• What we mean by inertial confinement is keeping the fuel together for a long enough period of time for fusion to occur. 

• There is no external means of confinement—unlike magnetic confinement where the magnetic field holds the plasma in 
place. 

• We assemble the fuel into a small spherical volume and mass inertia keeps it together for roughly the time it takes for a 
sound wave to travel from the surface to the center. 

• After this amount of time the mass and density will go down (the density, it turns out is more important). 

• Confinement times in IFE are short: less than a nanosecond often. Two consequences come from this 

• The fuel needs to be compressed to thousands of times its solid density. 

• The production of energy is a pulsed process whereby small amounts of fuel are “burned” and the energy is released in 
a sequence of micro-explosions.

Inertial “Confinement” is not really confinement at all.

epa.gov

Wikimedia



• There are several variations on the idea in inertial confinement 
fusion of taking a solid fuel target and imploding it to high density 
and temperature. 

• Direct Drive / Indirect Drive 

• Direct drive fusion drives the implosion by focusing energy 
directly on the target. 

• This energy could be lasers, ion beams, etc. 

• Indirect drive converts the energy source into x-rays that 
surround the target and drive the implosion. 

• This is often done using a metal tube called a hohlraum (or 
radiation cavity). 

• There are pros and cons to each approach. 

• It is difficult to create a spherical implosion using direct drive. 

• However, energy is lost in the conversion of laser/beam 
energy to x-rays.

The Flavors of Inertial Fusion

physics.org

J.M. Qi, Z. Wang, Y.Y. Chu, Z.H. Li,, 2016,

https://www.researchgate.net/publication/281184570_Ion_energy_loss_at_maximum_stopping_power_in_a_laser-generated_plasma/figures?lo=1

http://physics.org
http://physics.org




• There are also two classes of approaches to starting the fusion 
ignition. 

• The standard approach is to compress the fuel to the right 
conditions and create a hot spot where fusion occurs. 

• The fusion energy is deposited in the fuel, and continues 
the fusion burn. 

• The other approach is called fast ignition. 

• In fast ignition the fuel is compressed, but then energy is 
added at the correct time and location to start ignition of the 
fuel. 

• This can be done by using an ion beam or using a laser to 
create a particle beam that penetrates the fuel to the 
correct location. 

• You can think of these as being analogous to a gasoline engine 
vs. a diesel. 

• One needs the spark to initiate combustion, the other 
creates the conditions for combustion to occur 
spontaneously. 

• The main benefit of fast ignition is that the implosion doesn’t 
have to be as “perfect” to get ignition.

Fast ignition vs. Self-ignition

https://www.osti.gov/servlets/purl/1255527 https://www.researchgate.net/publication/238069986_Study_of_Inertial_Fusion_Energy_via_the_Equation_of_State/figures?lo=1

https://www.opli.net/opli_magazine/eo/2018/efficient-generation-of-high-density-plasma-enabled-by-high-magnetic-field-sept-news/

https://www.researchgate.net/publication/231043483_Progress_and_prospects_of_ion-driven_fast_ignition/figures?lo=1



• In the inertial fusion process, energy must be delivered to the fuel for each implosion. Call this energy Ed. 

• The energy released by fusion in the target is Efus. This is also sometimes called the fusion yield. 

• The ratio of these is the Gain, . The recent experiment at Lawrence Livermore National Laboratory reported a 

gain over 1.5. 

• This uses the laser energy as Ed; the energy to charge the laser was actually larger. 

• Other measures of gain have been developed over the years. 

• “Scientific breakeven”: producing more fusion energy than PdV work to compress the fuel. 

• Burning plasma:  crossing the ignition threshold and creating self-heating.  

• This also produced more energy than energy delivered to the capsule. 

• For energy production, gains around 100 will be required.

G =
Efus

Ed

Energy Gain has different forms for inertial fusion

Livermore National Laboratory, Wikimedia commons

December 2022 Experiment

Scientific 
Breakeven

Burning
Plasma



• High implosion velocity: 300 – 450 km/s 

• Compression ratio 

• 20-40x in radius 

• Volume reduced by 30,000x 

• Stagnation pressure ~400 Gbar 

• Each NIF shot begins at 16 K and ends at 50 
million K  

• The conditions created in the experiment fall in the 
regime known as High Energy Density

Magnitude of implosion is a remarkable feat.

DT shot N120716 @ bang time
Diameter < human hair thickness

2mm

Image: Steve Obenschain 



• Consider a sphere of plasma consisting of equal parts deuterium and tritium.  

• Assume it has a uniform mass density  and temperature  at time  with a free boundary at a radius . 

• From gas dynamics the sphere will expand in the form of a rarefaction wave. The front of the wave moves toward the 
center of the sphere at a the sound speed  
 
 
where  is in keV,  is the Boltzmann constant, and  with  the mass of a proton. 

• The front of the wave is located at  and the confinement time is found by setting  and solving for the 
time or . 

• The confinement time needs to be compared to the time for fusion to occur, , where  is the 
ion number density. 

• The ratio of the confinement time to the fusion time scale is .  
This equation can be rearranged to be 

ρ T t = 0 Rf

T kB mf ≈ 2.5mp mp

R = Rf − cst R = 0
τconf = Rf /cs

τfus = (⟨σv⟩n0)−1 n0 = ρ/mf

τconf /τfus = ⟨σv⟩n0Rf /cs

Areal Density and Ignition Conditions

cs = 2kBT/mf ≈ 2.8107 T [cm/s]

τconf

τfus
= ( ⟨σv⟩

mfcs ) ρRf .



• The burn efficiency, , is the ratio of number of fusion reactions to the number of DT pairs initially present. 

• Assuming,  (low burn) the number of fusion reactions taking place in time dt is 

 

• The volume of the high density region is the volume that the rarefaction wave has not reached yet so 
 

• Integrating over the confinement time we get or that the effective confinement time is 1/4 . 

• The efficiency is then , where again we see the areal density appear. 

• The burn parameter, , is inversely proportional to the efficiency. 

• A more complex derivation for higher burn conditions gives

Φ = Nfus/N(0)
DT

Φ ≪ 1,

dNfus = ⟨σv⟩nDnTV(t)dt = ⟨σv⟩
ρ2

4m2
f

V(t)dt .

V(t)/V0 = [R(t)/Rf]3 = (1 − cst/Rf)3 .

∫
τconf

0
dt V(t)/V0 = Rf /4cs, τconf

Φ =
⟨σv⟩
8mfcs

ρRf

HB = 8mfcs/⟨σv⟩

Burn Efficiency and Burn Parameter

Φ ≈
ρRf

HB + ρRf



• In the fusion reaction we have defined the gain, . Therefore, if we know the driver (i.e., laser, ion beam, etc.) energy,  the 
fusion energy is .  The gain could also include exothermic reactions between neutrons and the blanket. 

• The driver itself needs energy and if the efficiency of the driver is , then the total energy in is . 

• The total energy recovered from fusion is based on the thermal efficiency of energy conversion,  

• For the next shot, we will need another  to initiate it, so only a fraction will be available to send to the electrical grid. 

• Using some rough numbers,  and saying that , we arrive at   

• This is our desired gain. There is a limit on the amount of fuel we can fuse in a single implosion. 

• The reactor vessel must contain the energy released via fusion without damage. 

• The complete fusion of 1 mg of DT releases 337 MJ of energy. If the burn efficiency is 1/3, then  mg of fuel is 
appropriate. 

• 1 GJ is about the equivalent of 250 kg of high explosives, but the energy is carried by low-momentum particles and 
photons, rather than gas.

G Ed,
GEd

ηd Ed = ηdEin

Eout = ηthGEd = ηthηdGEin

Ein

ηth ≈ 40 % , ηd ≈ 10 − 33 % , Eout ≈ 4Ein

≈ 10

Requirements for an IFE Reactor

G = 30 − 100



• As mentioned before, in the DT fusion reaction most of the energy is carried by the 
14.1 MeV neutron. 

• In most cases the neutron will leave the fuel and need to be captured.  

• It has been proposed that a blanket around the reaction vessel containing lithium 
would have two benefits. 

• Natural lithium contains two isotopes that both react with neutrons  

•  

•  

• Both reactions produce tritium, which does not occur naturally on earth. This 
process is called tritium breeding. 

• Also, notice that one of the reactions produces energy while producing tritium.  

• Only 4.85% of natural Li is 6Li. The two isotopes are easy to separate. 

• There have been proposals to have a flowing blanket with liquid lithium that would 
be the working fluid in a thermodynamic cycle. 

• The blanket would be needed for inertial or magnetic fusion.

6Li + 1n → 3T + 4He + 4.86 MeV
7Li + 1n → 3T + 4He + 1n − 2.87 MeV

A medium is needed to capture the neutrons.



• The neutrons produced in DT fusion are a problem for two reasons, 

• They leave the plasma, taking their energy with them so that they cannot 
contribute to the heating of the plasma.  

• Neutron interactions with matter typically create radioactive products when 
absorbed by a nucleus.  

• These neutrons will create short-lived radioactive products in the materials 
surrounding the fusion reactions. 

• Even a reactor containing only deuterium to start will produce tritium and 
eventually neutrons. 

• One reaction between a proton (1H) and boron-11 creates no neutrons: 

•    

• 11B is 80.35% of natural boron, and boron is 0.001 percent of the earth’s crust. 

• No radioactive reactants or products, and all the products are charged particles 
which would stay in the fuel, continuing to heat it. 

• Unfortunately, the cross-section for this reaction is much smaller than DT fusion.

1H + 11B → 3 (4He) + 8.6 MeV

Neutron-free fusion



• The amount of fuel in an implosion will be small (tens of mg). The areal density, , still controls the confinement time and burn 
efficiency. 

• To get a 33% burn efficiency, , we can use the previous equations to find that .  

• A spherical fuel volume has a mass of , which using the value for areal density we just found, gives 

, for a 1 mg fuel mass. 

• The density of (cryogenic) solid DT is , so to get the desired value for  we need to compress the fuel by 
a factor of about 1500. 

• We also know that the temperature of the fuel must be elevated to the keV range to allow fusion reactions to readily take place.  

• If the fuel is uniformly heated to 5 keV, the energy contained in the D-T pair that fuses is 30 keV on average and the energy 
released is 17.6 MeV. With a 30% burn efficiency and typical driver efficiencies, this will give us a gain of only around 20 as 
an upper bound. 

• Rather than heat the fuel uniformly, we would rather only heat a small hot spot, and have the alpha particles produced in the 
fusion reaction heat the surrounding fuel.  

• The properties of alpha particles require a much smaller value of . 

ρR

Φ ρRf ≈ 3 g/cm2

Mf =
4π
3

ρR3
f

ρ ≈ 300 g/cm3

ρDT = 0.225g/cm3 ρRf

ρRf = 0.2 − 0.5 g/cm2

Fuel compression/temperature requirements



• The fuel needs to be compressed quickly (remember our confinement time from before). 

• Here we will show that it needs to be done isentropically (or nearly so). 

• The internal energy of the fuel is governed by the first law of thermodynamics: 
, where  is the specific entropy and  is the specific volume. 

• If the compression is done isentropically, , and we use a gamma-law equation of 
state, we have that  

•
For shock compression, the Rankine-Hugoniot relations give . 

• As the pressure ratio increases, this limits to . 

• For , this limit is 4 and is shown at the graph. 

de = T ds − p dV s V = 1/ρ

ds = 0

ρ
ρ0

=
γ + γp

p0
+ p

p0
− 1

γ + (γ − 1)p
p0

+ 1

ρ
ρ0

= (γ + 1)/(γ − 1)

γ = 5/3

Compressing the fuel - fast and isentropically
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• We will now walk through a 1-D simulation of a characteristic implosion as detailed in [1]. 

• The “pie diagram” at right shows the composition of the fuel. 

• It is a sphere of plastic, with an inner layer of solid DT “ice”. 

• A small amount of DT vapor is inside the solid shell. 

• The capsule is initially at 18 K (and we are going to take it to > 100 million K) 

• One tactic to compressing the fuel is to shine laser light onto it. 

• The pulse is shaped so that multiple shocks are launched and that they coalesce together at 
the appropriate moment. 

• The implosion is started by the laser light vaporizing (or ablating) the surface of the fuel 
capsule.   

• We will see four phases of the implosion: 

• (a) initial ablation, (b) compression, (c) hot spot creation, and (d) burn/expanding fuel

An example implosion
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Simplaoion code model

A oargeo mecoor im mhovn in Fig¹ �¹�¹ Io conmimom of a hollov mhell capmple vioh an opoer ablaoor laxer of �¹�� mg

plamoic and a fpel laxer of �¹�� mg ÅcrxogenicÆ molid DT¹ The opoer radipm of ohe mhell im mligholx lemm ohan �
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Fig� ���

Target for direct¦drive laser fusion� It consists of a hollow shell capsule with an outer ablator layer of ¬CH�n plastic and a fuel
layer of solid DT� the central cavity is filled with DT vapour�

The capmple im irradiaoed bx a ��¹� nm long pplme of plorauioleo Å�¹�� ȝmÆ lamer ligho¹ Uniform irradiaoion im

prouided bx a large npmber ¯ of ouerlapping beamm´ focpmed am mhovn in Fig¹ �¹� bx lenmem placed ao a

dimoance of a fev meorem from ohe capmple ÅSkppmkx and Lee ����Æ¹ Thim mcheme of irradiaoion´ bamed on

large fÉnpmber opoicm´ o|erm aduanoagem relaoed oo ohe mmall dimenmionm of ohe beam enorance holem in ohe

reacoor chamber¹ On ohe ooher hand´ ohere are almo ovo dravbackm¹ Firmo´ am ohe capmple implodem´ paro of ohe

beam energx mimmem ohe oargeo¹ Second´ mince  lamer ligho raxm are noo normal oo ohe capmple mprface´ ohex

are refracoed in ohe plamma corona´ vhich capmem mome addioional energx lomm¹ Booh oheme e|ecom are oaken

inoo accopno bx ohe mimplaoion dimcpmmed here´ vhere lamerÈmaooer inoeracoion im demcribed bx meanm of a

ovoÉdimenmional Å�DÆ raxÉoracing algoriohm¹

p� �0

Fig� ���

Target irradiation scheme� The capsule is irradiated by a large number of overlapping beams� which ensure a nearly spherical
irradiation� Beams are focused by f²~� lenses ¬Skupsky and Lee ~����

¯

Targeo irradiaoion mcheme

The pplme pover changem in oime am mhovn in Fig¹ �¹�ÅaÆ¾ io corrempondm oo a oooal pplme energx E Öd ä �¹� MJ¹ Io

moarom vioh a �� nm long prepqlse of pover of �¹� TW´ and ohen grovm oo reach a peak pover of abopo ¯ ��� TW¹
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The subsequent Chapters 4 and 5 then discuss the physics of thermonuclear ignition and develop a model

for energy gain´ the quantity of immediate concern for ICF applications¹ With respect to ICF´ these are the

central chapters of the book¹ The following Chapters 6á11 treat separate physical aspects in much more

detail and apply also to a broader �eld of physics concerned with high energy density in matter¹ In

particular´ Chapter � discusses indirectÊdrive ICF´ where the capsule is driven by XÉrays inside a radiation

cavity¹

��~ Sim0la/ion of a .+he-ical im+lo.ionp. 48

The stages of a diretÉdrive implosion are sketched in Fig¹ 3¹1¹ Irradiation leads to surface ablation ÅaÆ and

drives the fuel implosion ÅbÆ¹ As the imploding material stagnates in the centre its kinetic energy is

converted into internal energy¹ At this time ÅcÆ´ the fuel consists of a highly compressed shell enclosing a

hot spot of igniting fuel in the centre¹ A burn wave starting from the hot spot then ignites the whole fuel´

which explodes ÅdÆ¹

Fig� ��~

Principle of inertial confinement fusion by spherical implosion: ¬a irradiation� ¬b implosion driven by ablation� ¬c central
ignition� ¬d burn and explosion.

The standard scheme of compression by spherical implosion is best illustrated by results of a numerical

simulation¹ Here´ we present a simulation referring to a simple target design for directÉdrive laser fusion¾ it

was developed by McCrory and Verdon Å1���Æ¹ The simulation has been performed by means of the oneÉ

dimensional Å1DÆ code IMPLOÉupgraded´ developed in the late 1��0s to early 1��0s at the ENEA Laboratory

of Frascati´ Italy¹ A summary of code features´ with references to original publications´ can be found in a

review paper on �uid models for laser ¯ fusion ÅAtzeni 1���Æ¹ Here´ it su}ces to say that the code solves a

set of equations providing the radial distribution and temporal evolution of the �uid velocity´ mass density´

electron temperature´ ion temperature´ and pressure¹ The properties of the materials are accounted for by

an equation of state´ including ionization´ degeneracy´ etc¹ The model also takes into account transport of

energy due to collisional plasma processes Åthermal �ow and electronÈion relaxationÆ and to radiative

processes¹ Laser  interaction is dealt with in the geometric optics approximation´ taking both plasma

refractivity and collisional absorption into account¹ Finally´ the code includes nuclear fusion reactions´ fuel

burnÉup´ and transport of both charged fusion products and neutrons¹ All the above processes are discussed

in later chapters of this book¹

p. 49
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• To conserve momentum, the non-vaporized surface of the capsule 
moves inward launching a shock wave. By adjusting the laser pulse 
shape, one can control the rate at which shocks are launched.  

• The figure at right, from [1], shows this.  

• The top plot shows the laser power as a function of time. Notice the 
four regions of increasing power. 

• The bottom part of the figure is known as an implosion diagram. Each 
division in r corresponds to a fixed mass of fuel. 

• The lines are close together at the surface of the full near 2 mm to 
resolve the ablation. 

• The rising lines indicate material being ablated. 

• Falling lines indicate material being compressed.

��~�� The im+lo.ion diag-am

Such a shaped pulse insures nearly isentropic compression Åsee Section 3¹1¹3¹1Æ¹

Fig� ���

Implosion of the capsule in Fig. 3.2. ¬a Time dependence of the power of the laser pulse� ¬b Implosion diagram.

¯

Beam pulse shape

The implosion is visualized in Fig¹ 3¹4ÅbÆ in the form of a �ow diagram¹ In the simulation´ the target sphere

is radially divided into 221 mass cells´ and the trajectories of selected cell interfaces are plotted in the

radiusÈtime plane¹ This presentation is the natural one for the results of hydrodynamic  computations

performed in the Lagrangian approach Åsee Section 6¹1¹4Æ¹ A large number of cells is chosen for the target

shell´ and the trajectories lie so dense in this region that it appears as a black area in the �gure¹ Notice that

cell masses are not uniform¹ Cells are denser where �ner resolutions are needed¾ however´ to avoid

unphysical discontinuities´ cell masses change smoothly with the radius¹¯

p. 51

¯

Ablation
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Irradiation and Implosion



• A shock with pressure 1 Mbar breaks through the inner surface of the 
fuel around 14 ns. 

• This is also around when the laser power is increased. 

• The high power leads to more ablation, as the increased slope of the 
rising lines indicates. 

• Subsequent shocks now cause the entire outer shell to accelerate 
inward.  

• At the peak laser power, the ablation pressure is about 130 Mbar. 

• When the laser turns off, that capsule has absorbed about 1.3 MJ of 
energy and almost 90% of the outer layer of the capsule has been 
ablated. 

• Also, at this time the capsule has about 1/2 the radius (1/8 the volume) 
of the original fuel.  

• The surface is coasting inwards at about 370 km/s

��~�� The im+lo.ion diag-am

Such a shaped pulse insures nearly isentropic compression Åsee Section 3¹1¹3¹1Æ¹

Fig� ���

Implosion of the capsule in Fig. 3.2. ¬a Time dependence of the power of the laser pulse� ¬b Implosion diagram.

¯

Beam pulse shape

The implosion is visualized in Fig¹ 3¹4ÅbÆ in the form of a �ow diagram¹ In the simulation´ the target sphere

is radially divided into 221 mass cells´ and the trajectories of selected cell interfaces are plotted in the

radiusÈtime plane¹ This presentation is the natural one for the results of hydrodynamic  computations

performed in the Lagrangian approach Åsee Section 6¹1¹4Æ¹ A large number of cells is chosen for the target

shell´ and the trajectories lie so dense in this region that it appears as a black area in the �gure¹ Notice that

cell masses are not uniform¹ Cells are denser where �ner resolutions are needed¾ however´ to avoid

unphysical discontinuities´ cell masses change smoothly with the radius¹¯

p. 51

¯

Ablation
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Irradiation and Implosion



• The figure at right shows the state of the system at 21 ns. 

• We see in (c) that there is fast expansion of the outer layers (positive velocity u). 

• The small region of negative velocity is the imploding front. 

• In part (a) we see that the absorption of laser light, QL, is maximum at the peak 
density, but is also absorbed in the low density corona. 

• This energy is primarily absorbed in the electrons, causing their temperature to 
be higher than that of the ions. 

• Also, the shock traveling into the fuel has a temperature spike from shock 
heating, and a noticeable rise in the density. 

• For the near term, the picture will have the implosion continuing, with the shock 
moving to the left.

Fig¹ 3¹4ÅbÆ shows the fast expansion of the outer layers of the target¹ This material is a hot and tenuous

plasma´ and soon becomes transparent to the laser light´ which crosses it´ and is absorbed in a colder and

denser plasma layer close to the solid surface¹ Further material is then ablated´ as is clearly seen in the

�gure¹ Many features of this process are shown in Fig¹ 3¹6´ presenting the radial pro�les of various

hydrodynamical quantities at time t ä 21 ns´ when the laser power is close to its peak value¹ The �gure shows

that laser light penetrates into the tenous plasma corona up to a critical radius corresponding to the soÉ

called critical density Åsee Section �¹�¹1Æ for light propagation in a plasma¹ As shown ¯ by frame ÅaÆ´ most of

the light is absorbed in a 0¹5 mm thick layer´ where the speci�c deposited power Q ÖL reaches values about

10  W¿g¹ Such a power is delivered to plasma electrons¹ Thermal conduction transports deposited energy

both outwards´ keeping the expanding material nearly isothermal´ as seen in Fig¹ 3¹6ÅbÆ´ and inwards´

causing ablation of the solid¹ Plasma ions are heated by collisions with the electrons Åsee Section 10¹�Æ´ and

are colder then the electrons in the low density corona¹

18

Fig� ���

Laser light absorption and ablative drive, illustrated by radial profiles of hydrodynamic quantities at time / õ 21 ns. ¬a Specific
absorbed laser power� ¬b temperatures, mass density, and pressure� ¬c fluid velocity.

¯

Critical density

p. 55 The pressure resulting from ablation peaks just at the surface of the shell´ where it reaches a value about 100

Mbar¹ Figure 3¹6ÅcÆ shows that the ablated plasma expands with velocities exceeding 5 â 10  cm¿s´ while the

¯ dense shell and the inner gas reached by the shock implode with a velocity about 2 â 10  cm¿s¹ LaserÈ

plasma interaction and generation of ablative pressure will be discussed in Chapters 11 and �´ respectively¹

7
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Implosion details



• At 24.5 ns, the shell hits the center and comes to rest.  

• The fuel pressure reaches 250 Gbar,  

• A hot spot with peak temperature about 10 keV and confinement 
parameter ≃ 0.25 g/cm2 has formed in the center.  

• The colder fuel surrounding the hot spot has been compressed to ρ ≃ 
400 g/cm3 .  

• At stagnation, ignition occurs in the central hot spot.  

• A burn wave moves outwards, igniting the whole fuel,  

• The fuel expands rapidly.  

• The fuel remains confined and burns efficiently for a time interval of 
about 50 ps.  

• About 19% of the fuel is burnt, and 105 MJ of fusion energy are 
released, corresponding to a target gain of G = 65. 

ρR

��~�� The im+lo.ion diag-am

Such a shaped pulse insures nearly isentropic compression Åsee Section 3¹1¹3¹1Æ¹

Fig� ���

Implosion of the capsule in Fig. 3.2. ¬a Time dependence of the power of the laser pulse� ¬b Implosion diagram.

¯

Beam pulse shape

The implosion is visualized in Fig¹ 3¹4ÅbÆ in the form of a �ow diagram¹ In the simulation´ the target sphere

is radially divided into 221 mass cells´ and the trajectories of selected cell interfaces are plotted in the

radiusÈtime plane¹ This presentation is the natural one for the results of hydrodynamic  computations

performed in the Lagrangian approach Åsee Section 6¹1¹4Æ¹ A large number of cells is chosen for the target

shell´ and the trajectories lie so dense in this region that it appears as a black area in the �gure¹ Notice that

cell masses are not uniform¹ Cells are denser where �ner resolutions are needed¾ however´ to avoid

unphysical discontinuities´ cell masses change smoothly with the radius¹¯

p. 51

¯

Ablation
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Stagnation, Burn, and Expansion



• If we zoom in on the time near the hot spot formation we notice several phenomenon. 

• The shading on part (a) of the figure indicates regions where the ion temperature is 
greater than 4 keV, and fusion is taking place.  

• Stagnation is indicated by the horizontal lines between 23.5 and 24 ns. 

• The thick dashed lines in (a) are shocks. We can see the shock reaching the center just 
before 23.5 ns, reflecting out, and then reflecting off the outer surface of the capsule. 

• When this shock returns toward the origin, the fuel is compressed to a very high areal 
density, and the kinetic energy of the material is converted to internal energy (see panel 
b). 

• At about 24.5 ns we reach the maximum compression and just before the expansion 
we reach the minimum kinetic energy of the system. 

• This is the so-called “bang time” because from this point forward the kinetic energy 
rapidly increases as the fuel explodes outward.

Details of the burn
Fig� ���

Late stage of implosion, stagnation, and burn. ¬a Enlarged view of the flow chart of Fig. 3.4¬b, in the time interval between 23
and 25 ns. The flow chart shows selected Lagrangian lines in the DT vapour region and the boundaries of the initially cryogenic
DT layer. The thick dashed curves represent shock trajectories� the grey areas, bounded by dotted curves, indicate the regions of
the fuel where the ion temperatures exceeds 4 keV. ¬b Time evolution of the fuel total energy E  t, kinetic energy E  kin and
internal energy E  int. ¬c Time evolution of the mass averaged ion temperature and density in the DT vapour region. ¬d Time
evolution of the total fuel confinement parameter J  R.

¯

Hot spot formation

Figure 3¹�ÅbÆ shows that in the time interval 24¹2 ns æ t æ 24¹5 ns more than 2¿3 of the shell kinetic energy is

converted into internal energy¹ During this time interval the fuel is compressed to high average density ¯

and a hot spot is formed at the centre¹

¯

Kinetic energy converted into internal energy

The sequence of shocks and the subsequent gentler compression heat the gas to very high temperature¹ This

is shown in Fig¹ 3¹�ÅaÆ´ where grey areas indicate ion temperatures larger than 4 keV´ which we can take as

an orientative threshold for the initiation of fusion reactions Åsee the  concept of ideal ignition

temperature de�ned in Section 2¹1¹2Æ¹ We see that for t å 24¹3 ns also inner layers of the main fuel exceed this

temperature¹ From Fig¹ 3¹�ÅcÆ we see that in the interval 23¹5 ns æ t æ 24¹45 ns the massÉaveraged ion

temperature of the central gas increases nearly exponentially in time from 0¹5 keV to 10 keV¹ During this

time interval´ gas heating due to mechanical work exceeds gas cooling by radiation emission and by thermal

p. 58
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• There are two problems with the scenario we just talked through.  

• Stability/Symmetry 

• Delivering energy to the capsule 

• The simulation we just walked through assumed that the energy is deposited in the capsule in a spherically symmetric way. 

• If we are shining laser light on the target, this would assume that we can irradiate the target uniformly using a number of 
laser beams.  

• Any asymmetry in the irradiation will lead to a non-uniform implosion.  

• Long-wavelength perturbations  could affect the hot spot size and cause the implosion to fissile. 

• In the figure, the dashed circle is the required hot spot size.  

• Depending on the perturbation wavelength, the effective hotspot size might be too small 

• More problematic are Rayleigh-Taylor instabilities that can amplify small asymmetries. 

• The surface is inherently RT unstable because the dense surface is being accelerated by the ablating material.

It looks so easy, what’s the problem.

Fig� ��~�

Reduction of the yield of a direct¦drive laser fusion capsule versus amplitude of illumination non¦uniformity for Legendre modes
l õ 2, 4, 8, and 16 ¬McCrory and Verdon 1989.

Subsequent studies have shown that the trends illustrated by Fig¹ 3¹1� are general ÅAtzeni 1��0¾ Kishony and

Shvarts 2001Æ´ while the allowed levels of nonÉuniformity depend on the speci�c target ÅAtzeni 1��0Æ¹ For

example´ some targets only tolerate perturbations two or three times smaller than shown by the �gure¹

The above results can be explained as follows¹ Drive perturbations with a certain wave number generate a

deformed hot spot Åsee Fig¹ 3¹1�Æ´ with perturbations of the same periodicity and amplitudes increasing with

the amplitude Al of the drive nonÉuniformity¹ We expect that the deformed hot spot has nearly the same

volume and average density as the spherical one´ and therefore releases nearly the same fusion power¹ Its

surface area´ instead´ grows with both the mode number and the amplitude of the perturbation¹

Correspondingly´ thermal conduction losses and fraction of escaping αÉparticle power increase with l and Al¹

Tolerable nonÉuniformities´ however´ also depend on the ignition margin of the target illustrated in Fig¹ 3¹1�¹

Indeed´ if the implosion of the target generates a hot spot just of the minimum size required for ignition´

any small asymmetry will lead to ignition failure¹ If instead´ the hot spot is larger´ then margins exist to

tolerate the additional power losses due to a certain degree of asymmetry¹

Fig� ��~�

Concept of igni/ion margin. Non¦uniform irradiation results in the generation of a deformed hot spot ¬represented by the grey
areas in the figures. Its surface²volume ratio grows with the mode number l ≃ 2IR  h²λ and with the amplitude of the
deformation. If the dashed circles represents the hot spot required for ignition, the hot spot ¬a will not ignite while ¬b, having a
large margin, can ignite despite the large deformation. For simplicity, the figure shows sinusoidal deformations� 2D simulations,
such as those illustrated in Fig. 3.15 instead assume Legendre modes of perturbations.

Simple geometric considerations´ con�rmed by detailed 2D simulations´ show that higher convergence

ratios require smaller drive nonÉuniformities¹ On the other hand´ the driver energy required for ignition

strongly decreases for large convergence ratio Åsee the Box 3¹3 on page 6�Æ¹ Therefore´ developing highly
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Fig. 1. Results from ICF research on the NIF laser facility. (a) A result from a 3D
implosion simulation for the low adiabat, 4-shock ‘low-foot‘ drive of a NIF capsule
implosion at 170 ps before bang time (ie, the time of peak nuclear yield), for NIF
shot N120405. The color scale in the upper right represents density (g/cm3), and
that in the upper left indicates hot spot ion temperature in keV. Notice that the peak
temperature in the hot spot is ≥3-4 keV. The color scale on the lower left corresponds
to electron temperature in eV at the ablation front, and the spatial scale corresponding
to 120 µm is indicated by the arrow on the lower right side (13). (b) Similar to (a)
except at bang time (the moment of peak nuclear yield). Note that the hot spot peak
temperature is slightly lower than in (b) but the peak density is significantly higher (13).
(c) Experimental results of total neutron yield vs hot spot mix mass (ng) from a set of
cryogenic layered DT implosions on NIF, showing the monotonic decrease in yield as
mix mass increases (17). The different color plotting symbols correspond to different
peak powers in TW of the NIF drive laser. (d) Similar to (c) except the horizontal
axis corresponds to x-ray enhancement factor, which is proportional to increasing
mix mass (see text). Here, the blue plotting symbols correspond to the low-adiabat
4-shock drive, whereas the green symbols correspond to the ‘high-foot’ higher adiabat
3-shock drive, which reduces the hot spot mix mass considerably, albeit at lower fuel
areal density (17).

the acceleration of the RT unstable interface, L = fl/(Òfl) is
the density gradient scale length at the ablation front, va =
(dma/dt)/flmax is the ablation velocity, and ma is areal mass
density (g/cm2). This equation is only approximate, but does
illustrate that the RT growth rate, “RT , decreases as va and
L increase. Defining the classical RT growth rate as classical
“classical = (Akg)1/2, it is generally the case that ablation-
front RT growth is reduced from classical, “RT < “classical, an
e�ect which is typically referred to as ‘ablative stabilization’.
There is an ongoing e�ort at NIF to understand and control
ablation front RT growth and hot spot mix, for the various
drive pulse shapes (laser power vs. time) that are used in
ICF and HED research (13, 17, 34–37). Typical pressures
at the ablation front on NIF can range from ≥1-10 TPa or
higher. At peak compression in the hot spot, these pressures
can be amplified to 1-10 PPa by shock heating and spherical
convergence (38).

In the following, we present four areas of HED research
on NIF: (1) ablatively stabilized, spherically converging hy-
drodynamic instability experiments, measuring RT growth
factor vs. perturbation mode number; (2) a set of planar
embedded interface, ‘classical’ (non-stabilized) hydrodynamic
instability experiments; (3) novel radiative shock stabilized,
hydrodynamic instability results in planar geometry; and (4)
a new, material strength stabilized hydrodynamic instability
experiment. We then summarize and conclude.
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Fig. 2. Results from mix experiments and simulations on NIF (17, 37). (a) The
experimental configuration for an inflight radiography capsule implosion experiment
on NIF, showing the capsule, ‘hohlraum’ radiation cavity, the face-on backlighter, and
a subset of the lasers used. (b) Simulated vs. experimentally measured ablation front
perturbation growth factor as a function of perturbation Legendre mode number at a
convergence ratio of R0/R≥2, based on inflight radiography measurements, for the
low entropy, high compression ‘low- foot’ drive (blue curve) and the higher entropy,
lower compression ’high-foot’ drive (red curve) (35, 45). The blue and red symbols
with error bars are the corresponding experimental data points. (c) The predicted
results from simulations of shell density (blue curve labeled CH , g/cm3), hot spot
density labeled DT (red, g/cm3), hot spot ion temperature labeled Ti x 10 (black,
keV), and hot spot burn profile labeled ‘burn’ (gray, neutrons/cm3) for the experiment
shown in Figure 2 (a). Values from the Ti x 10 black curve need to be divided by 10
to give the predicted result. The peak hot spot ion temperature at this time shown
is slightly over 4 keV. (d) Experimentally observed DT yield of 14 MeV neutrons vs
recession distance (in microns) of a CD marker layer from the shell-hot spot interface
for a series of T2 gas filled capsule implosions on the NIF laser. The inset shows a
sketch of the T2 gas filled capsule used in these experiments (17).

Ablation front, spherical hydrodynamic instability ex-
periments

A wide variety of experiments are being performed on NIF to
study the hydrodynamics of ICF capsule implosions (17, 35–
45). At the ablation front, instability growth of pre-imposed
modulations was measured with in-flight, time resolved, face-
on, x-ray radiography (35, 36, 39, 46, 47). Perturbation growth
of ‘native roughness’ modulations and engineering features
such as fill tubes and capsule support membranes was also
measured (37, 42, 48), as was instability growth at the ablator-
ice interface (41). In the deceleration phase of implosions,
RT growth from low-mode asymmetries and high-mode per-
turbations was measured near peak compression with x-ray
and nuclear techniques. In one technique, the self-emission
from the hot spot was enhanced with 1% argon dopant to
‘self-backlight’ the shell in-flight (40), and. ‘adiabat-shaping’
techniques were developed (49) to control hot-spot mix in
cryogenic layered DT implosions (36, 50, 51).

We show in Figure 2 (a) the experimental configuration
where a hollow Au cylindrical cavity (‘hohlraum’) is irradiated
on the inside by 192 NIF laser beams, generating a ≥250-300
eV radiation drive for the ‘hydro-growth radiography’ (HGR)
platform (35, 45). This radiation drive ablatively implodes a
hollow spherical capsule of 1 mm initial radius and 150-200 µm
initial shell thickness, which consists of doped and undoped
layers of plastic. Various dopant layers, such as CH(I), CH(Ge),

2 | Remington et al.
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• The creation of fusion conditions involves a host of physical processes that must be 
understood. 

• Laser-plasma interactions: how lasers interact with the target, whether direct or indirect 
drive, is crucial to understanding the fusion experiments. 

• Additionally, the target will be changing shape during laser irradiation due to ablation.  

• For direct drive this is especially important because the target will be shrinking. 

• In indirect drive, the ablated plasma can block the incoming laser light from 
reaching the hohlraum walls. 

• The conversion of laser to x-ray energy in the holhraum and the effect of the laser spots on 
the evolution also have a complicated interaction. 

• The hydrodynamics of the implosion and the heating of the hohlraum are both in the 
radiation-hydrodynamics regime. 

• This means that the thermal radiation produced by the material is comparable with the 
energy or energy fluxes of hydrodynamic motion. 

• The resulting dynamics of the system cannot be properly modeled without taking this 
radiation into account. 

• One consequence of this is that material upstream of a shock “knows” a shock is 
coming because the radiation travels in front of the shock, heating the upstream 
material. 

• This can allow compression to be larger than in non-radiating shocks.

We are really only scratching the surface here.

Drake, 2007

https://www.lle.rochester.edu/index.php/education/research-areas/plasma-ultrafast-science-engineering/laser-plasma-interactions/


