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High-yield designs require igniting hot spot and shell 
confinement for burn wave propagation

Igniting 
hot spot

𝑷𝐡𝐬𝑹𝐡𝐬 > 𝟏Gbar × cm, 𝑻𝐢 > 4.5 keV
𝑹𝐡𝐬

Ignition parameter

Scaling with implosion parameters:

𝑷𝐡𝐬𝑹𝐡𝐬 ∼ 𝒗𝐢𝐦𝐩𝟑 𝑬𝐋
𝑰

)𝟏 𝟑 𝒑𝐚
⁄𝟒 𝟏𝟓

𝜶 )𝟒 𝟓
> 𝑷𝑹 𝐦𝐢𝐧

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶 ⁄𝟏𝟐 𝟓

𝒑𝐚
⁄𝟒 𝟓

𝑰
𝑬𝐋

+𝟏 𝟗

Time

Laser power

𝒕𝐚𝐜𝐜𝐞𝐥

𝑷𝐦𝐚𝐱

𝑬𝐥𝐚𝐬𝐞𝐫 ≃ 𝑷𝐦𝐚𝐱𝒕𝐚𝐜𝐜𝐞𝐥

Laser

𝑰 ∼
𝑷𝒎𝒂𝒙
𝑹𝟐
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The minimum implosion velocity required to create an igniting hot spot scales with 
ablation pressure, fuel adiabat, and laser energy

𝐌
𝐢𝐧

𝑽 𝐢
𝐦
𝐩
(×
𝟏𝟎

𝟕
𝐜𝐦 𝐬

)

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶 ⁄𝟏𝟐 𝟓

𝒑𝐚
⁄𝟒 𝟓

𝑰
𝑬𝑳

𝟏
𝟗
, 𝒑𝐚 = 𝟖𝟎𝐌𝐛𝐚𝐫

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

• Current ablation pressures on 
OMEGA: 𝒑𝐚 ∼ 𝟏𝟒𝟎𝐌𝐁𝐚𝐫

• LDD NIF experiments: 𝒑𝐚 ∼ 𝟖𝟎𝐌𝐁𝐚𝐫

Laser energy (MJ)

LDD implosions
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High-yield designs require igniting hot spot and shell 
confinement for burn wave propagation

Fuel mass, shell 
confinement,  and 
𝝆𝑹 for 𝐆𝐚𝐢𝐧 ≫ 𝟏

Igniting 
hot spot

𝑹𝐡𝐬

Ignition parameter

Scaling with implosion parameters:

𝑷𝐡𝐬𝑹𝐡𝐬 ∼ 𝒗𝐢𝐦𝐩𝟑 𝑬𝐋
𝑰

)𝟏 𝟑 𝒑𝐚
⁄𝟒 𝟏𝟓

𝜶 )𝟒 𝟓
> 𝑷𝑹 𝐦𝐢𝐧

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶 ⁄𝟏𝟐 𝟓

𝒑𝐚
⁄𝟒 𝟓

𝑰
𝑬𝐋

+𝟏 𝟗

Shell confinement is limited to 
return shock propagation time
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Shell confinement is limited to return shock propagation time
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To launch a burn wave into the main fuel, the return shock should not breakout of 

the shell prior to formation of an igniting hot spot; ⁄𝑴𝒔𝒉𝒐𝒄𝒌𝒆𝒅 𝑴𝑫𝑻 ∼ 𝒗𝒊𝒎𝒑
𝟒
𝟑 𝜶<

𝟐
𝟓𝒑𝒂

<𝟏𝟑𝟏𝟓 < 𝟏
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If the drive pressure is too low, the shell cannot provide 
the confinement required for burn propagation

The limit on maximum velocity is set 
by shell confinement (shock inside 
the shell at ignition onset)

𝐌
𝐢𝐧

𝑽 𝐢
𝐦
𝐩
(×
𝟏𝟎

𝟕
𝐜𝐦 𝐬

)

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶 ⁄𝟏𝟐 𝟓

𝒑𝐚
⁄𝟒 𝟓

𝑰
𝑬𝑳

𝟏
𝟗
, 𝒑𝐚 = 𝟖𝟎𝐌𝐛𝐚𝐫

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

• Current ablation pressures on 
OMEGA: 𝒑𝐚 ∼ 𝟏𝟒𝟎𝐌𝐁𝐚𝐫

• LDD NIF experiments: 𝒑𝐚 ∼ 𝟖𝟎𝐌𝐁𝐚𝐫

Hot-spot formation and 
shell confinement 
requirements do not 
overlap – no robust 
ignition is possible.

Laser energy (MJ)

To realize the high-yield designs, ablation pressure must be increased.

𝒗𝐢𝐦𝐩 < 𝟏. 𝟔 × 𝟏𝟎𝟕𝐜𝐦/𝐬 𝜶𝟎.𝟑
𝒑𝐚

𝟏𝟎𝟎 𝐌𝐛𝐚𝐫

𝟎.𝟔𝟓
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Ablation pressure in current LDD experiments is limited by laser–
plasma instabilities, mainly cross-beam energy transfer (CBET)

Direct drive, 𝝀𝐋 = 𝟑𝟓𝟏 nm Bremsstrahlung absorption

Bremsstrahlung + CBET losses

Mitigation of CBET losses using broadband 
laser technology is the main focus of the 
direct-drive program.
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LPI modeling predicts that ⁄𝚫𝝎 𝝎 > 𝟏% mitigates LPI losses, leading to 
enhanced ablation pressure

• OMEGA-scale target designs
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Mitigating CBET significantly opens up the ignition 
parameter space

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕
𝐜𝐦
𝐬

Laser energy (MJ)

Velocity limit imposed 
by shell confinement

𝒑𝐚 = 𝟐𝟐𝟎𝐌𝐛𝐚𝐫

Region of robust ignition

Laser energy (MJ)

𝒑𝐚 = 𝟖𝟎𝐌𝐛𝐚𝐫

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕
𝐜𝐦
𝐬
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What is the bandwidth requirement at larger laser energies? Let’s look 
at LPI parameters as we scale up the target size and laser energy.

LPI modeling predicts that ⁄𝚫𝝎 𝝎 > 𝟏% mitigates LPI losses, leading to 
enhanced ablation pressure

• OMEGA-scale target designs
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Density scale-length at 𝒏𝒄/𝟒 increases slower with laser energy 
than the initial target radius

𝑹𝟎 ∼ 𝑬𝑳𝟎.𝟑

𝑳𝒏 𝒏 = ⁄𝒏𝒄 𝟒 ∼ 𝑬𝑳𝟎.𝟐𝟓

𝑬𝑳 =3 MJ
0.25 MJ

Density scale length at 𝒏𝒄/𝟒 is not hydro-equivalent Ablation front
𝒏𝒄/𝟒

Normalized radius 𝑹/𝑹𝟎

Initial target inner radius
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With increased target size at larger drive laser energies, intensity at 
quarter-critical surface gets larger for a given drive pressure

𝑬𝑳 =3 MJ

0.25 MJ

Intensity@𝒏𝒄/𝟒 (W/cm2)
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Increased intensity at 𝒏𝒄/𝟒 requires larger bandwidth at larger laser energies
Shell convergence ratio (time axis)

𝑰 ∼
𝑷𝒐𝒘𝒆𝒓
𝑹𝟐 ∼ (

𝑷𝒐𝒘𝒆𝒓
𝑹𝟎𝟐

)/
𝑹
𝑹𝟎

𝟐

Const with 𝑬𝑳
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Target gain is a simple relation between ablation pressure, 
implosion velocity, and peak drive intensity

𝑀#$ ≃
1
5
𝐸%&'()
𝐼*&+

𝑝&
𝑣,*-

𝐺 = 𝑓./)0𝑀#$ ⁄𝜖#$ 𝐸1

𝑮 ≃ 𝟏𝟖𝟎
𝒇𝐛𝐮𝐫𝐧
𝑰𝟏𝟓

𝒑𝐚
𝟏𝟎𝟎 𝐌𝐛𝐚𝐫

𝒗𝐢𝐦𝐩
𝟑 × 𝟏𝟎𝟕𝐜 ⁄𝐦 𝐬

P𝟏

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 from ignition criterion

Rocket equation:

Gain = Yield / ELaser

Burn fraction depends on 𝝆𝑹
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Additional ablation pressure enhancement can be achieved by beam 
zooming

𝒑𝐚 = 𝟐𝟐𝟎𝐌𝐛𝐚𝐫

Laser energy (MJ)

G
ai

n

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

Laser energy (MJ)

𝒑𝐚 = 𝟑𝟎𝟎𝐌𝐛𝐚𝐫 Reducing beam size during 
implosion – beam zooming
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How to improve LID and LDD ICF implosion performance and approach high yields

• LID
• Low hot-spot energy (PdV is only ~ 10 kJ on ignition shot) – need small hot spots and high hot spot 

pressures (𝑷𝒉𝒔 ∼ 𝟏/ 𝑬𝒉𝒔) to ignite – large sound speed and PdV losses during expansion (limited shell 
confinement and fuel burn fraction)

• Higher ablation pressures (~ 150 -170 Mbar) – helps confinement but more will help (hotter  hohlraums)

• LDD
• High hot-spot energy (40 – 60 kJ even with CBET) – larger hot spots, lower required hot-spot 

pressures, lower PdV losses during hot-spot expansion
• Low ablation pressures – low shell confinement (return shock breaks out too early) – need to mitigate 

CBET and increase 𝒑𝒂𝒃𝒍

LID
- Increase hot spot energy – larger laser energies, more 

efficient hohlraums
- Increase ablation pressure – hotter hohlraums

LDD
- Increase ablation pressure – mitigate CBET
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Robust high-yield designs require drive pressure to be increased 
by a factor of 2 to 3 from current laser direct drive experiments

Summary

• In current ICF implosions shell kinetic 𝑬𝐤 and hot-spot 𝑬𝐡𝐬 energy are maximized to achieve 
the best performance

- 𝑬𝐤 is maximized by increasing implosion velocity (𝒗𝐢𝐦𝐩 > 𝟒 × 𝟏𝟎𝟕cm/s)

- This requires raising fuel adiabat to maintain stability

- Current drive pressures in LDD and LID cannot support hot-spot conditions (pressure, 
convergence) required for robust burn propagation

• In high-gain designs fuel mass must be maximized with ablation pressures in excess of 220 
Mbar (at incident intensity of 𝟏𝟎𝟏𝟓 W/cm2)

- Implosion velocity 𝒗𝐢𝐦𝐩 needs to be close to the minimum required for ignition

- Fuel must be kept close to the Fermi degeneracy to maximize convergence and 𝝆𝑹

- High 𝒑𝐚 and low 𝒗𝐢𝐦𝐩 lower IFAR, reducing shell susceptibility to short-scale instability 
growth
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Backup slides
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Current ICF results: Record high hot-spot energy led to ignition 
in laser-indirect-drive implosion on the NIF

Ignition shot N210808
𝑬𝐡𝐬 𝐧𝐨 𝜶 ∼ 𝟗 𝐤𝐉Earlier NIF campaignsLaser-indirect-drive on the NIF
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Current ICF results: Target performance improves with increased 
hot-spot energy in laser-direct-drive implosions on OMEGA

Neutron yield in LDD cryogenic 
implosions

Laser-direct-drive on OMEGA

30 60 90
Ehs (kJ, scaled to EL = 1.9 MJ)

Ignition parameter 𝝌 = (𝑷𝝉)/ 𝑷𝝉 𝐢𝐠𝐧

Extrapolation of OMEGA results 
to EL = 1.9 MJ

Y 
(M

J)

LDD implosions couple 3 to 6× larger 
𝑬𝐡𝐬 compared to LID ignition capsules.
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Compared to the current ICF implosions, high-gain designs require 
larger fuel mass, higher compression, and lower implosion velocities 

Current implosions High-gain designs

• Maximize shell kinetic 𝑬𝐤 and hot-spot 𝑬𝐡𝐬 energy

• Maximize implosion velocity (𝒗𝐢𝐦𝐩 > 𝟒 × 𝟏𝟎𝟕 cm/s)

• Fuel adiabat (entropy) must be above a threshold 
value determined by implosion stability

- penalty on convergence and fuel areal 
density (𝝆𝑹)

• Fuel mass is maximized

• Minimized implosion velocity (𝒗𝐢𝐦𝐩 < 𝟑 × 𝟏𝟎𝟕cm/s) 
while still satisfying Lawson’s criterion

• Fuel must be kept close to Fermi degeneracy

- This will maximize convergence and 𝝆𝑹

How to bridge the gap?

The highest leverage – increasing the drive pressure by mitigating LPI losses!
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Robust high-yield designs require drive pressure to be increased 
by a factor of 2 to 3 from current laser direct drive experiments

Summary

• Current ICF implosions maximize shell kinetic 𝑬𝐤 and hot-spot 𝑬𝐡𝐬 energy to achieve best 
performance

- 𝑬𝐤 is maximized by increasing implosion velocity (𝒗𝐢𝐦𝐩 > 𝟒 × 𝟏𝟎𝟕cm/s)

- Fuel adiabat is increased above to maintain stability

- Current drive pressures in LDD and LID cannot support hot-spot conditions (pressure, 
convergence) required for robust burn propagation

• Fuel mass must be maximized in high-gain designs with ablation pressures in excess of 220 
Mbar

- Implosion velocity 𝒗𝐢𝐦𝐩 need to be close to the minimum required for ignition

- Fuel must be kept close to the Fermi degeneracy to maximize convergence and 𝝆𝑹

- High 𝒑𝐚 and low 𝒗𝐢𝐦𝐩 lower IFAR, reducing shell susceptibility to short-scale instability 
growth
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The high-level requirements for ~100-MJ yields

𝑌C = 𝑀DEFC𝜖GH, 𝜖GH = 2.75 × 10II J/g

𝑴𝐛𝐮𝐫𝐧 = 𝟑. 𝟕 𝝁𝐠 for 𝒀𝐧 = 𝟏𝐌𝐉

• To get 𝒀𝐧 = 100 MJ: 𝑴𝐛𝐮𝐫𝐧 = 𝟎. 𝟑𝟕𝐦𝐠

• Assume burn fraction 𝒇𝐛𝐮𝐫𝐧 ∼ 𝟏/𝟒: 𝑴𝐃𝐓 = 𝟏. 𝟓 mg (depends on 𝝆𝑹)

• We want to accelerate this mass to 𝒗𝐢𝐦𝐩 ∼ 𝟑 × 𝟏𝟎𝟕 cm/s

• This requires 𝑬𝐤 =
𝟏
𝟐
𝑴𝐃𝐓𝒗𝐢𝐦𝐩𝟐 = 𝟕𝟎 kJ

• Current LID NIF: 𝑬𝐤 ∼ 𝟐𝟎 kJ

• Scaled LDD OMEGA implosions to NIF energies : 𝑬𝐤 = 60 to 80 kJ

• Neutron yield:

• Energetically, LDD makes more sense for high yields
• Low drive pressures in current LDD experiments provide poor shell confinement
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Shell kinetic energy mainly depends on ablation pressure, at a given 
intensity, and implosion velocity

𝑀#$
𝑣,*-
𝑡&22(%

≃ 4𝜋𝑅3&)4(35 𝑝&

𝑀#$ ∼ 𝐸%&'()
𝑝&
𝑣,*-

4𝜋𝑅5

𝑃*&+

Time

Laser power

𝒕𝐚𝐜𝐜𝐞𝐥

𝑷𝐦𝐚𝐱
𝑬𝐥𝐚𝐬𝐞𝐫 ≃ 𝑷𝐦𝐚𝐱𝒕𝐚𝐜𝐜𝐞𝐥

𝑰𝐦𝐚𝐱G𝟏Peak laser intensity

𝑀#$ ∼
𝐸%&'()
𝐼*&+

𝑝&
𝑣,*-

Laser

𝑴𝒗𝐢𝐦𝐩𝟐

𝑬𝐋
= 𝜼𝐡𝐲𝐝𝐫𝐨 ∼

𝒑𝐚𝒗𝐢𝐦𝐩
𝑰𝐦𝐚𝐱
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Kinetic energy in current high-performing LDD implosions is 
maximized by increasing 𝒗𝐢𝐦𝐩 to 500 to 600 km/s

LDD on OMEGA

𝑴𝒗𝐢𝐦𝐩𝟐

𝑬𝐋
= 𝜼𝐡𝐲𝐝𝐫𝐨 ∼

𝒑𝐚𝒗𝐢𝐦𝐩
𝑰𝐦𝐚𝐱

Thinner shells, higher 𝒗𝐢𝐦𝐩

Stability in current implosions on OMEGA is 
achieved by increased adiabat

Higher 
𝒗𝒊𝒎𝒑



26

Accelerating the amount of fuel necessary for high gains, however, 
requires higher ablation pressures

Laser power

Time

𝒕𝐚𝐜𝐜𝐞𝐥

𝑷𝐦𝐚𝐱

𝑀#$ ≃
1
5
𝐸%&'()
𝐼*&+

𝑝&
𝑣,*-

Drive pressure is key 

To accelerate 𝑴𝐃𝐓 = 𝟏. 𝟓 𝐦𝐠 to 𝒗𝐢𝐦𝐩 = 𝟑 × 𝟏𝟎𝟕cm/s
at 𝑬𝐥𝐚𝐬𝐞𝐫 ∼ 𝟏MJ requires 𝒑𝐚 > 𝟐𝟐𝟎 Mbar  at 𝑰 ∼ 𝟏𝟎𝟏𝟓 W/cm2.

Laser

• Implosions on OMEGA reach 𝒑𝐚 ~ 120 to 140 Mbar, 𝒑𝐚 ∼ 𝟖𝟎𝐌𝐛𝐚𝐫 𝐨𝐧 𝐭𝐡𝐞 𝐍𝐈𝐅

• LID implosions on the NIF peak at 𝒑𝐚 ∼ 𝟏𝟓𝟎 𝐭𝐨 𝟏𝟕𝟎 MBar

𝑝&
𝐼*&+

≃ 5
𝑀#$𝑣,*-
𝐸%&'()

To maximize the yield,
velocity needs to be minimized
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As the required shell velocity decreases with laser energy, the PdV losses get 
reduced

Hot spot

Shocked shell

Unshocked shell

Outgoing shock

�̈� ∼
𝑺𝒉𝒔𝑷𝒉𝒔
𝑴𝒔𝒉𝒐𝒄𝒌𝒆𝒅

∼
𝑹𝒉𝒔 𝑷𝒉𝒔𝑹𝒉𝒔
𝑴𝒔𝒉𝒐𝒄𝒌𝒆𝒅Time scale: 𝜹𝒕

Heat conduction loss:

_
𝑽
𝛁 ⋅ 𝒒 ∼ 𝑹𝒉𝒔𝟐 𝒒 ∼

𝑹𝒉𝒔𝟐 𝑷𝒉𝒔𝑽𝒂𝝆𝒔𝒉
𝝆𝒉𝒔

∼ 𝑹𝒉𝒔𝒄𝒉𝒔𝟐 𝜿𝒉𝒔

Temperature evolution: source and sink balance:
𝒅𝑻
𝒅𝒕 =

𝑻𝒉𝒔
𝑬𝒉𝒔

𝒇𝜶𝑸𝜶 − 𝑸𝒓𝒂𝒅 − 𝑸𝒆 − 𝑷
𝒅𝑽
𝒅𝒕

𝒑𝒅𝑽 loss term: 𝑷𝒉𝒔𝑹𝒉𝒔𝟐 �̇�𝒉𝒔 ∼ 𝑷𝒉𝒔𝑹 𝑹𝒉𝒔�̇�𝒉𝒔
Alpha-production: 𝑸𝜶 ∼

𝝈𝒗
𝑻𝟐 𝑷𝒉𝒔

𝟐 𝑹𝒉𝒔𝟑 ∼ 𝝈𝒗
𝑻𝟐 𝑷𝒉𝒔𝑹𝒉𝒔 𝟐𝑹𝒉𝒔

Radiation: 𝑸𝒓𝒂𝒅 ∼
𝑷𝒉𝒔
𝟐 𝑹𝒉𝒔

𝟑

𝑻𝒉𝒔
𝟏.𝟑 ∼ 𝑷𝒉𝒔𝑹𝒉𝒔 𝟐𝑹𝒉𝒔

𝟏
𝑻𝒉𝒔
𝟏.𝟑

�̇�𝒉𝒔 ∼ 𝒄𝒔𝒉𝒆𝒍𝒍 ∼ 𝑷𝒉𝒔
𝟏
𝟓 𝜶𝒔

𝟑
𝟏𝟎

𝜶𝒔 ∼ 𝜶𝒊
𝟒
𝟓𝒗𝒊𝒎𝒑

𝟐
𝟑
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Fuel mass and hot-spot assembly in high-yield 
implosions

Fuel mass 
for 𝑮 ≫ 𝟏

Pressure drive 
acceleration to 𝑣,*-

Igniting 
hot spot

𝑷𝐡𝐬𝑹𝐡𝐬 > 𝟏 𝐆𝐛𝐚𝐫 × 𝐜𝐦
𝑻𝐢 > 𝟒. 𝟓 𝐤𝐞𝐕

• Shell kinetic energy and uniformity are not sufficient to guarantee 
ignition and burn

• Shell must also provide robust confinement at peak compression

Laser
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What is the minimum shell velocity required for ignition?

𝑷𝐡𝐬𝑹𝐡𝐬 > 𝟏Gbar × cm, 𝑻𝐢 > 4.5 keV

𝝆𝑹 𝐡𝐬𝑻𝐡𝐬 = 𝟎. 𝟑 𝐠/𝐜𝐦𝟐×𝟓 𝐤𝐞𝐕 →Creating an igniting hot spot:

Hot spot pressure: 𝑷𝐡𝐬 ∼
𝒑𝐚
𝟏/𝟑𝒗𝐢𝐦𝐩

𝟏𝟎/𝟑

𝜶

Hot-spot radius: 

𝑹𝟎

𝑹𝒉𝒔

𝑹𝐡𝐬 ∼ 𝜶𝟏/𝟓
𝑬𝐋

𝑰𝒗𝐢𝐦𝐩𝒑𝐚
𝟏/𝟓

𝟏/𝟑

Ignition parameter:

𝒕 = 𝟎

Peak compression
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What is the minimum shell velocity required for ignition?

𝑷𝐡𝐬 ∼
𝒑𝐚
𝟏/𝟑𝒗𝐢𝐦𝐩

𝟏𝟎/𝟑

𝜶 𝑹𝐡𝐬 ∼ 𝜶𝟏/𝟓
𝑬𝐋

𝑰𝒗𝐢𝐦𝐩𝒑𝐚
𝟏/𝟓

𝟏/𝟑

Ignition parameter: 𝑷𝐡𝐬𝑹𝐡𝐬 ∼ 𝒗𝐢𝐦𝐩𝟑 𝑬𝐋
𝑰

𝟏/𝟑 𝒑𝐚
𝟒/𝟏𝟓

𝜶𝟒/𝟓
> 𝑷𝑹 𝐦𝐢𝐧

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶𝟒/𝟏𝟓

𝒑𝐚
𝟒/𝟒𝟓

𝑰𝟏/𝟗

𝑬𝐋
𝟏/𝟗 =

𝜶 ⁄𝟏𝟐 𝟓

𝒑𝐚
⁄𝟒 𝟓

𝑰
𝑬𝐋

𝟏/𝟗
Minimum velocity for 

ignition:
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Examples for 500-kJ laser energy

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶𝟒/𝟏𝟓

𝒑𝐚
𝟒/𝟒𝟓

𝑰𝟏/𝟗

𝑬𝐋
𝟏/𝟗

𝒑𝐚 = 𝟑𝟎𝟎𝐌𝐛𝐚𝐫 No LPI, zooming

220𝐌𝐛𝐚𝐫 No LPI

𝟖𝟎𝐌𝐛𝐚𝐫 CBET losses

The limit on maximum 
velocity is set by shell 
confinement. 
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Shell confinement is limited to outgoing shock 
propagation time

Shock is launched into the shell at 
the beginning of deceleration

Outgoing 
shockPressure

Density
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Two scenarios for shell deceleration

Case 2: Hot spot stops 
converging before 
shock breaks out of the 
shell

High-gain designs

Case 1: Shock breaks 
out of the shell while 
̇𝑹𝐡𝐬 < 𝟎

• Inefficient 𝑬𝐤 → 𝑬𝐡𝐬
• Marginal ignition or 

low-gain designs
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Case1: Shock breaks out of the shell before hot-spot stagnation 
( ̇𝑹𝐡𝐬 < 𝟎)

• “Poor” shell convergence
• Shell does not stagnate, even in 1-D

Density

Velocity Moving 
out                  

Moving in                  
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Shell stagnates at larger radius, in this case with poor 
shell-to-hot-spot energy conversion  

Early 
times

Peak 
compression

• Even with significant shell kinetic energy, hot-spot energy density is low
• As alpha heating increases, PdV losses dominate over alpha deposition – gain ~ 1 is possible 

but not efficient burn of the main fuel
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Case 2: Hot spot stagnates while shock is inside the 
shell (preferred configuration)

Shock Velocity

Density

Peak compression Peak compression

Early time
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Optimizing hot-spot confinement requires reaching inner shell 
stagnation before the outgoing shock breaks out of the shell

𝑴𝐬𝐡𝐨𝐜𝐤𝐞𝐝

𝑴𝐭𝐨𝐭𝐚𝐥

Efficient compression

Ablation pressure sets the limit on the maximum implosion velocity for an efficient piston.

shell

Outgoing 
shock

Hot spot

𝑣,*- < 1.6 × 106cm/s 𝛼7.9
𝑝&

100 Mbar
7.:;

𝑴𝐬𝐡𝐨𝐜𝐤𝐞𝐝 < 𝑴𝐭𝐨𝐭𝐚𝐥At stagnation:

𝑣,*- < 2.6 × 106cm/s 𝛼7.9
𝑝&

100 Mbar
7.:;

Because of instabilities at ablation front: 𝑴𝐬𝐡𝐨𝐜𝐤𝐞𝐝 < 𝟎. 𝟓 𝑴𝐭𝐨𝐭𝐚𝐥
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Ablation pressure depends on the details 
of the laser–plasma interaction

Direct drive, 𝝀𝐋 = 𝟑𝟓𝟏 nm Bremsstrahlung absorption:

Bremsstrahlung + CBET losses:
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Coupling losses due to CBET prevent achieving igniting 
hot spots

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕 𝐜𝐦/𝐬

Laser energy (MJ)

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶𝟒/𝟏𝟓

𝒑𝐚
𝟒/𝟒𝟓

𝑰𝟏/𝟗

𝑬𝐋
𝟏/𝟗

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

Velocity limit imposed by 
shell confinement

𝑣UVW < 1.6 × 10Xcm/s 𝛼Y.Z
𝑝[

100 Mbar

Y.\]

𝒑𝐚 = 𝟖𝟎𝐌𝐛𝐚𝐫

Hot-spot formation and 
shell confinement 
requirements do not 
overlap⏤no robust 
ignition is possible.
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Mitigating CBET significantly opens up the ignition parameter space

G
ai

n

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕𝐜𝐦/𝒔

Laser energy (MJ)

Velocity limit imposed 
by shell confinement

𝒑𝐚 = 𝟐𝟐𝟎𝐌𝐛𝐚𝐫

𝐌𝐢𝐧 𝒗𝐢𝐦𝐩 ∼
𝜶𝟒/𝟏𝟓

𝒑𝐚
𝟒/𝟒𝟓

𝑰𝟏/𝟗

𝑬𝐋
𝟏/𝟗

𝑣TUV < 1.6 × 10Wcm/s 𝛼X.Y
𝑝Z

100 Mbar

X.[\
=

𝑬𝐤 𝐤𝐉 > 𝟏𝟓𝟔
𝒑𝐚

𝟏𝟎𝟎 𝐌𝐛𝐚𝐫

>𝟓

Laser and kinetic energy required for “robust” burn

Current LID: 𝑷𝐚 ≃ 𝟏𝟓𝟎𝐌𝐛𝐚𝐫 → 𝑬𝐤 > 𝟐𝟎 kJ – right at the edge

Required energy increases rapidly with reduced drive pressure 𝑷𝐚 = 𝟏𝟎𝟎𝐌𝐛𝐚𝐫 → 𝑬𝐤 > 𝟏𝟓𝟔 kJ

Region of robust ignition
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Target gain is a simple relation between ablation pressure, 
implosion velocity, and peak drive intensity

𝑀#$ ≃
1
5
𝐸%&'()
𝐼*&+

𝑝&
𝑣,*-

𝐺 = 𝑓./)0𝑀#$ ⁄𝜖#$ 𝐸1

𝑮 ≃ 𝟏𝟖𝟎
𝒇𝐛𝐮𝐫𝐧
𝑰𝟏𝟓

𝒑𝐚
𝟏𝟎𝟎 𝐌𝐛𝐚𝐫

𝒗𝐢𝐦𝐩
𝟑 × 𝟏𝟎𝟕𝐜 ⁄𝐦 𝐬

G𝟏 For LDD implosions 𝒑𝐚 = 𝒑𝐚(𝑰)
depends on thermal 
conduction and LPI

• This gain relation does not explicitly depend on laser energy 𝑬𝐋

• Minimum 𝒗𝐢𝐦𝐩 and 𝒇𝐛𝐮𝐫𝐧(𝝆𝑹) depend on 𝑬𝐋
𝒗𝐢𝐦𝐩 𝑬𝑳 , 𝒇𝐛𝐮𝐫𝐧 𝑬𝐋 → 𝑮 (𝑬𝐋)
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Mitigating CBET significantly opens up the ignition parameter space

Laser energy (MJ)

G
ai

n

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕𝐜𝐦/𝐬

Laser energy (MJ)

Velocity limit imposed by 
shell confinement

𝒑𝐚 = 𝟐𝟐𝟎𝐌𝐛𝐚𝐫
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Beam zooming allows accessing lower laser drive energies 
for ignition

Laser energy (MJ)

G
ai

n

𝜶 = 𝟏

𝜶 = 𝟐

𝜶 = 𝟑

𝒗𝐢𝐦𝐩 𝟏𝟎𝟕𝐜𝐦/𝐬

Laser energy (MJ)

Velocity limit imposed by 
shell confinement

𝒑𝐚 = 𝟑𝟎𝟎𝐌𝐛𝐚𝐫 One-stage zooming
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LLE is exploring higher-bandwidth driver concepts (Dw/w > 3%) to 
expand the ignition parameter space for future MJ-class facilities

LPI modeling predicts that ⁄𝚫𝝎 𝝎 > 𝟏% bandwidth increases laser coupling, 
leading to more massive and hydrodynamically robust LDD implosions
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Drive pressures in ICF implosions need to be improved by a factor of 2 to 3 
from current experiments to make the high-gain targets a reality

Summary

• Current ICF implosions maximize shell kinetic 𝑬𝐤 and hot-spot 𝑬𝐡𝐬 energy to achieve best performance

- 𝑬𝒌 is maximized by increasing coupling and implosion velocity (𝒗𝐢𝐦𝐩 > 𝟒 × 𝟏𝟎𝟕cm/s)

- Fuel adiabat is increased above the threshold value to maintain stability

- Current drive pressures in LDD and LID cannot support hot-spot conditions (pressure, convergence) 
required for robust burn propagation

• Fuel mass must be maximized in high-gain designs with ablation pressures in excess of 220 Mbar

- Implosion velocity 𝒗𝐢𝐦𝐩 need to be close to the minimum required for ignition

- Fuel must be kept close to Fermi degeneracy to maximize convergence and 𝝆𝑹

- High 𝒑𝐚 and low 𝒗𝐢𝐦𝐩 lower IFAR, reducing shell susceptibility to short-scale instability growth


