Physics Requirements for High-Gain Inertial
Fusion Target Designs

UR
LLE
Main fuel Fuel mass, shell
confinement, and
Igniting PR for Gain > 1
hot spot
V. N. Goncharov Anomalous Absorption Conference
University of Rochester Sky Top, PA
Laboratory for Laser Energetics 6—10 June 2022

BB ROCHESTER - QPQ-@




Collaborators

UR
LLE

W. Trickey, I.V. Igumenshchev, N. Shaffer, T. J. B. Collins, R. K. Follett, W. Theobald, C. Stoeckl, R. Shah,
C. Dorrer, J. D. Zuegel, D. R. Harding, S. Fess, S. Regan, D. Froula, E. M. Campbell, and C. Deeney

Laboratory for Laser Energetics
S. Atzeni, L. Savino, F. Barbato
Universita’ di Roma “La Sapienza”
A. Colaitis

Centre Lasers Intenses et Applications, Université de Bordeaux

®a)|
{MELIORA}

B ROCHES T .




High-yield designs require igniting hot spot and shell
confinement for burn wave propagation
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. Main fuel
Ignition parameter
PysRys > 1 Gbar xecm, T, > 4.5 keV
Scaling with implosion parameters:
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The minimum implosion velocity required to create an igniting hot spot scales with
ablation pressure, fuel adiabat, and laser energy
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High-yield designs require igniting hot spot and shell
confinement for burn wave propagation
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hot spot

PR for Gain > 1

Main fuel

Ignition parameter

Shell confinement is limited to
return shock propagation time

Scaling with implosion parameters: T T T T |
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Shell confinement is limited to return shock propagation time
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Two scenarios for shell and
hot-spot compression:
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If the drive pressure is too low, the shell cannot provide
the confinement required for burn propagation
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45} Min (v: ~— =] , = 80 Mbar  Current ablation pressures on
(Vimp) (p4/5 EL> Pa OMEGA: p, ~ 140 MBar
a

" 0: + LDD NIF experiments: p, ~ 80 MBar
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B | @ Hot-spot formation and
= _3 shell confinement
= a= .
X requirements do not
>’a : a=2 overlap — no robust
Sg i ignition is possible.
= i : a=1
= 2_0"; ____________________________ b ____________ The limit on maximum velocity is set

by shell confinement (shock inside
the shell at ignition onset)
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Ablation pressure in current LDD experiments is limited by laser—
plasma instabilities, mainly cross-beam energy transfer (CBET) ;
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Mitigation of CBET losses using broadband

laser technology is the main focus of the
direct-drive program.




LPI modeling predicts that 2«/,, > 1% mitigates LPI losses, leading to
enhanced ablation pressure
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Mitigating CBET significantly opens up the ignition
parameter space

p, = 80 Mbar Q p. = 220 Mbar
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LPI modeling predicts that 2«/,, > 1% mitigates LPI losses, leading to
enhanced ablation pressure
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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.




Density scale-length at n./4 increases slower with laser energy
than the initial target radius

Ablation front

Density scale length at n./4 is not hydro-equivalent
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Initial target inner radius
Ry ~ E3

Normalized laser
energy deposition
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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
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Increased intensity at n./4 requires larger bandwidth at larger laser energies
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Target gain is a simple relation between ablation pressure,
implosion velocity, and peak drive intensity
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. 1 Elaser Pa

Rocket equation: MDT ~

51 max vlmp

/ Burn fraction depends on pR
Gain = Yield / ELaser G = fburnMDT EDT/EL

Min (Vimp) from ignition criterion

G ~ 18Ofburn( Pa ) ( Vimp )_1

100 Mbar’/ \3 x 107cm/s
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Additional ablation pressure enhancement can be achieved by beam
zooming
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P, = 220 Mbar |:> p. = 300 Mbar Reducing beam size during

implosion — beam zooming
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How to improve LID and LDD ICF implosion performance and approach high yields
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* LID

* Low hot-spot energy (PdV is only ~ 10 kJ on ignition shot) — need small hot spots and high hot spot
pressures (Pps ~ 1/, Eps) 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 hohilraums)

 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 p,;

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

LDD

- Increase ablation pressure — mitigate CBET

efficient hohlraums
- Increase ablation pressure — hotter hohlraums
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Summary

Robust high-yield designs require drive pressure to be increased
by a factor of 2 to 3 from current laser direct drive experiments
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* In current ICF implosions shell kinetic E, and hot-spot E; energy are maximized to achieve
the best performance

- Ey is maximized by increasing implosion velocity (viy, > 4 X 107cml/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 101> W/cm?)

- Implosion velocity v;,,, needs to be close to the minimum required for ignition
- Fuel must be kept close to the Fermi degeneracy to maximize convergence and pR

- High p, and low v;,,, lower IFAR, reducing shell susceptibility to short-scale instability
growth
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Current ICF results: Record high hot-spot energy led to ignition
in laser-indirect-drive implosion 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
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Laser-direct-drive on OMEGA Neutron yield in LDD cryogenic Extrapolation of OMEGA results
implosions to E.=1.9 MJ
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LDD implosions couple 3 to 6x larger
E;,s 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
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Current implosions

+ Maximize shell kinetic E), and hot-spot E energy\

+ Maximize implosion velocity (Viyp > 4 x 107 cm/s)

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

- penalty on convergence and fuel areal

density (oR) - \_
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High-gain designs

p

\

Minimized implosion velocity (vim, < 3 X 107cm/s)
while still satisfying Lawson’s criterion

Fuel mass is maximized

Fuel must be kept close to Fermi degeneracy

- This will maximize convergence and pR ~ /

. 7

How to bridge the gap?

The highest leverage — increasing the drive pressure by mitigating LPI losses!




Summary

Robust high-yield designs require drive pressure to be increased
by a factor of 2 to 3 from current laser direct drive experiments
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» Current ICF implosions maximize shell kinetic E;, and hot-spot E; energy to achieve best
performance

- Ey is maximized by increasing implosion velocity (viy, > 4 X 107cml/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 v;,,, need to be close to the minimum required for ignition

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

- High p, and low v;,,, lower IFAR, reducing shell susceptibility to short-scale instability
growth
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The high-level requirements for ~100-MJ yields
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- Neutron yield: Yn = Mpurn€pr, ept = 2.75 x 1011 )/g
Myyrm =3.7ugforY, =1M]j
Main fuel - TogetY, =100 MJ: M}, = 0.37 mg

* Assume burn fraction fy,; ~ 1/4: Mpr = 1.5 mg (depends on pR)

« We want to accelerate this mass to v;,, ~ 3 X 107 cm/s

» This requires E; = %MDTviZmp =70kJ

» Current LID NIF: E, ~ 20 kJ

« Scaled LDD OMEGA implosions to NIF energies : E;, = 60 to 80 kJ

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
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Laser power

1 Elaser = Pmaxtaccel

P max

» Time
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Kinetic energy in current high-performing LDD implosions is
maximized by increasing vjy, to 500 to 600 km/s
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Mvimp Stability in current implosions on OMEGA is

E = Nhydro I achieved by increased adiabat
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Drive pressure is key

Accelerating the amount of fuel necessary for high gains, however,
requires higher ablation pressures
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MDT ~ l Elaser Pa

5 Imax vimp

Pa 5 MDTvimp

Imax Elaser

To maximize the yield,
velocity needs to be minimized

To accelerate Mpy = 1.5 mg t0 Vim, = 3 X 10”cm/s

Laser power“

at Ej,cer ~ 1 MJ requires p, > 220 Mbar at I ~ 10> W/cmZ.

P max

* Implosions on OMEGA reach p, ~ 120 to 140 Mbar, p, ~ 80 Mbar on the NIF

* Time . LID implosions on the NIF peak at p, ~ 150 to 170 MBar
20
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As the required shell velocity decreases with laser energy, the PdV losses get

reduced
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. S,.P Ry .(Pp.R
Unshocke®® i~ ShsPhs _ Rus(PhsRs)
Time scale: 6t Mhocked M pocked

nduction loss:

A RiisPhsV aPsh
} v tzl ~ R%usq e Rhsciskhs
/4 Phs
emperature evolution: source and sink balance:

dT  Tps » 4V i Pé =
~cC ~ a

dt Ehs (faQa Qrad — Qe — dt) hs shell4 5 hs%s

pdV loss term: Pththhs ~ (Pth) Rthhs ag ~ ?v?’mp

Alpha-production: Q, ~ "—fPflsRﬁs ~ (‘Tr—f) (PnsRns)*Rps

1
~ (Pthhs)ZRhs TT
hs

P2 Rhs

Radiation: Q,4q ~
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Fuel mass and hot-spot assembly in high-yield
implosions

Q g

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

Shell must also provide robust confinement at peak compression
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What is the minimum shell velocity required for ignition?

Creating an igniting hot spot:  (PR)nsThs = 0.3 g/cm?x5 keV —

Ignition parameter: Py Ry > 1 Gbar x cm, T; > 4.5 keV
1/3_10/3
Pa 7
Hot spot pressure: Py ~ — almp
1/3 Peak compression
: 1/5 Ey, :
Hot-spot radius: Rys ~ a ——75
Ivimppa
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What is the minimum shell velocity required for ignition?
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p1/3v10/3 E 1/3
a imp L
Py ~ T a Rys ~ a'/ <—1/5>
Ivimppa
EL 1/3 p4/15
agn . a
Ignition parameter: PypsRys ~ v?mp( T ) pyE > (PR) min

1/9
Minimum velocity for
ignition:

/15 [1/9 <a12/5 I)

Mi“(”imp)"’ 4/45 1/9 |\ _a/5 F.
pa/ EL/ pa/ Ey
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Examples for 500-kJ laser energy
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| Min (Vimp) ~ 4/45 ;179 | _igoMbar CBET losses
4.5" a EL —.

| 220 Mbar No LPI
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pa = 300 Mbar No LPI, zooming

Velocity (107 cm/s)
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'1" 23 S The limit on maximum
velocity is set by shell
confinement.
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Shell confinement is limited to outgoing shock
propagation time
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Two scenarios for shell deceleration
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Pressure gradient
stops the shell Case 1: Shock breaks
250 120 out of the shell while

Ry <0

_ 200 100 . * Inefficient E - Ey
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Case1: Shock breaks out of the shell before hot-spot stagnation
(Rhs < O) 2 7.”.“.5*

, x10 time=12.00 x10
x10 time=11.900 x 10/
— 1.0
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Shell stagnates at larger radius, in this case with poor
shell-to-hot-spot energy conversion
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« 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)

uRrR
LLE
x10° time=21.918 x107 ° time=21.918 x10°
1.0 B A 0.0 T 1 IIN‘III‘III‘|11_3‘5
B RS _ ]
] ] -~ ~. Peak compression
RN . l] _ N —
-~ Peak compression P - > ] 3.0
v \ | -0.5 |
0.8 AN ] ]
- [ B B
e | I‘\ i — - 2.5
5 - i -0~ . ~
< | P N - ] 9
o 0.6 :, 7] e | — 2053
B | ] O ~
Z I //’ — 15 [ ] o
%) . L0
| V . = - >
o Shock eIocnty//, . o [ — 15 9
o s ~ 7 I o 0]
L0 n P 3 s [ ] g
S - -1 -20 L -
= - - : | ] 1.0
0.2 - N — ]
- -25 r — 05
I P ] :
0.0 (. \|/I | | ‘ (. | | 1| ‘ (. | L1 L] 3.0 0.0
'70.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 00 0.2 0.4 0.6 0.8 1.0,
mass coordinate (q) x1072 Distance (mic) x10

SCHESTE .

[@®]
mmomm,



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

Outgoing At stagnation: Mghocked < Miotal
shock

, 03 Da 0.65
Hot spot Vimp < 2.6 X 107em/s &= (100 Mbar)
- Because of instabilities at ablation front: Mgpocked < 0.5 Miotal
Mhocked ; 03 Pa 0.65
« M > Vimp < 1.6 X 10"cm/s a (100 Mbar)

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




Ablation pressure depends on the details
of the laser—plasma interaction
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/ Bremsstrahlung absorption:
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Coupling losses due to CBET prevent achieving igniting
hot spots

Vimp(107 cm/s)
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pa = 80 Mbar at/15 J1/9

Min (vimp) ~

45+ 4/45 1/9
r a EL
40}
35¢
: a=3 Hot-spot formation and
30¢ f‘ shell confinement
a=2 requirements do not
297 overlap—no robust
[ a= ignition is possible.
20 o e e b s b Velocity limit imposed by
B e e b e e e e e b e i shell confinement
15 2 ) ol - [P & o L s - | ki - - i e - da 1
] 1 2 3 4 5
, 0 Da 0.65
Laser energy (MJ) Vimp < 1.6 X 10"cm/s a™ (m)
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Mitigating CBET significantly opens up the ignition parameter space

Laser and kinetic energy required for “robust” burn Pa = 220 Mbar
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at/15 [1/9
Min (Vimp) ~ 4/45 [1]9 Vimp(107cm/s)
L
2 Velocity limit imposed
= o by shell confinement
; 03 Pa L0
Vimp < 1.6 X 10%cm/s a™ (m) 2o Region of robust ignition

-------------------------------------- £
v | 8

Pa

Ex (k) > 156 (100 Mbar

Laser energy (MJ)

Current LID: P, =~ 150 Mbar — Ey > 20 kJ - right at the edge

Required energy increases rapidly with reduced drive pressure P, = 100 Mbar — Ej, > 156 kJ




Target gain is a simple relation between ablation pressure,
implosion velocity, and peak drive intensity
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zl Elaser Pa
5 Imax vimp

MDT

G = fournMpr €pT/EL

For LDD implosions p, = p,(I)
depends on thermal

G ~ 180 —_————
3x107cm/s conduction and LPI

fburn ( Pa ) ( Vimp

I,z \100 Mbar

* This gain relation does not explicitly depend on laser energy E;

vimp(EL): fburn (EL) -G (EL)

* Minimum v;,,,, and fy,»(PR) depend on E;,




Mitigating CBET significantly opens up the ignition parameter space
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Beam zooming allows accessing lower laser drive energies
for ignition
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pa = 300 Mbar One-stage zooming

250/
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shell confinement I
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LPI modeling predicts that 2¢/,, > 1% bandwidth increases laser coupling,
leading to more massive and hydrodynamically robust LDD implosions
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Crossed-beam energy transfer Two-plasmon decay Improved imprint
(Increased drive pressure) (Hot-electron mitigation) (<1-ps asymptotic smoothing)
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Increasing Aw/@ > 0.5% will allow Increasing Aw/w > 1% Improved imprint will expand
stable implosions on OMEGA will mitigate both CBET the direct-drive design space by
(IFAR = 15) and hot electrons increasing the hydrostability threshold

LLE is exploring higher-bandwidth driver concepts (Ao/® > 3%) to |GEEEEEMG TN NTAEED)
expand the ignition parameter space for future MJ-class facilities
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Summary
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
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* Current ICF implosions maximize shell kinetic E; and hot-spot E}; energy to achieve best performance
- Ej is maximized by increasing coupling and implosion velocity (vinp > 4 X 107cml/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 v;y,, need to be close to the minimum required for ignition
- Fuel must be kept close to Fermi degeneracy to maximize convergence and pR

- High p, and low v;,;,, lower IFAR, reducing shell susceptibility to short-scale instability growth




