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By irradiating small capsules containing deuterium and tritium fuel with intense laser light, an implosion is generated
that creates a plasma hot enough to initiate fusion reactions. We report on the first set of experiments in laser direct
drive to release more fusion energy than the amount of energy in the central hot-spot plasma, or a hot-spot fuel gain
Ghs above unity. While this was accomplished first in indirect drive using up to 1.9 MJ of laser energy1 (to generate
Ghs ∼ 4), the present achievement was realized with laser energy as low as 28 kJ on the Omega Laser System. The
hot-spot fuel gain is predicted to grow with laser energy and target size. Therefore, the results presented in this work
establish the direct-drive approach to inertial fusion as a promising path toward burning and ignited plasmas in the
laboratory. Additionally, we present the results of the first thin-ice DT liner targets to be imploded on OMEGA, which
led to a fusion energy yield of 0.9 kJ, a new record for the Omega Laser System.

In laser-driven inertial confinement fusion2–4 (ICF), energy17

is rapidly coupled to the surface of a capsule containing cryo-18

genic deuterium–tritium (DT) fuel, which causes its outermost19

layer to ablate and the remaining spherical shell to implode20

via momentum conservation (i.e., the “rocket effect”). This21

energy deposition could come in the form of near-ultraviolet22

laser light (direct drive)5, or the soft x rays of a blackbody23

radiation field, generated when a high-Z hohlraum is heated24

by a laser (indirect drive)6. In general, direct-drive ICF can25

be viewed as a series of energy transfer steps; laser energy26

is absorbed via inverse bremsstrahlung in the target’s tenuous27

plasma corona, then carried to the dense fuel payload by elec-28

tron thermal conduction, and subsequently converted into ki-29

netic energy of the imploding shell. The final transfer process30

occurs when the kinetic energy of the shell becomes internal31

energy of the central “hot-spot” plasma, and the dense DT32

shell is halted by the hot spot’s rising pressure. As the shell33

reaches stagnation, the hot spot acquires the requisite temper-34

atures and densities to produce copious thermonuclear fusion35

reactions D+T→ n(14.03MeV)+α(3.53MeV).36

In general, performance is improved either by design-37

ing a more-robust implosion, so that the adverse effects38

of hydrodynamic instabilities (namely Rayleigh–Taylor7 and39

Richtmyer–Meshkov8) are lessened, or by enhancing the en-40

ergy coupled to the capsule. The former method was the pri-41

mary source of improvement for the Omega Laser Facility at42

the University of Rochester’s Laboratory for Laser Energet-43
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ics from 2016 to 2018, a period that saw the maximum neu-44

tron yield Yn rise from 5×1013 to 1.5×1014. This surge9
45

was made possible through the use of statistical models10,11,46

which allow individual, independent degradation mechanisms47

to be identified and addressed. The statistical models view48

the experimental yield as being given by the one-dimensional49

yield (using the radiation-hydrodynamic code LILAC12), mul-50

tiplied by a series of degradation factors. These factors are51

determined by physically motivated design parameters, each52

used to pull out dependencies of associated modes of failure13.53

These include both small-scale perturbations (like capsule de-54

fects and instability seeds formed by the speckle pattern of55

individual beams), and large-scale perturbations such as beam56

mispointing and beam-to-beam power imbalance5. This sta-57

tistical modeling approach is also currently being extended58

using a database of 2D (azimuthally symmetric) simulations59

using the Eulerian radiation-hydrodynamic code DRACO14.60

The utility of deep-learning neural networks is also currently61

being explored15.62

While statistical modeling has been an indispensable tool63

for limiting yield degradation, yield is not the sole concern of64

experiments on the Omega Laser. The purpose of controlled65

fusion—whether confined magnetically or by mass inertia—is66

to generate the thermonuclear instability known as “ignition.”67

In ICF, the onset of ignition occurs when fusion α particles68

deposit enough energy in the hot spot to outweigh losses due69

to thermal conduction, radiation, and when the hot spot even-70

tually succeeds in repelling the Fermi-degenerate confining71

shell, the plasma expansion. Ignition leads to a rapid increase72

in the temperature of the hot spot, thereby driving a burn wave73

through the cold dense fuel that confines it16,17. A metric used74
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to assess the proximity of an implosion to ignition is the Law-75

son criterion χ (with χ ≈ 1 corresponding to ignition), de-76

rived originally as χ ≡ (Pτ)/(Pτ)ignition, where P is hot-spot77

pressure and τ the confinement time18. The Lawson crite-78

rion can be recast19 in terms of neutron yield (in units of 1016
79

neutrons), stagnated fuel mass (in mg), and areal density (in80

g/cm2)81

χ =
(
ρR
)0.61

(
0.12Y16

Mstag

)0.34

, (1)

and it is this form of χ that is used to gauge progress in82

OMEGA implosions. The laser energy available on OMEGA83

is insufficient to drive a fuel assembly with enough mass and84

areal density to ignite; OMEGA delivers ∼30 kJ of UV light85

to tens of micrograms of fuel, while megajoules of driver en-86

ergy and a fuel mass of the order of miligrams are required87

for hot-spot ignition (the target mass scales linearly with laser88

energy). For sub-ignition-scale experiments, theory and com-89

putation can be used to infer the yield that could be achieved90

with a more-energetic driver if the same core conditions pro-91

duced on OMEGA were realized on the larger system, re-92

ferred to as hydrodynamic scaling20–22. Note that hydrody-93

namic scaling takes into account only the geometric benefits94

of driving a larger system; if α particle deposition is consid-95

ered, any increase in α heating comes as the result of the hot-96

spot volume growing proportional to the laser energy, not be-97

cause of an increase in compression. When scaling up to the98

energy available on the National Ignition Facility (NIF), this99

essentially amounts to multiplying the OMEGA χ by a factor100

(ENIF/EΩ)
1/3 ≈ 4.2.101

The utility of the Lawson parameter, however, extends be-102

yond that of a hydro scaling tool—it plays a crucial role in103

navigating the design space of modern OMEGA experiments104

from an energetics perspective. The fusion energy is given by105

Ef = εf

∫
dt
∫

d3r nDnT〈σv〉, (2)

where εf = 17.6 MeV is the energy released in one DT re-106

action, nD and nT are the deuteron and triton number den-107

sities, respectively, and 〈σv〉 is the DT reactivity. It is as-108

sumed that the plasma is at a sufficiently high temperature109

and low enough density so as to be neither strongly cou-110

pled nor degenerate4, which permits an ideal gas treatment111

for the hot-spot equation of state. Under this assumption,112

Ef ∼ εf(P2/T 2)〈σv〉Vhsτ , where P and T are the plasma pres-113

sure and temperature, respectively, Vhs the hot-spot volume,114

and τ the burnwidth (duration). Manipulating this relation115

leads to116

Ef ∝ Ehs

(
Pτ

T 2/εf〈σv〉

)
, (3)

where Ehs is the internal energy of the hot spot. Recalling117

that χ ≡ (Pτ)/(Pτ)ignition allows for a more transparent rep-118

resentation of the fusion yield to be arranged119

FIG. 1: Hot-spot gain versus Lawson parameter for a collection of
LILAC simulations that span a wide range of design parameters

(e.g., adiabat and IFAR). The Ghs = 1 threshold does not correspond
to a unique value of χ , but occurs at χ = 0.18 for both linear and
quadratic fits. On OMEGA, α heating has a negligible effect on
yield and hot-spot energy, so χ may be calculated with α energy

deposition turned off.

Ef ∝ Ehsχ. (4)

Two main takeaways are readily apparent from equa-120

tion (4). First, although the main function of the Lawson pa-121

rameter is to gauge how close an implosion is to igniting, it122

also serves as a proxy for the hot-spot fuel gain, which we123

define as the ratio of fusion energy output to hot-spot internal124

energy Ghs≡Ef/Ehs. The constant of proportionality between125

Ghs and χ can be determined from simulations. Figure 1 dis-126127

plays an ensemble of implosions simulated in LILAC with128

χ ≤ 0.4. Each data point corresponds to a post-shot simula-129

tion of an OMEGA experiment where the target specifications130

(size and layer thicknesses) and experimental laser pulse are131

fed directly into LILAC. For implosions on OMEGA, the hot132

spot is nearly transparent to the 3.5-MeV α particles born in133

DT fusion reactions, and escape the hot spot without slowing134

down and depositing their energy. Because the ion tempera-135

ture, and hence, the yield, is minimally affected by α-heating,136

it has been turned off in the simulations presented in figure 1.137

A linear fit applied to these simulated data reveals138

Ghs = 8.83χ−0.58,

which predicts hot-spot gain to equal unity when χ ≈ 0.18.139

In these simulations, shots begin surpassing Ghs = 1 when χ140

is as low as 0.15, while every shot satisfies the condition if141
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χ > 0.2. The aforementioned improvements made by the sta-142

tistical modeling approach not only tripled the yield, but also143

pushed χ to the region where Ghs on OMEGA would be ex-144

pected to exceed 1.145

The second important consequence of equation (4) is that146

further increases in yield (above the mark set in 2018) by147

factors of 2 or more on OMEGA necessitate a boost in Ehs,148

specifically. This is because raising χ by similar factors could149

only realistically be achieved with a change in the experimen-150

tal scale itself, which is to say, an entirely new driver with a151

drastic increase in energy.152

The NIF has probed this area of parameter space for nearly153

a decade. The first experimental demonstration of fusion en-154

ergy exceeding the energy coupled to the fuel was in indirect-155

drive experiments fielded on the NIF, reported on in 20141.156

The implosions discussed in that work used ∼1.9 MJ of laser157

energy to transfer 3.5 to 4.4 kJ to the hot spot, ultimately re-158

sulting in 14.4 to 17.3 kJ of fusion energy. These experiments159

were also noteworthy because they released more fusion en-160

ergy than the kinetic energy of the in-flight shell. It was also161

determined that shot N131119 from that study had a yield162

twice as high as what would have been generated in the ab-163

sence of α heating, a key milestone on the path to creating164

laboratory burning plasmas23, and eventually, ignition24,25.165

The current work details the first experiments to achieve166

hot-spot gain exceeding unity in cryogenic direct-drive ICF,167

accomplished on the OMEGA laser with pulse energy as low168

as 28 kJ, and negligible yield amplification from α heating.169

Achieving this result with a kilojoule-class laser has important170

implications for the prospect of pursuing ICF with megajoule-171

class lasers in a direct-drive format. In the companion paper172

to this current publication, Gopalaswamy et al.26 assert that173

these most recent shots would produce 1.6±0.3 MJ if they174

were hydrodynamically scaled to use 2.15 MJ of direct-drive175

laser energy (the capacity of the NIF in indirect drive). In this176

work, we first address how the hot-spot energy is determined177

before discussing the adjustments that made the Ghs > 1 feat178

possible, then summarize the impact of these results. Addi-179

tionally, we explain the theoretical underpinnings of how the180

neutron yield was doubled in the latest OMEGA experiments,181

going from∼1.6×1014 at the beginning of 2021 to 3.1×1014
182

by the end of that year (which translates to the fusion energy183

increasing from 0.45 kJ to 0.88 kJ), a new record mark in cryo-184

genic direct drive as well as the most fusion energy produced185

with a sub-megajoule-class laser.186

Naturally, asserting with confidence that the fusion energy187

has surpassed the internal energy of the hot spot requires188

both of these values to be calculated in a reliable manner.189

In the case of the fusion energy, the calculation is relatively190

straightforward. Each DT fusion reaction produces a single191

14-MeV neutron; determining the fusion energy is therefore192

tantamount to measuring the neutron yield27. A description of193

how the neutron yield is measured is given in Methods.194

Discerning the hot-spot internal energy is less routine. To195

begin with, there is no one-to-one correlation between the hot-196

spot energy and a lone observable like there is in the case of197

fusion energy and neutron yield. Instead, we are left to in-198

fer the hot-spot internal energy by finding the spatial profile199

of the hot-spot pressure, and then integrate it throughout the200

hot-spot volume. Furthermore, the value that is ultimately set-201

tled on is influenced by the choice of theoretical model used202

for constraint. This work is not the first to infer the energy203

content of an ICF hot spot28,29. The model we have con-204

structed, however, includes several features that are not typ-205

ically included in such evaluations (a full description of the206

model used in this study is provided in the Methods section).207

The most meaningful additions are: (1) the inclusion of mono-208

tonically decreasing pressure profiles instead of isobaric (flat)209

profiles and (2) allowing the electron and ion temperatures210

to differ from one another. Momentum conservation leads to211

spatial variations in pressure when the implosion velocity is a212

significant fraction of the hot-spot sound speed, and electron213

and ion temperatures differ because their equilibration time is214

comparable to the burnwidth (∼ 60 ps) in high-performance215

OMEGA implosions. Including both of these effects is es-216

sential if the hot-spot core conditions are to be obtained with217

the highest degree of accuracy. For the fastest implosions on218

OMEGA, the pressure at the edge of the hot spot can be as low219

as 50% of the value at the center30, making evident the need220

for a non-isobaric model. Assuming thermal equilibration on221

OMEGA would artificially increase the hot-spot pressure by222

around 15%.223

Instead of assuming an isobaric hot spot, or describing the224

radial profiles of the partial pressures and temperatures with225

analytic functions that are left unaltered across all shot de-226

signs, we have opted to take the shape of these profiles from227

LILAC simulations, and glean their magnitudes from observ-228

ables acquired using neutron and x-ray diagnostics27,31–34. It229

is standard for models to eliminate the time dependence of230

temperature and pressure by introducing static profiles and re-231

placing the temporal integral in equation (2) with the burn-232

width. Our model does the same, but also institutes a correc-233

tion factor on τ that handles deviations in the neutron produc-234

tion rate Ẏn(t) from that of a perfect Gaussian history.235

Our model was first tested on synthetic experiments. We236

applied the model’s procedure to the same database of simu-237

lated OMEGA experiments that was presented in figure 1 and238

used synthetic neutron and x-ray data from those same simu-239

lations to infer properties of the hot spot. The strong agree-240

ment between simulated hot-spot core conditions at bang time241

(the time of peak neutron production) and those inferred by242

the model is displayed in figure 2. Note that the model ac-243

curately recovers the state of the simulated hot spot across a244

remarkably diverse collection of shots. The outer diameters245

(OD’s) in the set range from 760 µm to 1060 µm, while the246

ice thicknesses are as thin as 25 µm and as thick as 85 µm.247

The laser pulses used across the database are similarly varied.248

The dissimilar initial conditions lead to hot-spot environments249

that explore a wide parameter space; the central ion temper-250

atures extend from 3 keV to 15 keV, while the pressures and251

energies span an order of magnitude across the database.252

Many prior improvements in performance have revolved253

around stability and symmetry control, using techniques such254

as intentionally prescribing target offsets to mitigate low-255

mode asymmetries35, or moving to smaller target outer diam-256

eters to promote better illumination uniformity. The adjust-257
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FIG. 2:
Bang time core conditions of OMEGA implosions simulated in LILAC compared to values gathered from the hot-spot inference model.

Strong agreement is observed among a host of parameters, including a) central ion temperature, b) volume-averaged hot-spot pressure, and c)
hot-spot internal energy over a wide range of values, revealing the model as being robust against changes in design parameters.

ments that followed, however, have focused primarily on one258

concept: coupling efficiency to the hot spot. We assert that259

by taking the model that constrains simulated data and ap-260

plying it to experimental data, we should uncover the state261

of the hot spot and be able to track its response to design262

changes. To best understand the alterations that have facili-263

tated the advancements described in this work, we will exam-264

ine in greater detail the energy transfer chain from laser to hot265

spot described in the outset. Mathematically, this transfer pro-266

cess can be represented by the product of the laser energy EL267

with three efficiencies η ,268

Ehs = ELηabsηhydroηhs. (5)

Here, ηabs is the absorption fraction, the hydrodynamic ef-269

ficiency ηhydro is the conversion of absorbed energy to shell270

kinetic energy (rocket efficiency), and ηhs is the transfer of ki-271

netic energy to internal energy of the hot spot. Short of major272

renovations to the laser itself, bumping the laser energy above273

the 28.5 kJ level that is consistently delivered on OMEGA re-274

quires greater conversion from the natural 1053nm (infrared)275

line of an Nd:glass laser, to the frequency-tripled (3ω) ultravi-276

olet light that irradiates the target. This is done by ramping up277

near the 30 TW limit earlier in the drive and compressing the278

pulses in time (shortening them below 2 ns), and/or employing279

the multipulse-driver technique, which turns off smoothing by280

spectral dispersion (SSD)36 during the main drive. These im-281

prove frequency conversion efficiency, and can make available282

up to 31.5 kJ of UV energy, around 10% higher than with full-283

bandwidth SSD on during the entire pulse. In addition to de-284

livering more energy to the capsule surface, a dedicated effort285

to improve the effectiveness of the incident energy is equally286

important. The absorption fraction is diminished mainly by287

cross-beam energy transfer (CBET), which allows the light of288

incoming edge rays to be redirected into outgoing rays that are289

refracted away from the target37. One way to combat this is290

by imploding larger-OD capsules so more rays are normally291

incident on the target and less refract. However, this can have292

a negative effect on stability because it leads to higher in-flight293

aspect ratios (IFAR = shell radius/shell thickness) and lower294

beam-to-target radius ratios (Rb/Rt); both of these jeopardize295

the shell integrity and make it susceptible to ρR degradation296

and in-flight breakup38. Instead of increasing the outer di-297

ameter indefinitely, mid-Z dopants can be added to the ab-298

lator to foster greater collisional absorption of the incoming299

“pump” rays and higher coronal temperatures, which both re-300

duce CBET37. Laser energy is transferred to the plasma by301

causing collisions between ions in the corona against electrons302

oscillating in the electric field of the laser light. The presence303

of a dopant like silicon (Z = 14), for example, facilitates a304

faster rate of collisions4,39. Adding as little silicon as 5% to305

7% (by atomic fraction) has been shown to enhance absolute306

absorption on OMEGA by 10% through “A/B” comparisons307

where the same laser pulse is used on targets with/without308

silicon. The inclusion of silicon serves the added benefit of309

diminishing the production of suprathermal electrons arising310

from the two-plasmon–decay instability39,40, which prema-311

turely heat the in-flight shell and cause it to decompress41,42,312

leading to lower ρR and lower χ . Thus, silicon addresses vari-313

ous sources of degradation that limit Ghs while simultaneously314

raising the hot-spot and fusion energies above the implosions315

reported on by Gopalaswamy et al.9 in 2019 that used similar316

pulses on glow-discharge polymer (GDP) ablators, referred to317

henceforth as “GDP χ-optimization”.318319

Although generating more yield is an important factor in320

increasing χ , the designs that optimize χ do not necessarily321

optimize yield simultaneously. The latter consideration re-322

quires an approach that is more focused on 1D characteristics.323

In essence, this means optimizing the yield by augmenting324

coupling to the hot spot, even at the cost of slightly reduc-325

ing χ . The thin-ice DT liner is a class of target devised by326

Williams et al.30 explicitly for this purpose. These targets are327

intended to maximize energy absorption by putting as much as328

possible onto the largest-OD targets available. Figure 3 com-329
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FIG. 3:
a) An example of a thin-ice DT liner target, whose outermost ablator layer is doped with silicon for better laser absorption and laser-plasma
instability mitigation. The outer diameter of the liner is larger than the χ-optimization target in b), and its ice layer much thinner. This leads
to an ultrahigh-velocity implosion ∼600 km/s, in contrast to the ∼500 km/s level accessed in χ-optimization shots. The 30.8 kJ MPD pulse

of a DT liner is compared to the 28.5 kJ SSD pulse of a χ-optimization shot in c).

TABLE I: Experimental results of three high-performance OMEGA implosions. Determinations of hot-spot energy, central
pressure and temperature, and χ are obtained using the 1D hot-spot inference model devised for this study. The initial ice

thickness is denoted by ∆DT, and the adiabat α is the ratio of plasma pressure to Fermi-degeneracy pressure during the
acceleration phase. Brackets correspond to neutron averages. The ‡ symbol denotes a thin-ice DT liner.

Shot Number OD
/

∆DT
(
µm
)

Ef
/

Ehs
(
J
)

χ α Vhs
(
105 µm3) a〈Ti〉

/
T0
(
keV

)
〈P〉
/

P0
(
Gbar

)
102154 935.3 / 44.5 627 / 603 0.19 5.1 0.61 4.7 / 6.6 73.6 / 76.3

‡102360b 1013.4 / 34.6 747 / 812 0.13 8.9 2.11 6.0 / 8.4 32.0 / 34.9
‡103952 1018.0 / 39.5 871 / 838 0.16 6.3 1.50 5.8 / 8.2 43.2 / 46.2

a Minimum measured ion temperature among a suite of neutron time-of-flight (nTOF) detectors located along various lines of sight.
b Only capsule without Si-dopant

pares a DT liner target with one meant to optimize the Lawson330

criterion (referred to as a χ-optimization target). Although331

silicon doping was not explored in the original liner design332

paper, the two concepts are fully compatible, which further333

enhances laser absorption. Additionally, because the payload334

velocity diverges logarithmically with remaining mass frac-335

tion (in the simple rocket model4), starting off with a thin ice336

layer boosts ηhydro and enables implosion velocities as high337

as 600 km/s. Because the mass ablation rate of indirect drive338

is roughly 10× higher than in direct drive (at 3ω), the hydro-339

dynamic efficiency of laser-driven shells cannot compete with340

x-ray drive. Yet, direct-drive implosions make up for this gap341

by circumventing additional loss mechanisms that are present342

in indirect drive, such as finite hohlraum albedo (conversion of343

laser light to x-ray radiation). Additionally, an indirect-drive344

target sits in a radiation bath that is isotropic, and therefore345

never encounters many of the x rays present in the cavity. In346

totality, out of the 2 MJ initially incident on a NIF hohlraum,347

approximately 15 to 20 kJ ends up as fuel kinetic energy43
348

(close to 30 kJ if the diamond ablator kinetic energy is added).349

The absorption in direct drive on OMEGA helps the shell ac-350

quire 1.5 to 2 kJ of kinetic energy, and is therefore∼ 5×more351

efficient at turning laser energy into kinetic energy.352

One of the key components to realizing ignition on the NIF353

was improving the conversion of kinetic energy to internal en-354

ergy by decreasing coast time in order to avoid early decom-355

pression of the shell44. This is because a thin, dense shell stag-356

nates all at once like a hard piston, in contrast to a distended,357

puffy shell that struggles to do work on the hot spot45. The358

functional dependencies of the simulated transfer efficiency359

from shell-kinetic to hot-spot internal energy can be obtained360

from a nonlinear regression on the IFAR and the adiabat α .361

This is shown in figure 4a, where α is defined as the ratio362

of pressure in the shell to the Fermi-degenerate pressure of a363

fully ionized DT plasma at the shell density. The fit leads to364

the relation365

ηhs = (0.0456)IFAR0.85
α

0.22. (6)

A similar model can be formed using the implosion velocity366

(ηhs ∝ vimp
1.9), but the IFAR and adiabat are preferred since367

all three variables are dimensionless. These trends are cor-368

roborated in experiment, as illustrated by figure 4b, which369

shows that high-IFAR, ultrahigh-velocity liners are capable of370
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FIG. 4:
a) A predictive model for the transfer efficiency from shell kinetic energy to hot-spot internal energy ηhs in 1D simulations. The dotted line
represents a perfect prediction. The only variables used to train this model are the in-flight aspect ratio (IFAR) and adiabat α , which finds

ηhs = (0.0456)IFAR0.85
α0.22, although a similar model can be formed that finds ηhs ∝ vimp

1.9 b) Experimental values of the transfer
efficiency from shell kinetic energy to hot-spot internal energy in OMEGA direct-drive implosions. The plot verifies that the in-flight aspect

ratio (IFAR) is the dominant force in determining transfer efficiency. In experiment, unlike 1D simulations, low-mode perturbations also have
an effect on transfer efficiency, as residual kinetic energy impedes efficient conversion to internal energy, and is responsible for the reduction

in ηhs.

delivering the most energy to the hot spot. The transfer ef-371

ficiency is reduced roughly 15% in experiment with respect372

to 1D simulations. Three-dimensional effects like low-mode373

asymmetries allow the shell to retain kinetic energy even at374

peak compression, which ultimately degrades hot-spot pres-375

sure and yield46.376

Table I gives a summary of experimental results from a377

selection of OMEGA implosions. Upon inspection, the ta-378

ble supports a number of expected trends. First, while the379

large IFAR values of liners gives rise to their elevated trans-380

fer efficiencies, the only way to stave off the instabilities that381

would otherwise break the shell apart is to raise their adiabat382

(entropy)30,47–51. This comes at the detriment of target conver-383

gence, which keeps their hot-spot pressure low. The liners are384

able to produce high yields in spite of these low pressures, not385

just because of the high temperature at the core, but because386

it remains above thermonuclear temperatures (∼1 keV) out to387

a significant radius. In other words, what liners lack in terms388

of density, they make up for with sheer volume. For instance,389

the hot-spot volume of shot number 102360 is ∼ 3.5× larger390

than shot number 102154, and produces more yield despite391

having less than half the hot-spot pressure. This realization392

gives added understanding to the high transfer efficiencies of393

liners displayed in figure 4; the extra energy coupled to the394

hot spot in liner implosions does not manifest as elevated en-395

ergy density (pressure), but rather, it heats up a larger vol-396

ume of plasma, in accordance with the predictions presented397

in Ref.30. Additionally, note that shot number 102360 falls398

below the χ range (0.15 to 0.2 according to figure 1) where399

Ghs is expected to surpass unity, which is validated experi-400

mentally. By contrast, shot numbers 102154 and 103952 have401

Lawson parameters that reside within this range, and indeed402

produce Ghs > 1.403

In its current configuration, with beams that are less smooth404

than OMEGA and only directed along the poles of the tar-405

get, the NIF is not a platform conducive for performing high-406

convergence direct-drive implosions. Therefore, the ability407

to realize large fusion energy outputs without requiring high408

convergence ratios to do so, makes thin-ice DT liners an at-409

tractive candidate for megajoule-class direct-drive implosions410

on the NIF. However, the low convergence does cause a re-411

duction in χ , and is therefore detrimental to the hot-spot gain412

as well, but this effect can be combatted. By doping the ab-413

lator of liners like shot 103952 with silicon, more mass can414

be added to the fuel payload while maintaining implosion ve-415

locities of ∼600 km/s, which keeps the ion temperature high.416

The thicker ice layer decreases IFAR, allowing for the adi-417

abat to be lowered concurrently without sacrificing stability.418

The lower adiabat recovers some of the pressure, as expected419

from 1D theory, and increases yield, χ , and hot-spot fuel gain.420

Thus, the OMEGA liner implosions serve as an example of421

how changes to the target and laser pulses can be used to in-422
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FIG. 5:
Fusion energy versus hot-spot energy in recent implosions on

OMEGA. The figure shows hot-spot gain > 1 being achieved in
campaigns intended to optimize χ with glow-discharge polymer

(GDP) capsules, silicon-doped targets from the optimization
campaign, and thin-ice DT liner targets intended to boost yield.

tentionally guide implosions toward specific goals, such as in-423

creasing temperature or decreasing hot spot volume.424

When the hot-spot inference model is applied to the exper-425

imental database of past shots on OMEGA, it is revealed that426

a number of recent implosions, including thin-ice DT liners,427

demonstrate fusion outputs larger than the internal energy of428

the hot spot required to induce the fusion reactions therein.429

Recall that on OMEGA, heating of the hot spot comes al-430

most exclusively from the piston-like compression performed431

by the surrounding dense shell; the dimensions of the hot spot432

are smaller than the mean-free-path of the 3.5-MeV α parti-433

cles created in DT fusion reactions4, and therefore the level of434

α heating generated in these implosions has a negligible ef-435

fect on both the yield and internal energy. The importance of436

creating yield on the strength of compression alone is that it437

is a key ingredient even in ignition-scale implosions, because438

ignition is a dynamical process. If a hot spot is unable to pro-439

duce a high reaction rate during the compression phase of the440

implosion, α deposition will be inconsequential even if the441

assembly is much larger than the α mean-free-path, since the442

energy carried by the fusion products will be negligible with443

respect to the hot-spot energy (which is why χ has an explicit444

yield dependence in equation (1) in addition to ρR). In every445

DT reaction, 20% of the energy release is imparted to the α446

particle, meaning Eα > 0.2Ehs when Ghs > 1.447

As a consequence of equation (4), the slope of an Ef ver-448

sus Ehs plot represents a measure of implosion quality, and449

is proportional to χ . Figure 5 shows the fusion energy plot-450451

ted against the hot-spot energy for a series of recent OMEGA452

implosions, with a slight majority corresponding to Ghs > 1.453

That this demonstration was realized with only ∼30 kJ is sig-454

nificant because of the potential benefits that may lie in hydro-455

dynamically scaled versions of these shots. While Ehs scales456

linearly with laser energy, the fusion energy scales faster, even457

in the absence of α heating. In 1D, Ef ∝ EL
1.43, primarily458

because the confinement time scales with target radius, but459

also because the temperature improves with size as a result460

of weaker thermal conduction losses; in spherical geometry,461

the ratio of surface area to volume grows with radius R like462

1/R, so the heat flux from hot spot to cold shell has a smaller463

impact on large targets. When α particle energy deposition464

becomes an important factor at ignition-relevant scales, it too465

has a more-pronounced effect on the fusion energy than it does466

on internal energy. This is because the energy of the hot spot467

is proportional to its temperature, while the temperature de-468

pendence of the reactivity is much stronger (〈σv〉 ∝ T 4 at a469

few keV)4. Even below the ignition threshold, it is possible470

for the main contribution to the hot-spot energy to come from471

α particle deposition, eclipsing the compression work done by472

the shell. This distinction, referred to as the burning plasma473

regime, is inaccessible on OMEGA due to the aforementioned474

energy deficit. However, Gopalaswamy et al.26 report that475

the highest performing implosions on OMEGA have now en-476

tered a regime where, if hydroscaled to 2.15 MJ of laser drive,477

would produce a burning-plasma.478

In conclusion, the results of the experiments discussed in479

this work demonstrate the ability to purposefully navigate480

throughout a parameter space created by laser, kinetic, inter-481

nal, and fusion energy. An understanding of the way in which482

these forms of energy affect one another can benefit designs483

for future direct-drive facilities with energies potentially one484

or two orders of magnitude above the current capabilities of485

the Omega Laser Facility. Through enhanced laser coupling,486

implosions on OMEGA can now produce more fusion energy487

than the internal energy required to initiate the fusion reac-488

tions. This achievement is the first of its kind in a direct-489

drive format, and has been accomplished without the benefit490

of substantial yield amplification from α heating. This work491

also announces the first experimental results of thin-ice DT492

liner implosions, which were used to nearly double the previ-493

ous facility record for neutron yield, taking it from 1.6×1014
494

at the beginning of 2021, to 3.1×1014 by year’s end. Tar-495

get alterations like silicon doping have also led to implosions496

with hot-spot pressures in the 80 Gbar range, a new high for497

the Omega Laser, and a marked improvement above the 50498

Gbar milestone reported on in 2016 by Regan et al.52 Future499

work to further increase the Lawson parameter of OMEGA500

implosions will focus on creating higher target convergence501

and generating pressures near 100 Gbar.502

METHODS503

Inferring Hot-Spot Energy504

A direct measurement of the hot-spot internal energy in an505

ICF implosion is not feasible. However, this quantity can be506
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inferred if neutron and x-ray diagnostics are able to provide507

the necessary measurements to derive the hot-spot pressure508

from the neutron yield, ion temperature, and hot-spot volume.509

The latter is inferred from x-ray self-emission images.510

The first measurable quantity of interest is the neutron yield511

Yn. For thermonuclear plasmas, the specific reaction rate (re-512

actions per unit volume, per unit time) Rij between two species513

i and j is given by514

Rij =
ninj

1+δij
〈σv〉ij, (7)

where ni is the number density of species i, 〈σv〉 the reactivity515

of the reaction in question and δij the Kroenecker delta. The516

total neutron yield from reactions between deuterium and tri-517

tium is obtained by integrating the specific reaction rate over518

time and space519

Yn =
∫

dt
∫

d3r nDnT〈σv〉, (8)

where the subscript has been dropped from the reactivity for520

brevity. Because the hot-spot plasma has a Coulomb cou-521

pling parameter Γ� 1, and is nondegenerate (Ti � TF), we522

are able to use an ideal gas equation-of-state to relate the ion523

number density to the ion partial pressure and temperature524

ni = Pi/(kBTi). We assume a single temperature for both ion525

species due to their relatively small mass difference, but al-526

low for the composition of the plasma to differ from that of527

an equimolar mixture. The ion number density can then be528

substituted into the yield equation529

Yn =
fD fT

kB
2

∫
dt
∫

d3r
Pi

2

Ti
2 〈σv〉, (9)

where fi is the species fraction of species i and kB is Boltz-530

mann’s constant.531

Equation (9) can be simplified by substituting static pro-532

files for time-dependent variables and replacing the integral533

over time with a finite burn duration factor. If the neutron pro-534

duction rate Ẏ were a perfectly Gaussian function in time, re-535

placing the temporal integral in equation (9) with the the burn-536

width τ (FWHM) would result in static profiles corresponding537

to a production rate Ẏ∗ that is larger than the bang-time rate Ẏbt538

by a factor
√

π/ ln(16) ≈ (1.06). By definition, the highest539

neutron rate occurs at the bang time. Therefore, the static540

profiles need to be depressed. This is handled by replacing541

the temporal integral with τ ′ = cτ , where the constant c≈ 1.1542

has been determined by imposing c≡Y/(τẎbt) and examining543

an ensemble of 1D simulations. This accounts for the afore-544

mentioned 6% increase, along with an additional correction545

for deviations from Gaussian shape in the neutron signal.546

We assume the pressure and temperature to be isotropic,
and reconstruct the spatial dependence of these quantities Q
by representing them as a dimensionless “shape function”
Q̂(r), multiplied by a central value Q0 possessing the dimen-
sion of Q,

Q(r,θ ,φ)≈ Q0Q̂(r)

Q̂(r = 0) = 1.

If we also normalize the radial coordinate with the hot-spot547

radius x ≡ r/Rhs, then the recovered function Q̂(x) can be548

taken directly from LILAC simulations. That is, we assume549

that while the magnitude of the pressure, temperature etc. dif-550

fer between experiment and simulation, their shapes should551

be similar.552

Using this new formulation, the yield can be rewritten as553

Yn = bτ
′

(
P0,i

2

T0,i
2

)∫ Rhs

0
r2 P̂2

i

T̂ 2
i
〈σv〉dr , (10)

where b =
(
4π fD fT

/
kB

2). Typically the ice layer of an554

OMEGA target has a D:T ratio of 40:60, while the vapor is555

50:50. In order to settle on a single number for each species556

fraction, LILAC simulations are used to estimate the percent-557

age of yield coming from the vapor and ice, respectively. The558

appropriate weighting factors are then used to converge on the559

hot-spot composition. The radial integral in equation (10) is560

taken from the target origin to the hot-spot boundary. Be-561

cause the transition from hot spot to cold shell is continu-562

ous, the value input as the hot-spot edge must be chosen with563

care. Ideally, this would be acquired via neutron imaging. Al-564

though the Omega Laser Facility does not currently have neu-565

tron imaging, x rays can be used instead to find the desired566

volume. Historically, this is given by the x-ray R17 value, i.e.,567

the radius at which the x-ray self-emission intensity has de-568

creased to 17% of the maximum intensity. Previous work by569

Cao et al.53 shows that photons with energies between 15 and570

20 keV are emitted from the same region that produces DT571

neutrons. Each channel of the spatially resolved electron tem-572

perature (SRTe) diagnostic is sensitive to a different photon573

energy range. The strongest correlation between the R17 and574

the neutron-producing region for shots with temperatures ∼575

5 keV is observed from synthetic data of the SRTe’s fourth576

channel, which detects x rays with Eγ ∼ 20 keV. These syn-577

thetic data show that in simulations, the region enclosed by578

the R17 from SRTe channel 4 accounts for the vast majority of579

the neutron source, ranging between 93% and 95% in high-580

velocity implosions. The x-ray R17 is valid even in the pres-581

ence of ellipticity in the hot-spot shape, as it is obtained from582

a two-dimensional super-Gaussian fit. However, it should be583

noted that the majority of recent high-performing implosions584

are round and exhibit negligible ellipticity. An experimental585

SRTe image of shot 102154 is given in figure 6, which has a586

semi-major axis to semi-minor axis ratio a/b = 1.03±0.02.587

From the neutron time-of-flight (nTOF) spectrum, a burn-588

averaged ion temperature can be extracted, which has the form589

〈Ti〉=
∫

dt
∫

d3r TinDnT〈σv〉∫
dt
∫

d3r nDnT〈σv〉
. (11)

Applying each of the previous approximations leads to a cen-590

tral ion temperature given by591

T0,i = 〈Ti〉
∫ 1

0 x2
(
P̂i/T̂i

)2〈σv〉dx∫ 1
0 x2
(
P̂2

i /T̂i
)
〈σv〉dx

. (12)
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FIG. 6:
Spatially resolved electron temperature diagnostic (SRTe) image of
shot 102154. Fourier analysis of the hot-spot modes show that the
`= 2 mode is typically dominant in OMEGA implosions, and the
inferred hot-spot volumes account for ellipticity. The majority of

recent high-yield OMEGA implosions are round, with low
semi-major to semi-minor axis ratios a/b. For example, shot

102154 has a/b = 1.03±0.02.

Now that an expression for the central ion temperature has592

been found, the yield equation can be inverted to isolate the593

central pressure594

P0,i = b−1/2〈Ti〉R
−3/2
17

√
Yn

τ ′

√∫ 1
0 x2
(
P̂i/T̂i

)2〈σv〉dx∫ 1
0 x2
(
P̂2

i /T̂i
)
〈σv〉dx

. (13)

The contribution to the hot-spot internal energy coming595

specifically from the ions is then simply given by integrating596

the ion pressure over the volume of the hot-spot. The result is597

E ion
hs =

3
2
(4πR3

17)P0,i

∫ 1

0
x2P̂i dx . (14)

The rebound shock and subsequent compression of the hot598

spot preferentially heat the ions over the electrons. Since599

the equilibration time between ions and electrons is longer600

than the burnwidth, the electron temperature is below the601

ion temperature throughout the hot-spot (in the cold shell602

the temperatures are similar due to the faster equilibration603

time). In a characteristic hot-spot plasma, the Debye length604

is much shorter than the temperature and density gradient605

scale lengths; we therefore have the freedom to impose quasi-606

neutrality ni(r) = ne(r). This means that the ratio of species607

pressures at any location is equal to the ratio of temperatures608

at that same point, including the center value. If we can calcu-609

late Trat ≡ Te(0)/Ti(0) = Pe(0)/Pi(0), we will be able to im-610

mediately determine the electronic contribution to the hot-spot611

internal energy.612

From the ideal gas EOS,613

Te(r) = Pe(r)
Ti(r)
Pi(r)

= P0,i
T0,e

T0,i
P̂eT0,i

T̂i

P0,iP̂i
,

or, in terms of our desired variable Trat,614

Te(r) = T0,iTratT̂i
P̂e

P̂i
. (15)

It is most useful to connect the central temperature ratio615

to another experimental observable so as to add one more616

constraint to our system. In the same fashion as equa-617

tion (11) defines the neutron-averaged ion temperature, a618

neutron-averaged electron temperature appears as619

〈Te〉=
∫

dt
∫

d3r TenDnT〈σv〉∫
dt
∫

d3r nDnT〈σv〉
. (16)

Eliminating the electron temperature with equation (15)620

and applying the same general assumptions and change of621

variables as before leads to622

〈Te〉= T0,iTrat

∫ 1
0 x2P̂e

(
P̂i/T̂i

)
〈σv〉dx∫ 1

0 x2
(
P̂i/T̂i

)2〈σv〉dx
. (17)

It is now beneficial to use equation (17) and equation (12) to623

rewrite the temperature ratio in terms of the measured quan-624

tities and integrals of known radial profiles. Utilizing equa-625

tion (13), we obtain the total hot-spot internal energy, repre-626

sented here in its full, explicit form627

Ehs = kB〈Ti〉R
3/2
17

√
9πYn

fD fTτ ′

√∫ 1
0 x2
(
P̂i/T̂i

)2〈σv〉dx∫ 1
0 x2
(
P̂2

i /T̂i
)
〈σv〉dx

[∫ 1

0
x2P̂i dx+

〈Te〉
〈Ti〉

∫ 1
0 x2
(
P̂2

i /T̂i
)
〈σv〉dx∫ 1

0 x2P̂e
(
P̂i/T̂i

)
〈σv〉dx

∫ 1

0
x2P̂e dx

]
. (18)

While the model presented here has been constructed pri-628

marily to calculate the hot-spot energy, the information that629

must be gathered in order to make that determination can be630

used to infer other quantities as well. These include scalar631

quantities like hot-spot mass, as well as radial profiles like632

specific reaction rate (equation (7)), or reaction rate linear633
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density 4πnDnT〈σv〉r2. Uncertainties in the model-estimated634

parameters are obtained by Monte Carlo sampling, assuming635

the uncertainties on the experimental inputs are normally dis-636

tributed.637

Experimental Diagnostics638

Several important measurements need to be made in order639

to properly infer the hot-spot internal energy. From equa-640

tion (18), we see that measurements of average ion and elec-641

tron temperature, hot-spot radius, burnwidth, and neutron642

yield constitute the requisite parameters for this calculation.643

This is made possible by the Omega Laser Facility’s compre-644

hensive suite of diagnostics. The energy spectrum obtained645

by neutron time-of-flight detectors33 are able to reveal not646

only the DT and DD neutron yields, but the ion tempera-647

ture as well. Cu-activation detectors27 are also used to mea-648

sure the neutron yield. Areal densities are measured on the649

nTOF via backscattered neutrons off of plasma ions, and on a650

magnetic recoil spectrometer54 using forward scattering. Im-651

ages of the hot spot are taken by the single line-of-sight time-652

resolved x-ray imager32, Kirkpatrick–Baez framing camera,653

gated monochromatic x-ray imaging diagnostic, and spatially-654

resolved electron temperature diagnostic34. The burnwidth655

(duration) and bang time (time of peak neutron rate) are mea-656

sured by the neutron temporal diagnostic31.657
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