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An indirect-drive inertial fusion experiment on the National Ignition Facility was driven using
2.05 MJ of laser light at a wavelength of 351 nm, and produced 3.14+0.16 MJ of total fusion yield,
producing a target gain G = 1.5 £ 0.1 exceeding unity for the first time in a laboratory experiment
[Phys. Rev. Lett. XX, YY (2023)]. Herein we describe the experimental evidence for the increased
drive on the capsule using additional laser energy and control over known degradation mechanisms,
which are critical to achieving high performance. Improved fuel compression relative to previous
MJ-yield experiments is observed. Novel signatures of the ignition and burn propagation to high
yield can now be studied in the laboratory for the first time.

I. INTRODUCTION

A laboratory fusion experiment recently produced
more energy from the nuclear fusion reactions than the
laser energy required to drive the target giving a tar-
get gain G of 1.5[1]. The experiment was done at
the National Ignition Facility (NIF)[2] using the iner-
tial confinement fusion approach[3] designated laser in-
direct drive[4]. The NIF comprises 192 individual Nd
glass laser beams that provide frequency-tripled (3w or
351 nm) light in a specified pulse shape to the target.
The target consists of a cylindrical high-Z ‘hohlraum’ in
which the laser energy is converted to a thermal x-ray
drive with a peak radiation temperature reaching ~ 300
eV. These x-rays ablate the surface of a spherical capsule
positioned at the center of the hohlraum. The capsule
target is comprised of an outer shell of high density car-
bon (HDC) ablator material which encompasses an inner
shell of deutrium-tritium (DT) fusion fuel. The ablation
of the outer HDC shell triggers an inward compression
that at minimum volume, or stagnation, creates a high
density shell of DT fuel that surrounds a lower density
but higher temperature central "hot spot’ of DT plasma
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where fusion reactions begin to occur. Only ~ 1% of
the initial laser energy is converted into the kinetic en-
ergy of the implosion that does mechanical work on the
DT plasma. Each fusion reaction produces a 3.5 MeV
helium ion, or a-particle and a 14.1 MeV neutron. The
energy of the a-particles is transferred via collisions to
the DT plasma. When the rate of self-heating from the
DT fusion reaction’s a products exceeds the power losses
of the plasma, the Lawson criteria is satisfied[5] and the
plasma temperature can continue to increase. The in-
crease in temperature further increases the rate of fu-
sion, leading to a cascade of reactions that can produce
more fusion energy than the laser energy used to initiate
the process. Ultimately, the high central pressure of the
reacting plasma expands outwards, reducing the temper-
ature and quenching the fusion burn.

An overview of results from this experiment are de-
scribed in Ref. 1, while Ref. 6 offers details on the com-
putational design and post-shot modeling and Ref. 7
gives additional physical theory underpinning ICF. Here
we present additional data and interpretations and de-
scribe the unique features of this experiment relative to
previous ones[8]. Key to achieving these results was uti-
lizing additional laser energy, at fixed power, evidenced
below in data of additional radiation drive experienced
by the capsule. The additional drive allows for the use of
capsule targets with thicker and more massive HDC ab-
lator layers. As will be discussed this enables implosions



to achieve higher areal densities and higher fusion yields.
To realize these higher fusion yields, well-known sources
of degradation must also be simultaneously controlled.
Herein we describe how the low-mode asymmetry, espe-
cially modes 1 and 2, adequate for gain exceeding unity
was reached and discuss the target quality relative to pre-
vious experiments. Evidence for increased compression of
the fuel, consistent with higher areal densities and fusion
yields is also discussed. Lastly at high fusion yield these
experiments enter a novel physical regime that is observ-
able for the first time in laboratory experiments with key
data shown, for example there is evidence of increasing
ion temperature and decreasing burn duration, increased
energy and pressure in the igniting fuel, and novel signa-
tures in x-ray emission.

The paper is organized as follows: Section II provides
details of the experimental changes made from the pre-
vious high performing NIF experiment, Section III de-
scribes key ignition metrics important in guiding these
changes and interpreting the data, Section IV presents
the most important observations related to the achieve-
ment of high performance, Section V details data-driven
inferences of conditions reached in the ignited hot spot,
and Section VI summarizes the results.

II. EXPERIMENTAL DETAILS

An implosion design called ‘Hybrid E’ (HyE)[9, 10] was
developed over the past several years based on a strat-
egy for achieving higher performance implosions given in
Ref. 11, 12. The physics goal of this strategy was to
increase the energy coupled to the DT hot spot while
maintaining energy density, which was expected to fa-
vorably improve the hot-spot energy balance into the
burning plasma regime. This was done by increasing
the radiation drive through increasing the laser energy
by 1.3-1.9x while simultaneously increasing the capsule
inner radius to 1050-1100 um from 844-910 um used in
previous high performing 3-shock implosions with HDC
ablators[13]. To maintain implosion symmetry, increased
levels of cross-beam energy transfer (CBET) were used
in conjunction with increases to the hohlraum diame-
ter from 5.75-6.2 mm to a diameter of 6.4 mm[14-16].
These changes enhanced the amount of inner laser cone
energy transmitted to the waist of the hohlraum allow-
ing for symmetry control. Additionally, the hohlraum
length was also increased from 10 to 11.2 mm. In late
2020 through early 2021, Hybrid E and Iraum implosions
produced yields in the range of ~100-170 kJ and reached
the burning plasma regime[17, 18] defined as when the
heating from DT fusion produced a-particles exceeds the
initial PdV work done on the hot spot. This marked a
significant milestone in which the self-heating begins to
dominate energetically. A parallel series of NIF experi-
ments, using a HyE 1100um inner radius capsule design,
showed that reducing the size of the laser entrance hole
(LEH) on the hohlraum increased the radiation drive on

the capsule by 7%. This enhancement, was used to re-
duce peak power, extend the drive, and together with
significant improvements in the capsule quality led to an
increase in performance for a 1050 pum capsule design
based on the burning plasma results, in an August 2021
NIF shot N210808 (NIF shot notation being NYYMMDD
where N = NIF, YY = year, MM = month, DD = day
when the shot countdown began) in which the hot-spot
exceeded Lawson’s criterion for ignition[8, 19, 20]. The
N210808 experiment produced a fusion yield of 1.34+0.07
MJ with 1.89 MJ of 3w laser light (G ~ 0.7).

Recent upgrades to NIF’s laser capability enabled de-
livering an additional 8% of 3w laser energy[21, 22], which
we use here to increase the hohlraum drive and implode
a 7% thicker capsule. Specifically, the total energy deliv-
ered to the target increased from 1.9 MJ, as on N210808,
to 2.05 MJ, as on N221204. On N221204 this increase in
energy allowed for the extension of the peak laser power
by 200 ps with an average peak power of 440 TW as
compared to the peak power of 427 TW on N210808.
Additionally, to maintain shock timing, the first shock,
or foot of the laser pulse, was extended by 150 ps on
N221204 versus N210808.

The key design changes implemented, as discussed in
Ref. 6, were to use this higher laser energy to increase the
peak radiation temperature and drive a thicker (higher
ablator mass) capsule. Relative to N210808, the total
thickness of the high-density-carbon (HDC) ablator was
increased by +6 pum (additional details on target quality
are given in the appendix). The shape of the laser pulse
was also adjusted, since the thicker capsule requires a
longer ‘foot’ (low-amplitude portion of the laser pulse)
to maintain equivalent shock timing, as the shock transit
time increases through a thicker ablator. For additional
details of the physics design see Ref. 6.

The measured total laser power versus time is shown in
Fig. 1 for N210808 compared to N220919 and N221204.
Experiment N220919 is included because it is identical
to N221204 except that it had 0.25 A less wavelength
separation between the inner and outer laser cones. As
will be discussed in more detail, this resulted in a more
asymmetric radiation drive and a hot spot with a sig-
nificant shape asymmetry and performance degradation.
Both the longer foot and longer time at peak power are
apparent. The time-dependent radiation drive is shown
in Fig. 1 bottom, quantified as an equivalent blackbody
radiation temperature 7,4 measured through a laser en-
trance hole (LEH) using the Dante 1 instrument[23-25],
a multi-channel soft x-ray spectrometer. During the foot
at low T,.,4 the data has a large uncertainty with this con-
figuration but the characteristics through the peak of the
drive are clearly shown. Dante 1 did not produce data for
N210808 due to a hardware problem encountered during
the experiment. Instead, the blue line shows equivalent
data for several subsequent shots that utilized the same
laser pulse and hohlraum conditions as N210808. These
results can be directly compared to the data for N220919
(orange) and N221204 (green). The additional drive at
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FIG. 1. Top (a): Laser pulses as delivered for N220919 and
N221204 versus N210808. Bottom (b): Measured radiation
temperature (Tr.qq) from Dante 1 versus time. Since the Dante
1 data are not available for N210808, data from several shots
that repeated the same laser pulse are shown in blue. Dante
data are shown until 100ps before peak nuclear production.

the end of the pulse is clearly manifested by a slightly
higher peak T,,q. This demonstrates the drive increase
when using the additional laser energy. Additional analy-
sis of the hohlraum conditions and radiation temperature
are given in Ref. 26.

III. IGNITION THRESHOLD

As discussed in the companion design paper[6], radia-
tion hydrodynamic simulations indicated that to achieve
higher fusion yields from the increase in laser energy at a
fixed peak laser power, an increase in the ablator thick-
ness / mass was desirable. Simulations suggested that de-
spite the decrease in implosion velocity due to the larger
implosion mass, the yield amplification (Y, = Yield /

Yield,, o) could be improved by increasing the areal den-
sity, pR = [ drp(r), while approximately maintaining the
energy coupled to the hot spot. Here, Yield,, o, refers
to the DT fusion yield without the presence of a-particle
self-heating. This increase in fusion yield with increas-
ing areal density is consistent with theory, for example
in Refs. 27, 28, where the yield and Lawson parameter
is proportional to the product of areal density, velocity,
and an asymmetry degradation factor. While radiation
hydrodynamic simulations include the myriad of physi-
cal processes that impact the fusion yield, it can also be
instructive to parameterize the yield amplification into a
few principal variables and associated observables to gain
insight into the scaling of the yield.

Previous analysis describes how the yield amplifica-
tion in simulations increases rapidly at the onset of ig-
nition(e.g. Ref. 29); this is sometimes described as the
ignition “cliff.” One particular analysis parameterizes the
yield amplification as a function of a so-called generalized
ignition threshold factor (ITFX). The term ITFX,, , is
used to describe the incident conditions of the plasma
and confining fuel shell that occur at minimum volume,
or stagnation for an implosion in the absence of a-particle
self-heating. In this model, ITFX is given by,

Ynoa
ITFX, ..
Y]

DT

(DSRpo o)** (1)

Here, Mpr is the DT fuel mass and Y is the yield of
unscattered DT fusion neutrons. The down scattered ra-
tio (DSR), is the ratio of neutrons down scattered by the
areal density of the DT hot spot and surrounding fuel
shell to energies of 10-12 MeV to the number of neutrons
in the 13-15 MeV energy range. The DSR can be related
to the total areal density of the DT hot spot and fuel shell
pRpr = Cx DSR, with C being a coefficient between 18-
19 derived from static MCNP calculations and dynamic
radiation hydrodynamic calculations [30]. The no « sub-
script indicates the value of the parameter is to be eval-
uated in the absence of a-particle self-heating. In this
framework, ignition is defined when ITFX,,, , = 1, where
the hot spot conditions are sufficient to trigger a level of
a-particle self-heating that can initially overcome all of
the power losses from the plasma, leading to a rapid in-
crease in the yield amplification (Yg,;). On the ignition
cliff at the current areal density, Yomp o< ITFXS, ,[29].
For a fixed amount of DT fuel, this indicates that rela-
tively small changes in Y}, o or pRy, o can lead to large
changes in the fusion performance. For example, on the
ignition cliff, a 10% increase in Y0 o or pRuo o can lead
to about a factor of 2 increase in fusion yield.

The Yy, o of the system can be rewritten as, Y, o
3 (ov)VT o EpsTH5Pr given that the expected tem-
perature in the absence of alpha-heating on the cusp of ig-
nition is of 4.3 keV where the DT reactivity (ov) oc T35,
Here, E}, is the energy coupled to the hot spot, T; is the
plasma ion temperature, P is the plasma pressure and 7
is the duration over which the burn rate can be sustained.



Asymmetries in compression, or increased radiative loss
from higher atomic number mix, can reduce the energy
coupled to the hot spot, Es, and reduce the temperature
and pressure[31], lowering the Y;, o, the ITFX,, , and
the Yymp.

Within this framework, experimental observables as-
sociated with an increased ITFX,, , and higher yield
amplifications include an increase in the areal density
and the ability to achieve higher yield amplifications than
prior work despite having higher levels of observed degra-
dations (defined below) that reduce the energy coupled
to the reacting plasma.

IV. KEY DATA AND RESULTS
A. Mode 1 symmetry

A major source of performance degradation arises from
implosion asymmetries having low spatial-mode number.
Here, mode number refers to a spatial-decomposition of
hot spot shape into Legendre polynomials [32], where
mode 1 and mode 2 correspond to a simple linear trans-
lation and an oblate/prolate distortion from spherical,
respectively. Typical seeds for the mode 1 asymme-
tries include small asymmetries in the multi-beam laser
drive[33], capsule thickness variations[34], asymmetric
hohlraum features (e.g., diagnostic windows[35, 36]), and
thickness variations in the cryogenic DT ice layer. Miti-
gating these seeds was a necessary step to reach ignition.

Figure 2 shows neutron activation data used to assess
mode-1 amplitude and infer its impact on implosion per-
formance. Fig. 2(a,b) used 1.90 MJ laser drive while
Fig. 2(c,d) used 2.05 MJ; N221204 is the gain > 1 im-
plosion. The color map shows the angular asymmetry in
the 13-15 MeV neutron emission, while the overall shape
represents a “skymap” of the target chamber. Each small
circle shown is a measurement location of the 13-15 MeV
yield using activation[37, 38]. The color map represents
the spherical harmonic fit to the yield data from up to 48
locations. Here the data has been fit using up to the 2nd
mode of the spherical harmonic. The variation in 13-15
MeV yield corresponds to asymmetries in areal density
(pR) around the fusing plasma. An approximation for
how yield variation maps to areal density is given by
% = —0.216pR, where the fractional difference in yield
is proportional to the variation in pR[39]. This estimate
for the four implosions is given below each image.

Another measure of mode 1 asymmetry is the observed
shifts in mean kinetic energy of the emitted neutrons. A
mode 1 asymmetry gives rise to bulk motion of the hot
spot leading to a translation in space; this corresponds
to a Doppler shift in emitted neutron energy. By us-
ing multiple lines-of-sight to measure the spectrum, it
is possible to resolve the bulk motion into a velocity
vector[40, 41]. The hot spot velocity vector (magnitude
and direction) are shown below each implosion and de-
noted on the skymap as black Xs. This motion exempli-
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fies residual kinetic energy (RKE) that is not converted
to compression and heating of the hot spot, and indicates
a reduction from ideal performance[27]. Recent work has
found that the rapid pressure increase resulting from sig-
nificant a-particle heating can amplify the observed hot
spot velocities[42]. It is found that the degradation fac-
tor to the fusion yield is quadratic with observed hot spot
velocity, with the fusion yield being decremented with in-
creasing asymmetry and observed velocities. Using this
relationship, it is estimated that due to the asymmetry
in compression from a mode 1 source, the fusion yield
for N211024 is reduced by ~70% while for N221204 the
fusion yield is only reduced by ~5%.

The implosions shown in Fig. 2, moving from left to
right, exhibit decreasing mode 1 asymmetries and corre-
sponding degradation levels. As mentioned above, miti-
gating low mode asymmetries was important for achiev-
ing G > 1. Here we have quantified the impact of mode
1 and the next section will examine the impact of mode
2 asymmetries.

B. Mode 2 symmetry

Mode 2 asymmetries can arise from an imbalance in
the radiation drive between the poles and equator of the
capsule. This distorts the desired spherical implosion
symmetry and reduces the rate of PdV/dt work and en-
ergy coupled to the reacting plasma, reducing ITFX and
the fusion yield[43, 44].

As discussed, the increase in the available laser en-
ergy from 1.9 MJ to 2.05 MJ was used to implode a
capsule with a ~ 7% thicker HDC ablator layer. This
was expected to achieve higher yield amplifications by
further increasing the areal density and hot spot pres-
sure while maintaining the amount of energy coupled to
the hot spot. This design change was expected to result
in implosions that can reach higher fusion yields for sim-
ilar or higher levels of low mode asymmetries and mix
degradations[45] as compared to the 1.9 MJ design.

By examining the observed mode 1 and mode 2 asym-
metries, it becomes clear that the 2.05 MJ design can
indeed achieve higher levels of fusion yield for higher
levels of asymmetry than the 1.9 MJ design. Figure 3
shows neutron emission-weighted images and how the
mode 2 symmetry and fusion yield vary for pairs of exper-
iments, N211024/N210808 and N220919/N221204, con-
ducted with 1.9 MJ and 2.05 MJ, respectively. The hot
spot symmetry is evaluated by fitting the 17% contour of
peak emission with a Legendre polynomial. The mode 2
asymmetry is quantified by taking the amplitude of the
P coefficient and is a measure of the ellipticity of the
hot spot. The total low mode symmetry degradation is
a combination of both the mode 1, shown in Fig. 2, and
the mode 2 asymmetry. Simulations indicate that the
17% contour of neutron emission is a useful quantity to
compare the relative morphology of the neutron emis-
sion volume that produces >88% of the total emission
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FIG. 3. Equatorial view of the time integrated neutron emission showing the impact of low mode asymmetries on the fusion
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each experiment the mode 2 amplitude, P» is given. The mode 1 amplitude for each experiment is given in Fig. 2

[29]. In models that capture the dynamics of the burn,
the choice of 17% contour to estimate the emission vol-
ume leads to inferences of hot spot pressures and masses
that are within 10-20% of the peak values.

Experiment N211024 was an attempt to repeat the 1.9
MJ experiment N210808 and resulted in a total fusion
yield of 0.43 4+ 0.02 MJ as compared to 1.3 £+ 0.07 MJ
for N210808. N211024 was observed to have a P, am-
plitude of 6.5 + 1.1 um as compared to N210808 with a
P, amplitude of -2.3 + 0.5 um. Scalings obtained from
simulations indicate that the ~3x increase in the |P;
amplitude is expected to reduce the fusion performance
of N211024 by ~0.6x as compared to N210808. This
in conjunction with the mode 1 asymmetry difference as
seen in Fig. 2, are the dominant degradations that con-
tribute to the fusion yield of N211024 being ~ 30% of
N210808][46].

In contrast, as seen in Fig. 3 ¢) N220919 was the first
experiment conducted with 2.05 MJ of laser energy and
had a |P;| magnitude of 10.8 £+ 1.6 pm. This is a larger
mode 2 asymmetry than observed on N211024, but the
implosion still produced 1.2 + 0.06 MJ of fusion yield.
Using the prior P» sensitivity of the 1.9 MJ laser design,
this level of P, asymmetry is expected to reduce the 1.3
MJ of fusion yield obtained on N210808 by >10x. The
modest, ~ 10% reduction in yield on N220919 relative
to N210808, despite the nearly 2x increase in the P»
asymmetry from N211024, is direct evidence that the de-
sign changes associated with 2.05 MJ have increased the
ITFX and yield amplification allowing for higher yields
to be obtained despite the presence of degradations that
would have significantly degraded the prior 1.9 MJ de-
sign. To improve the symmetry following the N220919
experiment, an increase in the wavelength separation of



the inner and outer laser cones from 2.54 to 2.754 was
made[15]. This increases the relative amplitude of the
equatorial x-ray drive by transferring more energy from
the outer to inner laser cones.

As seen in Fig. 3d), this change resulted in a near
round hot spot with a reduced P, asymmetry of 0.3 £
0.1 pm and a fusion yield of 3.1 £ 0.16 MJ. The improve-
ment in mode 2 hot spot symmetry between N220919 and
N221204 is found to be the primary reason for the 2.6x
increase in fusion yield as these experiments had com-
parable levels of mode 1 asymmetry and hot spot mix.
In contrast, this level of P, asymmetry is estimated to
degrade the 1.9 MJ design by ~8x.

C. Areal Density

Further insight into the efficacy of the improvements
of the 2.05 MJ compared to the 1.9 MJ laser energy de-
sign can be gained by the observed increase in the DSR
related to the increase in the areal density of the DT hot
spot and fuel. As described in the companion paper[6],
one of the goals of the 2.05 MJ design was to further
increase the total DT areal density pRpr at stagnation
from prior work, in order to increase the ITFX and yield
amplification.

As discussed in Section III, the neutron emission
weighted areal density of the DT fuel can be inferred
from experimental observations of the DSR. In the ex-
periments discussed here, the dominant contribution to
the DSR is from the DT fuel, followed by the DT hot
spot with a small contribution from the remaining abla-
tor; for inertial confinement of the igniting hot spot the
total areal density is important. To account for angu-
lar variations in the areal density when comparing ex-
periments, multiple measurements of the DSR for each
experiment are averaged over the solid angle of emission
and a so-called 47 average DSR value is used.

As previously discussed, experiments which approach
the ignition threshold experience sustained a-particle
self-heating which causes the vast majority of neutrons
to be produced as the hot spot expands[47]. Higher levels
of self-heating allow for the neutron emission to be sus-
tained to larger hot spot radii, thereby causing the neu-
tron emission weighted areal densities to decrease. This
dynamic explains the trend displayed by the circles in
Fig. 4 that indicates for the 1.9 MJ design, as the fusion
yield increases the emission weighted neutron radius and
DSR are observed to increase and decrease, respectively.
Therefore, to compare the relative increase in the pRpp
between the 1.9 and 2.05 MJ laser energy designs it is
important to compare experiments at comparable yield
and hot spot radii.

As seen in Fig. 4, the first 2.05 MJ laser energy ex-
periment, N220919, achieved a similar yield and emis-
sion weighted hot spot radius as N210808 (the highest
performing 1.9 MJ design) but with a 47 averaged DSR
of 3.06 + 0.14% as compared to 2.72 + 0.24%. Addi-
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FIG. 4. The 47 averaged down scattered ratio (DSR) vs.
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correspond to the fusion yield of the experiment.

tionally, Fig. 4 shows that for the highest fusion yield
experiment, N221204, a larger neutron emission radius
was achieved than for N210808, while at the same time
achieving a higher DSR. Both of these observations are
consistent with the design goal of the 2.05 MJ design to
achieve a higher yield amplification by reaching a higher
areal density at stagnation. Following Eqn. 1, if the
level of observed areal density increase at a fusion yield
of ~1.2 MJ is consistent with that achieved at minimum
volume / no « conditions, then the average increase in
the ITFX,,, o and Y, between the 1.9 MJ and 2.05 MJ
laser design is estimated to be 1.28x and 3.4x, respec-
tively. These estimates only consider how the change in
areal density impacts the ignition threshold metric and
does not yet account for other effects such as low mode
asymmetries and mix which can reduce the Y, -

Future experiments will be conducted to quantify
changes in the dynamics from the design changes be-
tween the 1.9 MJ and 2.05 MJ laser designs that are not
directly observable on integrated ignition experiments.
These include measurements of the relative velocities and
in-flight symmetry which will help to constrain the ex-
pected changes in the ignition threshold metric. Addi-
tional experiments using dudded fusion fuel to minimize
the effect of a-particle self heating will also inform the
improvement of pRpr no «[48].

D. Ion Temperature, Burn Width and hot spot
mass

Figure 5 shows the evolution in the plasma tempera-
ture, the neutron emission duration and the DT plasma
mass change with increasing fusion yield for three experi-
ments that span the range of yields achieved in the 1.9 M.J
and 2.05 MJ laser energy designs. Figure 5a) shows that



1.2

100

180

LI S B B B T T TTTTIT

() ]

c

1.0 160

T,= 13.1keV

0.8 140

T,=10.1keV

0.6 120

LI I L L L B L

104"%/_5 ps

0.4 100 -

Fusion Burn Duration (ps)

0.2 80 -

S N RS NS N

Normalized Signal (arb. units)

0.0 n 60

P TT STE RTT S S TS R S AR SR

Ll

T T T T T

r 84+10 ug

80

60

Burning DT Mass (ug)

40 |-

o b e L

ool i Lol ol

orT
pt

13.0 13.5 14.0 14.5 15.0 0.
Neutron Energy (MeV)

. .0
Fusion Neutron Yield (M))

EL
N
co
=]
-

0.10 1.00
Fusion Neutron Yield (M}))

10.00

FIG. 5. a) Neutron spectra and apparent DT ion temperature, from 1.9 MJ laser energy experiments N220109 (black) and
N210808 (red), and from a 2.05 MJ laser energy experiment N221204 (blue). b)Neutron emission duration as fusion yield. c)
Inferred hot spot mass for 1.9 and 2.05 MJ laser experiments. In b) and ¢) experiments N220109 (black), N210808 (red), and

N221204 (red) have been highlighted.

as the yield increases from 0.25 MJ on N220109 to 3.1 MJ
on N221204 the neutron spectra broaden significantly.
The apparent DT ion temperature associated with the
neutron spectra width more than doubles, increasing
from 6.04 £ 0.15 to 13.1 & 0.74 keV. This dramatic in-
crease in temperature is consistent with a-particle self-
heating initially dominating the radiative and expansion
losses. Figure 5 b) shows that as previously predicted
and observed, the full width at half maximum (FWHM)
of the neutron emission duration decreases from 104 to
74 ps as the yield increases from 0.25 to 3.1 MJ. This ob-
servation is consistent with observations and simulations
which show that the FWHM neutron emission duration
decreases owing to the rapid increase in hot spot pressure
upon ignition as the temperature rapidly increases due to
a-particle hot spot self heating [49]. Furthermore, as the
temperature increases, more and more mass is ablated
from the cooler surrounding dense shell of DT fuel into
the higher temperature hot spot where fusion occurs. In-
creasing the contributing DT mass, while increasing the
temperature, in turn boosts the a-heating and pressure
of the hot spot. This continues until the resulting higher
values of PdV/dt expansion losses eventually blow the
hot-spot apart. This rapid increase in temperature and
pressure leads to a shortening of the FWHM duration
of fusion energy production with increasing yields. The
mass of the reacting hot spot can be estimated using an
emission weighted static model [17, 50] In this model, an
average DT density is inferred using the observed yield,
T;on, burn duration, and emission volume using the rela-
tionship, y = npnr{cv)Vr. Here y is the neutron yield,
V is the volume of the 17% contour of neutron emis-
sion, 7 is the FWHM of neutron emission. Bosch-Hale
reactivity, which is a strong function of Tj,,, is used to
estimate (ov) and np and nr are equivalent for a 50:50
DT fuel mixture. Once the ion density is inferred, it
can be used with the measurement of the plasma vol-
ume to estimate the reacting DT plasma mass. This
methodology gives reasonable agreement with the mass

of the reacting plasma at peak neutron production ob-
served in dynamic calculations[47]. Figure 5c¢) indicates
that as the yield and temperature increase from N220109
to N221204, the hot spot mass is inferred to increase
nearly 3x to 84 4+ 10 ug or ~40% of the initial DT ice
mass. For N221204, over the emission duration, the frac-
tion of the total DT fuel which fuses and burns is ~4.3%.
Analytic estimates[4] and more detailed estimates from
radiation hydrodynamic calculations[29, 51] indicate that
for inertial confinement fusion, the maximum fraction of
fuel that can be burned is related to the hot spot DT
density, temperature and confinement time. The rela-
tive scaling of the burn fraction, ¢, with increasing areal
density and temperature is discussed in more detail in
the accompanying manuscript[1]. In the robustly burn-
ing regime where T reaches near the maximum in the DT
reactivity(20-40 keV), the burn-up fraction is expected to
scale as ¢ = pR/(pR + 6), where the areal density, pR,
is in units of g/cm?[4]. If the temperature could be in-
creased to this level, and for a total pR before a-heating
of 1.4 g/cm2 (estimated value of pR for N221204), this
scaling would estimate a ¢ ~ 20%.

E. X-ray and Neutron Observations

As the fusion yield and target gain increased, a sig-
nificant change in the relative morphology of the x-ray
and neutron emission was observed. Understanding such
changes are important as they can inform our under-
standing of symmetry, coupling, burn dynamics, and im-
portant quantities such as x-ray emission duration.

Figure 6 a)-d) show the time-integrated self-emission
data obtained using x-ray and neutron imagers for ex-
periments N210808 (Ejaser = 1.9 MJ) and N221204
(Flaser = 2.05 MJ and the +6 pm thicker capsule). To
allow for a direct comparison, the neutron images have
been oriented to match the line of sight of the x-ray im-
age, specifically at (0, ¢)=(7°, 180°), with the polar angle
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(9) measured in degrees from the top of the target cham-
ber and the azimuthal angle (¢) expressed in degrees.
For N210808, Fig. 6 a) and c) show that the x-ray and
neutron emission are similar in size and shape. However,
comparing the x-ray emission of N221204 in Fig. 6 b) to
the neutron emission in Fig. 6 d) shows that the x-ray
emission has evolved into a four-fold pattern with a cen-
tral spot and expanded to a much larger size than the
neutron emission.

To better understand how the morphology evolves as
the fusion yield increases from 1.3 MJ to 3.1 MJ, Figure-
6 d) and e) show the overlay of contours that enclose
50%-of-total of the neutron and x-ray emitting regions
for N210808 and N221204, respectively. In the case of
N221204, the x-ray contour traces the four-fold pattern
far outside the neutron contour. This is evidence that
this part of the x-ray emitting volume originates from the
higher-Z ablator material that surrounds the DT fuel and
emits strongly in x rays but does not produce fusion burn.
The x-ray emission volume is estimated to be 12% larger
than the neutron emission volume in the case of N210808,
and 5 times larger than the neutron emission volume in
the case of N221204. This stark difference in morphol-
ogy suggests that for the 2.05 MJ laser energy design,
the conditions and x-ray emissivity of the surrounding
ablator were significantly different than for the 1.9 MJ
laser design. This could arise from both differences in
the central hot spot pressure and temperature that were
achieved as well as from differences in the composition,
density and temperature conditions of the surrounding

ablator. Finally, we note that the four-fold pattern in
the x-ray image of N221204 suggests that asymmetries
still exist, potentially arising from differences in the inner
laser cone transmission that lead to azimuthal radiation
flux asymmetries. Correcting this in future work could
improve energy coupling and decrease areal density vari-
ations to further improve performance.

V. INFERRED CONDITIONS AND METRICS

Conditions reached in the hot spot are important
for evaluating implosion improvement and burn physics.
Here we follow the hot-spot condition inference method-
ology developed in Refs. 17, 50, 52. A useful param-
eter space for evaluating the hot spot conditions is the
ion temperature (7;) and areal density (pRps) axes as
shown in Fig. 7. Here the ion temperature is inferred
from the width of the DD neutron spectra. While the
width of both the DT and DD spectra can be used as
a relative temperature measurements, the DD spectral
width is broadened less by velocity flows within the hot
spot than the DT spectra due to the difference in the
mass of the reactants. As the DD spectral width is less
sensitive to the hot spot velocity flows, it is expected
to be closer to the thermal temperature. A criteria for
reaching the burning plasma regime, where self-heating
surpasses the initial PdV work to form the hot spot,
can be cast in this space[12] and is shown in Fig. 7
as the solid curve. The first NIF experiments to enter
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the burning-plasma regime[17] appear with T; ~ 5 keV
and pRps ~ 0.35 g/cm?. The “variability” experiments
with several hundred kJ yields are the next points which
clearly surpass the static self-heating boundary, shown
by the dashed curve, which is when alpha heating ex-
ceeds bremsstrahlung and thermal conduction losses but
PdV losses on expansion are neglected. The experiments
with yields exceeding a MJ (N210808 and N220919) that
appear at T; ~ 9 keV and pRps ~ 0.45 exhibit a mod-
est increase in areal density but a dramatic increase in
ion temperature as the hot spot ignites and begins burn
propagation[8, 19, 20]. N221204 exhibits a further in-
crease in temperature by ~ 3 keV at a similar pRp;
since the burn occurs during further expansion of the
hot spot the additional hot-spot mass and volume are
compensating to produce a similar pR.

Figure 8 shows the experimentally-inferred ignition
threshold factor with self heating (ITF X,) [29], its no-«
counterpart introduced in Section III. Shot N221204 is
the farthest to the right and clearly surpasses the ITF X,
achieved previously on N210808. The yield amplification
is inferred from Ref. 52 for the lower performing ex-
periments (S 10) and uses simulated values[6] for the
experiments with yields above 1 MJ (Y, 2 30).

Fig. 9 shows the hot-spot energy and pressure. In ex-
periments where there is self-heating and burn, the quan-
tities with a-heating are directly physical and shown in
Fig. 9(b). The equivalent quantities that an experiment
would have achieved in the absence of self-heating re-
quires an inference[52] and are shown in Fig. 9(a). Asin
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FIG. 8. Inferred yield amplification and ITF X, for NIF ex-
periments culminating in N221204.
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previous figures N220919 and N221204 are shown by red
square markers and the contours represent constant val-
ues of EP? relative to N210808. N220919 exhibits a simi-
lar pressure and energy to N210808 for both burn on and
off. For N221204 we observe a substantial increase in the
inferred burn-off energy, likely related to the mitigation of
low-mode asymmetry that caused significant residual ki-
netic energy on N220919. In burn-on conditions N221204
has a slightly higher inferred pressure than previous NIF
shots and, like the hot-spot areal density, this is in part
due to the fact that the expansion (larger Py observed) is
reducing the apparent burn-averaged pressure. However,
the hot-spot energy content is more than twice as large
as the previous record experiment N210808.

These inferred quantities provide additional context
for the performance of the N221204 experiment increas-
ing substantially from its predecessors. The ITF X, in-
crease is consistent with the yield amplification from self-
heating increasing by more than a factor of two. The hot-
spot areal density is approximately maintained while the
ion temperature increases ~ 3 keV which results in a
~ 2x increase in the DT fusion reactivity. Lastly, the
hot-spot pressure increases modestly while the internal
energy content of the hot spot increases more than a fac-
tor of two.

VI. CONCLUSION

In conclusion, the experimental configuration, key ob-
servations, inferred conditions, and metrics from the first
laboratory experiment to produce more fusion energy
than laser energy used to initiate it have been presented.
The target gain of this experiment, N221204, is inferred
to be 1.5+0.1 with a fraction of burned DT fuel of 4.3%
These results were enabled by a design[6] that utilized
the ~1.08x increase in the available laser energy and a
capsule target with a ~1.07x thicker ablator to further
increase fusion yield by increasing the DT fuel areal den-
sity. To achieve this result, activation and neutron imag-
ing diagnostics show that asymmetries in compression
arising from laser delivery, hohlraum absorption dynam-
ics, and capsule target wall non-uniformity had to be ad-
justed and minimized. Observations of a ~1.1x increase
in the areal density and higher fusion yields from prior
work([8], even in the presence of degradations, are consis-
tent with the design goals and previously discussed igni-
tion threshold framework[29]. Consistent with increasing
rates of a-particle self heating, average measurements of
the DT neutron spectra show an increase in the inferred
ion temperature from 10.1 to 13.1 keV as the fusion yield
increased from 1.3 MJ on N210808 to 3.1 MJ on N221204.

10

As the temperature was observed to rise, the radius and
mass of the reacting DT hot spot plasma were inferred
to increase by ~1.1x and ~1.6x, respectively. Also con-
sistent with expectations of higher fusion yields and hot
spot pressures is the observation of reduced neutron emis-
sion duration from 8971°/_15 ps to 74715/ _5 ps. Infer-
ences of the hot spot areal density, pRps, show that as
the fusion yield is increased, the DT plasma maintains
a nearly constant pRjs ~0.45 g/cm? while the plasma
temperature rises rapidly. For N221204, the hot spot is
inferred to be approximately twice as far from the static
self-heating threshold as N210808. Using nuclear obser-
vations, the hot spot energy and pressure were inferred
to be ~125 kJ and ~600 Gbar, respectively for N221204.

Following N221204, a series of three near repeat ex-
periments were performed. Each repeat obtained a fu-
sion yield greater than 1 MJ while experiencing various
levels of low mode and mix degradations. Future work
will study how the sensitivity of this design to known
degradations changes from the prior 1.9 MJ laser energy
design. Additionally, to achieve still higher fusion yields,
future work will focus on utilizing further increases in the
available laser energy, developing higher efficiency radia-
tion cavities[53, 54] to increase coupling and higher com-
pression designs[55]. Additionally, work will be under-
taken to better understand how the dynamics and ob-
servations, such as the x-ray emission morphology and
duration, change as higher temperatures, pressures and
burn fractions are obtained.
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VII. APPENDIX

Table I summarizes several of the relevant properties
for the capsule targets used on the experiments discussed
in this work. In these experiments, the capsule is held in
place at the center of the hohlraum by two 45 nm For-
mvar membranes, reffered to as a tent[56]. Each capsule
had an inner undoped layer of high density carbon (HDC)
starting at a radius of 1050 um, followed by a tungsten
doped layer of HDC and an outer undoped layer[57]. On
average, the capsules used for the 1.9 MJ laser exper-
iments had a total ablator thickness of 79.5 um while
those used with 2.05 MJ of laser energy had an average
thickness of 85.4 ym. The central doped layer attenuates
the higher energy M-band hohlraum x-ray (>1.8-2 keV)
emission that passes through the outer undoped HDC.
This is to avoid pre-heating of the inner undoped HDC
layer that can increase the Atwood number at the inter-
face making it more unstable and enhancing the mixing of
ablator material into the ice[58]. As noted in Table I, the
optical depth of the capsules used with 2.05 MJ of laser
energy was increased by 1.19x as compared to those used
previously with 1.9 MJ of laser energy. This increase in
optical depth is expected to improve the stability of the
DT ice and inner undoped HDC interface [6]. However,
as noted this also has the consequence of reducing the
ablation front scale length, making the implosion more
susceptible to ablation front instabilities. This balance,
in conjunction with the differences in instability seeds
and changes in growth rates associated with differences
in the implosion dynamics (i.e. deceleration rates, etc),
will determine the relative implosion stability. Future
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experiments will explore the sensitivity of implosion per-
formance to such changes in optical depth of the doped
layer.

Table I also details capsule characteristics that can lead
to performance degradations. As previously discussed,
non-uniformity in the capsule ablator wall thickness can
lead to an asymmetry in compression and a reduction in
the rate of PdV/dt work and fusion yield.[33-35]. Along
the principal axis, the wall thickness non-uniformity is
fit by a Legendre decomposition, and is quantified by the
amplitude of the mode 1 coefficient. For all the experi-
ments discussed here, the capsule mode 1 was below 0.2
pm, or ~0.25% of the capsule wall thickness. The impact
of the capsule non-uniformity on the fusion performance
in these experiments will be discussed in detail in a later
publication. Higher atomic number ablator material that
is injected into the reacting hot spot can increase the ra-
diative loss, reducing the temperature and fusion yield
[59]. Table I shows the number and volume distribution
of surface pits, internal voids as well details of the capsule
fill tube assembly. Each of these has been identified as a
perturbation which can inject higher atomic number ab-
lator material into the reacting hot spot[45, 60, 61]. Also
seen in Table I, the number of higher atomic number in-
clusions was ~100 x larger for the capsules used with
2.05 MJ of laser energy and that achieved target gain
>1. The impact of these inclusions on both hot spot
and DT fuel-ablator mix is a work in progress. Future
experiments using higher quality capsules with reduced
numbers of inclusions will also be performed to quantify
the impact.

In this work, the fusion yield is measured using nuclear
activation of zirconium foils[62] and through magnetic
recoil spectrometry[30]. The uncertainty associated with
the fusion yield measurement comes from both system-
atic and statistical sources. For the yield range of the
experiments reported here, the uncertainty is dominated
by a systematic source which arises from the absolute
calibration of the detector which measures the nuclear
decay signal. This uncertainty is estimated to ~5%.

The x-ray image for N221204 was taken using a penum-
bral imaging setup[63]. The penubra pinhole diameter
and spatial resolution were 220 pym and 5 pm, respec-
tively and the pinhole was positioned 140 mm from the
target chamber center with an imaging magnification of
44.7. The data was detected with an image plate and
differentially filtered with Ti foils resulting in a broad-
band x-ray image with approximately 25 keV emission
weighted average x-ray energy. The x-ray image for
N210808 was taken using a pinhole imager with 10 pm di-
ameter pinholes and 12 um spatial resolution. The data
was detected with an image plate and differentially fil-
tered with polycarbonate and Kapton foils resulting in a
broadband x-ray image with approximately 10 keV emis-
sion weighted average x-ray energy.
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TABLE I. Table of capsule properties for N210808 and N211024 used with 1.9 MJ of laser energy and N220919 and N221204

used with 2.05 MJ of laser energy

Experiment N210808 N211024 N220919 N221204
Capsule batch-number 789-08 789-06 952-03 952-01
Capsule Mass (ug) 3927 3916 4258 4253.1
Inner undoped layer thickness (pm) 6 6.3 7.9 7.7
Doped layer thickness (um) 18.7 18.1 15 15.1
Outer undoped layer thickness (pm) 54.9 55 62.5 62.6
Capsule dopant areal density (%W pm) 7.9 7.6 9.2 9.2
Capsule mode 1 (pm) 0.2 0.1 0.07 0.13
Capsule surface pits (0-1 um?®) 270 101 40 69
Capsule surface pits (1-3 um®) 0 0 1 1
Capsule surface pits (>3 pm®) 0 1 0 0
Voids (0-10 pm?) 0 0 80 20
Voids (>10 pm?) 1 0 12 15
Inclusions (< 200 ym?®) 31 42 3744 4313
Inclusions (> 200 ym?) 5 2 75 105
Fill tube diameter (um) 2 2 2 2
Fill tube glue mass(ng) 2.5 0.9 4.1 3.4
Fill tube mass deficit (ng) 5.3 5.7 5.1 4.3




