PRL 111, 045001 (2013)

PHYSICAL REVIEW LETTERS

week ending
26 JULY 2013

Hot-Spot Mix in Ignition-Scale Inertial Confinement Fusion Targets
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Mixing of plastic ablator material, doped with Cu and Ge dopants, deep into the hot spot of ignition-
scale inertial confinement fusion implosions by hydrodynamic instabilities is diagnosed with x-ray
spectroscopy on the National Ignition Facility. The amount of hot-spot mix mass is determined from
the absolute brightness of the emergent Cu and Ge K-shell emission. The Cu and Ge dopants placed
at different radial locations in the plastic ablator show the ablation-front hydrodynamic instability

is primarily responsible for hot-spot mix. Low neutron yields and hot-spot mix mass between
34(—13, +50) ng and 4000(—2970, +17 160) ng are observed.
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Inertial confinement fusion (ICF) depends on the forma-
tion of a central hot spot with sufficient temperature and
areal density for ignition (i.e., when the fusion energy
exceeds the laser energy incident on the target) [1,2].
Laser-driven hohlraums are used to accelerate targets via
x-ray ablation [1,2] at the 192-beam, 351-nm, 1.8-MJ
National Ignition Facility (NIF) [3]. Shock-timing [4,5],
implosion-velocity [6], and symmetry [7,8] experiments
on the NIF are underway with ignition-scale targets [5,9]
to optimize the hot-spot formation. The concentric spherical
layers of current NIF ignition targets consist of a plastic Ge-
doped or Si-doped ablator surrounding a thin shell of cryo-
genic thermonuclear fuel (i.e., hydrogen isotopes), with fuel
vapor filling the interior volume [10]. Deuterium—tritium
(DT) fuel is directed inside the ablator shell using a fill tube,
and a DT-ice layer is formed using the beta-layering tech-
nique [11]. As the target implodes, the fuel vapor is com-
pressed and forms a hot spot as the fuel layer decelerates.
The hot spot contains ~2 X 10* ng of DT mass, which
undergoes fusion reactions. ICF relies on the DT-fusion
alpha particles depositing their energy in the hot spot, caus-
ing the hot-spot temperature to rise sharply and a thermo-
nuclear burn wave to propagate out through the surrounding
cold and dense DT fuel. Ignition is predicted to occur when
the temperature and areal density of the hot spot reach a
minimum of 5 keV and 0.3 g/cm?, respectively [10]. To
date, experiments on the NIF have not achieved ignition.

Radiative and conductive losses from the hot spot will be
increased by hydrodynamic instabilities [10,12]. Bright
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spots observed in broadband, gated x-ray implosion images
for photon energies greater than 8 keV provide an indica-
tion that hot-spot mix may be occurring in NIF implosions
[13]. Enhanced x-ray production relative to neutron yield is
also being investigated as a mix diagnostic [14]. However,
these methods are silent on what part of the shell the mix
mass material comes from. The tracer-layer technique
described herein provides insight for the physical mecha-
nism that caused the ablator to mix into the hot spot. The
Richtmyer—Meshkov and Rayleigh—-Taylor hydrodynamic
instabilities seeded by high-mode (20 < € < 200) ablator-
surface mass perturbations from intrinsic CH surface
roughness, the fill tube, or microscopic dust particles can
mix ablator material into the interior of the DT-fuel layer if
the initial amplitudes and growth during the acceler-
ation phase are sufficiently large (i.e., hot-spot mix) [12].
Hydrodynamic simulations indicate ablator material that
gets into the hot spot largely consists of material that
originated at the ablation surface and ‘‘bubbled” through
the ablator and DT-ice layers [12]. Another physical
mechanism for hot-spot mix arises at the material interface
between the ablator and DT-ice layer if the density of the
ablator is less than the density of the DT-ice. This would
cause the ablator—DT-ice interface to be unstable to the
classical Rayleigh-Taylor hydrodynamic instability during
the acceleration phase, resulting in bubbles of material
from the innermost part of the ablator mixing through the
DT-ice layer. Identifying the major physical mechanism
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responsible for hot-spot mix would focus future mitigation
efforts in inertial confinement fusion research.

This Letter presents the first evidence that the ablation-
front instability is primarily responsible for hot-spot mix in
ignition-scale implosions and provides a quantitative esti-
mate of the amount of ablator mass mixed into the hot spot.
Different tracer materials are placed at known radial posi-
tions in the plastic ablator [12] and their initial locations
and concentrations are measured [15]. The mixing of
plastic ablator material, doped with Cu or Ge dopants,
deep into the hot spot is diagnosed with x-ray spectroscopy
[16] on the NIF. The Cu and Ge dopants will only be
ionized to the K shell and emit K-shell emission if they
are mixed from the ablator into the hot spot. Since the Cu
and Ge dopants are placed at different radial locations in
the plastic ablator (i.e., the Ge-doped CH layer surrounds
the Cu-doped CH layer), their spectroscopic signature
indicates which layer is mixing into the hot spot. The
ablation front burns well into the Ge-doped layer, but
does not reach the Cu-doped layer. The majority of the
observed hot-spot mix mass contains mass from the
ablation-surface region (i.e., the Ge-doped CH), consistent
with the hypothesis that the ablation-front instability is
primarily responsible for the hot-spot mix. These experi-
mental observations are important for ICF because
enhanced radiative losses of the hot spot by the mix mass
could be the reason for the current targets on the NIF not
igniting. The strategy to control hot-spot mix from the
ablation-front instability involves reducing the capsule
surface-mass perturbations, reducing the growth factors
of the hydrodynamic instability [12], or changing to
another ablator material (e.g., Cu-doped Be [17]).

A schematic of the ignition-scale target used to diagnose
the ablator mix mass in the hot spot with x-ray spectroscopy
is shown in Fig. 1 [12]. It has an outside radius of 1130 wm,
a 195-um-thick tri-doped CH ablator, and a 69-um-thick
DT-ice layer. The initial masses of the DT vapor, the
DT shell, and the ablator are 820 ng, 1.4 X 10° ng, and
2.6 X 10° ng, respectively. Ablation of the inner wall of
the DT-fuel layer increases the DT mass in the hot spot.
The unablated mass of the tri-doped CH ablator is 10%
of the initial shell mass. The outermost layer (i.e., layer 5) is
pure CH and is 138 wm thick. The Si dopant in layers 2, 3,
and 4 is the usual preheat shield [18], and trace amounts
(i.e., ~0.1% atomic) of Cu (layer 1) and Ge (layers 2 and 3)
are added at different radial locations to study the origin of
the hot-spot mix mass. The x-ray ablation front burns
through layers 5 and 4 and well into the Ge-doped CH
layer 3, but it does not reach the Cu-doped CH layer.
Therefore, if the hot-spot mix mass is due to ablator mate-
rial originating at the ablation front that “bubbles” through
the ablator and DT ice [12], the mix mass will consist of Ge-
doped CH, not Cu-doped CH. The amount of hot-spot mix
is determined from the absolute brightness of the emergent
Cu and Ge K-shell emission using a detailed atomic physics
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FIG. 1 (color online). Schematic of an ignition target with a
tri-doped CH ablator and a cryogenic DT layer. The Si dopant is
a preheat shield. The Cu and Ge dopants are placed at different
radial locations to determine the origin of the hot-spot mix mass.
The DT fuel is transported to the interior of the plastic ablator
using a fill tube.

model [19]. Two other types of CH ablators were studied.
One, a “co-doped” ablator has no Cu dopant and its layers
are composed as follows: layer 1 has only a Ge dopant
(0.1% atomic); layer 2 has a Ge dopant (0.1% atomic) and a
Si dopant (1.93% atomic); and layer 3 has a Ge dopant
(0.1% atomic) and a Si dopant (3.40%). The second type
of ablator is called the Rev. 5 ablator [10], which has only a
Ge dopant; layers 1 and 5 are pure CH and a Ge dopant
with 0.5%, 1.0%, and 0.5% (atomic) is in layers 2, 3,
and 4, respectively. DT and hydrodynamically equivalent
trittum-hydrogen-deuterium (THD) cryogenic targets [20]
were examined.

The time-integrated, 1D imaging hot-spot x-ray spec-
trometer (HSXRS) provided spectral coverage in the 6 to
16 keV range for analysis of the Cu and Ge K-shell
emission [21]. The HSXRS combines a slit aperture with
a 100-um width and a pentaerythritol (PET) Bragg crystal
to record 1D spectral images of the implosion core with a
magnification of about 11, a spatial resolution of approxi-
mately 100 wm in the target plane, and a spectral resolving
power of 300-800 [21]. The accuracy of the HSXRS
photometric calibration is £50%. Figure 2 shows a spa-
tially integrated x-ray spectrum of the hot spot measured
on an ignition target with a tri-doped CH ablator of HSXRS
(black curve), highlighting the spectral features attributed
to cold Cu and Ge in the compressed ablator (Cu and Ge
Ka fluorescent emission and the Cu and Ge K-edge
absorption) and, most importantly, the emission from the
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FIG. 2. Measured x-ray spectrum for an ignition target with a
tri-doped ablator (black curve). The x-ray continuum from the
hot spot transmitted through the compressed shell is modeled
(gray curve) assuming the x-ray continuum and the shell optical
thickness scale with photon energy (hv) as e ""/¥T and hv =3,
respectively.

highly ionized Ge in the hot-spot mix mass between 10 and
10.5 keV. He-like Ge is the highest charge state observed.
Any emission from highly ionized Cu in the hot spot is
below the detection threshold of the spectrometer, as
observed by examining the spectral range between 8 and
9 keV in Fig. 2. The gray curve in Fig. 2 is a derived
hot-spot continuum spectrum, assuming the hot-spot x-ray
continuum scales as e ~"*/¥T and the shell optical thickness
scales as hv~3, where hv is the photon energy.

The 9.7- to 10.8-keV photon-energy range, containing
emission from the hot spot and the compressed shell, is
highlighted in Fig. 3 for the ignition target with the tri-
doped CH ablator. In this plot the hot-spot x-ray continuum
was subtracted and a correction for compressed ablator
x-ray absorption was applied. This photon-energy
range contains a rich spectrum of line emission from
Ge He-like resonance 1s> — 152p(1P) and intercombin-
ation 15> — 1s2p(3P) transitions, as well as from their
152(2s,2p) — 1s2p(2s, 2p)!  satellite transitions with
[ =1,2,3, corresponding to the Li-, Be-, B-like Ge charge
states. This spectral envelope, called the Ge He,, + satellite
emission, is from the hot spot and is sensitive to variations
in the electron temperature (7,), electron density (n,), and
Ge areal density of the mix mass [22]. Around the time of
peak compression a cold, dense shell surrounds a central
hot spot. Most of the Ge remains in the compressed shell
and absorbs x rays from the hot spot. Depending on the
temperature of the shell, this absorption manifests as either
Ge Ko emission or Ge 1s — 2p absorption features [22].
The feature between the Ge K« and the Ge He,, + satellite
emission in Fig. 3 is primarily photo-excited inner shell
transitions from low charge states of Ge (i.e., Ne-, O-, F-,
N-, or C-like). They exist on the edge of the hot spot with
T, ~ 0.5 keV and n, = 2 X 10% cm~3. This signal may
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FIG. 3 (color online). Measured x-ray spectrum in the 9.7 to
10.8 keV range (blue circle) for an ignition target with tri-doped
CH ablator. The Ge He,, + satellite emission is from the hot-spot
mix mass. The Ge Ka emission is from the compressed shell.
The feature around 10 keV is primarily photoexcited inner shell
transitions from low charge states of Ge (i.e., Ne-, O-, F-, N-, or
C-like) existing on the edge of the hot spot. The amount of
Ge-doped CH ablator mixed into the hot spot is inferred from
the modeled Ge He, + satellite spectrum (best fit = solid black
curve, 1o spectral fits = dashed red and dashed-dotted green
curves). The dotted lines show the spectral components of the
best fit from B-, Be-, Li-, and He-like charge states of Ge.

indicate a significant amount of ablator mass that has
mixed through the DT-ice layer to the edge of the hot
spot, but not deep into the hot spot. Only the Ge He, +
satellite emission is used to diagnose the mix mass in the
hot spot.

The mix mass is crudely modeled as CH-ablator mass
doped with the same atomic fraction of Ge (Cu) in the
CH ablator, at the same single n, and T,, and with areal
densities of Ge-doped CH (pRcpge) and Ge (pRg.) that
characterizes the mix-mass structure by an effective scale
length or, more precisely, an average photon escape path.
The mix-mass length is micron scale, consistent with a
number of mix-mass objects (e.g., spheres) that varies from
a few up to thousands, depending on the implosion.
Although this approximation is applied to make the analy-
sis tractable, spatial gradients in the plasma conditions of
the mix mass material are likely. A detailed atomic and
radiation physics model [19] is used to estimate the amount
of mix mass from the Ge K-shell line spectrum as follows:
The temperature- and density-dependent emissivity model
gives the total emission per Ge mass within the Ge He, +
satellite feature. The spectral fit includes self-absorption—
coupled level kinetics, giving an estimate of pRg, in each
mix-mass sphere. In the atomic model, the Ne- through
H-like species are represented with detailed-configuration
accounting (DCA), including all single excitations through
n = 10 and all double excitations through n = 3; impor-
tant line-emitting configurations are split. The Stark broad-
ening of the Ge line shapes was calculated using the
MERL code [23], but is not significant for n, <10?>cm 3.
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The calculated emergent intensity distribution is sensitive
to variations in n,, T,, and pRg.. The measured spectra are
compared with modeled spectra, including instrumental
broadening effects, for several thousand combinations of
n,, T,, and pRg., and the best match is determined based
on a least squares fit. The amount of Ge mix mass is then
determined from the inferred plasma conditions and by
comparing the brightness per mass to the total measured
brightness of the Ge He, + satellite measurement.

The hot-spot mix-mass analysis assumes uniform plasma
conditions lasting 125 ps (x-ray burn width of the implosion
[24]) for the DT and THD implosions, the mix mass has the
same dopant level as the shell, and 30% shell transmission
for the Ge He, + satellite feature (per 1D hydrodynamic
simulations). This estimate of shell transmission represents
a lower limit for the experiment leading to a conservative
estimate of hot-spot mix mass. The modeled spectra are
shown in Fig. 3, with the black curve representing the best
fit (i.e., minimum x?) and the dashed red and dashed-
dotted green curves representing 1o spectral fits. The latter
define the upper and lower limits of hot-spot mix
mass. The dotted lines in Fig. 3 show the spectral
components of the best fit from the Ge charge states. The
inferred quantities for the DT implosion are n, =
0.9(+0.1, —0.5) X 10% cm™3, T,=3.0(+0.6, —0.4) keV,
pRG. = 0.325(—0.1, —0.025) mg/cm?, and a total mix
mass of 34(—13, +50) ng. The total mix mass is composed
of C, H, and Ge assuming the initial stoichiometry of
the Ge-doped ablator layer.

Since the Cu He, + satellite emission signal was below
detection threshold of the spectrometer, an upper bound of
mix mass from the Cu-doped layer of 2 = 1 ng was esti-
mated for the noise level of the spectrometer. The plasma
conditions of the Cu-doped mix mass were assumed to be
the same as the Ge-doped mix mass (inferred from the
x-ray spectroscopy), and a 20% shell transmission was
assumed for the Cu He, + satellite emission (per 1D
hydrodynamic simulations). The hot-spot mix mass from
the Cu-doped layer is a factor of 17 lower than the mix
mass from the Ge-doped layer. These observations indicate
the ablation-front instability is primarily responsible for
the hot spot mix, not the classical Rayleigh-Taylor hydro-
dynamic instability at the ablator—-DT-ice interface during
the acceleration phase.

The measured neutron yield of the ignition-scale
implosions normalized to the 2D simulation prediction
without alpha heating is plotted for seven implosions as a
function of the hot-spot mix mass inferred from the x-ray
spectroscopy in Fig. 4. The dashed vertical line indicates
the NIF requirement that low radiative cooling requires
that the CH(Ge) hot-spot mix mass be less than 75 ng [10].
Low neutron yields and hot-spot mix mass between
34(—13, +50) ng and 4000(—2970, +17160) ng are
observed. There is a sharp drop in neutron yield around
the 75-ng limit and the lowest yield has the highest mix
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FIG. 4. The measured neutron yield normalized to the 2D
simulated neutron yield with alpha heating turned off is
compared to the spectroscopically diagnosed hot-spot mix
mass. The dashed vertical line indicates the NIF requirement
for the CH(Ge) hot-spot mix mass to be less than 75 ng.

mass. The experimentally inferred values of hot-spot mix
mass may represent a lower bound since the x-ray
spectroscopy is only sensitive to the portions of the ablator
that are doped with the Cu or Ge. As shown in Fig. 1, the
outermost portion of the ablator (layer 5) is pure CH.
According to the hydrodynamic simulations, the shell
reaches one half of the peak velocity around the time this
layer is completely ablated. Any hot-spot mix mass from
the pure CH ablator cannot be detected with x-ray spec-
troscopy. The amount of mix mass inferred from the diag-
nostic technique of enhanced x-ray production relative to
neutron yield [14] is systematically a few times higher than
the value inferred from the x-ray spectroscopy technique.
The higher inferred value could be due to the hot-spot mix
occurring during the ablation of the pure CH ablator layer.
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