Demonstrating Ignition Hydrodynamic Equivalence
in Direct-Drive Cryogenic Implosions on OMEGA

Introduction

The main approach to ignition by means of inertial confine-
ment fusion (ICF)!-2 currently pursued at the National Ignition
Facility (NIF)3 is x-ray (or indirect) drive, where the laser
energy absorbed in a high-Z hohlraum is re-emitted in the
form of x rays that drive the fuel capsule. In the other ICF
approach—direct drive—the target is driven by laser irradia-
tion directly coupled to the plasma blowing off the imploding
capsule. The main advantage of the indirect-drive approach
is reduced sensitivity of drive uniformity to short-scale beam
nonuniformities. The main advantage of direct drive is a higher
coupling efficiency (by factor of 3 to 5) of laser energy into
kinetic energy of the shell (hydrodynamic efficiency) compared
to that of x-ray drive. The OMEGA Laser System® and the KrF
laser NIKE at the Naval Research Laboratory” have been the
principal facilities for direct-drive experiments in the U.S.

Significant progress has been made over the last several
decades in beam smoothing. This includes distributed phase
plates (DPP’s),® polarization smoothing with birefringent
wedges,’ smoothing by spectral dispersion (SSD), and induced
spatial incoherence.? In addition to these improvements,
implementing adiabat shaping techniques'®-!! to significantly
reduce Rayleigh-Taylor (RT) instability!2-13 growth during
shell acceleration and demonstrating imprint mitigation with
mid-Z—doped ablators!# and high-Z target overcoats!> make the
direct-drive approach very attractive. The progress in direct-
drive research and the challenges in achieving ignition on the
NIF using x-ray drive suggests that direct drive as a viable
alternative for developing a burning-plasma platform in the
laboratory be considered.

Compared to x-ray drive, direct-drive targets couple a larger
fraction of laser energy into shell kinetic energy and internal
energy of the neutron-producing central region of the target
(hot spot) at peak fuel compression. Larger hot-spot energy
relaxes the requirement on shell convergence and hot-spot pres-
sure in an igniting target. This can be shown with the help of a
commonly used ignition condition according to which plasma
self-heating is initiated by both PdV work and alpha-particle

30

deposition inside the hot spot, given the product of areal density

and ion temperature satisfies!-2-16-17

(PR), x T 2 0.3 g/em” x 5keV, (1)

where p, Ry, and T are the hot-spot density, radius, and tem-
perature, respectively. Substituting expressions for the pressure
Pns = (1 + Z) pT/m; (Z is the average ion charge and m; is the
average ion mass) and internal energy Ey¢ = 3/2 ppVie (Vi
is the neutron-averaged hot-spot volume) into Eq. (1) gives a
minimum pressure requirement (threshold) for ignition,
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where P is the ignition pressure parameter.

P=

Figure 145.30 shows the dependence of the threshold pres-
sure py,, on the hot-spot internal energy. Spherically sym-
metric direct-drive cryogenic designs on OMEGA couple up
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Figure 145.30

Threshold hot-spot pressure py;,. as a function of the hot-spot internal energy.
A typical hot-spot energy in an indirect- and a direct-drive implosion for a
National Ignition Facility (NIF)—scale laser energy is shown by the blue- and
red-shaded regions, respectively.
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to 0.44 kJ (out of 26-kJ incident laser energy) into the hot-spot
internal energy. Hydrodynamically scaled to the NIF, with a
laser energy of 1.5 MJ to 1.8 MJ, these designs are predicted to
couple 5x to 10x more energy into the hot spot (25 kJ to 40 kJ,
depending on laser coupling efficiency; see the red-shaded
region in Fig. 145.30) compared to that of indirect drive (4 kJ
to 5 kJ; see the blue-shaded region in Fig. 145.30), resulting
in 2.5x to 3x lower hot-spot pressures required for ignition
(~120 Gbar to 150 Gbar for direct drive versus 350 Gbar to
400 Gbar for indirect drive). The required hot-spot size also
becomes smaller with a reduction in E}. According to Eq. (2)
the hot-spot size scales as a square root of the internal energy,
leading to a hot-spot size that is a factor of 2.5 to 3 larger in a
direct-drive implosion compared to an x-ray-drive implosion.

OMEGA Cryogenic Implosions

To separate 1-D factors limiting the target performance
(drive efficiency, adiabat, etc.) from 3-D effects, a series of
dedicated experiments was performed on OMEGA with the
purpose of improving the accuracy of 1-D code predictions.
To identify critical implosion parameters, the 1-D scaling laws
for peak pressure, hot-spot energy, and the ignition-pressure
parameter are written in terms of implosion velocity v;y,,
(defined as the peak mass-averaged shell velocity), the drive
(ablation) pressure p,;,;, and in-flight shell adiabat o (Ref. 18),
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The implosion velocity and shell kinetic energy Ey;,, are inferred
in an experiment by measuring the ablation-front trajectory and
mass ablation rate using self-emission imaging.!® The ablation
pressure is inferred from simulations that match the measured
ablation-front trajectory, mass ablation rate, bang time,2° and
scattered-light power and spectrum.?! Finally, the shock-
induced adiabat is inferred by measuring shock velocities early
in the pulse using VISAR (velocity interferometer system for
any reflector).22 An additional fuel-adiabat increase caused by
hot-electron preheat is estimated by measuring the hard x-ray
signal?® and areal density?*25 in mid- to high-adiabat implo-
sions (the areal density in 1-D, for a given laser energy, depends
mainly on the shell adiabat,20 PR ~ a~0-5). The estimate of the
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shell-preheat effect based on the areal-density measurement is
valid only for implosions with & = 3.5 since shell integrity and
fuel compression in lower-adiabat implosions are compromised
because of the short-scale mix. A detailed comparison of 1-D
simulation results using the hydrocode LILAC? with the data!®
shows good agreement between the two for a variety of target
designs and drive conditions. One-dimensional simulations
include the nonlocal thermal-transport model, 28 the ray-based
cross-beam energy transfer (CBET) model,2” and first-principle
equation-of-state models3C for both DT ice and the CD ablator.

An analysis of direct-drive implosions on OMEGA has shown
that coupling losses caused by CBET?? significantly reduce the
ablation pressure (as much as 40% on OMEGA and up to 60%
on the NIF-scale targets), implosion velocity, and shell kinetic
energy. Including such losses, a demonstration of the hydrody-
namic equivalence of implosions on OMEGA to ignition designs
on the NIF requires that the shell’s in-flight aspect ratio exceed
the current stability threshold level (~22) (Ref. 18). One of the
CBET mitigation strategies>! involves using laser illumination
with a laser-beam diameter smaller than the initial shell diameter.
This, as demonstrated both theoretically and experimentally,
recovers some coupling losses and increases the ablation pres-
sure. Since the effect of CBET is small early in the implosion,
when the density scale length and laser intensity are small, beam-
zooming schemes>2 can be considered when the beam’s focal
spot at an early time is at the initial target radius (to maximize
the illumination uniformity), then reduced down to 0.6 to 0.7x
of the size at the beginning of the main drive.

While the implementation of zooming on OMGEA is still a
few years away, a test of the CBET reduction strategy was per-
formed using “static” DPP’s, which produces focal spots smaller
than the initial target size throughout the entire drive pulse. New
distributed phase plates (called SG5, after the super-Gaussian
order of the focal-spot profile being close to 5) were designed and
installed on OMEGA with the purpose of studying CBET mitiga-
tion techniques. These plates have a lower focal-spot nonunifor-
mity level compared to the existing DPP’s (so-called SG4). The
focal-spot radius was fixed at R, = 410 #m (95% of laser energy
is encircled within radius Ry,). The ratio of Ry, to target radius
(Ry was changed by varying R, from 400 ¢m to 500 #m. Also,
on-target UV energy (available to implode larger targets) was
increased by implementing multiple-pulse driver lines (MPD)
on OMEGA. In the MPD mode, SSD is turned off during the
main pulse, making it possible to increase the UV energy from
26 kJ up to 29 kJ. In this configuration, however, the focal spot
becomes slightly elliptical (or more accurately, the 2-D super-
Gaussian fit of the focal-spot profile has an azimuthal variation in
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the super-Gaussian order). The azimuthally averaged focal-spot
profile has ngg = 6.14 and R}, = 388 um. Using the MPD configu-
ration for larger targets with R, = 450 ym, 480 #m, and 500 zm
and the SSD driver for targets with R, = 400 xm, 430 x#m, and
450 pm, the ratio Ry, / R changed from 1.025 to 0.78. According
to simulation results (that matched the observables), the small-
est target (R, = 400 um) has a v;,,, = 3.5 10 3.6 x 107 cm/s and
hydrodynamic efficiency (the ratio of the shell’s kinetic energy
to the total laser energy) of fi,yqr, = 3.5%, while the largest target
has a similar implosion velocity, Vimp = 3.6 to 3.7 x 107 cm/s,
but more than twice the hydroefficiency, fuygro = 7.2%. Such
an increase in hydroefficiency is caused partially by smaller
refraction losses experienced by a larger target (smaller Ry, / Ry
and larger density scale length) and partially by reduced CBET
losses. To quantify each effect, a simulation was performed with
R, =500 um, where R, was increased to match R,. In such a
simulation, the implosion velocity was dropped by 17% to vjy,, =
3 x 107 cm/s and the shell’s hydrodynamic efficiency was reduced
by 20% down t0 fyyqro = 5.8%.

Figure 145.31 shows target performance for different tar-
get diameters. The hot-spot pressure is inferred3? by using
the measured neutron yield, burn duration Aty (using both
neutron time-of-flight and framing-camera measurements
of x-ray burn duration), neutron-averaged ion temperature
(T, and hot-spot size Ry (defined as the radius of 17% of
the peak-emission contour for x rays in the 4-keV to 7-keV
energy range) at bang time using a time-resolved Kirkpatrick—
Baez framing camera.>* Assuming an isobaric hot spot and
fitting the burn history to a Gaussian with full width at half

maximum (FWHM) = Az, the maximum burn rate N,

relates to neutron yield Yas N, =2Y{In2 /7 / Aty » Where
Npax = ntnpT? th~ dV{cv) / T2. Therefore, pressure at bang
time can be determined using

pro=[57/In2/ /(1 S f, V(o)) TZ)]“% @

where (ov) is the cross section for D—T reactions, and fp
and f are the fractions of D and T in the fuel, respectively. In
evaluating the spatial integral in Eq. (4) the following spatial
profile for the ion temperature (obtained using simulation
results) is assumed:

7(r) = To[1 = (r/ Ry, P (1 = 0.153’2)]2/3,

where T is the maximum hot-spot temperature, determined
by matching
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Figure 145.31

(a) Hot-spot pressure, inferred from experimental observables, as a function of
target size. (b) Inferred hot-spot pressure normalized to 1-D code predictions
versus the predicted shell convergence at 1-D bang time.

< thS dv{ov) / T> / ( thS V(o) / T2>

with the measured (773),, and, as follows from code predictions,
Ry and measured R 7 are related using Ry, = 1.06 Ry7.

The following two conclusions can be made based on results
shown in Fig. 145.31: first, the hot-spot pressure (both absolute
and relative to 1-D predictions) degrades with the target size;
second, there is a threshold of the shell’s convergence ratio,
CR!-D =18, beyond which the hot-spot pressure normalized
to the 1-D prediction drops from between 0.5 to 0.7 to between
0.31t00.5.

To understand these trends, one must consider the effects of

shell nonuniformity. The evolution of long-wavelength nonuni-
formities seeded by target offset, beam geometry, beam power
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imbalance, and mispointing is studied using the 3-D hydrocode
ASTER .35 This code includes 3-D hydrodynamics, ion and
electron thermal conduction (the flux-limited Spitzer model),
the CBET model, bremsstrahlung radiation losses, and nuclear
reactivities. A simplified 3-D model of laser deposition is used,
assuming a spherical symmetry of the plasma corona in the
laser-deposition region, when performing ray tracing of indi-
vidual beams (this approximation is justified because of strong
lateral thermal-conduction smoothing in the high-temperature
corona in direct-drive implosions). The beam power, timing,
and pointing, however, can vary from beam to beam.

Simulations of cryogenic implosions on OMEGA show that
the bubbles (areas of low-density material from the central region
that protrude into the higher-density shell) developed because of
the RT growth of long-wavelength perturbations (¢ < 5) during
shell deceleration, increasing the volume of the central region
Ventr and reducing the hot-spot pressure (Phs ~1 / vé{,%r) and
neutron yield. As the shell converges further, the bubbles even-
tually break out of the shell, quenching hot-spot confinement
and neutron yield. This is shown in Fig. 145.32. Since the burn
truncates earlier because of the 3-D effects, the inferred hot-
spot pressure reduces as a result of two effects: sampling and an
increased volume V., of the central region surrounded by the
cold shell. Shifting the peak burn to an earlier time because of the
nonuniformity growth samples earlier stages of hot-spot forma-
tion when shell convergence and the central pressure have not yet
reached the peak values. The 3-D effects also increase the central
region volume, preventing the fuel material from stagnating and
effectively converting the shell kinetic energy into the internal
energy of the hot spot. To account for the first effect (early pres-
sure sampling), Fig. 145.33 plots the inferred hot-spot pressure
normalized to the predicted pressure at the observed (earlier)
bang time as a function of 1-D shell convergence calculated at
the experimental bang time. Figure 145.33 shows that implosions
with a fuel adiabat o > 3.5 proceed close to 1-D predictions up to
a shell convergence of CR ~ 17. Further shell convergence does
not lead to additional PdV work on the hot spot because of the
RT growth of low- / modes. An additional limitation on target
performance at a lower fuel adiabat is caused by compromised
shell integrity resulting from short-wavelength nonuniformity
growth during shell acceleration.

In summary, the cryogenic campaign with a reduced beam
radius relative to the target radius (Ry / R < 1), performed
on OMEGA to reduce CBET losses, demonstrated increased
laser coupling and hydrodynamic efficiency. This coupling
enhancement, however, did not improve the target performance.
Numerical simulations indicate that long-wavelength nonuni-
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Figure 145.32

(a) Neutron-production rate calculated using the code ASTER without (blue
solid line) and with (red solid line) the effects of long-wavelength nonunifor-
mity growth. (b) Simulated shell density maps at times indicated by (1) and (2).
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Figure 145.33

Inferred hot-spot pressure normalized to the 1-D predictions calculated at
the experimental bang time versus 1-D shell convergence at the experimental
bang time.
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formities caused by target offset and power imbalance lead to
an increased target central volume and early burn truncation.
This effect is exacerbated by reduction in beam overlap when
target size increases relative to beam size. Demonstrating
hydrodynamic equivalence on OMEGA will require minimiz-
ing large-wavelength uniformities seeded by power imbalance
and target offset and reusing target debris accumulated during
cryogenic target production.
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