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Abstract. The Rayleigh-Taylor (RT) instability with material ablation through the unstable interface is the key
physics that determines success or failure of inertial fusion energy (IFE) generation, as the RT instability
potentially quenches ignition and burn by disintegrating the IFE target. We present two suppression schemes of
the RT growth without significant degradation of the target density. The first scheme is to generate double
ablation structure in high-Z doped plastic targets. In addition to the electron ablation surface, a new ablation
surface is created by x-ray radiation from the high-Z ions. Contrary to the previous thought, the electron ablation
surface is almost completely stabilized by extremely high flow velocity. On the other hand, the RT instability on
the radiative ablation surface is significantly moderated. The second is to enhance the nonlocal nature of the
electron heat transport by illuminating the target with long wavelength laser light, whereas the high ablation
pressure is generated by irradiating short wavelength laser light. The significant suppression of the RT instability
may increase the possibility of impact ignition which uses a high velocity fuel colliding with a preformed main
fuel.

1. Introduction

In order to achieve fast ignition with laser energy of several tens kJ, much less energy
than that required for central-ignition, one needs efficient heating as well as high-density
compression. With respect to these requirements, recent experiments have demonstrated that
about 15-30% of the laser energy is converted to the thermal energy of a compressed fuel
even at a laser intensity required for ignition [1]. High-density compression of more than
thousand times liquid density has, therefore, become a critical subject not only for central
ignition but also for fast-ignition research. This is well above the density ever achieved [2].

The Rayleigh-Taylor (RT) instability with material ablation through the unstable
interface is the key physics that determines success or failure of high-density compression, as
the instability potentially disintegrates the target. Unlike the classical RT instability on the
boundary between two fluids with different density, the ablative RT instability has material
ablation through the unstable interface. Since the ablation removes the perturbation away
from the unstable surface, the RT instability may be significantly moderated. One might use
the Takabe-Bodner like formula [3, 4] for the growth rate:

y = [kg/(1+kL)]"” - Bhva, (1)

where k is the wave number of the perturbation, g is the gravity, L is the density scale length
at the ablation surface, v, is the fluid velocity across the unstable surface (ablation velocity
hereafter), and S is a numerical coefficient determining the effectiveness of the ablation
effect. Betti et al. [5] have found an analytical solution that can be approximated by Eq. (1).
Kull [6], Sanz [7], and Piriz [8] also found similar growth rate analytically. Although this
formula is widely adopted and there are a number of experiments to compare with [9-15], it
should be emphasized that the formula itself has never been tested by experiments. Our
strategy is to reach proper understanding of the ablative RT instability by measuring all
necessary quantities (growth rates, gravity, wave-number of the perturbation, mass ablation
rate, density profile) without invoking simulation or theories. This allows us to rigorously test
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our understanding of the RT instability. Since not all data have been obtained at the same
experimental condition, we give only a status report in Sec 3.

It is generally believed that the ablative reduction of the growth rate given by Eq. (1) is
insufficient for IFE application. Several concepts to suppress the ablative RT instability have
been proposed, including impulsive acceleration [16], control of isentrop distribution by
picket pulse [17], by radiation emitted from a thin metallic overcoat layer [18], by nonlocal
electrons with two-color irradiation [19], double ablation in high-Z doped target [20] and
distributed dopant in a capsule [21]. Although the RT suppression has to be realized without
significant degradation of the target density, to date this requirement has been tested for only
two concepts [19, 20]. In Sec. 4, we present two suppression schemes of the RT growth rate.
One is to generate double ablation structure in high-Z doped plastic targets. In addition to the
electron ablation surface, a new ablation surface is created by x-ray radiation from the high-Z
ions. Contrary to the previous thought, the electron ablation surface is almost completely
stabilized by extremely high flow velocity. On the other hand, the RT instability on the
radiative ablation surface is significantly moderated. The second scheme is to enhance the
nonlocal nature of the electron heat transport by illuminating the target with long wavelength
laser light, whereas the high ablation pressure is generated by irradiating short wavelength
laser light. In both schemes, the degradation of the target density was found to be minimal.

Finally, in Sec. 5, we discuss the implication of the sufficient suppression of the RT
instability. It may not only increase the compressed density but also revive an old ignition
idea: A high velocity implosion can configurate a hot spark without a main fuel so as to ignite
at very low laser energy.

2. Experimental Condition

The experiments has been conducted at the HIPER facility [22] which combines all
twelve beams of the GEKKO-XII laser facility [23] into virtually one single beam so that a
large target area is irradiated at a relatively high laser intensity. The effective focusing optics
of the combined beam is f/3. Among the twelve beams, three frequency-doubled (laser
wavelength A = 0.53 ym) beams of partially coherent light [24] were used as a foot pulse for
pre-compression of the target, while the other nine frequency-tripled (A = 0.35 ym) beams
smoothed by spectral dispersion [25] along three-direction [26] were used as a main pulse for
accelerating the target uniformly. Kinoform phase plates were also implemented in front of
each focusing lens to obtain uniform envelope of the laser focal pattern. As for the
experiment of two-color irradiation scheme described in Sec 4.2, three 1.05-ym or 0.53-ym
laser beams were simultaneously overlapped with six 0.35-um laser beams on a target.

Polystyrene targets with a 1.06-g/cc density and a 25-pm thickness were irradiated with
the laser at a normal incidence at a laser intensity of about 2 x 10" W/cm® on the foot and
about 1x10'* W/cm® on the main pulse. In the experiment of RT suppression by double
ablation described in Sec. 4.1, we used a Br doped plastic target (C5,H,, sBr; ;) with a mass
density of 1.35 g/cc. In any case, the foot pulse intensity was adjusted so that two shock
waves launched by the foot pulse and the main pulse reach the target rear surface nearly
simultaneously.

The growth of the areal-mass perturbation was observed with the face-on x-ray
backlighting using a Zn target as an x-ray source. The photon energy of the backlighter
emission was ~1.5 keV, when combined with Al filter and the Cul photocathode response. In
most experiments, we used a 12x50-pm slit as an x-ray imager for the face-on backlighting
with the height direction being parallel to the perturbation ridge. In the case of short
perturbation wavelength (<12 ym), we employed moiré interferometry to convert short
wavelength perturbation to much longer one so as to be observables.
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The foil trajectory was also measured with a separate x-ray backlighting in side-on
geometry, in which the backlighter x rays flashed the target from its edge. The backlighter
target was an Al foil, producing 1.5-1.8 keV x rays. The x-ray imager for the side-on
backlighting was identical to that for the face-on backlighting. The imaging slit was set so that
the height direction is perpendicular to the direction of the target acceleration.

Throughout the present study, we define the time zero (#=0) at the time of the first half
maximum of the main laser pulse. More specific information on the experimental setup will
be given in the description of each experiment.

3. Validation of Ablative Rayleigh-Taylor Instability

There were three major difficulties to measure all physical quantities. Figure 1
summarizes the techniques we innovated to overcome the difficulties. The first is that the
perturbation wavelength, at which the ablation effect becomes most pronounced, exists
around or even below spatial resolution of most x-ray imaging device. The growth rate at
short wavelength has been measured with moiré interferometry [27]. The growth rate has
been measured up to 3-ym perturbation wavelength [15].

The second is the mass flux (mass ablation rate) across the unstable interface. The mass
ablation rate was inferred from the timing of x rays emitted from a plastic target sandwiched
with high-Z tracer layer. However, the x-ray emission timing may be severely influenced by
hydrodynamic mixing of the tracer layer into the plastic, making the mass ablation rate
measurement very inaccurate [28]. Instead, mass ablation rate may be measured from time
dependent x-ray transmittance [29]. Since the ablated material is heated to ~ keV temperature
and hence fully ionized, the x-ray transmittance is solely due to the residual target mass. The
time derivative of the residual mass gave the mass ablation rate of 3 x 10° g/s cm® at an laser
intensity of 1 x 10" W/cm? for the laser wavelength of 0.35 ym, in good agreement with our
simulation prediction by ILESTA-1D [30].

The most difficult part was the ablation density measurement. The density may be
deduced from x-ray transmittance through the target from the side direction with known mass
absorption coefficient and the target length along the line-of-sight. The x-ray imaging device
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FIG. 1. Schematic view of data for full diagnostics of the ablative Rayleigh-Taylor instability. Shown
are sample images of moiré interferometry for growth rates of short perturbation wavelength (left top),

x-ray transmittance through a target for mass-ablation-rate (top right), side on x-ray backlighting for
target trajectory (bottom left), and side-on backlighting for target density.
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for this measurement must satisfy the following requirement. (1) Since the target thickness is
about 10 um after shock compression, one needs at least 3 ym resolution. (2) The x-ray
photon energy of about 5 keV is needed for the x-ray to sufficiently transmit through the
target. To meet these requirements we have developed two techniques: penumbral imaging
[31] and Fresnel phase zone plate [32]. An example of the side-on x-ray backlighting is
shown in the bottom of Fig. 1. It is observed that the target is well compressed with the
thickness of about 1/3 of the initial one. The flatness of the target along the vertical direction
ensures the flatness along the line-of-sight. The measured target density and inferred density
scale-length were in good agreement with those predicted by ILESTA-1D, as will be
described in Sec. 4.

Figure 2 shows the growth rate as a function of the perturbation wavelength with the
coefficient S as a fitting parameter for 0.53- and 0.35-pm laser wavelengths. The data for a
0.53-pm laser were taken from Ref. [15]. Two curves are obtained by solving differential
equation of the RT instability for the surface perturbation amplitude a(t), d’a(t)/dtf’ = y(t)’a(t),
using the time dependent growth rate y(¢) given by Eq. (1) with all parameters (gravity, mass
ablation rate, ablation density and density scale-length) calculated from the hydro-simulation.
The calculated growth rates were then obtained by logarithmic fitting of the amplitude in the
same time interval as that in the experiment. The experimental S is reasonably consistent with
the theoretical prediction of = 1.7 for plastic targets [S]. However, the experimental growth
rate becomes much lower than the prediction especially for the medium wavelength region at
around 20-100 gm in the 0.53-um laser case and at around 30-100 ym in the 0.35-um laser
case.

Although further work is necessary to resolve this discrepancy, we presume that a possible
mechanism to account for the stabilization is enhancement of fire-polishing (or enhanced
dynamic over pressure) due to the modification of the ablative flow. In the concave region of
the target, for instance, the ablative flow concentrates and blows the laser absorption region
away from the target compared to that in the unperturbed case. The energy flux is reduced due
to the increased distance between the ablation and the absorption region, thereby reducing the
ablation pressure. The opposite is true in the convex region of the target. Moreover, focusing
of laser light in the modulated flow tends to stabilize the instability.

At the short wavelength perturbations, on the contrary, the perturbation of the ablative
flow is fast reduced and, therefore, the laser absorption region is unaffected. This is the
situation that most theories assume.
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FIG. 2. Growth rates of the ablative Rayleigh-Taylor instability for 0.53-um and 0.35-um laser
wavelengths. The left figure are from Ref. [15].



5 IF/1-1Ra

4. Suppression of the Instability.

Although the suppression at the medium perturbation wavelengths described above is
favorable for IFE, further suppression of the instability is certainly needed. In this section, we
will describe two intended schemes to reduce the growth rate: double ablation and two-color
irradiation.

4.1. Double Ablation

When a small amount of high-Z material is doped in the ablator material, x rays are
generated in the laser-irradiated high-temperature region. The generated x rays are transported
to the inner and higher density region of the target and deposit their energy there, causing
radiation-driven ablation, if the doped material and its density are properly chosen.

Previously, the double ablation was viewed as an undesired phenomenon because second
unstable surface is introduced in addition to the original ablation surface. However, as is well
known a radiation-driven ablation surface is much more stable than a generic electron-driven
ablation surface because of the large ablation velocity and the long density scale-length. On
the other hand the ablation velocity at this electron ablation is extremely enhanced by two
factors: (1) The mass flux from the upper stream is large because of the radiation-driven
ablation. (2) The electron ablation density is much less than the upper stream density.
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FIG. 3. Suppression of the ablative Rayleigh-Taylor (RT) instability by double ablation scheme. (a)
Density contour plots showing the RT instability growth in Br doped polystyrene (CHBr) and generic
polystyrene (CH) targets. (b) The observed RT growth of CH and CHBY targets with initial
perturbation wavelength of 20-25 um. (c) Density profiles of the generic CH and CHBr targets
measured with the penumbral imaging. Double ablation structure is clearly seen in the CHBr target.
Also shown are the profiles calculated with hydrodynamic simulation ILESTA-1D
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The RT growth of the double ablation structure was investigated with a two-dimensional
(2D) Eulerian radiation hydrodynamic code RAICHO [33]. The target in the simulation was a
3-atomic % Br doped polystyrene (CHBr) with a 25-pum thickness. The laser was assumed to
be normally incident on the target and the laser absorption was calculated with 1D ray tracing.
Wavelength and amplitude of the perturbation imposed initially on the target surface was 80
and 0.8 pum, respectively. As is expected, the 2D simulation [Fig. 3 (a)] shows that the
electron-driven ablation surface is almost completely stabilized, whereas the deformation on
the x-ray ablation is significantly moderated compared to that for the generic CH target. The
ablation velocity of the CHBr target is three times larger than that of the CH target.

Perturbation growth in planar CHBr and CH targets was diagnosed with face-on
backlighting using 1.5 keV x rays emitted from a Zn plasma. The data at relatively long
perturbation wavelength of 50 ym showed that the perturbation growth on the CHBr is much
lower than that of the CH target. The difference was even more pronounced at shorter
perturbation wavelength of 20-25 ym, where the growth rate of the generic CH target has its
maximum. The perturbation growth in CHBr was almost completely stabilized as shown in
Fig. 3 (b).

Also shown in Fig. 3 (c) is the density profile of CH and CHBr targets. The double
ablation structure is clearly seen in the CHBr target, in sharp contrast to the single ablation
structure in the CH target. The peak density of the CHBr target is only slightly lowered and
no serious disassembly was observed. A comparison was also made with the prediction by
ILESTA-1D simulation. Although the agreement is quite good for the CH target, the density
profile of the CHBr target disagrees with the prediction. This is probably due to the inaccurate
atomic model (average atom model) used in the simulation.

4.2. Two-Color Irradiation

It has been found that in the case of relatively long laser wavelengths of 0.53 um or longer,
nonlocal electron heat transport plays a significant role to reduce the RT growth rate [9, 10,
11]. Near the critical density region of the laser light (about 1/100 of solid density), electrons
are heated to high temperature (a few keV) so that the electron mean-free-path becomes a
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Fig. 4. (a) Rayleigh-Taylor growth factor for the one-color irradiation at 0.35-um laser wavelength
and for the two-color irradiation at 0.35- plus 0.53-um wavelengths. (b) Density profiles for the
generic one-color irradiation at 0.35-um laser wavelength and the two-color irradiation at 0.35-
plus 1.05-um wavelengths. No significant degradation of the target density is seen.
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substantial fraction of the temperature scale-length. The heated electrons are then nonlocally
transported from the critical density region to the ablation region, deposit the energy, and
modify the density profile there. This nonlocal effect may reduce the RT growth rate by
enlarging the density scale-length and, in overkill case, reducing the ablation density.
However, if the laser wavelength becomes 0.35 um or shorter, that is suitable to obtain high
ablation pressure necessary for high-density compression, the nonlocal effect becomes
insignificant because of the higher critical density and the lower electron temperature
associated with the shorter wavelength of the laser light. We have proposed two-color laser
irradiation scheme: nonlocal effect is enhanced with a 0.53 or 1.05-um laser, whereas high
ablation pressure is generated with a 0.35-um laser [19].

Figure 4 shows the comparison of the growth factor for the two-color irradiation case
with that for the generic one-color irradiation case. A 25-um thick polystyrene (CH) targets
with initially imposed perturbation of 20-um wavelength on the laser irradiation side were
irradiated with 0.53-um laser light overlapped to the 0.35- wm main drive laser light. The
growth factor is defined as the areal mass perturbation divided by the initial perturbation. The
RT growth saturates at around a growth factor of about 10, where the perturbation amplitude
exceeds 1/10 of the perturbation wavelength. The gradient of the growth factor before the
saturation is much smaller for the two-color case than that for the single color case.

As in any other schemes, the target should be well integrated. Figure 4 (b) shows the
density profile of the generic one-color (0.35 ym) and two-color (0.35 plus 0.53 ym)
irradiation measured with the penumbral imaging. Quite moderate density reduction and
increase of the density scale-length are observed. The measured density profiles are in good
agreement with the prediction by ILESTA-1D simulation with Fokker-Planck treatment for
the nonlocal electron heat transport.

S. Impact Ignition

The sufficient suppression of the RT instability not only increases compressed density,
but it may also revive an old ignition idea: High velocity implosion with 10° cm/s may
configurate a hot-spark without a main fuel so as to ignite at very low laser energy of 30-100
kJ. This idea was rejected by two major criticisms: One, the RT instability limits the
maximum implosion velocity well below the required velocity. Two, there is no pathway
towards high gain. The first criticism may be overcome by introducing one of the new
suppression schemes. The second criticism may be solved by impact ignition configuration
recently proposed by Murakami et al. [34]. A main fuel is first imploded by laser, whereas the
ignition is made by impact collision of the second partial shell with high velocity of 10® cm/s.
There are several advantages in this idea:

1) This can be high-gain because a main fuel is introduced.

2) Simple because the main physics is hydrodynamics.

3) Low cost because no need of expensive pulse compressors.

A preliminary calculation by 2D hydrodynamic code PINOCO [35] shows that the high
velocity part of the target is converted to high temperature and high density igniter surrounded
by a low temperature high-density main fuel. This is the configuration that is desired for
high-gain IFE targets.

6. Summary
We summarize the paper as follows. The strategy to test our understanding of the

ablative Rayleigh-Taylor instability was to measure all necessary quantities (growth rate,
gravity, mass flux across the unstable ablation surface, ablation density, and density
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scale-length). The RT instability was found to be more stable than that the Takabe-Bodner
formula with Betti’s coefficient predicts. New schemes (double ablation and two color
irradiation) are both attractive to adequately suppress the RT instability. RT suppression is the
key element not only for higher density compression but for new impact ignition.
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