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FOREWORD 

This issue of the ICF Quarterly contains six articles covering a wide range of activities 
within the Inertial Confinement Fusion (ICF) Program. It concentrates on target design; 
theoretical spectral analysis of ICF capsule surfaces; laser fusion experimental methods; 
and an alternative ICF design, based on ultrafast, ultrapowerful lasers. 

A key issue for the success of the ICF process is the hydrodynamic stability of the imploding 
capsule. There are two primary sources of instability growth in the ICF process: (1) asymmetries 
in the x-ray flux that drive the compression lead to asymmetries in the imploding surface; 
(2) imperfections on the capsule surface can grow into large perturbations, degrading the cap- 
sule performance. In recent years, a great deal of effort, both experimentally and theoretically, 
has been spent to enhance the Program’s ability to measure, model, and minimize instability 
growth during an implosion. Four of the articles in this issue discuss this subject. 

imental efforts designed to minimize implosion asymmetries of the first type. It chronicles the 
results of a series of experiments in which Au disks were placed within the Nova hohlraum 
between the capsule and laser entrance hole to reduce the contribution of these holes to x-ray 
flux asymmetries. The article “Formation of H2-D2 Liquid Layers in 2-m-i.d. Capsules Using 
the Thermal Gradient Technique” focuses on a new technique to minimize imperfections in the 
capsules thereby reducing implosion asymmetries of the second type. Previously used meth- 
ods of obtaining high-uniformity solid deuterium-tritium fuel layers (the ”beta-layering” tech- 
nique) yield a surface roughness two to three times larger than the maximum desirable surface 
roughness for a National Ignition Facility (NIF) scale target. Results of experiments conducted 
using a new thermal gradient technique demonstrate that liquid H2-D2 layers of the necessary 
thickness and surface smoothness for NIF scale targets can be generated. 

For instabilities in a Nova implosion to grow to levels of interest in a NE implosion, the 
initial capsule surfaces are deliberately roughed, thereby leading to an enhanced seeding for 
instability growth. The article ’laser Ablation Machining of ICF Capsules,” describes the 
development of an excimer laser ablation micromachining technique that can be used to accu- 
rately and repeatedly alter the roughness of an ICF capsule. This technique allows experi- 
menters to systematically alter the surface finish without affecting other properties of the 
capsules. In the article ”Spectral Analysis of ICF Capsule Surfaces,” the author derives relation- 
ships between one-dimensional experimental measurements of an initial surface finish and the 
two-dimensional descriptions required for a complete modeling of hydrodynamic instability 
growth, thereby allowing a connection with modeling using experimental results. 

lenges in the areas of design, fabrication, and diagnostics. Monitoring the 192-beam laser for 
NIF will require the high-speed recording of hundreds of transient electrical signals. In “A 
32-Gigasample-per-Second Single-Shot Transient Digitizer,” the authors present a successful 
solution to such a diagnostic challenge, using a high-speed electrical digitizer, called the single- 
shot transient digitizer. This sampling array device will be much less expensive than the CUT- 

rently used scan-converting oscillator, while yielding high-quality performance. As a result of 
the ingenuity of this device, it was named as one of the R&D 100 Awards for 1993. 

The article “Ignition and High Gain with Ultrapowerful Lasers” describes an alternative to 
the traditional approach to ICE Recent advances in chirped-pulse-amplified lasers have given 
rise to laser pulses with much higher intensities and much shorter pulse widths than those 
used in current ICF experiments. These lasers can possibly be used in conjunction with con- 
ventional fusion lasers to ignite ICF capsules and to achieve gain at much lower energies than 
in current designs. 

The article “X-Ray Flux Symmetry Control in Advanced Nova Hohlraums” describes exper- 

The complexity of the proposed NIF has presented, and will continue to present, many chal- 

Michael J. Shaw 
Scientific Editor 

... 
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LASER ABLATION MACHINING OF ICF CAPSULES 

R. 1. Wallace 
R. L. McEachern 
W. W. Wilcox 

Introduction 
Hydrodynamic instabilities during implosions of 

inertially confined fusion (ICF) capsules play a domi- 
nant role in determining overall capsule performance.' 
The ablation front is Rayleigh-Taylor (R-T) unstable 
due to hot low-density plasma blowoff pushing 
against and accelerating the denser, cooler shell. 
During acceleration, surface imperfections grow at the 
ablation front and can, if large enough, lead to an 
asymmetric implosion or even shell breakup. The 
growing imperfections also feed through and imprint 
on the inner surface of the shell. During deceleration, 
the roughened inner surface also becomes hydrody- 
namically unstable. Further R-T growth degrades the 
final symmetry of the implosion and creates mix at the 
pusher-fuel interface, potentially decreasing burn effi- 
ciency or preventing ignition. High-gain capsule 
designs require shaped drive pulses and high aspect 
ratios (ratio of radius to wall thickness) to maximize 
the hydrodynamic efficiency of the implosion. These 
designs-with thin capsule walls, an extended acceler- 
ation phase, and steep density gradients at the ablation 
front-create a particularly conducive environment for 
hydrodynamic instabilities? 

Due to the importance of hydrodynamic instabili- 
ties, significant theoretical and experimental efforts 
have been focused on understanding them in regimes 
relevant to implosions. Direct and indirect drive exper- 
iments on the Nova laser have measured R-T growth 
of known perturbations on ablatively accelerated 

Foil perturbations have included two- and 
three-dimensional periodic patterns and random pat- 
terns. The results of these planar experiments have 
been adequately simulated using the LASNEX code? 
While these planar experiments have been quite use- 
ful, the ultimate goal is to accurately simulate R-T 

. 

growth in a convergent geometry and determine its 
effect on capsule performance. Performing the relevant 
experiments depends on the ability to control and 
characterize the initial roughness of the imploded cap- 
sule. In support of these types of experiments we have 
investigated several methods of applying known per- 
turbations to smooth capsules. 

The amount by which capsule surface perturbations 
are amplified during the implosion depends on the 
ratio of the capsule circumference to the wavelength of 
the perturbation. This ratio is called the mode number. 
For Nova scale capsules (0.5-mm-diam) the R-T 
growth is calculated to be largest for mode numbers 
between 10 and 30, which corresponds to spatial wave- 
lengths of 50-150 pm. The anticipated Nova implosion 
experiments will require modified capsule surface 
roughnesses of 0.15 to 1.0 p rms, with the bulk of the 
power in the 10-30 mode range. We have investigated 
five methods to produce perturbations on the 50-150 
pm length scale. Four of these methods did not pro- 
vide the results we required: modlfylng process condi- 
tions during ablator deposition, microsandblasting, 
polymer mist deposition, and embedding defects. The 
final method, laser ablation, is the only technique that 
has yielded satisfactory results. 

In this article, we discuss all the approaches to give 
useful background information and to help demon- 
strate the advantages of laser ablation. We then discuss 
the ablation patterns that give the desired surface fin- 
ish and the development of an excimer laser ablation 
micromachining workstation for ICF capsules. Finally, 
we discuss the characterization of excimer laser 
ablated surfaces of relevant plasma ablators, and the 
characterization and analysis of roughened laser 
ablated capsules used in ICF experiments. 
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Techniques to Modify Surface 
Topography 

In the first method, we modified process conditions 
during ablator deposition. Changing the gas flow rate 
and plasma coater tuning did increase surface rough- 
ness, but the majority of the power was at very high 
mode numbers? Microsandblasting of the highly 
cross-linked, brittle plasma polymer produced an 
irregularly faceted morphology with cracks extending 
into the capsule surface. This method did not produce 
the relevant "lower mode" surfaces and was difficult 
to simulate. The polymer mist deposition technique 
produced roughened surfaces on capsules using an 
ultrasonic spray to generate droplets of polymer solu- 
tion that wetted the substrate and dried to form 
bumps.8 The bump size was controlled by changing 
the polymer concentration. Unfortunately, it proved 
difficult to create thick bumps (>1 pm high with diam- 
eters >20 pm), which are necessary to produce low 
mode roughness. The last of these early approaches 
involved embedding polystyrene spheres (0.6 pm to 
7 pm diam) in the layer of polyvinyl alcohol (PVA) 
that underlies the ablator and serves as a permeation 
barrier for the fuel fill9 As the plasma polymer coating 
deposited onto the rough PVA surface, the perturba- 
tions were imprinted on the outer surface. This did 
produce capsules with the necessary surface finish, 
but it was difficult to control the surface topography. 
Moreover, the addition of polystyrene spheres in the 
PVA layer greatly compromised the permeation bar- 
rier, reducing the fuel fill hold time. Finally, there was 
concern that the 16% density mismatch between the 
polystyrene and the PVA would give rise to instability 
growth that could not be uncoupled from the effects of 
the surface bumpiness. Nevertheless, a series of Nova 
implosion experiments were performed using capsules 
fabricated with this rnethod.'O 

Because of the limitations of the preceding tech- 
niques, we began to explore the use of excimer laser 
ablation to controllably pattern capsule surfaces. 
Excimer lasers are capable of generating short pulses 
(tens of nanoseconds) of UV radiation at megawatt 
peak power. They are based on a dimer formed by an 
excited halogen atom such as F or C1 combined with 
the ground state of a rare gas. Over the past decade, 
many reports and reviews have discussed the ability of 
excimer laser radiation to precisely ablate and pattern 
organic polymer An important feature 
of this dry etching process is the lack of detectable 
thermal damage to the etch substrate, making it an 
ideal technique for heat-sensitive polymers. The exact 
mechanism of this process has been subject to extensive 

study since it was first reported in 1982.13 It is gener- 
ally believed that in a polymeric system excited with 
photons of energy greater than about 3.6 eV(h <340 nm), 
the primary decomposition mechanism is photochemical; 
i.e., the photons excite chemical bonds to energy levels 
above the dissociation energy. The breaking of these 
bonds creates a dense gas of small chain molecules and 
volatile polymer fragments during the absorption of 
the laser pulse. The rapid expansion of this gas causes 
the material to be ejected explosively before transfer- 
ring heat to the remaining substrate. Although photo 
decomposition is the primary mechanism, there is 
experimental evidence that suggests thermal decom- 
position may also play a role and become increasingly 
significant at longer wavelengths and high fluences. 
To minimize thermal damage to the substrate and 
possible compositional changes in the plasma polymer 
ablator, the current laser ablation technique was devel- 
oped using a 193 nm (ArF) excimer laser. The shorter 
wavelength also gives improved ablation depth resolu- 
tion (etch rate/pulse), since for polymer systems the 
absorption coefficient increases and the penetration 
depth decreases at shorter excimer wavelengths. 

Laser Ablation Surface 
Topography 

Unlike the other methods discussed previously, 
laser ablation is actually a machining technique. 
Rather than changing an average property of the sur- 
face, such as the rms roughness, we can, in principle, 
choose a height function h(B,q) and use the laser to 
reproduce it on the capsule surface. Since LASNEX 
simulations require a description of the capsule surface 
height in terms of mode amplitude vs mode number 
rather than height vs position, h(8,q) is normally 
selected on the basis of the mode spectrum it produces. 
The transformation from surface height into a fre- 
quency representation is directly analogous to conven- 
tional Fourier analysis, except that the basis set used is 
the spherical harmonic functions Y1,(8,q). This is 
expressed as 

Using the orthogonality of the Yl, basis set, the coeffi- 
cients can be calculated as 

Rlin = h(e, q)Y* (0, q)dQ . (2) 
4n 

The quantity used to characterize the capsule surface 
for input into LASNEX is the power spectrum or 
square of the mode amplitude as a function of mode 
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number. The two-dimensional power spectrum (P ) ?D can be written in terms of the square of the expansion 
coefficients as 

(3) 

(For more details, see the next article “Spectral 
Analysis of ICF Capsule Surfaces’’ p. 87.) In practice, it 
is not feasible to ablate any arbitrary topography on a 
capsule. Rather, the laser system is set up to ablate a 
single simple shape, in our case a circular pit, and a 
pattern on the surface is created by ablating a series of 
these pits. This has not proven to be a sigruficant limi- 
tation, especially since the depth and diameter of the 
pits can be adjusted. Figures l(a) and l(b) show the 
power spectra associated with two particular pit pat- 
terns. In both cases, the ablated pits are assumed to 
have a Gaussian profile with a depth of 1 pm and a 
width of 75 pm at the tenth maximum level. The cap- 
sule diameter is 516 ym. Figure l(a) shows the power 
spectrum resulting from a pattern of 200 randomly 
placed pits. The inset shows the actual pit locations, 
with the large circles representing the pit diameter. 
Figure l(b) shows P2D(l) for a highly symmetric 
”soccer ball” pattern of 92 pits. We selected this 
arrangement to generate a nearly single-mode surface. 
The pattern shown in Fig. l(a) has been used for all the 
ablated capsules that have been made into targets. 

Experimental Arrangement 
Figure 2 shows a schematic diagram of the excimer 

laser micromachining system. The excimer laser pro- 
duces pulses with a width of 30 ns and a maximum 
beam energy of 350 mJ at 193 nm (ArF). The energy 
distribution is relatively flat-topped vertically and 
super-Gaussian horizontally. An aperture is used to 
reduce beam energy and to select a section of uniform 
intensity from the center of the beam. A second aper- 
ture (a 200 pm pinhole) forms a mask that is imaged 
onto the capsule surface by a single fused silica lens. 
This simple projection system produces a 2D 
Gaussian-like intensity distribution at the sample sur- 
face. Moving the optical elements changes the diame- 
ter from 25 to 100 pm. A beam splitter diverts 10% of 
the beam to an UV-sensitive CCD camera, which is 
part of a laser beam analyzer (LBA). The LBA is cali- 
brated with an energy detector at the sample position 
and is used to monitor the dose and ensure laser beam 
alignment and uniformity. Pulse-to-pulse measure- 
ments of the beam energy show a standard deviation 
of 8.0%. Gross adjustments in the incident fluence are 
obtained by inserting optical density filters into the 
light path immediately before the lens system. Finer 
adjustments are made by varying the laser output. 

to place the capsule surface at the laser focus. An air 
A programmable 8-axis positioning system is used 

bearing-based rotary stage with a fixed horizontal axis 
provides the 8 adjustment. Attached to this is another 
smaller rotary stage, the axis of which is perpendicular 
to, and intersects (within 5 pm), the axis of the 8 stage. 
This gives the cp adjustment. An XYZ stage attached to 
the cp stage holds a vacuum chuck that secures the cap- 
sule. This XYZ stage centers the capsule at the intersec- 
tion of the two rotation axes. Finally, the 8 stage is 
mounted on another XYZ stage for overall positioning 
of the capsule with respect to the laser. Only one 
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FIGURE 1. The laser ablation technique allows one to control the 
final power spectrum of the ICF capsule by tailoring number, place- 
ment, diameter, and depth of the pits. (a) Calculated PzD from ran- 
dom pits; (b) Calculated PzD from a capsule with high pit symmetry 
“soccer ball.” (10-03-3086.pub) 
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hemisphere is accessible for ablation, so the capsule 
must be remounted once to cover the entire surface. 
This process is accomplished by adjusting the 8 stage 
to 90°, transferring the capsule to a secondary vacuum 
chuck, rotating 8 180" in the opposite direction, then 
remounting the capsule. Two CCD cameras view the 
target during alignment and capsule transfer. A com- 
puter system controls the laser settings, safety system, 
and capsule translation. 

Laser photo ablation has been tried in a variety of 
atmospheres, and in general it has been found that the 
ambient atmosphere has had little effect on the surface 
quality. All subsequent experiments have been per- 
formed at room temperature in air. Laser-ablated pla- 
nar samples were characterized using scanning 
electron microscopy (SEMI, energy dispersive analysis, 
and radiography. In addition, pit profiles were mea- 
sured using a stylus profilometer, optical interferome- 
try, and conventional atomic force microscopy (AFM). 
Agreement between the three instruments was within 
a few percent. 

For simulation of ablated capsules, the desired quan- 
tity is the surface height function. This is needed for 
calculation of I?2D(I). Unfortunately, directly measuring 
lz(8,(p) over the entire capsule is quite difficult. Instead, 
we have developed a profilometer with the ability to 
generate equatorial traces of a capsule surface using 
AFM. Fourier analysis of these traces yields a one- 
dimensional power spectrum (I?,,), which can then be 
converted to the 2D spectrum needed to run LASNEX. 
Figure 3 shows this apparatus. The principal mechani- 
cal components are a precision air bearing with a rotary 
encoder and a vacuum chuck, and a standalone AFM. 
A computer is used to control the apparatus and ana- 

/Aperture 7 Mask 

lyze the data. The vacuum chuck holds the capsule 
while the air bearing rotates at about 1 rpm. The AFM 
tip, a silicon pyramid approximately 10-pm high, is 
placed in contact with the surface at the equator of the 
capsule. The feedback circuit in the AFM controller 
maintains constant tip deflection as the sample rotates 
by adjusting the voltage applied to a piezoelectric tube 
on which the tip is mounted. This voltage is thus a 
measure of the surface topography that the tip encoun- 
ters. Data are normally taken every 0.1", for a total of 
3600 points per trace. Figure 4 shows a typical trace 
taken from a capsule that has had the 200 pit random 
pattern ablated on its surface. After interpolation to 
4096 points, the fast Fourier transform (FFT) is com- 
puted, and P,,(n) is derived. For each capsule, I?,, is 
measured around three different equators (i.e., the cap- 
sule is removed from the vacuum chuck and 
remounted in a different orientation) and the results 
are averaged together. This final result is used as an 
approximation of P:;g, where P:;g is the spectrum 
toward which an average of many independent 1D 
spectra will converge. This quantity is related to P,, 
by the following expression (also see the next article 
p. 87) 

(4) 
Do ( I  - I2 -l)!!(l+ n-  l)!! 

P 2 ( n ) = 2  c P2D(I) ( l - n ) ! ! ( l + n ) ! !  * 

I=n,n+2, ... 
This equation can be inverted to give I?,, as a function 
of r;;g 

P2D ( I )  = 421 + 1) c P;;g ( n )  
m 

(5) ( n  + I  - 2)!!(n - 1 - 3)!! 
( n  - l ) ! ! ( n  + I  + l)!! n=1,1+2, ... 

Equation 5 is used to convert the actual measurements 
of capsules to the 2D spectra needed to run LASNEX. 

Laser beam analyzer . 
Excimer Laser . 

(Arm 
193 nm 

XYZ translation 

8 axis positioner 
Target viewing 

FIGURE 2. Schematic diagram showing recently developed excimer laser ablation workstation with simplified optical projection system used 
to micromachine ICF capsules. (10-03-30S7.pub) 
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Equation 4 usually cannot be evaluated, since we do 
not know lz(O,(p) for the entire capsule and therefore 
cannot calculate p2D. 

Results 
The plasma polymerized coatings of CH and CH 

doped with low levels of Br and Ge, which serve as 
capsule ablators, are unique to the ICF Program. Initial 
experiments therefore focused on determining the 
ablation behavior of these materials using flat samples. 
We examined the surface finish of ablated material, its 
chemical composition after ablation, etch rates, and 
repeatability. Once we characterized the process, 
experiments were conducted using actual target cap- 
sules. Some of these capsules were subsequently built 
into Nova targets and shot as part of the hydrodynam- 
ically equivalent physics (HEP-4) experimental cam- 
paign.I4 For the experiments on flat samples, both a flat 
profile (i.e., uniform irradiation) and a Gaussian 
profile beam were used, with laser fluences up to 
400 mJ/cm2. Capsules were always ablated using 
Gaussian profile pits. Figure 5 shows a 2D surface map 
of a typical Gaussian pit ablated in a plasma polymer 
film measured using AFM. 

XYZ translation 

Rotary encoder 

feed-thru 

FIGURE 3. Schematic diagram of AFM based surface mapping 
instrument. (10-03-3088.pub) 

SEM and AFM analyses show a relatively smooth 
surface with no evidence of melting or the granular 
textures seen in other laser-ablated polymeric films. 
This granular texturing is thought to be a result of 
semicrystalline inclusions or particulate impurities. At 
low fluences these inhomogeneities do not ablate and 
act to shield the underlying material. Although free of 
these defects, the sample had etched lines superim- 
posed over the ablated region due to near-field diffrac- 
tion from the edge of the mask. 

To address concerns that the excimer laser ablation 
process might modify the remaining ablator (e.g., the 
opacity or density) in addition to surface topography, 
samples were characterized with the SEMs energy dis- 
persive analysis (EDA) and with radiography. EDA, 
which probes the stoichiometry in the first few 
micrometers of a film, showed no dectectable change 
in the dopant concentration in the ablated region of a 
plasma polymerized doped coating. Radiography mea- 
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FIGURE 4. Representative AFM equatorial traces from laser ablated 
capsule. (10-03-3089.pub) 

FIGURE 5.2D AFM surface map of a single laser ablated pit in 
plasma polymer coating. (10-03-309O.pub) 



sured the opacity of a sample to a particular spectrum 
of x-rays. Figure 6(a) shows the "raw" image from a 
contact radiograph of an ablated, 55-pm-thick CH(Br) 
foil. The pits are spaced 150 pm apart, and are nomi- 
nally 2-pm deep and -100-pm in diameter. The contact 
radiograph used high-resolution glass plate film. The 
source used a copper anode at 5 kV accelerating volt- 
age with an exposure time of 3 hr 45 min. The radio- 
graph was digitized on a photodensitometer using a 
5-pm square slit and 2-pm steps. A film response curve 
was generated from a Be step wedge (125,250,375, 
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and 500 pm) on the same radiograph, but since the Be 
step wedge did not transmit the same energy x-rays as 
the CH(Br) foil, primarily due to the L-edge of Br, the 
film correction was only approximate. Future radiogra- 
phy characterization will use a CH(Br) step wedge to 
correct this difficulty. Figure 6(b) shows a comparison 
between a mechanical profilometer trace and an aver- 
aged profile from the radiograph. The dashed line rep- 
resents an average over all 36 pits from the image in 
Fig. 6(a) and has further been averaged over azimuth. 
Since an accurate film correction could not be made, 
the data from the radiograph were normalized to the 
profilometer trace (the agreement between the two 
traces demonstrates the absence of nonlinear effects on 
the opacity due to ablation). 

We obtained the average etch rate per pulse vs laser 
fluence using optical interferometry, stylus profilome- 
try, and AFM techniques on both doped and undoped 
coatings. We used uniform irradiation to simplify the 
measurement. Etch rates obeyed Beer-Lambert's law, 
which states that as light traverses an absorbing 
medium, the intensity drops off exponentially with 
distance. When there exists an intensity threshold 
below which no material is ablated, the ablation rate 
can be derived as a linear function of the logarithm of 
the fluence. The slope of this curve is the reciprocal of 
the absorptivity, and the point at zero etch rate repre- 
sents the threshold fluence. This implies that the etch- 
ing can be viewed as a two-step process in which the 
initial light absorption is followed by material ablation. 
For the undoped plasma polymerized coating, an 
absorptivity of 1.1 x 10" cm-l and a threshold value of 
30 mJ/cm2 at 193 nm were calculated, although experi- 
mentally multiple laser pulses at this fluence did 
remove material. No evidence of thermal depolymer- 
ization was observed in the Beer-Lambert analysis. 
This would be indicated by an abrupt change in the 
plotted slope. Unfortunately, the measured etch rate 
per pulse was sensitive to the concentration of dopants 
in the coatings. For example, at a fixed laser fluence, 
the etch rate varied by more than 35% between plain 
CH and CH doped with 4% Br. At relatively high flu- 
ences, the etch depth was a linear function of the num- 
ber of pulses. Near threshold, however, the rate varied 
for the first few pulses due to an incubation effect. The 
first pulse interacted with virgin material, whereas 
each subsequent pulse encountered a sample that had 
already been modified in part by the preceding pulse. 
At the lowest etch rate measured, 10 nm/pulse at a flu- 
ence of 30 mJ/cm2, a single pulse did not remove a 
measurable amount of material. The smallest single- 
pulse etch depth has not yet been determined. 

The repeatability of a pit profile depends mainly on 
the number of pulses used to ablate the pit. Pulse-to- 
pulse variations in the beam energy and profile tend to 
be averaged away as the number of pulses increases. 
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Early depth measurements of nominally identical 
Gaussian pits gave characteristic standard deviations 
ranging from 8.6% for 178 nm (5 pulses) pits to 5% for 
1024 nm (30 pulses) pits. Variation in the pit width was 
smaller, with a standard deviation of less than 5%. More 
recent experiments have shown improved repeatability, 
but a systematic study has not yet been done. 

With the experience gained from experiments on 
flat plasma polymer films, we began to ablate target 
capsules. We calibrate the etch rate before starting on a 
capsule by ablating a pit in a flat film (of the same 

. .e i i' 

material) and measure it with a mechanical profilome- 
ter. This allows us to accommodate variations in the 
laser performance and changes in etch rate as a func- 
tion of dopant concentration. We perform the same cal- 
ibration at the completion of the capsule to ensure that 
the system is still functioning properly. Typically, the 
pit depth at the end is within 5% of the starting value. 
We use etch rates ranging from 70 nm/pulse to 
140 nm/pulse, with 3 to 30 pulses per pit; and always 
use a nominally Gaussian profile. 

We use two different patterns of pits to ablate target 
capsules: the random 200 pit pattern shown in Fig. l(a) 
and the soccer ball pattern shown in Fig. 1 (b). Only 
capsules with the random pit pattern were actually 
made into targets and shot as part of the HEP4 pro- 
gram. Figures 7(a) and 7cb) show microphotographs 
of ablated capsules with the random and soccer ball 
patterns, respectively. 

As discussed in the previous section, PZD(l) [Eq. (4>1 
is difficult to evaluate. However, when we ablate cap- 
sules, we are effectively defining h(O,(p), since the 
underlying topography of the ball can usually be 
neglected in the mode range of interest. Measuring 
laser-ablated capsules thus provides an opportunity to 
venfy that our results are consistent with the "correct" 
1D spectrum, since we can calculate P,, in this case. 
Figure 8 shows some typical results for two capsules, 
each with the same random pattern of 200 pits but with 
different pit depths. The pit profile used in each calcu- 
lation was a least-squares fit to a profilometer trace of 
one of the calibration pits. There is only a relatively 

FIGURE 7. Optical microphotograph of a laser ablated ICF capsule 
(a) random (b) "soccer ball." (10-03-3092.pub) 
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FIGURE 8. Comparison of experimentally measured P,, from AFh4 
equatorial traces with calculated spectra for a laser ablated ICF 
capsule with 200 random pits. (10-03-3093.pub) 
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minor difference between spectra generated with the 
best-fit profile and those using a Gaussian profile. 
Between modes 4 and 60, the measured spectra are in 
good agreement with the calculations. Below mode 4, 
the spectrum from the capsule with 0.3-mm pits shows 
the influence of low-mode capsule distortion and/or 
error motion of the air bearing spindle. Above mode 60, 
the underlying topography of the capsules dominates 
the measured spectra. 

Summary 
A critical objective of the ICF Program is to achieve a 

better understanding of hydrodynamic instabilities 
during implosions. The development of a new excimer 
laser ablation micromachining workstation enables us 
to accurately and repeatably control the initial rough- 
ness of an ICF capsule. This method allows the surface 
to be modified without affecting the other physical 
properties of the capsule (ablator density, opacity, etc.). 
Not only can total roughness be varied but the final 
power spectrum can be tailored from a random surface 
to a highly symmetric ”single mode” pattern. Laser 
ablated capsules have been characterized with a newly 
developed profiling system based on an atomic force 
microscope to verify our ability to produce predicted 
surfaces. The power spectra that are derived from these 
traces may be used as inputs to the LASNEX computer 
simulation that predicts capsule performance. 
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Introduction 
Hydrodynamic instabilities can have a substantial 

impact on the implosion of an inertial confinement 
fusion (ICF) capsule. Small perturbations on the cap- 
sule surface may grow into large perturbations during 
the implosion. Growth of these instabilities can 
degrade capsule yield if significant mixing occurs or if 
the imploding high-density shell breaks up. Thus, it is 
important to accurately predict the growth of these 
perturbations in order to determine the design require- 
ments for future high-gain ICF capsules. 

Over the past decade, a large programmatic effort 
has been made to measure and model hydrodynamic 
instability growth in ICF capsules.'n2 Some Nova 
targets are made with deliberate, enhanced imperfec- 
tions so that hydrodynamic instabilities will magnify 
these imperfections into observable structures. (For a 
discussion, see the preceding article "Laser Ablation 
Machining of ICF Capsules," p. 79.) Measurements 
of instability growth allow us to follow these 
perturbations from the initial linear regime into 
the nonlinear regime. 

In order to characterize the instability growth 
rates and compare them to computational models, 
we need to know the initial distribution of surface 
perturbations. Experimentally, this is done by mea- 
suring the perturbation height along a path on the 
capsule surface and then Fourier transforming the 
heights to get a power spectrum. Several such paths, 
typically great circles, are measured, and the result- 
ing power spectra are averaged together. However, 
this one-dimensional power spectrum is differ- 
ent from a two-dimensional power spectrum (P2D) 
obtained from the entire capsule surface because the 
two-dimensional modes do not correspond to the 
one-dimensional modes. Computational models of 
perturbation growth, such as Haan's model? require 
the two-dimensional power spectrum. 

In this article, we derive expressions for both PID 
and P,, used to characterize the initial capsule surface 

perturbations. We then derive relationships between 
PID and 
models can be obtained from the experimentally deter- 
mined PID 

so that the P2D needed for computer 

Two-Dimensional 
Power Spectrum 

The initial surface perturbation can be described by 
a surface-height function f(0,@), which can be 
expanded in spherical harmonics: 

f ( e /  4) = C Xl,rnYI,in (0, $1 (1) 
1,m 

where 1 runs from 0 to 00 and m runs from -1 to 1. The 
coefficients Rl,m are given by 

For convenience, f will be defined relative to the aver- 
age surface height, so that (@,@)) = 0 and thus Ro,o = 0. 
By picking the center of the sphere, we can also set 
Rl,ln = 0. Thus, we will consider only modes I = 2 and 
greater. The total variance (in units of cm2) is given by 

(3) 

In what follows, we will assume that the perturba- 
tions are isotropic. This means that ( I Rl,n, I ) is indepen- 
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dent of in, where ( ) is used to denote an ensemble 
average over many similarly constructed capsules. We 
define the two-dimensional power spectrum P?,(1) as 
the contribution of each mode 1 to the total variance. 
Since there are 21 + 1 values of 112 for each 1, P2D(1) is 
given by 

(4) 

m 

and the total variance is given by x P 2 ~ ( 1 )  . 
1=2 

(The 1 = 1 contribution is, again, eliminated by our 
definition of the center of the sphere.) It is this power 
spectrum that is required in a computer simulation of 
instability growth. 

One-Dimensional 
Power Spectrum 

In practice, the surface height on a capsule is usu- 
ally measured along a one-dimensional path, typically 
a great circle, and the power spectrum is taken to be 
the square of the absolute value of the Fourier trans- 
form of the height variation along the path. Let the 
height along a co-latitude 0, be given by 

m 

(5) 
? I = - -  

where we will usually pick the great circle 0, = n/2 and 

(6) 

As in the two-dimensional case, we have taken g(@) 
to be measured relative to the average surface height so 
that a0 = 0, and we have chosen the center of the sphere 
so that 0, = a-1 = 0 as well. The variance of g is given by 

12=- -  11=2 

As in the two-dimensional case, we define P,, as 
the contribution of each mode number n to the vari- 
ance. From Eq. (7), this definition means 

(7) 

2 

m 
p1 D ( 1 7 )  = 214 I 

with the total variance given by c P i ~ ( I 2 )  . 
11=2 

Comparison of with PI, 
It is important to note that P,, and P2D are different, 

even though both represent the contribution to the 
total variance of surface perturbations per mode num- 
ber 1. This difference comes about because the two- 
dimensional modes do not correspond to the 
one-dimensional modes. We now derive the relation- 
ship between PID and P2? assuming that the surface 
perturbations are isotropic. This will allow us to con- 
nect the experimentally measured spectra with those 
needed for numerical simulations. 

In order to relate the two spectra, we first need to 
re-express the one-dimensional coefficients nrI in terms 
of the coefficients XI,,,z of the two-dimensional repre- 
sentation of the surface variation. For a given angle O,, 
we can substitute the expansion of f(0,@) [Eq. (111 into 
our definition of g(0) [Eq. (511 and a,, [Eq. (6)l to yield 

(9) 

Further, the spherical harmonics can be related to the 
associated Legendre polynomials Pl,iil by 

(10) 

Combining Eqs. (9) and (10) and integrating over (I 
gives 

(11) 

Using this form of ail, we can combine the defini- 
tions of PI, and P2, in Eqs. (4) and (8) to get the fol- 
lowing relation between P2D and PI,: 

(1 2) 

The cross terms with 1,l' disappear when we take the 
ensemble average and invoke isotropy to set 

For the usual case of a great circle trace, 0, = n/2 and 

( l+m odd) . 
(13) 

Substituting Eq. (13) into Eq. (12) gives the desired 
relationship between PID and P2D: 
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m 

1=11,11+2, ... 

(1 - n - l)!! ( I  + n - l)!! equations (14) and (16) can be converted to the integral 
. (14) equations 

By looking at the pattern of individual terms, we (19) 
succeeded in inverting this expression to obtain 

P2D(I)=-(21+1) XplD(.) 

m 

11=1,/+2, ... 

I (15) 
( i z  + I - 2)! ! ( 1 1  - I - 3)! ! n 

X 
(I2 - I ) !  ! (I2 + I + l)! ! 

or, in another form, 

( n + l ) ! !  (n-l-l)!! 
(n-Z)!! (n+I+l)!! 

X (16) 

In evaluating the double factorials for negative val- 
ues, we use (-3)!! = -1 and (-2)!! = (-l)!! = O!! = 1. The 
first few terms of Eq. (14) are 

(20) 

Another form for Eq. (20) is obtained by multiplying 
Eq. (19) by 12/dm and integrating from k to 0 0 .  

Interchanging the order of integration on the right- 
hand side, using 

I ndn n 
jk 4-J- = 7 ' 
and differentiating both sides gives an additional 
integral form: 

(21 1 

(22) 

With a change of variables, we obtain a third, and 
perhaps the most useful, form as welk 

P ~ D  (4) = - 35 P2D (4) - 63 P2D (6) + - p 2 ~ ( 8 )  693 ... All of these integral relationships are good for large 
64 256 4096 n and I ,  and break down for n and I below 5 or 10, 

where the discreteness of the modes becomes very 
important. and of Eq. (15) are 

These expressions are exact, but cumbersome, and 
are useful for numerical calculations. Alternative inte- 
gral representations can be derived. By using Stirling's 
approximation for factorials and double factorials, 
good for large values of x, 

Conclusion 
We have derived the relationship between the 

experimentally measured P1D and P2D needed for 
instability growth calculations. Equations (14), (15), 
and (16) give exact expressions that can be used in 
numerical calculations. Equations (19), (20), (22), 
and (23) are integral relationships that are useful 
for analytic approximations. In almost all cases, the 
important modes in instability modeling are large 
enough (e.g., >lo) so that these integral relationships 
are sufficient for calculating spectra. 

1/;E;;(x/e)X/2 ( x  even) 

&&(x/e)x'2 ( x  odd) , 
x ! ! =  
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Introduction 
The advent of ultrahigh-intensity chirped-pulse- 

amplified lasers could change the inertial fusion 
paradigm. Instead of producing both a central hot spot 
and a surrounding high-density main fuel simultane- 
ously with an ablatively driven implosion, we can sep- 
arate hot-spot formation from the main fuel assembly. 
This is possible because these new lasers can, in princi- 
ple, produce energy fluxes comparable to those pro- 
duced by igniting thermonuclear fuel. 

Several advantages follow from this separation of 
function: the gain can be about an order of magnitude 
higher, with the threshold for high gain two orders of 
magnitude lower. The convergence ratios (CRs) and in- 
flight aspect ratios (IFARs) are lower than those of the 
conventional scheme. This can lead to less stringent 
irradiation-symmetry requirements and lower capsule- 
fabrication standards. 

We propose the following scheme to achieve these 
goals: first, the main fuel is assembled by means of a 
conventional implosion; second, a hole is bored with 
ponderomotive force through the coronal plasma 
remaining after the implosion; finally, the peak laser 
intensity is applied to the steepened plasma where it is 
converted to suprathermal electrons, which then prop- 
agate to the high-density core. Ignition follows. 

We first discuss and compare the gain model that 
describes the conventional approach to inertial fusion 
with the model that describes our proposed scheme 
and then discuss the symmetry and stability properties 
of the new scheme. Next, we address how to deter- 
mine the laser intensity and describe the hole-boring 
scheme. We show a preliminary calculation that inte- 
grates the various pieces of the scheme at the pre-igni- 
tion scale. We also briefly describe the laser technology 
that makes this approach possible. Finally, we summa- 
rize the work and suggest some critical experiments. 

Gain Models 
The isobaric (uniform-pressure) gain model of Meyer- 

ter-Vehn1~2 describes the conventional approach to iner- 
tial fusion. In this model, the fuel assembled by the 
implosion has two parts: a relatively low-density, high- 
temperature hot spot surrounded by, and in pressure 
equilibrium with, a high-density, low-temperature main 
fuel. The hot spot can equilibrate with the surrounding 
high-density region because, during the stagnation pro- 
cess, the speed of sound in the gas is much greater than 
the shell closure velocity. During final stagnation, when 
the shell converges to half its original radius, the main 
fuel is about one sound-crossing time thick. 

In contrast, if a method can be found to deliver 
the ignition energy fast enough (as suggested in our 
scheme), the gain can be calculated with the isochoric 
(uniform density) model of Kidder: in which the hot 
spot and the main fuel are out of pressure equilibrium. 
The advantage is that, within the isochoric model, the 
implosion compresses significantly more mass to a much 
lower peak density. Therefore, by burning that extra 
mass, the isochoric model gives yield and gain that are 
significantly larger than those of the isobaric model. 

age temperature of 5 keV within a fuel areal density of 
about 0.3 to 0.4 g/cm2, corresponding to an a-particle 
range. The mass (in grams) of the heated deuterium- 
tritium (D-T) mixture is given by m = 4n(pHs-r)3/3pHs2. 
The internal energy (in megajoules) of this fuel is then: 
EHs = 575m. The energy of the main fuel is dominated 
by the compressional energy: E ,  = 0.35~p,~/~-M , 
where a is the factor by which the cold fuel is nonde- 
generate and M is the mass of the main fuel. The pressure 
in the main fuel is P, = 2.3 x 1012.a.pM5/3 dyne/cm2. In 
optimized systems, E ,  >> E,,, but in realistic systems, 
they are comparable. The thermonuclear yield is 
Y = QM pr/(pr + 7), where Q = 334 GJ/g and pr is the 
total areal density. The burn efficiency can be approxi- 

Fuel ignition requires that the hot spot reach an aver- 

* Los Alamos National Laboratory 
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mated as I$ = (1/2)(pr/7)'I2 (see Ref. 2). The gain is 
G Oc (pr)1/2/pM2/3. 

The energy in the stagnated system is the sum of the 

E1/6p4/9, 
hot-spot and main-fuel internal energies. If we can 
neglect the hot spot, then pr ~c E1/3p4/9, G 
and the gain is optimized at zero density. 
Unfortunately, the hot spot would require infinite 
input energy at zero density. Therefore, the optimum 
hot-spot densities are nonzero and depend on the 
relationship between the hot spot and the main fuel. 
The isobaric constraint implies pM = (THs pHs/a)0.6, 
where THs is the hot-spot temperature measured 
in keV. The total energy (in MJ) in the compressed 
svstem in the isobaric model of Mever-ter-Vehn' is 
iM-t-V = 5.8 x 106TH2/(a2pM10/3) 0.35aM~M~'~. 
If the hot spot and the main fuel are not in pressure 
equilibrium, as is the case when the ignitioh energy 
is injected fast enough, the gain may be calculated 
in the isochoric model. The total energy (in MJ) 
in the compressed system in this model is 
E ,  = o.031THs/p2 + 0 . 3 5 a M ~ ~ / ~ .  If the gain is 
maximized for fixed energy coupled to the com- 
pressed core, GM-t-v = 6.0 x 103q(q E/a3)0-3 and 
G - 3.0 x 1O%l(q E/a3)0.4, where q is the coupling 
efficiency and E is the incident driver energy. 

As shown later in the directly driven implosions of 
the conventional fusion scheme, a is required to be 2 
or greater so that the Rayleigh-Taylor (R-T) instability 
during the implosion is sufficiently stabilized by abla- 
tion stabilization. In fact, a is taken to be 2 for all sub- 
sequent model calculations in the isobaric model. On 
the other hand, for the "fast ignitor" scheme, a can 
remain 1 with superior stability properties. 

In order to tie these simple models more closely to 
more detailed calculations, we take the hot-spot radius 
to be three times the value required for maximum gain 
in the isobaric model. This is done for two reasons. 
First, to ensure robust ignition, capsules are overdriven 
so that they ignite while still imploding at a radius 
larger than that required to obtain maximum gain. 
Second, the hot-spot radius is tripled so that the CR of 
initial ablator radius to converged hot-spot radius is 
less than 50 for megajoule-scale lasers. This reduces the 
illumination uniformity requirements. Increasing the 
hot-spot radius by a factor of 3 reduces the gain by an 
additional factor of 2 (see Ref. 2) because a bigger frac- 
tion of the internal energy is required to heat the hot 
spot and is therefore unavailable to compress the main 
fuel. Therefore, including the effects, the higher adiabat 
with the larger hot-spot radius shows that the gain in the 
isobaric model is given by GM-t-v = 1.5 x 103q(q E)0.3. 
Table 1 shows the gain, column density, density, fuel 
mass, hot-spot and main-fuel radii, and stagnation 
pressure in the two models. The isochoric model com- 
presses significantly more mass to much lower peak 
density. In addition, the stagnation pressure in the iso- 
choric model is almost two orders of magnitude lower 

5 ,  

than that in the isobaric model. This great reduction in 
energy concentration eases the required implosion 
quality. 

The net coupling efficiency (q), CR, and IFAR are 
calculated in a model of Rosen and Lindl? based on 
work by Max, McKee, and Mead5 In that model, the 
energy is assumed to be completely absorbed at the 
critical surface. In our study, we take S, the ratio of the 
critical radius to the ablation radius, to be 1.3, thus 
avoiding the effect of distributed absorption due to 
inverse bremsstrahlung and the intensity dependence 
of S in the model of Max et a15 This is valid since the 
point of this analysis is to compare the isobaric and 
isochoric gain models using the same implosion 
model, not to study detailed features of the implosion 
process. However, we find that, for an input energy of 
10 MJ, the calculated peak net coupling efficiency (8%) 
and the maximum gain (about 100) for the isobaric 
model using our assumptions are consistent with 
much more detailed derivations.6 

We calculate CR, IFAR, and q following the proce- 
dure given in Ref. 4. First, we calculate the implosion 
velocity required to supply the specific energy of 
the compressed core: P. Imp rocket exhaust velociv (in cm/s) is then given by 
vexh = 4.6 x lo7 10.33h0- , where I is the intensity in 
1014 W/cm2 and h is the laser wavelength in microme- 
ters. The laser wavelength is taken to be 1 /3 pm. The areal 
mass ablation rate is m = 1.8 x l@11/3h4/3 (g/cm2.s). 

The net coupling efficiency for constant intensity 
is given by q = 0.7 mu. 

takes into account that, as the capsule implodes and 
the critical density recedes, only 70% of the light will 
hit the target. The initial shell radius R is determined 
in a thin-shell model by assuming that the payload 
reaches P. after accelerating half of its initial radius. 
Integrating the rocket equation in time relates R to the 
fraction of mass ablated. The shell density p is 
obtained from the equation of state, P = 2 . 3 ~ 1 ~ ' ~  
(Mbar), and the ablation pressure is given by mvexh. 

= (2qE/M)1/2. The 

2/(u>x/(l - x), where 
logx = vhP/'uexh (the ,llrnP rocket equation"). The factor 0.7 

"nP 

TABLE 1. Comparison of optimal quantities in the isobaric and iso- 
choric models as functions of the internal energy (in MJ) of the ini- 
tial system (qE). 

Property Isobaric model Isochoric model 
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Because we know the required payload mass and the 
fraction of the initial mass ablated, we can calculate the 
initial shell mass. Given the shell density at this time, 
we obtain its thickness and, hence, the IFAR. Similarly, 
we know the converged main-fuel and hot-spot radii 
and can, therefore, obtain the CR. In calculating the CR 
for the isobaric model, the final radius is taken to be 
the outside of the hot spot. For the isochoric model, we 
use the outside radius of the main fuel. This is reason- 
able because, in our uniform density scheme, we do 
not rely on the compression laser for ignition. The 
compression energy needs to be localized to the main- 
fuel volume but to no smaller volume. 

Figure 1 plots gain, IFAR, and CR vs compression 
laser energy in the two models for typical intensities. 
Here, we take I = 3 x lOI3 W/cm2 in the isochoric 
model and I = 2 x lOI4 W/cm2 in the isobaric model. 
A lower intensity is used in the compression phase of 
the fast-ignition scheme because the isochoric model 
requires much lower specific energies and implosion 
velocities than does the isobaric model; hence, it is bet- 
ter matched with low exhaust velocities and conse- 
quently lower intensities. This choice of intensities 
produces approximately equal payload fractions and, 
therefore, equal rocket efficiencies in the two models. 
This choice also corresponds to optimum trade-offs 
among G, CR, and IFAR over most of the input-energy 
range. An additional benefit of the fast-ignition scheme 
is that the requirement of a lower intensity may reopen 
the possibility of using longer-wavelength light (1 /2 and 
1 pm instead of 1 / 3  and 1 /4 pm). This would reduce the 
need for frequency conversion of neodymium-glass or 
more-advanced solid-state lasers and the attendant cost, 
complexity, and inefficiency. 

Fuel Assembly 
The isobaric model’s much lower CR and IFAR val- 

ues indicate that the fuel assembly should be much 
less sensitive to laser-light nonuniformities and growth 
of hydrodynamic instabilities than those associated 
with the conventional ICF scheme. The fast-ignition 

FIGURE 1. (a) Gain, 
(b) in-flight aspect 
ratio, and (c) conver- 
gence ratio vs input 
laser energy for iso- 
choric (solid line) and 
isobaric (dashed line) 
mod e 1 s . 
(50-02-3094.pub) 
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approach generates fewer R-T e-foldings during the 
implosion for a given value of a. The Takabe formula7 
gives the R-T growth rate for electron-driven ablation: 
yRT = 0.9(gk)0.5 - 3vAk, where g is the acceleration, k is 
the wave number of the perturbation mode, and vA is 
the ablation velocity. The ablation velocity is given by 
the mass ablation rate divided by the shell density. 
Decreasing the ablator and fuel densities by increasing 
a increases the ablation velocity and, thereby, the shell 
stability. In addition, the decreased shell density pro- 
duces a thicker shell, which results in less feed-through 
of the perturbation to the hot-spot/main-fuel interface. 

instability is the time integral of 
The number of e-foldings for the ablation-front 

yRT: NRT 0.9 (gkt2)1/2- 3vAkt = 

0.9(kR)’i2 - 3k6Rk = 0.91 

where the relation k = Z/R between the wave number 
and the spherical harmonic index is used. For the 
intensities used in these plots, the stabilization factor 
(1 - x)/IFAR in the isochoric model was about twice 
that in the isobaric model. 

Not only will the new scheme produce less R-T 
growth, but a given amount of mix also will be less 
significant. Because the fast-ignition scheme does not 
rely on a central hot spot for ignition, mixing the main 
fuel with the hot spot cannot quench ignition. 
However, fast ignition has a different set of failure 
modes from those inherent to the conventional ICF 
process. Hydrodynamic instabilities could, in princi- 
ple, prevent assembly of the fuel to the required den- 
sity. However, core densities and areal densities greater 
than those needed for the fast ignitor already have 
been achieved in the laboratory. The Osaka groups has 
obtained compressed CDT densities around 600 g/cm3 
and areal densities of about 0.6 g/cm2. In these experi- 
ments, they imploded CDT shells driven with 9 kJ of 
0.53-pm light incident and about 4 kJ absorbed. 
Only 10 to 15% uniformity (5% rms) in irradiation 
was obtained, even with random phase plates to 
smooth the laser beams. The peak intensity was 

- 3(1- x)Z /IFAR, 
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1 to 2 x 1014 W/cm2, and the convergence ratio was 
between 20 and 40 (Fig. 2). The measured yield was 
reduced at least two orders of magnitude from that 
predicted for an unmixed implosion. These data show 
that implosions of insufficient quality to produce an 
adequate hot spot for the conventional ICF scheme are 
nevertheless good enough to produce compressed con- 
figurations suitable for ignition by exogenous heating. 

Laser Scale Requirements 
What requirements are set on the ignition laser? The 

energy flow and ignition region disassembly times 
determine the required ignition laser duration and inten- 
sity. The energy flow goes from laser light to suprather- 
mal electrons, to thermal electrons, to fuel ions, and 
finally to the kinetic energy of the disassembling fuel. 

the laser-electron time is about one laser cycle, or 
s. We estimate the times for D-T density 

(p = 300 g/cm3 at a temperature of 5 keV) as follows: 
z ~ ~ ,  the suprathermal-to-thermal coupling time, is less 
than 

Each of these steps has a characteristic time. z ~ - ~ ,  

s, while z ~ ~ ,  the electron-ion coupling time, is 

10 L 

- No suffix: Si activation 
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- 2 secondary reaction 
- 

- 

1 = -  

measurements 

1 o - ~  0 r 2 4 6 8 1 0 1 2 1 4  

Shell thickness (pm) 

104 

103 

1 

about 
pR = 0.4 g/cm2. This gives a fuel radius of 10 pm. The 
sound speed at 5 keV (-1 pm/ps) yields a disassembly 
time, zD, of 10 ps. The laser duration at peak intensity 
should be between z~~ and z ~ .  If the laser duration is 
much less than z ~ ~ ,  the electrons will be heated and 
their pressure will disassemble the target before the 
ions are heated to fusion temperatures. If the fuel ulti- 
mately is heated to 10 keV by the laser, the energy sup- 
plied (J) must be 3 x 108/p2-3 kJ for this case. The 
power (W) is 1.2 x 1 0 1 7 / p 4  x lOI4 W. The intensity 
(W/cm2) is 2 x 1017p-t? x 1019 W/cm2. These quanti- 
ties describe what energy must be delivered to the fuel. 
Any coupling inefficiencies will increase the associated 
laser requirements. 

The scale of the ignition laser is set by coupling effi- 
ciencies and the required ignition energy. The energy 
required for ignition is determined by the range heated 
by the suprathermal electrons and the size of the laser 
spot. Figure 3 shows the electron range as a function of 
electron energy in D-T. Electrons with energies 
between 500 keV and 1 MeV have ranges comparable 
to a 3.5-MeV a-particle range, the minimum size 

s. We want to heat an a-particle range, 

FIGURE 2. (a) Areal 
density and (b) density 
vs shell thickness in 
imploded CDT shells 
(from Ref. 8). 
(50-02-3095.pub) 
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required so that the ignition region can self-heat with 
deposited thermonuclear reaction products. Figure 4 
shows the suprathermal electron temperature as a 
function of n2, where Z is the intensity and h is the 
laser wavelength. Shown in the figure are the results 
of particle-in-cell (PIC)y calculations with s and 
p polarized light together with data obtained by 
bremsstrahlung measurements from irradiations 500 to 
1000 ps long with 10.6-pm wavelength,1° 600 fs long 
with 1.053-pm wavelength” and 80 fs long with 
O.8-pm wave1ength.l2 The solid curve shows the pon- 
deromotive potential. Laser irradiations with values of 
Ih2 between 1OIy and 1020 W.pm2/cm2 will produce 
electrons with path lengths less than 1 g/cm2. Multiple 
scattering and self-generated electric and magnetic 
fields (described later) may further reduce the region 
heated by these electrons. 

We anticipate a regime of high absorption of laser 
light by the exposed plasma at very high intensity 
dominated by noncollisional mechanisms. Figure 5 
shows the laser-light absorption fraction as a function 
of Ih’ for a variety of ~ave1engths.l~ The absorption at 
a particular lh’ varies more than shown, being a func- 
tion of peak plasma density, plasma scale height, laser 
polarization, and angle of incidence. Individual high- 
intensity CO, shots measured absorption as high as 
65 to 70%.1° This high absorption is ascribed to a vari- 
ety of collective mechanisms: the so-called not-so-reso- 
nant resonant absorption of B r ~ n e l ’ ~  and jxBI5 heating, 

I I I I I I l l  

0.1 1 10 
Electron energy (MeV) 

FIGURE 3. Electron range vs electron kinetic energy in D-T. 
(50-01-3096 pub) 

which turns on at high intensity when the electrons 
become relativistic, as well as resonant absorption. 
Additional absorption also is ascribed to the rippling 
of the critical surface.1° The PIC code ZOHARI6 
was used to simulate these processes at 
Ih2 = 1 O l y  W.pm2/cm2. Over a wide variety of 
conditions, absorptions in the range of 30 to 50% 
were obtained.17 

Hole Boring 
The success of the fast-ignitor scheme depends heav- 

ily on the efficient transport of hot electrons to the fuel. 
In this process, the fuel first is imploded to high den- 
sity. This leaves a corona with critical density many 
hot-spot diameters from the dense core. If suprathermal 
electrons are generated by the laser light at this posi- 
tion, coupling of these electrons to the core is expected 
to be very poor (the solid angle subtended by the hot 
spot will be much less than 1 % of 47c steradians). 
Therefore, efficient core heating requires the intense 
light to be much closer to the compressed core when its 
energy is transferred to the suprathermal electrons. 

This is possible because of two facts. First, because 
of relativistic effects,l8 critical density is increased by 
the relativistic factor, y. The electron plasma frequency, 
o 
electron density and me is the electron mass. The criti- 
cal density, izc, is the density at which o 

is given by o ,= 47cn,e2/(y ?ne), where 11, is the 
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FIGURE 4. Suprathermal electron temperature vs lX2. 
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frequency of the incident light and is the limiting 
density through which the light can propagate. 
In terms of the critical density at low intensity 
izd, nC = nd(l + A2/101s)1/2/ where I is the laser 
intensity in W/cm2 and h is the laser wavelength in 
micrometers. 

density profile by using ponderomotive pressure. 
Momentum conservation gives this pressure as U/c  
for completely reflected light or I / c  for completely 
absorbed light. This pressure is prodigious at the high 
intensities of interest. For I = 3 x 1020 W/cm2/ I / c  is 

Second, we can push critical density and steepen the 
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FIGURE 6. (a) Snapshot 
of ion density from PIC 
code (ZOHAR) show- 
ing dimpling due to 
ponderomotive force; 
(b) Position of critical 
surface [h/(2rr)l vs 
laser cycle. 
(50-02-3099.p~b) 
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100 Gbar. Figure 6 shows a ZOHAR16 calculation of a 
hole being bored through a plasma around critical den- 
sity with A2 = 1019 W-pm2/cm2. Its recession velocity 
was (1 /40)c. We intend to bore holes through the hun- 
dreds of micrometers of corona by increasing the laser 
intensity from about 1017 to lOI9 W/cm2 as the plasma 
density increases from critical density to 100 times crit- 
ical density so that the recession velocity is maintained 
near 1 pm/ps. This will require several hundred 
picoseconds of prepulse. 

When light is incident on an overdense plasma, 
material ablation will generate a back pressure. As a 
rough scaling, we take the ablation pressure (in Mbar) 
to be = (25/h) 1152/3, where h is the laser wave- 
length (in p) and I15 is the thermal flux at the abla- 
tion front (in 1015 W/cm2). This formula provides a 
reasonable fit up to I = 10l6 W/cm2 and should provide 
a rough guide above that intensity. For finite spot size 
(Xspot) and standoff distance, r, Ils = (Rspot/r)2/ 
where labs is the absorbed intensity at the critical sur- 
face. The ponderomotive pressure predominates when 
I > (75/h)3[f/2(Xs,ot/r)2]2 , when I is measured in units 
of 1015W/cm2 and f is the absorption fraction. 

In recent  experiment^'^ with short-pulse irradiations 
of intensity about 10l6 W/cm2, the Doppler shift of the 
light reflected from the critical surface was measured. 
When these results were analyzed, the ponderomotive 
force had to be included in the theoretical model in 
order to explain the measured reduction of the blue 
shift. In experiments driven with 500- to 1000-ps CO, 
(see Ref. 20) laser pulses at I = 10l6 W/cm2, harmonics 
up to the 46th were observed with a flat spectrum. This 
result was explained by a model2’ in which the electron 
density profile was steepened with an upper shelf at 
least 2000 times the critical density and a lower shelf at 
1/10 of critical density. The ponderomotive force was 
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invoked to explain this steepening. Less dramatic 
steepening has been interferometrically measured22 in 
30-ps exposures of 1.06-pm light at 3 x lOI4 W/cm2. 
Inhibited electron transport from critical density 
inward also can contribute to a density jump near 
critical den~i ty .~  

The current available data demonstrate the exis- 
tence of the ponderomotive force but do not directly 
demonstrate the hole boring required by this concept. 
Two effects of particular concern are filamentation and 
defocusing of the incident laser beam. PIC calculations 
in which both a critical surface and a long underdense 
plasma exist show filamentation in the underdense 
plasma as the light reflected from the critical surface 
interferes with the incident light. PIC simulations9 and 
analytic models23 show a R-T-like instability at the 
plasma-light interface at critical density with a growth 
time of tens of femtoseconds. The PIC simulation 
showed the saturated state of this instability as a bub- 
ble empty of plasma, through which the light propa- 
gated surrounded by plasma walls. These simulations 
are approximately 10 pn in extent, not the hundreds of 
micrometers of interest for this application. 

Ray-trace calculations show that filamentation and 
beam flicker do occur; however, over long times and 
for sufficiently high intensities, the laser path is 
depleted of plasma, and the beams can propagate 
without significant refraction. Even if this occurs, stim- 
ulated scattering still may be a concern24 until the elec- 
tron thermal velocity in the channel becomes 
comparable to the oscillatory velocity. 

0.1 I - Experiment 
--A - F3D 
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FIGURE 7. Density lineout calculated by the nonlinear 3-D filamen- 
tation code F3DE agrees well with experiment for laser irradiations 
with a peak intensity of 1.7 x l0l5 W/cm2 and a wavelength of 1 pm. 
(50-02-31 OO.pub) 

We are beginning an experimental program to study 
channeling and to verify our computational predictive 
capabilities. Figure 7 shows that a density lineout cal- 
culated by the nonlinear 3-D filamentation code F3D25 

- Values of magnetic field (BZ) 
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FIGURE 8. Contour plots of magnetic field, B,, and suprathermal 
density, nh. The initial electron density profile, shown below the first 
set of contour plots, is uniform in they direction. Laser light is inci- 
dent from the right with a beam diameter of 20 pm. At 1 ps, the max- 
imum values of the magnetic field are 5 and 200 MG in the bulk and 
surface, respectively, and the maximum value of the suprathermal 
density is 3 x lOZ2/cm3. (50-02-3101.pub) 
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agrees well with experiment for laser irradiations with 
a peak intensity of 1.7 x lOI5 W/cm2 and a wavelength 
of 1 pm. Further experiments with intensities up to 
1017 W/cm2 are in progress. 

Suprathermal Transport and an 
Integrated Preignition 
Calculation 

Once the optical channel has been bored through 
the plasma, the suprathermal electrons produced at 
critical density must propagate to the high-density 
core. The transport of these electrons will be modified 
significantly by the self-consistent macroscopic electric 
and magnetic fields established by their flow. Electric 
potentials comparable to the suprathermal electron 
temperatures are established to maintain approximate 
neutrality. Transport into the overdense plasma should 
be inhibited initially because the conductivity of the 
plasma is not high enough to allow an adequate return 
current. Transport into the underdense plasma should 
be inhibited because there are insufficient charge carri- 
ers to return the current. Because of finite spot-size 
effects, the electric fields thus established should 
have nonvanishing curl and therefore should establish 
magnetic fields. ZOHAR simulations9 have shown 
magnetic fields on the order of 100 MG in a plasma 
a few times the critical density for irradiation at 
112 = 1019 W.pm2/cm2. 

hydrodynamic code that implicitly solves for the elec- 
tric and magnetic fields and does not assume quasi- 

ANTHEM,26t27 a two-dimensional (2-D) 
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FIGURE 9. Electron density ( ~ m - ~ )  and laser intensity (W/m2) at 
three times along the symmetry axis in a hole-boring calculation; 
1/4-pm light is incident from the right. (50-02-3102.pub) 

neutrality, was used to study an example closer to the 
requirements of this ignition technique. Figure 8 shows 
the geometry and the primary results. The plasma 
density ramps up from to 1026/cm3 in 20 pm, 
with the plateau extending for another 20 pm. 
Electrons with an energy flux of 1020 W/cm2 and a 
temperature of 1 MeV were injected into a zone with 
electron density 1022/cm3. In 1 ps, magnetic fields of 
5 MG were obtained in the overdense region, while in 
the underdense region the field strengths reach 200 MG. 
The electrons are collimated by the magnetic fields, 
more at 1 ps than at 100 fs. 

Several calculations done using the computer code 
LASNEX2s at the preignition scale are used to illustrate 
the fast-ignitor process. First, a capsule is directly 
imploded with 550 J of 527-nm light radially incident. 
The fuel in the capsule is originally cryogenic D-T. 
Then, 20 ps before peak compression, a 1 /4-pm laser 
with a power of 1 to 1.5 x lOI4 W is focused at f/lO 
with a Gaussian beam profile upon the corona remaining 
after the implosion. The peak intensity was about 
1020 W/cm2. Figure 9 demonstrates the hole-boring 
process by showing the electron density on the 
symmetry axis at this and two later times, together 
with the light intensity also on axis at the two later 
times. Critical density has been pushed 40 p during 
this period. Figure 10 shows isocontours of electron 
density and laser intensity at this final time, 21 ps after 
the hole boring started. The isocontours of density 
accumulate near the laser focal spot, thus demonstrating 
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FIGURE 10. Isocontours of laser intensity and electron density 
(multiples of critical density) 21 ps after the start of the hole-boring 
calculation. (50-02-3103.pub) 
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the plasma steepening. The critical density surface 
clearly is very distorted. Other hole-boring calculations 
have used lower powers and intensities for longer 
times. We have not yet optimized the laser pulse 
shapes used in this process. 

calculation was used as the density profile of a spheri- 
cally symmetric, one-dimensional (1-D) burn calcula- 
tion. At the preignition scale, we expect the 
suprathermal electrons to burn through the target, so a 
I-D treatment should be reasonable. The suprathermal 
electrons are transported in a multigroup approxima- 
t i ~ n ~ ~  with self-consistent electric fields so that quasi- 
neutrality is maintained. Electrons with temperature 
300 keV were injected into a zone centered at radius 
22 pm. Figure 11 shows that most of the suprathermal- 
thermal coupling takes place in the high-density 
region, where collision rates between hot and cold 
electrons and between cold electrons and ions are 
highest. Figure 12, ion temperature vs radius at four 
simulation times, shows that suprathermal heating 
raises the ion temperature to between 3 and 10 keV. In 
this example, the thermal electrons and ions are not 
well coupled, because the plasma density is too low. 
Nevertheless, these ion temperatures are adequate to 
obtain significant thermonuclear burn. Figure 13 
shows the source energy, thermonuclear yield, the col- 

The density on the symmetry axis of the hole-boring 
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FIGURE 11. Snapshots of the cumulative power 
from suprathermal electrons to thermal electrons, integrated out- 
ward from the center of the capsule. 

W) coupling 

(50-02-3104.pub) 

lisional coupling between suprathermal and thermal 
electrons, the coupling between suprathermals and 
thermals via collective fields, and the amount of 
energy resident in the suprathermal electrons. The 
energy remaining in supathermals corresponds to elec- 
trons that have escaped into the underdense plasma. 
The large fraction of energy coupled via collective j'E 
heating showed that suprathermal transport was sig- 
nificantly inhibited. The total energy supplied in this 
series of calculations was about 5.2 kJ, and 0.4 kJ of 
thermonuclear yield was produced. 

Laser Prospects and 
Proof-of-Principle 

The Petawatt 1aser:O due to be completed in the fall 
of 1995, will provide an opportunity for proof-of-prin- 
ciple experiments. The goal of the Petawatt project is to 
produce 1.2 kJ of 1.056-pm light in a twice-diffraction- 
limited beam with pulse lengths variable between 0.5 
and 20 ps. Peak intensity greater than lo2' W/cm2 is 
possible. The technique to accomplish this is chirped- 
pulse amplification3' using a modified Nova beamline 
with the final amplifiers removed. Among the many 
innovations that make this project possible is the 
development of dielectric diffraction gratings, which 
are used to compress the beam. The size of the gratings 

t 
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FIGURE 12. Snapshots (0,5,10, and 15 ps) of ion temperature in the 
capsule as it is heated by suprathermal electrons. (56-02-3105.pub) 
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can be increased to meter scale from the current 30 cm. 
Hence, short-pulse lasers with energies substantially 
larger than the Petawatt may become feasible. 

plasmas in situations where the oscillatory velocity of 
electrons in the laser beam is much larger than the 
thermal velocity; that is, where the ponderomotive 
pressure dominates the hole boring. This system has 
sufficient energy to push critical density about 100 pn. 
The laser will use the Nova 10-beam target area, so the 
other 9 Nova beams will be available to preimplode a 
CDT shell. The Petawatt laser will be synchronized to 
the remaining Nova beams to within 10 ps. Our goal is 
to raise the temperature of this preimploded shell by 
500 to 1000 eV and produce lo1’ neutrons, many orders 
of magnitude more than would be expected without 
the suprathermal heating. 

The Petawatt laser will be able to bore holes through 

Summary 
The fast-ignitor concept is a very speculative 

approach to inertial fusion that offers the possibility of 
producing significantly higher gains with much less 
driver energy than can be done by the conventional 
approach. It employs three phases: (1) A capsule is 
imploded to form a high-density core. (2) A hole is 
drilled through the coronal plasma with ponderomo- 
tive force. (3) The core is ignited with suprathermal 
electrons generated by the ignition laser at high IA2. 
This concept shifts the technical risk from the symmetry 
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FIGURE 13. Histones of suprathermal source energy, coupling via 
collective fields, the total energy resident in the suprathermal elec- 
trons, collisional coupling between the suprathermal and thermal 
electrons, and thermonuclear yield. (50-02-3106.pub) 

and stability issues of the conventional approach to 
two relatively unexplored areas: the physical under- 
standing of energy coupling and transport at high 
intensity; and the laser technology required to produce 
those intense, short pulses. 

If the project succeeds, it could have significant 
impact on the practicality of inertial fusion: driver 
energy scales could be reduced, and target fabrication 
finish and irradiation symmetry requirements could be 
eased. The higher gain curves could support a reactor 
using high-repetition-rate, low-yield explosions or 
low-repetition-rate, high-yield explosions. If success- 
ful, the fast-ignitor concept, as a result of the higher 
gain achievable, would make viable some driver can- 
didates currently considered unacceptable due to their 
low efficiency. 
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X-RAY FLUX SYMMETRY CONTROL IN ADVANCED 
NOVA HOHLRAUMS 

T. J.  Murphy 

P. A. Amendt 

Introduction 
To achieve the high convergence necessary for the 

formation of a hot spot in an ICF target and ignition (in 
the next generation of ICF facilities), the velocity of the 
implosion must be uniform to approximately 1%.l This 
criterion necessitates equally good symmetry in the 
time-integrated x-ray flux driving the implosion of 
indirect-drive ICF targets. The laser entrance holes 
(LEH) in Nova hohlraums produce a sizable asymme- 
try in the flux of radiation on a capsule from the walls 
of the hohlraum. This source of flux asymmetry is 
compensated on average by moving the laser beams 
toward the LEH. 

The asymmetry of the flux on a capsule is often 
expressed in terms of Legendre polynomials so that 
the lowest-order contribution in a left-right symmetri- 
cally driven hohlraum is the P2(cos 0) contribution, 
where 0 is the angle measured from the hohlraum 
symmetry axis. Thus, by displacing the beams out- 
ward we can compensate for the negative P, asymme- 
try induced by the emitting hohlraum wall with LEH 
flux losses. However, since the albedo of the hohlraum 
walls changes over time, and because the location of 
laser absorption and x-ray conversion region also 
change over time, this compensation only occurs in a 
time-averaged sense. If the P, asymmetry due to the 
LEH can be reduced or eliminated, the remaining 
source of time-dependent asymmetry of the flux on the 
capsule (spot motion) may be controlled in Nova 
hohlraums by one of a number of simple methods, 
such as the use of lined or gas-filled hohlraums. 

We performed experiments with Nova hohlraums 
in which the LEH contribution to P, asymmetry was 
reduced by placing Au disks (shields) on the hohlraum 
axis between the LEH and the capsule to reduce the 
capsule's view of the LEH. Time-integrated symmetry 
was measured by imaging the x-ray emission of an 

imploded capsule's core. A positive P2 asymmetry on 
the capsule leads to an oblate "pancaked implosion, 
and a negative P, asymmetry leads to a prolate 
'%ausaged'' implosion. Using Nova hohlraums with 
1-ns square pulses at 20 TW and laser pointing that 
otherwise gives strongly sausaged fuel images, we 
have obtained round or pancaked implosions in 
hohlraums with shields of different diameters. With 
longer pulses, however, simulations and experiments, 
indicate that greater motion of the laser energy deposi- 
tion location (spot motion) will occur. The effect of spot 
motion is to move the laser spots toward both the LEH 
and the hohlraum axis later in time when reemission 
from the walls is greatest. The effect of this motion is 
partially offset by increasing LEH flux loss later in 
time, so that adding a shield isolates the effect of spot 
motion on symmetry. Currently, techniques to com- 
pensate for the remaining spot motion component of 
time-varying flux asymmetry are being developed. 
Techniques that may prove useful include, for exam- 
ple, burn-through shields that become transparent to 
radiation after a certain amount of time, shields made 
of several layers of material so that the albedo changes 
in time to compensate for the changing spot position, 
or gas-filled hohlraums that reduce spot motion by 
tamping the motion of ablated wall material. These 
methods may relax the stringent requirements of beam 
phasing, which is the means currently planned for 
reducing the effects of spot motion in National Ignition 
Facility (NIF) targets. 

Symmetry in Nova Hohlraums 
To achieve high convergence in an ICF implosion, 

the radiation drive on the capsule must be very sym- 
metric. While the use of a hohlraum for indirectly 
driving the capsule acts to smooth higher-order asym- 
metries, lower-order asymmetries (particularly P2 
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asymmetries) must be controlled to achieve high-con- 
vergence implosions. 

The drive on an ICF capsule in a hohlraum origi- 
nates from two sources. First, x-ray conversion of the 
laser light on the hohlraum wall creates ”spots” from 
which x rays emanate. Early in time, before the albedo 
of the hohlraum wall rises, this is the main source of 
drive. Beams located at an angle 8 such that P2(cos 8) = 0 
relative to the capsule produce no P, asymmetry. 
Second, as the wall albedo rises, an increasing fraction 
of the drive comes from the hohlraum wall. If the cap- 
sule were completely enclosed by the hohlraum, then 
radiation transport would quickly act to equalize the 
temperature of the walls, creating a symmetric drive. 

Nova hohlraums have several sources of asymmetry 
that must be considered. The presence of LEHs intro- 
duces an asymmetry in the drive on a capsule from the 
hohlraum walls by reducing the drive on the poles of 
the capsule relative to the waist. To balance this reduc- 
tion, the pointing of the beams is adjusted outward to 
increase the drive on the poles. Since emission from 
the walls increases over time, this offset reduces only 
the time-averaged asymmetry. 

Ablation of the hohlraum wall causes material to 
move toward the hohlraum axis during a shot. As the 
ablating plasma moves in toward the hohlraum axis, 
the location of the laser deposition region changes, 
leading to motion of the laser spots toward the LEHs.~ 
This motion results in a time-dependent change in the 
pole-to-waist flux ratio on the capsule, which partially 
compensates for the asymmetry induced by the LEH. 
To obtain a symmetric implosion, the initial pointing 
of the beams is chosen inside the position at which 
P,(cos 8) = 0. As the shot progresses, the laser spots 
move from a pointing inside of ideal to outside in such 
a way that the average contribution to P2 is zero. This 
allows the P, asymmetry of the time-integrated drive 
to be eliminated. 

Design of Hohlraums 
with Shields 

Hohlraums with shields offer an alternative to 
pointing changes to reduce or eliminate P2 asymme- 
tries due to the presence of LEHs. A shield, in this case, 
consists of a disk of high-Z material placed so that it 
blocks the view of the LEH from the capsule, while 
allowing the laser beams to enter the hohlraum and 
impinge upon the walls. This is similar in structure to a 
”shine shield” but differs in its function. Shine shields 
are designed to block the capsule from direct irradia- 
tion by the laser beams entering the hohlraum, rather 
than to block x rays from leaving the hohlraum. 

The design is limited by a number of geometric 
considerations. While it is desirable to block the LEH 
from the view of the capsule, the necessity of keeping 
the shields a certain distance away from the laser 

beams to prevent blocking the incoming light with 
ablated shield material constrains the design options. 
Shields must also remain a sufficient distance from the 
capsule so that the capsule still views the laser spots 
on the hohlraum wall, and so that the capsule does not 
block the shields themselves so that they are able to 
heat up sufficiently. A cold shield would be no differ- 
ent than an LEH, as far as the effect on symmetry is 
concerned, since the function of the shield is to reradi- 
ate x rays onto the pole of the capsule. 

View Factor With and 
Without Shields 

The effect of shields of various sizes on drive sym- 
metry can be estimated using a technique similar to 
that used to study radiation transport in a cavity? We 
can simplify the calculations by assuming a constant 
source of radiation from the walls and shields. The 
transport of radiation from a point on the wall of the 
hohlraum or on the shield (r) to a point on the capsule 
(r’) is described in terms of a geometric viewing factor 

Yv(r,r’) = cosxcosx’/p 2 , 

where p = Ir - r’l. Figure l(a) shows the relationship 
between the angles X and X.’The normalized flux onto 
a point on the surface of the capsule can then be 
defined as 

Since the denominator integrates to a value of K ,  we 
obtain 

(3) F, (r) = K-* 

where the integral is over the area of the hohlraum 
wall and the area of the shields visible to a point on the 
capsule. The extra drive from the laser-spot source of 
radiation can be treated in the same manner. If the 
additional drive from the laser source region is a factor 
a greater than from the walls per unit area, then the 
total drive, normalized to a capsule enclosed in a 
sphere of unit emissivity, is given by 

Yv(r, r’) dA’, 
Aru 

(4) 

where F,(r) is the normalized flux from the source 
region, defined analogously to that from the walls. 
Since the hohlraum is axisymmetric and the source can 
be approximated as an axisymmetric ring, and because 
the quantity of interest is F(r) at the surface of the cap- 
sule, it is sufficient to calculate F at the radius of the 
capsule as a function only of the polar angle 0, 

(5) 
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Figure l(b) shows the normalized flux on a capsule 
from hohlraums using shields of various radii for a 
hohlraum 2300-p-long, 1600-p-diam, with LEHs 
1200-p-diam, and with shields located on the 
hohlraum axis 550 p from the center of the 
hohlraum. We calculated the view factor based on a 
550-p-diam capsule. For the 900-p-diam shield, no 
part of the capsule views the LEH, so the normalized 
view factor FJB) = 1 for all values of 0. 

Figure 2 includes the flux from the laser spots. For 
these calculations, we used a value of a = 1. The laser 
spots were approximated as 3 0 0 - p  wide uniform 
rings on the hohlraum wall. The location was chosen 
by assuming that the beams were pointed at the 
hohlraum axis at the point where it crosses the plane of 
the LEH with the beams forming a 50" angle with the 

hohlraum axis, and then moving the rings 50 p 
toward the LEH to simulate a 1 0 0 - p  spot motion 
averaged over the shot. Figure 2(a) shows calculations 
for the same hohlraum as that used in Fig. l(b). Figure 
2(b) shows calculations for 500-p-diam shields and 
various hohlraum lengths. These simple calculations 
suggest that a 500-p-diam shield and 2300-p-long 
hohlraum should yield a nearly symmetric x-ray flux 
on a capsule. For accurate predictions of actual target 
performance, more detailed time-dependent calcula- 
tions must be performed. 

1 

0.7 

7 Hohlraum 

(Capsule J 

0 45 90 135 
Angle ("1 

180 

FIGURE 1. Geometry used to calculate flwc (a) onto a point on the 
capsule surface and (b) onto the surface of a capsule from the walls 
of a uniformly emitting hohlraum with 0- to 900-p-diam LEH 
shields normalized to the case of a completely enclosed capsule. This 
calculation shows a hohlraum 2300-p-long, 1600-p-diam, with 
1200-p-diam LEHs, and a 550-p-diam capsule. The shields are 
centered on the hohlraum axis 550 p from the center of the capsule. 
(20-04-3107.p~b) 
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FIGURE 2. Flux onto the capsule from the hohlraum used in Fig. 1 
with the emission from the laser deposition spots included showing 
the effect of (a) varying the shield diameter for a hohlraum of fixed 
length (2300 p) and (b) varying the length of the hohlraum with a 
fixed shield diameter (500 p). For these calculations, the laser spots 
were approximated by rings ( 3 0 0 - p  wide) centered on the location 
where the beams would hit the hohlraum wall with an additional 
50 p offset toward the LEH to simulate the effect of 100-p spot 
motion averaged over the shot. These simulations use a value of a = 1. 
(20-04-3108.p~b) 
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Experiment 
We performed a series of experiments on the Nova 

laser to test the effects of shields on drive symmetry 
by imaging the x-ray emission from the imploded core 
of an ICF capsule placed at the center of a hohlraum 
with shields. The hohlraum (Fig. 3) consisted of an 
Au cylinder (1600-p-diam, 2300-pm-long) with 1200- 
prn-diam LEHs. Shields were located 550 p from the 
center of the hohlraum and ranged in size up to 600 p 
in diameter. The capsules had inside diameters of 440 pm 
and wall thicknesses of 55 p, and were filled with 
50 atm D, and 0.24 atm Ar to allow x-ray irnaging?fl5 
The 12- to 15-pm-thick Au shields were mounted on 
50-pm-thick wire. To allow imaging, we drilled 300- 
p - d i a m  holes in the hohlraum wall and covered 
them with 6-p-thick Ti patches. 

Capsule 0.d. (550 pm) 
/ 

, - .. __ I 
Shield-to-capsule center distance 

(550 pm) 
Hohlraum length - (2300 pm) 

FIGURE 3. Nova hohlraum with shields used in initial studies of the 
effects of shields on hohlraum symmetry. (20-04-3109.pub) 

Hohlraum 1 
P Capsule 

FIGURE 4. The asymmetry of the imploded core can be described to 
the lowest order as the ratio n/b, where n and b are the equatorial and 
polar radii of an x-ray emission contour, respectively. 
(20-01-311 O.pub) 

A flat-topped laser pulse of 1 ns duration was used. 
Peak power levels were 20 TW at 30 (h = 0.351 p). 
The beams crossed the hohlraum axis at the LEH and 
were focused 500 p back from the intersection. 

gated x-ray imagers that allowed pinhole imaging of 
the imploded target with 80 ps temporal resolution 
and approximately 7 - p  spatial res~lution.~ 

The primary diagnostics on these experiments were 

Symmetry Analysis 
Time-integrated symmetry is measured by imaging 

the imploded fuel with a gated x-ray imaging diagnos- 
tis on Nova, and is characterized by the distortion of 
the 50% x-ray emission contour. Distortion is defined as 
the ratio of the radius at the waist to the radius at the 
pole, and is a commonly used measure of the degree to 
which an implosion deviates from round (Fig. 4). 

The results show that the presence of the shields 
increases the pressure on the pole of the capsule and 
results in a pancaked image for pointing that would 
otherwise lead to a sausaged image (Fig. 5). The effects 
of spot motion remain, and the symmetry is changed 
only in a time-integrated sense. This symmetry shift is 
equivalent to a change of about 200 p in the pointing 
of the beams. 

Experiments were performed to measure the distor- 
tion of imploded capsules as a function of the diameter 
of the shields. Results from pairs of targets demon- 
strate that the shields have a large effect on symmetry 
(Fig. 6). The images from the gated x-ray pinhole 
camera are recorded on film and digitized using a 
22-p-square aperture and corrected for film response 
by comparison with a "wedge" processed along with 
the image on the same piece of film. This procedure 
allows a conversion from film optical density to expo- 
sure. The digitized image is filtered and smoothed to 
reduce noise. A contour plot of the image is created 
and the 50% intensity contour is analyzed by fitting a 
sum of Legendre polynomials. A decomposition of the 
contour into Legendre modes is performed so that the 
contour may be expressed as 

where 8 is measured from the hohlraum axis. Our 
image analysis typically proceeds through = 8. The 
center of the image is determined by an iterative proce- 
dure that reduces A, and B, to zero. The terms that 
include Pj(cos 8) allow fits to images that are not sym- 
metric relative to the hohlraum axis, which might 
occur due to beam imbalance or pointing errors. 
Using this fit, the distortion n/b is calculated, where 
n = r (8 = n/2) and b = r (0 = 0). 
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Discussion 
The effect of adding shields to a hohlraum can be 

compared to the effect of a displacement of the beams 
or a change in the length of the hohlraum for fixed 
pointing at the LEH. Figure 7 shows the results of sym- 
metry measurements on Nova hohlraums similar to 
those used in this work, but without shields? In this 
series, the beams were pointed so as to cross the 
hohlraum axis at the LEH, and the symmetry of the 
drive was varied by changing the length of the 
hohlraum. The effect of displacing the beams about the 
pointing of best time-integrated symmetry is to 
approximately double the distortion for each 100 p 
change in pointing. Using this relation, the effect of 
adding shields can be expressed as an equivalent 
change in pointing. The two pairs of shots with good 
data can be analyzed separately to determine the 
effectiveness of the addition of shields in affecting 
symmetry (Table 1). For example, the first pair of 
shots compared the symmetry of a 2300-p-long by 
1600-p-diam hohlraum with and without the addi- 
tion of 500-p-diam shields positioned 550 p from 
the hohlraum center. The change in distortion was 
equal to that expected if the beam pointing is changed 
by about 184 p. The ratio of the equivalent beam 
pointing change to shield diameter was then 0.37. We 

TABLE 1. Results of symmetry experiments using Nova hohlraums 
with shields. 
I I 

Equivalent APointingl 
Shield Pointing AShield 
Diameter Distortion Change Diameter 

500pn 1.470 

600pn  0.974 

First Pair O p  0.411 184 l.lm 0.37 

ThirdPair 2 0 0 p  0.318 161 pn 0.40 

obtained a similar result by comparing hohlraums 
with 2 0 0 - p  and 6 0 0 - p  shields, though both targets 
in this pair exhibited more sausaged images than 
expected, perhaps due to a pointing error that would 
have affected the symmetry of both targets since the 
beams were not repointed between shots. 

controlled by changes of pointing, hohlraums with 
shields that remain constant in time do not offer any 
advantages per se as far as time-dependent symmetry 
is concerned. This situation may be improved by using 
shields that vary in time, either by having a changing 
albedo, or by burning through at some point in the 
shot. Also, the combination of a gas-filled hohlraum 
with shields may help reduce time-dependent flux 
symmetry swings. 

Since time-integrated symmetry can be adequately 

(a) Without shields 

f ,.. 
FIGURE 5. Hohlraum 
geometry and gated x-ray 
pinhole image at the 
time of maximum x-ray 
emission for a hohlraum 
(a) without a shield and 
(b) with 500-p-diam 
shields placed 550 p 
from the center of the 
hohlraum. 
(20-04-3111.pub) 

(b) With shields 
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If one uses an Au shield with a thickness on the 
order of 1 p, the shield will burn through during a 
typical Nova shot. Since the addition of a shield has 
the same effect as moving the pointing of the beams 
outward, having the shield burn through is similar to 
moving the beams inward. Thus, one could use a burn- 
through shield to compensate for the motion of the 
laser spots toward the LEH (Fig. 8). The laser spots 
could then be aimed nearer to the P2(cos 0) = 0 location 
at  the beginning of the shot, thereby reducing early 
time P, asymmetry. As the shot progresses and the 
spots move outward toward the LEHs increasing the 
flux on the poles, the shields would burn through 
reducing the flux on the poles. Thus, a reduction in the 
time-dependent P, component of the asymmetry 
might be achieved. A shield constructed of two regions 
of different thickness would burn through in two 
steps, allowing better control over time-dependent 
symmetry. A graded shield, with a continuously vary- 
ing shield thickness, could, in principle, eliminate 
time-dependent asymmetry altogether. 

Current plans for NIF targets call for gas-filled 
hohlraums. The gas (a helium-hydrogen mixture) acts to 
prevent the motion of the hohlraum wall toward the 
hohlraum axis, reducing the motion of the laser spots. If 
this method for controlling this source of time-depen- 
dent asymmetry is successful, then the addition of 
shields can be used to control the asymmetry due to the 
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LEH and the time-dependent wall emission. The combi- 
nation of gas-filling and LEH shields could produce a 
hohlraum with little time-dependent asymmetry. 

Efforts are currently underway to develop tech- 
niques for characterizing drive symmetry in a time- 
dependent manner.6~~ When these techniques become 
available, it will be desirable to have methods to con- 
trol and reduce time-dependent asymmetries in Nova 
hohlraums. One means to do this will be to use time- 
dependent shields. 

Conclusions 
Modeling efforts indicate that adding a shield to a 

Nova hohlraum affects symmetry similarly to moving 
the pointing of the beams toward the LEH. Experiments 
have shown that for a certain class of Nova hohlraums, 
the ratio of the equivalent change in laser pointing 
needed for a given change in distortion to the shield 
diameter needed for the same change is about 0.4. 
Shields that burn through at some time during the 
shot, or which have a spatially varying thickness so 
that they burn through in a prescribed manner, may be 
useful in controlling time-dependent symmetry in 
Nova hohlraums where beam phasing, the current 
plan for symmetry control on NIF, is not available. 
Shields may also be useful in gas-filled hohlraums, 
since the gas reduces spot motion. 

FIGURE 7. Distortion vs hohlraum half-length for Nova hohlraums 
from experiments using a 1-ns flat-topped laser pulse at 20 TW. The 
lasers crossed the hohlraum axis at the LEH. (20-04-3113.pub) 

FIGURE 6. Distortion of the imploded core of a capsule in 
hohlraums similar to that shown in Fig. 3, but with different shield 
radii, along with the results of simulations. One pair of targets (1994 
data) is more sausaged than expected, and may indicate a laser 
pointing error on that pair. (20-04-3112.pub) 
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A Pancaked Beams-off point - With shield 
Without shield 

0 

Sausaged 4 
FIGURE 8. Qualitative representation of the pole-to-waist flux ratio 
one might obtain using hohlraums with shields, without shields, and 
with bum-through shields. Bum-through shields or graded shields 
could potentially be used to control time-dependent symmetry on 
Nova shots. (20-04-3114.pub) 
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A 32 GIGASAMPLE-PER-SECOND SINGLE-SHOT 
TRANSIENT DIGITIZER* 

T. E.  McEwan 

J. D. Kilkenny 

Introduction 
Nova laser operations require high-speed recording 

of transient electrical signals. Such signals are pro- 
duced, for example, by the incident-beam diagnostic 
arrays' used to monitor the power in each of the ten 
Nova beams and by the two 15-channel, broadband 
"Dante" filtered x-ray diode arrays used for time- 
resolved measurements of radiation temperature. 

Expensive 5-GHz oscilloscopes are used for recording 
these signals, and they must often be moved between 
blocks of shots because there are more signals than 
scopes. As an alternative to purchasing many more 
expensive oscilloscopes, and to devise a way to monitor 
all 192 laser beams of the proposed National Ignition 
Facility (NIF), we have developed a high-speed electrical 
digitizer, called the single-shot transient digitizer (SSTD). 

Voltage 
samples 
to A-to-D 

Pipe N I 
FIGURE 1. The signal to be measured by the SSTD is split equally to meandered transmission lines in N "pipes." Upon receipt of an external 
trigger, a gate pulse is applied to all the samplers in pipe 1 almost simultaneously, closing the switches for about 45 ps and charging C,,, C,,, .. ., 
C,,,,,,. Since the propagating signal is spread out along the meandered signal line, the samplers take a "snapshot" of its voltage waveform. This 
process is repeated sequentially for pipes 2 through N. All N x M samples in the array are then read out serially by a relatively slow 12-bit A-to-D 
converter. (70-15-3115.pub) 

* R&D Research & Development-R&D 100 Awards, RbD Mngnzine, 69 (Oct 1993). 
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Our eventual goal is to develop an instrument with 
60-ps rise time, a dynamic range of 60 dB, and an accu- 
racy of 1%. Record lengths of 5 to 10 IIS are desirable. 

Although the principle of the SSTD was pub- 
l i ~ h e d ~ - ~  in the 1960s and 1970s, development of our 
practical, inexpensive device was facilitated by 
advances in high-speed pulse technology6 and in the 
manufacturing of high-speed circuits? 

The SSTD represents a substantial departure from 
the technical approach used in commercial solid-state 
digitizers, which generally use 8-bit-resolution mono- 
lithic analog-to-digital (A-to-D) converters running at 
500 megasamples per second (MS/s).8 The SSTD is 
based on a novel analog sampling array that organizes 
a large number of extremely high-speed Schottky 
diode samplers into a high-performance, readily man- 
ufacturable structure. The SSTD received an R&D 100 
award as one of the 100 most technologically signifi- 
cant developments of 1993. 

Principles of Operation 
The SSTD is based on an N x M array of voltage 

sampling circuits, arranged along N "pipes" (Fig. 1). 
The transient signal to be measured is split equally 
between the N transmission pipes. In each pipe the sig- 
nal propagates (relatively slowly) along a meandered, 
dispersion-free delay line, along which M sampling 
circuits are evenly spaced; parallel to this line is a 
straight (and therefore faster) transmission line for gate 
pulses. When the transient signal is far enough along 
the pipe, a gate pulse is applied to the first pipe in the 
array and then, at suitable intervals, to the other pipes. 
After the sampling is complete, the data are read out 
by an A-to-D converter, and the data are stored in digi- 
tal memory. Software routines then apply calibration 
corrections to the data and reconstruct the signal using 
curve-fitting techniques. 

Figure 2 shows how the arrangement just described 
can be used to take a multisample "snapshot" of a 
transient signal in a single shot. To make the illustra- 
tion representative of actual conditions, we assume 
that the transient signal takes 80 ps to move from one 
sampler to the next, and that the gate pulse takes only 
20 ps to move from one sampler to the next, triggering 
each sampler in turn. Figure 2(a) shows the position of 
the transient signal along the pipe as each numbered 
sampler is triggered; numbered dots indicate the corre- 
sponding signal heights sampled. Figure 2(b) shows 
the transient signal as reconstructed from the sampler 
outputs; because of the relative speeds of transient and 
gate signals in their "race" along the pipe, the interval 
between samples is effectively 80 - 20 = 60 ps, as 
shown. The effective sampling rate in this hypothetical 
case would thus be (60 ps)-' = 16.7 x lo9 = 16.7 GS/s. 

The relative timing of the gate pulses to multiple 
pipes can be used to increase the effective sampling 

rate, to increase the total sample length, or both. For 
example, two pipes can be time-interleaved (that is, 
sampled in parallel) by delaying the gate pulse to the 
second pipe by one-half a sample spacing (i.e., by 30 ps 
in the example of Fig. 21, which doubles the effective 
sampling rate. Three or more pipes can be similarly 
time-interleaved, with corresponding increases in the 
sampling rate. Alternatively, N = 2,3, . . . pipes can be 
gated successively (that is, in series) at intervals of one 
pipe length (in nanoseconds), resulting in a total sam- 
ple length of N pipe lengths. Given enough pipes, 
interleaving and concatenation can be combined to 
give a variety of record lengths and sampling rates. 

Implementation 
The SSTD is the first practical implementation of 

Schottky diode samplers in an array structure. This 
implementation depended on two key factors: the sam- 
pler's low component count and its low line loading. 

I (a) Transient signal in "SSTD pipe" at 20-ps intervals 

1 2 3 4 5 6 7 
Position along pipe (sampler numbers) 

F ( b ) t r u c t e d  from 8 "SSTD" samples 

Time (ps, from arbitrary zero) 

FIGURE 2. (a) Position of hypothetical transient signal in an SSTD 
pipe at 20-ps intervals. The signal, moving along a delay line, takes 
80 ps to move from one sampler to the next. As the signal reaches its 
first (leftmost) position, sampler 1 fires and records the (zero) signal 
amplitude at its position. Successive samples, taken at 20-ps intervals, 
yield the amplitudes indicated. Because of the delayed nature of the 
transient signal, the samples are effectively taken at 60-ps intervals 
along the signal. (b) Signal as reconstructed from the eight samples. 
(70-15-3116.pub) 
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The samplers used in high-speed sampling oscillos- 
copes are fairly complicated (employing up to six 
Schottky diodes), and they load the gate pulse line. 
Our 2 x 32 SSTD (Fig. 3) uses an LLNL-developed sam- 
pler that presents very little loading to the signal line, 
as evidenced by the time-domain reflectometry trace in 
Fig. 4(a), and that presents so little loading to the gate 
pulse that 32 samplers can be connected to a single 
gate-pulse line. 

FIGURE 3. Our SSTD contains a 2-pipe x 32-sampler array. The 
meandered microstrip lines are 2 ns long. A 12-bit A-to-D converter 
serially digitizes the 64 samples and stores them in digital memory 
for later readout. (70-15-3117.pub) 
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In our 2-pipe x 32-sampler SSTD (Fig. 3), each pipe 
is 2 ns long and has a 62.5-ps sample spacing. (The 
propagation delay between samplers is 83.5 ps along 
the signal line and 21 ps along the gate pulse line.) The 
module includes a 12-bit A-to-D converter. A personal 
computer reads the digital data from the module and 
performs calibration and curve fitting under the 
LabVIEW data acquisition and control programming 
language9 

One of these sampler modules cannot quite deliver 
records long enough for Nova applications. Time-con- 
catenating several modules would require precise time 
alignment between modules, which is not a very 
robust approach in the Nova operational environment. 
Instead, we squeezed more samplers into a single 
module using a simplified sampling circuit, developed 
for automotive wide-band radar at LLNL. The result- 
ing 10 x 16 sampler has the structure shown in Figs. 5 
and 6. 

In the 10 x 16 sampling array, each pipe is 1 ns long; 
sample spacing is again 62.5 ps. For Nova applications, 
we expect to time-concatenate five interleaved pairs of 
pipes to obtain 5-11s records with 31-ps sample spacing. 

The complexity of our first-generation SSTD limited 
the number of samplers in one module to 64 (2 x 32). 
Our 10 x 16 module has just one dual Schottky diode 
(common package) and one bias resistor per sampler; 
this component count is so low that we expect to be 
able to increase the number of samplers in one module 
to 320 (10 x 32). 

(a) 2 x 32 array 

Connector 
Termination 

-Samplers - i 
Time (ns) 

(b) Scan-converting oscilloscope t 

I O  2 4 6 8 10 
Time (ns) 

FIGURE 4. Time-domain reflectometry indicates that signal-line reflections are (a) less than 2% for the 2 x 32 SSTD samplers and (b) about 3% 
for the deflection structure of a scan-converting oscilloscope. (70-15-3118.pub) 
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FIGURE 5. Artist's conception of the 10 x 16 sampling array using 
our new samplers. The meandered lines carry the signal to the sam- 
plers and the straight lines carry the gate pulses to the samplers. The 
periodicity of the meander is 83 ps, and the gate pulse takes 21 ps to 
propagate from one sampler to the next, forming a 62-ps sampler 
spacing. Each sampler consists of two diodes and a metallic patch 
that forms the sample-holding capacitor. (70-15-3119.pub) 

The traces in the 10 x 16 array are etched on a 
0.25-mm-thick copper-clad woven-Teflon substrate 
(Fig. 7). The bottom of the substrate is copper clad to 
form a ground plane and shield for the circuit. Copper 
cladding is placed on the top of the substrate by over- 
laying a 0.25-mm woven-Teflon layer with the copper 
cladding on the outside. These conducting layers pre- 
vent the escape of radiation from the meandered signal 
line, which would otherwise occur at a frequency 
related to the periodicity of the meander (about 12 GHz). 
The shielded transmission lines form symmetric 
striplines that are free of the frequency-dependent modal 
dispersion normally associated with substrate-backed 
microstrip and coplanar waveguide lines. Thus a signal 

Topside ground plane 

High-speed traces 

Bottomside ground plane 

Readout trace layers 

FIGURE 6 .  The rate of change in the E-field developed by the gate 
pulse in the 10 x 16 array causes a displacement current to flow 
between the gate pulse line and a pick-off strip, driving the two 
sampling diodes into conduction for 45 ps and charging Chold to 
about 95% of the voltage on the signal line. (70-15-312O.pub) 

of arbitrary shape propagates with little change in 
shape along the SSTD stripline. 

The bottom of the sampling array is laminated with 
two 0.5-mm glass-epoxy circuit board layers that hold 
analog sample buffers and multiplexers used for serial 
readout to the A-to-D converter. These components are 
implemented in surface-mount technology for rapid 
automated assembly. The sampling diodes and other 
high-speed components are surface-mounted on the 
top of the circuit board. 

(not shown) is connected to the common-cathode node 
of the two Schottky diodes to reverse-bias them. When 
the gate pulse passes the sampler, the rate of change in 
the E field (labeled E in Fig. 6)  between the gate pulse 
line and a short pick-off strip causes a displacement 
current to flow that drives the diodes into conduction, 

In the 10 x 16 sampler structure (Fig. 61, a bias resistor 

SMT sampling diodes 

SMT charge amplifiers 
and readout circuits 

FIGURE 7. The 10 x 16 
sampling array consists 
of four dielectric layers. 
The high-speed traces 
are sandwiched 
between two ground- 
plane layers to reduce 
radiation and disper- 
sion and to shield the 
array from interference. 
(70-15-3121.pub) 
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effectively placing a "short" between the signal line and 
the sample-holding capacitor Chold for a duration related 
to the negative-going transition time of the gate pulse. 

Chold is formed by a small metallized patch sand- 
wiched between the outer copper-clad layers. When 
the diodes conduct, Chold charges exponentially with a 
15-ps time constant (defined by Chold, the transmission 
line impedance, and the sampling diode resistance). 
Chold charges for about 45 ps, a sampling aperture time 
equal to the difference between the gate pulse transi- 
tion time (60 ps) and the time required to slew the 
diode voltage at the common-cathode node from 
reverse to forward bias (about 15 ps). Chold need not 
charge to the full signal voltage, but only to consis- 
tently charge to the same percentage of the signal volt- 
age; corrections are made in software. (Charging for 
three exponential time constants yields 95% of the full 
signal voltage.) 
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FIGURE 8. High-speed 
performance of the 

rise-time test pulse 
recorded (a) with an 
18-ps-rise-time 
Tektronix sampler and 
(b) with the SSTD. 
(c) Vertically expanded 
plot indicates that the 
dynamic range of the 
SSTD is over 60 dB. 
(d) Horizontal expan- 
sion of the trace in 
(c) indicates that SSTD 
and test setup jitter is 
about 2 ps peak-to- 
peak. 

10 x 16 SSTD. A 100-pS- 

(70-15-3122.p~b) 
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The charging of Chold pulls charge from the signal 
line, causing a "kickout" signal to propagate along the 
transmission line towards adjacent samplers. It is 
important that samplers do not sample each other's 
kickout, so the sampler spacing along the transmission 
line must be greater than the kickout duration. Pipes 
must be interleaved to obtain a sampler spacing 
shorter than the gate duration. (Pairs of pipes must 
also generally be interleaved if aliasing is to be 
avoided, as discussed in the next section.) 

Once the samples are taken, the charge on each sam- 
ple-holding capacitor is read out by charge amplifiers. 
The charge amplifiers and associated readout circuits are 
repeated 160 times, so simplicity is important. Our cir- 
cuitry uses off-the-shelf components that are packaged 
in multiples, e.g., four charge amplifiers on one chip. We 
are designing an application-specific integrated circuit 
(ASIC) to further reduce the component count. 

0 2 4 6 8 10 0 2 4 6 8 10 
-0.6 

Time (ns) Time (ns) 

0 2 4 6 8 1 0  0 20 40 60 80 100 
Time (ns) Time (ps) 
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Operation and Performance 
Figures 8 and 9 show the performance of the 10 x 16 

sampler for high-speed and low-speed waveforms, 
respectively, using a repetitive-sampling mode to test a 
single sampler. Figures 8(a) and 8(b) show that the 
sampler reproduces a 100-ps-rise-time test pulse about 
as well as a Tektronix SD-24 sampler with 18-ps rise 
time. The expanded scale of Fig. 8(c) shows the sam- 
pler's dynamic range, which is >60 dB (peak full-scale 
signal to rms noise floor). Figure 8(d) shows that the 
jitter of the sampler and test setup, including a 0-50 ns 
variable delay circuit, is about 2 ps peak-to-peak. 

Figure 9(a) shows amplitude compression at the 
peaks of a 20-kHz sawtooth wave; this will be cor- 
rected in software. Figure 9(b) shows a square-wave 
response that indicates good low-frequency perfor- 
mance, which is needed for our precision amplitude 
calibrator. Numerical simulations with the general- 
purpose circuit simulation code SPICE'O confirm the 
test results and indicate an unusually high tolerance to 
manufacturing variations. 

The 160 samples taken by the array are sequentially 
read out by a 12-bit A-to-D converter and stored in 
digital memory for error correction and curve fitting. 
Static correction of amplitude error compensates for 
sampler-to-sampler variations in baseline, gain, and 
linearity. The temperature dependence of the samplers 
is quite low-about 0.1% per 10°C for baseline and 
gain variation relative to full scale. Error correction for 
the sampling array is similar to flat-fielding in a streak 
camera or CRT. We developed a precision 12-bit-reso- 
lution pulser that can calibrate all 4096 digitized levels 
of each sampler to 0.1% of full scale accuracy. In prac- 
tice, we limit correction accuracy to 1% to make the 
error tables smaller and to reduce the time needed to 
apply the corrections. Even at 1% correction accuracy, 

1 

-1 

0 20 40 60 80 100 
Time (ps) 

the SSTD will be at least twice as accurate as commer- 
cial scan-converting digitizers. 

The digitizer's time base, or horizontal-axis scale 
factor, is primarily defined by transmission lines that 
are dimensionally accurate to 0.1 %, but whose propa- 
gation delay may vary by 2% because of manufactur- 
ing variations in the dielectric constant of the 
woven-Teflon substrate. The time base will be cali- 
brated by applying a quartz-referenced 2-GHz oscilla- 
tor to the signal input of the digitizer and feeding the 
precise 500-ps zero-axis crossings to a software routine 
to generate a scale correction factor. We do not plan to 
correct for sample spacing errors, which may amount 
to 5 ps because of pipe-timing misalignment and sam- 
pler variations. Spacing errors show up only on fast 
transitions and are smaller than the natural error arising 
from the finite bandwidth of the system. 

A curve is fitted to the corrected samples to provide 
a smooth digital output waveform. Ideally, the 
smoothed waveform should contain no errors arising 
from the sampling process itself, which means that an 
adequate number of samples must be taken. A tran- 
sient signal can be adequately represented if the sam- 
ples are taken at a rate (in GS/s) that is at least twice 
the frequency (in GHz) of the highest spectral compo- 
nent associated with the signal. For the SSTD, the sam- 
pling rate is typically fixed at 32 GS/s, so we must 
limit the input spectrum to less than 16 GHz with an 
anti-alias filter. (Readers will be familiar with the 
Nyquist limit and aliasing in the frequency domain.'l 
In the time domain, the shape of the reconstructed 
signal will depend on the exact location of the samples 
if the spectrum of the transient exceeds the Nyquist 
limit.) Figure 10(a) shows an anti-alias filter with a 
-3 dB bandwidth of 5.6 GHz and an attenuation of 
40 dB (a factor of 100 in voltage) above 16 GHz. Errors 
due to aliasing are therefore reduced by a factor of 100 

0 20 40 60 80 10 
Time (ps) 

FIGURE 9. Low-speed 
performance of the 
10 x 16 SSTD with full- 
scale inputs. (a) The 
deviation from linear- 
ity on this triangle 
wave will be corrected 
in software. (b) The 
flat-topped square 
wave indicates flat 
low-frequency 
response, which is 
needed for precision 
calibration. 
(70-15-3123.pub) 
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FIGURE 10. (a) 
Frequency response of 
simulated anti-alias fil- 

and typically contribute less than 1% error to the 
reconstructed signal. 

Neglecting the response of the samplers, the digi- 
tizer's bandwidth and rise time are essentially set by 
the anti-aliasing filter. Figure lo@) shows the step 
response of the filter of Fig. 10(a). The rise time is 
60 ps, approximately two sampling intervals. Figure 11 
is a plot of the error in reconstructed signal rise time vs 
the number of sampling intervals spanned by the rise 
time, assuming a digitizer with 9-bit accuracy.12 The 
figure shows that a three-sampling-interval rise time 
(94 ps for the present SSTD) can be represented to 
0.3% accuracy, no matter where the samples fall on the 
rise time. This also means that the reconstructed wave- 
form can be smoothly "scrolled" across the screen by 
adjusting the external trigger timing in fine increments 
such as 1 ps-much less than the 31-ps sampling inter- 
val that might seem to be a "quantum limit." 

The 45-ps aperture of our samplers introduces a the- 
oretical frequency response that is similar to that of the 
anti-aliasing filter and that approximates a sin(x)/x 
curve with a first null at (45 ps)-' = 22 GHz. Numerical 
simulations of the sampler indicate a -3 dB bandwidth 
at 10 GHz and a first null at 17 GHz. Because the sam- 
pler response resembles the desired response of the 
anti-alias filter, we used the samplers themselves to 
perform the anti-alias filtering function. 

Fitting a curve to the SSTD data is similar to wave- 
form processing in scan-converting oscilloscopes, 
where the writing page in the scan-converter resolves 
fewer than 100 lines but the processed waveform typi- 
cally contains 1000 data points, corresponding to 5-ps 
resolution across a 5-ns record. This type of waveform 
processing is of little help in resolving pulses that are 
spaced closer than the intrinsic resolution of the instru- 
ment (<lo0 lines for scan-converters and 160 samples 
for the current SSTD), but processing does help resolve 
slight shifts in the time of occurrence of the signal. 

(a) -3 dB at 5.6 GHz 

Figure 12 shows the processed output of an inter- 
leaved 2 x 16 array (32 samplers spanning a 1-ns 
record length) and that of a Tektronix SCD-5000 scan- 
converting oscilloscope for the same input waveform. 
Other than the short, flat segment on the right of the 
SSTD plot, which is actually the end of the sample set, 
there is essentially no evidence that only 32 samples 
were taken on the 100-ps-rise-time test pulse, and the 
waveform compares well to (and exhibits lower noise 
than) the analog oscilloscope trace. 

The net response of the digitizer is the convolution 
of the high-speed response of the sampling array and 
the equivalent time response of the sample-smoothing 
routine. Dynamic high-speed errors occurring at the 
input end of the SSTD, such as signal reflections and 
bandwidth loss due to cables, connectors, and samplers, 
can be compensated at the output end with a smooth- 
ing process that has an inverse characteristic. For 

0 2 4 6 8 10 12 
Sample periods per risetime 

FIGURE 11. Simulated error in reconstructed signal rise time vs 
number of sampling intervals spanned by the 10-90% rise time, for a 
digitizer with 9-bit accuracy. For the SSTD, a 94-ps rise time can be 
reconstructed to an accuracy of 0.3%. (70-15-3125.pub) 
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example, if the high-speed input circuitry has a step 
response that has undershoot, the curve-fitting routine 
can apply just the right amount of overshoot to com- 
pensate. Since reconstruction is done in software, we 
are looking at waysI3 to generate a reconstruction filter 
that corrects for these effects adaptively, so that all 
SSTDs will have identical bandwidth and step 
response. 
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5. W. Buchele, “FISO Sampling System,” U.S. Patent 4,833,445 
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I I I Generation using Avalanche Diodes,” in SPlE Proceedings on 

Summary and Prospects 
Our novel sampling array, called a single-shot tran- 

sient digitizer (SSTD), combines extremely high-speed 
Schottky diode samplers with low-cost manufacturing 
techniques. Our 10 x 16 sampling array will digitize a 
5-ns-long record with a rise time of 60 ps, an accuracy 

0.2 
(a) SSTD response to a single pulse 

of 1%, and a dynamic range of 60 dB. We expect that 
the SSTD will (in commercial production) cost less than 
one-fifth as much as a scan-converting oscilloscope. 

We are designing a custom-packaged SSTD with 
two independent digitizer channels, internal attenua- 
tors and calibrators, variable-delay triggering, a soft- 
ware fiducial, and a local microprocessor for sample 
processing, databasing, Ethernet and GPIB interface, 
and local keyboard/monitor support. 

time to 10 ps and further reducing size and cost. We 
are developing a GaAs monolithic pulse compressor 
that will generate the fast transitions needed to gate 
the samplers at <lo ps aperture, and we are looking at 
an emerging substrate technology that combines 
micrometer-scale metallization with centimeter-scale 
alumina substrates suitable for our meander lines. We 
are planning to construct a low-cost SSTD with 20-ns 
record length for application in the proposed National 
Ignition Facility. If a means can be found to extract 
samples much faster than at present, it should be pos- 
sible to route a transient signal through a pipe many 
times, thus making one pipe do the work of many. 

The SSTD sampler circuits and array architectures 
are unique LLNL developments with U.S. and foreign 
patents pending. 

Prospective enhancements include reducing the rise 
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FORMATION OF H2-D2 LIQUID LAYERS IN 2-MM-I.D. 
CAPSULES USING THE THERMAL GRADIENT TECHNIQUE 
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Introduction 
Targets for inertial confinement fusion require very 

highly uniform layers of liquid or solid deuterium- 
tritium (D-T) fuel. High-uniformity solid D-T fuel 
layers have been obtained using the "beta layering" 
technique.' However, the surface finish naturally 
achieved by the ice layer with this process has an rms 
surface roughness two to three times larger than the 
maximum desirable rms surface roughness for a 
National Ignition Facility (NIF) scale target. The fuel's 
inner surface roughness causes mixing of cold fuel 
with fuel in the central hot spot during the fuel com- 
pression cycle of the implosion, thereby cooling the 
hot spot and preventing efficient fuel ignition. Liquid 
fuel layers, if achievable, would be smoother due to 
surface tension effects. 

ments on liquid H2-D, layers supported using the 
thermal gradient2 technique. We use hydrogen- 
deuterium (H-D) mixtures because they are much 
easier to handle in experiments without concern for 
radioactivity, and they are physically equivalent to 
D-T mixtures for studying the thermal gradient 
layering process. 

top" temperature gradient is externally impressed on 
the capsule containing the H2-D2 mixture. This tem- 
perature gradient concentrates the element with the 
higher vapor pressure (H2) in the colder region 
(toward the bottom) leaving the top of the capsule 
with a higher concentration of D,. The difference in the 
surface tension of the two elements produces a surface 
tension gradient that pulls the liquid toward the area 
of higher surface tension (D2). These surface-tension- 
driven flows counteract the gravitational slumping of 
the liquid layer. 

In this article, we present results of recent experi- 

In the thermal gradient technique, a positive "hot on 

*Los Alamos National Laboratory 
+General Atomics 

Measurements of layer thickness vs thermal gradient 
were performed on 2- to 3-mm-0.d. glass capsules, 
similar to those that might be used on the proposed 
NE. A dynamic technique used to increase the effective 
thermal gradient allows a sigruficant increase in the 
liquid layer thickness compared with that achievable 
using the static gradient technique in our apparatus. 

We have also measured the thickness vs angle of a 
D, liquid meniscus, located on the inside cylindrical 
corner, formed by the junction of a hemishell to a flat 
window. Although this static meniscus configuration is 
not completely equivalent to the dynamic layers inside 
a sphere, it remains smooth at 30 pn thick in the pres- 
ence of a 1-Hz 10-p amplitude vibration from the 
closed cycle refrigerator. This smoothness implies that 
a significant degree of stability and damping may be 
expected even from thick liquid layers. The rms surface 
roughness calculation shows the expected improve- 
ment over the solid surface finish. 

Experiments 

Cryogenic Test Cell Description 
For the static gradient experiment, we used a 

2.2-mm-0.d. hand-blown glass capsule with an average 
wall thickness of -15 p. For the dynamic gradient 
experiment, we used a 3-mm-0.d. glass shell constructed 
from two 0.5-mm-thick hemishells. Since we cannot 
yet obtain diffusion filled capsules with sufficiently 
high pressure to achieve the required liquid layer 
thickness, we fitted the capsules with a 0.35-mm-diam 
fill tube. Through this tube, we filled the capsules in 
situ after they were cooled below the dew point of the 
H2-D2 mixture. 

The capsule is positioned in the center of a 6-mm- 
high, 15-mm-diam cylindrical cavity that contains He 
gas to cool the capsule and to provide the medium for 
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establishing the thermal gradient. The glass or stainless 
steel fill tube attached to the glass capsule at the equa- 
torial plane serves as a mount to support the capsule in 
the center of the cavity. This horizontal fill tube config- 
uration minimizes its effect on the thermal gradient in 
the He gas. The top and bottom of the cavity, made of 
an oxygen-free high-conductivity copper plate, has 
calibrated germanium resistance thermometers and 
heaters mounted at each end. The top assembly is vac- 
uum insulated, except for the side facing the capsule, to 
minimize the heat leaked to the test chamber. 

exchange gas, cools by contact with a variable tempera- 
ture cryostat (controlled between 8.040 K). Optical 
windows in the test chamber, the liquid N, shield of the 
dewar, and the vacuum jacket of the dewar allow direct 
observation of the sample, while minimizing the radia- 
tion heat load on the test chamber and the capsule. 

For all test cases, the capsule fill consisted of a 50:50 
mixture of H, and D?, combined in a room-tempera- 
ture mixing ihambeqand then transferred to the cap- 
sule through a metering valve or flow controller. Once 
a sufficient amount of liquid collected in the glass cap- 
sule, the temperature of the test chamber was cooled 
below the freezing point of the H,-D, mixture while 
maintaining the desired average temperature between 
the gradient plates constant. The cooling continued 
until a solid H2-D2 ice plug formed in the fill tube out- 
side the cylindrical cavity, sealing in the fill. 

We used a personal computer to collect the test data 
and to control the operating parameters for a given 
experiment. Figure 1 shows the camera setup used to 
image the glass capsule. A fiber-coupled high-intensity 

The test chamber, which retains the He heat 

FIGURE 1. 
Physical layout and 
optical schematic of 
the liquid layer test 
system. 
(10-06-3127.pub) 

light source illuminates one of the four windows of the 
cryostat. The light source is filtered with a combination 
of a cold mirror to reduce the infrared heating, and a 
600-nm low-pass filter to reduce capsule absorption. 
An internal opal diffuser (behind the glass capsule) 
creates a wide-angle backlighter for viewing the 
capsule. This wide-angle illumination enables light 
refracted by the thin liquid layer to be captured by 
the long-working-distance microscope to image the 
capsule. This microscope, with an effective aperture 
of f/4.5, connects to a digital camera with a megapixel 
cooled, slow-scan charge-coupled device (CCD) to 
capture the data. The resolution of this arrangement is 
limited by the CCD resolution and the need to frame 
the outside diameter of the glass capsule to a value of 
-3 p/p ixe l .  (The capsule's inside diameter does not 
generally show good contrast.) The images are down- 
loaded from the camera controller to the personal com- 
puter and are permanently stored on an optical disk 
drive, along with temperature data, and timing and 
exposure information. 

Data Acquisition Procedure 
We used two different techniques to acquire the 

layer thickness data-a static thermal gradient and 
a dynamic gradient generation. 

With the static thermal gradient technique, the 
computer controls the temperature of the top and the 
bottom plates of the gradient cell. This allowed us to 
attain a specified average temperature while increas- 
ing the temperature gradient in small increments 
(0.1-0.5 K/cm), providing enough time between each 

1x 
Computer 

I 
Bottom plate 
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incremental change to stabilize the temperature. The 
sequence starts with a small negative gradient (hot on 
bottom), and proceeds to the largest positive gradient 
attainable at that preset average temperature. A full- 
frame picture of the capsule was taken at the begin- 
ning of the sequence, and thereafter when a specified 
gradient change was completed. The maximum gradi- 
ent attainable by this method was 18 K/cm at an aver- 
age temperature of 21 K. 

With the dynamic gradient generation technique, the 
He gas chamber cools to the lowest achievable temper- 
ature (generally 7-9 K). Then, power is applied to the 
heater in the vacuum-insulated top gradient plate by a 
controlled voltage source, which causes the tempera- 
ture to increase rapidly. With this arrangement, temper- 
ature gradients in excess of 25 K/cm can be achieved 
within 30 s, before the bottom plate temperature starts 
to warm up. Since our high-resolution cooled CCD 
camera cannot acquire full frames faster than -15/min, 
we reformatted the CCD camera to acquire 1024 x 2 or 
4 pixel frames (similar to a linescan camera) aligned 
vertically with the center of the capsule. With this 
change, we effectively increased the frame rate to -3/s .  
This allowed us to acquire a timed "streak" record of 
the behavior of the central (thickest) portion of the liq- 
uid layer as the average temperature and the gradient 
were rapidly changing. 

Layer Thickness and Symmetry 

Thin Shell with Static Gradient 
We collected the static gradient test data at an average 

capsule temperature of -18 K. A full-frame picture of the 
capsule was recorded in the varying thermal gradient at 

/-- 

e 

FIGURE 2. Static gradient thin-wall glass capsule showing the blem- 
ish at the top and the profile location chosen to avoid the blemish. 
The "C-shaped" shadow (left side) is caused by the fill-tube image. 
(10-06-31 28.pub) 

Refraction shadow 

Liquid edge 

from thin top layer 

(top) 
Inner wall 

L .- . . Bottomedge .. . 

I- I 
Increasing gradient 

FIGURE 3. Generated "streak" of the profile vs gradient for the 
static gradient test. We removed the center section to allow easier 
comparison of the top and bottom layers. (10-06-3129.pub) 
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FIGURE 4. Liquid layer thickness vs thermal gradient from a static 
gradient test. (Average temperature is also plotted.) 
(10-06-3130.p~b) 
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increments of 1.6 K/cm. For this test, we used a hand- 
blown glass capsule with a thin wall (-15-p-thick) 
distorted by a thickening at the top of the capsule 
(-40-p-thick). This thickening resulted in a dark region 
that obscured the liquid layer, as shown in Fig. 2. 

We measured the layer thickness using a profile of 
the image generated at -45" from the vertical to mini- 
mize the effect of the obscuration as well as that of the 
fill tube. We assembled a series of these profiles into a 
time history similar to a streak record (Fig. 3). As 
shown, the central section of the capsule has been 
removed so that the layers on both sides of the capsule 
may be easily compared. This streak record shows that 
the layer thickness at the top of the capsule increases 
roughly by the same amount that the bottom layer 
thickness decreases as the temperature gradient is 
increased from -4 K/cm to -15 K/cm. 

Figure 4 plots the measured top layer thickness vs 
the thermal gradient for this data. The layer thickness 
increases smoothly with the temperature gradient until 
the average temperature starts to increase on the last 
three data points from about 18-19 K. This increase in 
the average temperature causes the liquid layer thick- 
ness to decrease by evaporation even though the ther- 
mal gradient is still increasing. 

J Bottom layer 
edge 

Inner capsule 
edge 

- . - -  .*\ i . 
Bottom 
capsule edge 

Edge shift 
due to higher 
index ice 

FIGURE 5. "Streak" record from one of the dynamic gradient tests. 
(10-06-3131.pub) 

Thick Shell with Dynamic Gradient 
Figure 5 shows a typical streak obtained using the 

dynamic gradient generation technique. The record 
starts with the H2-D2 fuel frozen. At this point, ice is 
randomly distributed over the capsule, being thickest 
at the bottom where the liquid was collected before 
freezing. The capsule's average temperature at the 
start of the record was -8.8 K. As the top plate temper- 
ature increases, the first 26 s of the record show the 
melting of the H2-D2 ice as it progresses from the top 
of the capsule toward the bottom. 

The melting process continues through the onset of 
oscillations in the liquid, which start when the average 
temperature of the capsule reaches -16.3 K, until the 
liquid oscillations are fully developed, at -16.8 K. These 
temperatures are very close to the melting temperature 
of 16.5 K (expected for a 50:50 mixture of H2-D,). 

A small inward shift of the observed liquid-glass 
interface is most likely due to the small refractive 
index change of the H2-D2 when it changes phase; that 
is, the solid is denser with a slightly larger refractive 
index than the liquid. 

When the oscillations become fully developed at an 
average temperature of 16.8 K, the thermal gradient 
has attained a value of -20.0 K/cm, and it is increasing 
at a rate of -0.2-0.3 K/cm/s. As the rate of change of 
the thermal gradient decreases toward zero, the fre- 
quency of the liquid oscillations as well as their ampli- 
tude decrease, until the oscillation stops when the rate 
of change of the gradient falls below -0.05 K/cm/s. 

Figure 6 shows a picture recorded after the liquid 
layer has stabilized. The liquid layer measures 

FIGURE 6. Full-frame liquid layer just after liquid oscillations ceased. 
(10-06-3132.pub) 
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approximately 50 pm on the top of the capsule at an 
average temperature of -22.4 K with a thermal gradi- 
ent of -29.9 K/cm. The obvious P2 asymmetry of the 
layer may be due to the thermal effect of the cold 
shield windows. We based this hypothesis on finite 
element thermal model calculations for the He gas 
chamber, which show that the isotherms near the 
capsule were distorted due to the influence of the 
windows. The thin portion of the layer near the equator 
is rendered invisible by the large refractive effect of the 
0.5-mm-thick wall of the capsule. Because of apparent 
discontinuity caused by the refractive effect, we were 
not able to trace the layer boundary to calculate its 
surface modes. 

Figure 7 shows the measured layer thickness (after 
stabilization) for several of the datasets. An unexpect- 
edly large decrease in thickness occurs with a small 
increase of the average temperature even though the 
temperature gradient is still increasing. This large 
thickness change seems incompatible with previous 
data and may indicate the existence of very-low-fre- 
quency oscillatory modes in the liquid excited by the 
dynamics of the experiment. 

- 
- 
- 

- 

1 -  
- 
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Comparison of the Data 
To date, much of the liquid layer thickness data 

obtained varies not only as a function of the thermal 
gradient, but also as a function of the capsule's average 
temperature. Figure 8 shows a plot of the thermal gra- 
dient divided by the liquid layer thickness as a func- 
tion of the capsule's average temperature. The data on 
this figure represent the static gradient technique, the 
dynamic thermal gradient technique, and previous 
experiments on thin-centered liquid layers conducted 
by Kim and Mok at the University of Illinois? For the 
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FIGURE 7. Dynamic gradient test to measure layer thickness. 
(10-06-3133.p~b) 

static and the dynamic thermal gradient data, we used 
the levitated layer thickness in this plot, while the thin 
layer data from Kim and Mok are for a centered layer. 
For the static gradient experiments, data seem to have 
a similar dependence on the average temperature. The 
dynamic gradient experiment data start near the trend 
set by the static data, but quickly diverge from it as the 
layer becomes thinner. This behavior may be caused by 
unobserved low-frequency oscillation modes in the liq- 
uid layer thickness excited by the dynamically 
impressed thermal gradient. 

Liquid Surf ace Quality 
Recently, we were able to obtain an image of the 

surface of liquid D2 in an experiment that was 
intended to improve our characterization of solid D-T 
layers. The liquid surface was characterized; the result 
is interesting, but not surprising. As expected, we find 
that the surface is much smoother than a solid surface 
except for large low-frequency defects due to gravita- 
tional sagging of the liquid. These are the first mea- 
surements of the structure of a liquid layer surface. 

Description 
Figure 9 is a sketch of the hemi portion of the 

assembly showing the approximate location of the 
liquid D2. The cell is almost completely filled with a 
gas bubble, but a fillet of liquid remains in the corner 
between the hemi and the flat front window. 
Refraction from this fillet makes it quite visible when 
the assembly is imaged along the polar axis of the 

Univ. of Illinois, 

LLNL static 
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FIGURE 8. Thermal gradient divided by layer thickness vs average 
temperature for three different experiments. (10-06-3134.pub) 
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hemishell. Figure 10 is such an image shot with our 
digital camera. The image format is 1024 x 1024 pixels. 
The spatial resolution is 2.4 pm/pixel. The outer thick 
dark region is the shadow cast by the hemishell. At 
the inner edge of the hemishell, the image becomes 
bright where light is transmitted by the liquid inside 
the shell and then dark again as light is refracted by 
the liquid meniscus. 

.. 
I I I I 

\ P %nnhire hpmiqhell 

FIGURE 9. Sketch of hemi assembly showing approximate location 
of liquid DZ. (10-06-3135pub) 

The inner edge of the hemi and the liquid surface 
are located using a code that traces radial lines from 
the center of the hemi to the edge and fits an analytic 
function to the intensity changes at the two edges of 
interest. A fit parameter is taken as the edge location. 
The process is described in greater detail el~ewhere.~ 
Several small angular ranges were deleted from the 
analysis due to interference from the fill tube or from 
defects inside the shell. No data were added back to fill 
in these gaps, so the wavelengths in the power spectra 
are shifted by a small amount. Figure 11 shows the 
resulting one-dimensional plots of the surfaces. The 
lower curve shows the deviation of the hemishell 
surface from a perfect circle with the mean radius 
subtracted. The upper curve shows the thickness of the 
liquid D, over the hemishell. The liquid surface is 
referenced to a perfect circle whose center and radius 
match those of the hemi. This is done to avoid adding 
in the surface roughness of the hemi. It is apparent 
from the two curves that the D, surface is smoother 
than the hemi surface, but it has a large P ,  defect, 
which is roughly aligned with the gravitational axis. 

35 
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FIGURE 11. Dimensional plots of the liquid and capsule inner surfaces. 
(10-06-3137.p~b) 
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Mode 

FIGURE 12. Comparison of liquid D2 meniscus and capsule surface 
power spectra. (10-06-3138.pub) 

FIGURE 10. High-resolution image of liquid D, meniscus. 
( 1  0-06-3136.p~b) 
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Analysis 
Figures 12 and 13 compare the power spectrum of 

the D, surface to those of the hemishell surface and a 
125-p-thick D-T surface. Except for the expected 
large P,  term, the liquid surface is significantly 
smoother than the other surfaces. Except for P,, the 
liquid surface is smoother than beta-layered D-T at all 
frequencies, and the power falls off much more rapidly 
with frequency. As expected, surface tension damps 
surface perturbations very rapidly in the liquid. In this 
case, this occurs in spite of the fact that the hemishell 
was being shaken at about 1 Hz with a 10-pm ampli- 
tude by the closed cycle refrigerator. Figure 12 shows 
that the liquid surface roughly follows the surface of 
the hemishell container at low frequencies, but is 
smoother at high frequencies. Again, this is expected 
since the liquid fills in the rough spots in the shell. 
The high-frequency noise floor is below 0.01 pixels 
and may be due to the camera rather than the intrinsic 
roughness of the liquid layer. 

Finally, calculation of the total power in the first 
n modes as a function of mode number shows that 
about 90% of the liquid surface power is in mode 1, 
and more than 99% of the total power is in the first five 
modes. Excluding P,, the surface roughness is about 
0.5 pm rms. This is about one fourth of the roughness 
of the solid D-T surface and is about the smoothness 
needed for NIF capsules. 
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FIGURE 13. Comparison of liquid D, meniscus vs solid D-T layer 
power spectra. (10-06-3139.pub) 

Conclusion and Future 
Enhancements 

Results of recent experiments on liquid H2-D, 
layers supported using thermal gradients demonstrate 
that -50-pm-thick liquid layers can be successfully 
levitated with thermal gradients of reasonable magni- 
tudes. Although the layers had a very large P, defect, 
we expect that future experiments will not have this 
problem as the effect of the cold shield windows will 
be resolved. We also show that the surface finish of a 
thick liquid meniscus is very smooth and fairly 
insensitive to external mechanical vibration. Since 
some of the power is inherited from the container, it 
seems clear that a liquid layer in a perfectly round con- 
tainer would be more than smooth enough for NIF if it 
can be centered. 
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Nova Experiments Group 
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During this quarter, Nova Operations fired a total of 
288 system shots, resulting in 326 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser experi- 
ments, Laser Sciences, and facility maintenance shots. 

Experiments began in late March and continued 
through April to measure the stimulated Brillouin scat- 
tering and stimulated Raman scattering backscatter of 
National Ignition Facility type, large scale-length plas- 
mas. In support of these experiments, an j / S  focusing 
lens was installed on BL-7 of the 10-beam target cham- 
ber to produce the large scale-length plasmas. 
Additionally, a four-color laser irradiation scheme, 
with wavelength separations of -4.5A, was fielded on 
BL-7 to verify a technique to reduce the anticipated 
increase in backscatter. Using a grating array, the four 
colors were separated into quadrants in the Nova 
preamp. A special 2 x 2 KDP array, with independently 
tunable crystals, was also installed on BL-7 to frequency 
convert the four-color beam. The KDP array and j / S  
focusing lens arrangement were tested on the 2-beam 
target chamber prior to activation on the 10-beam target 
chamber. Upon completion of the four-color experi- 
ments, the original KDP array and focus lens were 
replaced on BL-7, and the MOR and preamp were 
reconfigured for single-frequency operation. 

As part of Precision Nova operations, we began the 
removal, refurbishment, calibration, and reinstallation 
of all the 44-cm chamber calorimeters. This process is 
required approximately every 12 months to repair the 
damaged absorbing glass on the calorimeters. We are 
studying the use of low-energy calibration shots to 
reduce or eliminate this damage. 

and Petawatt systems. The Pre-Petawatt system is a 
small-aperture (-14 cm), low-energy (-30 J) beamline 
that can either operate by itself or simultaneously with 
the other Nova beamlines in the 2-beam target chamber. 
It is scheduled for activation in the second quarter of 
FY 95. The Petawatt system is a large-aperture (-40 cm), 
high-energy (-1.0 kJ) beamline on Nova’s (BL-6) that 
will be used for experiments in the 10-beam target 
chamber. This system is scheduled for activation in 
early FY 96. Both of these systems will operate with 
compressed pulse lengths of 51.0 ps. 

We have started the fabrication of fiber optic bun- 
dles, consisting of 22 individual fibers, to replace the 
existing single fibers used to transport the lo optical 
signal from the output sensors to the streak cameras. 
These fiber bundles, scheduled for installation during 
the next quarter, will significantly lower the noise of 
the measurement of the lo pulse shapes. 

The design effort is progressing for the Pre-Petawatt 
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