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Abstract 

The mixing between fuel and shell materials in Inertial Confinement Fusion (lCF) implosion cores is a current topic of interest. 
The goal of this work was to design direct-drive ICF experiments which have varying levels of mix, and subsequently to extract 
information on mixing directly from the experimental data using spectroscopic techniques. The experimental design was accom
plished using hydrodynamic simulations in conjunction with Haan's saturation model, which was used to predict the mix levels 
of candidate experimental configurations. These theoretical predictions were then compared to the mixing information which was 
extracted from the experimental data, and it was found that Haan's mix model predicted trends in the width of the mix layer as a 
function of initial shell thickness. These results contribute to an assessment of the range of validity and predictive capability of the 
Haan saturation model, as well as increasing confidence in the methods used to extract mixing information from experimental data. 

Key words: x-ray spectroscopy, inertial confinement fusion 
PACS: 52.57.-z, 52.70.-m, 52.57.Fg 

1. Introduction 

The mixing between fuel and shell materials in ICF implo
sion cores is a topic of current interest. Mixing due to hydro
dynamic instabilities can affect implosion dynamics and could 
also go so far as to prevent ignition [I]. The ultimate goal 
of this work is to facilitate a more complete understanding 
of the mixing process by validating both experimentally- and 
theoretically-based mix diagnostic tools. 

In previous work, we have demonstrated that it is possible to 
extract information on mixing directly from experimental data 
using spectroscopic techniques [2, 3, 4]. The development was 
first carried out based on a set of indirect drive implosions at 
the Laboratory for Laser Energetics' OMEGA laser [5]. In or
der to compare the data-driven analysis to a theoretical frame
work, two independent mix models, Youngs' phenomenologi
cal model [6] and the Haan saturation model [7], were previ
ously implemented in conjunction with a series of clean hydro
dynamic simulations which modeled the experiments in ques
tion [4]. It was found that Youngs' and Haan's mix models, as 
applied to the indirect drive case, provided results that demon
strated less mix than that derived from the experiment. 

This paper will describe a new approach to address the prob
lem just presented. An important outcome of the current work 
is an assessment of our ability to predict the extent of mix in 
ICF experiments by using a combination of hydrodynamic sim
ulation post-processing and off-line mix modeling. 

Theoretical mix modeling was used a priori to design direct 
drive experiments with measurably different levels of mix [8]. 

First a number of hydro simulations were post-processed with 
Haan's saturation model to study the parameter space, in order 
to determine which physical characteristics of the lasers and tar
gets are most sensitive to mix. Next, detailed hydro simulations 
of the most appealing cases were performed to settle on a series 
of experimental conditions. The chosen designs consisted of 
three experimental configurations that were nominally identical 
except for the varying shell thickness of the plastic capsules. 

The experiments were conducted based on these designs, and 
information on the mixing region was directly extracted from 
the experimental data using the narrow-band image intensity 
analysis described in Ref. [2]. The data-derived spatial mixing 
profiles were evaluated to determine the corresponding width of 
the mixing region, for direct comparison to the mix modeling 
results. 

2. Experimental Design Phase 

The main goal in the initial phase was to design a sequence 
of direct drive ICF implosions which would exhibit measur
ably different levels of mixing, while simultaneously main
taining similar temperature and density conditions at peak x
ray emission [9]. This latter consideration was vital, since the 
experimental data analysis relies on narrow-band images inte
grated over 50 ps beginning roughly at the time of peak x-ray 
emission [10], and uses Ar K-shell x-ray line emission spec
troscopy [11, 12, 13, 14, 15, 16, 17, 18, 19,20,21] to experi
mentally extract mixing data. 

Preprint submitted 10 High Energy DenSity Physics December 24,2008 

http:52.57.Fg


-- - - - -

(a) 25 ,,---------------------------------. 
00 ~ 20 1 / ° ____ 

Q; 
:;: 
o 
a. 

'" 
Q; 
rn 

....J 

TClal~~ 23Io.J 

°o~~--~--~--~--~--~--~ 
0.2 0 .4 0 6 0.8 10 12 

Time (ns) 

(b) Al 
I'; ;-D.I ~ 

Figure I: (Color online) Characteristics of the nominal direct drive experiment 
used for design. (a) Nominal I ns square laser pulse taken from representative 
experiment. (b) Target cross-section, with materials and fill pressures noted. 

We began designing around the parameters of a so-called 
nominal direct drive implosion, the characteristics of which 
are shown in Fig. I. This nominal implosion was originally 
designed to achieve electron temperatures and densities that 
would be consistent with the conditions necessary to employ 
Ar K-shell x-ray spectroscopy [9]. By keeping the tempera
tures and densities approximately constant between shots, the 
idea was to isolate the experimental signal differences caused 
purely by mix amounts. In the design phase, mix was measured 
in terms of a mix width, which is defined as the physical extent 
of the layer that contains material from both the shell and the 
fuel [4]. 

2.1. Radiation hydrodynamic simulations 

A number of experimental parameters were identified which 
could theoretically affect mix, including the laser pulse shape, 
duration, and energy; the gas and dopant fill pressures; the in
ner capsule radius; and the shell thickness. In order to maintain 
roughly the same temperature and density conditions as in the 
nominal case, only the laser energy, the fill gas amount, and 
the shell thickness were used as adjustable parameters in the 
design. Pulse shape and duration were not altered in the simu
lations due to the difficulty in changing these parameters from 
shot to shot. The fill gas material (02), and the dopant material 

(Ar) and corresponding concentration, were not altered. The 
shell material remained plastic for all simulations [9], and the 
outer Al layer, which helps minimize leakage of the gas, was 
not changed. 

The experimental design work involved several steps. First, 
a number of Id HELlOS [22, 23] radiation hydrodynamic sim
ulations were performed to study the parameter space based on 
modifications to the nominal case shown in Fig. I. The output 
from HEllOS, which is clean (includes no mix effects), was 
then post-processed with Haan's mix model to test the sensitiv
ity to mix of the adjustable parameters being studied. Next, the 
parameter space was narrowed down to perform more detailed 
simulations of the parameters which appeared to be most sensi
tive to mix. Finally, in-depth modeling of the best pool of candi
dates for the design was performed with HELlOS-CR [22, 23] 
and was used to make a final determination for the experimental 
speci fications. 

2.2. Mix modeling 

Each hydro simulation was post-processed using two inde
pendent mix models, Youngs' and Haan's, in order to extract 
a time-dependent mix width profile. Since a number of simu
lations had to be post-processed, IDL tools with graphical user 
interfaces were built for both Youngs' and Haan's models to 
systematically calculate the time-dependent mix widths [24]. 
The mix layer itself is defined as the sum of the widths of the 
bubble and spike regions, h = hb + hs , where the bubble rep
resents the penetration of light fluid (fuel) into heavy, and the 
spike represents the penetration of heavy fluid (shell) into light. 

Youngs' model [6], which is based on a phenomenological 
description of the growth of the mixing region as an effect of the 
Rayleigh-Taylor instability, was implemented using the same 
methodology as discussed in Ref. [4]. However, the mix widths 
calculated by this model did not demonstrate a significant sen
sitivity to variation in the experimental parameters; therefore, 
Youngs' model was not used to design the experiments. 

The Haan saturation model [7] is based on the idea that in
stabilities are seeded by a number of experimental effects. If 
there are very minor initial seeds, then Youngs' phenomeno
logical model accounts for the most important contributions. 
On the other hand, in an experimental situation such as laser
induced fusion, the initial perturbations can be significant and 
can arise from several factors. Haan's model calculates a mix 
width by estimating the growth of multi-mode initial perturba
tions on the fuel-shell interface. For the direct drive case dis
cussed here, the initial target surface roughness, the laser beam 
power imbalance, and the laser imprint spectra as a function 
of mode number were used [4]. The modes grow exponentially 
until saturation occurs, at which time the mode growth becomes 
linear in time. 

Each initial perturbation spectrum IRlm(O)1 is subjected to the 
growth formula 

IRlml = eqtIRlm(O)1 (I) 

where 

g= ..jgkA (2) 

2 



is the growth factor, which is a function of the acceleration g, 
the wavenumber k = ~, and the Atwood number A. These 
terms are based on output from the hydro simulations, and are 
calculated as an average overthe period of time from the begin
ning of the deceleration phase to the time step being evaluated. 
After the modal growth is accomplished, the perturbations are 
added in quadrature, producing a single Rim which is subjected 
to saturation modeling. If individual modes have saturated, the 
ampliludes are relaxed lIsing the formula 

RI",(l) = 5 I[ I + In i7} (3) 

where 

2Ro 
51 = f2 (4) 

is the saluration level as a function of mode number I [25], and 
Ro is the capsule radius at the time step being calculated. The 
root mean square perturbation a- is extracted from 

a- = _ I ~ " (21 + I )R2 . (5)
4rr D 1m 

The total mix width h is then calculated to be the sum of hb+hs, 

hb = Y2a- (6) 

hs = Y2a-(l + A). (7) 

These mix width contributions are calculated for each time step 
in the simulation. 

The prescription just given is called the nominal Haan 
model [7]. If a multiplicative factor (referred to here as the 
Haan multiplier) is applied to the initial perturbation spectra, 
the mix width can change dramatically. The nominal Haan 
model result is calculated with a multiplier of 1.0. 

A good way to use Haan's model is to think of the nominal 
result as a baseline, and to recognize that the mix width could 
increase (more likely) or decrease (less likely) based on addi
tional experimental effects. It would not be unreasonable to 
consider that one or more of the initial perturbations are in fact 
enhanced by experimental imperfections. For example, in the 
previous work based on indirect drive experiments, the nominal 
Haan model result at the time the data were recorded was 4.1 
microns, while the experimentally-derived mix width was 10±2 
microns. A multiplier of 2.7 would bring the Haan model re
sults up to the level of the experimental data analysis [4]. That 
value for the multiplier would fold in any additional uncertain
ties in the initial perturbation amplitudes used by Haan's model. 
An interesting secondary goal of this new series of experiments 
is to investigate whether the same multiplicative scaling factor 
would apply to all direct drive designs, and if so, how that fac
tor relates to the indirect drive multiplier. We will investigate 
this question in Section V. 

In general, the mix width predicted by Haan's model shows 
significant sensitivity to variation in the experimental design. 
This may be due to the fact that the model is based on exper
imentally derived perturbations and thus includes more effects 
than Youngs' phenomenological model. 

2.3. Parameter space study 

The initial parameter study was performed with HELlOS in 
order to determine which physical characteristics are most sen
sitive to mix. All simulations were ultimately compared to the 
nominal case described in Fig. I. Simulations were grouped 
into clusters that shared common inquiries into the parameters. 
The following quantities were extracted from each simulation 
and used as input for the mix modeling, which provided mix 
width predictions for each candidate expcrimental design: core 
size, bang time (time of peak neutron production), peak com
pression (time at which the core is fully compressed), Te(r) 
(electron tempcrature profile at bang time and at peak compres
sion of the capsule), Ne(r) (electron density profile at bang time 
and at peak compression of the capsule), vet) (velocity of the 
fuel-shell interface as a function of time), ret) (radius as a func
tion of time for all zones in the problem), FCt) (net flux on the 
fuel-shell interface, used to calculate the time of peak Ar x
ray emission), Pgas(t) (mass density of the last zone in the gas), 
Pshe/I(t) (mass density of the first zone in the shell), and A(t) 
(Atwood number based on the two zones on either side of the 
fuel-shell interface). 

The parameter study investigated the following changes from 
the nominal case: conserve mass in both gas and shell with the 
capsule radius, shell thickness, and fill pressure as variables; 
do not conserve mass in the gas and shell, instead correlate the 
radius and shell thickness; maintain the nominal inner radius 
and vary only the shell thickness; change the fill pressure only; 
change the total laser energy only. 

The main goal was to search for experimental designs that 
yielded mix widths that were considerably different from that 
of the nominal case, but that retained approximately the same 
temperatures and densities [9]. This constrained the design sig
nificantly by only allowing small deviations in the experimental 
parameters. 

For the early groups of simulations, it became apparent that 
changing the shell thickness (and keeping all other aspects of 
the nominal capsule identical) led to the most noticeable sen
sitivity to mix. Therefore, studies of the mix as a function of 
shell thickness were performed. In totality, the mix width was 
studied for shell thicknesses between 10 and 40 microns, with 
a step size of 1 micron between simulations. 

Figure 2 shows a compilation of data output from the hy
dro simulations concentrating on changing shell thickness only. 
In Fig. 2(a), the core size decreases as the shell thickness in
creases, and it subsequently increases again around the nominal 
shell thickness of 26.6 pm. Figure 2(b) indicates that when the 
bang time and the peak compression time are nearly simulta
neous, the shell experiences bum-through. When this occurs, 
there is no material left to continue the momentum inward, and 
therefore the core cannot continue to compress after peak bum. 
This was the case for shells with a thickness of 15 microns or 
less. Figure 2(c) plots the average acceleration, which is taken 
through the deceleration phase only up to 50 ps after the time 
of peak x-ray emission [10], and is an important quantity used 
in Haan's model to calculate the growth rates. 

We now focus in detail on the mixing post-processor results 
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Figure 3 : (Color online) Mix widths at 50 ps after peak x-ray emission as a 
function of shell thickness, according to Haan 's model. The chosen designs, 
19,26.6, and 331'01 shells. are indicated. 

from the simulations based on changing shell thickness. Fig
ure 3 shows the results of post-processing the hydro simulations 
with the Haan saturation modeL It demonstrates that according 
to Haan's model, the shell thickness provides a significant lever 
arm for varying the amount of mix . 

2.4. Proposed experimental designs 

The sensitivity to mix provided by Haan's model and demon
strated in Fig. 3 facilitated the selection of several experimental 
designs. Two cases of interest are circled in Fig. 3: the 19 mi
cron shell, which according to Haan's model exhibits 64% more 
mix than nominal, and the 33 micron shell, which displays 22% 
less mix than nominaL The volume- and time-averaged temper
atures and densities were studied for these two cases, and were 
found to lie within the sensitivity range for Ar spectroscopy [9]. 

As a check on these preliminary findings, HELIOS-CR cal
culations using inline collisional-radiative atomic kinetic mod
eling were performed. HELIOS-CR, which uses NLTE physics, 
is generally expected to be more accurate than the baseline HE
LlOS LTE approach, because the atomic physics and radiation 
cooling effects of the Ar dopant can be more appropriately dealt 
with [22,23]. These simulations took approximately 30 hours 
to run. It should be emphasized that we use HELIOS-CR only 
for an additional check: the fill conditions of the experiments 
were carefully conceived so that the Ar would have as little ef
fect as possib'le on the implosion dynamics. Therefore, it was 
not surprising that the HELIOS-CR results were similar to the 
HELlOS results just discussed . 

Table I presents the differing attributes of the three HELlOS
CR simulations. The laser (I ns square, 23 kJ), D2 fill pres
sure (20 atm), Ar fill pressure (0.18%), and inner capsule radius 
(407 .5 lim) were identical for all simulations. 
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Figure 2: (Color online) Data output from hydro simulations as a function of 
shell thickness. (a) Core size at peak compression, (b) timing, and (c) average 
acceleration through the deceleration phase. Shell thicknesses of less than 16 
I'm showed signs of being burned through . 
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Fi gure 4: (Color online) Sensitivity of the Haan mix width to changes in the 
initial perturbations for the (a) 19 micron and (b) 33 micron shell cases. 

We settled on performing at least one experiment based on 
each of the designs described in Tbl. I. All experiments were 
planned to have the same characteristics as the nominal experi
ment described in Fig. I, with the exception of the thickness of 
the plastic shell. 

2.5. Sensitivity and tolerance studies 

Following the identification of the three experimental con
figurations discussed above, an investigation of the sensitivities 
and tolerances in the design was completed. 

Shot type Shell thick. Core size Haan mix 
Thin 19.0J.1m 35 .1J.1m 20.7 J.1m (59% core) 

Nominal 26.6J.1m 26.3J.1m 4.2J.1m (16% core) 
Thick 33.0J.1m 28.3J.1m 2.8 J.1m (10% core) 

Table I: Experimental design c haracleris ti cs and res ulting mi x predicted by 
Haan ·s model. Core size (interface pos it ion plus bubble width ) and Haan mi x 
values (bubble plus spike) are taken 50 ps after the time o f peak x-ray e miss ion. 

There are three perturbation spectra that are currently used 
in Haan 's model for this direct drive case: target surface rough 
ness, laser beam power imbalance, and laser imprint [4] . The 
surface roughness spectnlm has the smallest overall amplitude. 
Therefore, it should have the smallest effect on the overall cal
culation of the mix width. The power imbalance has the largest 
amplitude, especially at smaller mode numbers, and therefore 
should have the largest effect on mix. 

According to Haan's prescription, the modes grow with an 
exponential growth factor. The saturation modeling is then per
formed for saturated modes. The composite spectnlm, com
prised of all three perturbation spectra added in quadrature, il
lustrates the relax ation of modes which exceed the saturation 
curve. 

In order to study the sensitivity of the resulting mix width to 
the individual perturbations, a multiplicative factor was applied 
to each perturbation one at a time. Figure 4 shows that accord
ing to Haan 's model, the mix width is not sensitive to changes 
in the target surface roughness, while it is somewhat sensitive 
to the laser imprint in the thinner shell case, and it is most sen 
sitive to the power imbalance perturbation. 

The laser imprint has a non-negligible effect on the mix layer 
growth. It has intermediate level amplitudes across a wide band 
of mode numbers, unlike the other two perturbations, which 
have significant amplitudes only at small mode numbers. The 
laser imprint is relatively constant across the shots in a particu
lar day. 

The laser beam power imbalance is the largest source of mi x 
sensitivity, due to the fact that the amplitudes at low mode num
bers are significantly higher than the other perturbations. This 
perturbation is probably the largest lever arm in increasing the 
mix width . The power imbalance is not as easy to control from 
shot to shot, contributing to uncertainty in the experimentally
derived mi x widths. 

We concentrate here on unforeseen changes in the experi
mental parameters which could have a significant effect on the 
accumulation of clean data that can be used to infer mix widths. 
The tolerance study focused on varying fill pressures, laser en
ergy, and laser pulse shape. 

Figure 5 shows the sensitivity of mix width and time of peak 
x-ray emission to fill pressure. Assuming that the shell thick
nesses are defined to within about a micron, this test demon
strates that according to simulation and post-processing with 
Haan's model , the mix width is not very sensitive to the fill 
pressure. The largest change in mix width is exhibited by the 19 
micron shell , but even in that case, the mi x width only changes 
by I micron. 

Figure 6 shows the sensitivity of the mix width and the tim
ing to the total laser energy, which was scaled using the trace 
in Fig. lea). The mix widths are all discemable given the res
olution available in the experiment. The time of peak x-ray 
emission may change substantially due to changes in the laser 
energy. 

A collection of idealized laser pulses was also tested in con
junction with the nominal case. According to this study, the 
shape of the laser pulse does not significantly impact either the 
mi x width or the x-ray timing. 
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Figure 5: (Color online) Sensitivity of (a) H aa n mix width (at 50 ps after peak x
ray emission) and (b) time of peak x-ray emiss ion to changes in the fill pressure_ 

The conclusion to these tolerance srudies was that the ma
jor sensitivities in the mix width variation would be a result of 
either deviation from the planned shell thicknesses or the laser 
beam power imbalance. The fill pressures, laser energies, and 
pulse shapes were predicted to not be detrimental in collecting 
data that could be used for a mix width analysis. However, a 
substantial change in laser energy should lead to an adjustment 
of the diagnostic timing in order to accommodate the change in 
the time of peak-x-ray emission. 

3. Experimental Phase 

Experiments based on the three shell thicknesses identified 
in the experimental design phase were fielded at the OMEGA 
laser. For simplicity, we will refer to the 19 11m shell as the thin 
case, the 26.6 11m shell as the nominal case, and the 33 11m shell 
as the thick case. 

A total ofeight shots were performed: five nominal, two thin, 
and one thick . Table 2 lists the experimental characteristics. 
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Figure 6: (Color online) Sensitivity of (a) H aa n mix width (at 50 ps after peak 
x-ray emission) and (b) time of peak x-ray emission to changes in the total laser 
energy. 

Generally, the data was good quality, with the thicker shell and 
a few nominal shells being the best. 

For accuracy, new HELIOS-CR hydro simulations were per
formed to conform to the actual experimental conditions. The 
experimental laser pulse and energy and actual shell thickness 
were modified for each simulation. Bang time was matched be
tween simulation and experiment by modifying the flux limiter. 

Narrow-band x-ray images of the Ar line emission were 
recorded with the MMI (Multi-Monochromatic X-ray Im
ager) [26). In this case, MMI recorded a series of pinhole 
sub-images over a spectral energy range encompassing the Ar 
Lyf3 (Is-3p), Ar Hef3 (ls2-ls3p), and Ar Lya (Is-2p) lines. The 
MMI data were time-resolved over 50 ps. The data recording 
interval for each case is referenced to to, measured when the 
laser reaches 2% of peak power. The experimental timing can 
therefore be related to simulation timing, since the experimental 
laser pulse was used in the new simulations. 

A graphical user interface tool was built in IDL to accomplish 
the many steps necessary to process the experimental data. A 
major benefit of MMI is that it records both line and contin
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Shot Type Shell thickness 
47470 nominal 25.8pm 
47473 nominal 25.6pm 
47474 nominal 25.8pm 
47476 nominal 25.6pm 
47477 nominal 25.7 pm 
47481 thin 19.3pm 
47484 thin 19.3pm 
47485 thick 32.2pm 

Table 2: Parameters for the eight experimental shots. The bold shot numbers 
are the data analyzed and presented in Section IV. 

uum emISSIOn, so continuum images can be subtracted from 
the line-based images. Figure 7 shows a sequence of narrow
band spatially-resolved images from one of the nominal shots. 
The images have been corrected for the photon energy depen
dent instrumental corrections that account for multi-layer mir
ror reflectivity, Be filter transmission, and multi-channel plate 
spectral response. These data, along with the associated space
integrated spectrum extracted from performing a lineout across 
the entire MMI image, form the complete set needed for the 
experimental data analysis. 

4. Experimental Analysis 

The spectroscopic data analysis that ultimately allows the ex
traction of spatial mixing profiles was documented in detail in 
Refs. [2, 3]. The same procedures were followed here. We work 
with the central column of the LyfJ and HefJ narrow-band im
ages, and produce intensity profiles that are symmetrized about 
a winding axis of symmetry [27]. The intensity profiles are 
Abel-inverted [28], resulting in emissivity profiles. In this case, 
both the HefJ and LyfJ can be considered optically thin, so con
ditions are appropriate to perform an Abel inversion. 

The spectroscopic analysis begins with the extraction of 
a temperature spatial profile using an emissivity ratio tech
nique [2]. The analysis uses the sensitivity of the LyfJfHefJ 
emissivity ratio to temperature. A spectroscopic model for 
Ar [29] is used to generate the theoretical emissivities, so that 
the data can be directly tied to theory. 

The next step in the spectroscopic analysis is to utilize the 
intensity technique discussed in Ref. [2]. By using this method, 

~O 
Ly,P Hep Lya 

Figure 7: (Color online) Narrow-band Lyf3. Hef3. and Lya spatially resolved 
images compiled from MMI data. The analysis of the central columns of data 
are presented in this paper. 
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Figure 8: (Color online) Idealization of the implosion core for the solution of 
discrete radiation transport equations_ 

we are able to more correctly account for optical depth effects. 
The implosion core is idealized as a six-zone nesting set of 
spheres through which self-emission and transmission terms are 
added. Figure 8 demonstrates the notion of an idealized core. 

Discrete radiation transport equations are set up to calculate 
the intensity in each spatial zone. For each of the six zones, 
there exists a system of two equations which link theoretical 
and experimental intensities and emissivities. The equations 
include a term which represents, for each zone, the local mixing 
coefficient y, which in this case is the ratio of the atom number 
densities of plastic shell to fuel material [2]. The simplest set of 
equations is for the outer zone 0, which has only a self-emission 
term in the intensity equation: 

[exp(O) = k' E'i;_p(O) [I _e-I I ' ).r<O) K~:,;r(O)L(O.O)J (8)
Lyf3 ~heo(O)


Lyf3 


Eexp (0) _ k ~heo(O) (9)
Hef3 - (I + ';y(O)) Hef3 . 

The constant.; in front of the mixing coefficient y is a factor 
related to the fill pressure of the gas [2]. The L represents the 
length of a chord, as shown in Fig. 8. The Kheo term in the inten
sity equation is the opacity from the spectral model, which is a 
function of the electron density Ne and the previously calculated 
electron temperature Te. The E

rheo terms are the emissivities 
from the model, which are also functions of Te and Ne. Finally, 
the k and kl represent the proportionality constants between the 
theoretical values for the emissivity and intensity of a specific 
zone and the experimental values recorded in the data. A dis
cussion of the calculation of k and kl is included in Ref. [2]. 
The set of two cquations for zone r (zone r = 0 is shown in 
Eqns. 8 and 9) have only two unknowns, the Ne(r) and y(r). A 
caveat is that we must solve the equations from the outside zone 
inward, since each subsequent inner zone relies on information 
from the outer zones. 

We focus here on the mixing spatial profiles generated from 
these equations as applied to the data discussed in Section III. 
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Figure 9: (Color online) Spatial mix profiles for the nominal. thin, and thick 
she ll cases. Solid fits represent no assumptions made abou t mixing in the center 
of the core, while the dotted fits are representative of assuming no mix in the 
center. 

Figure 9 displays the mix profiles for nominal , thin, and thick 
shell cases. The uncertainty bars in the data points represent a 
weak density sensitivity in the emissivity analysis used to calcu
late the temperatures, which then carries through to the density 
and mix calculations. Two types of fits are shown for different 

purposes. Exponentials of the form y = Ae;;' + yO, where Xo is 
the characteristic width of the exponential and Yo is a term rep
resenting the intersection of the fit with the y axis, fall within 
the error bars of all data points, but indicate that there is a slight 
amount of mixing in the center of the core. Exponentials of the 

form y = Ae :t , where there is no offset on the y axis at the cen
ter, were employed specifically to match the results of Haan's 
model, which suggest that there is no mixing at the center in 
these cases. 

The thick and nominal data were of sufficient quality to ex
tract information out of the outer five zones in the problem. 
The thin data, however, was not as good quality, possibly due 
to a slight amount of bum-through in the shell. In this case, in
formation could be extracted from only three of the six zones, 
leaving open the interpretation of the inner half of the thin mix
ing profile. 

5. 	 Comparison of Theoretical Design and Experimental 
Analysis 

The mixing information gathered from the hydro simulations 
in conjunction with the mix models is in the form of a single 
number representing the mix width. However, the experimental 
data analysis gives more detail, in the form of a spatial mixing 
profile. It is necessary to reconcile these two descriptions of 
mixing in order to correctly compare theory and experiment. 
We begin this discussion by pointing out several subtleties in 
the way we measure mix . 

The theoretical framework relies on Haan's saturation model, 
which measures the width of the bubble and spike regions in
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Figure 10: (Color online) Mix width definiti on from a hydro point of view, 
with the bubble region above and the spike region below the interface. The 
green vertical lines represent the 50 ps time interval over which the fram ing 
camera recorded data in thi s example. The core size prediction based on this 
hydro data should therefo re be the maximum position of the top of the bubble 
region throughout this 50 ps time interval, since this is consistent with the co re 
size visualized in the data. 

dependently. The sum of the bubble and spike widths gives the 
total width of the mix region . The bubbles and spikes grow on 
either side of the interface between the fuel and shell materials, 
as indicated in Fig. 10. 

In a strictly hydrodynamic sense, the core size at a specific 
time is generally considered to be the position of the interface 
at that time . However, this description only relates to a clean 
simulation that does not experience mix. By calculating the 
width of the mix region surrounding the fluid interface, we are 
in effect viewing a prediction of what a real (mixed) experiment 
would look like. In an experiment, the core size viewed in an x
ray image would include not only the spike but also the bubble 
region outside the interface. Recall that the bubble is comprised 
of fuel material , which in this case contains D2 gas plus the Ar 
dopant. The Ar line emission is what is being imaged experi
mentally, and therefore in order to effectively compare the mea
surements from the experiment to the predictions of the hydro, 
we must define the total core size as the maximum of the 50 ps 
region of integration for the experimental data. Figure 10 shows 
an example of this time interval and the corresponding core size 
that is physically consistent with the core size extracted from 
the data. Figure 11 shows an example of the intensity profile 
of Ar Ly{J line emission, and again we emphasize that the core 
size at the time of data recording includes not only the pure fuel 
region but also the bubbles and spikes, i.e. the entire mixed 
region. 

According to the preceding arguments, we are careful to 
paint a consistent picture when relating the core size predicted 
by the simulation (Fig. 10) to the core size seen in the data 
(Fig. 11 ). However, despite these efforts, the core sizes do not 
match well. The 1 d simulations tend to over-compress the tar
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gets, resulting in smaller core sizes than is seen in the data. In 
order to dispel this issue, we focus on the percentage of the core 
that is mixed rather than on the actual mix width and core size 
values. This enables us to maintain consistency between the 
theoretical and experimental points of view. 

As demonstrated in Fig. 9, the experimental data analysis 
does not result in mix widths, which can be directly compared 
to the theoretical predictions, but in mix profiles. The fits of the 

form y = Ae~ + Yo shown in Fig. 9 introduce a y offset which 
represents the idea that the mixing coefficient might not neces
sarily be zero at the core center. However, our implementation 
of Haan's model does calculate y = 0 at the center, since the 
mix width is always smaller than the core size. As mentioned in 
the previous section, we therefore compress the experimentally 
derived mix profiles down to mix width estimations by employ

ing the exponential fonn y = Ae::i; , which removes the yoffset 
and effectively provides a mix width through the characteristic 
width of the exponential, Xo . These modified mixing profile fits 
are within the error bars of the outer four data points for the 
nominal and thick profiles, and within all three data points for 
the thin profile. 

Table 3 presents a comparison between the mix calculated 
by the simulations (which were set up to account for experi
mental conditions) and the mixing information extracted from 
the experimental data. The core sizes and mix widths do not 
necessarily match those shown in the predictions of Tbl. I, 
since those simulations were based on generic laser pulses, 
shell thicknesses, and timing estimates of 50 ps after peak x
ray emission. The data were actually captured approximately 
120 ps after peak x-ray emission (relative to the simulation tim
ing), resulting in different estimations for the core sizes and mix 

widths. 

Note that the Haan multiplier used to generate the mix widths 
shown in Tbl. 3 was the nominal multiplier of 1.0. Previous 
work in an indirect drive platform required a Haan multiplier 
of 2.7 to match the data [4] . We conclude that, as others have 
noted [30], the nominal Haan saturation model coupled with 
the calculation of growth factors tends to be more applicable to 
direct drive than to indirect drive . 

Though the actual core sizes and mix widths do not compare 
well between simulation and experiment, the trends in the per
centage of the core that is mixed are clear. According to both 
the simulations and the data, a larger portion of the thin shell 
core is mixed, while the thicker shell core experiences the least 
amount of mix . This behavior can also be seen qualitatively in 
the mix profiles of Fig. 9, where the thin profile tends to drop 
considerably more slowly than do the nominal and thick pro
files. These trends are consistent with the predictions made in 
the design phase of this experimental campaign. 

6. Summary 

The main goal of this work was to design and subsequently 
perform a series of direct drive ICF implosions which exhibit 
measurably different levels of mix. In the experimental design 
phase, I d hydrodynamic simulations were post-processed with 
Haan's saturation model. A parameter study involving a num
ber of experimental characteristics was performed, and it was 
found that of the parameters investigated, the shell thickness 
of an ICF capsule is most sensitive to mix according to Haan's 
model. 

Consequently, three types of experiments were performed at 
the OMEGA laser facility. The shots were nominally identical 
except for varying initial shell thicknesses of ~ 19,27, and 33 
microns . The MMI instrument provided the narrow-band spa
tial images and spectra necessary to extract mixing information 
through a spectroscopic analysis which was previously tested 
on indirect drive experiments. The narrow-band image intensity 
analysis resulted in spatial mixing profiles for the thin, nomi
nal, and thick shells. The portion of the core that is mixed was 
extracted from these mixing profiles , and compared to the com
parable values derived from Haan's saturation model as applied 
to the hydro simulations. We found good agreement between 
data and theory in the trends, which demonstrated that thinner 
shells develop significantly more mi x than thicker shells. 

Spectroscopic analysis of the experimental data demonstrates 
that we have developed a reasonable predictive capability for 
mix trends in ICF implosions. The mix models were used as 
a guide to design the experiments, which were in turn used to 
check the applicability of the mix models. In essence, we have 
self-consistently tested not only the spectroscopic methods used 
to extract mixing information directly from experimental data, 
but also the applicability of the Haan mix model to direct drive 
ICF implosions. 
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Shot Simulation Experiment 
Core size Haan mix % core mixed Core size Exp. mix % core mixed 

Thin (47484) 34.4 pm 18.0 pm 52% 39.1 pm 11.Ipm 28 % 
Nominal (47477) 26.3 pm 6.8 pm 26% 43.7 pm 10.0 pm 23 % 

Thick (47485) 26.7 pm 3.5 pm 13 % 39.1 pm 7.1 pm 18 % 

Table 3: Comparison between mix information calculated by post-processing simulations with Haan's saturation model and mix data extracted from the experiments. 
For the simulations. the core size is the interface position plus the bubble width at the maximum position over the interval of data recording, while the Haan mix 
width is the sum of the bubble and spiI<; widths. For the experiments, the core size is the edge of the core as defined by the spatial limit of Ar emission, and the mix 

width is extracted from a fit to y = AeXQ. 
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