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ABSTRACT 
The National Ignition Facility (NIF) will consist of 192 laser beams that have a total energy of up to 1.8 MJ in the 3’d 
harmonic (h = 0.35 pm) with the amount of 2”d harmonic and fundamental light depending on the pulse shape. Material near 
best focus of the 3’d harmonic light will be vaporized/ablated very rapidly, with a significant fraction of the laser energy 
converted into plasma x rays. Additional plasma x rays can come from imploding/igniting capsule inside Inertial 
Confinement Fusion (ICF) hohlraums. Material from outer portions of the target, diagnostic components, first-wall material, 
and optical components, are ablated by the plasma x rays. Material out to a radius of order 3 cm from target center is also 
exposed to a significant flux of 2”d harmonic and fundamental laser light. Ablation can accelerate the remaining material to 
high velocities if it has been fragmented or melted. In addition, the high velocity debris wind of the initially vaporized 
material pushes on the fragments/droplets and increases their velocity. The high velocity shrapnel fragments/droplets can 
damage the fused silica shields protecting the final optics in NIF. We discuss modeling efforts to calculate 
vaporization/ablation, x-ray generation, shrapnel production, and ways to mitigate damage to the shields. 

Ablation of material by lasers is important for many applications including ICF“‘. Removal of material as a result of x-ray 
heating has fewer applications with indirect-drive ICF being one of the most importantit3. In contrast to direct-drive ICF, 
where the ablation and resulting implosion of the fusion capsule are the result of laser light striking the capsule, the laser in 
indirect-drive ICF is focused on the inside of a cylindrically shaped hohlraum and the resulting x rays ablate and implode 
the fusion capsule. In both types of ICF, x rays generated in hot plasmas can have additional and in some cases undesirable 
consequences. One of these is the creation of a large amount of x-ray ablated debris that can have detrimental effects when it 
is deposited on the final optics of the driving laser. Another is the acceleration of shrapnel fragments (liquid droplets and 
spalled solid fragments) to high velocities. These high velocity fragments can create damage craters on the final optics and 
significantly reduce the useful lifetime of an exposed optic. In this paper, we will focus on these undesirable aspects of x-ray 
ablation. It should be noted that with careful designs, it is possible to have x rays fully vaporize an object that could have 
become an undesired shrapnel fragment. In addition, acceleration by x-ray ablation and by a debris wind has the potential to 
direct shrapnel fragments to regions of the chamber that are less sensitive to fragment impacts. 

Laser ablation, particularly by unconverted light, can also have undesirable effects in ICF applications. The efficiency of 
converting 161 light to 3w light is in excess of 70% at high intensity (~1.7 CiW/cm2) but is reduced at lower intensities. The 
long low-intensity foot needed for ICF pulse shapes results in the total energy of lo light being comparable to the 3 o 
energy taken over the entire 20 ns pulse. Laser systems for ICF applications are designed to have the lo light miss the 
center of the target chamber, using a wedged lens, and to reach best focus significantly away from target center. This means 
that the fluence for lw light near target center is reduced a number of orders of magnitude as compared to the 30 fluence. 
However, the lw light can produce a large amount of unwanted debris and shrapnel. This is the case for the NIF, where the 
unconverted light beam area, for each of the 192 beams, is approximately 4 cm2 near target center. A laser facility similar to 
the NIF is being built in France called the Laser Megajoule (LMJ) facility. They have similar concerns with respect to x-ray 
ablation and shrapnel acceleration, but do not have the problem of unconverted light because only the 3w light enters the 
chamber in their design. 

In this paper, we first briefly discuss the NIF with particular attention to the final optical components. In the next section, we 
discuss high intensity laser ablation and the resulting x rays produced in the ablated plasma. In section 4, we discuss the 
ablation of material by x rays at low and medium fluences. In section 5, we comment on the combined effects of x-ray and 
laser ablation. The importance of shrapnel acceleration is discussed in section 6. We conclude in section 7. 
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Fig. 5: The calculated vaporization depth for fused &lica and stainless steel as a function of the blackbody temperature of 
the emitting x-ray source for 1 and 20 ns pulse duration with a x-ray fluence of 2.5 J/cm*. 
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Fig. 6: The calculated stainless steel vaporization depth as a function of the blackbody temperature for a range of x-ray 
fluences and a pulse length of 20 ns. 
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Fig. 7: The calculated stainless steel vaporization de*pth as a function of x-ray fluence for a range of pulse durations using 
the spectrum corresponding to a 200 eV blackbody. 
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Fig. 8: The calculated mass per shot allowed to become shrapnel such that the area of the resulting craters is equal to 3% of 
the surface area of the fused silica debris shields after 120 shots. 
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2. THE NATIONAL IGNITION FACILITY 

The major objective of the 1.8 MJ National Ignition Facility (NIF) is the demonstration of thermonuclear fusion ignition and 
energy gain4. Success of this work not only supports the nuclear stockpile stewardship program but also the longer-term 
goal of affordable fusion energy. In addition, NIF will be able to produce conditions of high temperature and high density 
that has many science applications. The facility will use multipass laser architecture, modern electro-optic technology, and 
compact segmented amplifiers. The 192 laser beams are packaged into 48 quads of 4 beams each. Each quad can have an 
independent pulse shape and for most applications all four beams of a given quad focus to the same spot. The 48 quads are 
divided into two sets of inner (closer to the poles of the target chamber) and outer cones. The NIF is shown in Fig. 1, where 
the major components are labeled. 

The first wall of the NIF chamber is located 5 meters from target center. Concerns about the amount of ablated mass from 
the first wall, expected under x-ray fluences of order l-3 J/cm2 associated with high yield targets, motivated initial studies of 
material with low x-ray ablation rates such as B4C. It was realized that the first wall would relatively soon be covered with 
debris from target material and the benefit of B4C would be lost. The techniques for in situ cleaning proved costly and less 
effective than desired. The present design for the first wall material consists of stainless steel louvers that capture 
approximately 90% of the x-ray ablated material’. Calculations shown in Section 4 give the ablation depth in stainless steel 
as a function of the x-ray spectrum, pulse duration, and fluence. The ablated material from the stainless steel louvers will 
consist of stainless steel and the deposited target debris. The ablation depth for this material will depend on the detailed 
composition of the deposited debris but is expected to be similar to the depth in pure stainless steel. 

The NIF final optical components are square with 40-cm sides. For a total energy of 1 .S MJ of 30 light, the components are 
exposed to an average fluence of 3w light of 6 Jkcm’. Given the spatial pulse shape, optical components must survive a 
fluence of order 8 J/cm’ in the center portion of the beam and even higher fluences in hot spots. Ablation, plasma formation, 
shock generation, and glass damage associated with contamination on these optical components are important on-going 
research topics but will not be discussed in this paper. However, laser induced damage in the final optical component, a I- 
cm thick fused silica debris shield, is very relevant to our discussion of shrapnel acceleration in Section 6. In Fig. 2 we show 
the NIF final optics assembly, which has the debris shields located 7.3 m from target center. Shrapnel fragments in NIF can 
be accelerated to velocities in excess of 1 km/s and when this material impacts fused silica large (relative to the size of the 
striking fragments) craters are created. These craters reduce the amount of light that reaches target center and the size of 
these craters can increase because of laser induced damage. This growth has a strong dependence on laser fluence with an 
onset that has not been clearly defined but is of order 4-5 J/cm2. In order to obtain a reasonable lifetime, of order a few 
months, the number of incident shrapnel fragments on these debris shields must be controlled. 

One approach to increase the lifetime of the l-cm thick fused silica debris shield is to add a thin single-shot disposable 
debris shield in front of the primary debris shield. When vaporized material is deposited on the primary debris shield, the 
damage threshold for initiation of damage sites is significantly reduced. The use of a disposable debris shield relaxes the 
requirements on how much material is allowed to be vaporized each shot. The disposable shield can also stop many of the 
smaller/slower shrapnel fragments. These fragments would have produced relatively small craters on the primary debris 
shield and each crater is a site for laser induced damage growth. A relatively small number of faster/larger fragments will 
still strike the primary debris shield after penetrating the disposable shield. At this time, there does not exist a process to 
produce affordable (need 192 times 15 per week) thin debris shields with sufficient optical properties to meet the majority of 
the shot requirements. Shields made of thin glass sheets and/or polymer films are being studied. 

3. HIGH INTENSITY LASER ABLATION AND X-RAY GENERATION 

The targets that will be used to achieve fusion ignition consist of a cryogenic hohlraum with a capsule in the center that will 
implode and ignite. A fusion yield of order 20 MJ is expected for NIF with approximately 75% of this additional energy 
being in the form of escaping neutrons. (The total energy to neutrons is 80% but 5% of the neutron energy is passed to 
debris/x-ray energy.) The remaining 25% is divided between x-rays and kinetic energy of debris depending on the details of 
the target (primarily the mass) and the yield. The 192 laser beams enter the cylindrically shaped hohlraum through holes at 
the ends and strike the inside of a high-Z wall. The implosion is due to ablation of the outer portions of the capsule by x rays 
emitted from plasma along the inside wall of the hohlraum. 



Closure of the laser entrance holes (LEHs) of the hohlraums by ablated plasma can effect the amount of laser light entering 
and can have an effect on the x-rays escaping out of the hohlraum through the LEHs and the walls. Partial closure of the 
LEH for 3w laser light during the 20 ns pulse can be modeled with existing hydrodynamic/radiation codes such as the 
LASNEX code used at LLNL6. Early time closure of the LEH affects the calculated capsule yield. The question of late time 
closure of the LEH for x rays is an active research effort. We are studying the problem using the 2D cylindrically symmetric 
version of LASNEX with the major computational problem being the interaction of the plasma emitted out of the LEH with 
the plasma emitted from the outer wall of the hohlraum. The late time closure of the LEH to x rays affects the amount and 
spatial distribution of the x rays that escape the hohlraum. To study this effect we have done a series of ID LASNEX 
calculations with two different treatments of LEH closure. 

In Fig. 3, we show the calculated fraction of the non-neutron output energy (NNE) as a function of yield for a 30-pm Au 
wall hohlraum with laser energy of 1.8 MJ. To get x-ray energy from the figure, multiply yield by 0.25, add the laser energy, 
and then multiply by the fraction of NNE, which is plotted. The top curve assumes that the LEHs stay open and the bottom 
curve assumes that the LEHs reduce in area by a factor of 2 in 20 ns and are completely closed at 30 ns. We see that for the 
open LEH model, there is only a very weak dependence on yield for this wall thickness. For the closing LEH model, there 
are fewer x rays at low yield as compared to an open LEH and this modest difference decreases with increasing yield. As 
discussed below, this difference becomes larger for no-yield shots with lower laser energies. While the open LEH model 
emits a larger total flux of x rays, they are more directed along the hohlraum axis. Figure 3 is for the total number of emitted 
x rays. If we use the calculated number of x rays coming through the wall and the LEHs separately, we can calculate the 
spatial distribution of the emission. We assume that the emission through the LEH is Lambertian (decreases as the cosine of 
the angle way from the hohlraum axis) and that the emission through the walls is isotropic. With these reasonable 
assumptions, the calculated x-ray fluence at 10” from the hohlraum axis at a distance of 5 m is more for the open LEH model 
as compared to the closed model, 2.64 and 2.03 J/cm2, respectively for 20 MJ yield. However, the calculated x-ray fluence 
at 90” from the hohlraum axis at a distance of 5 m i$ less for the open LEH model as compared to the closed model, 0.5 1 and 
0.86 J/cm*, respectively for 20 MJ yield. This difference at 90” is important because there are diagnostic components, e.g., 
pinhole arrays, located along this direction at various distances from target center. Some of these components will be 
completely vaporized or partially vaporized, with the remainder becoming shrapnel, depending on the x-ray loading. In 
general, the emission through the LEHs is of shorter duration and has a hotter spectrum than the emission that comes 
through the walls of the hohlraum. The effect of pulse duration and spectrum on x-ray ablation is discussed in the next 
section. Details of this modeling with various yield energies, wall thickness, etc., can be found in Ref. 7. 

During initial NIF operation, the laser energies will be below 1.8 MJ and target yields will not contribute significant energy. 
We have recently calculated the expected x-ray loading during this phase of operation. In Fig:4, we show the calculated 
fraction of the laser energy leaving the hohlraum as a function of laser energy. Figure 4a is for the model where the LEHs 
closes after 30 ns and we give the fraction that escapes through the walls and through the LEHs. In Fig. 4b, we give similar 
results assuming the LEHs stay open. These calculations are for the same wall thickness of 30 pm as was used in Fig. 3. The 
maximum x-ray fluence at the first wall, from a target without yield, is only about 0.7 J/cm’. In the next section, we show 
that no ablation is expected from stainless steel at this fluence. The fluence is even less at the debris shields, which are 
located about 7 m from target center. However, one option for the debris shields is to use an additional disposable plastic 
debris shield. There is some indication that such shields could start to vaporize at these fluences. Experiments and modeling 
are planned to investigate this issue. If one moves closer to the target, the x-ray fluences in the initial phase of NIF operation 
are sufficient to have large ablation depths in various materials. At l/4 of full NIF, the laser energy is 450 kJ and the x-ray 
fluence at an angle of 90’ from the hohlraum axis at a distance of 5 cm from target center is 170 or 33 J/cm2 depending if we 
use the closed or open LEH model, respectively. This difference of approximately 5 between the two models is significant 
in determining the mass that becomes shrapnel and how much it is accelerated. For objects closer than 2.5 cm from target 
center, the x-ray fluence can exceed 1 kJ/cm2. This is comparable to the unconverted laser light fluence on shields attached 
to the target. In section 5, we discuss the situation where there is both laser and x-ray ablation occurring. 

4. X-RAY ABLATION AT LOW AND MEDIUM FLUENCE 

X-ray ablation at low and medium fluence is not dominated by plasma effects as is the case for the high fluence situation 
inside of hohlraums. However, the temperatures for ablation at medium fluences can be high enough that opacity and hence 
the absorption of the x-rays depends on the temperature of the material. The fluence at the first wall and debris shields in 
NIF is always low enough such that one can make the “cold opacity” approximation. We give results in this section using 
the ABLATOR code, which uses this approximation and was developed for this application’-“. Using the spatial 



distributions discussed above for LEH and wall emission, the angle from the hohlraum axis determines what fraction of the 
emission is from the LEH and the wall. From these fractions we get the spectrum and time dependence of the x rays using 
the results of the hohlraum simulation. In Fig. 5, we give the calculated vaporization depth for fused silica and stainless steel 
409 as a function of the blackbody temperature of the emitting x-ray source. We give curves for pulse durations of 1 and 20 
ns with the fluence kept constant at 2.5 J/cm’. Wall emission generally has a spectrum similar to a blackbody with 
temperatures in the 40 to 80 eV range. Emission out of the LEH has an emission similar to a blackbody with a temperature 
in the 200 to 400 eV range. At this fluence, fused silica would have a greater vaporization depth when exposed to wall 
emission as compared to the same fluence of LEH emission. This is not the case for stainless steel where vaporization depth 
at this fluence is relatively constant over the 40 to 400 eV temperature range. Stainless steel is more sensitive to the pulse 
duration than fused silica. This is expected given the higher thermal conductivity of stainless steel. The combination of these 
effects means that a longer duration pulse of x rays coming from the cooler hohlraum wall would ablate somewhat less steel 
than a shorter pulse of x rays comin, 0 through the LEH. At higher fluence the LEH emission becomes even more ablative as 
shown in Fig. 6. We give the calculated vaporization depth as a function of the blackbody temperature for various fluences 
in the I-10 J/cm’ range. For a fluence of 1 J/cm2, there is no ablation for a high temperature source and very little ablation 
for a cool source. At higher fluence, the greater penetration depth of x rays coming from a hot source is effective in 
removing material from deeper inside the material. These calculations use a 20 ns pulse duration. Comparison with data 
using 1 ns x-ray pulses from NOVA hohlraums shows that the vaporization depth calculated with ABLATOR is in good 
agreement with the measurements’. The surface of fused silica is observed to be smooth due to the removal by 
vaporization7-9. A similar comparison for stainless steel shows that the measured removal depth is comparable to the 
calculated vaporization depth as a function of x-ray fluence, but that surface appears wavy indicative of some removal of 
liquid”. This means that the ABLATOR calculation may be overestimating the amount of vaporization. 

The calculated vaporization depth increases proportionally with the fluence in the 2 to 10 J/cm2 range as shown in Fig. 7 for 
stainless steel using a spectrum corresponding to a$200 eV blackbody. At larger fluences, we see a turnover associated with 
the x rays being deposited in the ablated vapor. The conduction of heat from the vapor back to the solid is limited and the 
vaporization is significantly reduced. However, the temperature of the vapor in this case is several eV and the “cold 
approximation” is no longer valid. The ABLATOR code is overestimating the opacity of the vapor and is not allowing the x 
rays to reach the solid surface. It has been shown using the French code DELPOR that using correct plasma opacities for the 
blow-off material gives larger vaporization depth in this fluence range”. We are adapting our high fluence code, LASNEX, 
to the medium fluence range by using low temperature equation of state models, low temperature conductivity, and are 
treating phase transitions more accurately. 

5. COMBINED X-RAY AND LASER ABLATION 

Material out to a radius of order 3 cm from target center is exposed to a high fluence of unconverted laser light and plasma x 
rays. For ICF pulse shapes, the energy of the unconverted IO light is of order the 30 energy. At full NIF of 1.8 MJ, this 
gives 9.4 kJ/beam and a I o fluence per beam of 2.1 kJ/cm’ given that the 1 u beam pattern at target center is a 2.1 by 2.1 cm 
square offset by 0.5 cm. The fluence at a given distance from target center depends on how many of the 192 beams overlap. 
Assuming only one side illumination, the maximum overlap is 26 giving a peak fluence of 55 kJ/cm’ in a duration of order 
20 ns. From 0.5 cm out to about 2.5 cm tpe fluence is above 25 kJ/cm2 for full NIF operation. An x-ray fluence at the first 
wall of 1 J/cm2, due to target emission, increases to 40 kJ/cm2 at a distance of 2.5 cm from target center. Therefore the x-ray 
and laser fluences are comparable at a distance of around 2 to 3 cm from target center. 

Diagnostic components are not placed closer than 3 cm from target center, if possible, to avoid unconverted light. For some 
experiments, it is necessary to block the unconverted light using shine shields. It has been shown that if the shields are too 
large,~ i.e., radius of 4 cm, the outer portions are not vaporized and produce a very large number of shrapnel fragments12. 
Even if the shine shields are made a size to just block the desired fraction of the unconverted light, it is likely that they will 
be a source of high velocity fragments. The modeling in this situation is more complex because the laser light and the x rays 
can be striking the material at very different angles. Material that is melted and shocked into droplets by the laser can absorb 
x rays and the resulting ablation will accelerate the droplet in the direction away from the x ray source. In order to determine 
the effects of these shrapnel fragments on the chamber, we need to know their size distribution, velocity, and direction. We 
have started a modeling and experimental program to study these issues. 



6. ACCELERATION OF SHRAPNEL 

Acceleration of objects by ablation is an active field with the removal of space debris by laser ablation being an area of 
particular interestt3. For the NIF, there is a hope that we will be able to control the acceleration of the shrapnel fragments to 
reduce the number of impacts on the final optics. The NIF is being initially contigured for indirect-drive ICF with the beams 
entering at angles between 23 and 50” from the north and south poles of the chamber. This means that there is a fairly wide 
band around the equator that is free of debris shields. An earlier study showed that it might be possible to use debris wind 
from vaporized material to push shrapnel fragments into this band12.14. 

In addition to trying to control the direction of shrapnel fragments, it is desirable to control their size distribution. 
Fragmentation of liquids and solids has been studied for many years. For liquids, experiments have confirmed that the 
average droplet diameter is well approximated byI 

S avg = (48y@*)*“, 

where y is the surface energy per unit area, p is the density, and E is the strain rate. There is a simple relation that gives the 
surface energy as a function of temperature out to the critical temperature using the van der Waals constants. The &-2’3 
scaling with strain rate means that a liquid under a higher strain will fragment into smaller pieces as expected. For solids it is 
found that the average diameter is more sensitive to the strain rate with a scaling of E-’ in many situations’6-‘7. For both 
liquid and solid fragments, material will breakup into fragments having a range of sizes under a given stress. It has been 
found that this size distribution is well approximated by a Poisson distribution”, 

NgW = Noexp(-JW,,), 
* 

where N,(S) is the number of fragments per unit volume with diameters greater than S, and No is the. total number of 
fragments per unit volume given by No = 27/6,,,3 and the mean particle size is given by Smean = S&3. One will always 
have a range of material sizes but by varying the material and the stress that is applied to the material, there is the possibility 
to control the average size. 

If shrapnel fragments strike the l-cm fused silica debris shields, they will create craters that scatter the laser light. When the 
loss of energy reaching the target because of this scattering is greater than a few percent, the optic must be replaced. In Figure 
8, we give the allowed mass per shot that can become shrapnel as a function of average size and velocity of the shrapnel 
fragments. This calculation assumes a limit of a 2% drop in transmission following 120 shots of operation. The fragments are 
assumed to obey a Poisson size distribution. There is a strong dependence on the velocity of the fragments. In this simple 
calculation, all the fragments are assumed to travel at the same velocity. As the velocity increases, the allowed mass that can 
become shrapnel per shot rapidly decreases. In addition to scattering the laser light, the shrapnel produced craters that can 
grow in size because they trigger laser induced damage. This growth rate becomes large when the laser fluence is 4-5 J/cm*. 
This is significantly below the fluence for full NIF operation. As discussed in Section 2, one approach is to protect the fused 
silica debris shields with thin disposable debris shields. Given that the Poisson distribution of shrapnel, such shields (if thick 
enough) could stop the majority of the fragments. However, it is likely that some larger fragment in the tail of the distribution 
will get through and create craters on the main debris shield. We are in the process of determining what is an acceptable 
number of such craters. 

We have discussed the acceleration of fragments through x-ray ablation. The rapid x-ray loading of material from short 
lived plasma sources can also be the reason that a material breaks into fragments. Many of the objects, e.g., support wires, 
cooling rods, etc., are not cylindrically symmetric like the hohlraum itself. Modeling of such components must be done in 
3D. Our long term modeling goal is to allow fragments to form in our 3D radiation/hydrodynamic simulations. Such 
fragments would interact with the expanding plasma and the x rays coming from the target. Through such modeling, we 
hope to design targets that mitigate the damage caused by accelerated shrapnel fragments. 

7. CONCLUSIONS 

Ablation by laser light and x rays plays a central role in ICF and in the successful operation of the NIF. The range of relevant 
x-ray fluences spans more than five order of magnitude. For low x-ray fluences, codes using the “cold opacity” 



approximation are adequate to determine the vaporization of many materials. For some material, the removal mechanism in 
this fluence range is not simple vaporization and one must treat other removal processes such as sub-surface boiling, spalling, 
etc.. For medium x-ray fluences, one must use correct opacities for the blow-off material but also treat phase transitions 
carefully. At high x-ray fluences, plasma effects dominant and radiation plays an important role in the energy balance. Near 
to target center on NIF, laser and x-ray ablation can combine to produce liquid droplets that are accelerated to high velocities. 
The accurate treatment of shrapnel acceleration is important in our goal to predict the size, velocity, and spatial distribution of 
shrapnel fragments. 
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Fig. 1: The full NIF is shown with the major compo;ents labeled. 
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Fig. 2: The NIF final optic assembly is shown with one of the four debris shields labeled. 
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Fig. 3: The calculated fraction of the non-neutron output energies (NNE) as a function of yield for a 30ym Au wall 
hohlraum. Results are shown for both open and closgd LEH models. (NNE = 25% of yield plus laser energy.) 
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Fig. 4: The calculated fraction of laser energy that escapes the hohlraum through the LEHs and the walls assuming no fusion 
yield. Results in 4a assume the LEH closes after 30 ns and results in 4b are for the open LEH model. 


