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Abstract  

 
The National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory seeks to                         

achieve thermonuclear ignition through inertial confinement fusion. The accurate assessment of                     

the performance of each implosion experiment is a crucial step. Here we report on work to derive                                 

a reliable electron temperature for the cryogenic deuterium­tritium implosions completed on the                       

NIF using the x­ray signal from the Ross filter diagnostic. These X­rays are dominated by                             

bremsstrahlung emission. By fitting the x­ray signal measured through each of the individual Ross                           

filters, the source bremsstrahlung spectrum can be inferred, and an electron temperature of the                           

implosion hot spot inferred. Currently, each filter is weighted equally in this analysis. We present                             

work quantifying the errors with such a technique and the results from investigating the                           

contribution of each filter to the overall accuracy of the temperature inference. Using this research,                             

we also compare the inferred electron temperature against other measured implosion quantities to                         

develop a more complete understanding of the hot­spot physics. 
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Introduction 

 
The study of nuclear fusion has been of vital national interest for many years. The potential for                                 

nuclear fusion to change the world was first demonstrated in November of 1952 with the                             

detonation of the first hydrogen bomb​1​. The use of fusion energy though has not been purely                               

destructive. The amount of energy released in a fusion reaction is immense, and can not only                               

power the most destructive weapons known to mankind, but could in the future, become a nearly                               

infinite source of clean and safe energy. To this latter effect, the National Ignition Facility was                               

developed at Lawrence Livermore National Laboratory.  

 

Nuclear fusion reactions only occur under extreme temperatures and densities. For this reason it is                             

only observed in the heart of stars and in the detonation of a thermonuclear device. These                               

conditions are required due to the nature of the reaction. Unlike in fission, when a nucleus splits in                                   

half, in fusion two nuclei join to form a new element. For this union to occur, the nuclei must                                     

overcome the coulomb barrier. The coulomb barrier is the repulsive force a charge’s nucleus                           

“feels” as it approaches a second charge’s nucleus. This force is due to the coulomb repulsion                               

between the protons in each nuclei. The height of the coulomb barrier for a fusion reaction is on                                   

the order of one million electron volts (1 MeV). Under the classical understanding, nuclei in a                               

fusion reaction would be required to have an energy in excess of the height of the coulomb barrier.                                   

Without sufficient energy, the nuclei would reach a classical “turning point” and would be repelled                             

away from the other  nuclei. An illustration of the coulomb barrier is seen in Figure 1.  
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Figure 1: Under the classical understanding, an approaching nucleus must pass over the coulomb potential barrier. By a                                   

consideration of quantum mechanics the ability of the nucleus to “tunnel” through the barrier is understood. (needs citation) 

 

However, fusion reaction take place in solar plasma at energies below 1 Mev. This is possible due                                 

to quantum tunneling and the uncertainty principle. A nucleus can tunnel through the coulomb                           

barrier because of the uncertainty in the position of the protons in the nucleus. As might be                                 

expected, the higher the energy of the nucleus, the more likely it is that the nucleus will tunnel                                   

through the potential barrier​3​. 

 

While this tunneling effect allows fusion reactions to occur at substantially lower energies than                           

might be expected from a classical consideration, the energy released in fusion reactions is                           

immense. To create self­sustained nuclear fusion, conditions like those found in the center of stars                             

are required. Our nearest star, the sun, has a core temperature of about 15 million degrees kelvin,                                 

which is necessary for the proton­proton chain reaction. In a deuterium tritium (DT) reaction                           

(currently being investigated at the NIF), tunneling becomes most probable when the nuclei have                           

64 keV energies. Such conditions for fusion require an extraordinary environment available                       
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previously only in the heart of stars, and in the midst of thermonuclear detonations. In the hopes of                                   

better understanding fusion science and because of it’s possible applications to government                       

weapons programs, laboratory controlled fusion projects have been explored since the 1950’s. One                         

such approach explored at Lawrence Livermore National Laboratory is inertial confinement fusion                       

(ICF). 

  

In the ICF regime, high­powered lasers are used to compress and heat nuclear fuel to fusion                               

sustainable conditions. While there are two different methods of heating the outside of the target,                             

one being through direct laser irradiance, the second being from indirect irradiance from a laser                             

driven x­ray source, direct and indirect drive respectively, the fundamental theory of the fusion                           

process is the same. In both cases the outside of the target is ablated off by incident radiation. It is                                       

blown off in a rocket like expansion ​5​, which both eject the outside of the fuel capsule and, via                                     

action­reaction, implodes the inside of the target. As the target collapses in on itself, the pressure                               

at the core rapidly increases. The work done to compress the volume of the target remains as heat,                                   

increasing as the volume decreases. Under these conditions a “hotspot” is formed at the core of the                                 

fuel capsule, where, the fusion reaction begins. The NIF currently employs the ICF indirect drive                             

approach in a campaign to achieve thermonuclear ignition. Ignition is a self­sustained fusion                         

reaction inside the fuel capsule when the fusion reaction is sufficiently virulent to allow                           

thermonuclear burn to propagate out from the hot core into the surrounding cooler fuel. Figure 2                               

illustrates the steps of an ICF implosion and Figure 3 illustrates the difference between direct drive                               

and indirect drive methods. 
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Figure 2. a) the laser light, or X­rays illuminate the outside of the capsule. b) The outside shell is ablated off causing rocket like                                               
expansion of the outside of the fuel capsule. “Blowoff” is ejected which the remainder of the capsule in force inwards. c) As the                                             
capsule reaches max compression, both the pressure and the temperature massively increase. c) A hotspot is generated at the center                                       
of the capsule and fusion begins. (needs citation) 
 

 
Figure 3. a) In direct drive, laser beams are incident on the outside of the capsule. This method is advantage due to higher energy                                               
coupling efficiency and reduces laser plasma interaction effects. (needs citation) 

 

8 



 
Figure 3. b) In indirect drive, laser beams are incident on the inside of gold capsule called a hohlraum. The hohlraum then emits                                             
X­rays which bath the fuel capsule in nearly uniform light. It is advantageous because it relaxes the requirement on beam                                       
uniformity and reduces hydrodynamic instability. (needs citation) 
 
While the general theory of ICF indirect drive fusion is simple, there are many fundamental                             

features of ICF, which make achieving ignition a prodigious challenge. These features include                         

laser beam uniformity discrepancies, laser plasma interactions, and hydrodynamic instabilities. If                     

the power delivered by each of the beams is not perfectly identical, the laser can drive an                                 

asymmetric implosion. In this case energy can be wasted by translational movement of the target                             

during an implosion or by pushing the target into a non­spherical shape by either pressing too                               

heavily on the top, bottom or sides. Asymmetric drive can be caused by poor beam uniformity or                                 

also via laser plasma interactions. These interactions can come in the form of stimulated Raman                             

scattering, stimulated Brillouin scattering, or cross beam energy transfer. In stimulated Brillouin,                       

scattering is caused by laser light scattering off ion sound waves, while stimulated raman                           

scattering is caused by laser light scattering off electron waves. Cross beam energy transfer occurs                             

when energy from laser beam is coupled into that of an intersecting beam. All of these laser                                 

plasma interactions can lead to power loss as well as asymmetric drive. In addition to the                               

challenges of beam uniformity discrepancies and laser plasma interactions, hydrodynamic                   
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instabilities can cripple the integrity of an implosion. Hydrodynamic instabilities are instabilities                       

in fluid flow, in this case, plasma. These are important at the interfaces of different layers of the                                   

target. As instabilities grow during an implosion, the interfaces of the boundaries degrade and the                             

symmetry of the implosion deteriorates. These instabilities can cause mix within the target, where                           

the material of the outside of the target is mixed in with the nuclear fuel. This mix can make                                     

ignition impossible. 

 

For these reasons, and more, ignition has not been achieved at the NIF. As a result strong                                 

diagnostic techniques are required to diagnose how close the ignition campaign is to success.                           

Chief among these needed measures is a robust measurement of the temperature of the core of the                                 

implosion. The term temperature is however partially ambiguous. Because the entire target is                         

plasma at the time of the implosion, the ions and electrons in the core of the implosion are                                   

decoupled. This allows each to have a different thermal distribution. It is currently unknown                           

whether the two are in thermal equilibrium. Thus two temperature measurements are made T​Ion                           

and T​e­​, the ion temperature and the electron temperature. It would be expected that the ions and                                 

the electrons would be in thermal equilibrium, but this is not known. An accurate measurement of                               

the electron temperature is needed because currently there is a discrepancy between the electron                           

and ion temperatures. 

 

The ion temperatures are measured using a Neutron Time Of Flight detector (NTOF). The NTOF                             

detector measures the neutron energy spectrum. The energy spectrum is Doppler broadened                       

because the fuel ions acquire a thermal distribution. 
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Figure 4: X­rays are emitted from the gold hohlraum, pass through the front stage of the Ross Filter Pair diagnostic, pass through                                           
the filter array, and are recorded on the image plate, making time integrated images. (needs citation) 
 

 

Figure 5: X­rays from the center of the implosion are emitted. Low energy X­rays (red) are attenuated by the ablator shell. Higher                                           
energy X­rays pass out of the target, through the hohlraum, filter array, and are recorded on the image plate. 
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Figure 6: The spectrum changes as the X­rays passes from the center of the implosion to the detector. Initially unattenuated (A), the                                           
low energy portion of the spectrum is filtered out by absorption in the ablator as seen in (B). After the X­rays pass through the                                               
filter, the spectrum is again attenuated. The sharp drop seen in (C) is the K­edge of the material. It corresponds to an energy just                                               
above the binding energy of the K­shell electrons.  
 

The focus of the summer project was the development of a code to calculate the uncertainty in the                                   

inferred electron temperatures from the Ross Filter Pair diagnostic. The Ross Filter Pair                         

Diagnostic is a simple device, which measures the x­ray flux coming from a NIF implosion. The                               

diagnostic is divided into twelve sections. Each section has a “view” of the implosion out through                               

the entrance hole of the diagnostic. Each section has two parts, an attenuation filter, and an x­ray                                 

image plate. Part of the x­ray flux from the implosion enters the detector, passes through the first                                 

stage, then through the x­ray filters, and then is recorded on the x­ray image plate. There are six                                   

different types of attenuation filters. These are, vanadium, copper, germanium, molybdenum and                       

two thicknesses of aluminum filters. These are repeated twice in the detector to insure that a signal                                 

is recorded through at least one of them. The attenuation filters are chosen carefully for a                               

particular thickness and atomic number, to have a very particular attenuation characteristic. 
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Figure 7: The x­ray spectra through the different filters are each shaped differently by the filter attenuation. This shaping allows the                                         
research to inferrer the x­ray spectrum from the signals recorded on the image plate. 
 

The front stage prepares the X­rays for attenuation and detection. While the detector’s image plate                             

is recessed from the site of the implosion, the front stage has a long “snout” which protrudes out of                                     

the target chamber wall to within centimeters of the implosion. It is designed to capture a small                                 

solid angle of the x­ray flux coming from the implosion. The X­rays pass through a preliminary                               

kapton plastic debris shield, which protects the detector, and are then imaged through a pinhole                             

array and collimator. The pinhole array allows multiple images of the implosion to be recorded on                               

the x­ray image plate in the same way that early pinhole cameras recorded images on photographic                               

plates. The collimator is used to block as many of the high­energy neutrons from the implosion as                                 

possible from hitting the image plate and prematurely developing it. 
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The Ross Filter Pair diagnostic has three main features. It is spatially resolved, time integrated and                               

absolutely calibrated. To be spatially resolved means that image information about the implosion                         

is recorded in two dimensions. It is spatially resolved in the same way that a photograph is                                 

spatially resolved as opposed to a single line in that photograph. To be time integrated, means that                                 

the diagnostic records x­ray irradiance for the entirety of the implosion. It records radiation from                             

the beginning of the implosion to the end. It is analogous to leaving the shutter open on a camera                                     

pointed at a light bulb as the bulb is momentarily turned on. The diagnostic records the x­ray flux                                   

as it increases like the light from a light bulb as it heats up and continues to record as it reaches                                         

peak brightness and then dims. To be absolutely calibrated means that an exact measurement can                             

be made of the signal level received on the X­ray image plate​4​. The Ross Filter Pair diagnostic                                 

records information on the shape of the implosion as well as the absolute signal level. This latter                                 

part is used to infer the electron temperature of the implosion. 

 

 

Figure 8: Self emission at peak compression is recorded on the image plate of the detector. Imaged through a pinhole, the X­ray                                           
flux from the implosion in recorded in two dimensions. Recording over the entire period of the implosion, it is seen that the center                                             
radiates most intensely. This is a product of its greater temperature. (needs citation) 
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This is possible because of the important link between the X­rays and the plasma electron                             

temperature. In plasma, at the core of the implosion, all the deuterium and tritium gas atoms are                                 

fully ionized. This produces a “soup” of free electrons and ions that can move independent of each                                 

other. Due to conservation of momentum, the velocities of the electrons are much higher than                             

those of the ions. Due to the electrostatic force of the ions on the moving electrons, a moving                                   

electron will be accelerated around a near ion. To conserve energy, the electron radiates energy in                               

the form of X­rays. This radiation is known as Bremsstrahlung radiation. The radiation is emitted                             

in a continuous spectrum with a frequency peak, which is dependent on the temperature of the                               

plasma. When this radiation is emitted from the hot plasma at the center of the implosion and is                                   

incident on the x­ray image plate, the image plate can only record the total energy deposited on it,                                   

not the spectrum. With the use of filters, which attenuate preferentially different parts of the x­ray                               

band, one can infer the initial Bremsstrahlung spectrum. 

 

Previously using this method, an electron temperature was inferred. This temperature was                       

however, inconsistent with the ion temperature, being too low. It was not known how sensitive the                               

inferred electron temperature was to the choice of filters used in the diagnostic. It was not known                                 

if one filter could be throwing off the final inferred temperature. 

 

This thesis discusses the work done to evaluate the sensitivity of the inferred electron temperature                             

to filter choice. The chosen approach to solve this problem was to build a monte carlo method                                 

code to simulate the system, infer and electron temperature, and then evaluate how that                           

temperature changes with choice of filters given random error in the recorded signal. 
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The analysis was completed using the programing language Mathematica. While it offered many                         

of the advantages of a high level programing language, it was the cause of significant difficulty as                                 

the author needed to first learn the language to complete the summer research. It had the additional                                 

disadvantage, like other compiled languages, of running comparatively slowly. This necessitated a                       

fair bit of cleverness to accelerate the run time of the program. 
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  DATA ACQUISITION: 

The data used in this research was both synthetic and experimental. After methods were developed                             

with synthetic data, they were applied to experimental results to look for trends in implosion                             

performance. To investigate the sensitivity of electron temperature measurements to filter                     

configuration, synthetic data was required. To examine the errors in the calculation of the inferred                             

electron temperature, the correct value needed to be known. Impossible under an experimental                         

setting, the raw data from the detector was simulated, assuming an x­ray spectrum and knowing                             

the attenuation characteristics and dimensions of the detector. By assuming a spectrum, an                         

electron temperature was also assumed. This “true” electron temperature was then compared to the                           

inferred values. Once the synthetic data was created and the error in the inferred electron                             

temperature was analysed, data from NIF implosions was examined using the methods developed                         

previously. Having built confidence in the electron temperature determining part of the code (by                           

running error free synthetic values through it and inferring the original generating electron                         

temperature), it was used to infer electron temperature from NIF implosion data.   

   

Figure 9: A visual description of the code used to calculate inferred  electron temperature sensitivity to filter configuration. 
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Developing Synthetic Data: 

To infer an electron temperature, one must fit a bremsstrahlung spectrum to the signal level data                               

from the detector. The electron temperature can easily be inferred from the slope of the spectrum.                               

To this end, the program must be capable of producing a synthetic spectrum. This is accomplished                               

using the following equation for a Bremsstrahlung spectrum. 

 

 

We then define the constants to describe the plasma conditions. We assumed a density of 75                               

grams/cc, a radius of 30 microns, a bandwidth (time it emits X­rays) of 225 picoseconds, and an                                 

optical depth factor of 1. The spectrum is initially in terms of mJ of energy and required a                                   

conversion to KeV. The spectrum was then scaled by the fraction of the solid angle that the                                 

detector could see. Next, the program imports the required data to simulate the implosion. The                             

transmission data for vanadium, copper, germanium, molybdenum, aluminum, kapton,                 

high­density carbon, and gold were imported. In addition, the response data for the x­ray image                             

plate was also imported. This is required in a calculation the absolute signal on the plate, since it                                   

describes how sensitive the image plate is to different x­ray frequencies. Scaling the synthetic                           

spectra by the transmission spectra, the image plate (x­ray image plate) response, the KeV                           

conversion factor, and the solid angle factor, the implosion bremsstrahlung spectra on each image                           

plate was calculated. This spectra was then integrated over the considered energy range (1 Kev to                               

50 KeV). This integration produces six PSL (photostimulated luminescence) values, one for each                         

filter channel. The PSL is a measure of light given off by the x­ray image plate when read. Unlike                                     
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conventional x­ray film, the image plates used in the detector are reusable. Incoming radiation                           

displaces electrons in the crystal lattice. When scanned with a laser, the electron can be stimulated                               

to return to its position in the lattice. This transition emits a photon, which is then detected by the                                     

image plate scanner. The amount of stimulated luminescence is proportional to the prior irradiance                           

of the image plate. Thus, given a set of plasma conditions, the program calculates the signal that                                 

would be seen behind any given filter. 

  

Using this function, the program then creates a table of PSL values for a range of different plasma                                   

temperatures. (Because there is a different x­ray spectrum for each assumed plasma temperature).                         

It repeats this process, creating a second table with greater temperature resolution (using the same                             

range, but more values). 

  

We then define a function which, given a filter configuration and a list of plasma temperatures,                               

returns an array of PSL values at those temperatures and filter configuration. This function is then                               

used to build a second function, which takes a temperature range, noise level, and filter                             

configuration. It returns an array as before, but this time with random “error” added to each of the                                   

PSL values at levels set by the noise level input. Once the program was capable of creating                                 

synthetic PSL values for any filter configuration, plasma temperature, and noise level, a method to                             

fit a bremsstrahlung spectrum to any PSL set was needed. 

  

Developing Experimental Data: 
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As described above, the experimental data was generated from the Ross Filter Pair diagnostics                           

recording x­ray flux from NIF implosions. All experimental data was obtained by collaborators of                           

the author. After an experimental run, the image plate was removed from the diagnostic. The                             

image plate was a Fujifilm BAS­SR type medical imaging imaging plate. This plate has 25µm                             

resolution and was scanned on a GE FLA 7000. An image of similar image plates can be seen                                   

below (Figure 10). 

 

 

Figure 10: Image plates like these where used in the Ross Filter Pair diagnostic to record the x­ray signal from NIF implosions.  
 

The image plates were then scanned on a Tycoon FLA 7000 and the PLS values were recorded in                                   

a two dimensional plot. Figure eleven shows an image of a scanned image plate, note the multiple                                 

exposures behind the filter. Also present in this image is evidence of experimental mispointing.                           

The diagnostic was not in perfect alignment with the target at the time of the implosion. This                                 

results in images being recorded on only part of the image plate. 
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Figure 11. Left) An image of the the filter set used in the Ross Filter Pair Diagnostic. Right) The image recorded on the image plate                                                 
after an implosion. Filters are repeated around the film to ensure an image is recorded in the event of diagnostic mispointing. 
 

The images behind each filter are extracted and averaged together to produce one composite image                             

for each filter. The shape characteristics and integral brightness was analyzed from each                         

composite. This data was then compiled in a spreadsheet like the one seen in figure twelve. 

 

Figure 12. Date from the Ross Filter Pair diagnostic was compiled in a spreadsheet. The images vary slightly between filters. The                                         
integral PSL value of each composite image is calculated including error estimates. Note the number of images that each composite                                       
image is made of. 

Additional data about each implosion was recorded with other detectors. Later analysis used  

the implosion’s ion temperature, polar­equatorial average electron temperature, DT and DD                     

neutron yields, maximum fuel velocity (speed of the implosion), X­ray burn width time                         
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(approximately, the amount of time the core emitted X­rays), laser power, laser energy, polar and                             

equatorial electron temperature . A collection of these data points were compiled in a different                             

spreadsheet, recording data for each implosion.  

 

There are two different electron temperatures. These two measurements differ by the orientation of                           

the Ross Filter Pair diagnostic at the time of data acquisition. The polar electron temperature is the                                 

measurement of the electron temperature inferred from data from the detector when it is pointed at                               

one of the poles of the target. The equatorial electron temperature is inferred from data from the                                 

detector when it is pointed at the equator of the target. These two differ in the material that the                                     

X­rays must pass through. From the polar view, X­rays pass through the ablative material of the                               

target and continue unobstructed until they reach the detector. From the equatorial view, X­rays                           

pass through an additional layer of gold and high density carbon. The difference in signal is simple                                 

to account for in calculations. 

 

 

Figure 13: Equatorial electron temperatures are inferred from data produced when the Ross Filter Pair diagnostic has an equatorial                                     
view of the implosion. Polar electron temperatures are inferred from data produced when the Ross Filter Pair diagnostic has an                                       
polar view of the implosion.  

22 



DATA ANALYSIS: 
 

Fitting A Bremsstrahlung Spectrum: 

To do this, an ensemble of possible PSL values was calculated. An ensemble of at least 1000 was                                   

used. Each of the members has a random error. This ensemble of PSL values was then processed                                 

through the program. For each member, the set of PSL values was compared to a large list of                                   

synthetic error free PSL values produced from a wide range of temperatures. The program then                             

calculated the root mean square error of the difference between the PSL values in the ensemble                               

and the ideal list. The entry that produced the smallest root mean square error was selected and                                 

that entry’s generating plasma temperature was taken as the inferred electron temperature of that                           

member of the ensemble. This process was repeated for each member of the ensemble. The                             

program then took minimum and maximum values of the inferred temperatures, and assuming                         

they were mostly correct, used them for the second stage of the fitting process. 

  

After an initial estimate of the temperature was made, the process was repeated, but at a higher                                 

resolution. The maximum and minimum values were used from the first stage to create a small                               

window in which to search inside of for the high­resolution analysis. The second stage used a table                                 

of ideal PSL values using smaller temperature steps. This two­stage approach was employed to                           

efficiently fit the bremsstrahlung spectra to the data. 
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Analysis of the Sensitivity to Filter Configuration: 

Once the second fitting routine was completed, a list of inferred electron temperatures was                           

returned. The standard deviation of these temperatures was then computed. This process was                         

repeated for pairs of filters to compare the standard deviation of the inferred electron temperatures.                             

It was found that there was no set of filters, which produced a significantly inferior inferred                               

electron temperature. 

 

 

Figure 14: To verify the correct function of the program, synthetic implosion core temperatures were plotted against the standard                                     
deviation of the inferred electron temperature. As expected, it is seen that at higher temperatures, the standard deviation decrease.                                     
The standard deviation decreases because the signal to noise ratio increases with increased temperature. The hotter the plasma, the                                     
greater the number of X­rays that are incident on the image plate. 
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Figure 15: The known systematic error in the diagnostic is on the order of 200 eV. Applying this same value to the synthetic data,                                               
and then employing a monte­carlo method program to assess the subsequent error in the inferred temperature, it is demonstrated                                     
that all filter configurations yield nearly identical temperature values.  

 

Application of the Code to Experimental Implosion Data: 

After comparing the errors of the inferred electron temperature between the different filter                         

configurations, the methods used to compute these values were then applied to experimental data.                           

Implosions from April 2013 to August 2014 were analyzed, totaling fourteen in number. For each                             

of these implosions, inferred polar and equatorial electron temperatures were calculated with                       

associated errors. The errors were computed from the calculations with the synthetic data. These                           

values were then added to an existing dataset which had values for each implosion’s ion                             

temperature, polar­equatorial average electron temperature, DT and DD neutron yields, maximum                     

fuel velocity (speed of the implosion), X­ray burn width time (approximately, the amount of time                             
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the core emitted X­rays), laser power, and laser energy. A Mathematica script was then written to                               

harvest and plot the information from the dataset for any set of datapoints.  

 

First the polar and equatorial inferred electron temperatures were plotted against each other. As                           

can be seen in Fig. 16, both temperatures are very similar. While in principle they should be                                 

identical, they are not. 

 

Figure 16: When plotting the polar inferred electron temperature versus the equatorial inferred electron temperature, it is evident                                   
that both measurements are not identical. This is likely due to asymmetries in the implosions, were more target material obscures                                       
the view of the core in one direction than the other. 
 

Differences in the two inferred temperatures is likely due to the asymmetry of the target at the time                                   

of the implosion. The asymmetry could cause the core to be more shielded from view in one view                                   

than the other. In the case of implosion N130710 it is clear from the composite images from the                                   
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polar and equatorial views that the core of the implosion appeared quite differently to the detectors                               

positioned with each of these views. 

 

Figure 17: Polar and equatorial views show different images. For N120710 the polar electron temperature is significantly less than                                     
the equatorial temperature. It is thought that image B shows not a “donut” shaped temperature profile, but rather a uniform                                       
temperature distribution with the center obscured by residual cold fuel. By shielding the center from Ross Filter Pair diagnostic a                                       
“cooler” electron temperature will be inferred. 
 

It is seen, except for a few exceptions, that polar inferred electron temperatures match equatorial                             

temperatures well.  

 

The next trend to be examined was the electron temperature versus the ion temperature. As                             

discussed above, prior work had discovered that measurements of the electron and the ion                           

temperatures yielded different results, with measurements of the ion temperature yielding higher                       

values. This discrepancy was investigated using the inferred temperatures from this research as                         

well as the errors. As seen in Fig. 18, this discrepancy still exists and cannot be accounted for by                                     

error in the inferred electron temperature. 
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Figure 18: Plotting the implosion core ion temperature versus the polar equatorial average electron temperature, the ion temperature                                   
is shown to be characteristically higher. This may be due to residual motion of the core.  

  

The difference in the electron and ion temperatures may be due to residual motion in the core.                                 

Under ideal conditions, the target is uniformly compressed on all sides in a spherical implosion,                             

where all external forces balance out and the target stays stationary. If this does not occur, part of                                   

the laser energy can be lost into displacing the target within the target chamber. Consequently, this                               

motion could skew the ion temperature.  

 

The next trend to be examined was DT neutron yield versus inferred electron temperature. The                             

relationship of neutron yield to temperature was one of the metrics examined in the planning of the                                 
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ICF program. Computer simulations predicted a power law scaling of Y=T​4.7 for the DT yield as a                                 

function of ion temperature. When the inferred electron temperature was plotted against the DT                           

yield it was found that this relationship did not hold. Instead, as seen in figure 19, a power scaling                                     

of Y=T​2.64​ was found. The exact cause for this discrepancy is not well known.  

 

Figure 19: Plotting DT neutron yield versus the polar­equatorial average inferred electron temperature reveals that yield scales as                                   
Y=T​2.64​. This is much more gradual that the predicted scaling of  Y=T​4.7​. 
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CONCLUSION: 
 

The success of inertial confinement fusion would have a profound effect on american energy                           

independence and the long term health and safety of the environment. Unfortunately, the problems                           

to be solved before such technology can be developed are immense. The approach at the Lawrence                               

Livermore National Laboratory has had much success in comparison to previous efforts in the                           

field to reach ignition. There is still much to be learned about the particulars of inertial                               

confinement fusion before ignition will take place. It an effort to understand how close the NIF is                                 

to achieving ignition, a robust measurement of the temperature of the core is needed. While the                               

neutron time of flight method is currently used, data from these measurements seems to conflict                             

with inferred electron temperatures. To understand the significance of this disagreement, the errors                         

in the inferred electron temperature must be fully understood. The systematic uncertainty of the                           

the measurements due to the construction of the detector had been previously investigated, but the                             

significance of the choice of filters used in the diagnostic had never been probed. After using a                                 

monte carlo method to investigate the sensitivity of the inferred electron temperature on filter                           

choice, it was found that no one filter impaired the accuracy of the inferred electron temperature.                               

The method used to calculate error in the first simulation was then applied to experimental NIF                               

data for fourteen implosions. Having done this, trends were then examined in the data. It was                               

observed that for “well performing” implosions, the equatorial and polar inferred electron                       

temperatures matched well. After plotting ion temperature versus electron temperature, the                     

difference in the two was maintained and it could not be accounted for by the error in the inferred                                     

electron temperature. Lastly, plotting the yield of the implosions versus the electron temperature,                         

the yield was found not to scale as strongly with temperature as predicted by simulations. 
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APPENDICES: 
 
Sample of Project Code Written in Mathematica: 
Calculates the inferred polar electron temperatures assuming an uniform error level in PSL values. 
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