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ABSTRACT 

Recent simulations predict surface oxygen maybe a significant source of disruptive 

perturbations in the implosion process of GDP ablators at NIF. GDP material held in ambient 

atmospheric conditions showed an increase in mass when stored in light transparent containers, 

which suggested that photo exposure is a driving force for oxygen absorption. To investigate if 

surface oxygen is a contributing factor of disruptive perturbations during implosion a method to 

imprint a periodic micropattern of oxygen on the surface of GDP was developed and used to 

fabricate a flat part for empirical testing. Photo exposure using collimated blue light was used to 

yield micropatterns of surface oxygen on the GDP material.  The periodic oxygen micropattern 

was confirmed by secondary ion mass spectrometry (SIMS) and energy dispersive spectroscopy 

(EDS).  A SIMS depth profile showed the atomic percent of oxygen ranged from 8 at% near the 

surface to 1 at% at a depth of 2 microns for a sample exposed for 4 minutes.  The molecular 

interactions formed between the GDP and oxygen molecules were characterized using Fourier 

transform infrared resonance (FTIR), which showed the formation of hydroxyl (O–H) and 

carbonyl (C=O) bonds.  The FTIR enabled the oxygen mass uptake as a function of photo 

exposure time to be quantified (resolved to 0.05 at% oxygen).  This experimental protocol was 

then applied to produce a GDP flat part with a periodic 75 micron wavelength micropattern of 

photo exposed (oxygen rich) and masked (oxygen deficient) regions.  The micropatterned GDP 

ablators developed in this work will be used to assess the effect of surface oxygen on disruptive 

perturbations during the ICF implosion process. 

Key Words: Micropattern, GDP Ablators, Oxygen Uptake, Photo Exposure  
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INTRODUCTION 

The prospect of inertial confinement fusion (ICF) energy as a next generation power 

source is based on the concept of high temperature compression of a cryogenic deuterium/tritium 

fuel.1,2,3  This high temperature compression of the fuel takes place inside of a capsule made of 

an aliphatic carbon-hydrogen material commonly known as glow discharge polymer (GDP).4,5  

The GDP capsule is bombarded with x-rays generated by a series of lasers at the National 

Ignition Facility (NIF) with the goal of generating implosion and subsequent thermodynamic 

energy gain from the resulting fusion reaction.6,7  Recent simulations suggest the implosion 

process is limited by Rayleigh-Taylor hydrodynamic instabilities which grow to the point of 

inhibiting implosion and are caused, in part, by oxygen layering on the surface of the GDP 

material.8   

Extensive simulations have been conducted on sources causing disruptive perturbations 

in the ICF process.9,10  These sources of instability include Rayleigh-Taylor and Richtmyer-

Meshkov instabilities which can be induced by several factors such as density gradients or 

chemical contamination.11,12,13,14  Numerous previous works have simulated and modeled the 

ICF process and have previously suggested that surface roughness and material contamination 

are likely the main factors yielding disruptive perturbations to the implosion process.15,16  Recent 

simulations by Haan et al. predicted that perturbations caused by surface oxygen exceed those 

perturbations seeded by surface roughness.  Direct measurement of late-time perturbation 

amplitudes has confirmed the presence of perturbations larger than expected from surface 

roughness alone, and often having coherent structure that can best be explained as resulting from 

surface oxygen pick up due to exposure to light during target fabrication.17,18  
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It is well known that the source of surface oxygen on the GDP polymer is from atmospheric 

pickup.1920  Free radicals exist as a part of the GDP production process and from exposure to 

ambient light which provide an electron deficient site for the reaction with both molecular 

oxygen and/or water present in the atmosphere.21,27 These molecules yield both hydroxyl and 

carbonyl bond structures on the surface of the material.  The formation of these bond structures 

can be induced by photo exposure of the GDP material to light in the ultraviolet (UV) and visible 

wavelengths.22,23   

Simulations recently published by Haan, S.W. et al. concluded that oxygen inhomogeneities 

are a likely source of harmful perturbations that are several factors greater than previously 

understood.  In this work we report the development of the first GDP flat target with a controlled 

surface oxygen micropattern to empirically evaluate the contribution of oxygen non-uniformity 

in the ICF process.  In this work the surface chemistry of a GDP flat was patterned using a 

photomask with a 37.5 µm length pattern which yielded a sinusoidal micropattern of oxygen 

with an atomic percent in the range of 0 to 0.2 atomic percent (at%).  This micropattern yielded a 

sinusoidal micropattern with a wavelength of 75 µm. After processing the Fourier transform of 

this micropattern, the resulting perturbation mode is in the range of those modes predicted by 

Haan, S.W. et al. to be the most inhibitory for ICF implosion. 

The culmination of this work will be observing the oxygen effect on a shock traveling 

through the patterned GDP flat targets on the Omega laser at the Laboratory for Laser 

Energetics.  The shock modulations that result from the surface oxygen pattern will be measured 

with a two-dimensional imaging velocimeter, the Omega High-Resolution Velocimeter 

(OHRV).24 The direct measurement of the perturbations resulting from oxygen patterned surface 
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will be invaluable towards empirically validating the theoretical models and thus advancing the 

ICF process.    

EXPERIMENTAL 

Fabrication of Glow Discharge Polymer (GDP)  

Glow discharge polymer (GDP) was coated on a poly-alpha-methylstyrene (PAMS) 

coated silicon wafer to a nominal thickness of 60 µm using the technique developed by Nikroo, 

et al.25 The rotating flat technique developed by Vermillion, et al,. was used in the coating of 

GDP as described previously.26  The thickest region on the silicon wafer was approximately 12 

mm in diameter, and was sectioned off and pyrolyzed at 300 °C for 13 hours. The resulting GDP 

flat was nominally 50 µm thick.  Samples sized 2.5 mm x 2.5 mm were laser machined from the 

pyrolyzed GDP flat. 

Storage and Mass Measurements of GDP Control Samples  

Triplicate GDP samples of similar size and thickness were stored in various atmospheric 

and light conditions. To test varying light conditions: One control sample was stored in a dark, 

light tight, vacuum under 10 mTorr; a second control sample was stored in a transparent petri 

dish in ambient air at atmospheric pressure; a third sample was stored in ambient air at 

atmospheric pressure but in a light tight container. To test varying atmospheres: one control 

sample was stored in pure nitrogen; a second was stored under vacuum; and a control was placed 

in ambient air.  Each of the samples used to assess the effects of varying atmospheres were 

exposed to light.  All control samples were stored at room temperature (20 ± 3°C).  Each sample 

was weighed periodically using a Thermo Electron microbalance, which was validated with a 

1.9276 mg standard each day measurements were taken.  The error of the microbalance was 
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given as 0.0005 mg by the manufacturer.  Each sample was weighed at least twice in a given 

sitting. 

Photo Exposure Apparatus  

The exposure of the GDP samples utilized a simple fixture to ensure repeatable setup over 

multiple exposures and samples, and also to maintain consistent photo irradiation on the samples 

(Figure 1). The LED chosen was a ThorLabs 405 nm collimated 50-mm diameter LED 

(M405L2-C1) due to its high intensity and ability to promote photo-oxidation in a reasonable 

amount of exposure time. Power measurements were taken with a Newport 843-R power meter 

and 883-UV sensor. A ThorLabs DC2100 driver current of 1.0 A yielded a radiant flux of 470 

mW/cm^2 which varied < 1%. Exposure time was typically 4 minutes per sample at a range of 

approximately 8 inches. This distance yielded the best quality collimated beam and more than 

adequately covered the sample with uniform irradiance.  
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Figure 1: The experimental apparatus showing the photo exposure of the masked GDP flat.  The 

ThorLabs photo source is shown is the upper left.  The GDP part was placed in the fixture shown 

in the center.  The mask was positioned over the GDP part shown in the lower right.   

Masks 

The purpose of the mask was to create the periodic wavelength pattern between oxygen 

rich (photo exposed) and oxygen deficient (unexposed or masked) GDP.  Masks were fabricated 

out of 100 µm and then 50 µm thick tantalum with a periodicity of initially 150 µm, then 75 µm. 

The masks were laser-cut using a Trumpf green laser marking system. Various iterations of the 

cutting technique and laser parameters yielded masks that met the requirements. Chemical 

etching was additionally used to clean up the laser machining recast material and improve the 

edge quality. Careful attention was paid to ensure the masks were made as flat as possible so 

they would be in intimate contact with the sample.  Careful handling was necessary to ensure the 

mask remained intact, since the square-wave pattern essentially made micro-wires out of the 

tantalum. 

Oxygen Writing by Photo Exposure 

To expose the sample, the fixture was first cleaned and the bottom plug pressed into 

place. Next, the GDP sample was taken from its storage container and placed into a cavity on top 

of the plug with tweezers. The 2.5 x 2.5 mm mask was carefully placed on top and clamped into 

place by the top hold-down piece and secured with tape around the edges. The 

fixture/mask/sample package could then be handled and photo exposed. After exposure, the 

hold-down clamp and mask were removed and then the clamp was reinstalled to keep pressure 

on the edges of the sample.  
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Fourier-Transformed Infrared Spectroscopy 

The sample fixture was designed to fit directly into the sample holder for measurement 

using Fourier transform infrared resonance (FTIR).  FTIR was performed using a Thermo 

Electron Nicolet Nexus 470 spectrometer attached to a Continuum™ infrared microscope with a 

mercury cadmium telluride (MCT) detector (cooled by liquid nitrogen).  Samples were 

characterized using the Continuum™ microscope with at a magnification of 15X and an infrared 

beam having dimensions of 25 x 150 μm.  Spectra were acquired using 128 scans with a 

resolution of 4 cm-1 over the range of 650 to 4000 cm-1 in transmission geometry.  Spectra were 

processed using the peak height and area tools in OMNIC 7.3 software.   

Secondary Ion Mass Spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) was performed by Evans Analytical Group (EAG).  

The SIMS was equipped with a cesium ion source.  The depth profile was performed from the 

surface to a depth of 2 microns. 

RESULTS AND DISCUSSION 

The ICF implosion process is affected by inhomogeneity and non-uniformity in both the 

surface and bulk phase GDP capsule material.  Atmospheric oxygen is a potential source of these 

defects, which may lead to disruptive perturbations in the GDP ablation process.  The uptake of 

oxygen into GDP material as a function of exposure to light was assessed in an effort to produce 

targets to determine the effect oxygen has on disruptive perturbations. 

Effect of Atmosphere on Mass of GDP Capsules 

GDP capsules were stored in varying atmospheric conditions to evaluate if the material 

was absorbing or reacting with molecules in ambient air.  Three equivalent sets of GDP pieces 
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were placed in storage containers with varying atmospheres exposed to light: ambient air, 

vacuum, and pure nitrogen.  The GDP pieces were weighed periodically over the course of 320 

days and the normalized masses were assessed.  The GDP capsules stored in ambient air gained 

mass at a rate approximately 28 fold faster than the capsules stored under nitrogen and 2.7 fold 

faster than those stored under vacuum (data not shown).  This suggested that oxygen was the 

source of the mass up take.   

To understand if light energy was required for the uptake of oxygen, the storage 

experiment was repeated with GDP samples stored in varying light conditions.  The control GDP 

sample kept in the dark under 10 mTorr of pressure showed no appreciable mass change over a 

period of 2 months; while the GDP sample stored in ambient air and light increased its mass by 5 

% steadily over the same period.  Remarkably, the sample kept in ambient air but in a light-tight 

container only took up about 1% of additional mass. These results suggest that the energy 

provided by light drives the oxygen uptake in GDP (Figure 2).  Without light, there is limited 

energy available to create active sites on the GDP surface that can react with molecular oxygen 

in the ambient atmosphere. 
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Figure 2: Mass change in similar sized GDP pieces as a function of time; error bars represent 

microbalance error of 0.0005 mg. 

Confirmation of Oxygen Uptake in GDP  

The presence of oxygen atoms was confirmed using secondary ion mass spectrometry 

(SIMS).  SIMS was also used to generate a depth profile to determine the distribution of oxygen 

from the surface into the bulk phase material. The sample analyzed in Figure 3 was half exposed 

for 4 minutes to the 405 nm LED lamp from Thor Labs, and half was masked by 100 µm thick 

tantalum. The SIMS data shows a near linear decrease of the oxygen atom percentage from the 

surface to a depth of approximately 2 μm.  The oxygen atomic percentage at the surface exposed 

to the lamp is approximately 8 % which decreases linearly at a rate of 4 atom percent per micron 

of depth.  The masked side of the sample showed a baseline range of 1-2 atomic percent oxygen.  

This oxygen in the masked region likely originated as a combination of both atmospheric pickup 

during transfer of the material from storage and inefficiency of the mask from blocking 100 % of 

the during photo exposure. 
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Figure 3: The depth profile of the photo exposed regions of the GDP flat using SIMS compared 

relative to the masked regions.  

Molecular Characterization of Oxygen Uptake 

Understanding the bond structure is critical to assessing the mechanism of oxygen 

uptake.  Fourier transform infrared resonance (FTIR) was used to identify the different chemical 

bonds that were created by the oxygen uptake resulting from photo exposure.  An IR 

Continuum™ microscope was used to differentiate the chemical structure of the masked versus 

unmasked regions.  The IR spectra gathered using the IR Continuum™ identified two types of 

chemical bonds that were affected by photo exposure to in the presence of oxygen (Figure 4).  

The first was an increase at the peak location of 1702 cm-1 which indicated the formation of a 

carbonyl carbon to oxygen double bond (C=O).27  The second was a broad peak centered at 3461 

cm-1 which indicated the presence of hydroxyl O–H bonds.27,28   The broad peak structure 

spanning 500 wavenumbers shows heterogeneity of the bond angles and lengths between various 
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O – H bonds.28  Thus it was determined that two types of chemical bonds were present in the 

photo exposed parts: hydroxyl and carbonyl bonds.  

 

Figure 4: The dotted spectrum denotes the spectrum of GDP nominally before exposure to air 

and light; the solid spectrum shows the increases in the peaks attributed to O–H and C=O after 

exposure to air and light for about 2 months. 

Correlation between Mass Uptake and Exposure Time 

The mass uptake was correlated with the photo exposure and formation of each hydroxyl 

and carbonyl functional group to correlate the time required to produce the oxygen patterned 

GDP parts. The mass increase agreed with the formation of each functional group within the 

error of the balance (0.0005 mg) used to measure mass.  This suggests the mass uptake due to 

exposure to the 405 nm LED light is repeatable to 0.0005 mg up to 6 minutes of photo exposure 

(Table 1 and Figure 5). The mass increase, and therefore the oxygen uptake, is linear with 

respect to the amount of time exposed to the 405 nm LED light. 
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Figure 5: Relationship between exposure time and mass change in GDP; error in slope is 5%. 

Two duplicate datasets are plotted.  The error bars represent one standard deviation.  If the 

mass change is attributed to oxygen, and mass increases linearly with exposure time, then 

oxygen content increases linearly with exposure time to the LED light. R2 values for each data 

set shown are 0.87 and 0.92. 

Correlation of Molecular Observations and Exposure Time 

The integrated areas of the C=O and O–H regions were assessed to begin to quantify the 

oxygen uptake as a function of photo exposure time.  The integrated areas of the C=O and O–H 

regions showed linear increases with increasing exposure time.  The absolute area was used as a 

first step to quantification, which yields the relative change in peak areas between samples.  

Calculating the integrated area of each functional group was the first step towards correlating the 

change in peak area with the change in mass (Figure 6). The method of using a ratio between the 

integrated peak of interest divided by the area of a peak not affected by photo exposure was 

considered, however a suitable peak to serve as the constant was not found.  The peaks 

considered for the constant peak were the aliphatic C–H region in the vicinity of 2950 cm-1, but 

this peak saturates and thus can vary between samples.  The peaks at 1373 and 1448 cm-1 
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corresponding to C–C linkages in the GDP polymer were also affected by the exposure and thus 

were not suitable either.   

 

Figure 6: The integrated area of the formed oxygen uptake groups as a function of exposure 

time.  The error bars represent one standard deviation. 

 

Table 1: change in mass and O–H and C=O peaks in FTIR with respect to exposure time; peak 

area integrations were done using a baseline from 3737cm-1 to 3131 cm-1 for the O – H peak and 

area integrated was from the same as the baseline; peak area integrations were done using a 

baseline from 1847cm-1 to 1525 cm-1 for the C = O peak and area integrated was from the same 

as the base line 

Exposure 
Time 
(min) 

Δ Mass 1 
(mg) 

Δ Mass 2 
(mg) 

O – H 1 
Peak (AU) 

O – H 2 
Peak (AU) 

C = O 1 
Peak (AU) 

C = O 2 
Peak (AU) 

0.0 0.0000 0.0000 4.542 3.669 59.476 42.166 
1.5 0.0011 0.0011 9.347 8.759 63.156 44.669 
3.0 0.0013 0.0018 13.328 11.348 65.502 47.469 
4.5 0.0019 0.0022 13.179 13.082 67.366 48.676 
6.0 0.0021 0.0027 14.295 13.301 70.137 49.817 
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Using the data collected on oxygen uptake and change in peak area with respect to 

exposure time, it was possible to relate the change in oxygen content in GDP with the quotient of 

the change in peak area and the thickness of the GDP (Table 1 and Figure 7). This yielded a 

graph that can be used to quantify the difference in oxygen content between masked and exposed 

regions on GDP with a wave function pattern of oxygen. While the data showed linear trends for 

both the O–H and C=O regions, the absolute values were sometimes offset as shown most 

prominently in the C=O data sets (Table 1).  This suggested that the thickness variation on the 

order of microns between GDP flat samples was affecting the absorbance values.  Thus in order 

to quantify the atomic percentage of oxygen uptake the integrated areas had to be normalized for 

sample thickness (Figure 7). 
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Figure 7: Relationship between O-H and C=O peak area change and change in oxygen content 

in GDP. The x-error bars represent standard deviation and the y-error bars represent FTIR 

resolution (standard deviation). 

The error bars serve as an illustration of the resolution of using this quantification method 

for determining the delta oxygen content between oxygen rich and oxygen deficient regions. The 

error bars in the y direction indicate the FTIR resolution with regards to change in peak area. The 

error in the x direction shows that this technique can resolve the difference in oxygen content to 

0.05 atomic percent.  

Production and Photo Exposure of GDP Flat Samples for Evaluating Oxygen Uptake 

A square piece of GDP served as a substrate to add a 75 μm wave micropattern of oxygen 

(Figure 8).  The fixture shown in Figure 1 above was used to secure the part in place for the 

photo exposure.  A tantalum mask was used to create the 37.5 μm wide oxygen rich regions in 

between 37.5 μm wide oxygen deficient regions. The GDP parts were exposed for between 1.5 

and 6 minutes and displayed surface markings which corresponded to the masked and photo 

exposed regions.     
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Figure 8: Image of target produced (with image contrast); 50 μm thick GDP – post pyrolysis 

with 75 μm wavelength of oxygen rich and oxygen poor regions. 

Surface Characterization of Photo Exposed GDP Flats 

The surface of the photo exposed flat was profiled to determine roughness changes 

occurring at the surface.   A DekTak surface stylus profiler was used to determine that peaks and 

valleys were created on the GDP surface and on the order of 50 nanometers (data not shown).  

The oxygen pattern was confirmed using EDS which displayed the periodic 75 µm pattern 

(Figure 9).  The carbon content was also profiled with EDS and was shown to be out of phase 

with the oxygen profile which was expected.  The oxygen profile was fit with a sinusoidal 

function to begin to assess the perturbations the part would yield during implosion.  The Fourier 

transform was processed on the fit sinusoidal curve and the mode was determined to be 

approximately 60 which is in the middle of the range (20-100) predicted by Haan, S.W. et. al. to 

be the most disruptive to the implosion process. 
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 Figure 9: EDS measurement of the photo exposed GDP surface.  The oxygen and carbon 

profiles were both assessed and shown to be out of phase.  The EDS counts on the y-axis are 

arbitrary.   

FTIR Characterization of Photo Exposed GDP Flats 

The oxygen rich and oxygen deficient region of the photo exposed flat were also 

characterized using FTIR. The same Continuum™ microscope and integration techniques were 

utilized as for the peak change with respect to exposure time as described above.  The difference 

between the spectra for the oxygen rich and oxygen poor regions was consistent across the GDP, 

as shown in Figure 10.  
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Figure 10: FTIR of the oxygen micropatterned GDP part with oxygen rich and oxygen deficient 

regions; the dashed black spectra denote oxygen poor regions which were masked from the 405 

nm LED light, while the solid black spectra denote oxygen rich regions which were the result of 

exposure to the 405 nm LED light; spectra are offset from each other for clear visualization. 

It was possible to find the difference in oxygen content between the exposed and masked 

regions of the GDP using the technique developed above. First the O–H and C=O peaks were 

integrated for each region, and the average change in peak area from exposed to masked regions 

found. Then, after normalizing for thickness, the slopes determined for each peak in Figure 8 

were used to find the corresponding change in oxygen content from oxygen rich to oxygen 

deficient regions. The error bar can be represented by the error bar in the x direction in Figure 8, 

approximately 0.05 at%. 
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Table 2: using Figure 8 demonstrating the relationship between change in peak area and change 

in oxygen content, the difference in oxygen content between masked and exposed regions of GDP 

for a sample exposed to the LED light for 4 minutes was determined; the error in parentheses is 

the 1 σ standard deviation, except for the ΔO at% peak area, which is the length of the error bars 

in the x direction in Figure 8 

Mass Before Exposure 0.2672 mg (±0.0002 mg) 
Mass After Exposure 0.2683 mg (±0.0001 mg) 
Total Δ Oxygen at% 0.15 at% (±0.01 at%) 
Thickness 43.1 µm (±0.6 µm) 
O-H Peak Area Masked Region 7.264 AU (± AU) 
O-H Peak Area Exposed Region 12.167 AU (± AU) 
Δ O-H peak area/ thickness 0.111 AU/µm (± AU/ µm) 
ΔO at% based on O-H Peak 0.15 at% (±0.05 at%) 
C=O Peak Area Masked Region 37.100 AU (± AU) 
C=O Peak Area Exposed Region 40.164 AU (± AU) 
Δ C=O peak area/ thickness 0.070 AU/µm (± AU/ µm) 
ΔO at% based on C=O Peak 0.12 at% (±0.05 at%) 
 

CONCLUSIONS 

The surface of a GDP flat was photo irradiated to yield a periodic oxygen micropattern.  This 

part will be used to empirically measure the effect surface oxygen has on perturbations during 

the implosion process. Analysis was performed that led to a method for patterning oxygen in a 

specific periodic pattern.  Several techniques including SIMS, EDS, and FTIR were used in order 

to characterize the oxygen content, including the depth penetration of the oxygen into the bulk 

GDP, the surface profile change caused by exposure to a 405 nm LED light, and the difference in 

oxygen content between the produced oxygen rich and oxygen deficient regions. The difference 

in oxygen content in a GDP sample exposed with a 75 µm mask for 4 minutes was found to be 

0.12-0.15 at% (±0.05 at%) from oxygen rich to oxygen deficient regions.  The wavelength and 
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oxygen concentration of the produced GDP flat meet the theoretical requirements to induce and 

study disruptive perturbation in the implosion process.  
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