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ABSTRACT OF THE THESIS 
 
 
 
 

A Method for Characterizing and Improving the 
 

Damage Resistance of the Outer Metallic Coating on IFE Targets 
 

 
 

by 
 
 
 

Landon J. Carlson 
 
 

Master of Science in Engineering Sciences (Mechanical Engineering) 
 
 

University of California, San Diego, 2009 
 
 

Professor Mark S. Tillack, Chair 
 
 
 
 A very smooth, highly-reflective coating on IFE (Inertial Fusion Energy) 

targets is essential for direct-drive ignition.  An Au/Pd (gold-palladium alloy) is 

sputter coated onto the surface of an IFE target to improve the energy release from the 

target compression and thermonuclear reaction.  It is also necessary to reflect the black 

body infrared radiation experienced while traveling into the chamber and preserve the 

extremely delicate frozen deuterium and tritium ice inside.  The coating must remain 

 xii



 

intact, without any “pinhole” defects, which requires it be very durable and any 

handling techniques, such as transfer from the layering system to the injector, be 

gentle.   

The coatings were initially tested by physically impacting two targets together 

to simulate motion in a fluidized bed where most of the damage is estimated to occur.  

The coatings were also tested in tension to better understand the adhesion of the 

coating.  Variations in the coating parameters were explored and optimized to produce 

a low-stress, smooth coating of Au/Pd, which was found to have better resistance to 

damage than the current coatings. 

Additionally, several novel methods for improving the coating’s resistance to 

damage were investigated.  One example is coating a sub-layer between the plastic 

shell and the Au/Pd coating using titanium as the bond enhancer.  The initial results of 

the multi-layered coating performed more than twice as well as the best standard 

Au/Pd coating previously tested.  This shows promise for the use of an interlayer to 

promote better bonding of the outer metallic reflective coating to the plastic shell. 
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I.    Introduction 

I.1    Laser ICF Overview 

Fusion energy has the potential of producing clean, efficient, and inexpensive 

energy for the future.  The underlying principle of inertial confinement fusion involves 

heating the surface of a cryogenic target filled with frozen D-T (Deuterium and 

Tritium) using high powered lasers.  A cross section of a typical HAPL (High Average 

Power Laser) target is shown in Figure 1. 
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Figure 1: Section view of a typical HAPL target [1] 

 

  The high energy flux of the lasers ablates the surface, causing the outer layers 

of the target to be ejected in a radial manner.  The outward momentum of the ablated 

materials causes a large equal and opposite force inward, evenly compressing the 

frozen D-T fuel to thousands of times its normal density.  A uniform force is necessary 

to create a highly compressive implosion to improve the energy release from each 

target.  This high compression creates a temperature rise that leads to a thermonuclear 
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reaction in the hot center.  This reaction burns through the fuel in an explosive manner 

producing high-energy neutrons, fast ions, helium, and photons.  Energy from this 

reaction can be captured in the chamber wall using a variety of methods from molten 

salt to pressurized helium and then converted to electricity or for catalyzing chemical 

reactions, including the production of hydrogen [2].  OMEGA’s experimental target 

chamber showing laser ports and instrumentation is shown in Figure 2. 

 

 

Figure 2:  OMEGA's experimental target chamber [3] 

 

I.2    Requirements for Metallic Coating 

The reflective high-Z outer coating on the target is necessary for to reduce 

laser imprinting and also for reflecting the black body radiation from the hot chamber 

walls.  The success of the target physics and target heat reflection depend on the 

integrity and uniformity of the coating.  If the coating is damaged or uneven, then the 

fuel compression and fusion would not be ideal, leading to low energy return [4].  The 
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target would also experience excessive radiation heating from the chamber walls 

which would melt the D-T ice in the target, making it unable to be ignited.  Any 

variations in ice thickness or surface roughness, inside or out, will result in a decrease 

in energy produced when engaged and compressed by the lasers.  The current ignition 

research produces and handles one target at a time, so care is taken to maintain a 

perfect coating and ice thickness.  This thesis concentrates on damages caused by the 

interactions of many targets in an anticipated fusion power plant. 

 

I.3    Prior Target Coating Analysis 

Gold was initially chosen as the high-Z outer layer because of its high 

reflectivity in the infrared region of 0.5 to 25m.  High reflectivity of this coating 

allows a high chamber temperature, and increases the efficiency of energy conversion.  

This was modified to a gold-palladium alloy when the addition of palladium was 

demonstrated to more quickly allow the D-T gas to permeate through the target, 

lessening the time required to fill the targets [5], [6].  Due to the dangers of tritium and 

its decay into 3He, the inventory on hand must be kept low and fill time must be short.  

The Au/Pd alloy reflects ~93-95% of the incident IR radiation, so it still remains 

useful as a reflector inside the hot chamber. 

The reflectivity demonstrated above suggests that there would be much 

reduced heating because only about 3-5% of the IR radiation present would enter the 

target.  However, if this layer becomes damaged during the fabrication steps or during 

handling, such as transfer from the layering system to the injector, there would be 
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“pinhole” defects where the coating has been roughened or removed.  Each pinhole 

may be small, but nearly 100% of the IR radiation would enter through the area of 

each one and cause localized heating of the D-T ice.  The ice layer inside the target 

would be compromised with a big enough pinhole or with enough small pinholes to let 

in an unacceptable amount of IR heat flux [7]. 

Previous experiments have shown that a major source of damage may arise 

when the shells are fluidizing at cryogenic temperatures [8].  Fluidizing is a process to 

provide a time-averaged highly isothermal temperature environment to facilitate even 

distribution of DT on the inner surface.  During this fluidization process, the shells 

constantly impact each other and the container walls, changing direction randomly.  

This random change in motion of the targets causes an even ice distribution on the 

target walls due to the volumetric heating of tritium and the even cooling on the 

outside of the target.  It has been observed that the damage caused by the many 

repeated impacts over a typical 16 hour fluidization cycle at a 2x bed expansion has 

been detrimental to the outer reflective coatings on the targets and could render them 

useless for ignition [8]. 

 

I.4    Prior Thin Film Research 

 Thin film deposition enables very thin coatings of various metals to be 

deposited very consistently, but there are many nuances to obtaining a smooth, well-

adhered coating.  A DC magnetron sputter coater is used in this thesis because of its 

versatility and good coating quality.  To sputter a metal onto a substrate, an 
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electromagnetic field energizes a gas ion which hits the metal target and dislodges one 

of the metal atoms, accelerating it towards the substrate.   

Prior thin film research has explained the methods of obtaining a smooth, even 

metallic film that has low deposition-stress.  The SZM (Structure Zone Model) helps 

predict the structure of the coating that will be obtained by sputtering at a specific 

temperature and pressure [9].  Thorton’s model is shown in Figure 3. 

 

 

Figure 3:  Thorton's SZM for sputered metal coatings, showing the dependence of film structure 

on temperature and sputtering gas pressure [9] 

 

The sputtering for this thesis was carried out at an estimated 80-90°C, which 

correlates to a T/Tm of 0.25.  The chart shows that low sputtering pressure would lead 

to the smoothest coating available in the “Zone T” region.   
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There is a need for research to characterize the coating damage and suggest 

possible improvements to the coating that would increase its resistance to repeated 

impacts.  This thesis focuses on characterizing the damage caused by different 

adhesion and impact tests and attempts to improve the coating’s resistance to damage 

using modified coating strategies. 
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II.    Overview of Research Performed 

In light of the need for a specialized area of research on metallic target 

coatings, this work attempts to characterize the failure of the coatings and improve 

their durability.  To simplify and expedite the experiments, some parameters were 

modified from the real fluidized bed conditions for individual tests.  All tests in this 

thesis were performed at room temperature; however, experiments have shown that 

the strength of coatings increases at cryogenic temperatures [8].  Each test is described 

in later sections, and is meant to test one aspect of the coating to observe damage 

mechanisms and draw inferences and conclusions if possible.  All tests, unless 

mentioned, were performed by the author at General Atomics in San Diego. 

 

II.1    Description of Shells Used 

The shells used as substrates to coat onto in these tests are made from PAMS 

(poly--methylstyrene) plastic.  Once the bare shells are coated with metal they are 

typically called “targets” and are not to be confused with the target of a sputter coater, 

which is a metal disk containing atoms to be sputtered.  All the shells used were 

fabricated in the same batch, so they each had a consistent diameter of 4.034mm ± 

0.005 mm, shown in Table 30 in the Appendix, and an average surface roughness of 

29 nm RMS (Root Mean Squared), shown in Table 13 in the Appendix.  Each shell 

had an average mass of 1.9 mg and was very delicate.  This specific shell material is 

not the same as foam shells, which are less dense, and are the current baseline design 

for high-gain IFE direct-drive targets. 
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The latest research in shell fabrication has been focused on RF (Resourcinol 

Formaldehyde) foam-based shells, which are GDP (Glow Discharge Plasma) -

overcoated with a CH-based polymer [10].  However, RF shells are not presently in 

major production and are extremely fragile, making them not feasible to use for these 

experiments.  PAMS shells were chosen because they are more readily available for 

use, and an order of magnitude cheaper to produce.  The PAMS shells chosen for this 

experiment are prototypical of a CH-based polymer, and have provided useful 

information, even though they are not made of the exact material planned to be used in 

a production plant.  To test the similarity of PAMS and GDP surfaces, we over-coated 

a few PAMS shells with 15m of GDP before sputtering with Au/Pd and tested them 

the same as the normally-coated targets.  Both surfaces were very similar, and data to 

support that is presented in Table 3 described later. 

 

II.2    Establishing a Baseline for Damage Resistance of Targets 

In order to realize an improvement in target coating strength, a baseline of 

current target strengths must be established and then compared to improved targets.  

The initial targets tested were sputter coated a specified thickness according to the 

nominal values of adjustable parameters recommended in the sputter coater manual.  

Additionally, a smooth, flat polystyrene shim and a glass slide with a piece of tape on 

it to create a coating step were also sputter coated at the same time.  The un-coated  

samples are shown in Figure 4. 
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Figure 4: Uncoated PAMS shell, Polystyrene shim, and Glass slide with tape to create a thickness 

step 

 

 Each coated sample was then tested using a variety of methods to determine 

how well the coating adhered to the substrate, cohered to itself, and resisted impact.  

After researching the topic of sputter coating, I better understood that the values given 

in the sputter coater manual weren’t ideal for stress-free Au/Pd coatings [9].  To test 

this hypothesis, a matrix of coating parameters was created to test the reasonable 

extremes of both the sputtering current and argon pressure variables, shown in Figure 

5.  A new set of slides and shells were coated and tested for each coating parameter 

set, first with Au/Pd, then a few parameter sets were used to coat pure gold and pure 

palladium.  This provided useful information about the methods of coating failure that 

was valuable in determining new ways to improve the coating.  The insight to change 

the standard rough vacuum pump to a turbo pump for evacuating the sputtering 

chamber allowed coating at the number 6 parameter set that proved to be very 
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advantageous.  This new method for understanding the coating strength as a function 

of parameter settings produced stronger coatings that were much better than the 

original coatings, yet still weren’t resilient enough to survive 8 hours of fluidization 

[8]. 
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Figure 5:  Diagram visually identifying the parameter set choices and the region of unavailable 

coating parameters 

 

II.3    Improving Damage Resistance of Targets 

Many concepts for improving the damage resistance of coatings evolved 

throughout this experiment.  Initially, the surface morphology of the coating was 

improved by lowering the argon backfill pressure during sputter coating.  This reduced 

the intrinsic stress developed during sputtering, allowing it to remain as a stable, 

continuous sheet rather than causing it to grow as many less stable columnar 

structures.  The coating was strengthened by a decrease in grain size, which is 

indicated by the established Hall-Petch equation: σy = σo + ky/d
½.  After successfully 

reducing the grain size of the coating, other innovative coating methods were 
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considered to further strengthen the coating.  One method was implemented to provide 

proof-of-concept results and a direction for future research efforts.  A thin titanium 

sub-layer was sputter coated onto the PAMS shell, below the Au/Pd coating to 

promote adhesion between each layer.  The initial results of its damage resistance are 

promising for the use of a sub-layer to promote the strength of the outer metal 

reflective coating.  A colleague at General Atomics coated GDP on top of the Au/Pd 

layer, and it improved the target’s resistance to damage, yet not enough to be 

acceptable for mass production.  I modeled gold ion implantation into the PAMS 

surface as a possible method to strengthen its bonding with the Au/Pd coating, and that 

process has hope of improvement.  This work enhanced the damage resistance of the 

Au/Pd coating on IFE targets by developing better coating methods during the 

sputtering process and by using a titanium sub-layer.  Suggestions have been made for 

future research efforts to continue improving the Au/Pd coating using precise coating 

techniques and adhesion-improving methods.  It must be recognized that all work for 

this thesis was done with shells at room temperature, whereas actual fluidization and 

handling of IFE targets will be done at cryogenic temperatures of < 20K. 
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III.    Optimization of Coating Techniques 

III.1    Initial DC Magnetron Coatings 

 In this thesis, I used a Cressington 108auto/SE DC-magnetron sputter coater to 

deposit a few different metals onto a substrate for analysis.  The initial consideration 

was to find the “sweet spot” of sputtering parameters and techniques.  The metals used 

were gold, palladium, an alloy of gold and palladium (Au/Pd) , and titanium, but 

Au/Pd was of the most interest. There are many controllable sputter-coating 

parameters that each influences the coating thickness and integrity differently.  The 

magnetron current, argon backfill pressure, target-substrate distance, target 

composition, coating time, and impurities can all be controlled to produce very 

different end results [11].  After researching previous sputtering projects and 

experimenting with the available sputter coater, a “normal” parameter set was chosen 

– number 1 [12], [13].  This was used to verify the operation of the sputter coater and 

to fine tune the rotating dish inside it.   

The samples would be loaded into the sputter coater and it would be evacuated 

to 0.02 mbar, read from the logarithmic pressure scale on the sputter coater.  Recently 

a turbo pump was installed and the chamber would be evacuated until the base 

pressure reached 5·10-5 torr.  It is necessary to evacuate the chamber to a low base 

pressure to remove any gases or molecules that could contaminate the coating and 

cause inconsistent results.  It is also important that the chamber is dust-free so particles 

are not stirred up by the gas flows which could deposit dust on the coating, creating 

pinholes from the start.  The argon line would then be purged outside and inside the 
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chamber and a consistent backfill “leak” would be set at the desired sputtering 

pressure.  The argon gas molecules would provide the driving force to remove the 

metal atoms from the metal sputtering target.  The sputtering current could be set from 

10-40mA and the sputtering would be started for a set amount of time, available only 

in 5 minute increments.  After sputtering, the chamber would be purged and the 

samples removed. 

 

 

Figure 6:  Planetary-rotating stage with cups for coating shells and tilted to make shells roll when 

rotating 

 

The sputter coater is equipped with a planetary-rotating stage, shown in Figure 

6, which can rotate at different speeds during sputtering.  It occupies most of the 

sputtering chamber and can tilt to give very uniform coatings by constantly rotating 
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the substrate in and out of the central region of high metal flux.  The average target-

substrate distance of 5cm is determined by the height of the planetary-rotating stage, 

which was tilted to a set angle of 25˚ for all sputtering tests with shells.  A small 

circular plate with an array of 8mm holes milled 5mm deep into it was attached to 

each rotating dish for coating 4mm shells.  One PAMS shell was placed in each hole 

to provide a collision-free path to roll during coating to avoid static attraction to other 

shells and prevent impacting them while coating.  This worked very well to keep the 

shells constantly rolling during the entire coating process. 

One fundamental concern when coating targets is that each target is evenly 

coated with roughly the same thickness of metal.  The rotating cups provide random 

motion that gives a uniform coating for each shell.  This is because the area on the 

shell that had been just coated rolled away and a new area was exposed to the metal 

flux in a random rolling motion.  The rotation of the dishes is periodically interrupted 

to ensure the shells don’t stick in one place because of static.  Many people have 

sputtered shells in “bounce pans” that use a mechanism to gently bounce the shells in a 

random motion to uniformly coat them [15].  The novel rolling motion separates the 

shells from each other and doesn’t agitate them, which provides much less chance for 

coating damage during the sputtering process.  Although using this method requires 

each shell to be individually handled, it is gentler than the “bounce pan” and can be 

scaled and automated with vacuum chucks to move shells. 
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III.2    Verification of Linear Deposition Rate 

Initially, the coating rate was verified to be linear with time because that was a 

very important aspect of the coatings to understand and control.  This was determined 

by coating flat glass witness plates with pieces of tape on them while rotating the 

planetary-rotating stage in a horizontal tilt position.  Each slide was progressively 

coated for an increasing amount of time to build up different measurable thicknesses 

of metal.  The tape was removed to reveal a sharp step of the coating, which was 

measured using a Ambios XP-1 stylus profilometer at various points.  This data was 

correlated with the coating time to produce a coating rate that was indeed linear out to 

20 minutes.  This is shown in Figure 7, and the supporting data is in Table 25 in the 

Appendix. 

 

Thickness vs. Sputtering Time @ ONE Paramater Set

y = 6.0938x

y = 5.3152x

0

20

40

60

80

100

120

140

0 5 10 15 20

Sputtering Time (min)

Th
ic
kn
e
ss
 (
n
m
)

Slide #1 Slide #2 Linear (Slide #1) Linear (Sl ide #2)  

Figure 7:  Graph of the radial dependence of coating thickness 
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III.3    Demonstration of Radial Dependence of Sputter Coating Thickness 

Next, the coating rate was verified to be much higher in the middle of the 

chamber than near the outside wall.  This observation was measured by coating a set 

of flat glass slides, as before, that covered the entire diameter of the chamber for 10 

minutes while not rotating the stage.  This determined an equation that related the 

coating thickness, in nm, as a function of radius, in cm, from the co-linear center of 

the chamber and sputtering target.  The 2nd order polynomial fit is thickness(r) = 3.72r2 

- 51.59r + 177.1 and showed a very thick center that dropped off very sharply and 

almost disappeared at the edges.    This trend was anticipated, but the magnitude was 

much larger than expected.  This is shown in Figure 8, and the supporting data is in 

Table 24 in the Appendix. 
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Figure 8:  Graph showing the radial dependence of coating thickness 

 

III.4    Demonstration of Height Dependence of Sputter Coating Thickness 

One more test was conducted to measure the deposition rate as a function of 

height in the chamber, or distance from the sputtering target.  Glass slides were coated, 

as before, for 4 minutes with a stationary, tilted stage.  These results also showed a 

drastic change in thickness as the height changed.  This is shown in Figure 9, and the 

supporting data is in Table 22 in the Appendix. 
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Height Dependence Test
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Figure 9:  Graph showing the height dependence of coating thickness 

 

III.5    Computer Model of Coating with Planetary-Rotating Dishes 

The results from the radial dependence of thickness and the height dependence 

of thickness were used to create a computer program to simulate the coating thickness 

the shells would receive while rotating in their individual dishes.  This is summarized 

in a report in Appendix G.  The computer program showed that the shells near the 

center of the planetary-rotating dishes receive a relatively constant coating flux while 

the shells near the edge receive large bursts of coating flux followed by very little 

coating flux.  The shells near the edge also received 11% more coating than the inner 

shells, but in more inconsistent coating conditions.  Since it was determined that the 

center holes on each dish were the most consistently coated, that is where the shells 
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were placed during each coating run for consistency.  Although the results of this 

computer program are specific to this sputter coater with its rotating stage, they are 

very useful in applying to the subsequent tests and for understanding the nuances of 

this particular sputtering design.  This issue would not be a problem, or would surface 

in a different arrangement, in a large commercial sputter coater for a mass production 

power plant.  The idea of rolling the shells while coating would remain the same, but 

the coater would have a much larger surface area and would deposit a more even 

coating on the shells. 

 

III.6    Determining Coating Times for Each Parameter Set 

As mentioned in the previous section, a matrix of coating parameters was 

created to test the reasonable limits of both the sputtering current and argon pressure 

variables, and is shown in Figure 5 in the previous section.  There is a slight difference 

between sputtering an alloy of gold and palladium and sputtering pure gold.  For an 

unknown reason the sputter coater can’t maintain a high-current plasma at low 

pressures.  The checkered boxes on the parameter set chart show the restriction to the 

testing space available.  These parameter sets were used to correlate the change in a 

single sputtering condition with a change in coating results.  The coating changes were 

observed during the damage-testing analysis described in the next section and the 

surface was examined with an SEM (Scanning Electron Microscope). 

The first hurdle before testing shells was to determine the coating time 

required for each parameter set.  The coating time was chosen based on the time it 
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took each parameter set to coat 80nm on a sphere. The coating rate will be different 

for every parameter set because changing one of the coating parameters will always 

have an influence on the rate of deposition.  In general, sputtering at higher pressures 

causes the deposited metal to scatter and coat the entire inside of the chamber more 

evenly than sputtering at low pressures, which produces a much faster, more 

concentrated deposition in the center of the chamber.  Figure 10 shows using flat 

specimens how the deposition rate heavily depends on the parameter set.  The data for 

this graph is in Table 23 in the Appendix. 
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Figure 10:  Graph showing the parameter set dependence of coating thickness 

 

The deposition rates for a flat substrate must next be correlated to the rates for 

a moving spherical substrate.  After a quick consideration of the problem, a simple but 

misleading incorrect correlation can be made using simple geometry.  Since the 

surface area of a sphere is 4 times that of a flat plate with the same plane-projected 

area, one could think that the coating rate for a sphere should be ¼ that of the flat 

plate.  This would be correct if the deposition were a co-linear source, however, the 

sputtered atoms scatter in the chamber and coat the spherical surface from all sides, 
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even from below the equator.  This causes the deposition rates for spheres and flat 

plates to be very similar, usually within a factor of 2. 

To test this, a series of spherical shells and flat, smooth witness plates were 

coated for 10 minutes with each sputtering parameter set.  Each one was measured and 

correlated to provide a time required to coat 80nm of Au/Pd alloy onto a 4mm 

spherical target.  The data from those measurements is presented in Table 20 and 

Table 19, both in the Appendix, and final coating times are presented in Table 18, also 

in the Appendix.  The thickness of deposited metal is easily determined on a flat 

witness plate by measuring a step thickness of the coating using the Ambios XP-1 

stylus profilometer.  The step is created by depositing the coating onto a piece of tape 

on the substrate and peeling it up to get a sharp edge.  The coating thickness on the 

spherical target is a little more difficult to measure.  I would break a coated target and 

look at the cross section with a high magnification SEM to measure the actual 

thickness in a few locations on the shell.  Figure 11 shows an example of coating 

thickness measurements on a spherical target. 
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Figure 11:  Example SEM image showing coating thickness measurement technique 

 

III.7    Optimizing Coatings with Matrix of Parameter Sets 

Using ideas from the coating techniques described in literature and the damage 

testing and SEM images, a better coating was obtained that was smoother and had 

better resistance to damage [9], [13], [14].  This data will be presented in the results 

section, but there is clear evidence to show that the coatings at a lower argon pressure 

survived simulated impact damage significantly better than the coatings at higher 

pressures.  The insight to change the standard rough vacuum pump to a turbo pump for 

evacuating the sputtering chamber allowed coating at the number 6 parameter set that 

proved to be very advantageous.  This new method for understanding the coating 

strength as a function of parameter settings produced stronger coatings that were much 
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better than the original coatings, yet still weren’t strong enough to survive 8 hours of 

fluidization.  After presenting the testing and characterization methods and results 

from the initial coatings, a few new ideas will be explored that show promise to 

greatly improve the strength of the coatings. 
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IV.    Characterization Methods & Procedures 

In an effort to improve the durability of Au/Pd coatings on 4mm plastic 

spheres, it is useful to have a method for distinguishing the coatings that have better or 

worse resistance to the kinds of damage that would be experienced during normal 

handling and in a fluidized bed.  There are many aspects of the coating that influence 

its resistance to damage, such as the resistance to tensile, compressive, and shear 

forces.  The morphology of the surface contacting the coated target also plays a large 

part in the damage caused to the coating.  Various experiments testing different 

aspects of the coating were performed in an effort to isolate one or many underlying 

reasons for coating damage.  The following is a description of the testing and 

characterization methods used to analyze the coated targets. 

 

IV.1    Adhesion Tests 

The most common and simple coating characteristic to test is its adhesion.  It is 

important to recognize that the durability of a coating is partly influenced by its 

adhesion to the substrate, and partly influenced by the shear strength within the 

coating itself.  It is very difficult to single out either attribute to test separately, so 

while this experiment focuses on testing the adhesion the results also have some shear 

strength aspect involved as well. 

The first simple test to get an intuition for the expected range of adhesion on 

all of the samples was a sticky tape pull test [16].  This experiment was performed on 

flat substrates because it is prohibitively difficult to consistently attach a piece of tape 



 26

to a 4mm sphere and grasp the sphere in a non-destructive manner to pull them apart.  

For this test, glass slides and polished polystyrene tabs measuring one inch square 

were coated with the same parameters as the targets.  A company by the name of 

GelPak markets a sticky tape sold in different levels of adhesion, so I used the lowest 

and highest adhesion tape for references.  For each test, the same sized piece of tape, 

with an area of 20 mm2, was pressed onto each sample with approximately the same 

force and was slowly pulled up at a 90 degree angle to the substrate.  There was no 

detachment of any thin film for any of the samples coated with each of the six coating 

parameter sets, so a more powerful method was devised. 

The second test was a pull test and has been well-documented in literature 

[16].  This test consisted of gluing the smooth hex head of a#6-32 bolt, with an area of 

28.3mm2, onto the coated glass and polystyrene specimens and then slowly pulling it 

off while measuring the force immediately before detachment.  The bolt heads were 

sanded consistently smooth and the coated substrates were kept clean to ensure the 

results were not influenced by controllable irregularities.  Various types of glue and 

epoxies were used and each was allowed to cure for at least 24 hours.  In every case 

tested, the glue detached from the bolt head before the coated substrate, so the test was 

abandoned in search of a test that would be able to differentiate between the better and 

worse samples.  Figure 12 shows the coated samples after being tested with tape and 

glued posts. 
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Figure 12:  Target, Polystyrene shim, and glass slide (with step for measuring thickness) coated 

with 80nm of Au/Pd.  Glue is still stuck on the samples because it adhered better to the coating 

than to the bolt head  

 

In an effort to separate the shear force within the coating from the adhesion 

force of the coating to the substrate, a test was created to determine the shear stress 

needed to break the bonding within the coating.  A thin, flat stainless steel disk was 

placed on a glass substrate, covering a through-hole in the glass.  This arrangement 

was sputter coated with a few hundred nanometers of Au/Pd in hopes of bonding the 

thin disk to the glass slide by bridging the gap around the perimeter of the steel disk 

with the sputtered metal.  The proposed plan was to push up from the bottom with a 

calibrated force and determine the force needed to detach the disk.  However, this test 

failed because the disk was not attached well enough to resist a measurable force. I 

suspect that the gap between the disk and the glass slide was too large for the sputtered 

metal to bridge the gap and create a bond between the surfaces.  This test might be 
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successful if a few microns of metal were deposited onto the disk and glass slide, but 

that would not be practical to test because of cost and wouldn’t necessarily represent 

the conditions under consideration. 

 

IV.2    Nanoscratching Test 

The last adhesive and shear test considered is nanoscratching by the diamond 

tip of an AFM (Atomic Force Microscope).  The concept of this test is that the sharp 

tip of the AFM diamond stylus can put a very high stress onto the coating with a very 

small force [17].  This makes it attractive for testing the actual coated targets because 

any substantial point force on the sphere would crack it.  The high stress at the tip can 

locally deform the coating without significantly distorting the entire spherical 

substrate because of the very small total force required.  The nanoscratching 

measurement of coating adhesion is very useful because it can determine where the 

onset of damage occurs and the stylus force at that point. 

There are many difficulties in performing consistent tests on the apex of a sphere, so a 

few targets were sent out to be tested independently.  This highly experienced testing 

lab performs nanoindentations, nanoscratches, and imaging on surfaces and coatings 

for many different applications, and would be able to produce good scientific results.  

The test makes scratches using a stylus with a spherical Rockwell C diamond-tip that 

has a radius of 5μm.  The stylus is drawn across the surface at a constant speed of 

0.26mm/min for a distance of 0.25mm.  The loading of the tip onto the surface is 

progressively increased from 1mN to 25mN along the length of the scratch, and 
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follows the contour of the target maintaining the desired force.  Each sample was 

scratched 3 times using the same parameters to provide a statistical average of 

resulting sdelamination forces.  The critical load for “Initial Delamination” is 

determined at the point where a recognizable failure occurs by chipping or cracking of 

the coating.  The critical load for “Continuous Delamination” is determined at the 

point where the coating has been completely removed in a continuous manner.  Since 

the surface is curved, the machine must sense the change in load and displacement and 

rapidly provide feedback to the load cell.  This is performed using a cantilever 

displacement actuator that consists of an electromagnetic cell coupled with a 

piezoelectric nanopositioning device.  This provides very fast response time for the 

load feedback loop which allows the load to be maintained at a desired value 

regardless of the surface topology.  A more detailed description of the testing 

apparatus is given in the results report in Appendix A. 

The results were summarized with the most important measurements, the 

critical loads required to initially delaminate and to continuously delaminate the 

coating.  Admittedly, the numerical values of the results are only useful as a 

comparison between similar samples tested under exactly the same conditions, but 

they are more useful as a comparison.  The measured critical load depends as much on 

the mechanical strength of the coating itself as it does on many other parameters 

related to the test itself.  There will never be an impact or scratch on any IFE target 

made under these exact conditions, so the actual critical load has no real meaning.  It 

is only useful in comparing the strength of a coating’s resistance to a shear scratch 
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between the different samples tested.  The relative comparison is useful because as 

many parameters as possible were kept constant.  The loading rate of the stylus, 

scratching speed, indenter tip radius, and indenter material were all kept the same for 

each test.  The substrate hardness and roughness was constant because all the PAMS 

shells used were from the same batch and the coated shells were each glued the same 

way to the testing surface.  The coating thickness varied slightly with the samples 

including titanium, but the roughness was similar among all samples tested.  This 

nanoscratching test was very consistent and provided valuable results leading to an 

enhanced understanding of the strength of the different coatings. 

 

IV.3    Impact Tests 

A test was devised to test the targets in a manner more closely representing the 

actual types of forces experienced during fluidization with other targets.  To 

accomplish this, a mechanism was developed to simulate the impact of two targets 

against each other, investigating the compression forces involved.  An automatic 

mechanical tapper was developed to consistently impact two coated targets against 

each other a specified number of times, and is shown in Figure 13.  A thin, 0.001” 

thick, piece of stainless steel shim stock 8 mm wide was used as the spring for 

accelerating one target to impact against the other stationary one.  The speed of impact 

was 2.2 m/s +/- 0.5 m/s, shown in Table 14 in the Appendix.  This is characteristic of 

actual velocities of targets tumbling inside the fluidized bed, which can range from 0.1 

m/s to more than 3 m/s. 
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For each tapping test, one coated target was mounted onto a small post and 

placed in a holder on the base.  Another target, coated exactly the same as the first 

target, was mounted onto the piece of stainless steel shim and aligned to impact at the 

apex of both spheres.  During each test, 20 impacts were performed at the same point 

on the sphere, which was subsequently examined with an SEM.  After initial 

examinations, the width of the steel tapper was decreased to 4 mm to reduce the 

tapping force and only 10 impacts were performed on each sample.  This produced 

damages that were less severe, and easier to characterize. 

 

 

Figure 13:  Picture of automated tapping mechanism 

 

Another test was developed to examine the impact on a target in a shear 

motion, rather than mostly compression.  A coated target would be precisely dropped 

from a vacuum chuck onto a flat plate that could be a coated surface, smooth glass, 

 



 32

rough metal, etc to simulate various surfaces the coated targets would encounter in a 

production plant.  The shell would be captured and mounted to be examined with an 

optical microscope or an SEM.  The drop distance would determine the velocity and 

force of impact, and could be easily changed to investigate different damage scenarios 

experienced during normal handling or fluidization of targets.  This test was 

considered redundant to the tapping test for the present purposes of investigation and 

was not implemented. 

 

IV.4    Target Handling Tests 

A few simple tests were performed to investigate the effect of damage caused 

by different surfaces contacting the target’s coated surface.  One test uses the vacuum 

chuck, which is a tool that uses a small vacuum pump to suck objects to its tip.  A 

simple finger controlled release allows precise selection and deposition of shells or 

other small parts.  It is essential to move individual shells carefully from one location 

to another, yet this tool can be damaging if used improperly.  There are individual 

metal, plastic, and silicone tips available for putting at the sucking end of the vacuum 

chuck.  I tested the effect of all three tips on a coated target and was surprised to see 

the large amount of damage produced by one selection and release from the metal and 

plastic tips.  The silicone tip is made of very pliable plastic with no sharp edges to 

damage the coating.  It also deforms when the shell is sucked onto it, very effectively 

decreasing the pressure exerted on the shell surface.  The silicon tip caused no 

observable damage, and was used in every transfer of shells and targets for this thesis. 
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I performed another test by moving the edge of a piece of paper gently 

brushing the surface of a coated target.  It was mounted and examined with an SEM.  

This demonstrated the coating’s lack of resistance to shear motion against rough 

surfaces. 

I also tested the adhesion of a GelPak #8 sticky tape on one shell to see how 

the coating adhered to a PAMS shell.  These tests were only qualitative, but were 

designed to give an indication of the magnitude of damage caused by the individual 

actions of touching shells. 

 

IV.5    Coating Composition Tests 

A concern arose during this thesis about the possibility of the coating 

composition changing as a function of coating depth.  Since the sputtering target is an 

alloy of gold and palladium, it was not clear if either the gold or palladium would be 

preferentially-sputtered and create a non-uniform or irregular coating composition.  

The first test was performed using a typical SEM with an EDX (Energy Dispersive X-

ray spectroscopy) probe attached.  This probe measures the x-rays emitted by each 

atom in response to being hit with charged particles, such as electrons in an SEM.  

Each element has a unique atomic structure and produces x-rays that have 

characteristics unique to the electron shells in that element.  This allows the element to 

be identified from the energy signature of the emitted x-rays.  The EDX probe can 

only measure the composition at the immediate surface of the coating, but was 

satisfactory for an initial measurement.  The EDX composition measurement was 
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expected to be approximate because of possible surface contaminants and the method 

for detecting x-rays from a large scan patch. 

To obtain a much better composition measurement, an AES (Auger Electron 

Spectroscopy) scan was performed on one shell.  This technique sputters off the 

surface layer-by-layer and measures the composition through the entire thickness of 

the coating by measuring the energy of the electrons emitted.  This provided very good 

results that confirmed the stability of the atomic compositions through the entire 

coating at percentages matching the advertised values on the sputtering target. 

 

IV.6    Permeation Tests 

Another important characteristic of the metallic coating is its influence on the 

permeation rate of D-T gas.  This determines the pressurization rate at which the 

targets could be filled immediately before cooling and fluidizing.  Since tritium is 

radioactive, only deuterium gas is used for testing, which adequately simulates the 

filling process for determining the permeation rates of targets.  First a coated, 

undamaged target is filled to a consistent pressure of 2 atmospheres, then it is placed 

in a RGA (Residual Gas Analyzer) and the D2 gas is measured as it leaks out.  From 

this data, a time constant and a half-life of the permeating gas can be determined and 

compared between targets. 
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IV.7    Temperature Tests 

The temperature of the sputtered coatings is very important for two reasons.  

First, the PAMS shells have a glass transition temperature of about 90-100C, 

depending on the exact shell of interest.  The sputtered coating must not cause the 

shell surface to come near the 90 C limit or the shell will deform from its own weight 

or blow a bubble from the pressure differences.  Either deformation would render the 

target unusable because it wouldn’t meet the HAPL specifications for ignitable targets 

[4].  The latest GDP-coated RF shells can survive a slightly higher temperature, but 

care still needs to be taken to ensure the sputtering process doesn’t destroy the shell’s 

smoothness or sphericity [10].  This method for coating by rolling the shells has an 

advantage over a prior method for coating fixed shells on a non-moving substrate 

because the shells can roll around in their own dish, with a new warm area of coating 

always coming in contact with the cooler metal in the dish.  The shells have a cycle 

time that allows them to cool during the coating process because one surface isn’t 

exposed to the sputtered atoms the entire time.  Second, the structure of the sputtered 

coating is highly dependent on the temperature of the substrate during the sputtering 

process [9].  This sputtering temperature must be similar between runs in order to 

produce coatings with consistent structure and characteristics.  Each sputtering 

parameter set has a different amount of Au/Pd ion scattering during sputtering, which 

is mainly dependent on pressure.  This causes each set to have a different effect on 

heating the shells.  It is worthwhile to measure the temperature of shells while coating 

with each parameter set to understand how the change in temperature due to a change 
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in parameter affects the structure, surface roughness, and durability of the final 

coating. 

The idea of measuring the sputtering temperature seemed relatively simple, but 

the coating runs weren’t long enough to heat a significant mass to a steady state 

temperature.  I found that measuring the temperature of a moving hollow sphere of 2 

mg mass in a vacuum proved to be a very difficult venture.  The simple and cheap 

laser pyrometers were ineffective during the coating because the glass chamber 

absorbed the 3-7 m wavelengths of light measured by the pyrometer [18].  It would 

be ideal to measure the temperature of the shells immediately upon opening the 

chamber after coating while they were still close to their maximum temperature.  

However, this was difficult because the light wavelength being measured won’t be 

from the surface of interest, it will be from some other light or heat source reflecting 

off of the shells.  A thermocouple would not give a true reading because it would be 

much more massive than the rolling shells and would have a different coefficient of 

absorption than the targets.  A laser interferometer could be used to indirectly 

determine the temperature change of the shell by measuring the pressure change in the 

shell.  The interferometer could determine the change in diameter of the shell by 

measuring how the fringes of a laser interfere with each other.  This diameter change 

would produce a volume change and a pressure change, which could be used to 

calculate the driving temperature change using the ideal gas law.  This method would 

be extremely difficult to design and put into practice, so it was not implemented.  The 

last, most simple method considered was to put color-changing ink or melting powder 
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in a shell and examine the result after sputtering.  This method wasn’t ideal because 

the shell would either be fixed in the chamber or wouldn’t roll the same as the normal 

shells. Yet, because it was simple, I broke a few shells in half and packed each with 

powder that melted at different temperatures.  The shells were fixed to the stage to 

mimic a non-rotating shell and were sputter coated.  A RTD (Resistance Temperature 

Detector) element was eventually mounted inside the chamber to monitor the changes 

in measured temperature to correlate with the different parameter sets.  Overall, the 

temperature difference between runs was not well characterized because of the 

difficulty in doing so.  The temperature was a resulting parameter, and not one that 

could be changed due to the constraints of PAMS shells and the lack of adjustment on 

the sputter coater. 

 

The tests described above cover a wide range of damage scenarios in an 

attempt to characterize the damage that would happen to a coated target as it is 

handled throughout its fabrication process and when fluidized with other targets.  The 

damage tests were created to simulate certain aspects of this process to identify the 

processes by which the coatings are damaged the most so the handling methods can be 

improved.  Examining the damage presented in the next section gives an idea of which 

coating is more resistant to damage and leads to ides on how to improve the coating’s 

durability.   
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V.    Evaluation of Initial Results 

The results from tests described in the prior section give insight into the trends 

of survivability and failure that could lead to possible methods for improving the 

coating durability.  Surface observations with an SEM showed that, in general, the 

shells sputtered at the lower pressure parameter sets performed better overall than 

those sputtered at a higher pressure.  The beginning tests focused on measuring the 

adhesion of the coating while the latter tests measured the effects of typical target-

target impacts.  The shells were examined after normal handling processes.  The 

composition of the coating was analyzed on the surface and also as a function of 

depth.  Lastly, the permeation of the shell and coating to deuterium gas was measured 

and temperature effects were investigated. 

 

V.1    Surface Observations using an SEM 

The first results were obtained by simply examining the surfaces of the coated 

shells with an SEM and measuring key features on the undamaged surfaces.  The 

measurements are summarized in Table 1, and describe the sizes of surface cracks and 

grain sizes observed in the samples.   
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Table 1:  Measurements of images from SEM Sessions #2 & #3 

Measurements of images from SEM Sessions #2 & #3
[nm] [nm] [nm] [um] [um]

Set# Smallest 
Grains

Small 
Grains

Large Grains Small 
Defects

Large 
Defects

Debris? Surface Appearance Irregularities

1 32 158 0.5 2.3um Medium mud cracks Scrapes - possibly from mounting

2 43 114 1.6 25 Distinct, regular mud cracks
Scrapes/pullouts, ripples - stressed 
coating(?)

3 25 160 0.7 8.6 Distinct, regular mud cracks & big gaps b/w cracks Dark burn spots(?), Pre-coating scrapes

4 5 18 400(vague) 0.9 1.8 Small, rounded grains w/ vague large clusters
Burn spots(?), Pull-outs & Peel-outs, Pre-
coating scrapes

5 5 13 none 0.07 16.9um
Very small, rounded grains w/ uniform sizes w/ no large 
clusters but evidence of few gaps/cracks b/w grains Possible bubble/burn (?), Few debris

6 5 13 none 0.9 2.8

Very small, neatly organized, rounded grains w/ 
uniform sizes w/ no large clusters or cracks, some 
grains darker than others 0.9-2.8um dark holes  

 

The coated shells with parameter sets #1, #2, and #3 are shown in Figure 14, 

Figure 15, and Figure 16, respectively.  These coatings were deposited in the high 

pressure range of the parameter sets, shown earlier in Figure 5.  They were badly 

cracked and looked like cracks in mud when it dries.  The coating looked like it had 

grown in tall, un-touching columns, and appeared to have little resistance to shear 

forces.  The defects in the images are used to show the image is in focus, and are just 

blemishes on the actual shell surface that the coating filled in. 
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Figure 14:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #1 

 

 

Figure 15:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #2 
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Figure 16:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #3 

 

The coated shells with parameter sets #4, #5, and #6 are shown in Figure 17,  

Figure 18, and Figure 19, respectively.  These coatings were deposited in the low 

pressure range of the parameter sets, shown earlier in Figure 5.  They were much 

smoother than the others, and barely have noticeable cracks. The lowest pressure 

coating, from parameter set #6, has no visible cracks, and just the individual grains are 

distinguishable.  These coatings are expected to perform better than the previous 3 

because a sheet of coating would   The defects in the images are again used to show 

the image is in focus, and are just blemishes on the actual shell surface that the coating 

filled in. 
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Figure 17:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #4 

 

 

Figure 18:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #5 
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Figure 19:  SEM image of undamaged Au/Pd coating on a PAMS shell using parameter set #6 

 

I also performed surface roughness measurements using a Veeco - Wyko white 

light interferometer, and summarized the results in Table 13 in the Appendix.  The 

surface roughness of all the shells was quite smooth.  All the surface images looked 

similar after removing the curve and tilt of the image, so only the roughness number is 

of importance.  Figure 20 shows an example of the roughness measurement of an 

Au/Pd coated PAMS target. 
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Figure 20:  Example of the roughness measurement of an Au/Pd coated PAMS target



 

 

V.2    Adhe
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coating on both the glass and polystyrene sl

0.16 N (16 gram

applying and detaching it.  The GelP

away from

slowly and consistently.  The back side 

adhesion, and required 1.95 N (199 g) to peel it

observed on

force causing that was unknown and inconsistent.  

m

took on a slightly noticeable duller reflectiv

rem

from

tape tests were not very insightful because 

The m

and the coating adheres uniform

 

with a m

scale.  The f

because it seeped throug

intact after pulling on it with m

sion Results 

The adhesion of the various sticky tapes was inadequate to delaminate the 

ides.  The GelPak #0 requires a force of 

s) to pull it up as it was tested, and no effect was noticed after 

ak #8 required more force at 0.28 N (28 g) to pull 

 the test slides, but did not delaminate any of the coating when pulled away 

of the GelPak adhesives had even higher 

 off.  Some strips of delamination were 

ly after the tape was pulled off rapidly multiple times, but the adhesion 

Table 15 shows the force 

easurements for each of the tapes.  The only other observation was that the coating 

ity when the GelPak #8 was applied and 

oved.  This might be caused by removing the top layer of oxide that had formed or 

 the tape leaving a trace of adhesive behind on the surface.  Overall, the sticky 

all the samples survived and none failed.  

ain point learned from these tests is that the coating resists tensile loading well 

ly across the sample. 

In the next adhesion test I attempted to pull the coating off from the surface 

uch higher force by gluing a post onto the coating and pulling it off with a 

irst glue used was 3M superglue and didn’t provide any good results 

h the coating and adhered to the substrate.  The bond was still 

ore than 75 Newtons of force- this equals 2.65 MPa in 
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tensile stress.  Even though the tensile force was very high, the bolt head had a 

relatively large surface area, on the order of the entire target surface area, and 

decreased the stress on the sample. 

The next glue used was E6000 Industrial Strength adhesive, which was much 

weaker than the superglue, but didn’t dissolve through the coating.  The bolt head 

pulled away from the glue at forces between 23-47 N, creating tensile stresses from 

0.81 to 1.66 MPa.  Over 10 flat coated samples were tested and none of the coatings 

pulled off of the substrate.  Various other types of glues, epoxies, and adhesives were 

tested, with forces shown in Table 16, but the idea of pulling coatings off flat slides 

was abandoned in search of a different method for characterizing the durability of the 

coatings. 

 

V.3    Impact Results 

 The next method for characterizing the durability of Au/Pd coatings was to 

impact them against each other in a controlled manner similar to being fluidized.  The 

targets were mounted and tapped individually in a very consistent procedure and then 

examined under an optical microscope and with an SEM.  Two targets coated from 

each parameter set were tapped and examined to reduce the chances of having a 

erroneous analysis.  The SEM micrographs were examined and the key features were 

chosen to quantify the damage for a comparison between coated targets.  Some 

coatings were damaged in quite different ways than others, and some had various sizes 

of damage that were important.  The following charts list each shell and parameter set 
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and its damage score based on the observed key features.  Table 2 quantifies the 

damage from impacting each shell 20 times, and Table 3 quantifies the damage from 

impacting each shell 10 times in a softer manner. 

 

 

 



 

 

SEM Images of shells tapped w/ automated tapper
Each shell w/ 20 impacts
Rating: 0(None) - 1(Little) - 4(LOT) - 5(HUGE:Top of scale)

SEM # 7.1 7.2 7.3 7.4 7.5 7.6 7.7 7.8 7.9 7.10 7.11 12.3 7b.5 7b.6 7b.1 7b.2 7b.3 7b.4
Set # 1 1 2 2 3 3 4 4 5 5 6 6 6 6 8 8 10 10

Coating Material Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Au/Pd Pd Pd Au Au
# of Tapping Impacts 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard 20 hard

Overall Diam of damage [um] 150 200 120 150 150 175 200 200 250 250 50 50 150 150 300 250 250 200
Scratches 4 5 3 4 5 5 2 4 3 5 1 0 2 2 2 0 3 2
Pull-outs 1 1 2 2 0.5 1 3 1 2 1 3 1 2 2 1 1 2 3
Pile-ups / Coating deposits 4 2 2 2 0 3 5 5 2 4 2 3 2 2 2 3 3 3
Cracks near damage 2 2 2 1.5 2 3 0.5 2 2 2 3 0 2 2 1 2 1 2
Sugar cube debris structure 4 3 2 1 0 3 2 2 2 4 0 0 0 0 1 1 0 0
Flake/sheet debris structure 0 0 0 0 0 0 2 2 1 0 1 2 2(ripples) 2(ripples) 2 3 3(ripples) 3(ripples)
BIG damage >10um 4 4 3 3 5 4 3 4 3 5 2 2 1 1 1 2 2 2
Small damage <10um 1 2 2 3 1 1 2 2 3 1 1 1 2 2 2 1 3 3
Chatter Scrape 2 1 0 0 0.5 0 0 2 0 1 0 0 0 0 1 0 1 0
Overall Damage Appearance 4 5 3 3 5 4 3 3 3 3 1 0.5 2 2 2 2 3 3
Oddities

V
ery Large scrape and 

huge sugar cube pile

H
uge scrape

Lots of large scrapes

Lots of large scrapes

O
ne H

U
G

E
 scrape

O
ne large scrape &

 
others

C
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bly rippled flakes

M
any scrapes in one 

direction and large 
crum

bly rippled flake

M
any C

rum
bly rippled 

flakes in one direction

Lots of scrapes and cube 
piles

2 scrapes and one sheet 
got m

oved

O
nly found one area of 

deposition, no pull-outs

Lots of w
eird rippled pile-

ups

Layers of w
eird rippled 

pile-ups and a cauliflow
er-

looking cluster

N
ot very badly dam

aged

M
ostly deposits from

 
tapper target rather than 
dam

ages to this shell

Lots of w
eird rippled pile-

ups

Lots of w
eird rippled pile-

ups
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Table 2:  Table summarizing the SEM images of coated shells impacted 20 times in hard mode with automated tapping mechanism 
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with au

SEM Images of shells tapped w/ automated tapper
Each shell w/ 10 SOFT impacts
Rating: 0(None) - 1(Barely) - 4(LOT) - 5(HUGE:Top of scale)

SEM # 7c.6 7c.7 7c.4 7c.5 7c.1 7c.2 7c.3 7d.1 7d.2 7c.4 7c.5
Set # 2 2 6 6 10 11 11 6 6 12 12
Coating Material Au/Pd Au/Pd Au/Pd Au/Pd Au Au Au GDP-Au/Pd GDP-Au/Pd Ti-(Au+Pd) Ti-(Au+Pd)
# of Tapping Impacts 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft

Overall Diam of damage [um] 250 300 0 30 250 250 200 ~50 ~5um 0 10um
Scratches 1 0 0 0 2 2 3 0 1 1 1
Pull-outs 2 2 0 1 2 2 2 1 1 0 0
Pile-ups / Coating deposits 2 2 0 0 2 2 1 1 0 0 1
Cracks near damage 1 1 0 0 1 1 1 1 0 0 0
Sugar cube debris structure 1 2 0 0 0 0 0 0 0 0 0
Flake/sheet debris structure 1 0 0 1 2 2 1 2 0 0 1
BIG damage >10um 1 1 0 0 0.5 2 3 0 0 0 0
Smal 1 0 1
C 0 0 0
Over 0.5 0 0.5
Oddi
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able 3:  Table summarizing the SEM images of coated shells impacted 10 times in soft mode 

tomated tapping mechanism 

l damage <10um 2 2 0 1 2 2 1 1
hatter Scrape 0 0 0 0 0 0 0 0

all Damage Appearance 2 2 0 0.5 2 3 3 0.5
ties

M
os

tly d
e

po
sits fro

m
 ta

p
pe

r ta
rg

et ra
th

e
r tha

n
 

d
a

m
a

g
es

 to
 th

is
 sh

e
ll

L
igh

t sp
e

cklin
g

 o
f d

am
a

g
e

 o
ve

r la
rg

e area

C
o

u
ldn

't fin
d

 a
n

y d
a

m
a

g
e o

n sh
ell a

fte
r loo

kin
g

 fo
r 5 

m
inu

te
s

O
N

L
Y

 7 pu
ll-o

uts total

V
e

ry little
 d

a
m

a
g

e

M
ostly p

u
ll-o

u
ts an

d
 o

n
e

 b
ig scra

p
e/pu

llou
t

M
o

stly p
ull-o

uts a
n

d
 a

 fe
w

 b
ig

 scra
p

e
s/p

u
llo

u
ts

V
e

ry fe
w

 da
m

a
g

e
 site

s fo
u

nd
(a

ll 1
0's o

f um
 a

p
art). 

L
o

ok
s like sh

arp po
in

t im
p

a
ct p

ush
e

d
 in

 co
a

tin
g a

t a
 

ve
ry lo

ca
liz

ed
 s

po
t. 

e
xa

m
inin

g
 sh

e
ll in

ten
tly

 

)

Set#12 Coated at UCSD

 

There is a large amount of data presented in the two tables, so the “Overall 

age Appearance” row summarizes the overall resistance to damage of each shell.  

 the low parameter sets, which were sputtered at higher 

med very poorly in the impact tests, and the higher parameter sets up 

ed at a lower pressure, performed much better.  The following images will 

trate the key types of damage observed from hundreds of SEM images. 

Figure 21 shows an overall view of a large damage area indicating that this 

pact damage resistance. Figure 22 shows a close-up shot of 
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one out of a few small damage areas on a target indicating that this coating has 

relatively high resistance to impact damage. 

 

 

Figure 21:  SEM image of tapping damage showing a very large damage area and many scrapes 
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Figure 22:  SEM image of tapping damage showing a small area of damage 

 

Figure 23 shows a typical scrape pattern on most targets, giving evidence that 

the tapping test had a large shear component to the impact of the targets.  Figure 24 

shows evidence of chattering scrapes across the coating surface.  It is unknown why 

there would be an intermittent removal of coating.  Figure 25 shows cracks in the 

coating forming near sites of pull-out damage.  The tapper target might have slid along 

the surface of the rigid target before attaching to and pulling off a portion of coating.   
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Figure 23:  SEM image of tapping damage showing a clear scrape removal of Au/Pd coating 

 

 

Figure 24:  SEM image of tapping damage showing chattering scrapes across the coating surface 
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Figure 25:  SEM image of tapping damage showing cracks near damage 

 

Figure 26 shows the “sugar cube” structure of typical debris for high pressure 

coatings.  This shows evidence that although the columnar growth structures resist 

tensile adhesive stress, they poorly resist shear stress and topple like dominos.  In 

tension, many columns act together equally, while in shear each column must resist 

the force individually.  Figure 27 shows a closer view of the “sugar cube” structures 

and it appears that they can be easily broken. 
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Figure 26:  SEM image of tapping damage showing "sugar cube" pull-out damage structure 

 

 

Figure 27:  SEM image of tapping damage showing a higher magnification view of "sugar cube" 

pull-out damage structure 
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Figure 28:  SEM image of tapping damage showing flat sheet damage structure 

 

 

Figure 29:  SEM image of tapping damage showing layers of rippled sheet damage structure 
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Figure 28 shows the sheet structure of typical debris for low pressure coatings.  

This shows evidence that the Au/Pd coating grows more uniformly as a sheet at lower 

pressures, possibly due to decreased stress built up while sputter coating.  Although 

some sheets become dislodged or pulled up, they show better resistance to damage 

than the columnar structures shown above.  Figure 29 shows some sheets that 

somehow become rippled with even, smooth ripples, with a gap on the order of the 

coating thickness between each undulation.  The cause or reason for these ripples is 

unknown, but could somehow be related to the shear motion bunching up the coating 

as it is delaminated.  Another observation to note is that the sheets appear to be very 

thin, and are likely not 80 nm thick.  It is possible that the rolling method for 

sputtering causes many layers of a few nm thickness to be deposited around the 

sphere, which are more readily removable than one 80nm layer.  The origin of these 

thin sheets is unknown, but not desirable. 

The key points learned from this analysis are not necessarily the comparisons 

between the individual damage scores but the damage mechanisms qualitatively 

observed from the SEM micrographs of each parameter set. 

 

V.4    Target Handling Results 

The first handling test involved a gentle selection and release of a coated target 

with a metal, plastic, and silicone tip.  The plastic and metal tips caused a surprising 

amount of damage, and the silicone tip produced no identifiable damage.  An example 
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of damage caused by a metal tip is shown in the SEM image Figure 30.  This sho

that the hardness and shape of the vacuum chuck tip is a very important design 

consideration because it directly contacts t

ws 

he target’s coating and can easily damage it. 

 

 

Figure 30:  Example of damage caused by metal vacuum chuck tip 

 

Another test was the gentle touch of a piece of paper against the surface of a 

coated target.  The paper delaminated the film and left gouges in the coating over a 

large area, as shown in Figure 31.  This result shows the roughness of a surface and 

the sharpness of its edge are important factors to consider for minimizing damage 

from surfaces that the coated target will touch. 
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Figure 3 f 

paper against the coated target 

ve that this is just the oxides formed 

from being atmosphere being pulled off.  A similar observation was noticed with the 

flat plates, and doesn’t seem to be evidence of coating damage.  This result shows that 

the coating adheres better to the PAMS shell than to the GP#8 tape, which is similar to 

the results from the flat plates. 

1:  Typical delamination damage of a coating caused by the gentle brushing of a piece o

 

The adhesion of a GelPak #8 on a coated target is shown in Figure 32 and 

shows a slight coloration of the coating.  I belie
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Figure 32:  Barely visable coloration caused by adhering a GelPak #8 onto the coated surface of a 

target 

 

These t

argets, Ted Pella, claimed that the weight percent of 

the gold to palladium was 60:40.  The EDX only measured the composition of the 

surface layer, and reported 52.40% : 47.60& (± 6.98%) and 50.42% : 49.58% (± 

6.17%).  The first results are displayed in Figure 59 and Table 10 and the second 

ests were only qualitative, but gave important insight of the need to design 

gentle handling techniques and smooth surfaces for the targets to contact. 

 

V.5    Coating Composition Results 

 The coating composition was verified using both an EDX and an AES.  The 

manufacturer of the sputtering t

 



 60

results are displayed in Figure 60 and Table 11 in the Appendix  This measured ratio 

was just outside the one-sigma range making it a bit palladium-rich, but was a good 

first result to approximate the consistency of the sputtering target. 

The AES measured the atomic ratio as a function of depth, and used a much 

smaller spot size for measurements.  The ratios were slightly skewed in the first and 

last few nanometers of the coating, but were very consistent through the entire coating 

depth, only varying a few percent, as shown in Figure 33.  The original data and 

atomic percent graph are shown in Table 8, Table 9, and Figure 58, respectively in 

Appendix C.  The averaged ratios, converted to weight percent, are 61.68% : 38.32%, 

which are extremely close to the claimed values.  This provides proof that the coating 

composition stays consistent through the entire coating thickness and the sputter coater 

 

does not preferentially sputter one metal over another. 
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Figure 33:  AES scan of the weight percent of gold and palladium in the sputter coated Au/Pd 

 

V.6    Permeation Results 

The D2 permeation results showed agreement with prior work on the addition 

of palladium to gold reflective coatings [5].  The results are summarized in Table 4, 

showing the parameter set and half life of the remaining gas in the shell.  The data 

plots are shown in Figure 54, Figure 55, Figure 56, and Figure 57 in Appendix B.  The 

uncoated shells had an average half life of 27.2 minutes, which is a baseline for the 

coatings.  The Set #2 coatings had only a slightly higher average half life of 27.3 

minutes, which was expected because of the cracked surface observed with the SEM.  

The Set #5 coatings had an even higher average half life of 28.0 minutes, and Set #6 
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had an average half life of 29.4 minutes, suggesting that the integrity of the coating 

increased with decreased cracks in the surface of the coating.  The results agree with E 

Stephens’ paper because the Au/Pd coatings don’t increase the permeation time by 

much, so this coating is not the bottleneck in the filling process, but rather the shells 

themselves [5].  The RF shells have a much faster permeation rate, so that technology 

coupled with a smooth Au/Pd coating should provide the desired permeation rates. 

 

Table 4:  Summary of D2 permeation results 

Set # Vial name tc (sec) t1/2 (sec) t1/2 (min)
(h)-Set#2 WW-1 2298.851 1593.442 26.6
(h)-Set#2 WW-2 2427.184 1682.396 28.0
(q)-Set#6 YY-1 2583.979 1791.078 29.9
(q)-Set#6 YY-2 2493.766 1728.547 28.8

(n)-Set#5 XX-2 2512.563 1741.576 29.0
un-coated VV-1 2283.105 1582.528 26.4
un-coated VV-2 2415.459 1674.269 27.9

(n)-Set#5 XX-1 2331.002 1615.728 26.9

 

 

V.7    Temperature Results 

 The initial temperature tests of heating a PAMS shell with a hot air gun 

showed that the shell turns from stiff to malleable at 90° C. It begins deforming at 

100° C and eventually can’t hold its own weight much above that and buckles into a 

crumple of plastic.  These results are summarized in Table 28 in Appendix H. 

The temperature of the shells filled with specific melting powder wasn’t 

accurate because the shells weren’t coated for very long due to the failure of the 

adhesive base.  They did show that the maximum temperature in that scenario was 
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around 70 ̊ C, but that is a very inaccurate estimate.  The RTD temperature probe was

not accurate above room temperature for an undetermined reason, and wasn’t pursued 

because of its substantial differences in temperature compared with an actual shell 

being coated.  The initial tests are shown in 

 

 

oating conditions. 

The results described above lead me to investigate alternative coating methods 

or changes in procedures to improve the coating’s resistance to damage.  The coating 

composition as a function of depth was very consistent and the coating’s adhesion was 

acceptable when tested strictly in tension with low stress adhesives.  The coating had 

very little resistance to shear stresses, and this could due in part to the columnar 

ructure of some of the coating sets.  The permeation results showed promise of not 

cess.  The target handling also needs to be sufficiently 

 very 

Table 27 and Figure 66 in Appendix H.  

More effort would have been put into measuring the temperature if it needed to be 

precisely controlled; however, the temperature was more a resulting parameter from

c

 

st

hindering the target filling pro

considered to create a system that touches the target as little as possible and uses

smooth surfaces with no chance of contacting sharp corners.  The targets and their 

resistance to damage have been well characterized and now novel coating 

improvements can be applied and tested. 

 

 



 

VI.    Assessment of Observed Problems and Suggestions of Possible 

Solutions 

 The following list identifies specific problems with the coating process and 

observed results and suggests ideas to remedy those issues.  A few ideas were tested to 

determine their effectiveness, and others are suggestions for the future. 

 

VI.1    Clean the PAMS Surface Prior to Sputter Coating 

 ost of the evidence of coating failure points to problems in the 

interface between the PAMS shell an

 

ost fine particulates from the coating 

process.  The shells were kept as clean as possible, but this work was performed in a 

normal lab with shared equipment and a normal HVAC system, so there were a lot of 

unwanted particulates that became attached to the shells and coatings.  Since this was 

Since m

d the Au/Pd coating, it is logical to ensure that 

the PAMS surface if perfectly clean before depositing any metal onto it.  I do not have

expertise in the intimate details of solvent chemicals and cleaning processes for small 

PAMS spheres, but I do know there are processes that could be used to clean the shell 

very well just before sputter coating.  I regulated everything feasible to maintain the 

cleanliness of the shells in the condition that I received them.  The shell containers 

were glass to prevent microscopic plastic shavings from sticking the shells due to 

static attraction.  The containers were only opened for short amounts of time to 

remove or add shells and desiccant packs were kept in the containers to prevent 

damaging effects of moisture with the shells.  The sputter coating dishes were polished 

and dusted with compressed air to remove m
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 a problem in a mass production power plant with clean rooms.  The 

anticipated, not a lot of attention was paid to small debris on the coatings because that

would not be

coatings would undoubtedly adhere better to the PAMS shells if the shells and 

sputtering chamber were much cleaner. 

 

VI.2    Etch or Roughen Coating 

The next idea for creating a better adhesive bond between the Au/Pd coating 

and the PAMS shell was to roughen the surface of the shell so there would be a 

physical attachment to the roughened shell.  This would have to be a very precise 

roughening process because the shells have to maintain a very low RMS roughness to 

reflect the IR radiation and to provide a uniform surface for ignition [4].  The surface 

could be chemically etched or a laser could mill lines in the shell a few nanometers 

deep to promote the adhesion of the metal coating.  This wasn’t practical to test, but 

could be applied to future coating adhesion ideas. 

 

VI.3    Sub-Layer 

 Since the Au/Pd layer has difficulty bonding to the PAMS plastic surface, an 

adhesive of some type would be useful to increase their adhesion to each other.  

Finding a suitable adhesive was non-trivial because of the strict target requirements, 

including surface roughness among other things.  The adhesive would have to be in 

the form of a sub-layer of metal between the PAMS layer and Au/Pd layer.  This sub-

layer should have better adhesion to both the PAMS surface and Au/Pd surface than 
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the Au/Pd adheres to the PAMS.  A few materials were investigated, including 

titanium, chromium, silicon, and rubidium [19], [20], [21]. 

I chose to test a sub-layer of titanium because of a suggestion from an co

experienced with its properties and its at

llege 

tractive coating adhesion characteristics with 

rroelectric thin films.  A colleague sputtered a 5nm layer of titanium onto the PAMS 

Pd on top of that without exposing the shell to the 

atmosp

esion 

ttle 

 

 

 

nium layer was also coated on top 

of an already Au/Pd coated PAMS shell to test the Ti-Au/Pd interface separately.  

re sent to MicroPhotinics for Nanoscratching testing. 

er 

 

fe

shell and then co-sputtered Au and 

here.  It is very important to not allow any contaminants on the sub-layer 

surface before sputtering the Au/Pd coating on top.  This would decrease the adh

of those two layers and would give erroneous results.  The coating was applied a li

differently than rolling the shells in cups, but the same thickness of metal was applied. 

The shell was mounted stationary while being coated, yet still rotated in and out of the

high flux of metal to avoid excessive heating. 

In addition, a 20nm titanium layer was coated by itself onto the PAMS shell to

test the PAMS-Ti interface separately.  A 20nm tita

These 3 samples we

 

VI.4    GDP Overcoat the Metal Layer 

 A colleague at General Atomics preformed a cryogenic fluidization of coated 

PAMS targets and observed from SEM analysis that the extreme level of damage aft

a typical cycle time was unacceptable for ignition-quality targets.  As a simple 

solution to the problem, he coated a 10µm layer of GDP polymer on top of the Au/Pd
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coating on a new batch of PAMS shells and performed the same fluidization cyc

The coatings were significantly less damaged than in the orig

le.  

inal test, but still not 

accepta

 

f 

 also 

eposit the Au/Pd alloy onto the shells during the last few µm’s of the GDP coating, 

 Au/Pd atoms locked into the structure.  This 

oth 

ble for ignition.   

 

VI.5    Ion Implantation 

 The idea of ion implantation was explored with the SRIM calculation software 

[22].  The idea was to implant gold and palladium ions into the PAMS shell to 

strengthen the outer surface and provide a like-material for the Au/Pd coating to bond 

to during subsequent sputter coating.  Polystyrene was substituted for PAMS plastic, 

but the idea remains the same. 

  

VI.6    Co-Depositing Au/Pd and GDP 

A novel idea of improving the interface of the Au/Pd coating and GDP surface 

is to mix the metal and GDP coating during the GDP coating process.  The GDP is 

deposited on shells in a horizontal tube by creating a plasma in a specific mixture o

gases containing carbon and hydrogen.  If the GDP plasma could somehow

d

then the GDP surface would already have

would allow the sputter coated Au/Pd layer to adhere well to the GDP surface since 

there would be some Au/Pd atoms to bond with.  This would work even better if the 

GDP coating could be faded out and the Au/Pd coating faded in to create a smo

transition interface and also complete the Au/Pd coating in the same chamber.  This 
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would allow the shells to be completely coated without exposure to atmospheric 

contaminants and would create an intertwined coating that would be much better 

adhered to the shell and also be more resistant to damage.  This idea involves 

esigning and building complicated co-sputtering systems, so it will be left for future 

l 

oses a problem for stresses at the interfaces.  The 

ay conform to the surface below it because it is thin, yet there are 

ating’s resistance to damage at low 

mper

d

researchers to explore. 

 

VI.7    Thermal Expansion Problems 

 The shells experience a change in temperature from near 350 K during sputter 

coating to 17 K when fluidizing, and the different thermal expansion coefficients of al

the different layered materials p

Au/Pd coating m

stresses created that could influence the co

te atures.  This may be a problem that remains unresolved due to material 

selection, but it should be considered when cooling shells and fluidizing them. 

 

VI.8    Problems with Basic Handling Techniques 

 There were many observed problems with the basic handling techniques 

employed during the entire fabrication process.  The outcome of the thin Au/Pd outer 

coating depends on the care taken in each prior step.  Every imperfection in an inner 

layer or interface becomes magnified as the layers are added, and they are very 

apparent in the smooth reflective layer of Au/Pd on the outside. 
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The shells were stored and delivered in a plastic dish that had very small static 

particles in it, and would undoubtedly introduce pinhole defects in the coating.  Th

can be alleviated by better cleaning and care for shells, as described above.  Th

and plastic vacuum chucks are very damaging to the coated targets, and silicone cups 

should be used to avoid

is 

e metal 

 any unintended shear or compressive stresses during 

ansportation of shells.  Dropping targets from more than a few cm’s could cause 

should be avoided.  Shear contact with rough 

ater 

ing 

nt.  

ed in 

tr

unnecessary damage to the surface, and 

surfaces and sharp edges should be avoided, as this appeared to be the single most 

damaging scenario in all tests.  Resting or rolling on smooth surfaces showed no 

damage to the shells or targets, and all corners should be concave with a radius gre

than that of the shell.  Electrostatic control or targets is being explored, and is show

exciting results for controlling target movement in a mass production power pla

These are a few ideas that were apparent during testing, and should be consider

future designs. 

 

 



 

VII.    Results of New Coating Techniques 

The following sections describe the results of a few chosen improvements from

the above section.  Not all of the suggestions for possible improvements were practical 

to implement for this work, but might be useful in future target coating research. 

 

VII.1    Results for Titanium Sub-Layer 

 The independent nanoscratching measurements of the coating adhesion 

showed favorable results with an increase in overall coating adhesion due to a titani

layer between the Au-Pd coating and the PAMS target. The results are summarize

Table 5. 

 

Table 5:  Nanoscratching results from MicroPhotonics 

Sample

 

um 

d in 

Nanoscratching results
Initial 

Delamination [mN]
Std. Dev. 

[mN]
Continuous 

Delamination [mN]
Std. Dev. 

[mN]
Au-Pd 8.53 0.68 20.74 2.05
Au-Pd 7.02 0.30 18.81 1.26
Au-Pd then Ti 11.53 0.48 18.51 0.71
Ti 19.90 1.21 32.11 1.21
Ti Then Au-Pd 13.37 0.17 19.53 1.22  

 

Two targets with only Au/Pd coated onto PAMS shells resulted in an initial 

delamination at 7.0mN and 8.5mN and continuous delamination at 18.8mN and 20.7 

mN respectively.  The target with the sub-layer of titanium and Au/Pd coated on top 

showed an initial delamination at 13.4mN and continuous delamination at 19.5mN.  

Taking the normally-coated targets as a baseline, the titanium inter-layer improved the 
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, considering the initial 

delamin

AMS-titanium interface was examined by measuring the titanium layer coated 

er required a very high stylus force to 

elamin d layer 

nger than the adhesion between PAMS and Au/Pd.  Also, the Ti-Au/Pd 

interface was examined and found to be mu h stronger than the normally-coated 

Au/Pd layers.  This provided clear evidence that each interface in this multi-layered 

coating was stronger than the PAMS-Au/Pd interface.  The increase in adhesion of the 

actual multi-layered coating of Au/Pd on top of Ti supports this idea. 

The results from tapping targets with the coating with the Ti sublayer showed 

good results also.  The last 2 columns in Table 3, reprinted below, show the results of 

tapping targets coated with a Ti sub-layer and a Au/Pd final layer.  There was very 

little damage found on either target, showing that the targets survived the impact 

testing very well. 

Au/Pd adhesion to the PAMS shell by more than 90%

ation force.  The initial results are promising for the use of an interlayer to 

promote the strength of the Au/Pd outer coating. 

To further investigate this increase, each interface was investigated.  The 

P

directly on the PAMS shell.  This single lay

d ate it, and even though it was thicker than the layer used under the Au/P

for testing reasons, it was 130% stronger than the normally-coated Au/Pd layers.  This 

suggests that the adhesion between the PAMS substrate and the titanium sub-layer is 

much stro

c
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SEM Images of shells tapped w/ automated tapper
Each shell w/ 10 SOFT impacts

SEM # 7c.6 7c.7 7c.4 7c.5 7c.1 7c.2 7c.3 7d.1 7d.2 7c.4 7c.5

# of Tapping Impacts 10 soft 10 soft 10 soft 10 soft 10 soft 10 soft 1

Overall Diam of damage [um] 250 300 0 30 250 250

Rating: 0(None) - 1(Barely) - 4(LOT) - 5(HUGE:Top of scale)

Set # 2 2 6 6 10 11 11 6 6 12 1
Coating Material Au/Pd Au/Pd Au/Pd Au/Pd Au Au Au GDP-Au/Pd GDP-Au/Pd Ti-(Au+Pd) Ti-(Au+Pd)

0 soft 10 soft 10 soft 10 soft 10 soft

200 ~50 ~5um 0 10um
Scratches 1 0 0 0 2 2 3 0 1 1
Pull-outs
Pile-ups / Co 1
Cracks near damage 1 1 0 0 1 1 1 1 0 0 0

0
1

BIG damage >10um 1 1 0 0 0.5 2 3 0 0 0 0
Small damage <10um 2 2 0 1 2 2 1 1 1 0 1

0
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Table 3:  Table summarizing the SEM images of coated shells impacted 10 times in soft mode 

 

ntation Results 

 he concept of ion implantation was explored with the SRIM calculation 

software to implant gold and palladium ions into the PAMS.  The results showing 

implantation depth as a function of gold ion implantation energies are presented in 

with automated tapping mechanism 

 

The idea of coating a sub-layer between the Au/Pd and PAMS interface shows

promising results and should be further explored with different metals and layer 

thicknesses. 

 

VII.2    Ion Impla

T
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Table 12 in Appendix D.  The results for palladium were also calculated, are the depth 

was within a few percent of the gold results.  This shows that the normally sputtered 

gold ions, which typically have energies near 10 eV, are only implanted a few 

nanometers deep in the coating.  This is visually represented in Figure 34, showing not 

much internal scattering occurs. 

 

 

Figure 34:  SRIM simulation of a 10 eV gold ion into polystyrene 
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Figure 35 shows that the gold ions must have at least 1 keV to become implanted a 

useful depth into the polystyrene plastic. 

  

 

Figure 35:  SRIM simulation of a 1 keV gold ion into polystyrene 

 

Figure 36 shows the result of implanting a 1MeV gold ion into a normally-coated 

e polystyrene shell, 

creasing its adhesion. 

target, which forces gold and palladium ions further into th

in
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Figure 36:  SRIM simulation of a 1 MeV gold ion into a Au/Pd coating on top of a polystyrene 

base 

t these high ion energies the plastic shells would undoubtedly melt, so a low-energy 

 

A

gold ion could be used to successfully modify the surface of the PAMS shell. 

 

 



 

VIII.    Achievements, Conclusions, and Recommendations 

This work has successfully accomplished the goals of characterizing and 

improving the outer reflective layer on targets for an IFE power plant.  The initial 

coatings were characterized using multiple tests to determine their resistance to 

damage at room temperature.  The coatings were tested by physically simulating the 

damage caused by two targets impacting each other in a fluidized bed where most of 

the damage is estimated to occur.  The coatings were also tested in tension to 

understand the adhesion of the coating to a substrate.  Changes in the sputtering 

parameters were then explored and the coating was optimized by produce smaller 

grain sized using a lower argon sputtering pressure. 

The composition of the coating was evaluated as a function of thickness and 

verified to be consistent through the depth of the entire coating.  The permeation rate 

of the shells to D2 gas was measured and the Au/Pd coatings did not significantly 

reduce the permeation rate.  Normal handling procedures were examined and various 

improvements were made to facilitate handling millions of targets in a mass 

Suggestions of possible improvements were explored and a titanium sub-layer 

as implemented and tested.  The targets showed improved damage resistance during 

 have 

een made for future work on coating improvements. 

 

production power plant. 

w

impact testing.  The initial nanoscratching results were also promising for the use of a 

sub-layer to promote the strength of Au/Pd outer coatings.  Recommendations

b
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Appendix A:  Nanoscratching Results  

 
Figure 3 :  Page 1 of Nanoscratching results from MicroPhotonics 7
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Figure 38:  Page 2 of Nanoscratching results from MicroPhotonics 
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Figure 39:  Page 3 of Nanoscratching results from MicroPhotonics 

 

 



 80

 
Figure 40:  Page 4 of Nanoscratching results from MicroPhotonics 
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Figure 41:  Page 5 of Nanoscratching results from MicroPhotonics 
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Figure 42:  Page 6 of Nanoscratching results from MicroPhotonics 
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Figure 43:  Page 7 of Nanoscratching results from MicroPhotonics 

 

 



 84

 
Figure 44:  Page 8 of Nanoscratching results from MicroPhotonics 
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Figure 45:  Page 9 of Nanoscratching results from MicroPhotonics 
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Figure 46:  Page 10 of Nanoscratching results from MicroPhotonics 
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Figure 47:  Page 11 of Nanoscratching results from MicroPhotonics 
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Figure 48:  Page 12 of Nanoscratching results from MicroPhotonics 
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Figure 49:  Page 13 of Nanoscratching results from MicroPhotonics 
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Figure 50:  Page 14 of Nanoscratching results from MicroPhotonics 
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Figure 51:  Page 15 of Nanoscratching results from MicroPhotonics 
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Figure 52:  Page 16 of Nanoscratching results from MicroPhotonics 
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Figure 53:  Page 17 of Nanoscratching results from MicroPhotonics 
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Table 6:  Mounting Locations sent to MicroPhotonics with Nanoscratching samples 

Specimen Mounting Locations for Nanoscratching by MicroPhotonics 11/20/2008
Please call Landon Carlson with any questions, no matter how simple or seemingly insignificant
Cell:(858) 361-1777             Email: Landon.Carlson@gat.com                Office: (858) 455-3099

Mount Sample # 1st layer 2nd layer (outermost layer) Priority(1-5)

TEST ***Mounting square has 3 punches in upper left corner
All spheres are for testing scratching parameters - no data required for these

TEST 1 80nm Au/Pd test
TEST 2 80nm Au/Pd test
TEST 3 80nm Au/Pd test

A ***Mounting square has 5 punches in upper left corner
All spheres are different  - some look similar and have the same thickness composition, yet are different

A1 80nm Au/Pd 1
A2 80nm Au/Pd 4
A3 80nm Au/Pd 1
A4 80nm Au 3

B ***Mounting square has 7 punches in upper left corner
B1 ~150nm Au/Pd 20nm Ti 2
B2 20nm Ti 2
B3 5nm Ti 80nm Au/Pd 1
B4 5nm Ti 80nm Au/Pd (Identical to B.3) extra
B5 No coating - bare sphere 5
B6 No coating - bare sphere (Identical to B.5) extra

NOTES:
All substrates are identical hollow plastic spheres with a diameter of 4.00mm and a wall thickness
of ~50um and are VERY FRAGILE!  
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Table 7:  Sputtering parameters used for sputtering titanium onto PAMS shells for 
nanoscratching test 

thickness Power time flow press thickness Power time flow press thickness Power time flow press
[A] [W/Volt] [sec] [sccm] [mTorr] [A] [W/Volt] [sec] [sccm] [mTorr] [A] [W/Volt] [sec] [sccm] [mTorr]

50 100/319 130 30 3
320 145/310 205 30 3 480 50/389 205 30 3

200 100/323 522 30 3

20081120-2
Ti 5/ 

AuPd 80
2

20081120-3 Ti 20 3

20081120-1 Dummy 1

Gun 2

Sample ID
Structure 

(nm)

Sub 
positio

n

Gun 3 Gun 4
Pd Ti Au

 
 
 

 



 

Appendix B:  Permeation Results 
 

 
Gas Amount vs. Time for shell V V-1 (Un-coated)
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Gas Amount vs. Time for shell V V-2 (Un-coated)
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Figure 54:  Data plots for calculating the permeation rates of 2 uncoated PAMS shells 

 
Gas Amount vs. Time for shell WW-1 (Set #2)
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Gas Amount vs. Time for shell WW-2 (Set #2)
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Figure 55:  Data plots for calculating the permeation rates of 2 PAMS shells coated with 
parameter set #2 

 
Gas Amount vs. Time for shell XX-1 (Set #5)
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Gas Amount vs. Time for shell XX-2 (Set #5)
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Figure 56:  Data plots for calculating the permeation rates of 2 PAMS shells coated with 
parameter set #5 
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Gas Amount vs. Time for shell YY-1 (Set #6)
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Gas Amount vs. Time for shell YY-2 (Set #6)
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Figure 57:  Data plots for calculating the permeation rates of 2 PAMS shells coated with 
parameter set #6 



 

Appendix C:  Coating Composition Results 
 

AES Scan of DW1 in Atomic %
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Figure 58:  AES scan of the atomic percent of gold and palladium in the sputter coated Au/Pd 
layer.  Carbon is included to show interface of the coating and PAMS shell 
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Table 8:  AES Data used for calculating coating c mposition as a function of depth 

 

o

Depth Cycles 133; Regions 3; SputterTime Interval 6; AES;
NumberOfPreSputterCycles 1; Convert-> Average Average
Cycle Au1 Pd1 C1 Au mass Pd mass Tot massAu w/o Pd w/o Au w/o Pd w/o

0 25.818 42.947 31.235 100 5085.3 4570.4 9655.8 52.666 47.334 61.681 38.319
1 23.432 42.635 33.932 100 4615.5 4537.3 9152.7 50.427 49.573
2 29.442 41.589 28.969 100 5799.3 4425.9 10225 56.716 43.284
3 32.101 39.89 28.01 100 6322.9 4245.1 10568 59.831 40.169
4 32.86 40.758 26.382 100 6472.5 4337.5 10810 59.875 40.125
5 32.403 40.581 27.016 100 6382.5 4318.7 10701 59.643 40.357
6 34.319 38.616 27.065 100 6759.8 4109.5 10869 62.192 37.808
7 33.148 39.578 27.275 100 6529.1 4211.9 10741 60.787 39.213
8 33.852 38.95 27.198 100 6667.9 4145 10813 61.666 38.334
9 33.605 38.582 27.813 100 6619.2 4105.9 10725 61.717 38.283

10 33.362 38.193 28.445 100 6571.2 4064.5 10636 61.784 38.216 61.681 38.319
11 34.059 39.278 26.663 100 6708.7 4179.9 10889 61.612 38.388 61.681 38.319
12 34.111 38.846 27.043 100 6718.9 4134 10853 61.909 38.091 61.681 38.319
13 34.215 37.342 28.443 100 6739.4 3974 10713 62.906 37.094 61.681 38.319
14 35.967 38.451 25.582 100 7084.4 4091.9 11176 63.388 36.612 61.681 38.319
15 34.555 38.559 26.886 100 6806.2 4103.5 10910 62.387 37.613 61.681 38.319
16 34.439 39.619 25.942 100 6783.5 4216.3 11000 61.67 38.33 61.681 38.319
17 34.595 38.402 27.003 100 6814.2 4086.7 10901 62.511 37.489 61.681 38.319
18 34.201 38.145 27.654 100 6736.6 4059.4 10796 62.399 37.601 61.681 38.319
19 34.212 38.839 26.949 100 6738.7 4133.3 10872 61.982 38.018 61.681 38.319
20 34.787 38.161 27.051 100 6852.1 4061.1 10913 62.787 37.213 61.681 38.319
21 33.595 39.508 26.897 100 6617.2 4204.5 10822 61.148 38.852 61.681 38.319
22 34.862 37.578 27.56 100 6866.8 3999 10866 63.196 36.804 61.681 38.319
23 34.172 37.974 27.854 100 6730.8 4041.2 10772 62.484 37.516 61.681 38.319
24 33.115 39.281 27.604 100 6522.6 4180.3 10703 60.942 39.058 61.681 38.319
25 33.615 38.65 27.735 100 6621.2 4113.1 10734 61.682 38.318 61.681 38.319
26 34.685 38.296 27.019 100 6832 4075.5 10907 62.636 37.364 61.681 38.319
27 34.28 38.292 27.428 100 6752.2 4075 10827 62.363 37.637 61.681 38.319
28 34.594 37.628 27.778 100 6813.9 4004.4 10818 62.985 37.015 61.681 38.319
29 33.391 38.811 27.798 100 6577 4130.3 10707 61.426 38.574 61.681 38.319
30 33.706 40.392 25.902 100 6639.1 4298.5 10938 60.7 39.3 61.681 38.319

681 38.319
34 32.975 39.532 27.493 100 6495.1 4207 10702 60.69 39.31 61.681 38.319
35 32.444 38.651 28.905 6390.5 4113.3 10504 60.84 39.16 61.681 38.319
36 34.284 39.471 26.245 6752.8 4200.5 10953 61.651 38.349 61.681 38.319
37 33.524 39.912 26.564 6603.3 4247.5 10851 60.856 39.144 61.681 38.319
38 34.112 39.098 26.791 6719 4160.8 10880 61.757 38.243 61.681 38.319
39 33.693 38.483 27.824 6636.4 4095.4 10732 61.839 38.161 61.681 38.319
40 34.373 39.724 25.904 6770.4 4227.4 10998 61.561 38.439 61.681 38.319
41 33.666 38.62 27.714 6631.2 4110 10741 61.736 38.264 61.681 38.319
42 34.234 38.757 27.009 6743.1 4124.6 10868 62.047 37.953 61.681 38.319
43 32.051 39.242 28.708 6313 4176.1 10489 60.186 39.814 61.681 38.319
44 33.841 37.302 28.858 6665.6 3969.7 10635 62.674 37.326 61.681 38.319
45 33.377 38.579 28.044 6574.2 4105.6 10680 61.558 38.442 61.681 38.319
46 34.259 39.002 26.739 6748 4150.6 10899 61.916 38.084 61.681 38.319
47 33.006 37.942 29.052 6501.2 4037.8 10539 61.687 38.313 61.681 38.319
48 33.711 38.025 28.264 6640 4046.7 10687 62.134 37.866 61.681 38.319
49 33.392 37.921 28.687 6577.2 4035.6 10613 61.974 38.026 61.681 38.319
50 34.286 39.304 26.41 6753.3 4182.8 10936 61.753 38.247 61.681 38.319
51 32.578 38.778 28.644 6416.9 4126.7 10544 60.861 39.139 61.681 38.319
52 32.881 38.586 28.533 6476.6 4106.3 10583 61.199 38.801 61.681 38.319
53 32.514 38.423 29.063 6404.3 4089 10493 61.032 38.968 61.681 38.319
54 34.215 38.254 27.531 6739.4 4071 10810 62.342 37.658 61.681 38.319
55 33.017 39.768 27.215 6503.3 4232.2 10735 60.578 39.422 61.681 38.319
56 32.599 38.467 28.933 6421.1 4093.7 10515 61.067 38.933 61.681 38.319
57 32.444 39.515 28.041 6390.5 4205.2 10596 60.312 39.688 61.681 38.319
58 33.796 39.018 27.186 6656.7 4152.3 10809 61.585 38.415 61.681 38.319
59 35.014 38.681 26.305 6896.6 4116.4 11013 62.622 37.378 61.681 38.319
60 34.284 38.013 27.703 6753 4045.3 10798 62.537 37.463 61.681 38.319
61 34.507 39.214 26.28 6796.8 4173.1 10970 61.958 38.042 61.681 38.319
62 33.125 38.453 28.422 6524.7 4092.1 10617 61.456 38.544 61.681 38.319
63 33.902 38.814 27.284 6677.7 4130.6 10808 61.783 38.217 61.681 38.319
64 33.182 38.785 28.033 6535.9 4127.5 10663 61.293 38.707 61.681 38.319

31 32.454 37.475 30.072 100 6392.4 3988 10380 61.581 38.419 61.681 38.319
32 32.387 38.864 28.749 100 6379.2 4135.9 10515 60.667 39.333 61.681 38.319
33 31.983 38.305 29.711 100 6299.7 4076.5 10376 60.713 39.287 61.
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Table 9:  AES Data used for calculating coating c mposition as a function of depth (continued) o

65 32.699 37.816 29.485 6440.6 4024.4 10465 61.544 38.456 61.681 38.3
66 33.372 37.874 28.755 6573.2 4030.5 10604 61.989 38.011 61.681 38.3

19
19

67 32.926 38.755 28.319 6485.4 4124.3 10610 61.127 38.873 61.681 38.319
68 33.955 37.408 28.637 6688.1 3981 10669 62.687 37.313 61.681 38.319
69 32.349 39.127 28.525 6371.7 4163.9 10536 60.478 39.522 61.681 38.319
70 32.827 37.89 29.283 6465.9 4032.3 10498 61.591 38.409 61.681 38.319
71 33.252 37.834 28.915 6549.6 4026.3 10576 61.93 38.07 61.681 38.319
72 34.446 38.676 26.877 6784.9 4115.9 10901 62.242 37.758 61.681 38.319
73 33.757 38.08 28.163 6649.1 4052.4 10702 62.132 37.868 61.681 38.319
74 34.62 38.722 26.658 6819.1 4120.8 10940 62.332 37.668 61.681 38.319
75 34.211 37.887 27.902 6738.6 4031.9 10771 62.565 37.435 61.681 38.319
76 34.428 38.555 27.016 6781.4 4103.1 10884 62.303 37.697 61.681 38.319
77 33.501 38.049 28.45 6598.8 4049.2 10648 61.972 38.028 61.681 38.319
78 34.336 38.245 27.418 6763.2 4070.1 10833 62.43 37.57 61.681 38.319
79 33.755 39.504 26.741 6648.7 4204 10853 61.263 38.737 61.681 38.319
80 33.249 39.068 27.683 6549.1 4157.6 10707 61.168 38.832 61.681 38.319
81 34.181 37.743 28.076 6732.6 4016.6 10749 62.633 37.367 61.681 38.319
82 32.81 36.903 30.286 6462.7 3927.2 10390 62.201 37.799 61.681 38.319
83 32.633 38.009 29.358 6427.7 4044.9 10473 61.376 38.624 61.681 38.319
84 34.787 36.963 28.251 6851.9 3933.6 10785 63.529 36.471 61.681 38.319
85 32.979 38.538 28.482 6495.9 4101.2 10597 61.299 38.701 61.681 38.319
86 32.872 36.62 30.509 6474.7 3897.1 10372 62.426 37.574 61.681 38.319
87 33.221 38.05 28.729 6543.6 4049.3 10593 61.773 38.227 61.681 38.319
88 30.428 37.469 32.103 5993.3 3987.5 9980.8 60.049 39.951 61.681 38.319
89 32.98 37.72 29.3 6496.1 4014.2 10510 61.807 38.193 61.681 38.319
90 32.367 37.939 29.694 6375.4 4037.4 10413 61.226 38.774 61.681 38.319
91 30.202 37.455 32.343 5948.9 3986 9934.9 59.879 40.121 61.681 38.319
92 29.997 36.026 33.977 5908.5 3833.9 9742.4 60.647 39.353 61.681 38.319
93 32.138 36.384 31.477 6330.3 3872 10202 62.048 37.952 61.681 38.319
94 30.851 36.001 33.148 6076.8 3831.2 9908 61.332 38.668 61.681 38.319
95 31.09 37.003 31.907 6123.7 3937.9 10062 60.862 39.138 61.681 38.319
96 30.657 35.379 33.964 6038.5 3765.1 9803.5 61.595 38.405 61.681 38.319
97 30.033 35.632 34.335 5915.6 3791.9 9707.6 60.938 39.062 61.681 38.319
98 31.112 34.205 34.683 6128.1 3640.1 9768.2 62.735 37.265 61.681 38.319
99 29.51 34.061 36.43 5812.5 3624.7 9437.2 61.591 38.409 61.681 38.319

100 28.563 35.327 36.11 5626.1 3759.5 9385.6 59.944 40.056 61.681 38.319
101 30.039 33.204 36.757 5916.8 3533.6 9450.4 62.609 37.391 61.681 38.319
102 28.745 31.737 39.519 5661.8 3377.5 9039.3 62.636 37.364 61.681 38.319
103 28.012 31.898 40.09 5517.6 3394.6 8912.2 61.911 38.089 61.681 38.319
104 27.513 30.79 41.697 5419.1 3276.7 8695.8 62.319 37.681 61.681 38.319
105 27.1 32.081 40.82 5337.8 3414 8751.9 60.991 39.009 61.681 38.319
106 25.485 31.379 43.136 5019.8 3339.3 8359.1 60.052 39.948 61.681 38.319
107 24.225 30.843 44.932 4771.5 3282.3 8053.9 59.245 40.755 61.681 38.319
108 25.142 27.812 47.046 4952.3 2959.7 7912 62.592 37.408 61.681 38.319
109 24.779 29.628 45.593 4880.7 3153 8033.7 60.753 39.247 61.681 38.319
110 23.938 28.148 47.914 4715 2995.6 7710.5 61.15 38.85 61.681 38.319
111 24.277 27.699 48.024 4781.8 2947.8 7729.6 61.864 38.136 61.681 38.319
112 25.755 25.201 49.044 5073 2681.9 7754.9 65.417 34.583 61.681 38.319
113 23.339 27.119 49.542 4597 2886 7483 61.432 38.568 61.681 38.319
114 23.318 26.712 49.97 4593 2842.6 7435.6 61.77 38.23
115 22.403 25.394 52.203 4412.7 2702.5 7115.2 62.018 37.982
116 20.663 25.151 54.186 4070 2676.6 6746.6 60.327 39.673
117 17.86 24.129 58.011 3517.9 2567.8 6085.7 57.805 42.195
118 17.944 23.89 58.167 3534.4 2542.3 6076.7 58.163 41.837
119 20.121 22.882 56.997 3963.3 2435.1 6398.4 61.942 38.058
120 18.242 21.987 59.771 3593.1 2339.9 5933 60.562 39.438
121 16.759 20.184 63.058 3301 2147.9 5448.9 60.581 39.419
122 16.568 19.529 63.903 3263.4 2078.2 5341.7 61.094 38.906
123 18.726 19.598 61.676 3688.5 2085.6 5774.2 63.88 36.12
124 15.552 19.068 65.38 3063.3 2029.2 5092.5 60.153 39.847
125 15.102 17.271 67.626 2974.7 1838 4812.7 61.81 38.19
126 14.56 16.443 68.997 2867.9 1749.8 4617.8 62.107 37.893
127 14.387 16.683 68.931 2833.7 1775.4 4609.1 61.481 38.519
128 13.04 16.557 70.403 2568.4 1762 4330.4 59.311 40.689
129 13.044 15.899 71.058 2569.2 1691.9 4261.2 60.294 39.706
130 11.409 13.452 75.139 2247.2 1431.6 3678.8 61.086 38.914
131 11.536 12.981 75.483 2272.2 1381.5 3653.7 62.189 37.811
132 11.355 13.12 75.525 2236.6 1396.2 3632.8 61.567 38.433  
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Figure 59:  Element peaks from EDX scan #1 

 

Table 10: Elemental surface composition from EDX scan #1 

Spectrum processing :  
Peak possibly omitted : 0.262 keV 
 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 2 
 
Standard : 
Pd    Pd   1-Jun-1999 12:00 AM 
Au    Au   1-Jun-1999 12:00 AM 
 

Element App Intensity Weight% Weight% Atomic%  
    Conc. Corrn.   Sigma    
Pd L 3.27 0.7037 47.60 6.98 62.70  
Au M 4.81 0.9402 52.40 6.98 37.30  
       
Totals   100.00    
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Spectrum processing :  
Peak possibly omitted : 0.262 keV 
 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 2 
 
Standard : 
Pd    Pd   1-Jun-1999 12:00 AM 
Au    Au   1-Jun-1999 12:00 AM 
 

Element App Intensity Weight% Weight% Atomic%  
    Conc. Corrn.   Sigma    
Pd L 3.73 0.7119 49.58 6.17 64.54  
Au M 5.00 0.9377 50.42 6.17 35.46  
       
Totals   100.00    

 
  

 

 

Table 11: Elemental surface composition from EDX scan #2 

Figure 60:  Element peaks from EDX scan #2 
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Appendix D:  SRIM Results for Ion Implantation 
 

Table 
energies 

=============================================================== 
              Calculation using SRIM-2006  
              SRIM version ---> SRIM-2008.04 
              Calc. date   ---> November 25, 2008  
================================================================== 
 Disk File Name = SRIM Outputs\Gold in Polystyrene 
 
 Ion = Gold [79] , Mass = 196.967 amu 
 
 Target Density =  1.0600E+00 g/cm3 = 9.8062E+22 atoms/cm3 
 ======= Target  Composition ======== 
    Atom   Atom   Atomic    Mass      
    Name   Numb   Percent   Percent   
    ----   ----   -------   -------   
      H      1    050.00    007.74    
      C      6    050.00    092.26    
 ==================================== 
 Bragg Correction = -3.93% 
 Stopping Units =  MeV / (mg/cm2)  
 See bottom of Table for other Stopping units  
 
   Ion        dE/dx      dE/dx     Projected  Longitudinal   Lateral 
  Energy      Elec.      Nuclear     Range     Straggling   
Straggling 
-----------  ---------- ---------- ----------  ----------  ---------- 
9.99999 eV    4.150E-02  1.437E-01      12 A         2 A         1 A    
10.9999 eV    4.353E-02  1.534E-01      12 A         2 A         1 A    
11.9999 eV    4.546E-02  1.628E-01      13 A         2 A         1 A    
12.9999 eV    4.732E-02  1.719E-01      13 A         2 A         1 A    
13.9999 eV    4.910E-02  1.808E-01      14 A         2 A         1 A    
14.9999 eV    5.083E-02  1.894E-01      14 A         2 A         2 A    
15.9999 eV    5.250E-02  1.979E-01      14 A         2 A         2 A    
16.9999 eV    5.411E-02  2.062E-01      15 A         2 A         2 A    
17.9999 eV    5.568E-02  2.142E-01      15 A         2 A         2 A    
19.9999 eV    5.869E-02  2.300E-01      16 A         2 A         2 A    
22.4999 eV    6.225E-02  2.488E-01      17 A         3 A         2 A    
24.9999 eV    6.562E-02  2.669E-01      17 A         3 A         2 A    
27.4999 eV    6.882E-02  2.844E-01      18 A         3 A         2 A    
29.9999 eV    7.188E-02  3.012E-01      19 A         3 A         2 A    
32.4999 eV    7.482E-02  3.175E-01      19 A         3 A         2 A    
34.9999 eV    7.764E-02  3.334E-01      20 A         3 A         2 A    
37.4999 eV    8.037E-02  3.488E-01      20 A         3 A         2 A    
39.9999 eV    8.300E-02  3.639E-01      21 A         3 A         2 A    
44.9999 eV    8.804E-02  3.929E-01      22 A         3 A         3 A    
49.9999 eV    9.280E-02  4.208E-01      23 A         4 A         3 A    
54.9999 eV    9.733E-02  4.475E-01      23 A         4 A         3 A    
59.9999 eV    1.017E-01  4.733E-01      24 A         4 A         3 A    
64.9999 eV    1.058E-01  4.982E-01      25 A         4 A         3 A    

12:  SRIM calculations of gold ion implantation depth into polystyrene at increasing 
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 at increasing 
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3 A    
3 A    

 eV    1.245E-01  6.128E-01      28 A         5 A         3 A    
3 A    
 4 A    

       5 A         4 A    
 5 A         4 A    

    
A    

 6 A         4 A    
 36 A         6 A         4 A    
  37 A         6 A         4 A    

     5 A    
      5 A    

 42 A         7 A         5 A    
 44 A         7 A         5 A    
 45 A         8 A         5 A    
 47 A         8 A         6 A    
 48 A         8 A         6 A    
 49 A         8 A         6 A    
  51 A         9 A         6 A    

    53 A         9 A         6 A    
     9 A         7 A    
     10 A         7 A    
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able 12:  SRIM calculations of gold ion implantation depth into polystyrene
nergies (continued) 

69.9999 eV    1.098E-01  5.224E-01      26 A         4 A         
79.9999 eV    1.174E-01  5.687E-01      27 A         4 A         
89.9999
99.9999 eV    1.312E-01  6.548E-01      29 A         5 A         

         5 A            110 eV    1.376E-01  6.951E-01      31 A
    120 eV    1.438E-01  7.339E-01      32 A  
    130 eV    1.496E-01  7.713E-01      33 A        
139.999 eV    1.553E-01  8.075E-01      34 A         6 A         4 A

 6 A         4 149.999 eV    1.607E-01  8.427E-01      34 A        
59.999 eV    1.660E-01  8.768E-01      35 A        1
169.999 eV    1.711E-01  9.099E-01     
9.999 eV    1.761E-01  9.423E-01    17

199.999 eV    1.856E-01  1.005E+00      38 A         6 A    
 40 A         7 A   224.999 eV    1.969E-01  1.079E+00     

249.999 eV    2.075E-01  1.149E+00     
274.999 eV    2.176E-01  1.216E+00     
299.999 eV    2.273E-01  1.281E+00     
324.999 eV    2.366E-01  1.343E+00     
349.999 eV    2.455E-01  1.403E+00     
374.999 eV    2.541E-01  1.461E+00     

17E+00    399.999 eV    2.625E-01  1.5
449.999 eV    2.784E-01  1.624E+00  
499.999 eV    2.935E-01  1.725E+00      55 A    
9.999 eV    3.078E-01  1.821E+00      57 A   54

599.999 eV    3.215E-01  1.914E+00      59 A        10 A         7 A  
    7 A 649.999 eV    3.346E-01  2.002E+00      61 A        11 A     

699.999 eV    3.472E-01  2.087E+00      63 A        11 A    
799.999 eV    3.712E-01  2.248E+00      67 A        11 A         8 A  
899.999 eV    3.937E-01  2.398E+00      70 A        12 A         8 A  
999.999 eV    4.150E-01  2.540E+00      73 A        13 A         9 A  
   1.10 keV   4.353E-01  2.674E+00      76 A        13 A         9 A  
   1.20 keV   4.546E-01  2.802E+00      79 A        14 A         9 A  
   1.30 keV   4.732E-01  2.924E+00      82 A        14 A        10 A  
   1.40 keV   4.911E-01  3.040E+00      84 A        14 A        10 A  
   1.50 keV   5.083E-01  3.152E+00      87 A        15 A        10 A  
   1.60 keV   5.250E-01  3.260E+00      89 A        15 A        11 A  
   1.70 keV   5.411E-01  3.364E+00      91 A        16 A        11 A  
   1.80 keV   5.568E-01  3.465E+00      94 A        16 A        11 A  
   2.00 keV   5.869E-01  3.656E+00      98 A        17 A        12 A  
   2.25 keV   6.225E-01  3.880E+00     103 A        18 A        12 A  
   2.50 keV   6.562E-01  4.089E+00     108 A        18 A        13 A  
   2.75 keV   6.882E-01  4.285E+00     113 A        19 A        13 A  
   3.00 keV   7.188E-01  4.471E+00     117 A        20 A        14 A  
   3.25 keV   7.482E-01  4.647E+00     121 A        20 A        14 A  
   3.50 keV   7.764E-01  4.814E+00     125 A        21 A        15 A  
   3.75 keV   8.037E-01  4.974E+00     129 A        22 A        15 A  
   4.00 keV   8.300E-01  5.126E+00     133 A        22 A        15 A  
   4.50 keV   8.804E-01  5.414E+00     140 A        23 A        16 A  
   5.00 keV   9.280E-01  5.680E+00     147 A        24 A        17 A  
   5.50 keV   9.733E-01  5.928E+00     154 A        25 A        18 A  
   6.00 keV   1.017E+00  6.160E+00     160 A        26 A        18 A  
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   Table 12:  SRIM calculations of gold ion implantation depth into polystyrene at increasing
energies

 
 (continued) 

   6.50 keV   1.058E+00  6.380E+00     166 A        27 A        19 A    
   7.00 keV   1.098E+00  6.587E+00     172 A        28 A        20 A    
   8.00 keV   1.174E+00  6.970E+00     184 A        30 A        21 A    
   9.00 keV   1.245E+00  7.319E+00     195 A        31 A        22 A    
  10.00 keV   1.312E+00  7.639E+00     205 A        33 A        23 A    
  11.00 keV   1.376E+00  7.934E+00     215 A        34 A        24 A    
  12.00 keV   1.438E+00  8.209E+00     224 A        35 A        26 A    
  13.00 keV   1.496E+00  8.466E+00     233 A        36 A        27 A    
  14.00 keV   1.553E+00  8.706E+00     242 A        38 A        27 A    
  15.00 keV   1.607E+00  8.933E+00     251 A        39 A        28 A    
  16.00 keV   1.660E+00  9.147E+00     260 A        40 A        29 A    
  17.00 keV   1.711E+00  9.350E+00     268 A        41 A        30 A    
  18.00 keV   1.761E+00  9.543E+00     276 A        42 A        31 A    
  20.00 keV   1.856E+00  9.901E+00     292 A        44 A        33 A    
  22.50 keV   1.969E+00  1.031E+01     310 A        46 A        35 A    
  25.00 keV   2.075E+00  1.067E+01     329 A        48 A        37 A    
  27.50 keV   2.176E+00  1.100E+01     346 A        50 A        39 A    
  30.00 keV   2.273E+00  1.131E+01     363 A        52 A        40 A    
  32.50 keV   2.366E+00  1.159E+01     379 A        54 A        42 A    
  35.00 keV   2.455E+00  1.184E+01     396 A        56 A        44 A    
  37.50 keV   2.541E+00  1.208E+01     411 A        58 A        45 A    
  40.00 keV   2.625E+00  1.231E+01     427 A        60 A        47 A    
  45.00 keV   2.784E+00  1.272E+01     456 A        63 A        50 A    
  50.00 keV   2.935E+00  1.308E+01     485 A        66 A        53 A    
  55.00 keV   3.078E+00  1.340E+01     513 A        69 A        56 A    
  60.00 keV   3.215E+00  1.369E+01     541 A        72 A        58 A    
  65.00 keV   3.346E+00  1.395E+01     567 A        75 A        61 A    
  70.00 keV   3.472E+00  1.419E+01     593 A        78 A        64 A    
  80.00 keV   3.712E+00  1.460E+01     644 A        83 A        69 A    
  90.00 keV   3.937E+00  1.496E+01     693 A        88 A        73 A    
 100.00 keV   4.150E+00  1.526E+01     741 A        93 A        78 A    
----------------------------------------------------------- 
 Multiply Stopping by        for Stopping Units 
 -------------------        ------------------ 
  1.0600E+01                 eV / Angstrom  
  1.0600E+02                keV / micron    
  1.0600E+02                MeV / mm        
  1.0000E+00                keV / (ug/cm2)  
  1.0000E+00                MeV / (mg/cm2)  
  1.0000E+03                keV / (mg/cm2)  
  1.0809E+01                 eV / (1E15 atoms/cm2) 
  2.1724E-02                L.S.S. reduced units 
 ================================================================== 
 (C) 1984,1989,1992,1998,2008 by J.P. Biersack and J.F. Ziegler 

 

 
 

 



 

Appendix E:  SEM Results for Tapping Tests and Surface 
Examinations 

 
 

Table 13:  Wyko roughness measurements of coated shells 

Wyko Roughness Measurements
[nm] [nm]

Wyko# Set# Ra Rq
5 2 24 32

12 2 14 19
7 3 34 41

13 3 21 34
8 4 29 57

14 4 15 52
9 5 31 50

15 5 16 20
21 6 16 20
22 6 18 24
17 Au 17 32
18 GDP 19 37
19 GDP 20 32
20 GDP 22 38
23 new pams 20 30
24 new pams 20 28  

 

Table 14:  Measurements of mechanical tapping impact 

Tapping Mechanism Summary

Filename Thickness Max Speed Avg Hit Speed Average
m/s m/s m/s

2.28
2.2

2.74
1.53 2.1875

2.24
7

2.14 2.183333

1thou_0001.xls .001" 2.55
1thou_0002.xls .001" 2.62
1thou_0003.xls .001" 2.84
1thou_0004.xls .001" 2.37

2thou_0001.xls .002" 4.63
2thou_0002.xls .002" 4.63 2.1
2thou_0003.xls .002" 5.93  
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Table 15:  Calibration measurements for adhesion testing 

SPRIN
F=kx [g] [N] [cm] [cm] (N/cm) (g/cm)

Mass Force Ruler delta x k k_g
0.0 0.00 1.3 0.0

1.4 0.150 15.29
26.6 0.26 2.9 1.6 0.163 16.63
67.0 0.66 5.5 4.2 0.156 15.95

121.3 1.19 9.0 7.7 0.154 15.75
246.8 2.42 16.4 15.1 0.160 16.34
543.8 5.33 33.4 32.1 0.166 16.94

Average 0.158 16.15

Testing
Average force[N] Force[N] Force[g] Delta x [cm] Average force[g]

Blue tape 2.14 218.03 13.5
Tan tape 3.09 314.93 19.5
Black tape 3.40 347.23 21.5
Blue on glass 3.24 331.08 20.5
GP#0 0.16 16.15 1.0 16.150
GP#0 0.16 16.15 1.0
GP#8 0.28 0.24 24.23 1.5 28.263
GP#8 0.32 32.30 2.0
GP back 1.95 2.37 242.25 15.0 199.186
GP back 1.90 193.80 12.0
GP back 1.58 161.50 10.0

G CALIBRATION

21.4 0.21 2.7

 
 

able 16:  Glue adhesion force measurements T

25-Sep-08 Glue Measurements
Setup:bolt glued on glass/P.S. flat slide and pulled w/ fish scale

Glue
Pull (kg) Notes Pull (kg) Notes

E6000 8 Pulled off Bolt 5 Pulled off Bolt
J-B Weld 20 Glue Broke 2 Pulled off P.S.
Double Bubble: Epoxy 8 Pulled off Glass 5 Pulled off P.S.
Double Bubble: Urethane 13 Pulled off Bolt 10 Pulled off P.S.
Araldite Epoxy 20 Glue Broke 4 Pulled off P.S.
2-ton Clear Epoxy 13 Pulled off Bolt 6 Pulled off P.S.

PolystyreneGlass

 
 

 



 

Appendix F:  Parameter Set Calculations and Organization 
 
 

Table 17:  Parameter set organization 

Parameter 
Set (Sim to) Metal

Current 
(mA)

Pressure 

(mbar)

PAMS 
Vial P.S. Vial

Batch #1 
PAMS Vial S.S. BBs Vial NOTES

1 Au/Pd 30 0.08 f e
2 Au/Pd 40 0.15 h g jj
3 Au/Pd 10 0.15 j i
4 Au/Pd 27 0.03 l k kk
5 Au/Pd 10 0.03 n m ii
6 Au/Pd 10 0.00187 p o Coated 19min
6      (Run2) Au/Pd 10 0.00187 q o d Coated 15min
7          (2) Pd 40 0.15 s u t
8          (5) Pd 10 0.03 v x w
9 Au/Pd 40(most) 0.03 y aa z bb HIGH Chamb.
10        (5) Au 10 0.03 cc ee dd ee
11        (2) Au 40 0.15 ff hh gg hh
12 i-Au+Pd var var tupperware  

 

Table 18:  Parameter set organization and thickness calculations 

26-Aug-08 Parameter Set Organization

Parameter 
Set

Current 
(mA)

Pressure 

(mbar)

OLD 

Slide #

OLD 

Vial:

Flat 
Thick 
(nm)

Ratio of 
Flat:Sph

Spherical 
Thick(nm)

Time to coat 
Specimens 
(min)

Time Req to 
coat 80nm 
sphere (min)

Time Req to 
coat 80nm 
sphere (sec)

# Rotations 
@ Speed #1

# Rotations 
@ Speed #2

Avg NEW 
Flat Th 
(nm)

Anticipated 
NEW Spherical 
Th (nm)

1 30 0.08 6 craft 157 1.05 150 10 5.3 320 51 82 76.95374801
2 40 0.15 7 a 106 0.97 110 10 7.3 436 69 112 100 103.1896552
3 10 0.15 8 b 11 1.01 11 (estimat

80

e 15 109.1 6545 1039 1678 130 128.0449438
10 10.0 600 95 154 176 78.611422174 27 0.03 9 c 179 2.23 80

5 10 0.03 10 d 43 1.08 40 (estimate 10 20.0 1200 190 308 106 98.1185567  
 

Table 19:  Coating thickness calculations for determining coating times 

Parameter Set Flat Thickness Sphere Th Add on 5% for angle error Final Answer

1 157 100 5 150

140 7

160 8

2 106 105 5.25 110

105 5.25

50 2.5

70 3.5

75 3.75

4 179 3.5 80

85 4.25

Spherical Thickness Flat Thickness (nm) Parameter Set Slide # Vial: mbar Set mA Adjusted mA

80 179 4 9 c 0.03 40 27

150 157 1 6 craftbox 0.08 40 32

110 106 2 7 a 0.15 40 40

43 5 10 d 0.03 10 10

11 3 8 b 0.15 1

70

0 10  
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Table 20:  SEM measurements of target coating thicknesses 

 

8/22/2008 SEM Images #1
Param 

Set:

Flat thickness 

(nm)

Sphere 

Thickness (nm)

Certainty 

(nm)

2 Side Profile 3A Broken Au/Pd 

Image # Type of View Shell #

r 2 106

3 Side Profile 3A Broken Au/Pd recoated

4 Side Profile 3A Broken Au/Pd recoated

4m Side Profile 3A Broken Au/Pd recoated 105 10

5 Side Profile 3A Broken Au/Pd recoated

5m Side Profile 3A Broken Au/Pd recoated 105 10

6 Side Profile 3B Broken Au/Pd r 1 157 100 20

7 Side Profile 3B Broken Au/Pd recoated

7m Side Profile 3B Broken Au/Pd recoated 140 20

8 Side Profile 3B Broken Au/Pd recoated

8m Side Profile 3B Broken Au/Pd recoated 160 20

9 Side Profile 2B Broken 4 179

9m Side Profile 2B Broken 85 10

10 Side Profile 2C Broken 2 106

10m Side Profile 2C Broken 50 20

11 Side Profile 2C Broken

11m Side Profile 2C Broken 70 15

12 Side Profile 2C Broken

75 30

13 Side Profile 2A Broken 4 179

13m Side Profile 2A Broken 70 30

14 Plan View 1C Whole ?

15 Plan View 1C Whole

16 Plan View 1C Whole

17 Plan View 1C Whole

18 Plan View 1C Whole

19 Plan View 1B Whole 2 106

20 Plan View 1B Whole

21 Plan View 1B Whole

23 Plan View 1A Whole 4 179

24 Plan View 1A Whole

25 Plan View 1A Whole

26 Plan View 1A Whole

Au from Jeremy

12m Side Profile 2C Broken

22 Plan View 1B Whole

 
 
 
 
 
 



 

Appendix F:  Sputtering Measurements and Characterization Results 

 

Table 21: Data for determining sputtering current limit at low argon pressures 

 

14‐Aug‐08 Sputtering Current Limit at Low Argon Pressures

(var.)mA, (var.) mbar

Tilt~level

Au/Pd & Au

Test # Material

Pressure 

(mbar)

Pressure 

(mtorr)

Set Current 

(mA)

Max Current 

Sustained (mA)

1 Au/Pd 0.03 22.50 40 27

2 Au/Pd 0.03 22.50 30 27

3 Au/Pd 0.03 22.50 20 21

4 Au/Pd 0.04 30.00 40 29

5 Au/Pd 0.04 30.00 30 27

6 Au/Pd 0.04 30.00 20 20

7 Au/Pd 0.05 37.50 40 27

8 Au/Pd 0.05 37.50 30 27

9 Au/Pd 0.07 52.50 40 31

10 Au/Pd 0.07 52.50 30 31

11 Au/Pd 0.10 75.01 40 32

12 Au/Pd 0.15 112.51 40 39

13 Au/Pd 0.12 90.01 40 36

14 Au/Pd 0.13 97.51 40 39

15 Au 0.10 75.01 40 40

16 Au 0.03 22.50 40 40

17 Au 0.02 15.00 40 40

Re‐organized for graphing

1 Au/Pd 0.03 22.50 40 27

4 Au/Pd 0.04 30.00 40 29

7 Au/Pd 0.05 37.50 40 27

9 Au/Pd 0.07 52.50 40 31

11 Au/Pd 0.10 75.01 40 32

12 Au/Pd 0.15 112.51 40 39

13 Au/Pd 0.12 90.01 40 36

14 Au/Pd 0.13 97.51 40 39

15 Au 0.10 75.01 40 40

16 Au 0.03 22.50 40 40

17 Au 0.02 15.00 40 40

Parameters
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Maximum Sustained  rrent vs. PressureCu
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40mA Au/Pd 40mA Gold Linear (40mA Au/Pd)  
Figure 61:  Graph of sputtering current limits at low argon pressures 
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Table 22:  Data for calculating the height dependence of coating thickness 

Height Dependence Test

30mA, 0.05 mbar

Try#2 Results Tilt= 19.0 deg

Slide #13 Au/Pd

Position

Radius from 

center (cm)

Depth of Drop 

or Rise (cm)

Thickness 

(nm)

Low SL ‐6 ‐1.853763775 1

‐6 ‐1.853763775 1

‐6 ‐1.853763775 0.1

K ‐5 ‐1.544803146 2

‐5 ‐1.544803146 3

‐5 ‐1.544803146 3

J ‐4 ‐1.235842517 9

‐4 ‐1.235842517 11

‐4 ‐1.235842517 10

I ‐3 ‐0.926881887 24

‐3 ‐0.926881887 27

‐3 ‐0.926881887 33

H ‐2 ‐0.617921258 62

‐2 ‐0.617921258 63

‐2 ‐0.617921258 63

‐1 ‐0.308960629 124

‐1 ‐0.308960629 124

High A 1 0.308960629 283

1 0.308960629 288

1 0.308960629 282

B 2 0.617921258 270

2 0.617921258 256

2 0.617921258 264

C 3 0.926881887 209

3 0.926881887 205

3 0.926881887 210

D 4 1.235842517 126

4 1.235842517 122

4 1.235842517 118

E 5 1.544803146 37

5 1.544803146 47

5 1.544803146 49

F 6 1.853763775 18

6 1.853763775 17

6 1.853763775 17

15‐Aug‐08

G ‐1 ‐0.308960629 135
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Table 23:  Data for calculating the parameter set dependence of coating thickness 

29‐Jul‐08 Thickness Test #3 (var.)mA, (var.) mbar

Tilt~10deg, Speed#1

Au/Pd

Parameter Set: 1 40mA, 0.08mbar Slide: #6 Parameter Set: 4 40mA, 0.03mbar Slide: #9

Time(min) Coating Thickness (nm) Vial:  Time(min) Coating Thickness (nm) Vial: c

0 0 0 0

5 88 10 190

5 91 10 188

5 90 10 184

5 85 10 189

10 156 10 178

10 153 10 160

10 158 10 166

10 160 10 175

10 180

Parameter Set: 2 40mA, 0.15mbar Slide: #7 10 176

Time(min) Coating Thickness (nm) Vial: a

0 0 Parameter Set: 5 10mA, 0.03mbar Slide: #10

5 62 Time(min) Coating Thickness (nm) Vial: d

5 61 0 0

5 59 10 49

10 107 10 42

10 107 10 44

10 105 10 47

10 41

Parameter Set: 3 10mA, 0.15mbar Slide: #8 10 45

Time(min) Coating Thickness (nm) Vial: b 10 39

0 0 10 43

10 10 10 38

10 6

10 13 Avg. Thickness (nm) Parameter Set Slide # Vial: mbar Set mA Adjusted mA

10 9 179 4 9 c 0.03 40 27

10 10 157 1 6 craftbox 0.08 40 32

15 11 106 2 7 a 0.15 40 40

15 13 43 5 10 d 0.03 10 10

15 17 11 3 8 b 0.15 10 10  
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56

62

60

35

37

27

22

9

0

8

7

0

4

3

1

Table 24:  Data for calculating the radial dependence of coating thickness 

28‐Jul‐08 40mA, 0.08 mbar

Tilt=0deg, Speed#0

Gold

Position Radius from center (cm) Thickness (nm)

A~ 158

A~ 155

A 1

A 1

A 1

B 1

B 1

C 1

C 1

E 7

E 7

G 2

G 3

G 4

G 3

I 1

I 1

K 7

K 8

M 4

M 5

4th Order Polynomial y = ‐0.481x4 + 7.433x3 ‐ 33.29x2 + 10.88x + 157.8

2nd Order Polynomial y = 3.717x2 ‐ 51.59x + 177.1

Thickness Test #2

Slides #3 & #4

5.5

5.5

6.5

6.5

3.5

3.5

4.5

4.5

2.5

2.5

3.5

3.5

0

0

0.5

0.5

0.5

1

1

1.5

1.5

 
 

 



 115

 

Table 25:  Data for calculating the time dependence of coating thickness 

28‐Jul‐08 Thickness Test #1 40mA, 0.08 mbar

Tilt~10deg, Speed#1

Slide #1 Gold

Position Coating Time (min) Thickness (nm)

0 0

A 5 33

5 36

5 25

5 27

5 25

B 10 58

10 54

10 45

10 54

C 15 82

15 84

15 85

D 20 138

20 133

20 130

Slide #2

Position Coating Time (min) Thickness (nm)

0 0

A 5 27

5 25

5 35

5 29

5 23

5 25

B 10 48

10 55

10 58

D 20 105

20 101

20 111

Low 26.575 nm

Average 28.52 nm

High 30.465 nm

Predicted Thickness per 5 

minutes of  sputtering at specific 

Parameter setting:  
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Table 26:  Initial measurements of coating thickness on glass slides 

9/3/2008 Measurements of Coating Thickness
 on Flat Glass Slides

Param Meas. Pt. Th. (nm) Sub Avg Avg Th(nm)
1 A 85 83.25 80.4166667

A 83
A 80
A 85
B 80 78.75
B 82
B 76
B 77
C 80 79.25
C 77
C 77
C 83

2 A 92 99.75 99.75
A 105
A 106
A 96

3 A 130 129.5 129.5
A 128
A 125
A 135

4 A 179 175.5 175.5
A 175
A 180
A 168

5 A 98 105.75 105.75
A 103
A 108
A 114  

 
 
 

 



 

Appendix G:  Rotation Simulation Results 

Purpose:
 

 
This computer simulation will determine the angular thickness deposition 

patterns for three different locations on each dish.  It will determine if the random 
rotation of the planetary stage leads to random deposition over time to coat shells in 
each location evenly.  The patterns will be displayed visually so qualitative results can 
be examined as well. 
 
 
Parameters: 

 MATLAB code at end of paper 
 Stage angle of tilt: 19° 
 Rotation ratio between base and planetary dish: 

Theta(Dish)=2.292·Theta(Base) 
 Radial Thickness Profile: 

o Th=0.481•Radius^4+7.4334•Radius^333.297•Radius^2+10.881•Radius
+157.88 

 Thickness Multiplication Factor: [x=distance from tilt pivot line in cm]  
o y = 0.0689•x^5 + 0.1816•x^4 - 4.253•x^3 - 12.208•x^2 + 65.679•x + 

213.89 
 Code includes 3 different planetary locations on dish and their radii & 

accumulated deposition thickness at each incremental angle and deviation of 
thickness from each other 

 Visualization graphs are just relative to each other without absolute results 
such as expected thickness, expected coating uniformity, etc. 

 The actual test was performed with a larger angle ~25°, so the actual 
experimental results will be slightly more drastic than simulated here. 

 The random rolling motion of the shells is not considered, because it is 
difficult to model or even approximate. 

 
 
Results and Discussion: 

At one rotation (360°) it is apparent from Figure 62 that the planetary dish 
motion causes the 3 different locations on the dish to increase and decrease their radii 
throughout the base rotation.  Figure 63 shows how the radius of each location 
changes with the base rotation angle with the dashed lines.  The Height Factors, based 
on the elevation in the chamber at each instant, are shown for each location with the 
thick lines.  They vary sporadically throughout the base rotation, and create a very 
random deposition of coating on the sphere.  The accumulated coating thickness is 
shown in the thin lines, and is a compilation of the radial thickness profile multiplied 
by the height factor for each angle along the rotation.  Figure 64 shows the differences 
in coating thickness between the different locations on the dish.  The blue line is the 
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f the dish and the location near 
e center of the dish.  The black line is the difference between the edge location of the 

e location near the center of the dish.  Initially, there is a large difference in 
the coa d of 

 locations are constantly being exposed to different coating 
gimes, which increases the randomness of the system.  Figure 63 shows that the 
dius path is consistent, although slightly out of phase of the main base angle.  This 

 in the next iterations because it doesn’t change.  The Height Factor 
rn because it depends on the location from the 

dent on the out-of-phase radius locations.  The 
the outside thickness is 

othes out. 

to have s

rot
ions, 

e 

difference between the middle location on the radius o
th
dish and th

ting thicknesses based on the initial locations, but decreases towards the en
the first rotation. 

At two rotations (720°), Figure 62 shows that each dish location follows a 
very different path throughout the two rotations, only crossing paths briefly.  This is 
good because the dish
re
ra
will be ignored
appears to change without a simple patte
axis of tilt, which is also depen
accumulated thicknesses are increasing as expected, but 
growing much faster than the others, and the middle is growing faster than the center.  

d smoFigure 64 confirms that as the tren
At f e iv hundred rotations (180,000°), the thickness differences are confirmed 

tabilized at a 28% increase from the center to the edge, and a 9% increase 
from the center to the middle in Figure 65. 

If th ste age rotation speed was set on #1 as it is in real life, the base would 
ate once every 6.3 seconds.  The coating runs would then rotate 50, 70, 100, 200, 

and 1,000 times.  The results of this code were very similar at 50 and 500 rotat
and tended towards specific values, so every parameter set can be assumed to have th
same coating characteristics for each set of dish locations.   
 
Conclusion: 

The dish’s motion is sufficiently random to offer random coatings to 
shells at each radius location.  The coating is deposited in thick and thin layers

shells could have more thick layers on top of each other and have an une

most 
, so 

en 
id-

tion is 28% thicker than the central 
cation.  This simulation did not take into effect the random rolling of the shells, 

ilar at the different locations in each dish.  It appears, 

t 
 

nt.  

some v
final coating.  The central location on each dish receives the least coating; the m
radius location is 9% thicker, and the outer loca
lo
which is also inherently dissim
from experience, that the shells can have a tendency to roll in a pattern rather than 
completely randomly.  This should be considered as having a large effect on coating 
uniformity and should be further investigated to create a more random rolling pattern.  
For a longer coating time, shell coating will be more uniform because it will have had 
more opportunity to roll around randomly and obtain a more uniform coating.  
However, there will be more opportunity for the shell to pick up debris from the cup i
rolls in and might have more surface damage from that cause.  It is also important to
consider that the shells aren’t coated directly from the top like a stream of spray pai
However, the coating comes mostly from the top but has a large portion come from 
the sides because of the scattering of the coating ions on other atoms or ions present. 
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Figure 62:  Spinning dish simulation showing pattern after 720° 

 

 
Figure 63:  Spinning dish simulation showing coating depositions after 720° 
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Figure 64:  Spinning dish simulation showing difference in deposition thickness at different 
locations on the dish after 720° 

 

 

Figure 65:  Spinning dish simulation showing difference in deposition thickness at different 
cations on the dish after 180,000° 

 

lo
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CODE: 
 
%filename: Rotate_3.m 
%Landon Carlson 
%Simulates Angled Rotating Planetary Dish on Rotating Base 
%Rotation Ratio: Theta(Dish)=2.292*Theta(Base) 
%Angle of tilt = 19.0 degrees 
%Thickness Multiplication Factor: [x=distance from tilt pivot line in 
cm]  
%y = 0.0689x^5 + 0.1816x^4 - 4.253x^3 - 12.208x^2 + 65.679x + 213.89 
%Includes 3 different planetary locations on dish and their 
%radius & accumulated deposition thickness at each incremental angle 
%and deviation of thickness from each other 
hold off 
clear all 
%CIRCLE 1: Radius=5cm 
for i=1:361 
    x(i)=5*cos(i*pi/180); 
    y(i)=5*sin(i*pi/180); 
    z(i)=1;   %Only used for the rotation matrix opetations 
end 

(362)=1; 
circle1=[x;y;z]; %@ Origin 
%CIRCLE 2: Radius=2.25cm 
for i=1:361 
    u(i)=2.25*cos(i*pi/180); 
    v(i)=2.25*sin(i*pi/180); 
    w(i)=1;   %Only used for the rotation matrix opetations 
end 
%Circle 2 Center @ Origin 
u(362)=0; 
v(362)=0; 
w(362)=1; 
%Circle 2 Ref Pt #1 - Slightly inside Dish facing Origin 
u(363)=-2.1; 
v(363)=0; 
w(363)=1; 
%Circle 2 Ref Pt #2 - Mid-radius of Dish facing Origin 
u(364)=-1; 
v(364)=0; 
w(364)=1; 
%Circle 2 Ref Pt #3 - Near center of Dish facing Origin 
u(365)=-.25; 
v(365)=0; 

Circle2 Starting Center 

tx2=C2_start_center(1); 

%Circle 1 Ref Pt 
x(362)=4.9; 
y(362)=0; 
z

w(365)=1; 
circle2=[u;v;w]; %C2 @ Origin 
C2_start_center=[3.3 0]; %
 
%Matrix to translate C2 from origin to Starting Center 
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ty2=C2_start_center(2); 
2=[1 0 tx2 

o') %Stationary C2 
nter 

position thickness = 0 

nteger 

C1 & C2 & C2center by [C1_deg] degrees CW 
pi/180; 

heta1) sin(theta1) 0 
(theta1) cos(theta1) 0 

n by [C2_deg] degrees CW 

) 0 
) 0 

_rot=r1*circle1; 
=circle1_rot; %Replace starting name for loop  -  could 

)=circle2_center_rot(1,362);  %C2 Rotated Center 
r(2)=circle2_center_rot(2,362); 

enter(1); 
center(2); 

; 
 to translate C2 from Origin to Center 

ion matrix 

t
    0 1 ty2 
    0 0 1]; 
%Origin->Starting Center 
circle2_center=t2*circle2; 
 
%Plot Starting Circles and Ref Pts 
figure(1) 
plot(circle1(1,:),circle1(2,:),'c') %Outer Circle 
hold on 
plot(circle2_center(1,:),circle2_center(2,:),'g') % 
plot(0,0,'r+') %Origin + 

tart_center(1),C2_start_center(2),'rplot(C2_s
Starting Ce
 

=0; %Set dethickness(1)
thickness(2)=0; 
thickness(3)=0; 
C1_deg = 1;   %Outer circle Angle step - Need to keep as an i

eg = 2.292*C1_deg; C2_d
%Matrix to rotate 

1_deg*    theta1=C
s(t    r1=[co

       -sin
       0 0 1]; 

igi%Matrix to rotate C2 @ Or
2_deg*pi/180;     theta2=C

    r2=[cos(theta2) sin(theta2
       -sin(theta2) cos(theta2
       0 0 1]; 
 
for step = 1:360 

ing @ origin     %Rotat
    circle1
    circle1
SIMPLIFY 

enter_rot=r1*circle2_center;     circle2_c
er(1    C2cent

    C2cente
     

 to translate C2 from Center to Origin     %Matrix
2c    tx1=-C

    ty1=-C2
    t1=[1 0 tx1 

y1         0 1 t
0 1]        0 

    %Matrix
    tx2=C2center(1); 
    ty2=C2center(2); 
   t2=[1 0 tx2  
        0 1 ty2 
        0 0 1]; 
    %Combined transformat
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    transform=t2*r2*t1; 
    circle2_center=transform*circle2_center_rot; 

le2_center(1,363),circle2_center(2,363),'k.') 
le2_center(1,364),circle2_center(2,364),'b.') 

365),circle2_center(2,365),'r.') 

s increment of different planetary 

1)=sqrt(circle2_center(1,363)^2 + 

s(2)=sqrt(circle2_center(1,364)^2 + 

;  %Arbitrary Scaling factor for thickness values 
n incremental thickness from an exp-determined radial 

ckness=(-0.481.*radius.^4+7.4334.*radius.^3-
+10.881.*radius+157.88)/scale_th; 

 Multiplication Factor based on height 

y distance from x-axis 
; 
; 

rcle2_center(2,365); 
tiplication 

^5+0.1816.*y_dist.^4-
+65.679.*y_dist+213.89)/scale_mult; 

ckness + increment_thickness .* mult_thickness; 

 step; 

robe(4,step) = radius(2); 

 is a scaling 

= mult_thickness(2)*5; 
 = mult_thickness(3)*5; 

ference(1,step)=(thickness(1)-
ckness(3)*100; 

 of Spinning Planetary Disks') 
(Base)','Circle 2 (Dish)','Circle 1 Center','Circle 

',-1) 

    plot(circ
    plot(circ
    plot(circle2_center(1,
     
  %Determine the thicknes  

locations 
    radius(
circle2_center(2,363)^2);%Close to edge of dish 
    radiu
circle2_center(2,364)^2);%Mid-radius on  dish 

_center(1,365)^2 +     radius(3)=sqrt(circle2
circle2_center(2,365)^2);%Close to center of dish 
    scale_th=3000
  %Calculate a  

thickness profile 
    increment_thi
33.297.*radius.^2
     
    %Determine Thickness
difference 
    %Only need to consider 
    y_dist(1)=circle2_center(2,363)
    y_dist(2)=circle2_center(2,364)
    y_dist(3)=ci
    scale_mult=250;  %Scaling factor for Thickness Mul
Factor 
    mult_thickness=[1 1 1]; 
    mult_thickness=(0.0689.*y_dist.

-12.208.*y_dist.^24.253.*y_dist.^3
    thickness=thi
     
    test_probe(1,step) =
    test_probe(2,step) = radius(1); 
    test_probe(3,step) = thickness(1);     
    test_p
    test_probe(5,step) = thickness(2);     
    test_probe(6,step) = radius(3); 
    test_probe(7,step) = thickness(3); 
    test_probe(8,step) = mult_thickness(1)*5; % *5
factor 
    test_probe(9,step) 
    test_probe(10,step)
    thickness_dif
thickness(3))/thi
    thickness_difference(2,step)=(thickness(2)-
thickness(3))/thickness(3)*100; 
end 
 
title('Simulation
legend('Circle 1 
2 Center','Outside','Middle','Center
xlabel('X-Distance [cm]') 
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ylabel('Y-Distance [cm]') 
axis equal 
axis([-6 6 -6 6]) 
 
figure(2) 
plot(test_probe(1,:)*C1_deg, test_probe(2,:),'k-.') 

robe(1,:)*C1_deg, test_probe(4,:),'b-.') 
r-.') 

 

') 
r') 

inewidth',2) 

of Radii and Thicknesses') 
DE 
ght 

','MIDDLE Height Factor','CENTER Height Factor',-1) 

_difference(1,:),'k') 

s on Dish') 
ce between 

('% Difference') 

hold on 
plot(test_p
plot(test_probe(1,:)*C1_deg, test_probe(6,:),'
plot(test_probe(1,:)*C1_deg, test_probe(3,:),'k')
%hold on 
plot(test_probe(1,:)*C1_deg, test_probe(5,:),'b
plot(test_probe(1,:)*C1_deg, test_probe(7,:),'
plot(test_probe(1,:)*C1_deg, test_probe(8,:),'k','l
plot(test_probe(1,:)*C1_deg, test_probe(9,:),'b','linewidth',2) 
plot(test_probe(1,:)*C1_deg, test_probe(10,:),'r','linewidth',2) 
title('Test Probes 
legend('OUTSIDE Radius','MIDDLE Radius','CENTER Radius','OUTSI
Thickness','MIDDLE Thickness','CENTER Thickness','OUTSIDE Hei
Factor
xlabel('Angle [deg]') 
ylabel('Semi-Arbitrary Scale') 
hold off 
 
figure(3) 
plot(test_probe(1,:)*C1_deg, thickness
hold on 
plot(test_probe(1,:)*C1_deg, thickness_difference(2,:),'b') 
title('Difference between Thicknesses at Different Point
legend('Difference between EDGE & CENTER (1&3)','Differen
MIDDLE & CENTER (2&3)',-1) 
xlabel('Angle [deg]') 
ylabel
 

 



 

Appendix H:  Results from Temperature Tests 

D temperature tests to investigate calibrating the RTD element 

 

Table 27: Initial RT

14-Oct Temp Test #1 & #2

Calibrate [deg C]

RTD Thermocouple nce + 10 (h+10)
Calibrated Differe T.C. half RTD - 

24.8 22.9 1.9 21.45 3.35
30 40 -10 30 0
44 73 -29 46.5 -2.5
60 100 -40 60 0
73 133 -60 76.5 -3.5

Sputtering Test #1

Time(s) 
Elapsed Temp ( C)

0 25.2
5 24.8

60 25.7
100 26.2
150 26.7

 

27
27.2

241 27.5

Sputtering Test #2

40 27
235 65 28
200 100 29
175 125 29.5
145 155 30

80 220 30.5
78 222 31.3

223 31.6
224 314
225 31.2
226 31
227 30.8

200
240

Time Left 
(s)

Time(s) 
Elapsed

Temp 
( C)

300 0 26.2
297 3 25.5
292 8 25
285 15 25.8
275 25 26.2
260
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Temperature Tests #1 & #2
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Figure 66:  Temperature test of the RTD during sputtering operations 
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Table 28:  Data from testing the expansion and deformation of PAMS shells at elevated 
temperatures  

25-Sep-08 Temperature Expansion of PAMS shells

Heating effects on shell
90 C Transition temp from stiff to malleable
100 C Deformed shell returns part way to original
110 C Deformed shell stays deformed
120 C Shell behaves like thick "saran wrap"
140 C Shell can't hold its own shape/weight

Temp Scale Zeroed Scale Diam. Change % Change
Celsius Ticks Ticks um
Start 1.3 0 0 0
on 25 1.2 0.1 12.2 0.305

32 1.1 0.2 24.4 0.61
50 1.1 0.2 24.4 0.61
60 1.05 0.25 30.5 0.7625
70 1 0.3 36.6 0.915
75 1 0.3 36.6 0.915
76 1 0.3 36.6 0.915

off 76 1.1 0.2 24.4 0.61
1min 50 1.1 0.2 24.4 0.61
1.5 min 40 1.1 0.2 24.4 0.61

Start 5.3 0 0 0
0.305

40 5.1 0.2 24.4 0.61
70 5.05 0.25 30.5 0.7625
90 5.05 0.25 30.5 0.7625

100 5 0.3 36.6 0.915
105 5 0.3 36.6 0.915

off 100 5.1 0.2 24.4 0.61
1min 80 5.2 0.1 12.2 0.305
2min 60 5.2 0.1 12.2 0.305
5min 35 5.2 0.1 12.2 0.305

start 22 4.8 0 0 0
on 25 4.7 0.1 12.2 0.305

80 4.6 0.2 24.4 0.61
100 melted

Different shell
start 20 6 0 0 0
on 20 5.9 0.1 12.2 0.305

25 5.8 0.2 24.4 0.61
40 5.7 0.3 36.6 0.915
45 5 1 122 3.05
60 2 4 488 12.2
70 1 5 610 15.25

melted

on 30 5.2 0.1 12.2

 
 

 

 



 

Appendix I:  Shell Estimates and Calculations 

 of total transmitted radiation through pinhole defects in coating 

 

Table 29:  Estimates

26-Sep-08 Pinhole Density in Coating - Estimates of Total Transmitted Light

Assuming: Normal Au/Pd transmits 3% of IR light through
Pinhole transmits 100% of IR light through
Sphere Surface Area:

50.24 mm^2
Assume 100 units of IR light

If prefect coating
100units * 99.99%of area * 3% absorption

2.9997 Units IR light
0.05971338 Units IR light/mm^2

If average pinhole has diameter of 10um
Area= 0.0000785 mm^2

Then, need how many to cover .01% (.0001) of surface?
64 holes

Giving total: 0.005024 mm^2
If the shell area is divided into 64 equal areas, then one pinhole should be in each area

0.785 mm^2
0.88600226 mm

Every 900um square should have one pinhole in it on average to satisfy this estimate

So, if pinholes transmit 100% light, what portion of total light is from pinholes?
100units * .01%of area * 100% absorption

0.01 Units IR light
0.00333367 So the pinholes account for .33% of total IR flux  
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ly-made shells  Table 30:  Record of PAMS shell characterization showing precise

Operat or: SPP

Aspect  Rat io Derivat ion

MAX MIN Meas.   TRUE

4001.4 3945.9 STD OD: 4002.0 4001.0

4001.3 3946.2 4002.2 4001.8

Aspect  rat io = 1.0140 4002.3 4001.9

4002.2 4001.5

Shell No. True Avg OD ? Rad. Max OD Min OD

St andard Ball 4001 .0 0.2 4002.2 4001.8

St andard Ball 4001 .1 0.2 4002.3 4001.9

St andard Ball 4000 .9 0.4 4002.2 4001.5

1 4034 6.4 4041.8 4029.0

4034 6.5 4041.7 4028.7

4035 6.5 4042.3 4029.3

2 4041 4.1 4046.2 4038.0

4041 4.2 4046.6 4038.3

4041 4.3 4046.1 4037.5

3 4026 1.9 4029.2 4025.5

4026 2.5 4029.8 4024.8

4027 2.9 4031.0 4025.3

4 4031 1.7 4033.6 4030.3

4030 0.6 4031.9 4030.7

4030 0.6 4032.0 4030.8

5 4033 2.2 4036.2 4031.8

4032 3.3 4035.9 4029.4

4031 3.2 4035.3 4029.0

6 4044 4.6 4049.7 4040.6

4042 4.1 4047.1 4038.9

4042 3.9 4047.1 4039.4

7 4025 0.6 4026.8 4025.6

4024 0.3 4025.6 4025.0

4024 0.6 4025.8 4024.7

8 4036 5.8 4042.4 4030.8

4036 4.0 4040.6 4032.7

4036 3.8 4040.4 4032.8

9 4035 5.1 4041.3 4031.1

4035 5.2 4040.8 4030.4

4035 5.0 4041.2 4031.3

10 4037 2.4 4040.1 4035.3

4038 4.7 4044.0 4034.6

4038 4.4 4043.7 4035.0

11 4035 0.3 4036.1 4035.6

4035 0.4 4036.1 4035.3

4035 0.3 4036.0 4035.4

Avg = 4034 3.2

St  Dev = 5 2.0

Dat e: 7 / 26/ 2004
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