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/ B S T R A C T 

The first in-depth investigation of surface modification of materials by continuous, 

high-flux argon plasma bombardment under simultaneous erosion and redeposition 

conditions have been carried out for copper and 304 stainless steel using the PISCES 

facility. The plasma bombardment conditions are: incident ion flux range from 10 1 7 to 

1 0 1 9 ions s e c ' c n r 2 , total ion fluence is controlled between 10 1 9 and 10 2 2 ions cm - 2 , 

electron temperature range from 5 to 15 eV, and plasma density range from 10 1 1 to 10 1 3 

cm - 3 . The incident ion energy is 100 eV. The sample temperature is between 300 and 

700K. 

Under redeposition dominated conditions, the material erosion rate due to the 

plasma bombardment is significantly smaller (by a factor up to 10) than that can be 

expected from the classical ion beam sputtering yield data. It is found that surface 
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morphologies of redeposited materials strongly depend on the plasma bombardment 

condition. The effect of impurities on surface morphology is elucidated in detail. First-

order modelings are implemented to interpret the reduced erosion rate and the surface 

evolution. Also, fusion related surface properties of redeposited materials such as hydrogen 

reemission and plasma driven permeation have been characterized. 

1.INTRODUCTION 

Erosion, of materials for plasma interactive surface components such as limiters and 

divertor plates can be a major source of impurities in operating plasmas in a magnetic 

fusion device. These impurity elements will be reionized within the plasma by electron 

impact, which results in an increase in Zgff. However, the presence of plasma flow to the 

edge region leads to a redeposition of reionized impurities on surface components [1], For 

long-pulse or steady-state devices, material erosion can also lead to a shortened lifetime of 

surface components. However, the role of redeposition is still unclear. It may reduce the 

net erosion rate of materials, but it will also modify the surface morphology in a yet-to-be 

explored manner. Furthermore, the modified surface morphology and erosion behavior of 

materials might be influencial one another. 

In our previous work [2], the first non-tokamak, controlled plasma-wall interaction 

study was conducted using the PISCES facility with the main objective of understanding 

the mechanism of simultaneous erosion and redeposition behavior of materials. It was 

found that redeposition of materials resulted in a reduction of the net erosion yield relative 

to the classical sputtering yield. Also, the preliminary scanning electron microscope 

observation indicated strongly modified surface morphologies by plasma bombardment. In 

the present work, extensive characterization of redeposited materials has been done to 

elucidate the impact of surface modification by plasma bombardment on a wide range of 
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fusion engineering. This paper presents the first results of detailed investigation of surface 

modification of materials by plasma bombardment under simultaneous erosion and 

redeposition. 

2. EXPERIMENTAL PROCEDURE 

The PISCES facility and material experiments were previously described in detail 

elsewhere [2,3,4]. Here, the experimental procedure is outlined. A schematic diagram of 

the taiget sample and movable Langmuir probe in the linearly magnetized plasma stream is 

shown in fig. 1. A mechanically polished disk sample with a diameter of 2.5 cm was 

placed on a target holder. The magnetic field is 250 gauss and perpendicular to the target 

surface. The Langmuir probe was moved in front of the target surface to measure the 

electron temperature and plasma density. During the probe measurement, the sample 

surface was protected by a movable shutter plate. The electron temperature was typically in 

the range from 5 to 20 eV, and the plasma density was in the range from 1011 to 10 1 3 cm - 3 . 

The plasma bombardment energy was set at 100 eV in this study. The ion flux was 

in the range from 5 xlO1? to 5 xlO 1" ions s e c 1 cm"2. This means that the target surface is 

subject to a heat flux up to 80 W cm - 2 . Consequently, the target temperature was 

controUed by aii or water cooling, depending on the heat flux and selected temperature. The 

target was set at temperatures between 300 to 10O0K, which can be measured by a thermo­

couple attached on the sample holder. The total ion fluence was varied in the range from 

10'9 to 1022 j o n s cm"2. Plasma bombarded samples were weighed to evaluate the net 

erosion and analyzed with a variety of surface analysis techniques including SEM 

(Scanning Electron Microscopy), EM? A (Electron Micro Probe Analysis), AES (Auger 

Electron Spectroscopy), SIMS (Secondary Ion Mass Spectroscopy), NRA (Nuclear 

Reaction Analysis) and RBS (Rutherfoid Backscattering Spectroscopy). 

3 



3. GENERAL CONSIDERATIONS OF EXPERIMENTAL CONDITIONS 

Of particular interest is to compare the PISCES and conventional ion beam 

experiments from a surface modification viewpoint. Historically, ion beam experiments 

often employed ion fluxes between 10'^ and lO1^ ions sec 1 cm - 2 and ion energies between 

5 and 20 keV to simulate high energy ions or charge exchange neutrals escaping from the 

core plasma of a magnetic fusion device [5], The ion implantation depth in this snergy 

range is generally above a few hundred angstroms. Under these conditions, the surface 

modification by both blistering and spu:tering was observed, depending on the selected 

ion-target combination [61. In the present work utilizing the PISCES facility, the argon ion 

flux is typically 10 1 8 ions sec 'cnr 2 , and the bombardment energy islOO eV to simulate the 

edge-plasma flow. As shown in fig.2, the ion implantation depth is quite shallow at this 

energy. Also, the recession depth of the surface per unit time due to sputtering at these 

high ion fluxes far exceeds the ion implantation depth under typical plasma bombardment 

conditions (see table 1). This means that the retention of implanted ions must be small 

compared with that for high energy ion bombardment cases. These particular features of a 

high flux and low energy plasma bombardment will not meet the general blistering criteria 

[7]. Therefore, one may well expect that sputtering is the predominant process to control 

the surface modification of materials in the present study, as will be shown later. 

Another important comparison should be made between the nature of redeposition 

in the PISCES facility and in large toroidal fusion devices such as tokamaks. Due to 

impurity transport in the toroidal and poloidal directions, it is not surprising to see 

redeposited materials via elemental interchange between different surface components 

exposed to the plasma in a tokamak after an extensive period of discharge experiments[8]. 

Redepositing particles are generally considered to have a wide energy distribution. As a 
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result, surface coating-like films or droplets can be formed by deposition of particles with 

energies below the threshold value to cause subsequent sputtering of a new host substrate. 

This is also true for the sputter deposition or vapor deposition processes, which are 

standard film production techniques for micro-electronics purposes [6], 

In contrast, the target is practically the only plasma interactive component in the 

PISCES facility. Also, the linearly magnetized plasma naturally flows to the target due to 

the pre-sheath electrostatic potential, which is approximately -1 .SkTg/e. It follows that 

reionized materials will be redeposited back on the original surface, guided by the magnetic 

and pre-sheath electrostatic fields. Consequently, the target is subject to simultaneous 

bombardment of the primary plasma ions and redepositing materials ions, each accelerated 

by the same sheath potential drop. In this case, redepositing ions will generally erode the 

target surface by self-sputtering. As will be shown later in detail, trapping of redepositing 

ions associated with the self-sputtering process plays an important role in determining !he 

net erosion yield. However, these trapped ions will be removed by subsequent ion 

bombardment because of the short implantation depth shown in fig 2. Therefore, ordinary 

coating-like films can not be expected to grow from the redepositing materials in the 

PISCES facility. 

A. MODELING OF EROSION AND REDEPOSITION OF MATERIALS 

The first-order modaling of simultaneous erosion and redeposition of materials (the 

computer program, AREX; Analysis of Redeposition Experiment) in the PISCES facility 

is outlined here for consistency although details can be found elsewhere[2]. Major 

mechanisms involved in this modeling include: (1) target sputtering by the primary plasma 

ions being accelerated by the negative sheath potential; (2) reionization of sputtered 

materials by electron impact; (3) trapp'ng of material ions on the magnetic field lines and 
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transport back to the original target surface; and (4) self-sputtering of the target by the 

redepositmg ions, accelerated by 'he same sheath potential as that for the primary plasma 

ions. 

The sputtering yield and self-sputtering yield are calculated by Yamamura's analytic 

formula [9]. Velocities of sputtered particles are estimated from the well-known energy 

distribution [5]: N(E)=E/(E+U sp , where U s is the surface binding energy of thts target 

material. The cross section of electron impact ionization is obtained from Lotz's formula 

[10] and then averaged over the Maxwellipn cuergy distribution to estimate the rate 

coefficient. As an example, calculated mear. free paths for electron impact ionization 

processes of sputtered copper and iron are shown in fig. 3. 

The probability of redeposition is defined as the fractioi, of spuitered neutrals which 

will be ionized within the projected upace of the target, ? suming that the emission of 

sputtered particles obeys the cosine law. The probability of redeposition, J3, as shown in 

f*g. 4, decreases ra;jidJy as the mean free path for electron impact ionization increases. 

Since the mean free paths for second a.id third ionization are appreciably long as shown 

fig.3, only redeposition associated wit': fim ionization is considered in this model. Using 

this probability redeposition, the total erosiuii rate can be given by the following series: 

rfWdt=IYs(l-B)n+{Yss- (i-R)}]X(RYss)« (1) 
n=0 

where Y s and Y s s are the sputtering yield due to the primary plasma ions and self-sputtering 

yield lue to the redepositing ions, respectively. The term, R, is the particle reflection 

coefficient of redepositing ions, which can be calculated usinp the Monte Carlo program: 

TRIMfll]. Retention of implanted plasma ions is considered to be negligible compared 

with the total erosion of the target material. Also, the sputtering yield and self-sputtering 

yield are assumed to be independent of the surface morphology of the target 
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Notice that when the probability of redeposition is negligibly small, the net erosion 

rate estimated by eq.(l) becomes essentially the same as the sputtering erosion due to the 

primary plasma ions. For a certain value of the probability of redeposition, terms after the 

second one of the series are negative if the self-sputtering yi -Id due to redepositing ions is 

smaller than (1-R), which is equivalent to the trapping coefficient. It follows directly from 

this that the resultant net erosion rate will be smaller than the classical sputtering erosion 

rate. Another important implication is that the 'run-away erosion' condition for the 

PISCES experiment is BYSS > 1, which is similar to that for a large toroidal device [12]. 

Although only physical sputtering cases are treated in this model, the concept of 

redeposition is common for both chemical and physical sputtering cases. Now, consider a 

typical ion-target combination to cause chemical sputtering such as hydrogen ion-carbon 

(graphite) interaction which often induces gaseous methane production [13]. The electron 

impact ionization rate coefficient for methane is comparable with that for carbon in the 

electron temperature range of the PISCES plasma [14]. However, methane molecules are 

considered to be released with thermal energies determined by the surface temperature. 

This implies that velocities of desorbing methane molecules are much smaller than those of 

physically sputtered carbon atoms. Therefore, one may well expect a short ionization 

mean free path and hence a high probability of redeposition for chemically sputtered 

products such as methane. Details of the graphite-hydrogen plasma interaction 

experimental data taken in the PISCES facility can be found elsewhere[15]. 

Tne experimental data for normalized erosion yields determined by the weight loss 

method are compared with the theory in fig.5. As theoretically predicted, the normalized 

erosion yield data are found to be significantly smaller than unity, which corresponds to the 

classical sputtering yield, when the mean free path for electron impact ionization becomes 

shorter than about 15 cm. There is generally agreement between the theory and data 

although further improvement needs to be done. The present theory tends to overestimate 

the net erosion yield, particularly in the redeposition dominated regime. Statistically, the 
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samples with strongly modified surface morphologies yield the data points which fall 

below die theory curve. This indicates some topographical retrapping effect of sputtered 

particles [6], which results in a reduction of the effective sputtering yield. This will be 

discussed later in detail. 

5. SURFACE CHARACTERISTICS OF PLASMA BOMBARDED MATERIALS 

It is widely recognized that surface characteristics of plasma interactive components 

of a magnetic jsion device can affect the entire scenario of operation of fusion devices. 

Among these surface characteristics, surface morphologies of redeposited materials and 

related issues have motivated the present study. Redeposited materials were characterize by 

various surface analysis techniques. These techniques include SEM, AES, SIMS, RBS, 

EMPA and conventional X-ray diffraction analysis. Some of the results out of these 

measurements are presented here. 

5-1. SURFACE MORPHOLOGIES OF REDEPOSITED MATERIALS 

Because of the high plasma flux utilized in the present study, the surface 

morphology is expected to change rapidly with time. The time evolution of surface 

morphologies of copper and 304 stainless steel (304SS) during Ar plasma bombardment 

has been investigated under typical redeposition conditions cited in table 1. The incident 

ion flux was set at 1.5 x 1 0 1 8 and 1 x 1 0 1 8 ions sec^cm" 2 for copper and 304SS, 

respectively. During the ccrse of these experiments, the plasma parameters were controlled 

such that the mean free path for first ionization of sputtered materials is approximately 1.5 
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cm. The target temperature was set at 320K to eliminate thermal effects on the evolution of 

the surface morphology. These thermal effects will be described later. 

The surface morphologies of redeposited copper and 304SS are shown in figs. 6 

and 7, respectively. Generally, the surface appears to be deeply etched and some grains 

become relieved as the ion fluence increases. This illustrates the crystalline orientation 

effect on the sputtering yield [5]. A detail investigation of this effect is beyond the scope of 

the present study. Nevertheless, one important result drawn from these experiments is that 

the redeposited surface does not have any particular features when compared with an 

ordinary sputter etched surface. Our AES surface analysis showed that there are no major 

impurities on these redeposited surfaces. The bombarded 304SS samples indicated 

somewhat chromium enriched composition relative to as-polished samples. The detail will 

be published later. 

During this series of experiments, the net erosion yield was determined by the 

weight loss method. The result is shown in fig. 8. Notice that the weight loss of the target 

increases linearly with increasing ion fluence. (The slope of the lines is approximately 45 

degrees in the logarithmic plot.) It follows that the net erosion yield is independent of ion 

fluence so long as the surface morphology is not significantly modified from that of .n 

ordinary sputtered surface. The resultant net erosion yields normalized to the 

corresponding classical sputtering yields are 0.3 and 0.15 for copper and 304SS, 

respectively. These net erosion yields are in a relatively good agreement with the theory 

utlizing Yamamura's formula [9] to estimate the sputtering yields (see fig. 5). This implies 

that the redeposited material in the PISCES facility has essentially the same sputtering yield 

as an ordinary bulk material. 
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5-2. EFFECT OF IMPURITIES ON SURFACE MORPHOLOGY 

In a magnetic fusion device, a number of different surface materials are directly or 

indirectly facing the plasma. These materials are eroded by energetic particles, and can then 

be redeposited elsewhere as foreign impurities. In this section, the effect of foreign 

impurities on the surface modification under plasma bombardment is discussed in detail. 

As a preliminary attempt, molybdenum from the electrode of the Langmuir probe 

was doped into the Ar-plasma stream. The molybdenum electrode was set at 100 V 

negative with respect to the plasma. A certain fraction of sputtered molybdenum atoms will 

be reionized and redeposited on the target surface positioned downstream (see fig.l). 

Under a typical redeposition condition having an argon ion flux of ' 8 ions sec'-'cm"2, the 

rate at which molybdenum atoms are deposited on the target surface is roughly estimated to 

be in the order of 1 0 1 3 atoms sec"'cm.-2. This is a few percent of the atomic density of a 

surface monolayer. The total deposition fluence of molybdenum is 10 1 4 -10 1 5 atoms cm' 2. 

The surface morphologies of copper and of 304SS bombarded by Ar-plasma doped 

with molybdenum are shown in figs. 9 and : O.respectively . Both copper and 304SS 

bombarded at ambient temperatures between 300 and 320K show similar surface 

morphologies to those shown in figs. 6 and 7, respectively. However, copper bombarded 

at temperatures generally above 400K shows densely populated cones, some of which have 

compound conical structures. Also, 304SS bombarded at temperatures above 500K 

generally shows a coral-like winding structure. Interestingly, these microscopic features 

can be visually identified by the color of the bombarded surface: sputter-etched surfaces 

retain their original metallic colors with glitters from relieved micro-grains whereas 

modified surfaces have much darker colors with a felt-like appearance. These results clearly 

indicate that the presence of molybdenum as a foreign impurity can significantly affect the 

surface modification processes at elevated temperatures but has little influence at ambient 

temperatures. A systematic investigation of the temperature effect is under way. 
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Unfortunately, there is no single theory to interpret all the impurity-induced surface 

morphologies. It is, however, generally considered that a surface impurity element, which 

has a lower sputtering yield than the substrate, can be a nucleus to induce protruding 

features [6]. One recent theory proposed by Wehner [16] indicates that die impurity acting 

as a seed to grow cones must have a higher melting point than the substrate Such 

impurities can be either from an external source or from the bulk of the substrate. The 

seed-substrate combinations used in the present experiment: Mo-Cu and Mo-304SS meet 

the primary requirement for impurity-induced suiiace modification with respect to both the 

sputtering yield and melting point arguments. 

The molybdenum-seeded cone structure on copper shown in fig. 9, (b) is quite 

similar to that found at 573K by Rossnagle and Robinson [17]. They indicate that the 

compound cone structure arises after the seeds or coatings are eroded by subsequent ion 

bombardment. In fact, our spot surface analysis by EMFA and AES failed to detect 

molybdenum on these cone-covered copper surfaces. However, a weak indication of 

molybdenum was found in the SIMS spectra shown in fig. 11. This analysis also found 

iron and chromium on both the copper surfaces, with and without cones. These extra 

impurities may be from some section of the vacuum chamber of the PISCES facility. 

However, it is deductively clear that the surface modification was not driven by these extra 

impurities under the present condition. Also, it is found by X-ray diffraction analysis that 

the sub-surface structure of the cone-covered copper retains the original FCC (Face 

Centered Cubic) crystalline structure. This is reasonable since the X-ray penetration depth, 

which is about 25 Jim, is a few orders of magnitude larger than the region where the 

surface modification is taking place. 

Generally, the winding structures are found for copper surfaces seeded with 

tungsten at high temperatures. These features are often attributed to a flow or 

agglomeration of the coating material between adjoining cones [18]. However, the coral­

like winding structure found on the redeposited 304SS presented in fig. 10 appears to have 
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more complex structure in a tilted view. This clearly indicates a different mechanism. 

Because of the poor thermal conductivity of 340SS, local temperatures at sharp tips of seed 

cones can be apprecialby higher than the bulk temperature. Some quasi-liquid state [18] 

might be attained. Possible consequences are that these quasi-melted cone tips will bend 

and eventually bridge each other to create the ccra'-like features. Further investigation 

needs to be done to clarify the mechanism. RBS analysis was conducted for redeposited 

304SS using a 6MeV He + ion beam. The result indicates that the concentration of 

molybdenum is about lx lO 1 6 atoms cm - 2 in the surface region with a thickness of about 2 

]im. Also, the spot analysis by EMPA found molybdenum both on the ridges and in the 

valleys of the winding structure. The characteristic X-ray spectra are shown in fig 12. 

Also, the modified surface at an elevated temperature indicated chromium enriched 

composition relative to that for the as-polished surface. However, this is not surprising 

since stainless steels often segregate chromium at elevated temperatures in vacuum [19]. 

One difficulty in surface analysis is that seed materials nay be largely eroded, once strong 

surface modification begins. 

The substrate temperature is also a key parameter affecting surface modification for 

a given seed-substrate combination since seeds must migrate via surface, diffusion to form 

an effective impurity cluster or local coating to induce a protuberance [20,21]. This means 

that the processes of forming such an impurity cluster and erosion of individual seeds 

under ion bombardment are competitive one another. It follows that there is a critical 

temperature to trigger the surface texturing for a given seed concentration. Opposite is also 

true, namely, the minimum seed concentration exists for a given temperature. The 

minimum seed concentration has been found to be as small as a few percent of the atomic 

density of a monolayer [22]. Our EMPA analysis shown in fig. 12 provides us a 

convincing result of this thermal effect that no molybdenum was indicated on the 

redeposited 3Q4SS seeded at an ambient temperature. Apparently, the surface diffusion 
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was defeated by sputter erosion of seeds in this kinetic competition governing the surface 

evolution, which resulted in the smooth surface morphology shown in fig. 10, (a). 

The critical temperature for surface modification of copper by seeding molybdenum 

has been reported to be 470K under Ar ion bombardment with a flux in the order of 1 0 1 6 

ions sec"'cnr 2. This critical temperature is somewhat higher than our finding: about 400K. 

Unfortunately, the discrepancy in these critical temperatures can not be clearly explained at 

present There is a theory claiming that the ion bombardment enhances surface diffusion of 

impurity atoms [17]. This suggests a possibility that the critical temperature might be lower 

at a higher ion bombarding flux. Considering the high plasma flux in the present study, the 

relatively low critical temperature may not be surprising. However, the detail mechanism is 

still unclear. 

In one experiment, the 304SS target temperamre v. as changed from ^00 to 650K at 

a ramp-up speed of roughly 30 degrees s e c 1 to witness surface modification starting at the 

critical temperature. At aboui. 550K, the sulfate morphology suddenly changed, v/hich 

was visually identified by '.he color of the target through a viewing port. This sudden 

change will be theoretically interpreted later in this paper. The resultant modified surface 

morphology is similar to that shown in fig. 10, (b) and (c). 

One remaining question is whether or not the initial surface contaminations such as 

oxygen and/or carbon, which are always detected by AES surface analysis, can be such an 

impurity as to induce protruding features. A tentative answer is negative unless there are 

strongly segregated oxide and/or carbide phases that can meet the requirements for seed 

materials. Interestingly, recent measurements [23] have shown a significantly reduced 

erosion yield for sputter-deposited copper. This was attributed to surface chemical 

compounds such as copper oxides formed during deposition, Fu ther investigation is 

greatly anticipated in order to clarify this point. 
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5-3. MODELING OF IMPURITY DRIVEN SURFACE EVOLUTION 

A simple model is introduced here to describe the surface modification by plasma 

bombardment although there are other elaborate theories for ion bombardment surface 

modificationfd]. As described in section 3, the surface morphological evolution is driven 

mostly by physical sputtering under the PISCES plasma bombardment conditions. Again, 

simultaneous erosion and redeposition is equivalent to the bombardment of two different 

ions with the same energy (assuming the same degree of ionization). 

The sputtering yield is well known to change with angle of ion incidence. This 

angular dependence is considered to be one of the crucial factors determining the surface 

modification process. As an example, the angular dependence of the sputtering yields of 

copper by argon and copper ions is shown in fig. 13. Notice that there is no significant 

difference in the angular dependence for these two cases. This suggests that the 

simultaneous erosion and redeposilion of copper under argon plasma bombardment can be 

simply approximated as ion bombardment at an effective erosion rate given by the theory: 

AREX de:cribed in section 4. 

Consider only the longitudinal motion of microscopic points on a material surface 

being modified by energetic ion bombardment. The longitudinal position, y, is expressed 

as a function of time, t, and lateral position,x: 

y(x,t+At) = y(x,t) - Ay(x). (2) 

The recession rate due to the ion bombardment, Ay, is determined by 

Ay(x)= dIY(8)At (3) 
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where d is the monolayer thickness of the target material, I is the incident ion flux, and Y is 

the effective erosion yield as a function of angle of incidence, 9.. The angular dependence 

of the effective erosion yield can be obtained from a TRIM calculation [11], as shown in 

fig. 13. The product of these two factors is assumed to give a net erosion rate determined 

by eq.(l). The angle of incidence with respect to the surface normal is equal to the slope 

of the surface contour and is given by 

e(x,t)=tan-1[{y(x+Ax,t)-y(x-Ax,t)}/2Ax], (4) 

At the surface impurity spot, x', the longitudinal recession rate is 

Ay(x') = dTY'{9)At (5) 

where d' and Y' is the monolayer thickness and sputtering yield of the seed material, 

respectively. The incident angle will be set at zero for an impurity-seeded spot 

Another mechanism involved in this model is retrapping of sputtered particles to 

bury deep valleys between protruding features. This can be simulated by setting the 

recession rate equal to zero at the bottom point of a steep valley having slopes for which the 

sputtering yie'd is zero. In this preliminary version, however, quasi-liquid states are not 

considered. 

As an example, the time evolution of a copper cone seeded with molybdenum under 

Ar-plasma bombardment was simulated using this model. In this example, the initial 

surface is assumed to be flat for simplicity. The flux and energy of the Ar-plasma 

bombardment are set at l.OxlO' 8 ions s e c ^ c n r 2 and 100 eV, vespectiveiy. The 

redeposition conditions are assumed to give a net erosion yield of 0.3 normalized to the 

corresponding sputtering yield. An impurity cluster with a thickness of 300 angstroms is 

located at the center of the simulated surface: x=0. This hypothetical thickness of the 
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impurity cluster was set such that the seed material will be eroded in the course of 

simulation. 

The result is shown in fig. 14. One can realize that the growth of the moh bdenum-

seeded cone is quite rapid under dicse conditions. This is consistent with our experimental 

finding of the sudden change of the surface morphology of 304SS induced by seeding 

molybdenum at an elevated temperature. Also, a compound cone structure such as that 

shown in fig. 9, (b) is theoretically found after the seed material is eroded. These results 

indicate that this first-order modeling can be at least qualitatively compared with the present 

experimental data. 

6. FUSION RELATED SURFACE PROPERTIES OF RFDEPOSITED MATERIALS 

6-1. SPUTTERING YIELD OF REDEPOSITED MATERIAL 

The strongly modified surface morphologies with a coral-like winding structure 

(fig. 10, (b) and (c)) and densely populated, tall cone structure (fig 9, (b)) indicate a 

possibility that sputtered particles can be retrapped within these surface features. In order 

to cneck this possibility, the sputtering yield of redeposited copper with cones was 

measured using a deuterium (D +) ion beam at an energy of 200 eV . As shown in fig. 15, 

the resulfcir/ sputtering yield of copper with cones was found to be reduced by a factor of 

two relative to that with a smooth surface. Recently, Auciello reviewed both experimental 

and theoretical studies on the retrapping behavior of textured surfaces [24]. It was pointed 

out that the sputtering yield of a surface with densely populated cones is likely to be 

reduced, particularly in the low energy range from 200 to 4000 eV, This is quite consistent 

with our experimental finding of die reduced sputtering yield of redeposited ccpper with 

molybdenum seeded cones. 
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As a first-order attempt, the theory: AREX was modified such that the modified 

surface has a 50% reduced sputtering yield. The result is shown by a dotted line in fig. 5. 

Apparently, the observed discrepancy between the theory and experimental data is 

compensated by this modification. However, further investigation needs to be done, given 

the scatter in the experimental points. 

It is of considerable importance to note here that a decade ago, an artificial 

honeycomb structure was once proposed and demonstrated as a surface texture for first 

walls to minimize material erosion[25, 26]. The experimental findings mentioned above 

clearly indicate a possibility that one may expect a "natural honeycomb structure" on 

surface components of an operating fusion device. 

6-2. DEUTERIUM REEMISSION, RETENTION AND PLASMA DRIVEN 

PERMEATION 

From a practical engineering point of view, of great interest is to investigate fusion 

related characteristics of redeposited materials with strongly modified surface 

morphologies. Deuterium reemission, retention and plasma driven permeation were 

measured for redeposited 304SS with a coral-like surface structure. The techniques for 

these measurements are described in detail elsewhere[27,28,29]. 

The surface roughness of the redeposited 304SS was quantified by the BET ( 

Brunauer, Emmett, Teller) method. The result indicated increased surface area for the 

redeposited 304SS by a factor of about 10, which in turn is similar to that for the surface 

modified by helium blisters [30]. 

The deuterium reemission measurement was conducted at an ambient temperature 

using a 6 keV D+3 beam with a flux of 2 x l 0 1 4 D sec - ' cm - 2 . The targets were first 

bombarded up to a fluence in the order of 10 1 8 D cm*2 until a reproducible reemission 
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response was observed during beam-on/off cycles. Because of the small sputtering yield 

for deuterium, the surface modification during this pre-treatment process is negligible 

compared with the original modification. The result of reemission measurements is shown 

in fig. 16. Deuterium reemission from redeposited stainless steel is increased by a factor 

of 2 relative to as-received materials under identical conditions. Also, the rise and decline 

of reemission for the redeposited target is somewhat faster than those for as-received 

materials. This behavior is quite similar to the case when the surface is deliberately 

roughened before ton implantation [27]. 

At temperatures below 370K, deuterium reemission is generally controlled by 

solid-state diffusion kinetics [27]. Because of the strongly modified surface, a significant 

fraction of incident deuterium ions impinge on the target at grazing angles in the cora1 

structures. Therefore, the depth distribution of implanted ions for the modified surface is 

considered to be effectively shallower than that for a flat surface. It follows that the 

diffusion length required to release deuterium is short, which results in an increase in the 

reemission ratio. 

Using the NRA method [28] based on the reaction, D( 5He,p) 4He, deuterium 

retention in the near surface region (about lum below surface) was measured after 

implantations up to a fiuence of lO1^ D cm - 2. The result showed deuterium concentrations 

of 3 x l 0 1 6 and 8 x 1 0 ] 5 D cm"2 f or the near surface region with a depth of about 1 urn of 

the redeposited and as-received materials, respectively. This result implies that a strongly 

modified surface tends to reflect the bombarding particles because of the grazing angle of 

incidence. 

Plasma driven permeation of deuterium through redeposited 304SS was measured 

at 823K using the TPX (Tritium Permeation Experimental) facility [29]. The modified 

surface was placed facing the deuterium plasma. The plasma bombardment current density 

was 0.5 n1 A cm*2. The sample was set at 25 V negative to the plasma so as not to make 

further surface modification due to sputtering by the deuterium plasma bombardment 
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during permeation measurement: The result obtained is shown in fig. 17. The steady state 

permeation rate through the redeposited material was found to be reduced by a factor of 2 to 

3 relative to the as-received material. In this temperature range, deuterium reemission is 

generally controlled by molecular recombination at the surface. Therefore, it can be 

concluded that the decrease in the steady state permeation rate is due to the increased 

surface area which in turn leads to an increase in deuterium desorption in the upstream. 

The reduction of plasma driven permeation is favorable for fusion engineering from a 

tritium handling safety point of visw. 

7. CONCLUSIONS 

Surface modification of materials by continue us> plasma bombardment has been 

investigated under simultaneous erosion and redeposr'.tion conditions. The mechanism of 

redeposition is analyzed to evaluate the net erosion yield. The erosion rate due to the 

plasma bombardment significantly decreases, when redeposition occurs, so long as the 

self-sputtering yield is smaller man the particle trapping coefficient. The morphology of the 

surface subject to simultaneous erosion and redeposition is found to be similar to that of an 

ordina^-v sputter-etched surface. Also, the redeposited material indicates essentially the 

same sputtering yield as a bulk material. However, the presence of impurities can 

significantly modify the surface morphology and sputtering behavirr. The mechanism of 

impurity-induced surface evolution is theoretically elucidated. Also, the critical temperature 

for impurity-induced surface modification is found to be about 4C0K ?"d 550K for copper 

and 304 stainless steel, respectively. Strongly modified surface morphologies result in a 

reduction of the sputtering yield by the subsequent ion bombardment. Due to the increased 

surface area of a modified swfase lead to an increase in gas reemission and hence a 

decrease in plasma driven permeation. 
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Of particular importance to the fusion community is the finding that plasma 

interactive surfaces can be strongly modified by foreign impurities transported from 

different components. A "natural honeycomb structure" to reduce the erosion rate as well 

as tritium permeation can be developed in an operating fusion device. However, properties 

of redeposited surfaces investigate in the present work might be different from those of 

coating-like deposits. Frrther invesi^tion is necessary to understand the nature of 

surfaces redeposited differently. 
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Table I. Experimental Parameters for Typical Redeposition Conditions. 

Parameters 

Ion Bombardment Energy(eV) 

Sputtering yield(atoms ion"1) 

Self-sputtering yield(atoms ion"1) 

Particle reflection coefficient 

Ion Flux(Ar+ sec-'cnr 2) 

Electron ten.perature(eV) 

Electron Density(cm"3) 

Mean Free Padi (cm) 

Copper 304 SS 

100 100 

0.43 0.21 

0.395 0.188 

0.197 0.213 

1.5 x l O 1 8 1.0x1018 

10.6 15.5 

5 .96xl0 1 2 3.11xl0l 2 

1.49 1.46 
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FIGURE CAPTIONS 

Fig. 1: A schematic diagram of the experimental arrangement 

Fig. 2: A typical ion implantation profile calculated by the Monte Cairo program: TRIM 
[11]. In this case, Ar1' and Cu + ions with an energy of 100 eV are assumed to be 
impinging on Cu. 

Fig. 3: Calculated ionization mean free paths for physically sputtered copper and iron under 
a typical plasma bombardment condition with an Ar ion flux of l.OxlO^ ions sec - 1 

cm - 2 . 

Fig. 4: Calculated probability of redeposition of materials in the PISCES-facility. 

Fig. 5: Comparison of the theory: AREX and experimental data of the net erosion yield as 
a function of first ionization mean free path. The theory curve represented by a solid 
line assumes no retrapping effect and the curve represented by a dotted line assumes 
50% reduced sputtering yield due to a topographical retrapping effect (see text). 

Fig. 6: Surface evolution of copper during Ar-plasma bombardment with an ion flux of 
1.5 xlO 1^ ions sec - 1 c n r 2 under a simultaneous erosion and redeposition 
condition. The total ion fluences are: 4.53x1019 ions c n r z for (a), 9,33xl0!9 
ions cm- 2 for (b), 2 .8xl0 2 1 ions cm-2for (c), 9 .06xl0 2 0 ions cm" 2 for (d), 
l .SlxlO 2 1 ions cm - 2 for (e), and4.4xl0 2 2 ions cm - 2 for (f). 

Fig. 7: Surface evolution of 304 stainless steel during Ar-plasma bombardment with an 
ion flux of l.OxlO 1 8 ions sec ' cm - 2 under a simultaneous erosion and redeposition 
condition. The total ion fluences are: 2.94xl0 20 ions cm" 2 for (a), 6.1 lxlO 2 ^ ions 
cm"2 for (b), 1.14xl0 2 1 ions cm"2 for (c), and 2.81X10 2 2 ions cm"2 for (d). 

Fig. 8: The weight loss of the target as a function of total ion fluence. 

Fig. 9: Surface morphologies of copper bombarded by Ar-plasma doped with 
molybdenum seeds at an ambient temperature (a) and elevated temperature (b). 

Fig. 10: Surface morphologies of 304 stainless steel bombarded by Ar-plasma doped with 
molybdenum seeds at an ambient temperature (a) and elevated temperature: an 
overhead view (b) and a 30 degree tilted view (c). 

Fig. 11 .-Typical SIMS spectra from copper with (bottom) and without (top) seed-cones. 

Fig. 12: Typical EMPA spectra from 304 stainless steel with a relatively smooth surface 
(seeded at about 300K) and a coral-like winding structure (seeded at about 510K). 
Also, the spectra for as-ieceived material are shown (top) for comparison. 

Fig. 13: The normalized sputtering yield of copper by lOOeV Ar + and Cu+ as a function of 
angle of incidence. Calculated sputtering yields by the TRIM code [11] are 
normalized to that for the normal incidence. 
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Fig. 14: A simulation of the surface contour evolution of copper with molybdenum seeds 
during Ar-plasma bombardment under simultaneous erosion and redeposition. 

Fig. 15: The sputtering yield of redeposited copper. The closed square symbols represent 
the data from copper with a cone-covered surface and open square symbols 
represent those from copper with a smooth surface. 

Fig. 16: Deuterium reemission from redeposited 304 stainless steel with a modified surface 
morphology (a coral-like structure). 

Fig. 17: Plasma driven permeation of deuterium through redeposited 304 stainless steel 
with a modified surface morphology (a coral-like structure). 
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