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Abstract 

Simultaneous erosion and redeposition of copper and 304 stainless steel 

under controlled and continuous plasma (D,He,Ar) bombardment has been 

investigated in the PISCES-facllity, which generates typical edge-plasma 

conditions of magnetic fusion devices. The plasma bombardment conditions 

are: incident ion flux in the range from 10'' to 10'° ions/sec/cm , ion 

bombarding energy of 100 eV, electron temperature in the range from 5 to 15 

eV, plasma density in the range ;rora 10 '-10 cm , target temperature in the 

range from 300 to 900K, and the total ion fluance in the range from 10" to 

10 ions/cm . The net erosion yield under redeposition is found to be 

significantly smaller than the classical sputtering yield data, A first-order 

modeling is attempted to interpret the erosion and redeposition behavior of 

materials under plasma bombardment. It is pointed out both theoretically and 

experimentally that the mean free path for electron impact ionization of the 

sputtered material is the key parameter to control the overall mechanism of 

erosion and redeposition. Strongly modified surface morphologies of bombarded 

targets are observed and indicate a retrapping effect. 

Key Words: Coatings (surface modification, redeposltad materials, sputter
ing), Copper, First wall (copper alloy), Models (erosion and 
redeposition), Sputtering (redeposition of materials), Stainless 
steel. Surface Analysis, Surface damage. PISCES 
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1. Introduction 

Over the last two decades, the fusion reactor materials community has 

made a considerable effort to evaluate first wall component erosion due to 

sputtering [1-4]. On Che other hand, it is theoretically understood that 

redepositIcn associated with relonization and transport of sputtered particles 

in a magnetically confined plasma can significantly affect the erosion 

behavior of surface components such as liroiter and divertor plates [5]. 

However, the redeposition behavior of materials haa not been experimentally 

studied since it is generally difficult to control key parameters of the 

plasma In contact with these surface components of a toroidal fusion device 

operating in short pulse modes. 

In the present work, the PISCES-facillty [6,7J is used to carry out 

controlled and continuous plasma borabardraent under typical edge-plasma 

simulated conditions. These conditions are such that sputtered particles are 

ionized by electron impact within a magnetized p2asma, trapped on the magnetic 

field lines and redeposited back on the original surface. To the best of our 

knowledge, this paper presents the first experimental results and analysis of 

the net erosion yields of materials under simultaneous redeposition. 

2. Experimental details 

The PISCES-facility was previously described in detail elsewhere (6,7). 

A schematic diagram of the present experimental arrangement is shown in Fig. 

1. The magnetic field in the target region is typically 2.5 x lO-^ T, which 

constricts the plasma stream diameter to be approximately 10 era. A 

mechanically -polished sample with a diameter of 2.5 cm was placed on a target 

holder with either water or air cooling. The sample is well within the 

homogeneous density region of the plasma [6,7}. A Langmuir probe was 

positioned in front of the target surface to measure the electron temperature 
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and plasma density. The electron temperature and plasma density are typically 

in the ranges from 5 to 15 eV and 10 to 10 cm , respectively. 

Since the ion temperature for the plasma generated in the PISCES facility 

is usually a few electron volts f8], the actual ion bombardment energy is 

controlled by applying a negative bias to the target in addition Co the 

floating potential, which is ~3kT with respect to the plasma. The total 

negative potential at the target was set at 100 V in the present study. The 

thickness of the sheath generated by the negative potential la a few tens of 

microns under the present plasma operation conditions. Because of the sheath 

acceleration, ions are considered to impinge on the target at normal 

incidence, regardless of their prior ion-gyration direction. 

The ion flux was in the range from 5 i 10' to 5 x 10 ions/sec/cm". 

This means that the target is subject to a heat flux up to about 80 W/cm 

after applying a negative bias. The target temperature was controlled to be 

between 300 to 900 K by either air or water cooling. The total ion fluence 

was varied between 10 " and 1 0 2 2 ions/era". 

3. Results and discussion 

3-1. First-order modeling of erosion and redeposition behavior of materials 

in PISCES 

A simple modeling is attempted here to analyze the erosion and 

redeposition behavior of materials, particularly in the PISCES-facility, 

although more elaborate computer programs are being developed (e.g., REDEP 

[9]) for toroidal confinement devices. The important processes involved in 

this model are: (1) the incident ions impinge on the target surface with the 

energy given by the total sheath potential and cause sputtering: (2) sputtered 
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atoms are ionized by electron impact within the plasma stream if the mean free 

path for the ionization process is moderately short for a given electron 

cemperature and density; (3) the reionized particles are trapped on linear 

magnetic field lines and transported back to the target due to a pre-sheatft 

electric field (approximately -1.5tcTe for the PISCES-facility [9]); (4) these 

redepositing ions impinge in the surface being accelerated by the sheath 

potential and then cause self-sputtering; and (5) the self-sputtered particles 

will repeat the same processes as those described in (2), (3), and (4). 

The sputtering yield, Y s, for the primary plasma ion-target combination 

and the self-spattering yield, Y s s, due to "depositing ions are estimated by 

Yaraanuira's analytical formula [3]: 

a*QKS (E) 2.8 

s s e 

The terms a and Q are empirical parameters; E ^ is the threshold energy for 

sputtering; K is the conversion factor from the elastic reduced stopping cross 

section to the stopping cross section; S (e) and S ( e) are Linhard's elastic 

and inelastic reduced stopping cross section, respectively; U s is the surface 

binding energy; E^ is the energy of the incident ion. Calculated sputtering 

yields for the selected ion-target combinations are shown in Table 1. Unless 

otherwise specified, only physical sputtering is treated for simplicity. It 

is reasonable to assume sputtered atoms to be 100% neutral since normally the 

secondary positive and/or negative ion formation rates due to ion bombardment 

are negligibly small, except for alkaline metals [10j. 

Unless reliable experimental data is available, the cross section for 

electron impact ionization of the target material, o, is calculated from 

Lotz'c formula [11): 
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N ln(E /P.) 
° - 1 = \ Vi- ir^-- [ 1 ~ bi " " ^ V r 1 ' 1 1 • < 2 ) 

E e is the energy of the impact electron; l1^ is the binding energy of electrons 

in the 1-th subshell: q̂  is the number of equivalent electrons in thu i-th 

subshell; a^, b^ and ĉ  are fitting parameters. The cross section is averaged 

over the Maxwellian energy distribution in order to determine the ionization 

rate coefficient, <ov>. The mean fvee path for electron impact 

ionization, X, is given by: 

e 

where n g is the electron density. The term, V, is the averaged velocity of 

sputtered particles over the energy distribution [1]: 

N(E> = 7 , (4) 
(E + 0 ) J 

s 

where E is the energy of the sputtered particle. The tail of the energy 

distribution exceeding the pre-sheath potential is cut off before averaging. 

However, this cut-off effect on the resultant average velocity Is as saall 

as 5-10%. The result of the mean free path evaluation by Eqs. (2), (3) and (4) 

will be shown later. 

The probability of redeposition is defined as the fraction of sputtered 

particles which will be ionized within the projected space of the target 

surface area along the major machine axis (see Fig. I). Assuming that the 

emission of sputtered neutrals obeys the cosine law, the flux of sputtered 

neutrals, J, arriving at an area dA at (x,9), is gi yen by the following 
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equation [12]: 

2 
j(x,e)» v 8(£> / C 1 + t a n 2 l 3 ) 2 • ( 5 ) 

where R is the radius of the target and I 0 is tiie bombarding Ion flux. The 

fraction of ionized atoms at a distance, y, from the origin is given by the 

relation [13): 

f(y) =- 1 - eKP(-y/*> . (6) 

Substituting x=R/tan<3 and y=R/sin6 into Eqs. (5) and (6), the probability of 

redeposition can be expressed as a function of \: 

TT/2 
/ f<0) J(6)d8 

P ( A ) = _ ° „ _ _ . (7) 
/ J(9)dS 
o 

As shown In Fig. 2, the probability of redepositlon, P(X), decreases rapidly 

as * increases* 

Calculated mean free paths for electron impact Ionization of physically 

sputtered copper, as an example, are shown in Fig- 3. Notice that the second 

and third ionization mean free paths are appreciably large compared with the 

first one. Knowing the nature of P( \) shown in Fig, 2, multi-charged ions are 

considered to have little possibility of redeposition in the present 

experiment. Therefore, we assume that singly charged ions are the only 

species of redepositing particles. This means that these redeposltin'g ions 

are considered to bombard the target with the same energy as that for the 

primary plasma ions. 

Using the probability of redeposition, the net erosion rate, dw/dt, is 
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given by 

CO 

dw/dt - I ? ( l - PC A)) [1 + fc - (1 - R >} I {Y P<X)}k] , (8) 

where R e is the particle reflection coefficient, which is calculated by TRIM 

Monte-Carlo program [4J for radepositing ions. The term, (1 - R f i), is 

equivalent to the trapping coefficient of redepositing ions. The first term 

of the infinite series is due to the primary plasma tons, and the second term 

is due to the first generation of redepositins ions. The succeeding terms are 

explained likewise. 

Note that when the probability of redeposition is negligibly small, Che 

net erosion rate estimated by Eq, (8) becomes essentially the same as the 

sputter erosion due to the primary plasma ions. This means that if X is 

large, most of the sputtered particles escape from the plasma as neutrals in 

which case the plasma stream acts virtually as an ion beam. As such, the 

ionization mean free path for sputtered atoms is the key parameter governing 

the overall erosion and redeposition behavior of materials in the present 

work. Also, If Y a s is smaller than the trapping coefficient, the resultant 

net erosion rate will be smaller than the classical sputtering erosion rate. 

Another important implication of Eq. (8) is that the "run-away erosion" 

criterion for the PISCES-facility is: y P( X) > 1, which is similar to that 

for large toroidal confinement devices [5]. 

3-2. Experimental data and analysis 

A summary of representative experimental data is 3hown in Table I. 

Notice that the "run-away erosion" condition is avoided in Che present work. 

The normalized erosion yield, Y n, is defined as; 
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Y = J2_ (9) 

where £H is the measured weight loss of a target after plasma bombardment, 

and £w is the theoretical weight loss estimated from the sputtering yield. 

The normalized erosion yields are plotted as a function of mean free path, 

A,, for the first ionization of sputtered atoms in Fig. 4. The normalized 

erosion yield becomes significantly smaller than unity when X. is smaller than 

about 10 cm (referred to as the "Redeposition-domiuated regime" in. Fig, 4). 

This means that the nee erosion rate under redepositlon is reduced relative to 

the classical sputter erosion rate. As X increases, the net erosion rate 

approaches the sputter erosion rate ("Erosion-dominated regime"). 

The first-order theory is compared with the normalized erosion yield data 

in Fig. 4. There is generally agreement between the theory and experimental 

data. However, the theory appears to overestimate the erosion yield, 

particularly in the redeposltion-dominated regime. Importantly, there is a 

tendency that redeposited materials with strongly modified surface 

morphologies (see Fig. 5b) represent data points with large negative 

deviations whereas those with relatively smooth surface morphologies (see Fig. 

5c) show good agreement with the theory. This indicates that the strongly 

modified surfaces such as those with dense cone structures may have some 

retrapping nature to reduce the sputtering yield [1,14J, which results in the 

discrepancy between the theory and experimental data. The present theory 

needs to be improved in this regard [15]. Also, no major impurity was found 

on these redeposited surfaces by AES (Auger Electron Spectroscopy) analysis 

although a trace amount, less than a few atonic percent, of molybdenum was 

detected on the cone-covered surface by SIMS (Secondary Ion Mass Spectroscopy) 

analysis. The surface morphology might be affected by the presence of 
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impurities during plasma bombardment. A detailed discussion of mechanisms 

driving the surface morphology evolution can be fouid elsewhere [IS]. 

4. Conclusion 

The first non-tokamak, controlled plasma-wall experiments have been 

carried out with the main objective of investigating the erosion behavior of 

materials under simultaneous redeposinion conditions. In the redeposition-

dominated regime, the net erosion yield la found to be considerably smaller 

than the classical sputtering yield. A simple theory has been developed and 

has characterized the net erosion and redeposition behavior of matarials by 

the mean free path far electron impact ionization of the sputtered material. 

Strongly modified surfaces are observed for redeposited materials and Imply 

some topographical retrapping effect which further reduces the erosion yield. 
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Figure Captions 

Fig. 1: A schematic diagram of the experimental setup. 

Fig. 2: Probability of tedepoijitian aa a function of mean free path for 

electron impact ionization of sputtered atoms. 

Fig. 3: Mean free paths for Ist, 2nd and 3rd ionization of physically 

sputtered copper. The electron density is obtained from the 

relation [16]: I » 0.5N /(kT /m) for a given flux and electron 

temperature. In this case, a typical At + ion flux of 1.0 x 1 0 1 8 

iona/cm^sec is assumed. 

Fig. 4: Comparison between experimental data and theoretical curves of 

normalized erosion yield aa a function of mean free path of the 1st 

ionization. 

Fig. 5: Surface morphologies of copper targets: (a) as-polished, (b) 

bombarded by Ar-plasma with the presence of molybdenum, and (c) 

bombarded by Ar^plasraa without impurities. The total ion flunece 

is about 2 x 1 0 2 ! ions/cm5 for (b) and (c). 
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Table 1. Sumnary of representative data from the erosion and rcdepositlon experlnentu-

Target Target PLaana Ian 
Material Temp. species T Fluence Y_(Y_„) R T. M K 34 St 

u » oo g e e I n t 
(K) <iona/cB2"sec) (lons/cm2) (atomo/ton) <eV) O/cm') (c«) <3g) (ag) 

Cu 334 Ar 
Cu 343 Ar' 
Cu 323 He' 
Cu 330 He" 
304SS 828 Ar' 
304SS S73 Ar' 

1.37xl018 2.47xin21 0.429(0.395) 0.197 9.6 5.6xI0 1 2 1-78 135. 350. 0.384 
5.7xlOl? Z.lxlO21 0.429(0.395) 0.197 4.2 3.5xl0 1 2 12.2 128. 284. 0.440 
4.05xl017 1.46xl021 0.0543(0.395) 0.197 7.4 6-lTtlO11 18.3 22.5 24.0 0.859 
1.9BxlO!7 7.l4xl02° 0.O543CO.395) 0.197 7.5 3.0X10 1 1 36.9 11.7 12.8 0.911 
1.22X1018 4.39xl021 0.21D(0.IB8) 0.213 13.2 4.3xl0 1 2 1.23 37.8 270. 0.141 
2.93xld'7 4.74xl021 0.210(0.188) 0.213 6.4 l.jxlO 1 2 9.56 13.5 29.1 0.465 

* Calculated for the ion energy of 100 eV. 
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