UCLA/PPG-=-980
DEB6 010867

MATERIALS EROSION AND REDEPOSITION STUDIES
AT THE S FACILITY
-NET EROSION-UNDER REPEPOSITION-

Y. Hirooka, D.M. Goebel, R.W. Conn, W.K. Leung
and G.A. Camphell

; May, 1986
: UCLA/FRG-280 May,

DISCLAIMER

This report was prepared as an accaunt of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employecs, makes any warranty, express ar implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfuiness of any information, apparatus, produst, or
process disclosed, or represents that its use would not infringe privately owned rights, Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thersof. The views
and opinions of authors expressed berein do not necessarily state or reflest these of the
United States Government or any agency thereof,

Department of Mechanical, Aerospace
and Nuclear Engineering

"
Center for Plasma Physics and Fusion Engineering
University of California, Los Angeles \
Los Angeles, California 90024, USA “\ [ %

Paper presented at 2nd International Conference on Fusion Reactor Materials
at Chicago, 1986 (to be published in J. Nucl. Marer.)

b

s

DISTRIBUTION OF THi$ DOCUMLHT 1§ UK



MATERIALS EROSION AND REDEPOSITION STUDLES AT THE PISCES FACILITY
~NET EROSION UNDER REDEPOSITION-

Y. Hirooka, D.M. Goebel, R.W. Conn, W.K. Leung and G.A. Campbell
Uepartment of Mechanical, Aerospace and Nuclear Engineering
Center for Plasma Physics and Fusion Engineering

University of California, Los Angeles
Los Angeles, California 90024, USA

Absgtrace

Simultaneous ercsion and redeposition of copper and 304 stainless steel
under controlled and continuous plasma (D,He,Ar) bombardment has been
investigated in the PISCES-facility, which genetates typical edge-plasma
conditione of magnetic fusion devices. The plasma bombardment conditions
are: incident ion flux in the range from 107 eo 1018 ions/sec/cmz, ion
bombarding energy of 100 eV, electron temperature in the range from 5 to 15
eV, plasma density in the range >com 10“-1013 cm'3, target temperature in the
range from 300 to 900K, and the total ilon fluence In the range from 1020 o
1022 ions/cmz. The net erosion yield under redeposition is Ffound to be
significantly smaller than the classical gputtering yileld data. A first-order
modeling 1s attempted te interpret the eroslon and redepositicen behavior of
materials under plasma bombardment. Tt is pointed out both theoretically and
experimentally that the mean free path for electron impact lonization of the
sputtered material 1is the key parameter to control the overall mechanism of
erogion and redepogsition. Strongly modified surface morphologies of bombarded

targets are observed and indicate a retrapping effect.

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




l. Introduction

Over the last two decades, the fusion reactor materials community has
made a congiderable effaort to evaluate first wall component erosion due to
sputtering (1-4]. On the other hand, it 1is theoretically understood that
redepositicn assoclated with relonizatlon and transport of sputtered particles
in a magnetically confined plasma can significantly affeer the erosion
behavior of surface components such as limiter and divertor plates [5].
However, the redeposition behavior of materials has not been experimentally
studied sinece 1t is generally difficult to control key parameters of the
plasma in contact with these surface components of a toroidal fusion device
operating in shatt pulse modes.

In the present work, the PISCES-facility [6,7] {s used to carry out
controlled and continuous plasma hombardment under typlcal edge-plasma
simulated conditions. These conditions are such that sputtered particles are
ionlzed by electron impact within a magnetized plasma, 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 simultanecus redeposition.

2. Experimental details

The PISCES-facility was previously described in detail elsewhere {6,7].
A schematic diagram of the present expetimental arrangement is shown in Fig.
I. The magnetie field in the target region 1s typically 2.5 x 107¢ T, which
constricts the plasma stream dJdiameter to be approximately 1) cm. A
mectanically 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 targer surface to measure the electron temperature



and plasma density. The elecktron temperature and plasma density are typically
in the ranges from 5 to 15 eV and 101! o 1013 cm"3, respectively.

Since the ion temperature for the plasma generated in the PISCES facility
1s usually a few electron volts (8], the actual ion bombardment energy is
controlled by applying a negative blas to the target in addition to the
floating potential, which is *BkTe 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 is a few tens of
microns under the present plagsma operation conditions. Because of rthe sheath
acceleration, ions are considered to impinge on the target at notmal
inctdence, regardless of their prior ion-gyration direction.

The ion fiux was in the range from 5 x 1017 to 5 x 1018 ions/sec/cmz.
This means that the target is subject to a heat flux up to about 80 W/cm2
after applying a negative blas. The target temperature was controlled to be
between 300 to 900 K by elther air or water cooling. The total ifomn fluence

was varied berween 1020 and 1022 ions/cmz.

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 materlals, particularly in the PISCES-facility,
although more elaborate computer programs are being developed (e.g., REDEP
[9]) for toroidal confinement devices. The importaut processes invelved in
this model are: (1) the incident fons 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 lonized by electron impact within the plasma stream if the mean free
path for the ionizatlon process 1s moderately short for a given electron
temperature and density; (3) the relonized particles are trapped on lLinear
magnetic field lines and traneported back to the target due to a pre—sheath
electric field (approximately -1.5kT, for the PISCES-facility [9]): (4} these
redepositing ions impinge .n the surface being accelerated by the sheath
potential and then cause gelf-gputtering; and (5) the self-sputtered particles
will repeat the same processes as those described in (2), (3), and (4).

The sputtering yield, ¥y+ for the primary plasma ion-target combination
and the gelf-gpactering yileld, Yss' due to redepositing lons are estimated by

Yamamnra's analytical formula [3]:
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The terms uf andAQ are empirical parameters; E.y s the threshold emergy for
sputtering: K is the conversion factor from the elastic reduced stopping cross
section to the stopping cross section; Sn(c) and Se(s) are Linhard's elastic
and inelastic reduced stopping cross section, respectively; Us is the surface
binding energy: Ei is the energy of the inecident ion. Calculated sputtering
vields for the selacted ion-target combinations are shown in Table 1. Unless
otherwize 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 lon formation rates due to ion bombardment
are negligibly small, except for alkaline metals [10].

Unless rellable experimental data 1s available, the cross sesction for
electron impact 1onization of the target mwaterial, o, 1is calculated from

Lotz's formula [11):
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E, is the energy of the impact electromn; Py 1s the binding energy of electrons
in the i-th subshell: q; 1is the number of equivalent electrons in the i1-th
subshell: a;, by and ¢y are fitting parameters. The cross section is averaged
over the Maxwelllan energy distributlon in order to determine the ionization

rate coefficient, <ovd, The mean free path for electron impact

ionization, A, 1s given by:
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where n, is the electron deasity. The term, V, is the averaged velocity of

sputtered partlicles over the energy distribution [1]:

ME) = (4)
(E + Us)
where E 1s the energy of the sputtered particle. Tne tail of cthe energy
distribution exceeding the pre-sheath potential is cut off before averaging.
However, this cut-off effect on the rasultant average veloelty 1s as small
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 1s defined as the fraction of sputtered
particles which will be lonized within the projected space of rhe rarget
surface area along the major machime axls (see Fig. 1). Assuming that the
emission of sputtered neutrals obeys the cosine law, the flux of sputtered

neutrals, J, arriving at an area dA at (x,8), is given by the following
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equﬂtiﬂﬂ [12] .
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where R is the radius of the target and I, is the bombarding ion flux., The
fraction of ionized atems at a distance, y, from the origin is given by the

relation [13]:
£{y) = 1 — exp(~y/ N . (6)

Substituting x=R/tan® and y=R/9inf into Eqs. (5) and (6), the probability of

redepositlon can be expressed as a function of A:
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As shown in Fig. 2, the probability of redeposition, P(}), decreases »apldly
as X increases.

Calculated wean 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. Xnowlng the nature of P(A) shown In Fig. 2, multi-charged ions are
considered to have 1little possibility of redeposition in the present
experiment. Therefore, we assume that singly charged {ons are the only
species of redepositing particles. This means that these redepositing ions
are considered to hombard 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



given by
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where R, is the particle reflection coefficient, which 1s rcaleulared by TRIM
Monte-Carlo program [4) for redepositing ions. The term, (1 - R.), is
equivalent to the trapplng coefficient of redepositing ilons. The first term
of the infinite seriles 1g due to the primary plasma ions, and the second term
1s due to the first generation of redepositing lons. The succeeding terms are
explained likewise.

Note that when the probability of redeposition 1s negligibly small, the
net erosion rate estimated by Eq. (8) becomes essentially the same as the
sputter eroslon due to the primary plasma ions, This meanﬁ that {f X is
large, most of the sputtered particles escape from the plasma as neutrals in
which case the plasma stream acts virtually as an lon beam. As such, the
ionization mean free path for sputtered atoms 1s the key parameter governing
the overall erosion and redeposition bhehavior of materials In the preseunt
work. Also, iIf Yas is gmaller than the trapping coefficient, the resultant
net erosion rate will be smaller than the classical sputtering erosion rate.
Another important implication of Eq. (8) i1s cthat the “run-away erosion"
criterion for the PISCES-facility is: YSSP(K) > 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 shown in Table 1.
Notice that the "run-away erosion” condition 1s avoided in the present work.

The normalized erosion yield, Yy» 18 defined as:
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where ﬁHm is the measured weight loss of a target after plasma bombardment,
and Awt is the theoretical weilght 1loss estimated from the sputtering yield.
The normalized erosion yields are plotted as a function of mean free path,
Al, for the first fonization of sputtered atoms in Fig. 4. The normalized
arosion yield becomes significantly smaller than unity when Al 1s smaller than
about 10 cm (referred to as the "Redeposition-dominated regime™ in Fig. 4).
This means that the net erogsion rate under redeposition is reduced relative to
the classical sputter erosion rate. As 11 increases, the net erosiom rate
approaches the gputter erosion rate ("Erosion-dominated regime”),

The first~order theory is compared with the normalized erosion yield data
in Fig. 4. There iy generally agreement between the theory and experimental
data, However, the theory appears to overestimate the etosion yleld,
patrticularly in the redeposition-dominated regime. Importantly, there is a
tendency that raedeposited materials with strongiy modified surface
norphologies (see Fig. 5b) represent darta polnts with large negative
deviations whereas those with relatively smeoth surface morphologies (see Fig.
5c) show good agreement with the theory. This indicates that the strougly
modified surfaces sgsuch as those with dense cone structures may have some
retrapping nature to reduce the sputtering yield [1,14], 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 atomic 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



impurities during plasma bombardment. A detailed discussion of nechanisms

driving the surface morphology evolution can be foud elsewhere [15].

4. Coaclusion

The first unon-tokamak, controlled plasma-~wall experiments have been
carried out with the main objective of investigating the erosion behavior of
materfals under simultaneous redepesition conditilons. In the redeposition-
dominated regime, the net erosion yleld {s found to be considerably smaller
than thé classical sputtering yield. A gimple theory has been developed and
has characterized the net erogion and redeposition behavior of materilals by
the mean free path for electron impact lonlzation of the sputteraed material.
Strongly nmodified surfaces are observed for redeposited materials and imply

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

Fig.
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Fig.

Fig.

Fig.

A schematic dlagram of the experimental setup.

Probability of redepusition as a fuanction of mean free path for

electron impact lonization of sputtered atoms.

Mean free paths for Ist, 2nd and 3rd ionization of physlecally
sputtered coppet. The electron density 1s obtained €rom the
relaticn [16]: Io = O.SNEVTET;ﬂFT‘ for a given flux and electron
temperature. In this case, a typical art ion flux of 1.0 x 1018

ions/cmzsec is assumed.

Comparison between experimental data and theoretieal curves of
notmallzed erosion yleld as a function of mean free path of the lst

ionization.

Surface morphologies of copper targets: (a) as-polished, (b)
bombarded by Ar-plasma with the presence of moiybdenum, and (¢)
bombarded by Arc~plasma without impurities. The total ion flunece

1s about 2 x 102! 1ons/en? for (b) and (c).
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Table 1. Summary of representative data from the eroaion and redeposition experiments.

Target Target Plasaa Tan
Material Temp. Species 1, Fluence YS(Yu)* R: Te Nc ll Mﬂ di‘ Y,
(X (lonsfca?+sec) {lonsfca?) (atoms/fon) )  (1fead)  (cw) (2g} (ag)

Cu 334 art 1.37x1018 2.47x102! 0.429(0.795)  0.197 9.6  s.6ex10/2  J.78 135, 350, 0.384
cu 343 act s.7x10t7 2.1x102! 0.429(0.395)  0.197 w2 3asae'? 12,2 a2a. 284, 0.440
ta 323 Het 4.05x1017 1.46x102! 0.0543(0.395) ©0.197 7.4 s.x10!! 8.3 22.5 26.0 0.859
Cu 330 et 1.98x1017 7.14x10%%  0,0543(0.395) 0.197 7.5 3.0x10l! 3.9 1.7 12.8  0.911
20488 228 Act 1.22x1018 4.39x102)  0.21000.188) 6.213 13.2 4.3x1087 1,23 37.8 270, 0.143
30455 873 A 2.93x1047 4.74x102  0.z1000.188)  0.213 6.4 110l 9.se 1S 29.1  0.465

* Calculated for the ion energy of 100 eV.
s
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