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1. Introduction

Design studies for reactor-like devices like NET and ITER [1] have particularly
emphasized the importance of erosion of material at the divertor target plates. Huge
amounts of material (tons of carbon per year) are predicted to be sputtered from the
plates and redeposited in a largely unknown way. Despite the importance of these
processes, little information is available from present experiments which can be
regarded as a check of the underlying physics.

Some earlier results obtained from ASDEX have already been reported (see [2] to
[4]). However, the method used to obtain these data and a comparison of the results
with accompanying model calculations have not been presented so far. Both aspects
will be covered in this paper (Secs. 2 and 4). In addition, more detailed information on
sputtered Cu-fluxes - Cu being the target plate material of ASDEX - as a function of
density, safety factor, and heating scenario are given in Sec. 3. On the other hand, we
have omitted a discussion on divertor retention - a matter otherwise closely related to
this topic - since most of the material available has already been presented in Ref. [4].

In Sec. 4 we describe a 2D model and a corresponding numerical code that takes into
account the processes of sputtering, ionisation, and excitation of the neutrals in front of
the target plate. Because of the strong inhomogeneities in this area, such a numerical
code is indispensable for quantitative comparison with the measurements. The code is
also used to calculate the redeposition profile on the target plate and the fraction of
eroded particles that is deposited onto neighbouring surfaces.

2. Principle of particle flux measurements

There are two methods used for measuring particle fluxes emanating from selected
surfaces: active laser-induced fluorescence (LIF) and passive spectroscopy. LIF is of
advantage insofar as no information on temperature is needed, but otherwise it is a
rather involved procedure.: A tuneable laser is required to excite the atoms in front of
the surface, and two measurements (of the atomic density and streaming velocity) are
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necessary to determine the particle flux I' = nv. By comparison, passive spectroscopy
provides a much simpler method since only absolute line intensities have to be
measured. Accordingly, passive spectroscopy is the only practical method that allows
investigations of flux patterns from extended particle sources.

The two methods were compared in the original ASDEX divertor configuration with
titanium target plates. Satisfactory agreement within a factor of about 1.5 was found for
the Ti-fluxes determined in the two ways [3].

In the following, we concentrate on the passive method which is basically applicable
in all cases where the neutrals are ionized close to the emanating surface but do not
recombine into the neutral state within the plasma. This condition is well satisfied in
the majority of cases since electron temperatures of Tg > 5 eV are already attained in
the outer scrape-off region and in the immediate proximity of the target plates. For the
steady state the continuity equation for the neutrals in the ground state ng§ is then
given by

(4]
n —
) —

"é't— divl"o-nen:So=0, (1)

where I, is the neutral flux density, ng the electron density, and Sg = < Gjon Ve > the
ionization rate coefficient. Integrating equation (1) over the volume and applying
Gauss’s theorem leads to

f r(,-d§=] ne ny So dV . )

We now specify the volume as a box with area A S at the surface. The length of the
box in the direction normal to the surface is chosen large in relation to the ionization
length,
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so that there is no outflux at the endsurface (v, is the velocity of the neutrals).

Furthermore, if the flux density at the emanating surface is homogeneous over a scale
length much larger than Ajon, there will be no net flow through the side surfaces of the

box either and equation (2) reduces to

I‘Oz—j nen;SodV, 4

where I'y is the input flux density averaged over the selected area AS.

It is now necessary to express the right-hand side of equation (4) in terms of the
photon flux density measured by a spectrometer:

Iy = KSLI gy dV (5)
with
= hv o
&y an AIn0 (6)

being the emissivity integrated over the frequency range of a particular line. Actually,
ly is the intensity measured in Wcm-2 ster! or equivalent units. As a next step we
invoke the so-called corona population equilibrium

np, Z A = Ne 1) Xgm (7)

which states that the density ng, of level m is in equilibrium owing to electronic
collisional excitation with rate Xgm from the ground state g and spontaneous decay
into all lower levels n. Combining equations (7) and (6) and inserting the result for &,

into equation (5) yields
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Here the integral on the right-hand side very much resembles that needed in equation
(4). The final connection is provided by extracting the rate coefficients from the
integrals in both equations and replacing them by corresponding mean values S, and
fgm. It should be noted that, because of n. n§ >0, these mean values are actually
attained at a particular position within the considered volume. We thus obtain the
fundamental relation

—Plﬂ.x_gmro‘ (9)

I, =
47 ZAmn So

which links the particle flux density with the intensity via the branching ratio B = Ay /
ZAmn and the ratio of excitation to ionization P = B Xgm / So. The latter quantity P is the
corona approximation for the probability of photon emission per ionization event ,
which is actually required. P is still a function of temperature and approximately an
exponential with respect to the parameter y = (Ejon-Em) / kTe. The desired weak
dependence on Tpg is thus obtained for y << 1 only. In principle, this could be achieved
by choosing excitation levels Ey close to the ionization energy Ejon. In practice,
however, such a choice is generally not permitted because of a possible break-down
of the corona approximation on the one hand, and the need for high sensitivity, i.e.
large B and Xgm / So ratios, on the other. For this reason, one is generally bound to
strong resonance lines.

Behringer et al. [5] investigated the situation for the elements C, O and Cr, Fe, Ni in
more detail by taking into account collisional redistribution among the exited levels
and low-lying metastable levels. From their results presented for O+ we learn that the
normalized population density nm / (ne ng) of the 3s, 3p, 3d - 4P levels (Em, / Eion = 0.7),
generally used for oxygen flux measurements in the visible range, are practically
density-independent for ng < 1013 cm3. Even up to ng = 1016 ¢m-3 the variations are

- B -
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quite marginal, i. e. less than a factor of about 2.5. In contrast, other levels like 3d 4D
that are not exited directly from the ground state (2s2 2p3 4S) show a very
pronounced density dependence and are therefore not suited to flux measurements.

There are, unfortunately, no such detailed investigations available for the case of
copper, the material of the ASDEX divertor plates. On the other hand, the situation is
considerably simpler for Cu® in relation to other metals because of the isolated 4s
electron (ground state 3d10 4s 2S), which produces a lithium-like spectrum with strong
doublet lines. Furthermore, there is only one deep-lying metastable state 3d9 4s2 3P
(Em = 1.39 eV), the population of which can be assessed from the intensity of the line A
= 5105.5 A (4s2 2Dg/o - 4p 2P3/2). For comparison, in the case of Fe® there are four
such states and no particularly strong lines but only hundreds of weak ones. The Cu®-
fluxes are most easily determined from the strongest resonance line A = 3247.5 A (4s
2S1/2 - 4p 2P32). For this line we calculated the probability P = Xgm B/ Sp as a
function of Te. The ionization rate is taken according to Lotz [6]; for excitation we use
van Regemorter’s formula

L6 10 F s <ioa ae
_ g e "['e
AEsn; i¥Ee

3
o (10)

gm

with AEgm and Te in eV and an average Gaunt factor of < g > = 0.8. The oscillator
strength fg,, determined for this transition from live time measurements [7] is 0.439. The
resulting function P(Tg) is plotted in Fig. 1. The branching ratio B for this line is 1.

3. Experimental results

3.1 Experimental arrangement

The geometry of the ASDEX divertor and the experimental set-up used for measuring
the eroded fluxes from the target plate is sketched in Fig. 2. Only the bottom divertor
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region including the lower X-point of the separatrix is shown in the figure. The
separatrix intersects the divertor plates at a grazing angle of about 30°. The outer
branch of the separatrix can be observed through a slit 5 cm wide and 10 cm high in
the water-cooled shielding enclosing the core region of the divertor. The surface of the
neutralizer plates is optimized for high power fluxes along the field lines by means of a
shallow sawtooth-like structure with a period length of 2 cm in the toroidal direction [8].
This structure must be noted in Cu-flux measurements since they are obtained from
the UV-light emitted by a narrow rectangular surface only 0.2 cm wide. The intensity
variation caused by the periodic structure is found to be about +50% deviation from
the average for the most and least exposed parts of the surface. Observations can be
made either directly or via a scanning mirror. The mirror allows on a shot-to-shot basis
a scan over the total target plate and the divertor throat region. Without the mirror only
a range about 6 cm high is accessible on the lower part of the plate. The separatrix
position can be shifted vertically by changing the ratio of the plasma current Ip to the
divertor current in the multipole coils Iyy. The best plasma performance is found for a
ratio of Iy / Ip= 8 x 0.085 = 0.68, where the separatrix is everywhere more than ~1.5 cm
away from the metallic walls in the throat region.

The light produced in the divertor region is conducted out of the tokamak via a quartz
window and focused onto the entrance slit of a 1m spectrometer by a single quartz
lens. In case the scanning mirror is not used, the second of the two mirrors shown in
Fig.2 is tilted until the viewing line hits the target plate directly. As detector, a
multichannel system (OMA) with a sensitive range of 1000 pixels (each 25 um x 2.5
mm) is applied. The communication with the OMA camera is performed by a controller
connected to a UNIX computer workstation (Fig. 2). This system allows graphical
presentation and data management of up to 200 spectra per discharge with an
integration time of 20 ms for each spectrum. The OMA detector can be used in the
spectral mode, or - by turning it 909 - in the spatially resolving mode. As an example
of the spectral mode we show in Fig. 3 the temporal evolution of the spectrum around
the prominent Cu | doublet. Obviously, the two lines of the 2S - 2P doublet completely
dominate the spectrum. Although the intensity changes quite substantially on account
of additional heating, the intensity ratio 13247 / 13274 stays constant at ~1.95, i.e. very
close to the expected ratio of the f-values of 2.0.

G. Fussmann et al., "Sputtering fluxes ": 5.1.1990 =



3.2. Cu-flux profiles

An example of a spatial mode measurement is presented in Fig. 4 (without scanning
mirror). In this case the spectrometer is set to the resonance wavelength A = 3247 A.
The intensity versus the height of the exit slit (~1 cm) is then a de-magnification of the
emission pattern at the divertor plate. In Sec. 4 we will show that the observed light is
essentially produced within a very short distance of a few mm from the plate surface.
The peak maximum in Fig. 4 therefore gives us a rather accurate measurement of the
separatrix position. This determination is facilitated by a secondary light peak from a
small reflecting surface in the divertor providing a precise position marker (Fig. 4). The
agreement with the position of the separatrix calculated from magnetic measurements,
AZ = 0.7 cm, is quite satisfactory; it is already close to the physical uncertainty of a few
mm for the coincidence between maximum of sputtering and separatrix position
imposed by cross diffusion processes.

Careful calibration of the whole system is a prerequisite for reliable flux
measurements. For this purpose we placed a tungsten ribbon lamp in front of the
divertor plates and reduced the spectrometer entrance area (h-s) so that only light from
the homogeneous part of its surface was detected. The ribbon lamp was used under
normal incidence at a black-body temperature of Tg = 2500 K at A = 4000 A,
corresponding to a true tungsten temperature of Ty, = 2656 K. From the Kirchhoff-
Planck function we thus calculate a calibration emissivity of L = 8.08 - 10-6 W/ (ster -
cm2 - A) at A = 3247 A. The solid angle in the calibration as well as in the experiments
is determined by the area of the spectrometer grating (Q; = Q = A/f2 = 10-2) which is
completely illuminated in all cases. The absolute intensity is finally obtained from the
relation

LNk (hs)e Q@ 1
I= (Lo - Alpix) - —— - = : 11
(Le - Adpix) o () T (11)

where the index c refers to the calibration values (N, = counts/pixel/s). The sum X Nk is
the count rate integrated over the spectral range of the line. AApjy is the wavelength
per pixel (0.203 A) and «a is the angle of the detected light beam to the normal of the
target plate.
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3.3 Parameter dependence of target fluxes

From a physical point of view sputtering fluxes should be discussed first of all in terms
of the leading parameters: local temperatures (T;,Te) and densities (nj, ng). These
quantities, however, are not routinely available on ASDEX, and, moreover, the
corresponding measurements from Langmuir probes (ne, Te) and impurity Doppler
broadening (Tj) are also to some extend questionable with regard to their applicability
to the erosion processes. We postpone these questions to the next section and
confine ourselves here to empirical relations that describe the fluxes in terms of well-
defined secondary parameters such as the line-averaged density of the main plasma
(ng), safety factor q , as well as the power and type of additional heating. There are
other parameters such as the ion mixing in the divertor region (background ions H+,
D+ and impurities: mainly C™ and O™+ with n < 3) or surface conditioning of the target
plates which are found to be of importance, too, but which are only qualitatively
known. For this reason functional relations can be obtained in a reliable way from shot
series only where the conditioning of the tokamak does not change.

In Fig. 5 we present Cu®-flux densities as a function of ng with the neutral injection
heating power (Pnj) as a parameter. The upper four curves refer to D° injection (Emax =
50 keV, Pn; = 0.6, 1.05, 1.65, 2.1 MW) into D+ plasmas with L-mode confinement under
non-carbonized wall conditions. The dotted curve underneath shows the result for H®
injection (Pnj = 1.3 MW, L-mode) into D+ plasmas after carbonization. Finally, the
lowest curve (dashed) is for pure ohmic heating (Pon = 0.4 MW) in D+. All flux
densities shown in Fig. 5 and the following figures are peak values for divertor double
null operation; they refer to the separatrix position in the dip region of the sawtooth
modulated surface (Sec. 3.1). For the intensity to flux density conversion a fixed
reference temperature of Tg = Tj = 12.5 eV (as determined by previous Doppler
broadening measurements af Clil-lines [3]) was assumed for the adjacent plasma
region. By means of equation (9) we obtain the relation I'p = (5.18 - 1018 1) cm=2 s-1
with | in W/cm2. Flux contributions from Cu-neutrals in the 3P metastable level (Sec. 2)
are estimated from the A = 5106 A line emission to be 30% at maximum. This
contribution is neglected throughout this paper because of its relatively large
uncertainty and since the above-mentioned line had been measured in a few cases

-10 -
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only. The solid curves for D° injection shown in Fig. 5 and the pure ohmic case
(dashed) can be fitted to an accuracy of about 20% by the formula

l_‘o=(l_‘o|-|+C'PN|)'Fle-1'7 & (12)

where I'oy = 0.55 - 1016 cm=2 571, C = 9.2 - 1016 cm™2 571 and with Py and ng given
in MW and 1013 cm3, respectively.The linear dependence with respect to the neutral
injection power Py in equation (12) is demonstrated in Fig. 6. For this series of shots
an almost quadratic decay with density ne is thus found. In contrast, there is no such
dependence under carbonized conditions (dotted curve in Fig. 5). One possible
explanation for this strange behaviour may be given by enhanced radiation cooling on
account of large carbon influxes at low densities.Strong indications of enhanced
carbon influxes under these conditions are found from Zg¢s bremsstrahlung
measurements, yielding values of Zgt as high as 4-6 in the edge region. Furthermore,
the sputtering level for this case of HO injection is much lower than those for D°
injection at the same power. Such a strong dependence on the injection mass
appears to be a systematic one (see below).

Similar power studies have also been performed for ICRH and for combined ICRH and
NI heating in D+ plasmas. In Fig. 7 we present raw data of Cu l-intensities as a
function of time for a series of shots with two separate NI phases of fixed power and
superposed ICRH. The two NI phases differ in the species injected (1st phase H°, 2nd
phase D°), but are otherwise comparable in power (P (HO) =1.0 MW, Py, (D°) =1.2
MW). While the density is unchanged at np = 3.44 - 1013 cm-3, the ICRH power is
changed from shot to shot up to 2.5 MW.

From the trace P|,gcgy = 0 shown in Fig. 7 we learn again that D’ injection causes about

twice as much Cu-sputtering as H injection. This difference cannot be attributed to the
higher sputtering yield of deuterium since the injected particles are of minor
importance within the total particle balance; hence the majority of particles streaming
onto the divertor plates are deuterons in any case. The different sputtering efficiency is
more likely caused by higher ion temperatures in the edge and divertor regions in the

4Rt
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case of D° injection. This interpretation is supported by other observations, e.g. the
lower power threshold for achieving the H-mode in case of D’ injection.

Of further interest is the tendency of sputtering to overshoot with the onset of NI
heating. This phenomenon is particularly pronounced for high-power D} injection (Fig.
7). To our understanding, this behaviour is attributable to the long time constants
involved in achieving steady state conditions in the divertor. The reduction of the
sputtering fluxes is thus a consequence of approaching the high recycling condition
characterized by a high-density, low-temperature target plasma.

In Fig. 8 the dependence of the sputtered Cu-flux densities is plotted versus the ICRH
power for the three phases (IRCH + H'-NI, pure ICRH, ICRH + D°-NI) indicated in Fig.
7. Although time averaging over relatively large intervals (0.2 s) was applied for the
first and third phases, a large scatter in the data is still obsered. Nevertheless, a linear
dependence with approximately equal slopes 'y / Pjggy = 0.56 - 1016 cm=2s-1 / MW is
clearly resolved for the three phases from regression analysis. This slope is only about
half of the corresponding one for D°-NI at the same density (o / Pp;= 1.0 - 1016 cm2
s~1/ MW). On the other hand, comparing the 1 MW point of pure ICRH in Fig. 8 with the
point on axis for Pjcgry = 0 of the middle curve, we conclude that ICRH and H°-NI have
about equal sputtering efficiency.

A rather unexpected result is shown in Fig. 9, where the sputtered Cu-flux densities
are plotted as a function of the safety factor q for ohmic D* discharges. The variable
used in Fig. 9 is actually the cylindrical approximation of the safety factor neglecting
the divertor field, q = q5 = a Bg /Rg Bg; its variation is accomplished by changing the
toroidal field B¢ only. The three curves shown in Fig. 9 belong to two different
densities (n. = 2.8 and 3.3 - 1013 cm -3) and two plasma currents (Ip = 380 and 350
kA). The two upper curves belong to the same lower density but differ in Ip; they show
a strong dependence on q according to I'g « q™2-3. The lower curve in Fig. 9 for the
higher density (Ip = 380kA, ne=3.3 - 1013 cm -3) shows a weaker but still remarkable
dependence on q (I'g < g ~14).

Although a quantitative understanding of the observed g-dependence is still lacking,
qualitative arguments can be invoked by referring to the connection length between
the main plasma and divertor plate along the field lines, which scales proportionally to
g. With increasing connection length, however, plasma cooling on account of re-
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ionization processes of neutrals in the divertor region becomes more efficient and thus
reduces target erosion.

From the peak flux densities shown in the figures, the total fluxes ®, cannot be
determined without making further assumptions about toroidal symmetry and the
contributions from the remaining two inner target plates and the outer one in the upper
divertor. Relevant information on these questions is now being obtained from
calorimetric power deposition measurements in the 4 x 8 octants of the plates [9].
Pronounced toroidal asymmetries of up to a factor of two have been found, which to
some extent may be attributed to slight misalignment of the multipole coils [10]. On the
other hand, the degree of symmetry is not constant but also changes with the
operation conditions, and is largest during LH heating. At the toroidal position (NE
sector) where our measurements are made the power loading is in general slightly
above average. Furthermore, the power flux onto the outer plates is about twice as
large as onto the inner ones. This effect is taken into account by the multiplier 3 in the
equation below:

Do = 3- (2nR) - (iro) AZeq=To-7.1-10* s | (13)

The surface modulation is taken into account by an averaging factor 3/4; AZgq is the
equivalent width of the sputtering flux profile, which is found to be about 2.5 cm by
integrating I'g (z) over z. Total Cu-erosion fluxes thus range from about 0.7 - 1020 s-1
for ohmic discharges to 25 - 1020 s-1 in low-density (2.8 - 1013 cm-3) D’-heated (2.5
MW) plasmas.

4. Comparison with model calculations

The spectroscopic method outlined in Sec. 2 and applied in Sec. 3 is based on the
assumption that the plasma is homogeneous over the ionisation length defined by
equation 3. This assumption is only marginally justified - and breaks down for very low
density conditions - because of the strong temperature and density gradients

-13 -
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perpendicular to the separatrix. There is therefore need for a more refined description
that takes these facts into account. Such 2D modelling of the plasma sheath in front of
the target plate is required in particular to assess the quality with which the measured
intensity profiles represent the actual erosion profiles.

First we describe the numerical model developed for this purpose and then discuss
some typical results in Sec. 4.2.

4.1 2D simulation of the target plasma

The processes taking place in front of the divertor plate are described in a two-
dimensional space: x and z are the coordinates perpendicular and parallel (in the
vertical direction) to the plate as shown in Fig. 10 . For convenience we refer in the
following to the geometry of the upper divertor. No variations in the y-direction are
considered here owing to the toroidal symmetry. Along the z-axis the plate extends
from -L/2 to +L/2 (with L = 8 cm in ASDEX). The separatrix intersects the plate at z = 0

and is - within the small geometrical range considered - approximated by a circle of
radius rg = 20 cm with its centre at (xg, z¢). The intersection angle with the plate

surface is not normal but typically 30°. The temperature and density are assumed to
be functions only of the distance to the separatrix,

D(x,z)=«/(x-xc)2+(z—zc)2-rs A (14)

but they depend on the sign of D, too.

Furthermore, we approximate the density n = ng = nj and temperature T = Tg = T; by

exponential fits

n=nse'|D|”‘;-, (15a)
T=Tsel0l/A (15b)
-14 -
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where the decay lengths are different for the inner region (D < 0: Ap = AT = 0.5 cm)

and outer region (D>0:Ah=~2cm,Af=4cm), The incoming flux density of the
background ions is calculated from

I = njvj Bpol/Bror , (16a)
with v; being the sound velocity
8T;
vi= P (16b)

Bpol / Bior = 0.1 takes into account the angle of incidence of the field lines in the
toroidal direction.

The above ion flux produces a sputtering flux

Q=TiYqu , (17a)

where the sputtering yield for copper is approximated in the range 10eV <T <100 e V
by a power law

(17b)

T \@
YCu=( *)
T

The constants o and T~ were obtained from published results [4] for protons (o = 4.66,
T" = 90.1 eV) and deuterons (=433 ,T =51.3 eV) including the additional
acceleration by the sheath potential.

w TBF =
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Inserting expressions (15), (16) and (17b) into equation (17a), we obtain for the
impurity source function at the plate (x = 0)

B | 8 ’s Is s -Zp l +(1—+a)—1]
Q)= Pg -8 : [;n 2 ,
(2p) Bior 'V 3m; (T) o M (18)

where the vertical source coordinate Zp has been introduced to make a distinction

from the free space coordinate z.

In agreement with sputtering measurements [11] we assume a sputtering distribution
function proportional to cos 6 , with 8 being the angle with respect to the normal of the
plate surface (x-direction). With attenuation neglected at this stage, the flux from the
surface element dAp = dzp dyp emitted into the solid-angle d Q = sin 6 d6 d¢ is then

given by

o0 = cos(6) A2 dAp . (19)

Normalization has been chosen in such a way that integrating the above expression
over a half sphere yields a total flux density equal to Q :

n/2
do _Q | .
dA, "7 2117[ cos(8) sin(8) d6 =Q . (20)

The contribution of the surface element dAp at point Q (0, yp, zp) to the flux through a
small sphere of cross-section dA at the position P (x, 0, z) is analogously to equation
(19) given by

P

2= Q dA gxp(-| MeSo
d«I)_ncos(e)@2 exp(] ‘;0 di) dA,, (21)

Q

with

- 161 =
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QP =+ x24+y3+(z-7,)? (21a)
and
cos =% . (21b)
QP

In equation (21) a solid-angle of dQ = dA/ QP?is taken into account. This applies to

non-directed flux densities (through a sphere) which are related to the density
according to I" = n vg where the velocity vg is also independent of the direction. As a

further simplification we assume the same velocity for all neutrals

oA / 2 Esputt
VQ— mic:u . (210)

Attenuation due to ionisation is taken into account by the exponential term in equation
(21). The total flux density at the position P is obtained by integrating over the plate
surface

P
Q S
F(X.Z)=g%= [ f n ’ )2]3/2 exp(-L ”GVDO dl) dzpdyp . (24)

n [x2+y3+(z-zp

Owing to the uniformity in the y-direction the integration over yp can be performed
explicitly. Introducing the distance to the surface point Qg (0, 0, zp)

lo= QP = Vx24(z-2,)* (25)

and 1 = yp/lp we obtain

+L2
oo Viamt
rxz)=| dz, 2 4 [ dn ‘?ﬁﬂé;—") , (26)
» v 200 g A [1+n]

which may be written as

1P =

G. Fussmann et al., "Sputtering fluxes ": 5.1.1990 -~




+L2
rxg=| 29%) X My dzp, (27)
T x24(z-zp)?
L2 P

with

P
T = f %mo. | (27a)
Qo

For the transparency function M(tp) we found a useful approximation (accuracy better
than 7 % in the range 0 <tp < 10)

co

e To V 1“]2 1
Mtg)=] — —dq=e 0 3"% (28)

Wim?)?

The remaining calculations are facilitated by introducing the angle y in the x-z plane
according to

cos(y) =X _ (29)
lo
The "optical depth” 1 is then transformed by means of dlp = dx’/cos(y) and
Z'=zp+x'tan(y) to

1
VoCOS Y

10lx, y)= [ Ne(x2") Solx’2)dx” . (30)

Finally the neutral density is obtained from ng = I'/vg to

LR
No (X, 2)=— \‘,20 . [ Q(zp) cos?(y) M(-w(x.7)) dzp . (31)
-2

T
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The limit value x — 0 for approaching the plate is more easily derived from equation
(27) with M=1. We obtain

Wiaag v 2O [ & _2Q@) 048

It should be noted that the corresponding flux density I'(x=0) = 2Q is just twice as large
as according to equation (20). The factor of two is again due to the difference between

directed and non-directed fluxes. We would retain the result of equ. 20) by considering
fluxes through an oriented surface dA = dA &, which would call for another factor cosé

in equation (21).

With the neutral density now calculated, it is a straightforward matter to calculate the
photon emissivity by using the expressions given in Sec. 2:

=hv \
g= T None X(T)- B . (33)

For comparison with the measured intensity profiles, however, a further integration,
- according to equation (8), along the specified lines of sight has to be performed.

Similarly to the emissivity in equation (33), the ion production rate

+
ara’(t'\l —_— aantﬂ = no ne SQ (34)

can also be calculated. Assuming that these ions - apart from a small fraction leaking
towards the main plasma - are swept towards the target plate along the same

magnetic surface on which they are born, we can easily obtain the re-deposition
profile on the plate Q* (zp) by integrating né, between circles of constant distance D =

r-rs.
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A two-dimensional numerical code (PLATE) was developed that allows us to obtain
computational results of the sputtering fluxes Q, the Cu-neutral density distribution ng,
the re-deposition profile Q*: and, finally, the intensity profile when observing the plate
at an angle a with respect to its normal. Cartesian coordinates with a typical mesh
width of 0.25 cm are used. Integrations are performed by applying the trapeze rule for
no(z) and Q*(zp). The sensitive transparency function M(t), however, is calculated by
using a 12-point Gauss procedure for eq. (30) with corresponding inter-mesh points.

4.2 Discussion of numerical results

As input data for numerical simulations we use Langmuir probe measurements in the
divertor [12]. The application of these ng and T; measurements remains uncertain to
some extent because they cannot be performed in the immediate vicinity of the plate
but at a distance of ~10 cm, i.e. about 1 m apart along the field lines. For a typical low-
density D+ discharge (n. = 2.8-10 13 ¢m -3, Ip = 320 kA, #24579) the measured
density and temperature profiles are depicted in Fig. 11 as a function of the plate
coordinate zp. The exponential fittings for the inner and outer regions as given by
equation (15) are also shown. The values at the separatrix amount to ng = 4.6 - 1012
cm3, Tg = 14.6eV; the decay lengths are 7“; = 2.2cm, M = 0.6 cm, xf = 4.0 cm, Mr =
0.5 cm. Calculating the ionisation length from equation (3) for the separatrix values -
which actually provides a lower limit - we obtain Ao, = 0.4 cm (assuming Egputt = 1.5
eV) which is already of the same order as the above decay length. The sputtered flux
density profile for copper atoms (equation (18)) is shown for the cited conditions in Fig.
12. Assuming the same temperatures and densities for H* and D+ plasmas the much
higher sputtering yield of deuterons is obvious from the figure.

Contour plots of constant neutral Cu density ng (equation (31)) are presented in Figs.
13 and 14. Figure 13 is the result obtained for the cited conditions. At the intersection
point x = z = 0 the maximum Cu density is found from equation (32) to be 6.1 - 1010
cm-3. We notice from Fig. 13 that less than 5% of the particles reach the indicated
shielding plate (hatched line) facing the target surface. Figure 13 also demonstrates
the up-down asymmetry introduced by the divertor plasma, which streams from below
towards the x = z = 0 intersection point. The Cu-atoms therefore have a much larger
free range in the +z-direction, i.e. away from the main plasma. The situation
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appreciably changes when the electron density is artificially lowered by a factor of 10
to ng = 4.6 - 1011 cm-3, as shown in Fig. 14. Under such conditions the Cu-atoms are
no longer well retained in the plasma region but have a probability of more than 10%
of being deposited on the shielding plate. Taking further into account that with
decreasing ng the temperature, and thus the sputtering rate, rises, we conclude that
the considerable Cu deposits found on the shielding plates of ASDEX are produced
preferentially in very low density operation a frequent condition on ASDEX for LH
current drive studies. ‘

The comparison between the calculated and measured intensity profiles | (zp) is
shown in Fig. 15. In this case the measured profile was taken by means of a scanning
mirror (Fig. 2) and evaluated according to equation (11) with o = 37°. Apart from the
somewhat higher current (380 kA instead of 320 kA) the discharge parameters (#
23419 - 23424, D*,Me =28 - 103 cm3) fit to those cited above. To allow a better
comparison of the profile shape, the calculated values were multiplied by a factor of
1.4. The agreement in shape and in particular in magnitude is excellent . It should be
mentioned that the intensity profile significantly differs in shape and width from the
sputtering profile shown in Fig. 12. The peak position still coincides, however, with the

separatrix intersection position, as was tacitly assumed in Sec. 3.2.

Finally, we compare in Fig. 16 the calculated ionic re-deposition profile Q* (zp) with
the erosion profile Q (zp). Owing to the already mentioned up-down asymmetry the re-
deposition profile is shifted by about Azp = 1.5 cm in the direction away from the main
plasma.

5. Summary

The spectroscopic method of flux measurement was applied to determine the eroded
fluxes from the ASDEX divertor plate. This method is very convenient and could be
used to obtain profiles of the Cu-fluxes as a function of time. A certain shortcoming of
the procedure is the relatively pronounced dependence on the electron temperature
(Fig.1), which, for a quantitative analysis, must be known within an uncertainty of
approximately 50%.

Local flux densities in the range 0.3-3 x 10 16 Cu-atoms/cm 2 were measured for
additionally heated D + discharges. As mentioned above the accuracy in these
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absolute measurements is largely determined by the uncertainty of Tg and is estimated
at approximately 50-100%. The fluxes show a sensitive dependence with respect to
the line- averaged density of the main plasma and the safety factor (Figs. 5,9).
Furthermore, they increase linearly with auxiliary heating power with about equal
slopes for ICRH and H © injection (Figs. 5,6,8). In the case of D © injection, however,
the sputtering rates are approximately two times higher.

Because of the strong Ti-dependence of the sputtering yield, the erosion profiles are
very narrow, showing half-widths of 1-2 cm. These widths refer to an intersection angle
of 30° of the separatrix with the surface of the plate. For normal incidence even
narrower profiles are to be expected.

On average, the eroded neutral Cu-atoms are rapidly ionized in the adjacent divertor
plasma and have a short range of typically 0.5 cm only. Owing to the strong
inhomogeneities of the density and temperature, however, a small fraction of the
sputtered particles can have considerably larger ranges. For this reason the measured
intensity profiles do not properly represent the flux profiles but are broader. The
comparison with spectroscopic measurements therefore requires numerical simulation
of the intensity profile based on measured temperature and density profiles.
Performing such calculations (Sec.4), we find satisfying agreement between
measurement and simulation, both for the profile shape and the absolute values.
There is thus no necessity to invoke additional sputtering contributions from
suprathermal plasma ions, as has previously been presumed [3]. On the other hand, it
must be realized that there are numerous sources of uncertainties that enter in such
comparisons (particularly Tj, ne - profiles as well as sputtering contributions by
impurities). The accuracy in the simulations is therefore much lower than the accuracy
of flux measurements, and at present state is certainly not better than within a factor
of two. Further investigations along the lines indicated in this paper are thus needed to
improve the reliability of the conclusions drawn from such comparisons.
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Figure captions

Fig. 1 The ratio of photons per ionisation event for the Cu | resonance line A=3247.5 A
as a function of electron temperature.

Fig. 2 Experimental arrangement for spectroscopic flux measurements in the ASDEX
divertor.

Fig. 3 Temporal evolution of the Cu | resonance doublet (4s 2812 - 4p 2Pq/2.3/2 )
during a discharge with additional NI and ICR heating (#25234, Py = 2.1 MW,
PicRH=15MW).

Fig. 4 Measured Cu | intensity profile in front of the divertor plate during NI - heating .
The vertical distance z is measured from the plasma centre. The position of the
separatrix as calculated from magnetic measurements is also indicated
(#26326 ,1=1.28 5, PNy = 1.2 MW, HO = D+, Iy / Ip = 8x0.085).

Fig.5 Cu-flux density (peak) from the divertor plate vs. line-averaged density of the
bulk plasma with NI heating power as a parameter. Curves from bottom to top :
dashed = ohmic; dotted = carbonized, H° = D+ (1.3 MW); solid = D° — D+ (PNI=
0.6, 1.05, 1.65, 2.10 MW) -

Fig 6 Cu-flux density vs. total power with n, as a parameter.

Fig. 7 Cu-flux density as a function of time with combined ICRH and NI heating (H° =
D*[1MW] and D°—D+*[1.2 MW ]). Note the substantially larger fluxes during
the second D@ injection phase.

Fig. 8 Cu- flux densities as a function of ICRH - power for discharges with additional
NI - heating (see Fig.7).
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Fig. 9 Cu-flux densities as a function of q with n. as a parameter for ohmic D+
discharges. Symbols: x : 3.3-10 13 cm -3 [350kA ], eee : 2.8-10 13 cm -3 [350 kA],
000 : 2.8:10 13¢cm 3[380 kA 1.

Fig. 10 Divertor geometry used for numerical modelling. The separatrix is simplified
by a circle with centre at point C. The density and temperature are taken as
functions of the distance to the separatrix D (x,y).

Fig. 11 Semi-log-plots of the measured density and temperature profiles in the
divertor. Triangles refer to D < 0, solid points to D > 0.

Fig. 12 Calculated Cu-sputtering flux profiles for protons and deuterons applying the
temperature and density profiles shown in Fig. 11.

Fig. 13 Contour plot of the Cu® - density distribution in front of the target plate
assuming temperature and density profiles shown in Fig.11 (ngg = 0.46-10 13

cm 3, Tes = 14.6eV).

Fig. 14 The same as Fig. 13 for a density 10 times as low (negs = 0.46-10 12¢cm -3).

Fig. 15 Measured (solid points) and calculated (curve) intensity profiles of Cu |
emission from the divertor plate.

Fig. 16 Calculated erosion and re-deposition profiles.
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