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Abstract

The ability to withstand disruptions makes carbon-based materials attractive for use as plasma-

facing components in divertors. However, such materials suffer high erosion rates during

attached plasma operation which, in high power long pulse machines, would give short

component lifetimes and high tritium inventories. We present results from recent experiments in

DIII-D, in which the Divertor Materials Evaluation System (DiMES) was used to examine

erosion and deposition during short exposures to well defined plasma conditions. These studies

show that during operation with detached plasmas, produced by gas injection, net erosion is

suppressed everywhere in the divertor. Net deposition of carbon with deuterium was observed at

the inner and outer strikepoints and in the private-flux region between strikepoints. For these

low temperature plasmas (Te<2eV), physical sputtering is eliminated. These results show that

with detached plasmas, the location of carbon net erosion and the carbon impurity source,

probably lies outside the divertor. Physical or chemical sputtering by charge-exchange neutrals

or ions in the main plasma chamber is a probable source of carbon under these plasma

conditions.

1. Introduction

During attached plasma operation in DIII-D the net rate of erosion of graphite is ~10

nm/sec at the outer strikepoint [1]. This erosion is barely noticeable in present machines,

however, in the next generation of higher power longer pulse machines such as ITER, carbon
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erosion is predicted to be three orders of magnitude higher which imposes major constraints on

the design and operation of such machines [2]. Materials and plasma conditions must be chosen

to reduce this net erosion. The use of low temperature detached divertor plasmas may provide a

way to reduce or eliminate erosion in the divertor.

Detached plasmas have been used in DIII-D to reduce the peak heat flux on the divertor [3,

4]. Detached plasmas are produced by injecting gas in the divertor producing a high density low

temperature divertor plasma from which power flow to the divertor wall is carried mainly by

neutrals and impurity radiation. Due to the low temperature of detached plasmas, the energies of

ions and neutrals at the divertor wall are much lower than for attached plasma operation. With

detached plasmas, erosion by physical sputtering is eliminated since the energy of particles

incident on material surfaces is below the threshold for physical sputtering. On the other hand,

the flux of deuterium to the divertor plate is much higher for detached than for attached plasmas

and this could increase chemical erosion of carbon. Carbon also flows from the plasma to the

divertor plate, and the net rate of erosion or deposition is the difference between the gross

removal and deposition rates. Gross erosion rates can be estimated from the incident deuterium

flux and known sputtering yields. However, carbon deposition from dense low temperature

plasmas involves complex plasma and surface chemical processes which are poorly understood

and therefore difficult to predict for tokamak conditions. Here we report measurements of the

net rate of erosion/deposition for a graphite divertor plate exposed to detached plasmas in

DIII-D. The results are compared to similar earlier measurements of erosion by attached

plasmas.
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2. Sample Exposure and Analysis

2.1 Experimental methods

The Divertor Materials Evaluation System (DiMES) was used to expose samples to well

defined plasmas for short periods at the DIII-D lower divertor plate and retrieve them for

analysis of the resulting erosion or deposition of material [5]. All exposures were done with

lower single null divertor plasma configuration. During exposures, the 5 cm diameter samples

are flush with the surrounding divertor tiles which are also graphite (Union Carbide ATJ),

making the sample part of the divertor floor. The strikepoint location on the divertor floor is

controlled during the discharge to expose the sample only to steady state divertor plasma

conditions. Accumulated exposure times from several similar discharges are typically 10 to 30

seconds. Plasma conditions at the DiMES location are determined by radial sweeps of the

strikepoints across Langmuir probes in the divertor floor, and by Thompson scattering,

spectroscopy, infrared thermography and other diagnostics. Neutral densities and fluxes in the

private flux region are estimated from measurements of pressure by a capacitance manometer on

a port at the DiMES radial location [1].

The quantity per unit area (areal density) of the various materials deposited on or eroded

from the samples was measured by MeV ion backscattering for carbon and heavier elements, and

nuclear reaction analysis for lighter elements (deuterium, beryllium and boron) [6]. Prior to

exposure, the samples were implanted with 200 keV Si+ ions providing a depth marker 300 nm

beneath the surface. The depth of the Si marker is determined before and after plasma exposures

from the energy loss of backscattered 2 MeV 4He ions. This method determines the change in

marker depth, and thus net erosion/deposition, in units of mass, or number of atoms, per unit



area. The resolution of the carbon erosion/deposition measurement is about ± lxlO21 atoms/m2.

Conversion of erosion/deposition to units of physical thickness requires the atomic density of the

material which is 0.9x1029 atoms/m3 for ATJ graphite, but is likely to be lower for plasma

deposited carbon-hydrogen films. Deuterium retention on the sample was measured using the

D( He,p)cc nuclear reaction. A 700 keV He analysis beam was used which measures the areal

density of deuterium within about 1 um of the surface, which is much larger than the thickness

of deposited material and the range of implanted deuterium. Deuterium is incorporated at high

concentrations with carbon deposited from deuterium plasmas [7]. Deuterium ions or neutrals

can also be energetically implanted, but for the low energies of particles from detached plasmas,

the depth of implantation will be a few nanometers or less. Thin metal films were deposited on

small regions of some samples to examine metal erosion.

DiMES Samples were exposed to detached plasmas at both the outer and inner strikepoints and

in the private flux region between the strikepoints.

2.2 Outer Strikepoint

One sample was exposed twice near the outer strikepoint (OSP) of detached plasmas.

During the first exposure, the outer separatrix was centered on the DiMES probe at the major

radius R=l .48 m for a total of 13 seconds. Plasmas were ELMing H mode confinement regime

with 1.4 MA plasma current, 7 MW neutral beam power. D2 gas was injected into the divertor

private flux region increasing the plasma density at the OSP to ne~ lxl020 m"3 from the normal

value of ~4xlO19 m"3 in the attached case. The plasma temperature was Te ~ 1-2 eV over the

entire OSP region as determined from Thompson scattering, compared to 45-70 eV for attached

plasmas. The ion flux at the OSP was broadened with the peak ion flux ~1023/m2s occurring ~ 7
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cm outside the separatrix. The incident heat flux from infrared thermography was also broadened

and the peak shifted outside the separatrix compared to attached plasmas. The incident neutral

flux estimated from divertor pressure measurements, was ~ 4x10 s* m' , an order of

magnitude larger than the ion flux. Figure 1 shows the electron density and temperature and the

ion flux, versus major radius for this exposure. Post exposure ion beam analysis revealed net

carbon deposition of ~ 2 xlO21 atoms/m2, as shown in figure 2. Deuterium retention was also ~

2xlO21 atoms/m .The average net rate of accumulation of carbon and deuterium was therefore ~

1.5xlO20 atoms m2s ' ' .

After the first exposure and analysis, the same probe was again exposed to detached

plasmas, this time with the separatrix positioned 7 cm inside the DiMES location to place the

region of highest ion flux and heat flux on the DiMES probe. Plasma conditions and exposure

time duplicated those of the first exposure. As shown in figure 1, the second exposure resulted

in no significant additional net erosion or deposition of carbon, and a slight increase in deuterium

retention.

Erosion of metal was also studied on this sample after the first exposure at the OSP. The

sample had films of tungsten and beryllium ~ 100 nm thick, and 3mm x 30 mm with the long

dimension oriented radially during the exposure. The metal film thickness was measured before

and after exposure using backscattering of 2 MeV protons for the tungsten and the yield of 1.2

MeV alphas from the 9Be('H,4He)6Li nuclear reaction for beryllium. These measurements

showed the net erosion of metal was below the detection limit of 2 nm. Ion beam analysis of the

metal films also revealed the presence of carbon covering the metal, consistent with net

deposition of carbon. Metal erosion by sputtering might not be expected under conditions of net

carbon deposition, however, in previous experiments similar samples were exposed at the OSP to
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attached plasmas and erosion of tungsten, mainly by arcing, was observed in regions of net

carbon deposition. In the present experiments with detached plasmas, the samples showed no

evidence of arcing.

2.3 Inner Strikepoint

A sample similar to the one described above, but with tungsten and vanadium metal stripes,

was exposed at the inner strikepoint (ISP). Detached plasma conditions reproduced those

described above for the OSP experiments. The divertor pressure gauge indicated a constant

pressure of ~60 mTorr during a sweep of the ISP across the DiMES location. For the erosion

experiment, the inner separatrix was positioned on the DiMES probe at a major radius of R=l .50

m for a total exposure of 18.2 seconds. The resulting net accumulation of carbon and deuterium

determined by ion-beam analysis were both in the range from about 2 to 4x1021 atoms/m2 as

shown in figure 3. Also shown in figure 3 is the areal density of boron measured using the

11B(1H,4He)8Be nuclear reaction with an analysis beam of 0.65 MeV protons. The measured

boron coverage was ~ 50 times above the detection limit of 10 B/m". The ratio of boron to

carbon deposition is ~ 0.02, which is very low considering that most of the carbon in the

machine has been covered by a boron film by plasma deposition of diborane [8]. Spectroscopy

shows that the B/C ratio in the main plasma is also about 0.02. One way this small B/C ratio

could arise is if the carbon comes from small regions with very high erosion rates, such as

exposed leading edges, where the boron film is quickly removed, though this mechanism is more

likely for attached than for detached plasmas. Alternatively, carbon may come from chemical

erosion processes with high selectivity for carbon over boron.
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2.3 Private Flux Region

The private flux region between the inner and outer strikepoints receives a high flux of low

energy neutral deuterium from molecular dissociation and charge exchange. The flux of neutral

deuterium to the private flux region of the divertor, estimated from pressure measurements and

Da emission is hundreds of times larger than the ion flux measured by Langmuir probes [1].

This high flux of atomic deuterium could cause net chemical erosion of carbon. However,

carbon in the plasma can also be deposited onto the private flux region making it a net sink for

carbon. To find out if the private flux region is a net source or sink for carbon, a DiMES sample

with implanted Si depth marker but no metal films was exposed for 28 seconds in the private

flux region during a radiative divertor experiment. These plasmas have the OSP placed at the

lower cryopump entrance (R=1.68 m) and a large D2 gas injection (>200 Torr 1/s) at the

midplane. Argon gas is injected into the divertor through the private flux region resulting in a

highly-radiative cool dense attached plasma at the OSP. The strong fueling at the midplane and

pumping at the OSP produces a flow into the divertor intended to reduce the flow of argon to the

main plasma. Carbon remains the primary radiator in the divertor plasma of these discharges [9].

The divertor pressure gauge indicted a pressure of 10-15 mTorr during these discharges. The

DiMES sample was located CL2 m from either strikepoint and 0.2 m below the X point. Plasma

conditions at the sample determined from Thompson scattering were: ne~2.3±l .4xl019/mJ.

Te=1.5±0.3 eV, ion flux lxlO22 m'V1 . The neutral deuterium flux is ~ lxlO23 m"V, ~ 10 times

larger than the ion flux [1 ]. Since the ion energy is below the threshold for physical sputtering,

chemical erosion by neutrals should dominate. Analysis of the DiMES sample shows a radially

uniform net deposition of carbon and deuterium in the private flux region as shown in figure 4.
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3. Discussion

During operation with detached plasmas, no net erosion of carbon was found in the DIII-D

divertor in contrast to the net erosion previously observed [1] at the OSP of attached plasmas.

Net carbon deposition was observed at rates of 1.5xlO20 atoms nrV 1 (or 1.7 nm/s assuming the

density of graphite) at the OSP, 1.7xlO20 atoms m"V (1.9 nm/s) at the ISP and 0.6xl020 atoms

ni'V1 (0.7 nm/s) in the private flux region. Outside the OSP in the region of peak of ion and

heat flux, the net carbon erosion/deposition rate was less than 0.5x1020 atoms m"2s"! (<0.5 nm/s).

The observation of carbon deposition in the private flux region, where the ion flux is very low.

and the uniform poloidal distribution of carbon deposition, is consistent with carbon deposition

mainly as neutrals.

Net deposition in the divertor also indicates that the source of carbon is outside the divertor

region. Sputtering from the main chamber wall by neutral deuterium is a likely source of carbon,

particularly during fueling by gas injection at the midplane which increases the charge exchange

flux at the wall. This source of carbon should be greater for detached than for attached plasmas

since the density of neutral deuterium at the edge of the main plasma (and hence the flux of CX

neutrals) is about ten times higher for detached than for attached plasmas, as shown by

measurements at the midplane of pressure and Da emission. Previous studies in JET also show-

that the wall of the main chamber undergoes net erosion due to sputtering by charge exchange

neutrals, and is a source of impurities [10]. This source of carbon can be reduced either by

removing the carbon (eg. covering it by boronizing, or as in JET by beryllium evaporation) or by

reducing the density of neutral deuterium at the main plasma boundary and hence the flux of

neutral deuterium to and from the wall. Erosion by ion flux on the inboard wall may also be a
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source of carbon. This source of carbon would also be greater for detached than for attached

plasmas because of the greater width of the scrape-off-layer for detached plasmas.

Based on hydrocarbon molecular spectroscopy, the chemical erosion yield, YChem, at the

outer strikepoint is measured to be much lower than expected for detached plasmas in DIII-D.

The CD radical emission at 4308 A is an indication of carbon molecular flux (r"cxDy) from the

plate. The chemical erosion yield for incident ions can be estimated from

_ r c x D y _B C D - (D/XB) C D 4

* chem p y, ,
1 D+ i D+

where (D/XB)cD4is loss events per photon for this transition. Modeling of hydrocarbon transport

using WBC and ERO [11, 12] calculate (D /XB) C D 4 -6-10 for detached OSP plasma conditions

(Te=1.5 eV, ne=2xl020 m"3) of the DiMES exposure. The measured BCD~0.5-l xlO18 ph s"1 m"2

and incident ion flux F~0.5-lxl023 s"lm'2 result in YChem~l0"4. This value of YChem is

approximately two orders of magnitude lower than currently recommended values [13]. The

erosion yield is even smaller if the flux of incident neutral D is included, which is estimated to be

an order of magnitude larger than the ion flux. This extremely low YChem is consistent with the

observation of no net erosion in the lower divertor with detached plasmas, where chemical will

be the dominant erosion process. The cause of the weak BCD , and inferred Ychem, is under

investigation and is possibly linked to the long-term reduction in DIII-D lower divertor YChem due

to conditioning [8]. The weak BCD , and inferred low YChem could also be due to a probability of

prompt local redeposition of hydrocarbon radicals prior to dissociation into CD. which is larger

than assumed in the hydrocarbon transport models.

In measuring deuterium coverage it was observed that the 700 keV 3He analysis ion beam

induced loss of deuterium from the sample as shown in figure 5. This ion-induced loss of
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deuterium from carbon is a well known effect [14] and is the principal mechanism for deuterium

removal from tokamaks by helium discharge conditioning. The beam dose normally used for

deuterium analysis (~2xl 018 ions/m2 ) was sufficiently small that results shown in figs 2-4 are

not significantly influenced by this deuterium loss. Ion-induced deuterium release was much

faster from samples exposed to detached plasmas than from samples exposed to attached plasmas

as shown in figure 5. Previous studies show that ion-induced release of deuterium from carbon

is faster when the deuterium content of the film is higher [14]. Also it is known that plasma

deposition with low incident particle energies (few eV) produces soft low-density polymer-like

films with high hydrogen concentration (H/C ratio -1.2), whereas deposition with higher

incident particle energies (>100 eV) produces hard dense films with lower hydrogen content

(H/C - 0.5) [7]. The faster ion-induced deuterium release from DiMES samples exposed to

detached plasmas indicates that these films have high D/C ratio as expected for films deposited

by cool dense plasmas. The lower rate of ion induced release from samples exposed to attached

plasmas is consistent with a lower D/C ratio expected for films subjected to bombardment by

ions accelerated through the sheath potential of attached plasmas during deposition. Figure 5 is

evidence that the films produced by attached plasmas are of the hard dense type whereas the

films deposited by detached plasmas are of the soft polymer-like type. Approximately half of the

deuterium retained in films deposited during detached plasma operation should be released

during subsequent operation with attached plasmas. This is likely to impact plasma fueling or

machine conditioning.
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Fig. 1 Detached plasma conditions during exposure at the outer strike point. The bar shows the
location of the DiMES probe during the first exposure. The separatrix was at a major radius of 1.41 m
during the second exposure, placing the peak ion flux at the DiMES location.
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Fig.2. Measured carbon and deuterium deposition on a DiMES probe exposed to detached plasmas
for 13 seconds at the OSP (first exposure) and just outside the OSP (second exposure). The top panel
shows measurements along a line through the center of the probe in the radial direction with
increasing major radius from left to right. The bottom panel shows measurements along a line
through the center of the probe in the toroidal direction.
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Fig. 3. Measured carbon, deuterium and boron deposition on a DiMES probe exposed for 18.2
seconds to detached plasmas at the ISP. The top panel shows measurements along a line through the
center of the probe in the radial direction with increasing major radius from left to right. The bottom
panel shows measurements along a line through the center of the probe in the toroidal direction. W
and V indicate the location of tungsten and vanadium metal films.
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Fig. 4. Measured carbon and deuterium deposition on a DiMES probe exposed for 28
seconds to detached plasmas in the private flux region along a line through the center of
the probe in the radial direction with increasing major radius from left to right.



-5-

(M

o

(0
c
CD

a 2
CD

CD
••—>

CD
Q

°o

0

Attached

Detached

2 4 6
Helium Ion Fluence (1019/m2)

8

Fig. 5. Areal density of deuterium on DiMES probes exposed at the OSP to attached and detached
plasmas versus dose of 700 keV 3He ions.


