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Abstract. The major increase in discharge duration and plasma energy in a next step DT

fusion reactor will give rise to important plasma–material effects that will critically influence

its operation, safety and performance. Erosion will increase to a scale of several centimetres

from being barely measurable at a micron scale in today’s tokamaks. Tritium co-deposited with

carbon will strongly affect the operation of machines with carbon plasma facing components.

Controlling plasma–wall interactions is critical to achieving high performance in present day

tokamaks, and this is likely to continue to be the case in the approach to practical fusion reactors.

Recognition of the important consequences of these phenomena stimulated an internationally

co-ordinated effort in the field of plasma–surface interactions supporting the Engineering Design

Activities of the International Thermonuclear Experimental Reactor project (ITER), and sig-

nificant progress has been made in better understanding these issues. The paper reviews the

underlying physical processes and the existing experimental database of plasma–material inter-

actions both in tokamaks and laboratory simulation facilities for conditions of direct relevance

to next step fusion reactors. Two main topical groups of interaction are considered: (i) ero-

sion/redeposition from plasma sputtering and disruptions, including dust and flake generation

and (ii) tritium retention and removal. The use of modelling tools to interpret the experimental

results and make projections for conditions expected in future devices is explained. Outstanding

technical issues and specific recommendations on potential R&D avenues for their resolution

are presented.
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1. Introduction/background

1.1. Introduction

Fusion power is a promising long term candidate

to supply the energy needs of humanity [1]. Substan-

tial fusion power has been produced in two large

magnetic confinement devices: TFTR (10.7 MW)

and JET (16 MW). An International Thermonu-

clear Experimental Reactor (ITER) to generate

1500 MW has been successfully designed, but the

high cost of construction has led to work on a reduced

scale option (see glossary). In magnetic confinement

devices the edge plasma (see glossary) and surround-

ing material surfaces provide a buffer zone between

the ‘astrophysical’, high temperature conditions in

the plasma core and the normal ‘terrestrial’ environ-

ment. The interaction between the edge plasma and

the surrounding surfaces profoundly influences the

conditions in the core plasma (see glossary) and is

a key engineering issue. Robust solutions to issues

of plasma–material interactions (PMIs) are required

to realize a commercially attractive fusion reactor.

The edge plasma needs to provide good thermal insu-

lation and prevent impurity influx from poisoning

the burning core plasma (see glossary). The wall has

to withstand the intense heat load and particle flux

from the core plasma, over months or years of opera-

tion, with little or no maintenance. The wall surface

plays an important role in the recycling of hydro-

gen isotopes, and in plasma fuelling. The approach

to practical fusion reactors inevitably leads to an

increase in plasma energy content, pulse duration

and cumulative run time. Plasma physics effects and

PMIs that are only partially observed or accessible

in present day experiments will become important.

Higher heat loads, more intense transient heating

events (i.e. edge localized modes (ELMs) and dis-

ruptions (see glossary)), and the predicted magni-

tude of plasma facing component (PFC) damage by

melting and evaporation are critical issues [2] (Sec-

tion 2.3.2). The orders of magnitude increase of the

1968 Nuclear Fusion, Vol. 41, No. 12R (2001)



Review: Plasma–material interactions in current tokamaks

duty cycle (see glossary) in a next step device will

lead to centimetre scale erosion of PFCs. This rep-

resents a three to four orders of magnitude increase

from present tokamaks, a change that is much larger

than the change in any of the core physics parameters

needed for ignition (see glossary). Erosion of carbon

in deuterium–tritium fuelled tokamaks will lead to

co-deposition with tritium, and tritium retention will

constrain operations [3, 4] (Section 2.3.3). Dust gen-

erated by erosion must be controlled (Section 2.3.4).

Our knowledge of PMI processes has greatly

expanded during the past two decades. Significant

advances have been made in uncovering the physical

principles that govern the behaviour of plasma fac-

ing materials (Section 3). The release of wall material

into the plasma is now better understood. Advances

in wall conditioning techniques have led to impres-

sive gains in performance in many tokamaks (Sec-

tions 1.3 and 4.6). Probes installed in large toka-

maks specifically for materials studies have provided

time resolved erosion measurements to benchmark

models (Section 4.2). The low sputtering yield (see

glossary) of tungsten and molybdenum PFCs has

been exploited to produce clean core plasmas (Sec-

tion 4.3). These and other advances have greatly

improved the knowledge base of PMI in next step

machines (Section 5).

The present review surveys PMIs in magnetic

fusion devices, in particular, the tokamak, since this

is the most common approach and the most advanced

candidate for a reactor. We critically discuss the

implications of PMIs in contemporary facilities for

the design, and the selection of materials for the

first wall and divertor chamber components in a

next step long pulse device. Often, the design fea-

tures and parameters of ITER are used in this paper

to exemplify issues that are generic to a reactor

scale next step experimental facility. Extensive cross-

referencing among related topics is incorporated to

facilitate finding particular topics in the review. A

glossary of acronyms and technical terms is provided

at the end of this review in order to make the mate-

rial more easily accessible to those new to this field.

Detailed information on PMIs is reported in a

biannual conference series [5] and in specialized jour-

nal issues [6]. Early work is surveyed in Refs [7, 8].

The physics of divertors in tokamaks has also been

reviewed [9], and a book on the plasma boundary of

magnetic fusion devices has recently been published

[10]. A separate review is planned that will concen-

trate on tritium retention in plasma facing materials

[11]. Novel high power density wall concepts includ-

ing liquid walls are presented in Ref. [12]; these may

offer the potential for attractive fusion energy sys-

tems if a number of challenging engineering science

issues can be solved. A comprehensive review of the

technical basis for the design of ITER is available;

it focuses on the plasma physics database provided

by the present generation of tokamaks and on the

methodologies used to predict ITER performance

[13].

1.2. Plasma edge parameters and plasma–

material interactions

The edge plasma and the wall are a strongly

coupled system whose interactions range over an

extraordinary width of scale, from eV scale atomic

interactions to hundred megajoule disruptions. This

27 order of magnitude range in energy rivals the ratio

between the size of a grain of dust and the 3×1021 m

scale of the known universe! Not surprisingly, the

subject spans several technical disciplines (materials

physics, chemistry, atomic and molecular physics and

plasma physics, from cold, mostly neutral plasmas, to

multi-keV temperature plasmas). This section intro-

duces the configuration of the PFCs of modern toka-

maks and their interaction with the plasma.

PMIs critically affect tokamak operation in many

ways. Erosion by the plasma determines the life-

time of PFCs and creates a source of impurities (see

glossary), which cool and dilute the plasma. Deposi-

tion of material onto PFCs alters their surface com-

position and can lead to long term accumulation

of large in-vessel tritium inventories. Retention and

recycling of hydrogen from PFCs affect fuelling effi-

ciency, plasma density control and the density of neu-

tral hydrogen in the plasma boundary, which impacts

particle and energy transport.

The primary driver for the interactions between

core plasma, edge plasma and wall is the power

deposited or generated in the plasma core. The frac-

tion of this power which is not radiated from the

plasma core as bremsstrahlung (see glossary) or line

radiation is transported across field lines to the edge

plasma. The edge plasma has a strong influence on

the core plasma transport processes and thereby on

the energy confinement time (see glossary) [8] and

plays an essential role in the transition from the low

(L) to the enhanced (H) plasma confinement regime

[14]. A schematic representation of the regions of the

plasma and the boundary walls in a divertor tokamak

is shown in Fig. 1.

Nuclear Fusion, Vol. 41, No. 12R (2001) 1969
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plasma core
first wall

private flux

region

separatrix strike point

scrape-off

layer

X-point

separatrix (LCFS)

separatrix (LCFS)

vertical divertor

target plate

pump

baffle

magnetic flux surfaces

edge region

divertor region

Figure 1. Poloidal cross-section of a tokamak plasma

(with a single magnetic null divertor configuration), illus-

trating the regions of the plasma and the boundary walls

where important PMIs and atomic physics processes take

place. The characteristic regions are: (i) the plasma core,

(ii) the edge region just inside the separatrix, (iii) the

scrape-off-layer (SOL) plasma outside the separatrix, and

(iv) the divertor plasma region, which is an extension of

the SOL plasma along field lines into the divertor cham-

ber. The baffle structure is designed to prevent neutrals

from leaving the divertor. In the private flux region below

the X point, the magnetic field surfaces are isolated from

the rest of the plasma.

The outermost closed magnetic field surface is

characterized by a zero in the poloidal magnetic

field within the vessel known as an ‘X point’. This

boundary is called the last closed flux surface (LCFS)

or separatrix (see glossary). Magnetic field surfaces

inside the LCFS are closed, confining the plasma

ions. The edge region, just inside the LCFS, contains

significant levels of not fully ionized impurities, and

perhaps also neutral particles. Impurity line radia-

tion and neutral particles transport some power from

here to the wall. The remaining power, PSOL, enters

the region outside the LCFS either by conduction or

by convection. This region is known as the scrape-

off layer or ‘SOL’ (see glossary) as here the power

is rapidly ‘scraped off’ by electron heat conduction

along open field lines, which are diverted to intersect

with material targets, in what is known as a ‘diver-

tor’ (see glossary); see inset in Fig. 1.

Cross-field transport of power continues in the

SOL, either through conduction and/or convection,

and the relative rates of the cross-field versus par-

allel transport along magnetic field lines determine

the power width of the SOL, λp. Since parallel trans-

port is very rapid compared to cross-field transport

rates, the SOL is very thin in the radial direction.

The power e-folding width λp (the distance required

to decrease by a factor 1/e) typically ranges between

3 and 10 mm at the outside midplane in present

devices and is expected to be 5 to 30 mm wide in

a device such as ITER [13]. Typically, density and

temperature SOL e-folding widths are factors of two

to five larger than power widths [9].

The interaction of the edge plasma with the PFCs

is determined by plasma density, temperature, flows,

power fluxes and neutral fluxes, and is most intense

in the vicinity of the ‘strike point’, where the separa-

trix intersects the divertor target plate (see inset in

Fig. 1). The plasma density and temperature deter-

mine the flux density and energy of plasma ions strik-

ing plasma wetted surfaces. These, in turn, determine

the rate of physical sputtering, chemical sputter-

ing, ion implantation and impurity generation (Sec-

tion 1.2.4). In addition, the plasma conditions deter-

mine where eroded material is redeposited, and to

what degree co-deposition of tritium occurs (Sec-

tions 4.3, 4.7 and 5.3). The power flow determines the

level of active structural cooling required. Neutral

fluxes also cause erosion and co-deposition, even on

areas that are not in direct contact with the plasma.

1.2.1. Plasma interaction with the divertor

We define the divertor to be the volume below the

X point, which also usually means below the diver-

tor baffle structure (see glossary), see Fig. 1. We

assume that plasma ions strike the divertor plate,

are recycled back into the plasma either as atoms

or molecules and are ionized/dissociated primarily

in the divertor, i.e. not directly penetrating the con-

fined plasma or the SOL outside the divertor. Neu-

trals are prevented from leaving the divertor either

by the opacity of the divertor plasma itself (through

ionization) or are simply blocked by the mechanical

baffle structure. Such a divertor condition we call

an ‘opaque divertor’ [9]. In the ‘detached regime’

(see glossary), the plasma temperature (density) in

the divertor is significantly lower (higher) than in

the SOL outside of the divertor, for example, at

1970 Nuclear Fusion, Vol. 41, No. 12R (2001)
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the outside midplane. Plasma detached regimes are

present at moderate or high levels of collisionality

in the SOL, i.e. sufficiently high that parallel field

temperature gradients can be sustained between the

main SOL, where power enters by cross-field trans-

port from the confined plasma, and the sink of power,

in or near the divertor. Detached conditions are usu-

ally found at moderate to high levels of the ratio

of plasma density/input power in present machines

[9]; see Sections 5.2.1. With typical plasma temper-

atures of ≈100 eV at the midplane and of ≈3 eV in

a detached divertor, the corresponding ion energies

will be about 500 and 15 eV, respectively. The differ-

ence in erosion rate between these two energies can

be enormous since 15 eV is below the physical sput-

tering threshold for most materials (Section 3.2.1).

We see from Fig. 1 that the SOL width varies

around the poloidal circumference, being smallest at

the outside midplane and expanding near the diver-

tor, particularly near the X point. Typical expansion

factors are ≈4 between the divertor plate and the

midplane, reflecting the decrease in the poloidal field

in the divertor compared with the midplane location.

This expansion has a very beneficial effect in that

it effectively reduces the power flux on the diver-

tor plates, while increasing the plasma volume avail-

able for volumetric loss mechanisms such as impu-

rity/hydrogenic radiation and volume recombination

[9, 15]. Radiative processes (e.g. due to intrinsic or

intentionally added impurities in the divertor region)

can produce further reduction in power flux. Most

present divertor machines have reduced the power

flowing to the divertor plate by factors of >5, using

radiative processes [9] (Section 2.3.1). Thus, through

flux expansion and radiative processes, the divertor

can deliver a factor >20 reduction in incident power

density over what would be experienced by a (hypo-

thetical) toroidal belt limiter normal to the SOL in

the main chamber [16].

The PFC materials are optimized for the plasma

conditions in the specific regions. For example, near

the baffle region of the divertor (Fig. 1) there lies

the interface between the hot SOL plasma outside

the divertor (>100 eV) and the high neutral den-

sity in the divertor. This region is expected to gen-

erate significant fluxes of energetic charge exchange

atoms (see glossary), which bombard the neigh-

bouring structures. These particles have energies

>100 eV, and up to perhaps several keV, and cause

physical sputtering of PFCs in the baffle region. For

this reason, the present ITER design calls for a high Z

material, tungsten, in this region, which has a low

yield for physical sputtering [17]. The selection of

plasma facing materials is further discussed in Sec-

tion 2.4 and Refs [17–19].

1.2.2. Additional divertor functions

In addition, the divertor must simultaneously per-

form two other essential functions — helium exhaust

and impurity control. High neutral pressures and

high pumping speeds at the entrance of the pump

duct are necessary to remove helium ash and main-

tain high fusion reactivity in the core plasma [20–

22]. In addition, strong pumping of hydrogen iso-

topes aids in plasma density control and possibly in

impurity compression (see below).

Second, despite the low plasma temperatures in

the divertor, impurities are inevitably present, either

through chemical sputtering (in the case of graphite),

from C and O impurity surface contaminants, or

from impurity gases, which have been intentionally

added to the discharge to increase radiative cooling

[23–25]. The divertor must ensure that these impu-

rities are not transported into the plasma core. Both

the flow of recycling fuel ions to the plate and the net

flow in the SOL in cases where very strong divertor

pumping is present (with main chamber puffing [23]),

tend to compress/sweep impurities into the divertor.

In fact, recent results in several divertor tokamaks

have shown than the concentration of impurities in

the divertor gas can be enhanced by factors of >3

over that present in the core plasma [23, 25, 26].

Such a situation is very encouraging, suggesting that

relatively pure core plasmas can be obtained, while

maintaining a relatively impure and highly radiat-

ing divertor. Some considerations on impurity pro-

duction and plasma contamination for a next step

reactor are included in Section 2.3.1. The database

for impurity production via erosion in tokamaks is

reviewed in Section 4.3.

1.2.3. Plasma interaction with the main chamber

wall

The wall is a major source of neutral atoms and

molecules, and hence of plasma ions. Outside the

divertor, in the region between the SOL plasma and

the vessel wall, the density of neutrals is relatively

low, typically a factor of 30–300 smaller than in the

divertor. However, when spatially integrated over the

large chamber wall, the total flux (in particles per

second) can be quite significant, in absolute number

comparable to the number of recycling ions at the

divertor plates. Energetic hydrogen from the plasma

Nuclear Fusion, Vol. 41, No. 12R (2001) 1971
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can be retained in the wall or return as neutrals to

the plasma edge. Since the quantity of hydrogen in

the wall is typically much greater than the quantity

in a plasma, small relative changes in recycling of

hydrogen from the wall strongly affects fuelling of

individual discharges. Neutral particles coming from

the wall readily cross magnetic field lines, increasing

in energy as they repeatedly charge exchange into the

boundary plasma until they are ionized. They then

diffuse back out across field lines as ions carrying

plasma power through convection. Since the diver-

tor is likely to be opaque to recycling neutrals, this

main chamber recycling goes on independently from

the divertor [9, 27]. In addition to this cross-field

flow, there may be additional parallel and poloidal

flows in the SOL in the main chamber induced by

a variety of forces; observations in JET [28, 29] and

JT-60U [30] imply strong drift around the SOL from

the outer to the inner divertor, for a B×∇B direction

which is downwards in the vessel (Section 5.3.1).

The average ion leaves and re-enters the plasma

many times over the course of a discharge — this pro-

cess is called recycling, and average recycling times

are in the range of 1 to 10 ms. Typically, the flux of

hydrogen isotopes from the wall is a larger global par-

ticle source into the plasma than external fuelling by

gas puffing [31], pellet injection (see glossary) [32] or

neutral beam injection [33]. Wall released hydrogen

(H, D or T) can lead to an uncontrolled density rise,

and high plasma performance in present machines

is often only possible when the influx of hydrogenic

ions and impurities from the wall is controlled by

wall conditioning (Section 4.6). Hydrogen (protium)

influx is undesirable as it dilutes the reactivity of a

deuterium–tritium plasma.

Wall conditioning has been used since the early

phases of fusion research to provide the necessary

conditions for plasma production and high plasma

performance (Section 1.3) [34–42]. High temperature

bake and specialized discharges are used to deplete

hydrogen trapped in the wall and to either volatilize

and pump out contaminants from the wall, or to

bind them chemically to the wall by gettering (Sec-

tion 4.6). Extrapolation of currently used tokamak

wall and surface conditioning methods to long pulse

reactor tokamaks is not straightforward and is briefly

discussed in Section 2.3.1.4.

Many advances in plasma performance in the last

decade have been achieved through improved wall

conditioning, for example: boronization in Alcator

C-Mod [43, 44] and DIII-D [45, 46], JT-60U [47],

TEXTOR [48], START [49], and, most recently, the

best performance has occurred on MAST [50] and

NSTX [51]. Lithium conditioning in TFTR [52–54]

produced a dramatic 64 times increase in the fusion

triple product (neτETi) (see Fig. 2 and Section 4.6

for a more detailed discussion). Liquid lithium is

being explored as a potential plasma facing mate-

rial in fusion reactors [55], and its use may open

very attractive, stable, high beta ‘zero recycling’

regimes [56]. Even when the plasma confinement

does not improve, the use of wall conditioning per-

mits density and recycling control, greatly widening

the operational space in JET [57], ASDEX-Upgrade

[58], and during long duration (>1 min) plasma

discharges on Tore Supra [59]. Although a predic-

tive theory of the relation between wall composi-

tion and plasma performance is lacking, some cor-

relations of ‘cause’ and ‘effect’ are emerging. TFTR

L mode energy confinement was found to be cor-

related to the same parameters as are important

for TFTR supershots [60] (see glossary). In both

regimes the plasma transport coefficients increased

with increased edge deuterium influx, suggesting a

physical connection between energy confinement and

hydrogen influx from the wall. A candidate for such

a connection is shear stabilization of ion toroidal gra-

dient modes [61], which has reproduced the sensitive

dependence of TFTR confinement on edge recycling.

1.2.4. Physical and chemical sputtering

and its consequences

Plasma ions approaching the material surfaces are

accelerated by the sheath potential to an energy of

E0 ≈ 2T + 3ZT , where T is the plasma temperature

adjacent to the material and Z is the ion charge.

Figure 2. Showing the dramatic 64 × increase in the

fusion triple product neτETi in TFTR with wall condi-

tioning.
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Above a certain threshold, the exchange of kinetic

energy between the impacting ions and the atoms in

the top monolayers of the material can knock surface

atoms out into the plasma in a process termed phys-

ical sputtering. A fairly complete theory of physical

sputtering now exists (Section 3.2). The predicted

sputtering yields, as well as the expected trends with

species properties (e.g. atomic mass, surface binding

energy), have been experimentally verified in both

tokamaks and laboratory devices. Incoming ions can

also react chemically with surface atoms releasing

atoms and molecules into the plasma. This chemical

erosion process depends on molecular potentials and

is significantly more complex than physical sputter-

ing.

While physical sputtering is greatly reduced in

a low temperature detached divertor plasma (Sec-

tion 1.2.1), chemical erosion has a weak energy

threshold and can cause significant erosion of car-

bon. This reduces the lifetime of divertor compo-

nents (Section 5.3) and creates the opportunity for

the redeposition of released carbon with tritium,

giving rise to operational and safety concerns (Sec-

tions 2.3.3, 4.7 and 5.3). The importance of these

consequences has stimulated vigorous recent inves-

tigations of the dependence of chemical erosion on

a wide variety of plasma and surface parameters

such as surface temperature, incident species and

energy, and incident flux. The complex role of molec-

ular neutral and radical states and their trans-

port/interactions with the plasma is posing a sub-

stantial challenge to PMI modelling. The flux depen-

dence is a key parameter of interest for next step

devices (Section 5.3). Material mixing (e.g. metals

sputtered from the first wall depositing on a carbon

divertor plate) can further complicate these already

complex PMI phenomena.

The use of partially detached plasmas (see glos-

sary) in current tokamaks has been found to change

the carbon divertor erosion rate, dramatically, for

example, eliminating net carbon erosion due to phys-

ical sputtering in the DIII-D outer divertor and lead-

ing to net deposition in both legs of the ASDEX-

Upgrade LYRA divertor (Sections 4.3.4 and 4.7.1.3).

In particular, there are high levels of hydrocarbon

molecules in the divertor plasma, which are disso-

ciated by the plasma, resulting in high flux densi-

ties of carbon atoms and carbon bearing molecules.

The most dramatic result of this was the surprisingly

large amount of deposition and associated tritium

retention in the inner divertor louvres in JET (see

Ref. [62] and Section 4.7.1.2).

Sputtered wall material represents a source of

impurities for the plasma. It has been shown from

modelling that impurities entering the plasma in the

main chamber are more efficient in contaminating the

core than impurities entering at the divertor plate

[9, 63]. Contamination of the core plasma with impu-

rities from the wall dilutes the hydrogenic fuel (for a

fixed plasma density) and causes energy to be lost by

radiation. High Z elements such as tungsten are very

efficient radiators and concentrations much above

10−5 impurity ions per hydrogen ion are intolerable.

Low Z impurities, on the other hand, are stripped

of their electrons and do not radiate appreciably in

the high temperature plasma core; thus, graphite and

beryllium (the latter was especially used in the past,

in JET) cover large portions of the plasma facing

first wall area in most of today’s tokamaks, although

the dilution problem remains (Section 1.3). A recent

comparison of three tokamaks with carbon PFCs

has indeed shown very similar erosion/redeposition

and hydrogenic retention patterns [64] (see also Sec-

tion 4.3), with a marked asymmetry between the

inner and outer divertor legs that remains largely

unexplained (see Section 5.3).

1.3. History of plasma facing materials

Plasma–material interactions have been recog-

nized as a key issue in the realization of practi-

cal fusion power since the beginning of magnetic

fusion research. As early as 1951, Spitzer [65] rec-

ognized the threat to plasma purity by impurities

arising from PMIs and proposed a divertor to help

alleviate the problem. In the following early years

of research in the 1950s on stellarators and pinches

[66–69], relatively primitive vacuum techniques were

employed, resulting in severely contaminated plas-

mas (primarily carbon and oxygen desorbed from the

wall). These discharges had such poor confinement

and low plasma temperatures that even these low Z

impurities were not fully stripped in the plasma core,

resulting in large central radiation losses.

By the time of the first tokamaks in the 1960s

in the USSR and subsequently elsewhere, means of

reducing the level of carbon and oxygen were being

employed [70, 71]. These included the use of stain-

less steel vacuum vessels and all metal seals, ves-

sel baking and discharge cleaning. Ultimately, these

improvements, along with improved plasma confine-

ment, led to the first production of relatively hot

and dense plasmas in the T-3 tokamak (≈1 keV and

≈3× 1019 m−3) [72, 73]. These plasmas were cleaner
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and with low Z elements fully stripped in the core

but still had unacceptable levels of carbon, oxygen

and metallic impurities. The metallic contamination

inevitably consisted of wall and limiter materials. At

one point it was thought that metallic impurity pro-

duction was related to unipolar arcs (see glossary)

[71], whose tracks could be visually observed on wall

structures. It was later concluded that impurity pro-

duction by arcs in stable, well behaved discharges

was relatively minor [74] (see also Sections 2.3 and

4.4). Early work in this field has been reviewed by

Behrisch [70] and McCracken and Stott [71].

1.3.1. Limiter and divertor tokamaks

Early in magnetic fusion research it was recog-

nized that localizing intense PMIs at some type of

‘sacrificial’ structure was desirable if only to ensure

that the vacuum walls were not penetrated. Hence,

the birth of the ‘limiter’, usually made very robust,

from refractory material and positioned to ensure

a gap of at least several centimetres between the

plasma edge and more delicate structures such as

bellows, electrical breaks, vacuum walls, etc. Even

with these precautions, vacuum wall penetration by

trapped electrons has been reported [75]. Typical

materials used for limiters (see glossary) in these

early days included stainless steel in ATC [76] and

ISX-A [77] and many others, molybdenum in Alcator

A [78], TFR [79], tungsten in ST [80] and PLT [81]

and titanium in PDX [82]. A number of novel exper-

iments have also been carried out with gold in DIVA

[83], aluminium in ST [84], alumina in PETULA

[85] and boron carbide in TFR [79]. A list of major

toroidal plasma devices, past and present, is shown

in Table 1, giving their location, years of operation,

limiter/divertor/wall materials and getter (see also

glossary).

By the mid-1970s, the divertor concept, originally

developed for the C-stellarator at Princeton [86, 87],

was being tried on a number of tokamaks, starting

with DIVA in Japan [88], T-12 in the USSR [89] and

DITE in the UK [90]. The original divertor concept

intended to remove the source of first plasma con-

tact to some remote location away from the ther-

monuclear plasma where impurities generated by the

wall contact could be retained [65]. In addition, it

was hoped that wall produced impurities would be

swept by the SOL into the divertor and be retained

there. By the early 1980s [91–94], it was also recog-

nized that, in addition to these functions, the diver-

tor should make it easier to reduce the plasma tem-

perature immediately adjacent to the ‘limiting’ sur-

face, thus reducing the energies of incident ions and,

thus, the physical sputtering rate. Complementary to

this, high divertor plasma and neutral densities were

found. The high plasma density has several benefi-

cial effects in dispersing the incident power [9], while

the high neutral density makes for efficient pumping.

Pumping helps with plasma density control, divertor

retention of impurities and, ultimately, is necessary

for helium exhaust in a reactor.

A number of tokamaks continue to explore con-

cepts other than the standard axisymmetric diver-

tor, in particular, TEXTOR [95] and Tore Supra

[96]. TEXTOR is devoted to PMI issues, and a large

area carbon pump limiter has been used to handle

both power and helium exhaust. Near steady state

operation has been achieved in Tore Supra in lim-

iter discharges, demonstrating active heat removal

by PFCs. In addition, Tore Supra has investigated

the performance of an ergodic divertor [97] (see glos-

sary). This concept uses internal coils to ergodize (see

glossary) the plasma boundary, creating conditions

in some ways similar to that present in the SOL of

conventional divertor tokamaks, i.e. reduced plasma

temperature adjacent to surfaces and better impurity

screening (see glossary).

1.3.2. Plasma facing materials

By the late 1970s, various tokamaks were starting

to employ auxiliary heating systems, primarily neu-

tral beam injection (NBI). Experiments with NBI

on PLT resulted in the achievement of the first ther-

monuclear class temperatures [81, 98, 99]. PLT at the

time used tungsten limiters, and, at high NBI powers

and relatively low plasma densities, very high edge

plasma temperatures and power fluxes were gener-

ated, resulting in tungsten sputtering and high core

radiation from partially stripped tungsten impurity

ions. For this reason, PLT switched limiter material

to nuclear grade graphite. Graphite has the advan-

tage that eroded carbon atoms are fully stripped

in the plasma core, thus reducing core radiation. In

addition, the surface does not melt if overheated — it

simply undergoes sublimation. This move to carbon

by PLT turned out to be very successful, alleviating

the central radiation problem. For these reasons, car-

bon has tended to be the favoured limiter/divertor

material in magnetic fusion research ever since.

By the mid-1980s, many tokamaks were operat-

ing with graphite limiters and/or divertor plates.

In addition, extensive laboratory tests/simulations
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Table 1. Major toroidal confinement devices. Location, approximate years of operation, limiter material, divertor plate

material (if applicable), plasma facing wall material and gettering technique are given

Name Location Operation Limiter Divertor Wall Getter

TOKAMAKS

Alcator A MIT, USA 1972–1979 Mo, C N/A StSt Ti

Alcator C MIT, USA 1978–1983 Mo, C N/A StSt

Alcator C-Mod MIT, USA 1993– Mo Mo StSt B

ASDEX Garching, Germany 1980–1990 StSt, C, Cu Ti, Cu StSt C, B, Ti

ASDEX- Garching, Germany 1991- C C, W StSt B

Upgrade

ATC Princeton, USA 1972–1978 StSt N/A StSt Ti

Compass Culham, UK 1990– C C StSt

DITE Culham, UK 1976–1992 Mo, Ti, C C, Mo StSt Ti, Cr

DIVA Naka, Japan 1974–1979 Au Ti Au Ti, C

Doublet II GA, USA 1969–1973 W, SiC N/A StSt Ti

Doublet III GA, USA 1978–1984 StSt, W, C StSt, C StSt

DIII-D GA, USA 1986– C C StSt, C C, B

ISX-A Oak Ridge, USA 1977–1979 StSt, C N/A

ISX-B Oak Ridge, USA 1980–1987 StSt, Be, TiB2, TiC, B, C N/A StSt Cr

JET Euratom/Culham, UK 1983– Inconel, C, Be C, Be Inconel C, Be

JFT JAERI, Japan 1972– Mo, C, SiC, TiC, TiN N/A Ti

JT-60 JAERI, Japan 1985–1991 TiC, C, TiC, C, Inconel —

JT-60U JAERI, Japan 1991– C C Inconel B

FT Frascati, Italy 1978–1989 StSt N/A StSt —

FTU Frascati, Italy 1990– StSt, Inconel, Mo, W N/A StSt Si

NSTX Princeton, USA 1999– C C StSt B

ORMAK Oak Ridge, USA 1973–1977 W N/A Au, StSt

PBX Princeton, USA 1984–1998 C C StSt B

PDX Princeton, USA 1978–1983 Ti Ti Ti

PLT Princeton, USA 1976–1985 W, StSt, C N/A Ti

ST Princeton, USA 1971–1976 Al, Mo N/A Al

START Culham, UK 1990–1998 C C B, Ti

TCV Lausanne, 1993– C C C B

Switzerland

TdeV Montreal, Canada 1987–1998 C C StSt B, Li

TEXT Austin, USA 1980–1992 StSt N/A StSt

TEXTOR Jülich, Germany 1980– StSt, C N/A IN C, B, Si

TFR Fontenay-aux-Roses, 1973–1986 C, W, Mo, BC N/A StSt

France

TFTR Princeton, USA 1982–1997 TiC, C N/A StSt Cr, Li

Tore Supra Cadarache, France 1988– C and CFC Ergodic divertor StSt B

T-10 Kurchatov, 1976– C, StSt N/A B

Russian Federation

STELLARATORS AND HELICAL DEVICES

ATF Oak Ridge, USA 1988–1992 StSt, C N/A StSt Cr, Ti

LHD NIFS, Japan 1998– StSt, C StSt, C StSt Ti

W7AS Garching, Germany 1988– TiC, B/C TiC, B/C StSt B
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on graphite had begun, primarily aimed at under-

standing the chemical reactions between graphite

and hydrogenic plasmas, i.e. chemical erosion (Sec-

tions 1.2.4 and 3.2). Early laboratory results sug-

gested that carbon would be eroded by hydrogenic

ions with a chemical erosion yield of ≈0.1 C/D+,

a yield several times higher than the maximum

physical sputtering yield. Another process, radiation

enhanced sublimation (RES), was discovered at ele-

vated temperatures, which further suggested high

erosion rates for carbon (Section 3.2.5). The ability

of carbon to trap hydrogenic species in co-deposited

layers became recognized (Section 3.5). These prob-

lems, along with (anticipated) poor mechanical prop-

erties of graphite in a neutron environment (which

had previously been known for many years from fis-

sion research [100]), led to the consideration of beryl-

lium as a plasma facing material, primarily promoted

at JET [101]. Beryllium has the advantage of being

a low Z material, non-reactive with hydrogenic iso-

topes and a good thermal conductor. However, beryl-

lium has several negative features, including a low

melting temperature (1560 K), potential toxicity in

manufacturing and relatively high physical sputter-

ing rates. Nevertheless, two small tokamaks success-

fully tested beryllium (ISX-B [102], UNITOR [103]),

and this led to extensive JET operation with beryl-

lium limiters, divertor plates and evaporative get-

tering [101]. In fact, melting and evaporation of the

beryllium limiters was extensive in all three toka-

mak experiments cited [101–103]. One immediate

and clearly beneficial effect of beryllium operation

was the observation of strong oxygen gettering by

the evaporated beryllium.

At present, carbon is the dominant material in

the major tokamaks worldwide, with the exception

of Alcator C-Mod at MIT, USA [104], which uses

molybdenum, and FT-U at Frascati, Italy [105],

which has used a variety of moderate to high Z mate-

rials. Many machines have expanded graphite cov-

erage to include virtually all of the vacuum vessel

wall, in addition to the limiter/divertor plates (e.g.

DIII-D [106]). In some cases, the inner wall is used

as a large area limiter, and such structures, if care-

fully constructed, are able to handle enormous power

loads, greatly exceeding the power limits of divertor

plates (e.g. TFTR [107–109]).

Over the years, a variety of divertor plate mate-

rials have been used (see Table 1). In general, the

success with carbon in limiter machines led to the

use of carbon for divertor plates, although there are

a number of cases where metals have been used. The

argument for carbon in the case of divertor plates is

not as strong as in the case of limiter machines. Car-

bon or other low Z materials are most suited to high

edge plasma temperatures, typically at low plasma

density, as one finds at the edge of a high powered

limiter device. Again, this is related to the fact that

carbon is fully stripped in the core of tokamak dis-

charges and thus does not cool by line radiation.

On the other hand, when the plasma temperature

adjacent to material surfaces is low as in most diver-

tor plasmas, the incident particle energies can very

often be below the physical sputtering threshold of

higher Z materials. In contrast, carbon has a low

energy threshold for chemical erosion (Section 3.2).

This, along with the fact that ion fluxes are very high

in the divertor (high plasma density), means that rel-

atively high erosion rates are expected and found for

carbon divertor plates [110–112] (Sections 3.2 and

5.3). As a consequence, large hydrogenic retention

has been found in films forming primarily on cold

surfaces (see Section 4.7). The last decade of diver-

tor research has seen a return of interest in metals

which had been largely put aside in favour of car-

bon. Sputtered high Z metal atoms, such as tungsten,

have a lower ionization potential and lower velocity

than sputtered carbon and are quickly ionized close

to the surface and are promptly redeposited onto the

target near their point of origin. Divertor machines

that have tried high Z metal divertor plates in the

low temperature/high-recycling mode (e.g. molybde-

num in Alcator C-Mod [113, 114] and tungsten in

ASDEX-Upgrade [115]) have indeed found very low

levels of net erosion at the divertor plate. The instal-

lation of tungsten tiles on the inner wall of ASDEX-

Upgrade has also yielded very encouraging results

[116, 117]. No influence is observed on plasma dis-

charges, and central radiation, intrinsic impurities,

confinement H mode (see glossary) threshold, density

and beta limits (see glossary) are unchanged. High

heat flux components clad by tungsten that meet the

severe normal operation thermal load requirements

of the divertor have also been developed and suc-

cessfully tested, although the response to off-normal

events, such as disruptions, remains a concern (Sec-

tions 2.4 and 2.5).

A key decision for a next step device is the choice

of plasma facing materials. Historically, carbon has

been favoured as a plasma facing material as it has

excellent thermal properties and carbon impurities

in the plasma lead to only small increases in radi-

ated power. Carbon is currently chosen to clad the

ITER divertor target, near the strike points, because
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of its greater resilience to excessive heat loads dur-

ing ELMs and plasma disruptions (see glossary and

Sections 2.4 and 2.5). However, the operation of a

next step device with carbon PFCs will be severely

affected by the divertor erosion and tritium retention

through co-deposition of T with C. For the latter,

efficient in situ methods of mitigation and retrieval

are required in order to avoid frequent interruptions

imposed by precautionary operating limits set by

safety considerations or necessitated by fuel economy

(Section 2.3.3). These issues become even more chal-

lenging in the design of a commercially attractive

fusion reactor.

2. Plasma edge and plasma–material
interaction issues in next step
tokamaks

2.1. Introduction

In this section, we discuss several important

aspects of the PMIs that are expected to show up

in a next step fusion facility. We point out signifi-

cant differences from present experiments that open

new design, operation and safety issues. The physical

processes and the underlying theory that support the

understanding of these areas will be reviewed in Sec-

tion 3, and the present experimental database and

modelling of effects expected in a next step reactor

presented in Sections 4 and 5, respectively.

Very often the design features and parameters of

the 1998 ITER design [119], or of the most recent

reduced size and reduced cost option originally called

the ITER-FEAT [119], are presented and used in

the context of this article to exemplify issues that

are generic to any reactor scale next step tokamak

facility.

2.2. Progress towards a next step fusion

device

2.2.1. Advances in today’s fusion devices and

prospects

Much of the significant progress in magnetic fusion

science has centred around the tokamak concept,

which has represented the main approach to mag-

netic confinement fusion since its inception almost

50 years ago [120]. This concept also offers great

promise of future performance enhancement. Refer-

ence [13] summarizes the qualitative and quantita-

tive aspects of the most recent advances in toka-

mak physics and provides recommended extrapola-

tion methodologies, together with uncertainty esti-

mates and physics design specifications for use by

the designers of the ITER facility.

In current tokamaks, with discharge durations of

a few seconds, heat transport within the plasma

has been reduced by suppressing turbulence, plasma

pressure limits have been increased, the potential

for steady state operation by bootstrap (see glos-

sary) and external non-inductive currents has been

demonstrated, and concerns about handling exhaust

heat and helium ash have been allayed. Progress

in the development of regimes of operation, which

have both good confinement and magnetohydrody-

namic stability has enabled the production of sig-

nificant bursts of fusion power from deuterium–

tritium plasmas in TFTR (≈11 MW) [121] and JET

(≈16 MW) [122–124] and, more importantly, opened

up the study of the physics of burning magnetically

confined plasmas. Improvements of plasma perfor-

mance and control have occurred owing to remark-

able advance in various areas of physics and engi-

neering. As an example, magnetic coil systems and

their associated feedback control systems have been

developed for stable confinement of the plasma; they

produce many variations of plasma shape in order

to optimize plasma performance. Superconducting

coils (see glossary) have been used in magnetic con-

finement systems; as a result, very long discharges

have been produced in the superconducting toka-

maks Tore Supra [125] and TRIAM-1M. The latter

device holds the world record in pulse duration (2 h)

using non-inductive current drive (see glossary) by

lower hybrid waves, albeit in low density, low power

discharges [126]. This clearly shows the potential

for steady state operation. Plasma heating technolo-

gies have been developed and deployed at the tens

of megawatt level. Non-inductive methods of driv-

ing the plasma current in low to moderate density

plasmas have been employed successfully. The the-

oretically predicted self-driven or bootstrap current

has been confirmed and has significantly enhanced

prospects of steady state operation. Plasma diag-

nostic techniques have improved with higher tem-

poral resolution and more extensive spatial cover-

age. New techniques to measure the plasma current

profile and rotation have enabled deeper insight into

plasma transport [127–130]. Tritium fuelling systems

have been implemented and safely operated. Inte-

grating and extending these advances towards long

pulses or steady state burning plasmas is now the

focus of international tokamak research, which aims
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at proceeding to the construction of a physics and

technology integration step [19, 131].

Such a device will encompass two parallel objec-

tives, the creation and study of burning plasmas and

the development and demonstration of the fusion

technology required to make fusion a practical source

of energy. The physics goals include: (i) exploration

of the physics of burning plasmas in a plasma

of sufficient duration so that all plasma physics

processes and plasma–wall interactions with have

reached steady state; (ii) sustaining plasma purity

sufficient to maintain fusion gain; (iii) exploration

of the physics of a radiative divertor designed to

handle high power flows at a reactor relevant scale;

and (iv) development of robust techniques to miti-

gate and avoid disruptions at energies not accessible

in present machines. The technology goals encom-

pass: (i) demonstration of key first generation tech-

nologies needed to engineer future magnetic fusion

reactor systems such as superconducting magnets,

divertor systems to exhaust the power and parti-

cles from the plasma, remote handling systems for

the remote installation and repair of device compo-

nents and subcomponents; (ii) providing a test bed

for plasma facing materials exposed to long duration

power and particle fluxes; (iii) demonstration of an

efficient tritium fuel cycle, including rapid removal of

co-deposited tritium; and (iv) testing tritium breed-

ing blanket concepts. While some aspects of the rel-

evant individual physics phenomena could be stud-

ied separately on somewhat smaller existing or new

devices, the integration of long pulse reactor scale

burning plasmas, together with the relevant enabling

technologies, is the key mission of a next step device.

Several issues such as plasma control, the han-

dling of large plasma power and particle fluxes, and

the associated intense PMIs go beyond a specific

device configuration and are generic to all approaches

to magnetic fusion reactors. Much of what will be

learned from a next step experimental tokamak facil-

ity such as ITER will be directly applicable to any

‘alternate’ magnetic confinement concept, especially

those utilizing a toroidal configuration.

For the past decade, it has been internationally

accepted that burning plasma physics is the next

frontier of fusion plasma physics. The importance of

moving to reactor scale devices motivated the Gov-

ernments of the European Union, Japan, the Rus-

sian Federation (the former USSR) and the United

States to initiate, in 1987, the ITER Conceptual

Design Activities (ITER/CDA). The promise of the

ITER/CDA design, which was completed in 1990

[132], in 1992 led to the ITER Engineering Design

Activities (ITER/EDA) agreement [133], aimed at

developing a detailed engineering design for a reac-

tor scale tokamak facility that would achieve con-

trolled ignition and extended burn. As envisioned

by the ITER agreement, the ITER device would be

the central element of an international ‘one-step-to-

a-reactor’ strategy. The resulting overall design con-

cept and the designs for the various systems and

subsystem have been documented in the 1998 ITER

design report [119]. Despite the achievement of the

ITER/EDA objectives, concerns over the cost of the

programme, and the advances in physics and tech-

nology made during the ITER/EDA period, have

increased the motivation and potential rewards for

seeking a lower cost design by modifying the tech-

nical objectives. Currently under consideration is a

fusion device, ITER-FEAT, with a reduced physics

and testing mission (e.g. an energy amplification fac-

tor (see glossary) of Q ≈ 10, a moderate pulse

length of about 400 s up to steady state, a minimum

fusion power of ≈400 MW and neutron wall loadings

(see glossary) of ≈0.5 MW ·m−2) [19, 119, 134, 135].

In an enhanced physics performance mode, such a

device has the potential to demonstrate ignition. In

addition, strong emphasis is placed on the goal of

achieving steady state operation (i.e. non-inductive

operation with Q = 5 and with a pulse length of the

order of 3000 s).

To overcome some of the remaining uncertain-

ties, the next step fusion device must be designed

with sufficient flexibility to operate under a vari-

ety of experimental scenarios and to allow modifica-

tions during operation that would take advantage of

results from earlier phases. It is expected that, after

construction, an experimental fusion reactor would

operate for about 20 years as an experimental facil-

ity. The early phase of the experimental programme

would emphasize physics explorations. The interme-

diate phase would concentrate on the achievement

of reliable quasi steady state operation with mod-

erate neutron flux. Later phases would focus on

the accumulation of neutron fluence and operating

time for fusion nuclear and materials science studies

and for integrated component testing. Making design

choices that are consistent with nuclear technology

and remote maintenance requirements is imperative.

A major objective of the next step device is to

provide a test facility for the development of nuclear

component technology. The superconducting mag-

net, heating, fuelling, tritium handling, and most

other systems will be based on technology that can
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Table 2. Distinctive features of a next step device and related PMI issues.

(1) High energy content (several hundreds MJ versus few MJ in current devices) and power flow (several

hundred MW in the SOL versus few MW in current devices):

• more intense disruptions and disruption related damage effects (e.g. material ablation and melting), resulting in

local damage and in a substantial influx of impurities into the plasma;

• plasma power densities in the divertor will be higher than in present day experiments and require an effective,

reliable way to disperse the power on the divertor surfaces.

(2) Long pulse duration (few hundred s versus few s in current devices):

• requires active cooling of PFCs and vessel structures and techniques to pump helium ash during each pulse;

• requires effective control of plasma purity and PMIs to achieve high plasma performance.

(3) High duty factor (3%–10%) or pulse repetition rate:

• high performance plasma operation with limited shutdown times for wall conditioning and tritium recovery

from co-deposited films;

• remote maintenance with acceptable shutdown times.

(4) Long cumulative run time (several thousands of hours of operation over several calendar years):

• the erosion lifetime of PFCs may be sufficiently short that several replacements will be required during the

lifetime of the device;

• large scale erosion also raises tritium retention and dust (safety) issues that may determine feasibility of reactor

design;

• neutron damage effects in the bulk of surrounding materials and structures (e.g. loss of thermal conductivity of

carbon based materials, swelling, embrittlement, etc.);

• plasma facing surfaces will be modified in situ by the plasma, which will mix the plasma facing materials. The

composition, physical structure and properties of deposited materials will be different to manufactured materials.

(5) Routine operation with large amount of tritium (10–100 g/pulse versus fractions of g in current devices):

• this requires a closed fuel cycle with efficient reprocessing of the exhaust stream (e.g. limited but successful

operation experience of TFTR and JET);

• requires adequate tritium supply, minimization of the inventory of tritium retained on in-vessel components

and efficient methods of recovery;

• address safety concerns of any vulnerable tritium inventory.

(6) Superconducting magnet technology (if adopted):

• a thick neutron shield is required to protect the toroidal and poloidal coils, thereby increasing the major radius

and the overall size of the device; neutron and gamma irradiations destroy organic insulators and supercon-

ductors, and also increase the resistivity of the stabilizing Cu (typical limit is <109 rad);

• since the superconducting magnets will remain energized during the interval between pulses, certain techniques

used in tokamaks for between-pulse wall preparation/conditioning will not be feasible;

• long pulse devices have to be ‘self-conditioned’ during normal operation because of plasma/wall equilibration

and wall saturation on a time scale of 100–1000 s.

(7) Fast remote maintenance for repair/refurbishment of the in-vessel and some of the ex-vessel

components:

• viability of remote methods of maintenance, repair and upgrading of fusion devices, is a key technology for

development of fusion reactors (e.g. limited but very successful experience at JET);

• requires a specific system, component and subcomponent design philosophy to minimize shutdown times (fast

remote maintenance and repair) and to meet stringent constraints imposed by a radioactive environment.

(8) Safety:

• Requires stringent and detailed safety assessments and safety related procedures and controls;

• Stringent worker and public radiation protection measures;

• Public education to establish safety and risk in context.

be extrapolated to a prototypical fusion reactor.

Future fusion reactors must be capable of replen-

ishing the tritium fuel they consume and provide

a startup tritium inventory for subsequent reactors.

However, it is expected that this technology will not

be sufficiently developed to be incorporated into a
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next step machine at the outset. The nuclear test-

ing role of a facility such as ITER is fulfilled mainly

through the installation of tritium breeding blan-

ket test modules (see glossary), introduced through

ports specifically designed for this purpose. The tests

foreseen on modules include the demonstration of

a breeding capability that would lead to tritium

self-sufficiency in a reactor, the extraction of high

grade heat, and electricity generation. It is antici-

pated that, in parallel with this activity, advanced

structural materials, capable of handling higher heat

fluxes, higher neutron fluences, and with better waste

disposal qualities, would be developed for use in

future devices. Such materials are not yet ready for

use as the main structures of a next step tokamak.

After the next step device, a fusion demonstration

reactor (DEMO) is envisaged to establish the tech-

nological reliability and economic feasibility of fusion

power generation.

2.2.2. Distinctive features of a next step tokamak

There are some essential differences between

today’s tokamak research facilities and viable design

options for a next step device. They are summa-

rized in Table 2, together with the related primary

issues. The increase in pulse duration and cumula-

tive run time, together with the increase in plasma

energy content, will represent the largest changes in

operation conditions in future fusion devices such

as ITER. These will have by far the greatest con-

sequences, giving rise to important PMIs, which are

only partially observed and accessible in present day

experiments, and will open new design, operation

and safety issues. Table 3 compares some of the char-

acteristic design and operation parameters of today’s

divertor tokamaks and ITER. For the latter, param-

eters of the ITER-FEAT [119, 134, 135] and 1998

ITER designs [119] are included for comparison.

Present day machines operate in short pulse mode,

with plasmas maintained for periods of the order of

seconds, between which pause times of 5–30 minutes

are typical. The power and particle loads are small

enough to be handled by making the PFCs, e.g. lim-

iter modules or divertor plates (Fig. 1), of materi-

als such as graphite, and by cooling between dis-

charges. In present day tokamak devices, erosion of

the main chamber wall and divertor strike plates acts

as a source of impurities in the discharge, but does

not affect the component lifetime, mainly because

of the very low duty cycle (≈10−4). Erosion effects

are on the scale of microns for a typical run cam-

paign (≈1000–5000 s/operation year) [64]. Similarly,

fuel economy has never been an issue in deuterium

fuelled experiments, and only recently have the lim-

itations associated with the use of tritium, and its

incomplete recovery in recent experiments in TFTR

[121] and JET [124], brought the issue of fuel reten-

tion under closer scrutiny.

In contrast, long plasma duration and high duty

cycle operation in a next step device such as ITER

will lead to a magnitude of erosion/redeposition

and tritium co-deposition that will affect operational

availability, owing to the necessity of tritium removal

and/or divertor plate replacement. Also, divertor

heat loading caused by disruptions and Type-I ELMs

(see glossary) [136] would imply melting/ablation for

any material in the divertor wetted by the plasma

(Section 5.4).

2.3. Most prominent plasma-material

interaction issues for a

next step fusion device

The most serious PMIs in a next step device are

anticipated to occur in the divertor. This is primarily

due to the concentration of power and particles onto

relatively small areas of the divertor structure (Sec-

tion 1.2). The most serious issues include power and

particle control, response to off-normal events, tri-

tium inventory and dust control [137]. These issues

will be discussed in the following sections.

2.3.1. Power dispersal and density control

2.3.1.1. Power dispersal and removal

The thermal power, consisting of fusion alpha

particle heating power (20% of the total fusion

power for a DT reacting plasma), auxiliary heat-

ing power, ohmic heating power (see glossary), and

the helium ash, must be exhausted from a ther-

monuclear plasma. This strongly influences several

aspects of reactor design (impurity control, material

selection, safety, etc.), and has an impact on reactor

engineering.

As noted in Section 1.2.1, the peak power load on

the divertor plates, in the absence of divertor radia-

tion, is determined by the competition between par-

allel and perpendicular transport in the SOL, result-

ing in very small radial decay lengths, of the order

of a few centimetres. Typical values of the parallel

power density flowing in the SOL of a device such as

ITER and today’s tokamaks are shown in Table 3.

For ITER, the typical peak heat flux on the ≈10 m2
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Table 3. Comparison of characteristic parameters∗ of contemporary divertor tokamak research facilities and ITER.

Parameters Moderate-size Large-size ITER-FEATc

tokamaksa tokamaksb (1998) ITER designd

Major/minor radius (m) 1.65/0.5 (AUG) 3.25/1 (JT-60U) 6.2/2 {8.14/2.80}
Aspect ratio (A = R/a) 3.3 (AUG) 3.2 (JT-60U) 3.1 {2.9}
Vertical elongation (k = b/a) 1.9 (DIII-D) 1.8 (JET) 1.7 {1.6}
Triangularity (at 95% poloidal flux) 0.3 (AUG) 0.1–0.4 (JET) 0.35 {0.24}
Plasma volume/area (m3/m2) 14/44 (AUG) 82/150 (JET) 840/680 {2000/1200}

Wall/divertor plate areas (m2) 30/7–9 (AUG) 200/30 (JET) 680/80 {1200/200}
Plasma current (MA) 2–3 (DIII-D) 6 (JET) 15 {21}
Toroidal field on axis/at the coil (T) 8.0/17.3 (C-Mod) 3.8/6 (JET) 5.3/10 {5.68/12.5}
Material of toroidal field coils Cu Cu Nb3Sn and NbTi
Q = Pfus/Pheating 0 0.2:5s, 0.62e (JET) 10 {∞}

Type I ELM energy range (MJ) 0.02–0.04 (DIII-D) 0.1–0.6 (JET) 8–20 {25–80}
ELM deposition time (ms) 1 (DIII-D) 0.1 (JET) ∼0.1–1
Plasma thermal energy (MJ) 1.2 (AUG) 15 (JET) 350 {>1000}
Disruption thermal quench time (ms) 0.1–1 (C-Mod) 1–10 (JET) 1–10

Disruption surface energy density (MJ · m−2) 0.03 (AUG) 0.1 (JET) 10–100
Disruption magnetic energy (MJ) ∼1 (AUG) 10–15 (JET) 310 {∼1100}
Disruption current quench time (ms) 10 (AUG) ∼10 (JET) 25 {50}
Maximum halo current in VDEs (MA) 0.4 (C-Mod/AUG) 0.8 (JET) 6 {10}
Potential for runaway avalanche No No Yes

Zeff 1.3–3 (AUG) 1–3 (JET) 1.65 {<1.9}
Available volt-seconds (V · s) 10 (AUG) 15 (JET) ≤50 {≤80}
Energy confinement time (s) ELMy H mode ≥0.2 (AUG) 0.1–1 (JET) 3.7 {6}
Fusion power, PDT (MW) — 16.1 (JET)f >400 {1500}
Maximum auxiliary heating power (MW) 20 (AUG) <32 (JET) 80 {100}

Maximum radiation from plasma core (MW) 8 (AUG) 5–10 (JET) ≤30 {∼120}
Power entering the SOL (MW) 15 (AUG) 10–15 (JET) 120 {400}

Parallel power flux in the SOL (MW · m−2) >150 (AUG) 100–200 (JET) ∼400 {∼2000}
Radial power e-folding distance (m) (3–5) × 10−3 (AUG) (1–1.2) × 10−2 ∼9 × 10−3

Upstream plasma density (m−3) (0.5–1.5) × 1020 (AUG) ∼0.9 × 1020 (JET) ∼3.5 × 1019 {1 × 1020}
Peak div. power loads w. and w/o rad.

(MW · m−2) ≥1–2 (5–10) ≥1–2 (5–10) 10–20/(5–20)
Baking temperature (K) 420 (AUG) >570JET/JT-60U 510

Divertor pumping speed (m3 × s−1) ∼80 (AUG) 130 (JET) <75 {200}
Pulse duration (inductive) (s) <10 <25 (10div) JET 400 {≥1000}
Typical number of pulses per day 20 (AUG) 20–30 (JET) ≥10
Cumulative run time (s/operation year) ∼7000 (AUG) ∼20000–30000(JET) >1 × 106

Duty cycle ≤10−3 ≤3 × 10−3 ∼10%
Peak (net) divertor erosion rate (nm/s) 3–10 (DIII-D) 1–10 ∼7 {∼16}
D (T) quantity introduced per pulse (g) 0.03 (AUG) ∼0.2 (JET) 120 {300}
D/T wall retention (% fuelling rate) 10–40 (AUG) 10–40 (JET) 2–5 g/pulse {2–20}
Tritium removal from co-deposited films not required required required

Authorizd on-site tritium inventory (g) — 5 (TFTR) – 90 JET) ≥4000
Authorized in-vessel tritium inventory (g) — 2 (TFTR) – 20 (JET) ∼350 {∼1000}
Peak DT (14 MeV) neutron rate (n/s) — 1.2 × 1017 (JET) 5.3 × 1020

Peak 14 MeV neutron flux (neutrons · m−2 · s−1) — ∼6 × 1014 (JET) ∼2 × 1017 {∼4.4 × 1017}

Lifetime neutron fluence (MW · a · m−2) — ∼0.001 (JET) ∼0.3 {∼1}
Remote handling maintenance no Yes Yes

∗ Denotes maximum values;
a Examples: Alcator C-Mod, DIII-D, ASDEX-Upgrade (AUG), etc.;
b Examples: JET, TFTR, JT-60U;
c Refers to the ITER-FEAT design;
d Refers to the 1998 ITER design;
e Q of 0.62 was achieved transiently;
f >10 MW for 0.7 s; >4 MW for 3.5 s.
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Figure 3. Combination of surface heat flux and pulse

length required to vaporize the surface of an uncooled

‘thermally thick’ material.

SOL intercepted divertor area could be as high as

20–30 MW·m−2, without radiative cooling, and these

values are near or beyond the limit that can be han-

dled by conventional materials and cooling technolo-

gies.

The combination of surface heat flux and pulse

length required to vaporize the surface of an uncooled

‘thermally thick’ material is shown in Fig. 3. It can

be seen that for heat fluxes in the range of 0.1–

1 MW·m−2 (expected, for example, on the tokamak

first wall), passive cooling is sufficient for existing

devices, but not for next step devices with pulse

lengths exceeding 100 s. For heat fluxes in the range

of 1 to 10 MW·m−2 (i.e. on the limiters, divertor

collector plates), passive cooling becomes marginal

even in existing machines, and active cooling is

required for any device with pulse length greater

than a few seconds. A typical compromise for present

devices involves the use of a robust refractory mate-

rial such as graphite, coupled to cooling only between

discharges (although some have demonstrated full

active cooling, e.g. Tore Supra [138]). Figure 4 shows

the dependence of the surface heat flux that pro-

duces melting of beryllium and tungsten and sub-

limation of carbon on the pulse length, for cases

with passive and active cooling. Finally, under heat

fluxes experienced during Type I ELMs (e.g. up to

1 GW·m−2, lasting for up to about 1 ms) and plasma

disruptions (e.g. up to several GW·m−2, lasting for

about 1–10 ms), active cooling will not be able to

prevent surface ablation or melting since the ther-

Figure 4. Dependence of the surface heat flux that pro-

duces melting of Be, and W and sublimation of C, on the

pulse length, for case (a) with dashed lines of an uncooled

‘thermally thick’ material, and (b) with continuous lines

of a typical actively cooled divertor component.

mal diffusion time (i.e. the time for heat transfer

through the materials of the PFCs) is much longer

(i.e. typically, seconds) than the duration of the

event [139].

The high power density expected to be flowing

in the SOL of a next step device calls for means of

dispersing this power in order to reduce it to accept-

able levels for steady state heat removal, i.e. about 5–

10 MW· m−2. The current strategy is to convert most

of the flowing heat flux to impurity radiation in the

outer periphery of the core plasma (Fig. 1), as well

as from the SOL and divertor plasmas, and redis-

tributing that heat flux over the very large side wall

area of the divertor region in ITER [140–143]. Such a

scenario can lead to the ‘detached divertor’ state [9].

This could be achieved, for example, by introducing

noble gas ions, such as neon, argon or krypton (via

controlled feedback loops for either pellet injection

into the core plasma or gas puff into the SOL). How-

ever, the amount of radiation is constrained by the

requirement to maintain the power flow through the

separatrix above the H mode threshold (see Chapter

4 of Ref. [13]). Power dispersal by impurity radiation

has been successfully implemented in today’s toka-

mak experiments, and present machines have pro-

duced discharges where essentially 100% of the power

is radiated in the main chamber boundary and diver-

tor [13]. More recently, experimental and computa-

tional work has examined the radiation from carbon

impurities intrinsic to all tokamaks [144]. Carbon is

known to radiate effectively at low temperatures in

the divertor plasma and is the dominant radiation
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source in the many detached plasma experiments

that have used only deuterium puffing.

Two dimensional plasma fluid and neutral trans-

port codes, such as those discussed in Section 5.2,

have been successfully applied to the study of SOL

and divertor plasma experiments; in many cases,

they are reasonably successful in describing the

observed phenomena. The results are in satisfactory

agreement with observations of divertor detachment

[145]. In these models, it is seen that carbon impu-

rities, sputtered physically and chemically from the

graphite divertor strike plates, radiate as part of an

uncontrolled but self-regulating loop. To date, these

codes are important design tools for divertor layouts

and/or for assessing the divertor performance of a

given design under different operating conditions.

2.3.1.2. Density control and helium exhaust

Density control and helium exhaust are also

aspects of tokamak operation that are important for

any fusion reactor. Fusion power production depends

sensitively on the core deuterium and tritium densi-

ties, which are controlled via a combination of pump-

ing and fuelling. Fuelling in the main chamber (and,

possibly, in the divertor) is required to establish an

initial plasma, to replenish the DT consumed dur-

ing burn and to replenish the DT pumped out with

the helium. External pumping is required to remove

the helium ash and to provide density control. The

two primary methods of fuelling the core plasma in

existing tokamaks are injection of fuel gas at the

vessel wall (at the edge of the plasma) and injec-

tion of frozen D2 pellets at high velocities directly

into the core [146]. For reactor-like conditions (large

plasmas and high plasma pressures) the pellet can-

not penetrate very far, and fuel deposited near the

edge can be quickly lost because of edge instabilities

such as ELMs [147]. Recently, ASDEX-Upgrade [148]

and DIII-D [149] have shown that pellet launch from

the high field side of the plasma allows deeper pel-

let penetration and greater fuelling efficiency. This

is the fuelling scenario favoured for a device such as

ITER.

Maintaining the He ash concentration below

≈5–10% is required in a burning plasma to avoid

excessive fuel dilution. Helium must be able to dif-

fuse out of the core, and, once out of the core, must

be efficiently pumped away to prevent its return

[13, 150]. A pumpout time for He, τHe , that is less

than ten times the energy confinement time, τE ,

is sufficient for a reactor [120]. Studies in current

tokamaks [13, 151, 152], and code predictions for

next step conditions [153], have confirmed that for

ELMy H mode plasmas the thermal power and the

He ash can be exhausted at the rates required for

ITER. At the same time, good quality confinement

and sufficiently high density and plasma beta (see

glossary) can be maintained to produce the required

fusion power. A disadvantage of operation in ELMy

H mode is the relatively large (pulsed) ELM ther-

mal energy loading on the divertor that represents a

critical design challenge (Section 2.3.2).

2.3.1.3. Erosion lifetime

Erosion/redeposition in next step devices will

affect operational availability because of the neces-

sity of divertor plate replacement, and remote han-

dling procedures to accomplish this are incorporated

in the present design. High energy density disrup-

tions (10–100 MJ·m−2 in 1–10 ms) and Type I ELMs

(≤1 MJ·m−2 in 0.1–1 ms) (Section 2.3.2) will cause

melting/ablation for any material in the divertor.

While details of the damage caused by such disrup-

tions are somewhat uncertain, calculations also show

severe heating of nearby divertor components not

directly wetted by the plasma (Section 5.4).

The general trends for the erosion lifetime of the

ITER-FEAT, near the strike points, are illustrated

in Fig. 5, for typical partially detached plasma oper-

ation (see glossary). A similar analysis was also car-

ried out for fully detached plasma conditions [155].

The erosion lifetime is dependent on the maximum

allowable thickness for the armour material and the

erosion rate (material loss rate) due to sputtering,

disruption and ELM vaporization and melting. The

maximum thickness of the divertor tiles near the

strike points is determined by imposing a maxi-

mum surface temperature under nominal ‘partially

detached’ operation (≈10 MW·m−2). For example,

about 1770 K are reached for 20 mm CFC tiles

(including degradation of the thermal conductivity

resulting from neutron effects) and about 1570 K for

10 mm W tiles. The minimum thickness is taken to

be ≈2 mm or more (assuming that adequate cool-

ing can be provided since otherwise a large frac-

tion of the potential lifetime would be unused). The

remaining thickness as a function of the number of

shots is shown in Fig. 5 and includes the effects of

physical sputtering and chemical erosion (only for

carbon), erosion during ELMs, disruptions and slow

transients (e.g. due to loss of control of detachment
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Figure 5. Remaining thickness versus number of pulses

for initially 20 mm thick CFC and 10 mm thick W tar-

gets. The energy desposited during ELMs is assumed to

be 0.4 MJ · m−2 with a duration of ≈200 µs, which is

presently assumed as the reference value based on exper-

imental evidence from various machines, frequency 1 Hz.

The assumed frequency of disruptions and of slow tran-

sients is 10%. Peak net chemical erosion rate for CFC

is assumed ≈6 nm/s (Section 5.3). Vaporized thickness

during disruptions is assumed to be 5 µm per event for

CFC and W. In addition, for W, a melt layer of 180 µm

is assumed to be formed, part of which could be lost (e.g.

20% or 50%). For the assumed initial thicknesses of the

target, vaporization and melting (the latter only for the

case of W) during slow transients are negligible. Due to

melting during ELMs, and depending on the heat flux

in between ELMs, a 15 mm W target (not shown in the

figure) will be eroded in less than one hundred pulses

down to 12 mm for an assumed ELM energy density of

E = 0.4 MJ · m−2 (7 mm for 0.5 MJ · m−2). Symbols

are: open circles refer to CFC; open squares refer to W

with 20% melt loss during disruptions and ELMs; closed

squares refer to W with 50% melt loss; open triangles

refer to a case where the disruption frequency has been

halved to 5% and with 20% melt loss, closed triangles

refer to the same reduced disruption frequency with a

50% melt loss.

when the full power of the SOL strikes the tar-

get for several seconds, and the heat flux reaches

20 MW·m−2).

The erosion lifetime of 20 mm carbon-fibre-

composite (CFC) target, for ‘tolerable’ Type I ELMs

(i.e. ≤0.4 MJ · m−2), is estimated at >5000 shots

and is determined by chemical erosion. Under similar

conditions, the erosion lifetime of an initially 10 mm

thick W is determined by disruptions, depends on

the loss of melt layer, and is of the order of 800–

2000 pulses. However, for W concerns remain on

whether generation of surface irregularities might

form hot spots in normal steady heat flux operation.

For larger ELMs (i.e. > 0.6 MJ · m−2 with a dura-

tion of ≈200 µs, a 10 mm W or a 20 mm CFC tar-

get can typically survive only a few pulses (10–100),

e.g. up to a 104–105 ELMs with a frequency of a

few Hz. Thus, it is clear that operation which results

in Type I and/or giant ELMs must be avoided. The

effects of ELMs are further discussed in Section 5.4.3.

Also, there are major incentives to avoid the occur-

rence of disruptions whenever possible and to reduce

or mitigate the direct or consequential effects. For

example, a factor 2 reduction in the assumed dis-

ruption frequency (from 10% to 5%) would yield a

much higher erosion lifetime for a tungsten armour

(i.e. 1700–4000 shots for an initially 10 mm thick W

target, depending on the melt layer loss). In spite

of the significant incentives, disruption mitigation

avoidance in tokamaks in general, and in ITER in

particular, remains as a goal to be achieved, partic-

ularly in operational regimes close to known opera-

tion limits — density, beta, and marginal radiation

energy balance.

2.3.1.4. Plasma contamination and wall

conditioning

Impurity production (i.e. erosion ) is not the only

factor in plasma contamination. Equally important

is the efficiency of impurity transport into the core

plasma, and this depends critically on location (lim-

iter versus divertor), plasma edge parameters, and

wall surface material. Local divertor impurity sources

strongly affect the radiation in the divertor. How-

ever, impurities produced in the main chamber are

more efficient in contaminating the core plasma [9],

especially those from first wall surfaces that are

physically closest to the core (e.g. protection lim-

iters, antennas and other protruding parts) and that

receive considerable ion fluxes [156]. In ITER, mod-

elling shows that the core plasma conditions are

highly sensitive to neutral influx, and therefore, the

divertor is designed in such a way that maximum iso-

lation is achieved between the highly radiating diver-

tor with its high neutral density and the main plasma

chamber. In contrast to the divertor, erosion rates at

the wall are predicted to be low enough that the tiles
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do not need replacement [157, 158], but because of

the large wall area, the total amount of eroded mate-

rial is significant. This material will most likely end

up in the divertor, probably contributing to tritium

co-deposition, affecting the composition of materi-

als surfaces and, consequently, changing the divertor

performance. Also, there is some concern about the

effects resulting from the impact of energetic par-

ticles (charge exchange neutrals and ions) on the

first wall surfaces such as mechanical degradation of

materials and production of dust. However, for met-

als such as beryllium and possibly tungsten, such

microdamage was found to have a favourable effect

as it reduces the implanted tritium inventory (Sec-

tions 3.5 and 5.6).

The first wall in several divertor tokamaks is an

area that experiences net erosion, while the inner

divertor is a region of net redeposition and the outer

strike point undergoes net erosion. The mechanisms

for the redistribution of carbon from areas of ero-

sion to areas of redeposition are not all clear, and

there is no satisfactory explanation for the extent to

which interactions at the divertor and main chamber

contribute to the observed redeposition (Sections 4.3

and 5.3). The observations of erosion/redeposition

asymmetries on inner and outer targets are a func-

tion of the B×∇B drift direction. This is one of the

important influences controlling the parameters in

the divertor, which themselves determine the degree

of erosion/redeposition (in addition to surface tem-

peratures, etc.).

It is, in general, difficult to compare the impu-

rity control capabilities of different tokamaks. The

Zeff (see glossary) of the core plasma is certainly a

measure of the core cleanliness; however, the primary

deficiency in this benchmark is that it does not tell

us the shielding capability of a given operational sce-

nario and how it varies with the Z of the impurity.

Even so, there have been several comparisons of dif-

ferent operational scenarios in a single tokamak. For

example, in ASDEX it was found that the core Zeff

was 2–3 for limiter operation, and 1–2 for divertor

operation [13]. Similar comparisons have been made

in C-Mod with a smaller variation but similar trends

[13]. In general, the Zeff in diverted tokamaks tends

to be lower than in limiter tokamaks.

Carbon and tungsten are the present candidates

for use in the ITER divertor (Section 2.4). The

plasma compatibility of carbon and tungsten impu-

rities in a burning plasma experiment has to be

assessed from two different points of view. The toler-

able amount of carbon (concentration <1.5%) in the

plasma is limited by the dilution of the fuel (dilu-

tion limited) while that for tungsten (concentration

<2×10−5) is limited by radiation losses in the plasma

core. Carbon has a relatively high chemical sputter-

ing yield (1 to 2%) at hydrogen (H, D, T) fluxes lower

than 1022 m−2 · s−1 (Section 3.2). This large source

term of carbon could pollute the plasma beyond the

above mentioned limit even when considering the rel-

atively good impurity retention in a divertor. This

implies that designs of next step tokamaks should

minimize surfaces cladded by carbon. Owing to the

low concentration limit for tungsten, a large source

would be intolerable. Experience in modern divertor

tokamaks [115, 117] indicates that for plasma edge

conditions similar to those anticipated in a next step

tokamak, most of the sputtered tungsten would be

locally redeposited within one gyroradius. In addi-

tion, because of the high sputtering threshold, W is

predominantly sputtered by impurity ions, and thus

the total sputtered flux is relatively low. This combi-

nation of a low source term and high impurity reten-

tion in the divertor makes W a candidate plasma

facing material in the divertor of a next step toka-

mak. However, melt layer issues remain. There is a

need to gain more operational experience with tung-

sten in present day tokamaks, and experiments are

ongoing in ASDEX-Upgrade [117] to determine its

suitability in areas of the main chamber.

A wide variety of wall conditioning techniques

have been developed and applied in tokamaks (Sec-

tion 4.6.2) over the past two decades, and wall con-

ditioning in a next step device is projected to also

involve a variety of different methods [13]. How-

ever, extrapolation of wall and surface conditioning

methods to a device such as ITER, and to reactor

tokamaks in general, is not straightforward. Specific

design related features, e.g. superconducting mag-

nets, combined use of different wall materials and

operational limitations, will preclude or limit the uti-

lization of some of the most extensively used current

surface conditioning techniques. The increased duty

factor (see glossary) will result in a substantially

different wall conditioning situation than in present

tokamaks. The permanent presence of the toroidal

field will preclude glow discharge cleaning (GDC);

see glossary. Applicability of standard pulse or Tay-

lor discharge cleaning methods [159] is likely to be

very limited. Therefore, electron cyclotron resonance

(ECR) and/or ion cyclotron resonance (ICR) con-

ditioning (see glossary) are envisioned for between-

pulse cleaning. The feasibility of these methods

for conditioning in present tokamaks is under
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investigation, and promising results have been

already obtained [40, 41, 160, 161].

The uses of other wall conditioning techniques are

more speculative. Diborane ‘flushing’ [162, 163], i.e.

chemical ‘passivation’ of oxygen by the injection of

B2D6 gas, is not affected by magnetic fields and may

be a useful technique between pulses. The effect of

periodic thin film deposition such as boron will be, at

most, transient. Such transient deposition could be

important for discharge initiation or real time ero-

sion control. However, a new technique for lithium

wall coating by a laser generated aerosol [164] oper-

ates during the discharge and has the potential to

sustain a Li coating in long pulse machines. The use

of beryllium as first wall material in ITER should

provide oxygen control since some of this wall mate-

rial will be sputtered and redeposited elsewhere in

the machine where it could act as a natural getter.

Finally, appropriately modified wall conditioning

techniques (e.g. He/O discharges or baking in an oxy-

gen atmosphere) are also being studied as a means

of removing the co-deposited tritium inventory in

ITER (Sections 2.3.3 and 4.7.2). The detailed oper-

ational requirements for baking the PFCs in ITER

will be determined both by the basic plasma oper-

ation requirements, and by the PFC materials and

the conditions under which they are used. In this

respect, mixed material effects resulting from the use

of different armour materials in different regions of

the machine (Section 2.4) add significant uncertain-

ties. However, it is quite clear that the introduction

of oxygen for the removal of tritium will compromise

the surface conditions needed for plasma operation.

2.3.2. Effects of disruptions and other plasma

disturbances

2.3.2.1. General remarks

All existing tokamaks are subject to occasional

rapid plasma termination events, called ‘disruptions’.

In the early years, disruptions were mainly regarded

as a nuisance, and the limited time and spatial reso-

lution of the diagnostics prevented much progress in

their understanding [165]. In present day large size

machines, such as JET, TFTR and JT-60U, disrup-

tions have already caused significant machine dam-

age, e.g. melting or erosion of PFCs, short circuits in

external supplies and deformation of in-vessel struc-

tures [13]. The situation is predicted to be more

severe in future fusion devices, such as ITER, where

heat loads and forces will be up to two orders of mag-

Figure 6. Plasma magnetic and thermal energies in

tokamaks. Magnetic and thermal data are not necessar-

ily simultaneous. Magnetic energies are estimated from

major radius, R, minor radius, a, plasma elongation,

k (see glossary), and toroidal field, BT , and assume

a safety factor, q95 ≈ 3. Energy shown is only inter-

nal plasma energy: magnetic energy outside the plasma

is not included. Thermal energies are derived from

Refs [166, 168]. Relative auxiliary heating, and hence

plasma energy capabilities, vary among experiments. The

(B2R3)1.2 ‘scaling’ fit is empirical and has been drawn

by eye. Data are for the 1998 ITER design (labelled

as ITER-FDR) and the most recent ITER-FEAT design

parameters. The increase in Wmag/R2 and Wth/R2 from

COMPASS-D to the 1998 ITER design is about 70. This

applies for the scaling of radiation of thermal energy to

the first wall. For divertor thermal energy deposition, if

one assumes a fixed SOL width, then the increase in

energy loading per unit area from JT-60U and JET to

the 1998 ITER design scales as Wth/R and increases

by about 40. (Figure provided by J. Wesley of General

Atomics).

nitude larger (Table 3). The underlying disruption

erosion mechanisms are described in Section 3.4. The

experimental database, mainly from disruption sim-

ulation facilities, is presented in Section 4.5, whereas

the erosion effects projected in a next step device are

discussed in Section 5.4.

Disruptions can generally be divided into two

basic categories: major disruptions and vertical dis-

placement events (VDEs) (see glossary) leading to a

disruption. These differ in the sequence of events.
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In a major disruption, the plasma first becomes

unstable as a result of reaching an operational limit,

in density or beta, which leads to the growth of a

large magnetohydrodynamic (MHD) mode (see glos-

sary). In present devices, this is sometimes initi-

ated by a small piece of material falling into the

plasma. The resulting rapid cooling of the plasma

periphery can result in an unstable plasma. The

large MHD activity causes a loss of nested confine-

ment (magnetic field) surfaces. The thermal energy

is rapidly lost (thermal quench), and the current pro-

file flattens, causing a drop in the plasma inductance

(see glossary) and a corresponding upward spike in

the current. Finally, the high resistivity of the cold

plasma results in a rapid decay of the plasma cur-

rent (current quench). The plasma radial and ver-

tical positions are frequently lost after the thermal

quench as a consequence of the change in the cur-

rent profile. In a VDE, the results are similar but

the sequence is different. The first event is a loss of

the vertical position, and the plasma moves verti-

cally with the cross-section and the edge safety fac-

tor, q (see glossary), decreasing as the plasma scrapes

off against the first wall. The plasma then disrupts:

thermal quench occurs (typically, there is no current

spike), followed by a current quench.

2.3.2.2. Effects of disruptions and

design considerations

Extensive progress has been made in understand-

ing and quantifying the impact of disruptions on an

ITER scale device [13]. Disruptions will have the

same underlying causes as those in present day toka-

maks; their consequences will, however, be much sev-

erer [166]. First, the plasma thermal energy in ITER

will be 10–100 times larger than in JET and up to

a 1000 times higher than in Alcator C-Mod [167];

see Fig. 6 [166, 168]. More importantly, the ‘specific

energy’ during the thermal quench of an ITER dis-

ruption (i.e. the plasma thermal energy divided by

the surface area of the PFCs wetted by the plasma),

which provides a measure of the severity of the

PMI in disruptions, will be about 10–100 MJ·m−2

in a time of the order of 1–10 ms. Thus, the spe-

cific energy in ITER will be 10 times larger than in

JET and JT-60U and about 40 times larger than in

Alcator C-Mod.

Although the time scale for energy deposition in

the rapid ‘thermal quench’ phase of a disruption will

be somewhat longer in ITER than in present day

tokamaks, it will still be insufficient for heat trans-

fer through the material of PFCs. Thus, disruptions

in ITER will cause ablation and melting of surface

material of the divertor target area, and possibly a

good fraction of the divertor walls [169, 863]. Calcu-

lations and experiments show that a vapour shield

should form in front of the divertor targets, dispers-

ing the majority of the incident energy flux to the

divertor chamber walls via radiation. This, in turn,

could cause thin melt and vaporization layers to form

over nearby components (Sections 3.4 and 5.4). This

wall ablation, which is expected to dominate the

PMIs during disruptions in ITER, is energetically

impossible in present day tokamaks.

Second, VDEs will produce much larger forces

on vessel components in ITER than in present day

tokamaks. As the plasma column moves during a

VDE, a substantial fraction of the plasma current

is transferred to a ‘halo’ region around the main

plasma. Since the halo intersects the vessel wall,

the return path for this ‘halo current’ (see glossary)

passes through conducting components of the ves-

sel structures. The flow of this return current will

be perpendicular to the main magnetic field, thus

exerting a large mechanical force on these structures.

The ITER design allows for halo currents that are

approximately the same fraction of the total plasma

current as is observed in present day experiments

[13]. In addition, plasmas with strongly shaped cross-

sections, such as in ITER, are also subject to a par-

ticular kind of disruption, in which the entire plasma

column moves vertically (e.g. owing to a fault in the

vertical position feedback control system) without

a disruption thermal quench. The main difference

between this type of event and a thermal quench

initiated ‘vertical disruption’ is that in the latter

the thermal energy loss has essentially been com-

pleted before appreciable vertical motion develops.

The VDE will lead to intense PMIs such as impurity

release and wall melting and vaporization. Because

of the longer duration, deleterious effects may result

at the armour/heat sink interface in the regions

of the first wall where the plasma intersects the

PFC wall surfaces. These effects are not present or

appreciable in present experiments, whereas in ITER

they are expected to deposit several tens of MJ·m−2

over times of the order of a fraction of a second

(Section 5.4).

Third, the high electric fields produced by dis-

ruptions can also give rise to production of run-

away electrons (see glossary) with multi-MeV energy

(Section 4.5.2.3). Although, in recent years, signifi-

cant progress has been made in characterizing the
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Table 4. Type, range of parameters and major consequences of plasma transient events in the ITER design. The

numbers refer to the ITER-FEAT and (in parenthesis) to the 1998 ITER design.

Event Key Characteristics Major Consequence(s) and/or comments(s)

Disruptions frequency: ∼10%; – vaporization (and also melting for metals) of divertor targets,

thermal energy ≈ 0.35 GJ {≈1 GJ}; and nearby surfaces;

thermal quench time: 1–10 ms; – during the thermal quench, 80–100% of the thermal energy (Wth)

magnetic energy ≈ 0.31 GJ {≈1 GJ}; is transported by conduction to divertor; ≤30% by radiation

current quench time: 50–1000 ms; to first wall or baffle;

max. current decay rate: 500 MA/s. – during the ensuing current quench phase, 80–100% of the energy

is transferred to the first wall by radiation, with a poloidal

peaking factor of ∼2; ≤20% by conduction and localized

radiation during VDEs;

– initiates VDE and runaway conversion.

VDEs duration ≈ plasma quench; – follows each disruption;

direction = up or down – slow current quench-> worst VDE;

(depending on changes of – part of the magnetic energy (Wmag) is lost to the first wall;

plasma current and inductance); – produces in-vessel halo currents and forces on in-vessel

halo current ≤40%. components.

Loss-of- frequency: 1% of pulses – initiated by poloidal field control failure;

equilibrium- drift ≈ 1–5 s to wall contact onset: – electromagnetic effects (halo current/vertical force);

control first wall contact initiates H mode – major thermal effects on first wall;

VDE loss, Wth loss, melting, rapid – affected first wall region: upper/inside or divertor entrance

current quench or disruption baffles.

Runaway knock-on avalanche, – many uncertainties (see text);

current E ≈ 10–15 MeV, – toroidal localization depends on first wall alignment;

conversion Wth ≈ 60 MJ {≈500 MJ} – shutdown species will influence runaway electrons current.

Fast τth , τmag ≤ 1 s; – fast plasma power and current shutdown means for thermal

shutdown by impurity or H/D injection. protection of the first wall and divertor targets;

(active – by impurity or D injection; D favoured to minimize

control) runaway conversion.

ELMs frequency: 2–0.5 Hz, – Type I and Type III ELMs are frequently observed;

Type I ∆Wth/Wth ∼ 2–6% – ∼50–80% of the energy lost from the core plasma is observed to

or Giant deposition time: 0.1–1 ms; strike the divertor target (e.g. in DIII-D, ASDEX-Upgrade);

ELMs – JET, DIII-D, ASDEX-Upgrade reported inboard energies,

2–4 times that on outer divertor (see text for further details).

ELMs frequency: high; – associated with high triangularity plasma configurations;

Type II amplitude: small – database for Type II ELMs is too small for use in ITER design.

ELMs ∆Wth/Wth is a factor 5–10 – Type III are fairly universally observed;

Type III less than for Type I ELMs. – prevalent in regimes associated with detached divertor operation

and at heating power near the H mode threshold power,

both of which are relevant to ITER operation;

– have a small amplitude and should not be a concern for erosion.

major elements involved in runaway generation (see,

e.g. Ref. [13]), there are still substantial uncertain-

ties related to the quantification of material damage

effects and the database from tokamaks is somewhat

limited in this respect. Table 4 summarizes the main

types of transient plasma event expected in a device
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such as ITER, as well as their characteristics and

major consequences.

The thermal quench duration is estimated to be

1–10 ms; this range reflects uncertainty in extrapo-

lation of data to ITER size and plasma temperature,

and also the observation that thermal quenches are

sometimes single step and sometimes multistep. The

location of the thermal quench deposition is expected

to be within the divertor. Since a SOL widening of

up to ten times is sometimes seen in present experi-

ments, part of the SOL and, therefore, of the energy

may be deposited on the wall region near the diver-

tor entrance and/or the first wall. Partitioning of the

energy between the inner and outer divertor is rela-

tively uncertain; however, data typically show more

energy to the inside divertor. Dissipation (80–100%)

of the magnetic energy in the current quench phase

will be primarily by radiation to the first wall, with

a poloidal peaking factor of ≤2.

VDEs and runaway electron events during the cur-

rent quench phase will result in more localized energy

deposition on the first wall. For further details, see

Refs [13, 170, 171]. Any misalignment of the first wall

tiles will increase local heat deposition.

2.3.2.3. Other plasma disturbances, e.g. ELMs

Other plasma disturbances such as sawteeth (see

glossary), ELMs and other recurring bursts of MHD

activity are routine aspects of normal plasma oper-

ation and will continue during the entire pulse. The

main characteristics and the resulting consequences

of these events are summarized in Table 4. A detailed

discussion of these processes is beyond the scope of

this review, and the interested reader is referred to

Refs [2, 13, 172]. ELMs [136] produce a periodic very

rapid expulsion of thermal energy and particles from

the edge region into the SOL and, finally, to the sur-

faces of the divertor and/or first wall, which must be

designed to withstand these types of events. ELMs

transiently reduce the temperature and density at

the top of the H mode transport barrier and thereby

affect core confinement. In addition, they lead to

increased transient peak heat loads on and increased

erosion of the divertor plates [173]. Although ELMs

are instabilities localized to the periphery of the core

plasma, scaling studies from current tokamaks indi-

cate that 3–10% of the thermal energy of the core

plasma can be quickly (≈0.1–1 ms) lost to the diver-

tor [172]. This represents energy densities that sur-

pass the severest disruptions in current tokamaks,

and ELMs occur every second or so! The predicted

material damage, by evaporation and melting, rep-

resents critical design issues for a next step tokamak

device [2] (Sections 2.3.1.3 and 5.4.3).

2.3.2.4. Disruption and ELM mitigation

Disruption avoidance would conserve the opera-

tional lifetime of in-vessel components and avoid loss

of operational time for wall reconditioning. However,

despite these significant incentives, disruption avoid-

ance remains a goal to be achieved, particularly in

regimes close to known operation limits. Therefore,

when designing PFCs, it is important to distinguish

between events that will be handled by avoidance

from events that must be included in the design.

At present, the ITER divertor is being designed to

accommodate disruptions for lengthy operating peri-

ods before replacement will be required. For this rea-

son carbon has been selected near the strike points

to withstand the power loads of disruptions without

melting. As an alternative, during the early phase of

ITER, special limiters could be used to handle VDEs,

runaway electrons, etc. Such limiters, however, may

not be suitable during the later phase of ITER, where

long lifetime, tritium inventory, etc. become impor-

tant issues.
There has been some experience with disrup-

tion mitigation in existing tokamaks using large gas

puffs or pellet injection of noble gases (He, Ne, Ar),

which tend to dissipate the stored kinetic energy

through impurity line radiation. These techniques

reduce power loading on the divertor plate by a fac-

tor of two to three, as well as vessel forces due to

poloidal halo currents (e.g. see Ref. [174]). The injec-

tion of a solid impurity pellet (commonly termed a

killer pellet) into a tokamak plasma is capable of

effecting a rapid non-disruptive shutdown of plasma

energy and current. These pellets are typically com-

posed of moderate or high Z materials, and the

pellet size and velocity are chosen such that the

pellet can penetrate deeply into the plasma core.

Impurity pellet shutdown experiments demonstrat-

ing non-disruptive dissipation of the plasma ther-

mal and/or magnetic energies have been performed

in JT-60U [175–177], ASDEX-Upgrade [178, 179],

DIII-D [174, 180, 181], Alcator C-Mod [182], JET

[183] and TFTR [184, 185]. The efficacy of killer

pellet shutdown clearly depends on having sufficient

penetration of the pellet into the plasma such that

the resulting impurities are deposited more or less

uniformly all over the plasma cross-section. Rapid

anomalous inward transport of the injected radiat-
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ing impurities has been observed [186]. This tends

to cause effective radiation cooling over the entire

plasma radius, with 90–100% of the stored kinetic

and magnetic energy being radiated.

Effective shutdown also depends on selecting an

impurity that radiates strongly at the moderate

plasma temperatures (typically, a few hundred eV)

that arise following the initial adiabatic cooling pro-

duced by the pellet. In present experiments, these

features are obtained by tailoring the pellet species

and mass (see, e.g. [178]) and, to a more limited

extent, the injection velocity to provide strong radia-

tive cooling. However, injection of high Z impurities

leads to the generation of potentially damaging large

runaway currents [174, 187]. In DIII-D [174], signa-

tures from runaway electrons have been observed on

all argon pellet discharges and on many neon pel-

let discharges. Deuterium injection avoids, in princi-

ple, this problem but the amount of injected mate-

rial required is very large. Recently, massive bursts

of helium gas have been used to mitigate the delete-

rious effect of VDEs and density limit disruptions in

the DIII-D tokamak [174, 188]. Because of the high

plasma densities achieved, no runaway electron pro-

duction was expected and none was observed. Most

of the energy flowing towards the divertor is seen to

be dissipated as radiation in the main chamber. The

simplicity and expected reliability of this technique

makes it a strong candidate for disruption mitiga-

tion in large scale devices. Injection of hydrogen or

helium liquid jets has also been proposed as a new

concept for disruption mitigation and fast shutdown

in tokamaks [189]. Liquid jets can rapidly cool the

plasma to reduce divertor heat loads and large halo

current forces, while simultaneously raising the den-

sity sufficiently to prevent runaway electron genera-

tion [190]. Another novel method for fast shutdown

of a large, ignited tokamak consists of the injection of

30–45 (6 mm) deuterium pellets doped with a small

(0.0005%) concentration of krypton, and the simul-

taneous rampdown of the plasma current and shap-

ing fields over a period of several seconds using the

poloidal field system [191].

Unlike disruptions, which must be practically

eliminated in a working reactor, ELMs will con-

tinue to be present in order to provide particle and

impurity control. Transient peak loads during ELMs

in future devices are relatively uncertain, owing to

the uncertainty on the thermal energy loss from the

core plasma during an ELM, the fraction of energy

deposited on the target plates, the deposition pro-

file on the divertor target and the duration of ELM

energy deposition. However, it is quite clear that

Type I and giant ELMs pose a significant prob-

lem on ITER [2]. Encouragingly, high confinement

modes with small ELM amplitudes (often classified

as Type II ELMs, although it has not been veri-

fied whether all these modes correspond to the same

phenomenon) have been observed in several devices,

e.g. grassy ELMs in DIII-D [13], ‘minute’ ELMs in

JT-60U [13], and the enhanced Dα (EDA) mode in

Alcator C-MOD [192]. Recent experience at JET

has shown that discharges with radiofrequency (RF)

heating only had low amplitude ELMs, and that it

may be possible to use shallow pellets to trigger

ELMs, thereby lowering their amplitudes. Measure-

ments from ASDEX-Upgrade [193], as well as new

experiments with gentle gas puffing in DIII-D [194],

show a much lower normalized ELM energy loss (typ-

ically, a factor of four) than the results in [172], with

only modest degradation of confinement. Near the

H mode threshold, Type III ELMs (whose amplitude

is much smaller than that of Type I ELMs) have been

observed [136].

2.3.3. Control of the in-vessel tritium inventory

2.3.3.1. In-vessel tritium inventory in plasma

facing components

Safe management and accounting of tritium will

be crucial for the acceptance of fusion as an envi-

ronmentally benign power source. Tritium retention

in plasma facing materials has emerged as a pri-

mary concern for next step fusion devices fuelled

with mixtures of D and T, with strong implica-

tions for in-vessel component design, material selec-

tion, operational schedule and safety. Special controls

imposed on the handling of tritium [195–197] require

that the quantity of tritium retained in the torus be

accounted for and the inventory limited [198, 199]

in order to permit continued operation within the

licensed site inventory limit. An excessive tritium

inventory in the torus would present a safety haz-

ard in the form of a potential tritium release to the

atmosphere in case of a loss-of-vacuum accident. For

example, in TFTR, the quantity of tritium permit-

ted in the vessel was restricted to <2 g to limit

release to the environment in the event of a major

vacuum leak and simultaneous failure of tritium con-

tainment systems. Besides tritium inventory control,

tritium removal from the wall is required to control

plasma fuelling by tritium implanted in the wall and

to reduce the tritium outgassing and thus to mini-
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Table 5. Tritium in current facilities and future devices

Parameters TFTR JET Next Stepa

Year 1993–95 1996 1997 1991 1997

Peak fusion power (MW) 10.7 8.5 7.8 1.8 ∼16 500–1500

Total discharge duration (s) 8 4.2 6.5 10–30 20–30 300–1000

Total number of discharges 14 724 5324 3619 2 ∼593 >104

Discharges with NBI 6134 2167 1609 2 >50% —

Discharges with tritium NBI 500 124 107 2 ∼134 —

Typical number of tritium pulses per day 0–5 0–5 0–5 — 10 10–20

T processed by facility (g) 73 17 15 0.1 100 —

T introduced in the torus and NBIs (g) 3.3 0.84 1.1 0.005 35b —

T introduced per pulse (g/pulse) <0.048 <0.01 <0.014 — <0.25 50–200

T inventory in the torus and NBIs (g) 1.7 1.6 1.8 0.004 11.5c —

Average retention (excluding cleanup) 51%d 51%d 51%d — 40% <10%

Increment of tritium inventory (g) 1.7 0.81 0.76 0.004 11.5e <20 g/pulse

T removed during cleanup period (g) 0.96 0.49 0.98 0.0045 5.5e ∼99%f

T remaining at end of cleanup period (g) 0.74 1.06 0.85 — ∼6e

T permitted in the vessel (g) 2 20 (first wall) <1000g

11 (cryopumps)

T permitted on site (g) 5 90 ∼4000g

Fuel cycle open open closed closed closed

Exhaust processing batch batch semicontinuous

Breeding blanket — — Test modulesh

a Estimated values.
b 0.6 g by NBI and the rest by gas puffing.
c This was the tritium inventory in all systems outside the active gas handling system (AGHS) (i.e. NBIs, torus),

but individual analysis of batches of gas from the different subsystems indicate that the torus contributes >90%

of the inventory (see Section 4.7).
d This is an average value over the period 93–97, excluding dedicated tritium removal campaigns.
e Some cleanup was also done in the middle of DTE1, in order to repair a small water leak in the fast shutter of the

neutral beam. At that time 11.4 g of T2 had been introduced into the torus and about 4.6 g of tritium was

retained on the walls. The wall load was reduced to 2.3 g in a four day period with ∼120 pulses.
f Design requirement.
g Significant uncertainties still exist.
h It is expected that installation of a tritium breeding blanket capable of replenishing at least in part the tritium that

is consumed will not be required in a next step experimental fusion facility, at least at the outset. Required breeding

blanket technology development will be carried out in a next step device mainly through installation of breeding

blanket test modules, introduced through vessel ports specifically allocated and instrumented for this purpose.

mize personnel exposure during venting of the torus

for maintenance. Independently of safety limits, con-

trol of the in-vessel tritium inventory is also neces-

sary to avoid exhausting the available tritium sup-

ply. Tritium retention mechanisms are reviewed in

Section 3.5.

Hydrogen and deuterium retention has been mea-

sured in several tokamaks, and recently the large

tokamaks, TFTR and JET, have provided precise

measurements of tritium accounting (Section 4.7.1)

and have expanded the technical knowledge base for

tritium issues in fusion reactors [200]. Table 5 pro-

vides a list of key quantities related to tritium in

existing tokamaks and a next step device [201–204].

Tritium retention and the control of the tri-

tium inventory in ITER and future reactors strongly

depend on the choice of plasma facing materials

and their operational conditions (e.g. temperature

of PFCs, flux density of impinging particles, plasma

edge conditions) and geometry effects (gaps, shaded

regions, etc.). Recent experimental results (Sec-

tion 4.7.1) and modelling (Sections 5.3 and 5.6) show

that as long as some carbon is used in the machine

to clad the divertor plates, the dominant mechanism
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for hydrogenic retention will be co-deposition with

carbon, and there will be a need to mitigate/control

tritium accumulation via co-deposition in the torus.

Retention by other mechanisms such as implantation

and surface adsorption, which may be significant for

small short pulse machines, is expected to rapidly

reach saturation in ITER.

Laboratory measurements have shown that co-

deposited films start to decompose when exposed

to air at temperatures >520 K, releasing tritium

(Section 4.7.2.1) [205–209]; so they are considered to

be risky under ITER accident conditions, and their

accumulation needs to be strictly controlled on safety

grounds. The released hydrogen is mainly in the form

of water [210]. A precautionary operating limit of

1000 g was set for mobilizable in-vessel tritium in

the 1998 ITER design, based on safety considerations

due to the release from postulated accident sequences

(more than a factor of two lower, i.e. about 350 g, is

set for the design of the smaller ITER-FEAT). Upon

reaching this limit, operation needs to be discontin-

ued and dedicated cleaning techniques/procedures

(discussed below) applied to reduce the torus tritium

inventory. The frequency of cleaning intervention will

strongly depend on the rate of co-deposition.

It is clear that the rate of tritium buildup observed

in JET and TFTR (Section 4.7.1) is much too high

for a next generation fusion device. However, there

are still large uncertainties in quantifying the in-

vessel tritium inventory in next step devices. The

tritium retention fractions in terms of throughput

experienced in existing machines cannot be simply

applied to ITER. The fraction of tritium retained

in a tokamak depends on the amount of eroded car-

bon, which in turn depends on the machine geome-

try, plasma edge conditions, wall material and tem-

perature, fuelling and heating methods, etc. Thus,

detailed modelling, including these effects and vali-

dated in existing tokamaks, is necessary to predict

tritium retention in ITER in a reliable way. Mod-

elling has been performed for typical plasma edge

scenarios (Section 5.3) [3, 154, 158, 211] to pre-

dict the tritium inventory in ITER. The estimated

tritium co-deposition rates are relatively high (i.e.

in the range of 2–20 g/pulse), although the pro-

jected retention fraction is lower than that observed

in present day tokamaks (TFTR, JET [201, 204]).

Although these estimates are still uncertain, mainly

because of the uncertainties of the plasma edge

physics parameters and material erosion properties,

including the effects resulting from mixing of mate-

rials, the results are nonetheless useful to illustrate

trends and to guide the current material selection

(Section 2.4).

2.3.3.2. Tritium removal from co-deposited layers

Interruptions of plasma operations, as often as

weekly, to remove tritium will be necessary in a next

step device with carbon PFCs. In JET and TFTR

(Section 4.7.1), tritium removal took place over sev-

eral weeks, i.e. considerably longer than the approx-

imately 1000 s cumulative total time of high power

DT discharges [202, 204]. This would not be ade-

quate in a fusion facility such as ITER, where the tri-

tium removal rate will need to be orders of magnitude

higher in order to support the operational schedule

of the reactor.

Although several alternatives are being considered

for the removal of the T rich co-deposited layers,

their removal from a next step machine remains a

major unsolved problem. Techniques involving expo-

sure to oxygen (e.g. thermo-oxidative erosion at tem-

peratures above 570 K, or oxygen plasma discharges)

have been found to be most effective in laboratory

experiments to remove tritium from tritium contain-

ing films (Section 4.7.2). Major drawbacks of tech-

niques using oxygen, especially at elevated temper-

ature, include potential damage of other in-vessel

components, and wall conditioning recovery time for

normal plasma operation. No practical method of

localizing the oxidation to the area required (and

avoiding oxygen exposure elsewhere) has been devel-

oped, although various ideas are being explored.

In addition, processing of the DTO exhaust gener-

ated is costly. Alternatively, high temperature bak-

ing (>900 K) under vacuum is sufficient to remove

the trapped tritium, but is technically very difficult

to achieve in the torus. Finally, solutions to mechan-

ically move T bearing flakes to an ex-vessel reclama-

tion facility (e.g. by using a conveyor [212]) are also

being investigated.

Further development and optimization of the

divertor design, based on information provided by

future experiments in existing tokamaks, would be

useful to control and to mitigate the extent of the

co-deposition problem. From design perspectives, ini-

tial considerations are being given to solutions that

could mitigate co-deposition in critical areas of the

divertor (Section 2.5).

If carbon based materials were to be eliminated

from the divertor of a next step device, the situa-

tion as far as tritium inventory is concerned would

be radically different and the control of the tritium
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inventory could be much better manageable (see, for

example, the experience gained for of Alcator C-Mod

(Section 4.7.1.3) [213]). New design solutions using

tungsten instead of carbon for high heat flux regions

are being explored (Section 2.5). However, the abil-

ity of tungsten to withstand high heat flux transients

without suffering damage through melting is unclear

and may make disruption mitigation a necessity (Sec-

tion 6.6).

2.3.3.3. Fuel Isotopic tailoring

Efficient plasma fuelling is very important for any

DT fusion device as the tritium supply is limited and

expensive. Only a fraction of the tritium is ‘burnt’

in the plasma, and minimizing the tritium through-

put reduces the cost of reprocessing of the plasma

exhaust and the potential for losses into the environ-

ment [31].

The tritium fractional burnup (see glossary) in

JET and TFTR was low (i.e. 10−4 in TFTR). How-

ever, in a device such as ITER, the tritium burnup

fraction is expected to be ≈1% [31], and up to 30%

under very optimistic conditions in future reactors

(ARIES-RS [214]; see glossary). The high tritium

burnup fraction in ARIES-RS is due to the antici-

pated higher power density; basically, more tritium

is burnt before it can be transported from the plasma

core. A tritium fuelling rate of at least 0.1–0.2 g/s

will be needed to fuel a 1000 MW reactor with a

burnup fraction of 1%.

Tritium rich pellets could fuel an optimal 50:50

D:T mix in the core plasma, while deuterium rich gas

puffing would lead to a reduced tritium fraction in

the edge plasma [215]. Because of the improved par-

ticle confinement associated with the deeper tritium

core fuelling component, comparable core densities of

deuterium and tritium can be maintained even when

the edge deuterium fuel source is much larger than

the core tritium fuel source. This isotopic tailoring of

the deuterium and tritium density profiles can lead

to reduction in the tritium inventory accumulating

in PFCs. Modelling with the DIFFUSE code [215]

showed that the tritium inventory retained in the

torus could be decreased by about a factor of two

by isotopic tailoring of the fuel sources, reducing the

time needed for tritium removal (Section 2.3.3.2).

2.3.3.4. DT neutron effects and tritium

self-sufficiency

Although usually not considered in the context

of PMI phenomena, the production of energetic

(14 MeV) DT neutrons generated in a reactor scale

plasma raises important issues concerning the design

and operation of PFCs [216]. The neutrons activate

PFCs, and shielding is necessary to limit neutron

damage and exposure to personnel and public. A

dedicated volume neutron source is envisioned in

the future to study DT neutron effects on materials

and qualify materials for a commercial fusion reac-

tor [217, 218]; these issues will not be further dis-

cussed here. On the positive side, neutrons enable

the breeding of tritium fuel, a prerequisite for DT

fusion power. However, the margin of tritium breed-

ing is low, and tritium self-sufficiency issues have a

direct bearing on the choice of plasma facing mate-

rials in future DT reactors and pose stringent limits

on the maximum permissible retention of tritium.

In a tritium self-sufficient reactor, neutrons are

used to breed the tritium to replace that consumed

in the DT reaction. The tritium burnup rate in a

reactor of fusion power PF (MW), fuelled with a 50–

50 DT mixture, is given by

Λ̇T (g/s) = 1.77 × 10−6 × PF (MW) (1)

A 1000 MW device will burn ≈6.5 g of tritium per

hour of continuous operation. For a typical duty cycle

of 0.3, the tritium consumption will be ≈46 g·d−1.

The tritium consumption and fuelling requirement

for the 1500 MW 1998 ITER design have been quan-

tified in Ref. [119]. During the Basic Performance

Phase, that was expected to last about ten years,

approximately 27 kg would have been burned (aver-

aging about 5 kg·a−1 in the last five years of opera-

tion when operation was anticipated to become more

oriented towards technology testing). These tritium

requirements were derived from an operational plan,

which specified a total number of ≈9000 DT pulses

with a typical pulse length of ≈1000 s, correspond-

ing to a neutron fluence of about 0.3 MW·a·m−2. A

subsequent ten year Engineering Performance Phase

was planned with the primary objective of raising

the neutron fluence to about 1.0 MW·a·m−2. In this

phase, tritium would have been partially produced in

the reactor by using a breeding blanket with a breed-

ing ratio of 0.8. The remaining 1.7 kg·a−1 would have

come from external sources. The reduced size ITER

design currently under consideration would have a

lower total tritium consumption (e.g. ≈22 kg of tri-

tium for a fusion power of about 500 MW, and a

neutron wall loading of ≈0.5 MW/m2, with a total

fluence of ≈0.3 MW·a·m−2). However, it will proba-

bly not have a breeding blanket so that all its tritium

will have to be provided from external sources.
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Present supplies of tritium are generated by neu-

tron irradiation of deuterium in heavy water reac-

tors, but the availability of the tritium supply, and

hence the time window for fusion energy develop-

ment, is not unlimited [219]. Tritium production

from the Canadian CANDU reactors is expected to

decrease to near zero in the early 2030s. Delays in the

advance towards a DT next step device such as ITER

would risk a significant penalty in the additional cost

of developing alternate supplies of tritium once the

CANDU supply is exhausted or lost by radioactive

decay.

The supply of tritium will determine the future

introduction of fusion power reactors. In power reac-

tors, the tritium fuel will be bred via nuclear reac-

tions in blankets containing lithium breeder materi-

als surrounding the burning plasma:

6Li + n ⇒ T +4 He + 4.8 MeV (2)

7Li + n ⇒ T +4 He + n − 2.5 MeV (3)

One can see the possibility of energy gain in reac-

tion (2) and net tritium breeding through secondary

neutrons produced in reaction (3). Neutron multipli-

cation is also possible through nuclear reactions in

beryllium. The margin for tritium breeding is rela-

tively low. Lithium provides the highest local tritium

breeding ratio of 1.86 and a neutron energy multi-

plier of 1.27 [220]. Tritium production, via breeding

reactions (2) and (3), in liquid and ceramic lithium

based breeder materials, and tritium extraction have

been demonstrated through capsule irradiation in fis-

sion reactors [221–223]. In practice, only a fraction

of the neutrons produced can be used to breed tri-

tium. The net tritium breeding ratio (TBR) (see glos-

sary), which is the product of local breeding ratio

and blanket coverage, is estimated by 3D neutronics

codes [224, 225] and needs to be at least 1.07 [226].

An implicit benefit of efficient isotopic tailoring (Sec-

tion 2.3.3.3) is the reduction of the required tritium

breeding ratio due to the increase in the tritium burn

fraction. As is shown in Ref. [225], a factor of two

increase in the tritium burn-fraction can have a sig-

nificant effect on the tritium breeding ratio required

for tritium self-sufficiency, reducing it from values of

≈1.15 to about 1.05. This will benefit an engineering

test facility such as ITER by reducing costly tritium

startup inventories and also has significant implica-

tions for an electricity grid based on fusion power

reactors.

To convert a significant fraction of electricity gen-

eration to fusion power, it is anticipated that the

number of fusion reactors would have to be dou-

bled every 1–5 years. Each new reactor would need

a startup tritium inventory [227]; furthermore, the

tritium inventory decays radiologically at a rate of

5% per year, requiring replacement. For these rea-

sons, there is a premium on minimizing the tritium

inventory in a DT reactor. The development work in

this area [228] has made significant progress in this

direction by reducing the required site inventory for

ITER to about 4 kg. The maximum tolerable tritium

loss rate (including both the tokamak and the tritium

plant) depends on both the fuel burnup fraction and

the fuelling efficiency. Continuous retention or loss

as low as 1% of the fuelling rate would imperil tri-

tium self-sufficiency because of the relatively low tri-

tium breeding ratio [229]. Carbon PFCs, which might

be required in the ITER divertor design to survive

disruption erosion, will not be usable in commercial

fusion power reactors because of erosion lifetime and

tritium co-deposition considerations (Sections 3.5.3,

4.3, 4.7, and 5.3). Metal (e.g. tungsten) PFCs are not

expected to continuously retain tritium once an ini-

tial inventory has been built-up in the implantation

layer, and so are likely to be preferred. Elimination or

mitigation of disruptions to permit the use of metal

divertor and first wall components is a necessary con-

dition for practical fusion reactors.

2.3.4. Control of the in-vessel dust inventory

Dust is produced inside the vacuum vessel of a

tokamak by interaction of the plasma with the com-

ponents of the first wall and the divertor. In the past,

this has received little attention within the fusion

community, mainly because dust is neither a safety

nor an operational problem in existing tokamaks.

However, the ITER design has highlighted the funda-

mental need to deepen the understanding of the pro-

duction of dust in tokamaks since this may directly

affect the safe operation of a next step device. The

safety issues associated with tokamak dust [230–233]

include radiological hazard (tritium and activation

products) (see glossary), toxicity and chemical reac-

tivity with steam and air.

A variety of ‘undesired’ products result from PMIs

(e.g. films, flakes, debris, dust), and it is not clear

how many of these should be considered a ‘dust’

hazard. Small amounts of dust have been collected

in various tokamaks during scheduled vacuum vessel

vents [234, 235] and have been analysed (Section 4.8).

Flaking and breakup of films, resulting from redepo-

sition of eroded and vaporized material, is expected
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to be the primary source of dust in a device such as

ITER. Arcing, which tends to release micron size par-

ticulates, may also play an important role, but inves-

tigations are needed to better quantify the effects

(Sections 3.3 and 4.4). If redeposited carbon layers

are susceptible to arcing, released particulates will be

saturated with deuterium–tritium, presenting safety

and operational issues (Section 4.8).

The radiological hazard and/or toxicity of the

dust depends on the specific dust material, on how

much is produced and how well the dust is confined.

Confinement depends on the dust particle size (e.g.

particles larger than ≈100 µm will not be trans-

ported to the environment). The activation products

of tungsten are radiologically hazardous while the

radiological hazard of beryllium and graphite is not

due to activation products, but rather to the tritium

present in the dust.

In vacuum vessel breach situations, dust can also

react chemically with steam and air, and materi-

als such as beryllium, tungsten or carbon oxidize,

producing hydrogen. In particular, accident scenar-

ios that result in water or steam exposure of hot

plasma facing materials (e.g. during loss of coolant

accidents) are of concern for fusion reactor designs

such as ITER that include beryllium as the first

wall material. Steam interactions with hot beryllium

can produce significant quantities of hydrogen [236],

which in the presence of air can lead to explosion.

The amount of hydrogen produced depends on the

specific material, temperature, exposure time, and,

in particular on the effective surface area. The large

surface area associated with dust can greatly amplify

its chemical reactivity [237]. The location where the

dust settles will determine its temperature and, con-

sequently, its chemical reactivity.

For these reasons, it is envisaged that the dust

inventory should be limited in a device such as ITER:

(a) to ensure that chemical reactivity is adequately

controlled in order to avoid the hazard of hydrogen

or dust explosions [238, 239], and (b) to be compati-

ble with the given radioactivity confinement require-

ments based on environmental release limits [240].

Dust limits in the ITER design for carbon and

beryllium stem primarily from chemical reactivity

concerns. The tungsten dust limit is determined by

both chemical reactivity and activation hazards. Two

different dust limits are currently considered. First,

a restrictive limit, on potential chemical reactions for

beryllium dust residing mainly in the grooves of the

tungsten armour of the divertor PFCs (e.g. dome and

baffle); (Section 2.5). These grooves or castellations

in the tungsten armour are an essential feature of the

design of PFCs to relieve stresses during cyclic high

heat flux loading, thus maximizing the fatigue life-

time of the armour to heat sink joint. This dust can

be subject to overheating and steam exposure dur-

ing long term decay heat driven and short term non-

decay heat driven incidents. The administrative limit

for the inventory of particles (typically, <<10 µm

that are highly reactive because of their relatively

large surface area) in the grooves is of the order of

10 kg. The second limit is the overall amount of dust

that can be mobilized during an accident and, hence,

escape into the environment causing a radiological

hazard. This is set at a few hundred kg. Within a

machine the scale of ITER, these limits represent

values that will be difficult to diagnose or guarantee.

The present design of the ITER PFCs is being

optimized to minimize dust accumulation by decreas-

ing the number and dimensions of the grooves on

the plasma facing surfaces in the critical areas. The

rest of the dust and flakes is expected to collect in

and beneath the divertor, where sufficient space is

available for introducing dust handling systems that

can either remove dust on-line or during intervals

between pulses.

Simply measuring the in-vessel dust inventory was

demonstrated to be a challenge in existing machines,

and there are still large uncertainties associated with

dust production mechanisms and rates and extrapo-

lation from present machines to the next generation

of tokamaks. Research into dust production mecha-

nisms and rates and the appropriate dosimetric lim-

its for personnel exposure has just begun [241–243]

(Section 4.8).

2.4. Selection criteria for plasma facing

materials

Operation experience in existing fusion devices

has centred around the use of carbon, mainly because

of its high thermal shock resistance and tolerance

to off-normal events (ELMs, disruptions) without

melting, thereby avoiding surface irregularities (Sec-

tion 1.3.2). A notable exception is the use of Be

in JET, both at the wall [101] and at the divertor

(Mk-I) [244]. Experiments in ASDEX-Upgrade [245]

with tungsten in the divertor and, more recently, at

the inner wall [117], and the use of molybdenum

in Alcator C-Mod [156, 246, 247], have also shown

that high Z materials might be acceptable in fusion

devices with divertors that can produce low plasma

edge temperatures (≈10 eV or less).
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Table 6. Identified advantages and shortcomings of candidate armour materials that are considered for the design of

the ITER reactor.

Advantages Shortcomings Required R&D

Carbon-fibre composites (CFCs)
•Good power handling, good thermal •Requires conditioning; • in situ removal of tritium from
shock and thermal fatigue resistance •Chemical erosion leads to reduction co-deposited films on plasma
(low crack propagation) erosion lifetime; facing surfaces with minimal

•Does not melt (but sublimes) and •Chemical erosion leads to co-deposition impact on machine availability;

preserves its shape even under of tritium with eroded carbon; •C mixed materials effects;
extreme temperature excursions; •Possible high erosion under disruption •Chemical erosion yield of carbon

•Low radiative power losses with loads due to brittle destruction; at relevant plasma edge conditions;
influx to plasma due to low Z; •Generates dust; • Investigation of ‘brittle destruction’

•Well established joining technology; •Physical and mechanical properties under relevant disruption loads.

•Broad tokamak operational experience; deteriorate substantially under
• In existing tokamaks, C erosion neutron irradiation
plays a beneficial role because of
the reduction of the target power

by radiation cooling of the divertor
plasma. C radiates efficiently for
temperatures down to ∼5 eV.

Beryllium
•Good oxygen gettering ability; •Reduced power handling capacity •Removal of tritium from thick
•Some tokamak practice and resistance to disruptions oxidized layers;

(mainly JET); because of the low melting temperature •C–Be mixed materials effects;
•Because of low Z, low risk of plasma and high vapour pressure; •Demonstration of in situ repairability;
contamination due to impurities and •High physical sputtering yield; • Saturation of gettering capability due
low radiative power losses; •Toxic — requires controlled handling to the buildup of thick oxide layers;

•Repairability by plasma spraying; procedures; •Continue dedicated experiments with
•Well established joining technology; •Co-deposition of tritium with beryllium Be clad PFCs in tokamaks (e.g. Be
•Low tritium inventory. could be significant if the level of first wall experiment in JET).

oxygen as impurity is large or in
the presence of carbon mixing effects;

•Properties of thick BeO layers
from gettering) are not known.

•Neutron induced brittleness

Tungsten
•Low physical sputtering yield and •Low limit for plasma contamination •Properties and behaviour of melt
high sputtering threshold energy; due to high radiative losses; layers under ITER disruption and ELM

•No chemical sputtering in H plasma; •Chemical erosion due to oxygen thermal loads;
•Tritium inventory is expected to impurity; •Continue development/testing of
be small. W does not co-deposit •Limited but promising recent tokamak W target featuring high heat flux
with H isotopes; experience (see Section 4); capability

•Repairability by plasma spraying; •Melts under anticipated thermal •C–W mixed materials effects;
•Well established joining technology. quench disruption loads •Expand coverage of W clad PFCs

Type I ELMs at divertor plate; and gain operation experience
•Unknown behaviour of melt layer in tokamaks;
under disruption loads; • Study chemical erosion due to O

•Recrystallizes (embrittles) at in combination with H.
temperatures >1500 K;

•Low plasma edge temperatures
required for low sputtering;

•High activation and generation of

radioactive waste.

The selection of the armour materials for the

PFCs of a next step experimental fusion reactor is a

compromise between multiple requirements derived

from the unique features of a burning fusion plasma

environment. The factors that affect the selection

come primarily from the requirements of plasma per-

formance (e.g. need to minimize impurity contamina-

tion and the resulting radiation losses in the confined

plasma), engineering integrity, component lifetime

(e.g. need to withstand thermal stresses, acceptable

1996 Nuclear Fusion, Vol. 41, No. 12R (2001)



Review: Plasma–material interactions in current tokamaks

Figure 7. High heat flux test results: heat flux versus

number of cycles for prototypical W/Cu and Be/Cu high

heat flux components. (Figure provided by M. Ulrickson,

Sandia National Laboratory [256].)

erosion), and safety (e.g. need to minimize tritium

and radioactive dust inventories). In this respect,

erosion/redeposition and tritium retention are major

factors in the choice of plasma facing materials for a

next step reactor.

In the ITER design, beryllium is the primary can-

didate material for the first wall, whereas tungsten is

the preferred material for the divertor, except for the

area near the strike points. Each of these three can-

didate materials has some inherent advantages and

disadvantages (see Table 6), and their application

depends on the specific operational requirements.

The rationale for this selection is thoroughly dis-

cussed elsewhere [17–19]. The choice of carbon for the

parts of the divertor where the SOL strikes the ver-

tical target and energy deposition from disruptions

and ELMs will occur is mainly due to its good power

handling and thermal shock resistance; it does not

melt (but is subject to sublimation) and preserves its

shape even under extreme temperature excursions.

In this region, beryllium would have an inadequate

lifetime and tungsten would vaporize during high

power transients and could pollute the plasma. Fur-

thermore, with a full tungsten target, there are con-

cerns regarding the formation and the properties of a

thick melt layer (up to few hundred µm thick) during

a thermal quench and Type I ELMs (Sections 2.3.1.3

and 5.4), and the generation of surface irregularities

that might later form hot spots in normal steady heat

flux operation. Because of its low physical sputtering

yield and high threshold energy for physical sputter-

ing, W is foreseen in regions where the significant flux

of hydrogen neutrals, predominantly of low energy,

can lead to large sputtering and unacceptably short

lifetimes for materials such as carbon and beryllium.

However, with the above material selection the co-

deposition of tritium with carbon remains a primary

concern. The Fusion Ignition Research Experiment

(FIRE) design study [248] (see glossary) has forgone

the use carbon PFCs for this reason, the first wall is

covered with Be tiles and divertor uses W rods on a

Cu backing plate.

An extensive research and development (R&D)

programme has been conducted on cooling technol-

ogy [249] and on the development of joining tech-

nologies between armour (beryllium, tungsten and

CFCs) and copper alloys/stainless steel [250–252].

Robust engineering solutions of actively cooled high

heat flux components clad with CFCs have been

developed and tested successfully for up to several

thousand cycles at heat fluxes of the order of 20

MW·m−2 [253, 254]. Recently, substantial progress

has also been made on the development and test-

ing of water cooled high heat flux components clad

with beryllium and tungsten [250]. Figure 7 [256]

shows the ranges of operational requirements for first

wall and divertor components, and the results of

high heat flux tests with water cooled Be/Cu and

W/Cu components. W armoured prototypes already

promise to be as reliable, at similar heat fluxes, as

their carbon armoured counterparts [253–255]. This

requires, particularly for materials such as tungsten,

the use of ‘discrete’ structures (e.g. castellated, brush

type) of the type portrayed in Fig. 8. However, there

are some remaining concerns of possible PMI effects

resulting from the use of such geometrical configu-

rations. These include the interaction of the sharp

edges with the plasma, resulting in possible enhanced

erosion, arc initiation from the corners, and plasma

contamination. Other effects include: the formation

of ‘bridges’ across the gaps in case of melting; change

of thermomechanical behaviour; the accumulation of
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Figure 8. Castellated armour concepts for tungsten armoured high heat flux components.

(Figure provided by Vladimir Barabash, ITER JCT.)

Figure 9. A cutaway of the ITER-FEAT tokamak.

large amounts of erosion products (dust, tritium co-

deposits) in cold regions where they may be difficult

to remove; and possible copper substrate erosion due

to the presence of gaps.

The primary shortcomings of W that should be

addressed in the coming years are the lack of oper-

ational experience and the dearth of experimental

data regarding formation of melt layers (and their

properties) during disruptions (Section 6).

The present strategy in ITER is to initially install

carbon as armour on the targets and to maintain the

option to switch to more reactor relevant all-tungsten

armoured targets before DT operation, when the

tritium inventory becomes an issue. The decision

to make this change will depend on the progress

made in controlling the plasma, in particular, on

the frequency and severity of disruptions and, on

the other hand, on the success achieved in miti-

gating the effects of tritium co-deposition. Removal

and exchange of divertor cassettes will require

remote handling capabilities, as will be discussed in

Section 2.5.

2.5. Overview of design features

of plasma facing components

for next step tokamaks

A cutaway view of the ITER-FEAT tokamak

[134, 258, 119] is illustrated in Fig. 9 and is used

here, together with the 1998 ITER design [119, 257],

as examples to point out some of the characteristic

features of the design of a reactor scale experimental

facility. The design operation parameters and heat,

particle, and neutron fluxes on the PFCs are sum-

marized in Table 7. The in-vessel components are
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Table 7. Estimated operation parameters used for the design of the ITER PFCs [119, 134]. Parameters of the

1998 ITER design [118] are also included in parentheses. Design specifications for off-normal events are summarized in

Table 4.

Component/armour material/ Peak heat Particle Energy Fast neutron

area/main design loads fluxa fluxa fluxb

(MW · m−2) (DT · m−2 · s−1) (eV) (n · m−2 · s−1)

First wall/Be ∼680 {∼1000} (m2) 0.5 1019–1020 100–500 ≤1.3 × 1018

– charge exchange neutrals (Eav < 100 eV); {≤2.3 × 1018}

– radiative power from bremsstrahlung;

– localized thermal, particle and electromagnetic loads

during disruptions,VDE, runaway electrons††.

Startup limiter/Be ∼10 (m2) ∼8c 1021–1022 — ≤2.3 × 1018

– direct plasma interaction and high thermal power {≤2.3 × 1018}

during plasma startup and shutdown.

Divertor target (strike-points)/C ∼55 {∼75} (m2) <10d–20e <1024 1–30 (2–3) × 1017

– high thermal power and flux of particles; (plasma {(4–6) × 1017}

– deposition of energy during disruption, ELMs; temp.)

– electromagnetic loads during disruptions.

Divertor side wall (baffle)/W ∼50 {∼200} (m2) 3 1020–1022 >30 ≤1 × 1018

– charge exchange neutrals (Eav < 100 eV); (plasma {2 × 1018}

– direct interaction with SOL plasma; temp.)

– radiative power from X point (e.g. MARFEs);

– possible deposition of energy during ELMs;

– reradiated energy during disruptions;

– electromagnetic loads during disruptions.

Divertor dome/W ∼30 {∼85} (m2) 3 1021–1022 >30 ≤9 × 1017

– charge exchange neutrals (Eav < 100 eV); (plasma {1.1 × 1018}

– radiative power from X point (e.g. MARFEs); temp.)

– deposition of energy during VDE;

– electromagnetic loads during disruptions.

Divertor private region (liner)/W ∼60 {∼90} (m2) <1 <1023 <1 ∼2 × 1017

– radiative power dissipated in the divertor; {4 × 1017}

– reradiated energy during disruptions;

– electromagnetic loads during disruptions.

The pulse duration in the ITER-FEAT design is 400 s, while for the 1998 ITER design was 1000 s. For the first wall no

replacement is anticipated during operation (∼40 000 pulses) and up to three replacements for the divertor.
a Design values.
b E > 0.1 MeV.
c During startup. During flat-top burn the limiter will experience the same load as the primary first wall;
d Peak load expected during normal semidetached conditions.
e Peak load expected during slow high power transients (10% frequency, ∼10 s duration).

†† Protection of the first wall against VDEs and runaway electrons could also be achieved by introducing a series of

poloidal protection limiters.

cooled by pressurized water at ≈370 K. The maxi-

mum water baking temperature of the PFCs is lim-

ited to ≈510 K because of the 4 MPa maximum pres-

sure that can be allowed in the water cooling pipes.

There may be a possibility of baking the divertor

to higher temperatures with hot gas (e.g. He), but

the time required to completely remove water, intro-

duce gas, and then reintroduce water will limit such
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enhanced temperature baking to major commission-

ing and decommissioning periods.

Vacuum vessel and blanket: The ITER vacuum

boundary is formed by a double walled vacuum vessel

made of stainless steel SS 316L(N)-IG, ITER Grade:

0.06 to 0.08% nitrogen (60 mm plates for the outer

and inner shells, and 40 mm stiffening ribs), which

is supported against gravity by the toroidal field coil

structure, and which contains the blanket and diver-

tor systems [259, 260]. The basic functions of the

vacuum vessel are to provide a suitable vacuum in

the plasma chamber, to support the in-vessel com-

ponents, to assist in the nuclear shielding of the coils

and to constitute the first safety boundary. To this

end, the vessel cooling system has to provide radioac-

tive decay heat removal by natural convection, even

when the vacuum vessel and the blanket cooling

loops are not functioning (no pumping action). The

shielding, in particular from neutron radiation, has

to be sufficient to stay below critical nuclear heat-

ing levels in the coils and to allow limited hands on

maintenance inside the cryostat.

The shielding blanket is composed of modules,

which are attached to a thick backplate in the case

of the 1998 ITER design, and in the ITER-FEAT

design are instead directly supported by the vacuum

vessel. The shielding modules are water cooled steel

blocks, which are effective in moderating the 14 MeV

neutrons, with a water-cooled copper mat bonded to

the surface of the modules on the plasma side, and

protected from interaction with the plasma by an

armour material. To limit the thermal stresses in the

vacuum vessel and to provide sufficient shielding to

limit the He production in the vacuum vessel inner

shell (due to the interaction of energetic neutrons

with various isotopes present in steel either as ele-

ment e.g. nickel, or as impurities, e.g., boron) below 1

atomic part per million (appm), the blanket modules

have a minimum thickness of 450 mm and consist, on

average, of ≈80% steel and 20% water (cooling chan-

nels). During later phases of operation, some of the

blanket shielding modules may be replaced by tri-

tium breeding modules with a design similar to the

one described in Ref. [119].

First wall: The first wall design is generally less

demanding than the design of the divertor high

heat flux components (see below) because of lower

steady state heat loads, originating mostly from radi-

ation. However, a longer lifetime is required (≈40000

discharges) than for the divertor components. This

results in a significantly larger total neutron fluence

for the first wall than for the divertor, favouring the

choice of stainless steel for the first wall structure and

the associated cooling tubes. The first wall design is

based on 1 mm thick 10 mm diameter SS cooling

tubes with a pitch of ≈20 mm, embedded in a Cu

alloy layer of ≈15 mm thickness (DS-Cu or CuCrZr).

The plasma facing material is a 10 mm thick Be layer

[259, 260]. The first wall incorporates the startup

limiters [261], which need to absorb several MW of

power (up to ≈8 MW·m−2) during the limiter phases

of each discharge (i.e. ≈100 s during plasma startup

and ≈100 s during plasma current rampdown). The

limiters are located in two ports at the equatorial

plane of the machine. The main loading conditions

for these components are summarized in Table 7.

With the aim to reduce cost and nuclear waste,

design options are currently being investigated for a

modular and separable first wall. This new design

approach would allow damaged or eroded blanket

modules to be repaired inside the hot cell either by

replacement of first wall panels or plasma spraying.

Divertor: During the past few years, progress

towards the understanding of divertor physics,

through experiments, modelling (Section 5.2) and

model validation in existing divertor machines, has

been significant. On the basis of the available knowl-

edge, the currently proposed divertor for ITER [13]

utilises a ‘vertical target’ geometry. A key poten-

tial advantage of the vertical target configuration

is enhanced recycling. The neutrals recycling in the

outer part of the SOL are reflected toward the sepa-

ratrix near the strike point rather than away from the

separatrix (Fig. 1), thus increasing the level of recy-

cling. Detached or partially detached plasma regimes

can accomplish the required peak heat flux reduction

by spreading the power over a larger surface area

of the divertor chamber walls and the first wall by

enhanced radiation from the plasma edge. The access

to such regimes depends on the divertor configura-

tion, the level of heating power, the impurity level,

the edge confinement mode and the edge density

(Section 2.3.1 and glossary). Although the techniques

employed for power handling in the present ITER

design are based on validated scaling laws and mod-

els, the design allows for some flexibility to accom-

modate unforeseen effects. For this reason, the ITER

divertor is being designed to be very versatile, with

components mounted onto removable and reusable

cassettes (to minimize activated waste) so that they

can be easily replaced.

The divertor is installed in the vacuum vessel in

segments or cassettes (e.g. 54 in ITER-FEAT), where

they are supported on a pair of concentric toroidal
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Figure 10. Poloidal cross-section through the divertor of the ITER-FEAT design. Area (1)

at the divertor strike zones receives high thermal power and flux of particles, deposition of

energy during ELMs, high thermal (direct plasma impact) and electromagnetic loads during

disruptions. Area (2), which consists of the baffle, the dome and the liner in the private

flux region, receives low heat flux and high charge exchange neutral fluxes. Some parts are

subject to direct interaction with the SOL plasma, radiative power from X point and possible

deposition of reradiated energy during disruptions and mechanical loads due to eddy and

halo currents (see glossary).

rails that form part of the vacuum vessel (Fig. 10).

The main PFCs of the divertor system are the inner

and outer vertical targets, which are the high heat

flux components, in their lower part (Area 1 in

Fig. 10), interact directly with the SOL plasma and

in their upper part (Area 2 in Fig. 10), act as baffles

for the neutrals. The private flux region PFC (Area 2

in Fig. 10), consists of a dome, located below the sep-

aratrix X point, that baffles neutrals and is exposed

mainly to radiation and charge exchange neutrals,

and a semi-transparent liner that protects the cas-

sette body from direct line-of-sight of the plasma,

while allowing He and other impurities to be pumped

away. The design operation parameters and material

selected are summarized in Table 7.

The divertor design is being further developed

and optimized, on the basis of information pro-

vided by modelling and dedicated operation experi-

ence in existing tokamaks and laboratory simulations

(focused on understanding the chemistry of hydro-

carbon deposition [262, 263]), with the scope of elim-

inating or, at least, mitigating the problem of co-

deposition. Several design options are currently being

investigated to minimize the formation of films in

specific areas (e.g. by ensuring that regions of proba-

ble deposition are kept ‘hot’ during operation, lead-

ing to reduced tritium retention [264]), or by enhanc-

ing deposition in specially designed ‘cold traps’ for

the hydrocarbons (≈70 K) [265], which could be peri-

odically heated to recover the tritium in the from of

stable gas molecules. Detailed evaluations of these

designs are on-going, however, the complexity of

including such a system is to be avoided if at all

possible.

The solution shown in Fig. 10, for example,

achieves high operating temperatures on the surface

of divertor in the private flux region (see glossary),

by using the radiated power from the divertor chan-

nel to heat radiatively cooled tungsten tiles [264].

The tiles are shaped in such a way as to prevent or

minimize line-of-sight from the plasma to the cas-

sette body and to create a labyrinth through which
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the helium ash, hydrogen isotopes and other impuri-

ties are pumped from the divertor channels, while

providing a sufficient length for the hydrocarbons

entrained in the gas stream to undergo many col-

lisions with the hot surface of the liner. This could

minimize the co-deposition of tritium with carbon

by dehydrogenating the carbon and/or recombining

most of the active radicals to convert them into sta-

ble volatile molecules, which are pumped away with-

out residual deposits. There is also particular concern

for the remaining fraction of radicals with relatively

low sticking coefficient that could form thin, soft,

hydrogenated films on the relatively cold (<420 K)

large structures behind the liner [263]. In this case, an

ancillary ‘cold’ catcher plate, strategically located,

could be used to condense the remaining hydrocar-

bons. The tritium trapped on this plate could be

reclaimed by occasional heating.

3. Review of physical processes and
underlying theory

3.1. Introduction

Controlling PMIs in current tokamaks and pre-

dicting their effects in next step fusion reactors

require a detailed understanding of physical mecha-

nisms involved. Many of the underlying physical pro-

cesses such as sputtering, implantation, diffusion and

trapping of hydrogen have been studied for many

years and are fairly well understood. However, the

development and validation of reliable models to

simulate the effects of PMIs in tokamaks are still

in progress. This section introduces the main phys-

ical processes involved in PMIs and the plasma–

material models describing these processes. Section 5

describes how these models are used together with

plasma edge models to simulate the effects of PMIs

on the plasma, and on PFCs, in present tokamaks

and next step fusion reactors. Selected data are pre-

sented to illustrate some of the processes and mod-

els discussed. Sputtering erosion/redeposition is the

subject of the following section. Section 3.3 discusses

erosion processes during off-normal plasma events

and finally Section 3.4 discusses hydrogen recycling

and retention mechanisms in plasma facing materi-

als.

3.2. Sputtering erosion/redeposition

processes

Erosion due to energetic particle bombardment

depends on the mass ratio of incident particles to

surface atoms, the particle energy and flux density,

the surface temperature and other factors. The phys-

ical understanding of erosion mechanisms in fusion

devices, together with supporting data from labora-

tory experiments, will be presented below.

3.2.1. Physical sputtering

Physical sputtering is due to elastic energy trans-

fer from incident particles to target atoms. Surface

atoms can be ejected if they receive enough energy

to overcome the surface binding energy Es, be it

directly from bombarding ions or through a collision

cascade involving other target atoms. The sputter-

ing yield is proportional to the energy deposited in

elastic collisions within a near surface layer. At low

ion energies, where the transferred energy to sur-

face atoms is comparable with the surface binding

energy, the sputtering yield decreases strongly and

becomes zero below a threshold energy. For plasma

facing materials such as Be, C, and W erosion data

exist for H, D and He in the energy range from 10

eV up to 10 keV [266, 267]. The data are extended

to higher energies and to T by computer simulation

[267, 268].

Physical sputtering is a well understood erosion

process, and a sound physical theory exists for it

[269, 270]. For light ions incident on heavy mate-

rials, the threshold energy, Eth, is determined by the

energy which can be transferred to target atoms and

analytically approximated by:

Eth =
(M1 + M2)

4

4M1M2(M1 − M2)2
Es (4)

where M1 and M2 are the incident particle mass

and target mass, respectively, and Es is the surface

binding energy [268]. For elements considered to be

plasma facing materials the surface binding energy

varies only within a factor of 2.5, while the atomic

masses range from 9 to 184. This makes the thresh-

old energy for light ions strongly dependent on the

target mass [271]

The energy dependence of the yield, Y , at normal

incidence can be described by the following expres-

sion:

Y = QSn(E)

(

1 −
Eth

E

)2
(

1 −

(

Eth

E

)
2

3

)

(5)

where Sn(E) is the function for the energy depen-

dence of the energy deposited in elastic collisions

[272]. Values for the fitting parameters Q and Eth are

tabulated for many ion-target combinations [267].
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Figure 11. Comparison of measured values for the

sputtering yield at normalized incidence for Be (closed

squares), C (open squares), and W (closed triangles) by

deuterium ions with results from analytic modelling of

physical sputtering [267] (dotted lines). The experimen-

tal data were obtained from the weight loss of polished

samples after ion bombardment. The divergence between

experimental points and modelling for carbon at low

energies is due to chemical effects not included in the

model.

The strong dependence of the sputtering yield on

Eth leads to a pronounced dependence on the atomic

target mass for light ions and energies below 1

keV [271]. At grazing incidence the erosion yield is

enhanced relative to the yield at normal incidence,

as more energy is deposited within the near sur-

face layer. The dependence on the angle of incidence

is well described theoretically for light ions [273],

and parameter fits exist for light and heavy ions

[267]. Surface roughness tends to reduce the pro-

nounced dependence of the sputtering yield on the

angle of incidence. This has been demonstrated and

interpreted in Monte Carlo simulations for different

kinds of graphite materials [274] and beryllium [275].

Physical sputtering does not depend on surface tem-

perature [276]. The energy distribution of sputtered

atoms has been evaluated by Thomson [277] and

shows a mean value equivalent to Es/2. As the value

Figure 12. Sputtering yields of carbon materials by

typical impurity ions: measured values for O+ [282] and

C+ [283] and TRIM-SP computer simulations for Be+

and W+ [281].

for Es does not vary much for the considered choice

of plasma facing materials, the energy of sputtered

atoms does not depend strongly on the material.

For Be and W, experimental data and the fit for

the sputtering yield at normal incidence are shown in

Fig. 11 for D ions as a function of the incident par-

ticle energy. Physical sputtering data are available

for both materials from energies close to the thresh-

old energy (9 eV for D on Be and 200 eV for D on

W) up to the high keV range [267, 278, 279]. Sim-

ilar data exist for H and He ion bombardment. All

data shown were obtained from the weight loss of

polished samples after ion bombardment. In the case

of Be, clean surfaces could only be obtained at tem-

peratures above 900 K where Be diffuses through the

surface oxide layer [280]; at lower temperatures, oxi-

dation from the residual gas reduced the erosion yield

[267]. For carbon based materials, physical sputter-

ing is only dominant for non-reactive ion bombard-

ment, e.g. He+ or C+. For reactive species such

as hydrogen and oxygen, the formation of hydro-

carbons, CO and CO2 leads to enhanced erosion

yields, even at room temperature (Sections 3.2.3 and

3.2.4). The high threshold energy for sputtering of

W reduces the yields drastically at energies below

1000 eV. Ion energies in the divertor are expected to

be in the 20 to 100 eV range, and charge exchange

neutrals have their maximum below 20 eV. Even for
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the low Z elements carbon and beryllium, the thresh-

old energy is high enough to reduce physical sputter-

ing by deuterium strongly.

However, the situation is different for heavier inci-

dent ions such as Be, C, O or W that can trans-

fer almost all their energy onto target atoms. In

this case, the threshold energy is determined by the

energy loss in inelastic stopping of atoms inside the

target [270] and is about 30 eV for carbon, of the

order of the surface binding energy Es.

Additionally, the incident impurity ions in a fusion

device will be multiply charged, e.g., a charge state

of 4 can be assumed for Be, C, O, and even higher

for W ions. The increased acceleration of these ions

in the sheath potential of a divertor plasma with

Te = 10 eV will result in incident energies of around

200 eV, well above the threshold energy.

Measured and calculated data for the sputtering

yield of impurity ions such as C, O, Be and W ions,

for C based materials are shown in Fig. 12 [281–285].

No experimental data are available for Be and W

bombardment. The erosion processes for C+, Be+

and W+ are predominantly due to physical sput-

tering. Chemical effects may contribute through the

reaction with oxygen. In the case of carbon, CO for-

mation enhances the erosion yield (Section 3.2.4).

Carbon bombardment, in general, leads to the

deposition of protective surface layers (Section 4.3.4).

Only in conditions where carbon self-sputtering

exceeds unity, i.e. at grazing incidence or at temper-

atures above ≈1800 K, could a few yield data points

be obtained for clean W surfaces.

3.2.2. Non-recycling impurities

At high fluences, metal and carbon impurity ions

can form a solid layer on top of the substrate, pro-

tecting it from further erosion. While for low cov-

erage the sputtering yield of the deposited atoms

is influenced by the substrate material, the condi-

tions for steady state erosion or deposition depend

on the self-sputtering yield of the incident ions. At

ion energies or angles of incidence where the self-

sputtering yield increases above unity, this protect-

ing effect disappears and erosion continues, being

only partially reduced by dilution in the implanted

layer [284, 285]. For the case of sputtering of W by

C ions, Fig. 13 shows the weight change of the sam-

ple, as a function of fluence, for different angles of

incidence. While after an initial weight loss a con-

tinuous weight increase is observed for normal inci-

dence, at angles of incidence larger than 40◦ continu-

Figure 13. Fluence dependence of the weight loss of a

W sample bombarded by 6 keV C+ at different angles of

incidence. The dashed lines are the predictions of a Monte

Carlo code, TRIDYN. (Reproduced with permission from

Ref. [285].)

ous erosion occurs [285]. This angle of 40◦ is just the

angle of incidence where the self-sputtering of carbon

increases above unity [283]. The conditions in which

net erosion turns into net deposition may further be

complicated by changes of surface temperature and

hence self-sputtering yield, by RES or by the diffu-

sion and surface segregation of implanted impurities.

In a tokamak, particles incident on a divertor plate,

for example, have ranges of incident angles and ener-

gies, and this complicates predictions of erosion/net

deposition (Section 3.2.6).

The erosion properties of layers formed during

bombardment with non-recycling ions and effects

due to simultaneous bombardment with different

ions will be discussed in Sections 3.2.6.2 and 3.2.6.3.

3.2.3. Chemical erosion due to hydrogen isotopes

For carbon, chemical reactions with incident

hydrogen ions lead to the formation of volatile hydro-

carbon molecules or to loosely bound hydrocarbon

precursors which can be sputtered with a much lower

threshold energy. Chemical erosion is a complicated

multistep process that depends on particle energy

and flux, surface temperature and material proper-

ties such as crystalline structure, and may be influ-

enced by impurity atoms in the lattice. Chemical

erosion with hydrogen isotope ions dominates at

low ion energies, i.e. below 100 eV, and at elevated
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Figure 14. Temperature dependence of the erosion yield

of pyrolytic graphite by deuterium ions at different ion

energies as measured by weight loss [292].

temperatures. It is also found during simultaneous

bombardment with inert gas or self-ions and ther-

mal atomic hydrogen atoms. The process has been

reviewed recently [282, 286, 287], and only a short

discussion will be presented here. Chemical erosion

data have been compiled recently in a comprehensive

report [288].

Carbon interacts with thermal atomic hydrogen

over a broad temperature range, extending down

to room temperature forming mainly CH3, and a

wide range of higher hydrocarbons [289, 290]. Sur-

face atoms not embedded in a perfect crystal lattice

will be hydrogenated up to CH3 with one remain-

ing bond to the graphitic lattice. At room tempera-

ture the reaction yield with thermal atomic hydrogen

is small, but sputtering of this fully hydrogenated

surface by low energy hydrogen ions proceeds with

a much reduced threshold energy of about 2 eV

[287, 291]. Increasing the surface temperature above

400 K results in a thermal release of hydrocarbons,

especially CH4, but heavier hydrocarbons are also

observed. CH3 hydrocarbon precursors neighbour-

ing a free carbon atom may be emitted by simul-

taneously reforming a graphitic carbon–carbon bond

[289]. At temperatures above 600 K, hydrogen molec-

ular recombination occurs before complete hydro-

genation of the surface, thus reducing the chemical

erosion reaction. The combined processes lead to the

pronounced maximum of the thermal chemical ero-

sion with surface temperature.

Figure 14 shows a typical temperature dependence

of the total chemical erosion yield, measured via

weight loss, of pyrolytic graphite for energies rang-

ing from 15 to 300 eV [292]. Similar plots have been

obtained for the various hydrocarbon yields [293].

Upon comparison of the mass loss data [292] and the

mass spectroscopic data (sum of hydrocarbons mea-

sured in the residual gas) [293], we note two key dif-

ferences. (i) At energies below ≈100 eV, the mass loss

data are generally higher, possibly because of stick-

ing of emitted hydrocarbon radicals to the analysis

chamber wall before they can be measured (RGA sig-

nals are reduced [292]). For 15 eV D+ impact at 300

K graphite temperature, the difference is about a fac-

tor of four (Fig. 15) and is probably due to this effect.

(ii) The total chemical erosion yields due to H+ and

D+, measured by mass spectroscopy, differ by less

than a factor of two, while mass loss measurements,

show a factor of four to five difference, with D+ being

higher in both cases [293]. The question remains why

more D containing radicals are produced and why the

D containing molecules stick more efficiently to the

chamber walls.

Chemical erosion by thermal atomic hydrogen,

with a maximum yield around 600-800 K, is strongly

dependent on the crystalline structure of the sur-

face. The erosion yield ranges from 10−3 for pyrolytic

graphite to 10−1 for amorphous hydrogenated car-

Figure 15. Energy dependence of the erosion yield of

carbon by deuterium ions at room temperature (open

symbols) and at the maximum temperature for chemical

erosion, Tmax (solid symbols) (see Fig. 14). Squares are

weight loss data collected in [292], circles are total erosion

data from mass spectroscopy [293]. Solid curves are from

an analytic model [287]. Physical sputtering is also shown

(dotted line.)
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bon layers, a-C:H [290, 294]. This dependence on the

surface structure vanishes for ion energies above 30

eV where radiation damage amorphizes the graphite

lattice and enhances the yield [293]. The combined

effect of thermal atomic hydrogen and energetic inert

ions can lead to chemical erosion yields equivalent to

energetic hydrogen bombardment [282, 295].

The chemical erosion yield has been described by

analytic equations, with the full parameter depen-

dence taken into account [291, 296]. This work has

recently been improved by new data on low ion

energy [293] and high flux yields [287]. The mod-

els developed for energetic ion impact on carbon

[291, 296] are extensions of the thermal atom impact

model of Horn et al. [289]. Experimental erosion

yields for D ions from weight loss and mass spec-

troscopy are compared to the calculated energy

dependence at room temperature and at the temper-

ature where chemical erosion is a maximum, Tmax ,

in Fig. 15. The room temperature data show a much

lower threshold energy than for physical sputter-

ing, possibly owing to an ion induced desorption of

loosely bound hydrocarbon precursors [297].

During the past two years, chemical erosion stud-

ies have concentrated on the investigation of the

dependence of chemical erosion on hydrogen flux,

which ranges from about 1020 m−2·s−1, for charge

exchange neutrals at the wall, to 1024 m−2·s−1 at the

divertor plate. The mechanism involving hydrogena-

tion of carbon atoms, thermal release of hydrocarbon

radicals and hydrogen molecule recombination [289]

inherently shows a pronounced shift of the temper-

ature of maximum yield, Tmax , with ion flux [296],

but no strong decrease of the yield at Tmax . However,

as the flux exceeds 1022 m−2·s−1 and Tmax reaches

900 K, no further increase of Tmax occurs, and an

apparent decrease in Ymax is observed. Several mech-

anisms have been proposed for this flux dependence

[287, 296]. While the available models provide insight

into the mechanisms leading to hydrocarbon for-

mation, a major shortcoming at present is their

inability to predict the flux dependence. Attempts

have been made, however, to incorporate flux depen-

dence by adding a flux sensitive term as discussed

in Ref. [287]. This will be discussed in more detail

in Section 4.3. For many years, only scattered yield

data were available from tokamaks or plasma sim-

ulators [282], where the emission of hydrocarbons

was observed spectroscopically from the C–D band

intensity, always showing much smaller yields than

for low flux ion beam irradiation. However, remain-

ing uncertainties in the determination of the inci-

dent hydrogen flux and energy, as well as the uncer-

tainties in the emitted hydrocarbon flux, made firm

conclusions impossible. In particular, the compli-

cated ionization–dissociation chain in the breakup

of hydrocarbon molecules to the finally detected CD

radicals led to large uncertainties of the excitation to

dissociation ratio, D/XB.

Systematic studies of the flux effect of the chemi-

cal erosion yield have only recently been undertaken

in plasma simulators [298, 299] and in the tokamak

edge plasma [300–302]. Also, new attempts have been

made to measure and calculate D/XB values as a

function of plasma electron temperature [302, 303]

and electron density [299]. Still, considerable system-

atic errors may exist, as the variation of ion flux often

correlates with variations in plasma edge tempera-

tures and ion energies [300]. The extent to which

parameters other than flux (e.g. energy, redeposi-

tion, photon efficiency and viewing geometry in spec-

troscopic measurements) affect the observed erosion

rates needs to be determined. However, these new

data (Fig. 16) constitute a new quality in precision,

and, in particular, the relative errors within one par-

ticular set of data (given, where available, by the

error bars in Fig. 16) are small enough to make the

interpretation in terms of a flux dependence possi-

ble. In Fig. 16, the erosion yield data, as a func-

tion of ion flux, are collected for room temperature

(Fig. 16(a)) and for a temperature close to the max-

imum of the temperature dependence curve, Tmax

(Fig. 16(b)). Included in Fig. 16 are curves giving

the predictions of an analytical model based on low

flux ion beam data [296], and a refined model taking

a possible flux dependence at high fluxes into account

[287]. While most of the data show a decreasing trend

with flux at high fluxes, this is not the case for the

PISCES results [299]. It is also important to note

that most of the spectroscopic yield data from toka-

maks and laboratory plasma devices are based on the

assumption that the methane photon efficiency for

the CD band emission also applies to heavy hydro-

carbons (i.e. CxHy with x ≥ 2). It is anticipated

that in situ photon efficiency calibration for heavy

hydrocarbon might affect the derived yields [304].

Therefore, the flux dependence of the chemical ero-

sion yield of graphite at high fluxes is still an open

question.

In Fig. 16(a), spectroscopic data from ASDEX-

Upgrade [301] are shown for temperatures near

room temperature in comparison with ion beam

data measured by weight loss and mass spectroscopy

[292, 293, 305, 306]. Under low energy and room tem-
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Figure 16. Flux dependence of the chemical erosion yield of carbon with

deuterium ions near (a) room temperature and (b) Tmax . The data com-

bine weight loss and spectroscopic measurements from ion beam experiments

[292, 293, 305, 306], spectroscopic measurements from plasma simulators

[298, 299, 307, 308] and from the ASDEX-Upgrade divertor [301]. The curves

are fits to the data using the models described in Refs [287, 296].

perature conditions, the previous modelling [296] of

chemical sputtering did not predict any flux depen-

dence. In contrast, the high flux data clearly show

an apparent erosion yield decrease at fluxes above

1022 m−2·s−1. Within the error bars of the data a

flux dependence close to Γ−1 can be deduced.

Figure 16(b) shows a similar comparison of ion

beam data [292, 293, 305, 306] with high flux results

from the plasma simulators PSI-1 [298, 307] and

PISCES [299, 308] (see glossary) for elevated tem-

peratures close to Tmax . Again, the data appear

to be relatively insensitive to the ion flux up to a
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flux of 1022 m−2·s−1, in accordance with the weak

flux dependence from the previous model [296]. At

higher fluxes, the yield appears to decrease steeply

(except for the PISCES mass loss data), reaching val-

ues below 10−2 at 2 × 1023 m−2·s−1. The fact that

both the room temperature and high temperature

data show the same apparent yield decrease with

flux indicates that rehydration of the surface atoms

after the release of a hydrocarbon molecule is the

rate limiting process, as both the low and the high

temperature processes rely on a fast rehydratation

of the surface [286]. The fact that the onset appears

at about 1022 m−2·s−1 suggests a reaction time con-

stant of the order of 1 ms [287]. Time constants for

hydration of surface atoms of this order are actually

deduced from the dependence of the hydrogen incor-

poration in the deposition rate during the growth of

a-C:H layers [309].

3.2.4. Chemical erosion due to oxygen

The oxygen impurity concentration in today’s

tokamaks is typically reduced to levels below 1% by

beryllium evaporation and boronization. If Be is used

to protect the first wall of a next step device, such

as in the ITER design, it can be expected that the

large Be surface area will getter oxygen effectively,

resulting in a relatively low oxygen concentration.

Oxygen ions will interact chemically with the

divertor surfaces clad with C based materials. CO

and CO2 formation, and total C removal yields of the

order of unity, without strong energy or temperature

dependence, have been reported [282, 286, 310, 311].

The energy dependence of the O+ induced C erosion

yield (collected in Ref. [282]) is presented in Fig. 12

for comparison with the physical sputtering yields

of other impurity ions. In the case of simultaneous

H+ and O+ impact on carbon, a small amount of

water is also produced, with a temperature depen-

dence similar to that of CH4 formation, with peak

yield at ≈800 K [312]. The total yield was reported

to be in good agreement with the sum of the yields

due to individual O+ and H+ impact.

For Be, an increase of the surface binding energy

occurs under oxygen bombardment, leading both to

a decrease of the sputtering yield and to a shift of

the threshold energy for sputtering to higher ener-

gies according to Eq. (4). The data for deuterium

sputtering of a fully oxidized BeO surface are given

in Refs [313, 314].

For W, the formation of oxides with high

vapour pressure and consequently low surface bind-

Figure 17. Temperature dependence of the sputtering

yield of pyrolytic graphite by H+, D+, He+ and Ar+ in

the temperature range of RES. Solid curves are from the

model described in Ref. [333]. (Reproduced with permis-

sion from Ref. [333].)

ing energy, such as WO3, is well known. However,

the enhanced erosion due to WO3 appears to be a

small effect that could not be observed during oxygen

ion sputtering even at temperatures of up to 1900 K

[315]. Sputtering by hydrogen isotopes near the sput-

tering threshold energy results in such small yield

values that the additional release of oxide molecules

during simultaneous impact of hydrogen and oxygen

can be observed [316]. This effect results in measur-

able erosion yields even below the threshold energy

for sputtering of clean tungsten.

3.2.5. Radiation enhanced sublimation (RES)

Another erosion process, unique for carbon —

radiation enhanced sublimation (RES) — has been

observed in ion beam experiments [317, 318]. RES

results in the release of carbon atoms with a thermal

velocity distribution [319] under ion irradiation. RES

has recently been reviewed in Ref. [320].

During ion irradiation, not only surface atoms are

displaced from their lattice sites but atom displace-

ments also occur throughout the ion range when

energies higher than about 25 eV are transferred

2008 Nuclear Fusion, Vol. 41, No. 12R (2001)
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in elastic collisions. In graphite, carbon atoms are

very mobile between graphitic planes, and atoms

that escape recombination with vacancies can reach

the surface and evaporate freely. A detailed analytic

model taking defect production, diffusion, recom-

bination and evaporation into account accurately

reproduces the observed temperature dependence of

the erosion yield [321]. Although RES exists already

at room temperature [322], its yield is smaller than

the physical sputtering yield below about 1500 K.

At higher temperature, radiation induced vacancies

become mobile, and an increasing number of dis-

placed carbon atoms escape recombination and reach

the surface. The erosion yield increases monotoni-

cally with surface temperature until above 2000 K

normal sublimation dominates the erosion. Figure 17

[333] shows a collection of erosion data in the RES

temperature regime. Attempts to reduce RES by

doping the carbon material with impurities showed a

shift of RES to higher temperature but, in general, no

complete suppression has been achieved [323, 324].

Only in one case, that of Ti doped carbons, has

complete suppression of RES been reported (e.g.

Ref. [325]), but independent confirmation of this

finding is required.

The theoretical model of this process pre-

dicts a Γ−0.25 decrease with increasing flux

[321, 322, 326, 327], somewhat steeper than ion beam

data suggest [321, 328, 329]. Carbon influx mea-

surements in tokamaks, such as TFTR, JET [108]

and Tore Supra [330], have been interpreted as RES.

The observation that the RES process could not be

observed in a spectroscopic investigation at the TEX-

TOR test limiter [331] up to temperatures where

thermal sublimation sets in, may be due to a possible

decrease of RES with ion flux. Recent data from a

high flux plasma source [332] indicate a stronger flux

dependence, ≈Γ−0.27, than is observed in ion beam

experiments, giving some support to the validity of

the model.

3.2.6. Erosion under tokamak conditions

Energetic particle bombardment in fusion devices

will not be monoenergetic as in laboratory simu-

lations, but will have a broad energy distribution.

For example, in the case of charge exchange neutrals

impinging on the vessel wall with energies ranging

from below 20 eV to keV’s, an estimate of the effec-

tive sputtering yield can be obtained by integrating

over the whole energy distribution. Also, it is rare

that only one ion species will impinge on a wall com-
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Figure 18. Energy distribution of the charge exchange

neutral flux to the inner heat shield and the divertor

baffle of ASDEX-Upgrade as calculated by using the

B2/EIRENE code [157].
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Figure 19. Dependence of the effective sputtering yield

of Be, C, and W by deuterium charge exchange neutrals

on the average energy of the neutrals [157].

ponent, and therefore the effect of multiparticle bom-

bardment has to be taken into account. Erosion prop-

erties of deposited layers and mixed material layers

also have to be considered.
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3.2.6.1. Erosion due to charge exchange neutrals at

the main chamber wall

Physical sputtering by energetic hydrogen iso-

topes dominates the erosion of metal PFCs (e.g. Be,

W) at the main chamber wall and divertor baffle of a

device such as ITER. Redeposition on these surfaces

is negligible.

To evaluate the erosion by charge exchange neu-

trals, an effective sputtering yield has to be cal-

culated which takes the energy distribution of the

charge exchange neutrals into account [157, 334–336].

The energy distribution will differ strongly for differ-

ent wall areas. The charge exchange neutral energy

distribution has been measured at a few locations

in some tokamaks. Erosion by charge exchange neu-

trals at other locations and for other plasma con-

ditions can be estimated by using charge exchange

neutral energy distributions from plasma edge simu-

lation codes such as B2/EIRENE (see, for example,

Ref. [157]). In Fig. 18 the calculated energy distri-

butions are shown for the charge exchange neutral

particles incident on the inner vessel wall and the baf-

fle region in ASDEX-Upgrade. Typically, the energy

distribution of charge exchange neutrals peaks at low

energies and decreases monotonically with increasing

energy. Clearly, the high sputtering threshold energy

of about 200 eV for W, compared to 9 eV for Be, will

result in a drastically reduced effective erosion yield

as most of the charge exchange neutrals have ener-

gies below 200 eV and only the high energetic tail

contributes to sputtering of W. On the other hand,

for Be the effective erosion yield is determined mainly

by the large flux of low energy neutrals, and the high

energy tail does not contribute strongly. In ASDEX-

Upgrade, a large variety of charge exchange neutral

energy distributions have been measured for differ-

ent plasma conditions. Figure 19 shows the effective

sputtering yields for C, Be and W, calculated by inte-

grating over the whole energy distribution, plotted

versus the average energy. For W, the yield increases

strongly with increasing average energy, while for Be

and C, the low energies dominate and the effective

yield becomes insensitive to average energy. Chemi-

cal erosion of carbon tiles used in today’s tokamaks

as cladding of the main plasma chamber by charge

exchange neutrals, together with sputtering by edge

plasma ions is the origin of a large carbon influx into

the plasma [157, 337]. For conditions of low average

energies, such as at the divertor baffle or in the diver-

tor chamber, high Z materials show erosion yields

orders of magnitude lower than that seen for low Z

Figure 20. (a) Fluence dependence of the deposited

depth for W bombarded with deuterium ions from a

20 eV divertor plasma with various levels of carbon impu-

rities; (reproduced with permission from Ref. [338]). (b)

Boundaries of erosion and deposition conditions for W

bombarded with deuterium ions depending on plasma

electron temperature, Te, and carbon impurity content,

f∗
c . The four possible time developments (A–D) are

schematically indicated in the figure in their region of

validity (Reproduced with permission from Ref. [338].)

materials. For the high average energies at the main

vessel walls, this erosion advantage of high Z mate-

rials is reduced (Section 1.3.2).

3.2.6.2. Synergy between incident impurity and

plasma ions

A further complication arises from a consideration

of the simultaneous impact of plasma ions together

with small amounts (few per cent) of impurities.

2010 Nuclear Fusion, Vol. 41, No. 12R (2001)
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Both an increase and a decrease of the erosion yield

is possible.

In the case of W erosion, the threshold energy

for deuterium sputtering is about 200 eV. At plasma

temperatures of 10 eV, typical for divertor condi-

tions, no sputtering by deuterium occurs. However,

at the same plasma temperatures, carbon ions, espe-

cially those multiply charged, do lead to W sputter-

ing. At high carbon concentrations, carbon will form

a protective layer on the W surface, while at low

carbon concentrations, the simultaneously imping-

ing deuterons can remove carbon from the surface,

leaving W exposed for sputtering by carbon ions.

The transition between erosion and redeposition now

depends not only on the ion energy, i.e. the plasma

temperature, but very sensitively also on the con-

centration of C in the incident plasma flux. Fig-

ure 20(a) shows the transition of erosion to depo-

sition as a function of plasma fluence with differ-

ent carbon concentrations as the parameter for a

fixed plasma temperature of Te = 20 eV [338] calcu-

lated by the dynamic Monte Carlo Code TRIDYN.

In Fig. 20(b) this transition boundary is shown in

the plasma temperature versus carbon concentration

plane. The calculation for the divertor conditions

during the ASDEX-Upgrade W experiment [339],

with a typical Te = 10 eV, predicts a transition for

about 1% C ions. This prediction will be compared

to spectroscopic measurements of W erosion in Sec-

tion 4.3.1.

The balance of erosion/redeposition is obviously a

complex multiparameter process. For the system Be–

C–W, Hirooka [340] made predictions of flux ratios

and ion energies at which sputtering or deposition

will occur on the basis of calculated sputtering yields

and reflection coefficients of the pure materials. The

analysis, performed only in terms of energy depen-

dent yields, neglects the process of implantation and

surface modification. The qualitative findings are,

however, in good agreement with experimental evi-

dence at PISCES (Section 4.3.1).

3.2.6.3. Erosion data of mixed materials

The database for erosion processes on mixed

materials is still scarce, although investigations are

in progress.

Studies of binary systems include the erosion due

to non-recycling or only partially recycling ions pre-

viously presented in Fig. 12 for C, and in Fig. 13 for

W. In the case of O and C bombardment, the surface

will change its composition, and oxides or carbides

may be formed. For O bombardment, saturation will

eventually be reached in the stochiometric oxide. No

protective oxygen layers can be built up, and ero-

sion, although reduced, prevails. Continued carbon

irradiation, however, will lead to the buildup of car-

bon layers and a change from erosion to deposition.

Ternary systems cover the simultaneous sputter-

ing by different impurity ions or the erosion by deu-

terium with simultaneous impurity ion bombard-

ment. The systems C+ and CO+ on Be [341] and

C+ and CH+
3 on W [342] have been investigated

in some detail. Figure 21 shows the fluence depen-

dence of deposition and erosion for both systems. In

Fig. 21(a), the influence of the simultaneous impact

of oxygen together with carbon is demonstrated for

Be. The deposition of carbon was measured as a func-

tion of the fluence of C+ and CO+ ions. While for

pure carbon bombardment a continuous increase of

the deposition occurs, the simultaneous impact of

oxygen prevents the buildup of a protective layer,

and deposition reaches a saturation [341]. Actually,

weight change measurements show a continuous loss

of material, implying that Be erosion continues in

steady state. In similar experiments investigating the

formation of surface layers on Be, the transition from

erosion to deposition was documented as a function

of carbon concentration in a deuterium plasma beam

[343].

A similar behaviour was demonstrated for simul-

taneous bombardment of W with carbon and hydro-

gen (Fig. 21(b)). CH+
3 bombardment at 3 keV ion

energy simulates the simultaneous impact of 2.4 keV

C+ ions (25%) and 200 eV H+ ions (75%). While

the hydrogen ions with energies below the threshold

energy cannot sputter W atoms, they can remove

carbon atoms and prevent the buildup of a protec-

tive layer. Incident carbon ions continue to sputter

W; weight loss occurs in steady state. The effect is

more pronounced at elevated temperatures as shown

in Fig. 21(c), either as a result of the diffusion of car-

bon into W [342] or the enhanced chemical erosion of

carbon by hydrogen ions [344], both effects leaving

the W surface unprotected to sputtering.

One important parameter is certainly the car-

bon concentration in the incident ion flux [338].

The transition from erosion to deposition occurs

at lower ion energies as the carbon concentration

decreases (Section 3.2.6.2). This transition concen-

tration has recently been investigated for the con-

ditions in PISCES for W erosion as a function of

surface temperature [345]. For ion energies around
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Figure 21. (a) Fluence dependence of the deposited

amount of atoms during the bombardment of Be with

5 keV C+ or 13 keV CO+ [341]; (b) fluence dependence

of the weight loss during the bombardment of W with

3 keV C+ or 3 keV CH+
3 [342] at 300 K; and (c) same as

(b), but at 770 K.

100 eV, the transition for both C+ and H+ occurs at

concentrations of about 5% in good agreement with

estimates from TRIM.SP calculations [338]. A weak

decrease of the transition concentration was found

with increasing temperature.

The parameter space for erosion/deposition in

ternary systems is large, and only a few laboratory

results are available. More experiments are needed

to validate computer code calculations, especially as

additional thermal effects, such as diffusion, phase

formation or surface segregation may occur.

3.2.6.4. Properties of deposited layers

Redeposited material is often considered to be

similar to the bulk substrate material as far as

erosion and hydrogen retention properties are con-

cerned. However, especially in the case of redeposited

carbon materials, these properties may depend

strongly on the deposition conditions. Depending on

local plasma temperature influencing the incident ion

energies, the deposits may vary from hard coatings

with an H/C ratio near 0.4 to more polymer like lay-

ers with H/C ratios near unity (Section 4.3). There is

evidence from laboratory experiments that chemical

erosion of hydrogenated co-deposits due to thermal

hydrogen atoms is drastically enhanced compared to

bulk graphite [294]. The thermal desorption of hydro-

carbon molecules from co-deposited layers is strongly

dependent on the film structure [346].

In the case of polymer like films, the release of

H2, CH4 and C2H4 commences at a temperature of

≈500 K, whereas for ‘hard’ a-C:H films, only H2

and CH4 desorb, and this occurs at temperatures

above 700 K. Moreover, thermal decomposition of

polymer like films leads to the release of a large

amount of CxHy species with x ≥ 2. Indeed, molec-

ular fragments containing up to 7 C atoms have

been detected [347]. On the other hand, simultane-

ously deposited metal atoms may reduce the chemi-

cal erosion rate [348]. Chemical erosion reduction has

been observed in laboratory experiments for doped

graphites [349, 350].

3.3. Erosion by arcing

Electrical arcs are short duration (<1 ms), high

current density (≈1012 A·m−2) localized ‘discharges’

that can occur between the plasma and a PFC.

The PFC material is evaporated and eroded quickly

(>1 µm) due to the significant local heating by

the arc. The signatures of electrical arcing between

the plasma and the first wall have been seen since

the first tokamak experiments were performed (e.g.

T-2 [351]). Plasma exposed components show tracks,
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Figure 22. Schematic of typical arc history at the

plasma facing wall of a tokamak.

scratches or pits caused by the intense local arc ero-

sion that are visible to the naked eye (Section 4.4).

The macroscopic nature of the arcing phenomena has

made it a natural candidate for PMI investigation.

The resemblance of the arc erosion on a PFC to the

spots observed on the cathodes of vacuum arcs has

been long recognized and has provided a large part

of the understanding of arcing in tokamaks [74, 352–

354]. The most basic condition that must be met

to initiate an arc is that the driving potential at the

material surface must surpass the arc voltage thresh-

old, Uarc ≈ 10–30 V. This is typically achieved in

the laboratory by placing a potential between two

probes or plates. In a plasma, a sheath potential

arises between the plasma and the material surface

to equalize ion and electron fluxes. A temperature

Te > 3–10 eV provides sufficient sheath potential to

initiate an arc, a condition easily met in tokamak

edge plasmas. These arcs are called ‘unipolar’ since

they have one solid ‘electrode’, namely the wall that

acts as a cathode, while the plasma performs the

function of an anode.

The other key to arc initiation is the presence of

small surface protrusions (Fig. 22) that provide a

localized emission source or ‘hot spot’. Several fac-

tors at the spot reinforce the ‘seed’ arc current for-

mation. Large electric fields reside there, tending to

enhance the local heat flux to the surface and the

electron emission. Also, the spot heats up quickly

because of its reduced thermal conductivity towards

the bulk material. It has also been suggested that

ionization of the material within the sheath, which

allows additional electron emission into the sheath,

may play an important role in initiating the arc

[355]. Eventually, these self-reinforcing, current form-

ing and heating mechanisms make the tip evapo-

rate, providing the needed material and current to

sustain the fully formed arc. Emitted electrons are

accelerated towards the plasma, reducing the local

sheath potential, while the return path of the cur-

rent is through energetic electrons returning to an

area much larger than, and adjacent to, the cathode

spot. The current channel of the arc contracts as a

result of its self-magnetic field, resulting in a small

cathode spot (≈10 µm) and large current densities

(≈1012 A·m−2). The cathode spot is heated via ion

impact and cooled by melting and evaporation, the

source of the material erosion.

In the presence of an external magnetic field, B

(typically parallel to the PFC surface), an arc with

current J (normal, into the surface) is acted upon by

the Lorentz force, J × B. However, the retrograde

motion of the arc (i.e. in the opposite B × J direc-

tion) is well established experimentally in both lab-

oratories and tokamaks [356]. This is apparently due

to the enhancement of arc density and heating from

the alignment of the external and arc caused mag-

netic field on the retrograde side of the arc [357]. This

favours the creation of a new arc on the lip of the

initial crater. Thus, the arc appears to hop from one

spot to another in the B × J direction, causing the

common scratch like signature of arcing (typically,

several millimetres in length). The motion of the arc

across the surface greatly extends the effective area

over which the arc erodes material (as compared to

a stationary arc that only affects a region of several

micrometres in diameter).

The erosion rate of arcing is characterized by the

amount of material per coulomb of arc charge and

ranges from 10–100 µg/C. Most elements (includ-

ing carbon and tungsten) show a remarkably sim-

ilar ratio of eroded ion current to total arc cur-

rent (≈10%) [354]. Erosion losses from neutrals can

enhance this by up to a factor of two over a wide
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range of arc currents. Neutral eroded material is typ-

ically via particles of the order of a micrometer in

size, ejected by high pressure vapour produced by

the arc. These particles may vaporize and contam-

inate the plasma or remain as dust in the vessel

(Sections 2.3.4 and 4.8).

Figure 22 follows the typical arc cycle seen in toka-

maks. The shallow angles of incidence of the heat and

particle flux incident on a tokamak first wall make

even very small protrusions prone to excess heating.

The initial arc is established (through the mecha-

nisms described above), erodes the cathode spot and

jumps to a ‘fresh’ location in retrograde direction.

Typical arc tracks from limiters and divertors have

dimensions of 10 µm in depth, 10–100 µm in width,

and 5–10 mm in length, resulting in 1017–1018 atoms

of eroded material per arc event.

Uncertainties in characterizing the nature and

quantity of surface protrusions makes predictive

modelling of arcs quite difficult. In contrast to sput-

tering, which occurs constantly over the surface wet-

ted by the plasma, arcing happens discretely. Arcs

are initiated by ever changing surface conditions such

as surface roughness, gas loading [358] and thin film

formation. The implications of these dependencies

will be further discussed in Section 4.

3.4. Erosion during off-normal plasma

events

Here, we provide a brief overview of the physical

processes involved in the deposition of intense energy

delivered to PFCs during off-normal plasma tran-

sients in tokamaks (disruptions, etc.). Experimental

data for disruption erosion, mainly from disruption

simulators, are discussed in Section 4.5. Modelling of

disruption erosion and the design implications for a

next step device are discussed in Section 5.4.

3.4.1. Physical processes

Plasma facing surfaces are rapidly heated during

plasma instabilities (e.g. disruptions) by the direct

impact of energetic plasma particles and radiation.

Energy deposition in the target material is calculated

using models that include physics of energy loss by

plasma ions and electrons. The deposited energy flux

can be high enough to melt and vaporize the sur-

face material rapidly. The thermal response of the

material is calculated by solving a time dependent

heat conduction equation, with moving boundaries,

i.e. the receding eroded surface and the solid–liquid

interface, with boundary conditions including heats

Figure 23. Schematic illustration of different interac-

tion zones during a plasma disruption. (Reproduced with

permission from Ref. [360].)

of melting and vaporization as described by Has-

sanein [359].

Initially, the neutral vapour emitted from a solid

or liquid target surface expands freely across mag-

netic field lines in the direction normal to the sur-

face. As the cold vapour is heated by incident plasma

particles, it becomes ionized and expands following

the direction of the oblique magnetic field lines. The

parameters and the dynamics of the target plasma

depend on the energy flux and the type of target

material. A low Z target plasma (e.g. C, Be) expands

to larger distances from the surface, whereas vapour

shields formed from higher Z materials (e.g. W, Mo)

stay closer to the surface. The incoming plasma par-

ticles are completely stopped in the vapour plasma,

and the plasma energy flux is converted to photon

radiation. Although reduced from its original value,

the net energy flux to the target surface (dominated

by photon radiation) is large enough to cause melting

and further erosion of metallic components.

Figure 23 from Ref. [360] is a schematic illustra-

tion of the various interaction zones that are cur-

rently included in the models to simulate the effects

of the thermal quench of a disruption on a PFC.

The melt layer developed during a disruption is

exposed to various forces such as electromagnetism,

gravitation, mechanical vibration, plasma momen-

tum, surface tension and ablation recoil [361]. For

metallic components such as beryllium and tungsten,

the erosion lifetime due to these off-normal events

will be controlled and dominated by the evolution

and the hydrodynamics of the melt layer during dis-

ruption, and the resulting loss of liquid material from

the surface. In contrast, C based materials do not

melt and, therefore, do not erode by these processes.
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This is a major motivation for the choice of graphite

and carbon fibre composites for some PFCs in exist-

ing fusion machines and in the ITER design (Sec-

tions 1.2.3 and 2.4). However, C based materials can

suffer from different erosion mechanisms, as will be

discussed later.

The detailed vapour motion above the exposed

surface is calculated by solving the vapour magne-

tohydrodynamic equations for the conservation of

mass, momentum and energy under the influence of

a magnetic field [362]. The vapour cloud, if well con-

fined, is predicted to greatly reduce the net energy

flux to the surface, resulting in a reduction of ero-

sion by evaporation of one to two orders of mag-

nitude [363, 364]. The magnetic field lines are ini-

tially frozen into the surface of the liquid metal layer

owing to the high conductivity of the liquid. How-

ever, as more vapour is emitted from the surface, the

expanding dense ionized vapour will sweep and dis-

tort the oblique magnetic field lines. Near the upper

vapour boundary, the magnetic field lines become

almost parallel to the vapour surface. Such a situ-

ation of distorted magnetic field distribution results

in a flute type MHD instability (see glossary) in the

vapour plasma [365]. As a consequence of the loss

of vapour confinement, the turbulent diffusing hot

vapour may then deposit its energy on nearby com-

ponents, causing more erosion. The overall net ero-

sion rate and resulting damage will depend on the

disrupting plasma parameters, the size of disruption

spot, the design configuration and the type of plasma

facing material [366].

In addition, hot plasma incident onto the cold

plasma of the vapour shield gives rise to electric fields

[367]. The electric field may cause lateral E × B

drifts, which can result in significant deflection of

either the vapour shield plasma [368] or the incident

plasma [369], or both, but these effects have not yet

been demonstrated experimentally.

Photon radiation transport in a vapour plasma

is an important part of predicting disruption ero-

sion of PFCs. Opacity and emissivity parameters

vary significantly in the developed vapour plasma

since it contains very cold and dense plasma regions

near the target surface and very hot and less dense

plasma regions where the disrupting plasma ions

and electrons deposit their energy. The models con-

tained in the HEIGHTS package, developed by Has-

sanein et. al. [366], and the code FOREV-2 [370]

allow for the treatment of non-local thermodynamic

equilibrium (non-LTE) of the vapour cloud gener-

Figure 24. Time evolution of tungsten surface tempera-

ture, melt layer, and eroded thickness following a plasma

disruption predicted by the A*THERMAL-S code [366].

ated plasma, multigroup and multidimensional anal-

ysis of the produced photon spectra, as well as self-

consistent kinetic models for both the continuum and

line radiation generated in the vapour cloud.

3.4.2. Erosion of metallic plasma facing materials

Surface vaporization losses of metallic plasma

facing materials are generally small (only a few

micrometres) over a wide range of plasma condi-

tions during short (i.e. <<1 s) plasma instabilities

[371]. The thickness of the melt layer on metallic

components can be one to two orders of magnitude

higher than surface vaporization losses [372, 373].

This is illustrated in Fig. 24 (taken from Ref. [366])

that shows the time evolution of a tungsten sur-

face temperature, melt layer thickness (see glos-

sary), and vaporization losses during a disruption for

an incident plasma energy of 10 MJ·m−2 deposited

in a disruption time of 1 ms as predicted by the

A*THERMAL-S code (part of the HEIGHTS pack-

age) [366]. An initial magnetic field strength of 5 T

with an incident angle of 2◦ is used in this calcula-

tion. The sharp initial rise in surface temperature

is due to the direct energy deposition of incident

plasma particles on the material surface. The subse-

quent decrease in the surface temperature is caused

by the reduction in absorbed heat flux due to the

vapour shield and conduction of heat into the mate-

rial. The subsequent behaviour is mainly determined

by the energy flux from the emitted photon radia-

tion in the vapour cloud, as discussed above, and by

vapour electron heat conduction.
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Two mechanisms of melt layer loss have been

observed experimentally [374]. These are melt splash-

ing due to the formation of vapour bubbles inside

the liquid layer, and growth of hydrodynamic insta-

bilities due to plasma impact momentum (‘plasma

wind’) at the liquid surface and forces generated

by current decay in the liquid metal layer. As

a result, hydrodynamic instabilities such as the

Kelvin–Helmholtz instability will arise and form liq-

uid droplets that will be carried away by the plasma

wind.

The amount and rate of melt layer loss is dif-

ficult to predict and expected to depend on many

parameters, such as heat flux, impurity and gas con-

tent, material properties and disrupting plasma para-

meters.

3.4.3. Erosion of carbon based materials

Because of the shielding layer effect discussed

above, erosion by vaporization of carbon is limited

to <10 µm for a wide range of disrupting plasma

conditions. This is about one to two orders of mag-

nitude lower than it would be if no vapour shielding

existed [372].

However, in many cases, graphite and C based

materials have also shown large erosion losses sig-

nificantly exceeding those due to surface vaporiza-

tion. A phenomenon called brittle destruction has

been observed in various disruption simulation facil-

ities (Section 4.5). The physical mechanisms caus-

ing brittle destruction of C based materials are not

yet clear. One potential reason is cracking caused

by thermomechanical stresses developing during the

process [375–377]. Another proposed scenario is that

material is ejected by the sharp rise in pressure

of gas trapped in the network of pores between

intergranular and intercrystallite boundaries [374].

These processes are likely to depend on the mate-

rial microstructure.

The macroscopic erosion of C based materials

depends on three main parameters: net power flux

to the surface, exposure time and the threshold

energy required for brittle destruction [366]. The

required energy is critical in determining the net ero-

sion rate of C based materials and is currently esti-

mated from disruption simulation experiments (Sec-

tion 4.5). More experimental data and additional

detailed modelling are needed to evaluate the ero-

sion of carbon-based materials, e.g., the role of brittle

destruction (Section 6.1).

3.5. Hydrogen recycling and retention in

plasma facing materials

Retention and recycling of hydrogen from PFCs

affect fuelling efficiency, plasma density control and

the density of neutral hydrogen in the plasma bound-

ary. This in turn affects particle and energy con-

finement (Section 1.2.3) [378–381]. Tritium inventory

and permeation of tritium through the wall or into

coolant channels are also concerns for reactors. This

section reviews the underlying physical mechanisms

for these processes that provide the basis for models

of hydrogen retention and recycling to be discussed

in Section 5. The implantation of energetic hydro-

gen into plasma facing materials and its subsequent

diffusion, release or immobilization by trapping

or precipitation within the material are discussed

here. Hydrogen retention via co-deposition is also

discussed.

Some laboratory data are included in this section,

mainly to illustrate how the various processes influ-

ence hydrogen retention in carbon, beryllium and

tungsten. The term ‘hydrogen’ (or ‘H’) is used in this

section generically to refer to protium, deuterium

and tritium.

3.5.1. Implantation

Implantation of energetic particles into solids is

fairly well understood [382]. In tokamaks, plasma fac-

ing materials are bombarded by energetic ions and

neutrals from the plasma with energies of up to a

few keV. As these energetic particles penetrate into

a solid they lose their kinetic energy, mainly to elec-

trons, and are deflected by collisions with atoms,

thereby transferring kinetic energy to atoms in the

solid (see also Section 3.2.1). Some of the incident

particles scatter back out of the material with a sig-

nificant fraction of their initial energy, leaving the

surface mainly as neutrals. The fraction of particles

which backscatter is higher for lower incident ener-

gies and higher Z target materials and can exceed

50% [383]. Particles that do not backscatter even-

tually reach thermal energies within the material

and settle into an atomic configuration, which has

a local energy minimum. The depth distribution of

these implanted particles depends on the energy and

atomic number of the incident particles and on the

target material.

Atomic collisions displace atoms from their equi-

librium lattice sites. If the transferred energy is

less than a few tens of eV, a metal lattice will
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relax back to its original atomic configuration. Colli-

sions transferring more energy than this can produce

lattice vacancies and interstitials. The maximum

energy transferred in a collision is given by

Et = E04M1M2/(M1 + M2)
2 (6)

where E0 is the incident particle energy and M1

and M2 are the incident and target atom masses.

Light projectiles, therefore, transfer a larger fraction

of their energy to light target atoms than to heavy

target atoms. Thus, in a plasma–wall environment,

such displacement defects are more likely to be pro-

duced in low Z than in high Z materials. In metals,

a vacancy/interstitial pair is dynamically unstable

and will recombine if their separation is less than a

few lattice spacings. This limits the concentration of

displacement defects to less than about 1 atomic per

cent, even in the absence of long range mobility [384].

Vacancies and interstitials also migrate by thermally

activated diffusion and disappear at surfaces and dis-

locations. They are annihilated by recombining with

each other or agglomerating into less mobile defect

clusters. Defect mobility depends on the material

and on temperature. Interstitial atoms are mobile

above about 100 K in most metals [378]. Vacancies

become mobile at an absolute temperature that is

roughly a quarter of the melting temperature. Vacan-

cies may also capture hydrogen, as will be discussed

later in this section, which may reduce their mobil-

ity. The extent to which atomic displacements by

energetic hydrogen influence PMIs is not well under-

stood, but these defects are more likely to have a

significant effect for low Z than for high Z materials.

Monte Carlo computer simulations of implantation

have been developed which are widely used to calcu-

late depth profiles of implanted atoms and displaced

lattice atoms, and the energy and angular distribu-

tions of backscattered particles [268, 385].

Hydrogenic ions from a plasma typically have

energies in the range from tens to hundreds of eV

after acceleration through a sheath potential (Sec-

tions 1.2.4 and 3.2). The energy distribution of

charge exchange neutrals depends on the density and

ion temperature profile in the plasma edge and can

extend up to a few keV for hot low density plas-

mas (Fig. 18). In low Z materials such as C or Be,

the depth of implantation of hydrogen with ener-

gies of 0.1 to 1 keV is about 3 to 30 nm [386]. At

a given energy, the depth of implantation of hydro-

gen into high Z materials is less than in low Z

materials.

3.5.2. Hydrogen behaviour in metals

3.5.2.1. Hydrogen diffusion in metals

Hydrogen implanted into metals will predomi-

nantly come to rest at interstitial solution sites. From

there the hydrogen may hop to neighbouring solution

sites, thus undergoing thermally activated diffusion.

The fate of implanted hydrogen strongly depends on

its mobility through the lattice, hence on the tem-

perature. In most metals, hydrogen diffuses at room

temperature and above [387, 388]. In this case, the

time dependent distribution of hydrogen in the mate-

rial can be described by the diffusion equation:

∂Cs(x, t)

∂t
= D

∂2Cs

∂x2
+ Φ P (x) −

∑

i

Si (7)

where Cs(x, t) is the concentration of hydrogen in

solution per host atom (i.e. atom fraction) and D

is the diffusion coefficient for hydrogen in solution.

The second term on the right hand side is the source

term for implanted hydrogen, where Φ is the flux and

P (x) is the depth distribution. Source/sink terms Si

describe other processes, which add to or subtract

from the concentration of hydrogen in solution. Such

processes include trapping and internal precipitation

into gas or hydride phases. In addition, a boundary

condition at the surface is required. Release of hydro-

gen from a metal surface normally occurs by the des-

orption of hydrogen molecules. The direct thermal

desorption of atomic hydrogen from the surface nor-

mally occurs at a slower rate because of the higher

energy barrier for this process, but can be signifi-

cant at high temperatures. For release by molecu-

lar recombination at the surface, the outgoing flux

(atoms per unit area and time) is

Φ0 = −D[∂Cs/∂x]x→0 = 2Kr[NCs(x → 0)]2 (8)

where Cs(x → 0) and [∂Cs/∂x]x→0 indicate the

value and the gradient, respectively, of the concen-

tration of hydrogen in solution just beneath the sur-

face, N is the atomic density of the host and Kr

is a rate coefficient for molecular recombination. Kr

can be determined in experiments which simultane-

ously measure hydrogen concentration and release

rate [389], and theoretical models exist which give

Kr values from first principles for bare metal surfaces

[389–391]. A schematic diagram illustrating the main

mechanisms for hydrogen transport and release at

the surface of a metal is shown in Fig. 25. Monolayer

coverage of surfaces by contaminants such as oxygen

can reduce Kr by orders of magnitude [389, 392]. Dis-

sociative absorption of hydrogen from gas phase into
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Figure 25. Schematic diagram showing main transport

mechanisms for hydrogen migration and release at a sur-

face of a metal subject to implantation of energetic par-

ticles. The concentration profile is also shown for two

cases: (1) with a high near surface concentration result-

ing from a sluggish re-emission from the surface, and

(2) with a lower near surface concentration resulting from

an enhanced re-emission of implanted flux to the plasma.

This, in turn, means a reduced driving potential for dif-

fusion into the bulk. (Figure provided by G. Longhurst,

INEEL, Idaho Falls.)

solution in metals is similarly hindered by surface

impurities [392]. This sensitivity of hydrogen uptake

and release to surface contaminants often strongly

affects permeation and thermal desorption experi-

ments. Controlled experimental permeation studies

of the effects of the surface state on Kr [389, 392–

395] and the deposition of thin metal films on per-

meating substrates [396–398] to control Kr have

been performed, and results are available for palla-

dium, iron, tantalum and copper. Models for per-

meation of hydrogen in metals are also discussed in

Ref. [381].

Analytical solutions to the hydrogen transport

equation have been developed [399, 400] for evaluat-

ing the hydrogen inventory, recycle and permeation

rate and recycle time, under steady state conditions,

where hydrogen is being implanted at flux Φ to a

depth Rp and release is controlled by diffusion and

surface recombination. The flux of implanted hydro-

gen creates a concentration of hydrogen in solution

at depth Rp given by Φ = −D ∂Cs/∂x = −DCs/Rp

for diffusion limited release or by Cs = (Φ/Kr)
1/2

for surface recombination limited release. In each

case, a near surface concentration of mobile hydro-

gen is established from which hydrogen may diffuse

beyond the implantation depth. The steady state flux

of hydrogen permeating through a slab is

W = (Rp/D)(Kr/Φ)1/2 (9)

when release is diffusion limited at both the front

and back surfaces and the depth of implantation Rp

is much less than the thickness of the slab x. When

release is recombination limited at both front and

back surfaces with recombination coefficients Kf and

Kb, respectively, the steady state permeating flux is

Φp
∼=

Φ

1 + Kf/Kb
(10)

Diffusing hydrogen can become bound at traps.

The concentration of trapped hydrogen can be deter-

mined from the concentration of mobile hydrogen,

i.e. hydrogen in solution, as will be discussed below.

The diffusing hydrogen may also precipitate into gas

or hydride phases. Trapping and precipitation can

be described by appropriate source/sink terms Si

in the transport equation as described below. The

amount of hydrogen in solution, trapped and pre-

cipitated states will depend on the incident flux of

hydrogen. This can lead to dynamic pumping effects

where hydrogen accumulates in the material during

implantation and is released after the implantation

ceases. Modelling of hydrogen recycling effects is dis-

cussed in Section 5.5.

3.5.2.2. Hydrogen trapping in metals

Trapping of hydrogen at lattice defects can

strongly affect the behaviour of hydrogen in mate-

rials. Here we define traps as sites where hydrogen

is atomically bound, which do not interact with each

other and where the hydrogen is in a lower energy

state relative to a solution site. Examples of such

sites are lattice vacancies, adsorption onto internal

(i.e. void) surfaces and interfaces with embedded par-

ticles such as oxides. Figure 26 illustrates the relative

energies of hydrogen in various states in a metal host

and the barriers for thermally activated transitions

between states.

The condition for thermodynamic equilibrium

between hydrogen in traps and hydrogen in solu-

tion is obtained by equating the chemical potentials

of hydrogen in these two states. For static traps, in

which one hydrogen atom can be accommodated in

each trap, statistical mechanics gives the equilibrium

condition

Cs/z = Ct/(CT − Ct)exp(−Qt/kT ) (11)

between the concentration of hydrogen in solution,

Cs, and the concentration of hydrogen in traps
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Figure 26. Potential energy diagram for hydrogen in

tungsten. Enthalpy of solution Qs = 1.04 eV [407], acti-

vation energy for diffusion Em = 0.39 eV [407], binding

enthalpy of hydrogen to a vacancy Qt = 1.1 eV [404, 405],

enthalpy of adsorption Qa = 0.7 eV [408, 409]. The acti-

vation energy for detrapping is Qt + Em.

Ct(x, t), where CT (x) is the concentration of traps,

Qt is the difference in enthalpy between hydrogen

in a trap and at a solution site, k is Boltzmann’s

constant, T is the temperature and z is the num-

ber of solution sites per host lattice atom. This

expression assumes that the fraction of solution sites

occupied by hydrogen is small and that the non-

configurational or vibrational part of the entropy dif-

ference between trapped and untrapped hydrogen is

small. The source/sink term, St, describing the effect

of static traps on hydrogen transport can then be for-

mulated as

St = ∂Ct/∂t

= Γ [Cs(CT (x) − Ct) − zCt exp(−Qt/kT )] (12)

where Γ is the rate at which local equilib-

rium between hydrogen in traps and solution is

approached. The first and second terms on the

right hand side are the trapping and detrapping

rates, respectively. In equilibrium, these terms are

equal, and ∂Ct/∂t = 0. The rate coefficient can be

expressed as

Γ = 4πNDR (13)

where R is the reaction radius, i.e. hydrogen–trap

separation at which reaction occurs, which is about

one lattice constant [401]. Solutions to the transport

equation usually depend only weakly on the value of

the equilibration rate Γ. More critical is the condi-

tion for thermodynamic equilibrium (Eq. (11)). This

is because features of interest usually involve longer

range transport occurring over time scales long com-

pared to the time to reach local thermodynamic equi-

librium.

The case where a material contains more than one

type of static trap can be described by including

additional source/sink terms as given by Eq. (12),

each with its own trap concentration and binding

enthalpy. If multiple states or types of traps with

different H binding enthalpies are present, and the H

can exchange among them so that the various states

are in thermodynamic equilibrium, then the states

with the lowest energy will be occupied first. As more

H is added to the system (increasing its chemical

potential), the lowest energy states eventually will

be filled and the higher energy states can become

occupied. Generally, in transition metals H adsorbed

on a surface is one of the most strongly bound states.

Adsorbed H will therefore tend to saturate the sur-

faces of internal voids if these are present, before gas

begins to precipitate within the voids and before H

begins to occupy other weaker traps.

Appropriate source terms for Eq. (7) have also

been derived for situations where each trap may

accommodate multiple hydrogen atoms, for example,

adsorption sites on the surface of internal cavities

or multiple hydrogen atoms in a vacancy [380]. This

formalism has also been extended to include the case

where multiple types of traps are themselves diffusing

and interacting with each other to describe hydro-

gen interacting with mobile displacement defects in

nickel [402].

Here, we briefly discuss two special cases of trap-

ping in a material with uniform concentration of

traps, where the concentration of mobile hydrogen

in solution near the surface is fixed at a value Css.

In the first case, the concentration of traps is larger

than the concentration of H in solution (CT >> Css)

and trapping is strong such that the concentration

of hydrogen in solution in equilibrium with the traps

is Ceq << Css until the traps are nearly full. In

this case, the traps will be full at depths less than

x = (2DtCss/CT )1/2 and empty at greater depths.

H uptake in this case proceeds through the increase

in thickness of a layer in which the H concentra-

tion equals the trap concentration. This gives a delay

before the onset of permeation through a slab. Sec-

ondly, consider the case where the trapping is weaker

such that the fraction of occupied traps is still small

in equilibrium with hydrogen in solution at concen-

tration Css. In this case, the traps may be considered

as another type of solution site, and the flux of dif-

fusing hydrogen can be expressed as

J = −D∂Cs/∂x = −D∗∂C∗

s /∂x (14)
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Table 8. Values of binding enthalpy (eV) of H to

vacancies relative to a solution site (Qt shown in Fig. 26)

at low occupancy in several metals obtained both from

experiments and from first principles calculations.

Effective
Metal Experiment

medium theory

Internal Positron

Redistribution Annihilation

Al 0.52 0.53 0.52

Fe 0.63 0.83

Ni 0.44 0.58, 0.44 0.52

Cu 0.42 0.4 0.37

Zr 0.28

Mo 1.03 1.4 0.96

Pd 0.23 0.16

Ta 0.42 1.2

W 1.04a 1.16b 1.15c

Be 1.65d

a Thermal desorption [404].
b Perturbed angular correlation [405].
c Ref. [403].
d Density functional theory [406].

Sources for values not referenced here are given in

Ref. [380].

with an effective diffusivity

D∗ = D/[1 + CT /zexp(−Qt/kT )] (15)

and an effective concentration

C∗

s = Cs + Ct = Cs[1 + CT /zexp(−Qt/kT )] (16)

In both of these cases, the steady state rate of

permeation of hydrogen through a slab of material

is not affected by traps; however, the time to reach

steady state and the inventory of hydrogen in the

material do depend on the trapping.

Trapping of hydrogen at vacancies and on sur-

faces of internal cavities has been extensively stud-

ied in many metals, both theoretically and experi-

mentally, by several methods. Experimental meth-

ods include studies of internal redistribution of deu-

terium between traps at different depths, equilibra-

tion of trapped deuterium with gas phase deuterium

with known chemical potential, thermal desorption,

positron annihilation and perturbed angular corre-

lation gamma emission. Much of this work for met-

als is reviewed in Ref. [380]. A critical parameter for

describing hydrogen trapping is the binding enthalpy

of hydrogen to the traps. Table 8 [380, 403–406] gives

values of binding enthalpy of H to vacancies relative

Table 9. Binding enthalpies (eV) of hydrogen to helium

bubbles in metals.

Chemi-
Effective sorption

Metal Experiment medium minus
theory solution

enthalpy

Internal Gas phase

redistribution equilibration

Al 0.52 0.52
Fe 0.78 0.81 0.91 0.73
Ni 0.55 0.52 0.66 0.6

Mo 1.15 0.98 1.3
Pd 0.29 0.35 0.35–0.43
Ta 0.53 0.69
Stainless 0.42steel
Inconel 0.45

W 1.15a 1.8b

a Ref. [407]
b Refs [403, 408, 409]

Sources for values not referred here are given in Ref. [380].

to a solution site (Qt shown in Fig. 26) at low occu-

pancy in several metals obtained both from experi-

ments and from first principles calculations.

Trapping of hydrogen at helium bubbles produced

by implantation of helium into metals has also been

studied extensively. This is relevant to fusion plasma

environments where helium bubbles may be formed

by implantation of fusion alpha particles, by tritium

decay or by neutron induced transmutation, e.g. in

materials such as beryllium. These studies show that

helium bubbles in metals trap hydrogen even more

strongly than vacancies. Table 9 summarizes bind-

ing enthalpies of D to helium bubbles relative to a

solution site, in several metals obtained from exper-

iments and theory.

Trapping of hydrogen at helium bubbles is essen-

tially the same mechanism as chemisorption onto a

surface as can be seen from the fact that binding

enthalpy of hydrogen to helium bubbles is similar

to measured enthalpy of chemisorption onto exter-

nal surfaces relative to hydrogen in a solution site.

The high density of helium in the small cavities does

not significantly influence hydrogen trapping on the

cavity surfaces.

As shown by Tables 8 and 9, the binding

enthalpies of hydrogen to vacancies and helium bub-

bles calculated by the ‘effective medium’ theory are

generally in good agreement with the experimen-

tal values. The central concept behind the effec-

tive medium theory is an embedding function which

yields the energy to insert an initially isolated atom,
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for example, hydrogen or helium, at a particular site

in terms of the unperturbed local electron density at

that site before inserting the atom [410, 411]. This

function depends on the type of embedded atom but

is independent of the host. The approximate energy

obtained from the embedding function is then refined

by incorporating host specific perturbation terms.

Figure 27 shows the embedding functions for hydro-

gen and helium. A significant feature for hydrogen is

the energy minimum at finite electron density which

reflects its chemical reactivity, whereas the embed-

ding function for helium, which is chemically inert,

has no such minimum. For most metals the local

electron density at the interstitial hydrogen solution

site lies well above the minimum; hence any local

dilation of the lattice will produce a trap for hydro-

gen by lowering the local electron density. Further-

more, the more open the defect the greater the bind-

ing enthalpy, with large voids and external surfaces

providing the asymptotic limit. For example, mono-

vacancies trap hydrogen substantially more strongly

than dislocation strain fields or stacking faults, but

somewhat less strongly than voids [380]. Trapping

of hydrogen at substitutional impurities in metals is

observed to be weak (Qt ≤ 0.1 eV typically) [412] as

expected since these do not create open volume. Met-

als with large endothermic heats of solution (i.e. low

solubility) should have large values of Qt for trapping

at vacancies and surfaces since the enthalpy differ-

ence between solution and trap sites will be larger,

as is illustrated in Fig. 26. For example, molybde-

num and tungsten have large endothermic heats of

solution (0.68 and 1.04 eV, respectively [407, 413])

and large binding enthalpies (1.03 and 1.1 eV, respec-

tively [404, 405, 414]) for hydrogen trapped at vacan-

cies. The combination of low solubility and strong

trapping means that small defect concentrations can

strongly influence hydrogen content and mobility,

which makes measurements of hydrogen solubility

and diffusivity susceptible to errors due to trapping.

Because of its high atomic density, beryllium has

one of the highest interstitial electron densities of any

metal [415], and thus might be expected to represent

an extreme case of low solubility and strong trap-

ping for hydrogen. Density functional theory calcu-

lations predict a large endothermic heat of solution

(0.8 eV) and strong binding of hydrogen to vacan-

cies (1.62 eV) in beryllium [406, 416]. Experiments

to measure hydrogen solubility in Be have found

low concentrations of hydrogen in solution but often

also small endothermic heats of solution [417] (see

also Section 3.5.2.4). This combination suggests that
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Figure 27. The binding energy of a hydrogen or helium

atom in a homogeneous electron gas as a function of aver-

age electron density in units of electrons/a3
0, where a0 is

the Bohr radius.

these solubility studies might be measuring occupa-

tion of hydrogen sites other than bulk solution in Be

metal. The powder metallurgy process normally used

to fabricate beryllium leaves many small beryllium

oxide inclusions, typically at volume fractions of 1%,

which could provide trap sites at the metal/oxide

interface or lower energy solution sites within the

BeO particles. Although trapping of H at BeO inclu-

sions in Be has not been studied, H is observed to

be strongly trapped by such oxide inclusions in alu-

minium [418].

3.5.2.3. Hydrogen precipitation in metals

If hydrogen in solution encounters an internal void

it will precipitate as molecular hydrogen. If the void

volume is connected to an external surface the gas

will escape the material. Otherwise, the gas pres-

sure in the void will increase as hydrogen flows into

it. Net flow ceases when thermodynamic equilibrium

between solution and gas phases is reached, i.e. when

the chemical potentials of the two phases are equal.

This gives

Cs/C(P0) = (P ∗/P0)
1/2 (17)

when the fraction of solution sites occupied by hydro-

gen is small, where Cs is the concentration in solu-

tion. P ∗ is the fugacity of the gas, which for an ideal

gas equals the gas pressure. The solubility

C(P0) = Cs0exp(−Qs/kT ) (18)

is the concentration of hydrogen in solution in equi-

librium with gas at some reference pressure P0, small

enough for the gas to behave ideally, Qs is the

enthalpy of solution and Cs0 is a solubility prefac-

tor. Implantation of hydrogen into materials may

produce concentrations of hydrogen in solution, for
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which the equilibrium gas pressure is very high. The

fugacity and chemical potential µ can be obtained

from the equation of state [419] relating the gas pres-

sure P to the molar volume Vm by integrating

ln(P ∗/P0) = (µ − µ0) /kT = (kT )
−1

∫ P

P0

Vm(P )dP

(19)

Precipitation of hydrogen into static cavities can

be included in the transport equation through a

source/sink term of the form

Sg = ∂Cg/∂t = Γg[Cs − Ceq(Cg, Vc, T )] (20)

where

Ceq = (P ∗/P0)
1/2Cs0 exp(−Qs/kT ) (21)

Here, Ceq is the concentration of hydrogen in solution

in equilibrium with the gas in the cavities, which

depends on temperature and molar volume of gas

in the cavities, and therefore on Cg, the quantity of

hydrogen in the cavities and on Vc, the volume of

cavities per unit volume of material since

Cg = 2Vc/Vm (22)

The rate coefficient is

Γg = 4πDRcNc (23)

where Rc is the cavity radius and Nc is the number

of cavities per unit volume.

The flow of hydrogen into cavities may lead to gas

pressures high enough to cause the cavity volume to

increase. The two principal mechanisms for growth

of small cavities are absorption of vacancies and pro-

duction of dislocations. Growth by emission of single

interstitial atoms is energetically unfavoured, com-

pared to the collective process of dislocation produc-

tion, except possibly for very small cavities approach-

ing atomic dimensions. Absorption of vacancies pro-

duced by atomic collisions during implantation can

contribute to cavity growth, although absorption of

interstitial atoms that are simultaneously produced

will have the opposite effect. At high temperatures,

mobile vacancies are present in metals in thermal

equilibrium. In this case the cavities will absorb and

emit vacancies until the internal gas pressure bal-

ances the surface energy of the cavity

Peqdv = γda or Peq = 2γ/Rc (24)

where v and a are the volume and surface area of a

cavity, and the surface tension γ is the energy per

unit area to create a new surface. This condition

gives higher gas pressure and concentration of hydro-

gen in solution at smaller cavities than at larger cav-

ities, leading to a net flow of hydrogen from smaller

to larger cavities, i.e. to a coarsening of the cavity

size distribution. The equilibrium gas pressure given

by Eq. (24), which is the minimum for cavity growth,

can be very high for small cavities. For example, a

surface tension typical of metals of γ = 1 joule·m−2,

gives P = 0.4 GPa (4 kbar) for 10 nm diameter cav-

ities. At this pressure, the molar volume of hydro-

gen gas approaches that of solid materials and the

equation of state departs significantly from ideal gas

behaviour [419]. When the gas pressure has the equi-

librium value given by Eq. (24), the forces on the

cavity surface due to internal pressure and surface

tension balance each other, and there is no net stress

in the lattice around the cavity. In the absence of

mobile vacancies, the gas pressure in the cavities can

rise above the equilibrium value given by Eq. (24),

as H flows into the cavity, producing a stress field

localized around each cavity. The internal gas pres-

sure required for bubble growth by dislocation loop

production is

P = (2γ + µb) /Rc (25)

where µ is the shear modulus of the material and

b is the dislocation Burgers vector [420]. Typically,

this occurs when the internal gas pressure is about

an order of magnitude higher than the equilibrium

value given by Eq. (24). When bubbles grow by dislo-

cation production the gas pressures are higher when

the bubbles are smaller.

The microstructure that results from precipitation

of implanted hydrogen depends on the nucleation of

cavities. If the implanted hydrogen and displacement

defects are very mobile, their concentrations will

remain low, the hydrogen chemical potential will also

be low, and hydrogen precipitation is likely to occur

only at pre-existing open volume sites such as grain

boundaries or foreign inclusions. In this case, for low

energy, i.e. shallow implantation, most of the hydro-

gen will escape from the surface, and the fraction

retained by precipitation into cavities will be small. If

it is less mobile, the implanted hydrogen may buildup

to higher concentrations in solution in the implanted

layer, giving a higher chemical potential, which will

eventually induce cavity nucleation. The production

of displacement vacancies could assist initial nucle-

ation and growth of cavities since agglomeration of

vacancies along with trapping of hydrogen in them

could create nuclei for gas precipitation. In this case
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a dense dispersion of very small cavities may develop

in the implanted layer and the fraction of implanted

hydrogen retained in the material may be close to

100% initially. As the implanted dose increases, the

content of hydrogen and the volume fraction of cavi-

ties increase. When the volume fraction of cavities is

high enough, typically about 0.3, they become inter-

connected. Hydrogen implanted in beryllium at tem-

peratures below 500 K [421] and in stainless steel

below 150 K [422, 423] behave in this way. If the

implantation profile (P(x) in Eq. (7)) peaks beneath

the surface, cavity coalescence will lead to blistering

and exfoliation of the overlying layer. In a plasma–

wall environment, the broad distribution of energies

and angles of incidence are likely to produce a hydro-

gen implantation profile that is highest at or very

close to the surface. In this case, metals in which

implanted hydrogen has low mobility and solubil-

ity will develop a surface layer with interconnect-

ing porosity connected to the surface. This results

in H retention that increases with fluence until the

near surface porosity develops, after which H reten-

tion saturates. This opening of porosity at the surface

results in an enhancement of recombination and re-

emission of particles back to the plasma and reduced

uptake.

Hydrogen dissolves exothermically in some met-

als, and in this case high concentrations of hydro-

gen in solution can have low chemical potential and,

hence, low equilibrium gas pressure. In such metals,

hydrogen precipitates as an ordered metal–hydride

phase rather than as gas bubbles. In many cases,

the concentration of hydrogen in solution in thermo-

dynamic equilibrium with the hydride phase can be

approximated by

Ceq = Ch0exp(−Qh/kT ) (26)

where Qh is the enthalpy of formation of hydride

from the solution phase, and Ch0 is a temperature

independent prefactor. Hydride precipitation can be

included in the transport equation, Eq. (7), through

a source/sink term which incorporates the equilib-

rium concentration in solution (Eq. (26)) and which

stops the hydride dissolution and formation reactions

when the local volume fraction of hydride reaches 0

or 1, respectively [380].

The system of coupled partial differential equa-

tions given by Eqs (7), (12) and (20) can readily

be solved in most cases by discretizing the spatial

co-ordinate and then propagating the resulting sys-

tem of ordinary differential equations forward in time

from a specified initial condition using an integrat-

ing algorithm for stiff problems [424]. Several com-

puter codes implementing numerical solutions to the

hydrogen transport equation have been developed

[380, 425–429]. Some of these will be discussed fur-

ther in Section 5.6.

3.5.2.4. Hydrogen retention in Be and W

The use of tungsten and beryllium as plasma fac-

ing materials in tokamaks has prompted many exper-

imental studies of retention and emission of hydrogen

implanted into these metals from ion-beams or plas-

mas. References and discussions of these studies can

be found in reviews [379, 430–432]. Here, we present

selected highlights from these studies which are rele-

vant to H retention in Be and W in a fusion plasma

environment.

Two basic parameters for understanding H reten-

tion are the hydrogen diffusivity and solubility.

Studies of solubility and diffusivity are reviewed in

Refs [432, 433]. Figures 28 [407, 417, 434, 435] and 29

[407, 435–437] show experimental values for hydro-

gen solubility and diffusivity in W and Be. For Be

there are significant differences between results from

various studies. These differences may be due to

effects of traps and surface oxide layers. The presence

of bulk traps tends to increase the measured values of

solubility and to decrease the measured values of dif-

fusivity as was discussed above (Eqs (15) and (16)),

especially under conditions where the concentration

of hydrogen in solution is smaller than the concentra-

tion of traps. For this reason, studies done on materi-

als of higher purity and crystalline perfection, and at

higher temperatures and with higher concentrations

of hydrogen in solution, tend to give more reliable

results. The porosity and oxide inclusions present in

beryllium produced by powder metallurgy are also

likely to lead to inconsistent results in measurements

of hydrogen solubility and diffusivity. The values of

solubility and diffusivity reported for W [407] exclude

effects of traps. In the Be experiments, the effects of

traps were not characterized and may be dominant.

One firm conclusion is that the solubility of hydrogen

is very low in both Be and W.

Many studies have been done of the retention and

emission of H implanted into materials to provide

data needed to predict H retention in fusion reac-

tor environments. Figure 30 shows the retention of

1 keV deuterium implanted into Be at 300 K ver-

sus incident fluence, measured by thermal desorp-

tion [438]. D retention in Be was close to 100% at

low fluences but saturated at high fluences. Earlier
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(dashed line [407]) and beryllium (solid lines 1 [417], 2
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(dashed line [407]) and beryllium (solid lines 1a&b [436],

2 [434] and 3 [437].)

nuclear reaction analysis (NRA) measurements of D

retained in Be within ≈1 µm of the surface gave very

similar results [439]. This saturation behaviour indi-

cates that D implanted into Be at 300 K does not

diffuse, but accumulates to a saturation concentra-

tion of ≈0.3 to 0.4 D/Be within the implantation

zone. At high fluences the implanted zone becomes

porous allowing additional implanted D to escape.

This saturation mechanism is confirmed by electron

microscopy, which shows bubbles and porosity in the

implantation zone after high fluence H implantation

[421]. Saturation of retention by the same mechanism

is observed for D implanted into stainless steel at

150 K where the D is not mobile [422]. H retention in

Be increases with increasing ion energy and decreases

with increasing sample temperature [431, 440]. The

retention of 1 keV deuterium implanted into W at

300 K (shown in Fig. 30) also saturates at high flu-

ence. At high fluences deuterium retention in W is

higher at 500 K than at 300 K [441]. Comparison

between total retention measured by thermal des-

orption spectroscopy (TDS) and near surface reten-

tion measured by NRA indicates that in W much of

Figure 30. Retention of 1 keV deuterium implanted into

Be and W, at 300 K versus incident fluence, measured by

thermal desorption. (Reproduced with permission from

Ref. [438].)

the D is retained beyond the range of implantation

[430, 442]. Retention of H implanted in W is due to

trapping at defects and precipitation into bubbles.

Figure 31 shows retention of deuterium and

tritium as a function of incident particle flu-

ence from a set of high fluence experiments in

which Be specimens were exposed to laboratory

ion beams (INEEL, UTIAS), linear plasma devices

(SNL/LANL-TPE, UCSD-PISCES-B), a tokamak

divertor plasma (DIII-D-DiMES), and a neutral

beam (NB-JET). In some of these studies carbon

deposition or formation of carbide or oxide surface

layers occurred, which is likely to affect D retention.

The figure shows the D retention in Be observed

under a wide range of exposure conditions. The

high fluence saturated retention tends to be lower

at higher temperatures.

Fusion neutrons will create vacancies and intersti-

tials in plasma facing materials. For metals at reactor

wall temperatures, these defects will be mobile and

will annihilate at sinks (e.g. surfaces or grain bound-

aries), recombine, or agglomerate into defect clusters.

Vacancy agglomeration may also lead to the forma-

tion of voids. In beryllium, neutron induced nuclear

reactions produce helium and tritium (Section 5.6.1),

which may be trapped at defects or precipitate as gas

bubbles. These defects, resulting from neutron irra-

diation, will increase the retention of hydrogen from

the plasma, by increasing the concentration of sites

where diffusing hydrogen can precipitate as gas or

become trapped as atoms. The effect of neutron irra-

diation on hydrogen retention in metals is complex,

but, in principle, this can be modelled by the formal-
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Figure 31. Retention of deuterium and tritium in Be as

a function of incident particle fluence [431]. For purposes

of comparing results from different experiments using dif-

ferent ion energies, the data have been scaled to cor-

respond to an equivalent 100 eV deuterium ion energy.

Numerical values next to the symbols and in the legend

are specimen exposure temperatures, in degrees Celsius.

(Reproduced with permission from Ref. [431].)

ism described above, provided the material param-

eters are known, such as hydrogen diffusivity, solu-

bility, trap binding energy and defect microstructure

produced by the neutron irradiation. For many met-

als, most of these parameters are known well enough

to attempt such modelling. For beryllium, however,

uncertainties in solubility, diffusivity and trapping of

hydrogen make such modelling of hydrogen retention

difficult.

Tungsten might be especially susceptible to hydro-

gen retention at lattice defects due to neutron irra-

diation. However, there have been few experimental

studies of this because of the intense radioactivation

of tungsten upon neutron exposure. The activation

energy for diffusion of H in W is low enough (0.39 eV

[407]) for H to diffuse to the defects at temperatures

where the defects themselves are immobile [443]. Fur-

thermore, because of its low solubility in W, diffus-

ing H will precipitate or be strongly trapped if it

encounters open volume defects (see Tables 8 and 9

and Fig. 26). Retention of H at lattice damage in W

will depend strongly on the temperatures of neutron

irradiation and H exposure. H retention in W should

decrease at temperatures above ≈600 K, where H

is thermally released from vacancies and vacancies

become mobile [443].

The rate at which tritium is scattered by colli-

sions with neutrons is by far too small to affect per-

meation. The scattering rate is the product of the

cross-section and the neutron flux. The total cross-

section for scattering of energetic neutrons by tritium

or deuterium is less than 3×10−28 m2 [444, 445]. The

flux of fast neutrons in ITER is predicted to be less

than 1018 m−2·s−1 (Table 7). The scattering rate is

therefore less than 3 × 10−10 s−1. The tritium will

decay to helium before it is scattered even once by a

collision with a neutron.

3.5.3. Hydrogen retention in carbon

Carbon differs from metals in the behaviour of

implanted hydrogen, mainly because of the C–H

chemical reactivity. Implantation of hydrogen into

carbon creates broken carbon bonds where hydro-

gen can be strongly bound through the formation of

C–H chemical bonds. At low doses, hydrogen

implanted into carbon is nearly all retained near the

end of its implantation range. As the dose increases,

the local hydrogen concentration increases until it

reaches a saturation value that is about 0.4–0.5 H/C

for carbon at room temperature and for incident

H energy more than a few tens of eV. The satu-

ration level decreases with increasing temperature

[446, 447]. Additional hydrogen, implanted into a

region already saturated, will either be released or

transported further into the bulk via ‘surface dif-

fusion’ of H atoms along internal porosity [448] as

illustrated in Fig. 32 [207]. Figure 33 shows an exam-

ple of the saturation behaviour in the implantation

zone [449]. The areal density of implanted hydrogen

retained in the carbon therefore depends on the dose

and energy as shown in Figs 34 and 35, as observed

by NRA and TDS measurements, respectively [449–

451]. At low doses, the non-reflected hydrogen is all

retained. At high doses, the H retention saturates at

a value determined by the saturation concentration

and the thickness of the saturated layer and, there-

fore, by the incident energy of the hydrogen.

Saturation of hydrogen retention also occurs in

other materials which form strong covalent bonds

with hydrogen, for example boron and silicon [452].

Similar saturation of hydrogen retention is also

observed in metals at low temperatures where the

implanted hydrogen cannot diffuse [422, 423]. Reten-

tion of hydrogen isotopes from tokamak plasmas

implanted into carbon components typically satu-

rates at coverages near 1021 atoms·m−2.

3.5.3.1. Bulk transport of hydrogen in carbon

The issues of bulk trapping of hydrogen and

permeation of hydrogen into graphite beyond the

range of implantation have also been examined. The
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Figure 32. Illustration of hydrogen retention and trans-

port in graphite. (Reproduced with permission from

Ref. [207].)

Figure 33. Depth profiles measured by secondary ion

mass spectroscopy (SIMS) of deuterium implanted at 530

and 1500 eV into carbon at room temperature at flu-

ences of 1022 D·m−2 (solid lines) and 1020 D·m−2 (dotted

curves). For comparison, the low dose curves are scaled

up by a factor of 100. (Reproduced with permission from

Ref. [449].)

permeation depends strongly on the microstructure

of the graphite [207, 453–455] (Fig. 35). In high

density monocrystal graphite, there is essentially

no permeation of hydrogen beyond the implanta-

tion zone, and the fluence dependence of H reten-

tion is essentially flat once the implantation zone

Figure 34. Areal density of implanted deuterium

retained in carbon versus incident fluence for different

energies, measured by NRA (symbols) and calculated

(curves) using implantation profiles and a saturation con-

centration of D/C = 0.44. (Reproduced with permission

from Ref. [449].)

Figure 35. Retention of deuterium implanted in various

types of graphite versus incident fluence. (Reproduced

with permission from Ref. [451].)

is saturated [207, 455]. In high density pyrolytic

graphite, some increase in H retention with increas-

ing incident fluence beyond the saturation fluence

is observed, which indicates hydrogen transport fur-

ther into the bulk [207, 453, 455]. As the graphite

density decreases and porosity increases, bulk trap-

ping increases [207, 453, 455, 456] (see, for example,

EK98 in Fig. 35). Long range diffusion — beyond the

implantation zone — due to bulk concentration gra-

dients is unlikely to occur in porous graphites such as

EK98 [455] and POCO AXF-5Q [453], because the

H will encounter microporosity or crystallite bound-

aries where it will exit the graphite lattice before it

can diffuse very far. The observed uptake of hydro-

gen into porous nuclear graphites from low energy

plasmas, can be accounted for by thermally activated
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atomic diffusion along internal surfaces of pores and

grains within the material, which gives retained con-

centrations on the order of 10 appm [453, 456] and

may extend several millimetres into the material

[457].

Some studies conclude that short range atomic

diffusion of hydrogen through the graphite lat-

tice occurs at high temperatures (>1270 K) mainly

along the basal planes [453, 458]. Recent measure-

ments of CFC tiles from the JET divertor showed

surprisingly large fractions of tritium in the bulk

[459].

3.5.3.2. Trapping of hydrogen in carbon

In a reactor, fusion neutrons will cause atomic

displacements in graphite, which may create traps

for tritium. Trapping of hydrogen at lattice defects

in graphite was therefore investigated in a series of

experiments in which graphite was first irradiated

with carbon ions to create traps, and then exposed to

deuterium gas at 1470 K to load the traps with deu-

terium [454, 460–463]. Irradiation produced strong

traps, with binding energies consistent with C–H

bond formation (≈4.5 eV), and whose concentra-

tion saturated at about 1000 appm at damage levels

above about 1 displacement per carbon atom (dpa).

For comparison, the concentration of strong traps in

graphites as manufactured, i.e. before ion irradiation,

was typically in the range from 10 to 20 appm. An

H451 graphite sample damaged by neutron irradi-

ation had about the same D retention as graphite

damaged by carbon ion irradiation, demonstrating

that lattice damage by ion or neutron irradiation has

similar effects on H trapping. Irradiation of graphite

by fusion neutrons can thus be expected to produce

strong traps that bind hydrogen even at high temper-

atures. However, the quantity of H retained in such

traps in a fusion reactor will depend on whether the

H is able to reach the traps. In general, more H will

be trapped in graphites in which open porosity pro-

vides easier access of H to traps. Furthermore, for

H to reach traps within the graphite lattice, it must

diffuse into the graphite grains which can only occur

at high temperatures (>1270 K).

3.5.3.3. Thermal release of hydrogen from carbon

The concentration at which H retention satu-

rates decreases when the carbon is at higher tem-

peratures during the implantation [207, 446, 464] as

shown in Fig. 36. This figure also shows the thermal

Figure 36. Relative D retention in carbon versus

temperature measured by NRA [446]. Squares show D

retained after implantation at room temperature to doses

of 1020 D·m−2 (open) and 1022 D·m−2·s−1 (filled) fol-

lowed by five minute anneals at each temperature. The

dots show relative retention of D implanted to satura-

tion at the indicated temperature. The open circles show

release of implanted tritium during isochronal annealing

reported by Sawicki et al. [465]. (Reproduced with per-

mission from Ref. [446].)

release, due to isochronal annealing (see glossary),

of deuterium implanted into carbon at room tem-

perature [446, 465]. H implanted in graphite is ther-

mally released at temperatures above about 800 K

in form of molecules. At wall temperatures above

1300 K the hydrogen is released mainly in the form

of atoms [466]. The temperature at which hydrogen

is thermally released from carbon films deposited by

plasmas may be lower, depending on the incident

ion energy during deposition. For low energy depo-

sition (ion energy less than tens of eV) the films

contain more hydrogen and the hydrogen is ther-

mally released at lower temperature, compared to

films deposited with ion energies of a few hundred

eV or more [467] (Section 3.2.6.4). Measurements of

D retention by NRA and by TDS show similar deu-

terium retention levels at low fluences (Fig. 36) on

temperature of implantation [207], confirming that

the fraction of D retained beyond the range of the

NRA analysis (≈1 µm) is small for the fluences

shown in the Fig. 36. This is consistent with local-

ized D retention in the implanted region as shown

in Fig. 33. For fluences >1022 D·m−2, TDS measure-

ments may be higher than the NRA integrated mea-

surement in the near surface (Fig. 35), depending on

the type of graphite.
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3.5.3.4. Isotope exchange of hydrogen in carbon

Experiments have shown that one isotope of

hydrogen implanted to saturation into carbon can be

displaced by subsequent implantation with another

isotope [446, 452, 468, 469]. The implanted hydrogen

competes locally with other hydrogen atoms already

present for the limited sites. In saturation, the total

incoming and outgoing fluxes are equal, but the iso-

topic mixture of the outflux is determined by the

hydrogen isotopic composition of the saturated layer,

not by that of the influx. This isotope exchange

has been modelled by local mixing [452] or local

recombination [456, 464] models. In tokamaks with

large areas of carbon facing the plasma, this isotope

exchange process strongly affects the plasma compo-

sition when the injected isotope is abruptly switched,

for example from deuterium to tritium. Initially, tri-

tium injected into the plasma is implanted into deu-

terium saturated carbon surfaces, where it exchanges

with deuterium, which flows back into the plasma.

Since the inventory of deuterium in the wall is much

larger than the amount in the plasma, it takes many

discharges for the plasma to become mainly tritium

(Section 5.5). Similarly, tritium in saturated layers

on plasma facing surfaces may be replaced with deu-

terium by deuterium fuelled plasma operation.

3.5.3.5. Ion induced release of hydrogen from carbon

Energetic particle bombardment also causes

release of hydrogen from carbon by processes other

than isotope exchange (Sections 4.6.3 and 5.5 for

discussion on wall recycling). Carbon implanted to

saturation with hydrogen releases hydrogen when

bombarded by non-hydrogenic ions such as helium

or carbon, even when the ions are sufficiently ener-

getic to pass through the saturated layer [456, 470–

472]. The fundamental mechanisms involved in ion

induced release are not well understood, but the pro-

cess can be modelled by a transport equation with

a fixed concentration of traps. The model includes

terms for trapping, thermal detrapping and an ion

induced detrapping rate that depends on the energy

deposited into atomic collisions by the bombarding

particles. This release process appears to occur via

local (i.e. internal) molecular recombination followed

by rapid escape of the molecules, possibly via inter-

connected microporosity [456, 464, 471, 473, 474]. In

metals at temperatures where H can diffuse through

the lattice, ion induced release of H by internal

recombination is unlikely since molecular recombi-

nation would only occur at the external surface. In

the metal case, however, ion induced desorption of

H adsorbed on the surface might occur, through a

process closely related to sputtering.

Helium discharge conditioning or high power low

density helium fuelled plasmas remove hydrogen

from tokamak walls by ion induced release [472].

After such conditioning, the hydrogen content of the

wall is below saturation, and the wall has the capac-

ity to retain or pump incident energetic hydrogen

until it becomes again saturated. Retention of charge

exchange neutrals over large areas by this mechanism

reduces the neutral density at the plasma edge. The

wall pumping capacity can be large and persist for

many shots since moderate particle fluxes over large

areas are involved.

3.5.3.6. Co-deposition

In a tokamak, physical and chemical sputter-

ing will produce an outgoing flux of carbon atoms

and C/H containing molecules/radicals from carbon

plasma facing surfaces. In general, there will also

be an incoming flux of carbon atoms. If the out-

going exceeds the incoming carbon flux, the sur-

face will undergo net erosion. In tokamaks, the flux

of energetic hydrogen onto such surfaces is usually

high enough for the surface to remain saturated with

hydrogen as it erodes. In this case, the hydrogen

coverage remains constant. However, if the outgo-

ing carbon flux is less than the incoming flux, net

deposition of carbon occurs. The deposited carbon

becomes part of the hydrogen saturated layer, which

now increases in thickness with time. This leads to

a hydrogen coverage, which increases linearly with

exposure time. This process, often referred to as ‘co-

deposition’, is the dominant process for long term

retention of hydrogen isotopes in tokamaks with car-

bon PFCs (Sections 4.7 and 5.6). The H content

of the co-deposited material depends on the energy

of the incident particles and on the substrate tem-

perature during the deposition. Near room temper-

ature hard films with H/C≈ 0.4 form if the incident

particle energy is high (≥100 eV) that are similar

to carbon implanted to saturation by energetic H.

Deposition from low temperature plasmas where the

incident particle energies are low (<<100 eV) gives

softer low density polymer like films with higher H

content H/C≈ 0.8–1 [467]. In tokamaks, such low

density films may be deposited from low temper-

ature detached plasmas in the divertor. Compared

to the hard films, the soft films are less stable and

decompose at lower temperatures and under ener-
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Figure 37. Comparison of hydrogen isotope retention

in beryllium films produced by collecting sputtered Be

from plasma and ion beam exposed Be targets. Data cor-

respond to experiments with the TPE simulator (Causey

[476]), and experiments with an ion beam (Mayer [477]).

(Reproduced with permission from Ref. [431].)

getic particle bombardment [475]. A key difference

between hydrogen retention by implantation and co-

deposition is the thickness of the hydrogen contain-

ing layer, which is unlimited for co-deposition but is

limited to the ion range (tens of nanometres, depend-

ing on the ion energy) for implantation.

Co-deposition of hydrogen with redeposited metal

atoms has also been examined. Figure 37 shows deu-

terium retained in redeposited beryllium films, pro-

duced by collecting sputtered Be from plasma and

ion beam exposed Be targets [476, 477]. The col-

lecting surfaces were exposed to energetic deuterium

at fluxes sufficient to saturate D retention in the

deposited material. D concentrations were measured

using NRA, and impurity concentrations were mea-

sured using proton backscattering analyses. In Be

with low oxygen content, the retained D concentra-

tion is much lower than in co-deposited carbon films.

However, in Be with higher oxygen and carbon con-

tent, the concentration of retained D is relatively

higher and approaches that of carbon.

4. Existing experimental database
on plasma–material interactions
in tokamaks

4.1. Introduction

This section is devoted to reviewing the rich expe-

rience of PMIs gained in present and past tokamaks

and other devices. The section starts with a brief

survey of the diagnostic tools (Section 4.2) used to

provide data on PMIs. Erosion of the wall material

due to plasma flux, arcing and disruptions is the pri-

mary driver for PFC lifetime and for the influx of

impurities into the plasma; it will be the subject

of the following three sections. Recycling of hydro-

gen isotopes between the plasma and the wall has

a major influence on the plasma behaviour and is

reviewed in Section 4.6. Co-deposition of hydrogen

isotopes with eroded carbon, tritium retention and

removal issues are the subjects of Section 4.7. Flak-

ing of co-deposited layers and dust generation issues

are discussed in Section 4.8.

4.2. Measurements of

plasma–material interactions

Boundary plasma diagnostics are highly devel-

oped and have been reviewed in numerous books and

articles (e.g. Refs [478–480]). However, diagnostics to

characterize the surface of PFCs during a discharge

have not received the same attention by the plasma

physics community, in spite of the powerful effect the

wall conditions have on plasma performance [481].

Diagnosing the full range of PMIs in tokamaks

presents a formidable challenge. The physical pro-

cesses under examination cover several orders of

magnitude in time (e.g. 10−4–10−3 s for an ELM,

to >108 s of exposure in an operating reactor) and

scale length (10−10 m per monolayer, to 10−2 m thick

target plates). This range has provided a clear divi-

sion in current tokamak PMI studies between instan-

taneous interactions (e.g. sputtering) and long term

effects (e.g. net erosion of target plates). From the

point of view of the plasma physicist, the instan-

taneous effects are of greatest interest since they

determine the local and global plasma performance

via impurity radiation losses and core fuel dilution.

Conversely, the engineer’s primary interest is the

macroscopic viability of the PFCs against net ero-

sion or neutron damage. There has been greater focus

on in situ instantaneous measurements since these

yield the most vital information for current operat-

ing tokamaks. However, any substantial advances by

tokamaks toward power production will necessitate

the inclusion and integration of both fields of study.

The two most common methods to assess instan-

taneous PMIs are optical emission spectroscopy and

mass spectroscopy. Optical emission spectroscopy

involves measurement of neutral and low ionization

states of atoms and molecules entering the plasma

after being sputtered from the wall. This has the
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benefit of being a remote, non-intrusive method that

only needs a line-of-sight to the area of interest. It

also provides unambiguous discrimination between

atomic and/or molecular species. At its simplest, it

provides a relative measure of particle loss from the

surface. By including the particulars of the atomic

physics (ionization, excitation, etc.), it can provide

in situ impurity densities or efflux from surfaces;

[482, 483] and an evaluation of sputtering yield when

combined with simultaneous measurements of inci-

dent flux. CD molecular band emission is related

to hydrocarbon efflux from surfaces; however, uncer-

tainties over photon efficiencies of CD band emission

as a function of plasma density and temperature have

hampered efforts to obtain unambiguous data (Sec-

tion 3.2.3) [304, 484, 485]. Spectroscopy is also used

to assess the core plasma’s impurity contamination

[486].

Mass spectroscopy is universally used to assess

vacuum wall ‘conditioning’ (i.e. hydrogenic wall load-

ing, leak rates, etc.), but is usually accomplished ‘off-

line’ (without plasma or during low density discharge

cleaning). Sniffer probes [487] provide localized mass

spectroscopy at limiting surfaces and have been used

to measure the instantaneous chemical erosion yield

(Fig. 38), while recently developed Penning gauge

spectroscopy allows real-time monitoring of tritium

release from the walls [488].

Almost all PMI measurements need simultaneous

high quality edge plasma diagnosis in order to obtain

reliable, quantitative results. This is indeed the

greatest limitation to PMI studies since, unlike the

toroidally and poloidally symmetric core plasma, the

edge plasma conditions vary considerably poloidally

(and even toroidally). Few quantitative data are

available from experiments for the species com-

position and energy distribution of the particle

flux impacting on surfaces [489], despite the exis-

tence of suitable instruments for some time (e.g.

Refs [490, 491, 481]). Measurements of the total

flux by Langmuir probes are open to interpreta-

tive difficulties because of the lack of knowledge of

the average charge state of the impacting ions. The

assumptions on the edge plasma (uniformity, quies-

cence, etc.) that are used to simplify interpretation

are often too restrictive. For example, the transient

effects of ELMs are usually ignored although ELMs

may represent a substantial portion of the heat flux

incident at the wall (Section 2.3.2.3). Rapid events,

such as ELMs, and short plasma scale lengths at

regions of intense PMI (e.g. ≈1–5 cm at the divertor

strike points) further complicate complete diagnosis
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Figure 38. (a) Schematic of sniffer probe used on TEX-

TOR; (b) measured chemical erosion yield in TEXTOR

for deuterium and hydrogen versus sample temperature.

(Reproduced with permission from Ref. [487].)

by the standard edge measurements, such as Lang-

muir probes [492]. Also, the experimental nature of

present tokamaks leads to large variations in plasma

shape, power density and heating scenarios, while

little experimental time is dedicated to PMIs exclu-

sively. Hence, data from PMI diagnostics, such as an

element’s atomic line intensity or partial pressure,

are usually interpreted with little knowledge of the

specific plasma–wall conditions that caused them.

2030 Nuclear Fusion, Vol. 41, No. 12R (2001)



Review: Plasma–material interactions in current tokamaks

This qualitative interpretation of PMI data has led

to each tokamak dealing with their PMI issues in an

anecdotal fashion, increasing the difficulty of extract-

ing a consistent physical picture of PMI from the col-

lection of tokamak experiments. Ironically, many of

the dramatic improvements of tokamak performance

are linked to improvements in PFC conditioning (e.g.

H mode, VH mode, supershots; see Sections 1.2.3 and

4.6). This clearly points out the need for dedicated

PMI studies in existing tokamaks (Section 6.4.1).

The most common method of measuring net PMI

changes in current tokamaks is an archaeological

one. A material component is inserted at the wall

and removed for study at the next vacuum break,

which is typically several months of calendar time

and hours of plasma exposure (e.g. Refs [493–496]).

Sophisticated surface analysis tools are brought to

bear, and detailed and important information on the

composition and physical structure of the compo-

nents is gained. However, the wide variety of condi-

tions experienced during a typical campaign makes

it difficult to link such archaeological data to plasma

performance. As with the instantaneous PMI mea-

surements, this technique suffers greatly from a lack

of experimental control and plasma diagnosis. This

makes direct extrapolation of archaeology results

(e.g. tritium retention, erosion rates) to reactor class

tokamaks very doubtful.

Remote manipulation systems for material sam-

ples have been used to obtain better controlled

net PMI data in both limiter (TEXTOR [497])

and divertor plasmas (JET [498], DIII-D [110, 499],

ASDEX-Upgrade [500]). These usually involve con-

trolled exposures to well diagnosed plasmas for short

durations. Exposed materials are designed such that

post-exposure analysis provides details about small

net changes to the material (e.g. depth markers can

provide <1 nm resolution).

Both archaeological and retractable samples rely

heavily on ex situ ion beam analysis techniques

to measure the net changes in the surface proper-

ties. For example, Rutherford backscattering spec-

troscopy (RBS) of implanted depth markers can pro-

vide <10 nm resolution for net changes in sample

thickness and <1 monolayer sensitivity of high Z

deposited elements [501]. NRA can measure the near

surface (<10 µm) quantity of co-deposited hydro-

genic fuel species. There are two principal limitations

for the use of retractable probes. The first is the lim-

ited geometric access and coverage available for the

probes. The second is the very temporary nature of

the sample materials in the vessel (which in some

sense, provides the temporal resolution) means that

they do not exactly reflect the material properties of

intrinsic wall components. This is especially impor-

tant in a device with multispecies PFCs, such as in

the ITER design, where the surface composition can

be substantially altered by material mixing.

Measurements of erosion and deposition are never-

theless becoming more sophisticated. Several optical

techniques, offering the promise of remote, real time

monitoring of net erosion/redeposition, have recently

been developed (see Table 10; colorimetry, ellipsom-

etry, speckle interferometry). However, colorimetry

and ellipsometry are limited to measuring small net

changes (<1 µm) and depend on the optical proper-

ties of the eroding/depositing material, making inter-

pretation of multispecies components difficult.

In situ diagnosis for the quantity of co-deposited/

trapped hydrogenic species in wall components is

complicated by the need to invoke the release of the

trapped gas from the material. This involves some

bulk or surface heating of the material, making the

techniques complicated mechanically.

Of all PMI diagnostic techniques listed in

Table 10 [110, 111, 113, 204, 356, 358, 481–

483, 487, 493, 499, 500, 503–536], only emission spec-

troscopy and infrared thermography are universally

used in existing tokamaks. Most tokamaks contain

a small subset, or have only temporarily installed,

these ‘dedicated’ diagnostics. This situation has nec-

essarily hindered the maturation of PMI diagnostic

techniques. Embedded thermocouples, although used

for decades in tokamaks, have recently been used

to provide measurements of incident power flux in

regions of co-deposition [502], overcoming problems

associated with IR thermography in these areas and

helping to determine the power split between ion and

electron channels (as derived from target probes).

Solid state microsensors have been used [490, 491]

to determine the fluence and energy distribution of

the hydrogenic particle flux to surfaces but further

improvements, such as measurements of the species

composition of the impacting flux, will require devel-

opment of new diagnostics.

Remote sensing of net PMI changes holds perhaps

the greatest promise for future devices, but these

have been rarely implemented in tokamaks as ‘rou-

tine’ diagnostics [481]. Optical methods of assess-

ing the net change of PFCs in situ could in prin-

ciple be used for real-time assessment of net ero-

sion/redeposition. Also included in this category are

remote electronic devices such as the quartz elec-

tronic deposition monitor that can assess the net gain
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Table 10. Summary of tokamak PMI diagnostic (symbols: t is the time resolution or cw (continuous operation).

Scale: ∗ signifies spatial resolution, otherwise depth resolution).

Diagnostic Technique t (s) Scale (m) Advantages Limitations

Instantaneous measurements

Sputtering rate Emission spectroscopy of >10−3 ∗>10−2 Optical access Depends on plasma
and/or yield atoms/molecules released Element discrimination parameters/uniformity

into plasma [482, 483, 503] & atomic rates

Sniffer probe molecular † ∗10−3 Element discrimination Access for probe
spectroscopy [487, 504, 505]

Laser induced fluorescence 0.1–1 ∗10−3 Spatial resolution Laser access
of sputtered atoms [506–509] Known excitation rates Choice of transitions

Power loading Infrared thermography [510, 511] >10−4 ∗10−2 Optical access Depends on material
Toroidal/poloidal emissivity and heat
resolution conduction

Thermocouples [512, 513] >10−2 — Material independent Spatial resolution
Time response

Arcing Arc photography [356, 514, 515] >10−4 ∗>10−3 Arc movement No arc quantification

Electrical probes [516, 517] 10−6 ∗∼10−2 Measures arc current Probe access
Time resolution

Fuel wall Mass spectroscopy and >1 — Ease of implementation No spatial resolution
loading particle balance [505] Sensitive to first

few monolayers

Penning gauge spectrosocopy [518] 0.2 — Time resolution

Net measurements

Net erosion/ Retracting sample probes >10 >10−9 Controlled short duration Probe access
re-deposition rate [110, 499, 500] exposure to plasma Needs nm resolution

for depth marking

PFC height change and >103 >10−6 Direct measurement Access limited
sticking probes [481, 493, 499] to vacuum breaks

No exposure control

Material coupons [113, 520] >103 >10−9 Material selection Access limited
to vacuum breaks
No exposure control

Speckle interferometry cw > 10−6 Remote access Laser and optical access
[521–523] Never implemented

Ellipsometry [524, 525] cw > 10−9 Remote access Laser access
Very sensitive Sensitive to material’s

optical properties
and vibrations

Colorimetry cw 10−8− Remote access Depends on material’s
[111, 526–528] 10−6 Sensitivity optical properties

Limited to ∼1 µm

Quartz crystal deposition cw 10−9− Sensitive to small No species discrimination
monitor [529, 530] 10−7 changes in thickness Temperature sensitive

Remote access Limited range

Spectroscopy markers [531] cw ∼ 10−6 Remote access Erosion only
Depends on sputtering
yield of marker versus E

Fuel (D/T) Thermal desorption >103 — Complete inventory Need >1270 K baking
wall inventory spectroscopy [532] measured for in situ measurement

Poor depth resolution

Laser desorption >10 <10−6 Controlled release Limited to near surface
spectroscopy [533, 534] of D/T Laser access

Gas balance [204, 535] >10 — “On-line” monitoring Difference of
two large numbers

PFC activation In situ sample exposure and >103 — Integrated measurement Limited neutron fluence
and/or activation measurement [536] No time resolution
neutron damage

Arcing Profilometry [358] >103 ∼10−6 Shows net effects Needs vacuum break

† determined by vacuum time constant
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Figure 39. Summary of peak net carbon erosion

rates Vcarbon (cm/exposure-year), at the divertor strike

point versus strike point heat flux on JET and DIII-

D. JET data [111] and DiMES at 1.5 MW·m−2 [528]

were obtained with colorimetry. All other DiMES data

come from depth marked insertable probes [487, 537].

The DIII-D long term results are from net changes in

divertor tile height after 9 months of operation [498].

(OSP in the figure means outer strike point). (Repro-

duced with permission from Ref. [537].)

or loss from a PFC. Quartz crystal microbalances

to monitor deposition/erosion in tokamaks were pio-

neered at TdeV [529] and have recently been installed

on ASDEX-Upgrade [530]. These devices are capa-

ble of measuring the growth of co-deposited films

on a shot by shot basis. Several other new diag-

nostic techniques, providing data complementary to

that of microbalances, are also receiving attention

at the moment [481]. High power pulsed lasers are

being targeted at regions of film growth in JET to

desorb and study co-deposited material [534]. Sim-

ilar laser ablation experiments were done at the

ASDEX-Upgrade central column for spectroscopic

measurement of erosion and of penetration probabil-

ities [117]. So called ‘sticking probes’ are also being

tested on JET and other devices [519]. Although

technically a long term sample, this diagnostic has

the unique ability to discriminate between the efflux

to the wall of different hydrocarbon radicals, pro-

viding information on the production, transport and

redeposition of hydrocarbon molecules.

Although, in general, much tokamak PMI diagno-

sis remains qualitative, reliable quantitative results

have been obtained when several methods were

focused on a single issue of interest to the fusion com-

munity. One such example is measurements of the

rate of net erosion at the carbon divertor plates near

the divertor strike points of DIII-D and JET (Fig. 39)

[537]. This was a topic of interest due to the selection

of carbon for the divertor plates of ITER. Net ero-

sion of attached (Te > 10 eV) plasmas was found to

increase with incident heat flux, and good agreement

was obtained between the various measurement tech-

niques (colorimetry, insertable probes and archaeo-

logical measurements of tile thickness changes). Not

only does this result show the possible severity of

divertor erosion in a long pulse device, but it also

accentuates the need for further collaborative efforts

in obtaining high quality PMI diagnostic results in

current tokamaks.

The implementation of PMI diagnostics in a next

step device faces several challenges due to very dif-

ficult access and the harsh radiation environment

[13]. New techniques such as laser range finding [538]

have been developed to measure sub-millimetre scale

erosion. Diagnostics to detect disruption precursors

such as locked modes will be important to avoid off-

normal events that will reduce the lifetime of PFCs.

The cumulative flux of charge exchange neutrals and

debris from the plasma will limit the useful lifetime of

optical mirrors and windows and innovative solutions

will be needed to preserve key diagnostic capabili-

ties such as spectroscopic impurity monitoring. Tech-

niques to measure the dust inventory, particularly

in hidden areas, will need to be developed to assure

compliance with regulatory limits (Sections 2.3.4 and

4.8). A novel technique is described in Ref. [539].

Another potential technique based on infrared ther-

mography was recently identified in Tore Supra [540].

The infrared spectral emission deviates from black-

body behaviour because of the presence of dust and

flakes. Dust particles were identified by their spectral

emissivity falling off with the square of the wave-

length. Flakes were identified by their fast cooldown

times. These results offer a potential technique for

real time monitoring of dust and flakes.

4.3. Review of tokamak

erosion/redeposition experience

4.3.1. Divertor erosion/deposition

In ITER type divertor machines the most intense

interaction of the plasma will occur at the strike

point of the separatrix with the divertor target plate.

The plasma power crossing the separatrix in the main

plasma vessel will be guided by the magnetic field

onto the divertor plate, thus concentrating the power

onto an area of about 10–20 m2, resulting in ion

fluxes of up to 1024 m−2·s−1. In this section, the toka-

mak divertor experience will be discussed in terms of

various plasma regimes. In particular, we shall con-

sider the dependence of erosion/redeposition on elec-

tron temperature and density in the divertor plasma,

for cases of a high recycling divertor (see glossary)

with Te between 10 and 50 eV and for a partially
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detached divertor with Te < 10 eV [154]. Erosion

due to vaporization and melting during disruptions

and ELMs is discussed in Sections 4.5 and 5.4.

The high recycling divertor, with moderate elec-

tron densities and electron temperatures of up to

50 eV, has been investigated in a large number of

tokamaks, such as ASDEX, ASDEX-Upgrade, DIII-

D, JET, Alcator C-Mod and JT-60U. Owing to the

high electron temperatures, the ion energies range

above the threshold for physical sputtering for most

candidate divertor materials. Chemical erosion for

carbon based materials is also high, especially at ele-

vated surface temperatures.

Erosion studies have been performed by

using marker experiments in ASDEX-Upgrade

[500, 541, 542] and DIII-D [110, 501, 543] to

evaluate the most useful divertor materials. The

measured erosion rates for materials with different

atomic number, are shown in Fig. 40, together with

Mo erosion in Alcator C-Mod [113]. In spite of the

differences in divertor plasma parameters and the

comparison of long term exposure [113, 541, 542],

with single discharge erosion [110, 111, 500, 501, 543],

the data are in good agreement, showing a strong

decrease of the erosion rate with the atomic mass

of the target material. The erosion rate decreases

by more than an order of magnitude from Be to

W, in general agreement with expectations from

physical sputtering for light ions in the threshold

energy regime (Section 3.2.1). However, melting and

evaporation increased the Be erosion rate at high

power loads in JET [544]. The large scatter of results

for carbon divertor materials can be attributed to

different divertor plasma conditions due to different

central plasma densities and auxiliary heating

power. The net erosion rate for carbon increases

with the incident heat flux for the attached plasma

conditions of Fig. 39 [500, 537]. At heat fluxes

>5 MW·m−2, the erosion rates of 20 nm·s−1 would

correspond to about 1 cm peak erosion after 1000

ITER discharges lasting 400 s each.

A similar scatter of data exists for W erosion but

here no correlation with the heat flux is evident. The

contribution of H and D ions to W erosion is neg-

ligible in the temperature range Te < 50 eV since

the incident energies are at or below the threshold

for physical sputtering. In contrast, low Z impurity

ions with charge state of 3 and more are accelerated

to higher energies in the sheath potential and dom-

inate the sputtering of high Z materials: in Alcator

C-Mod, predominantly B after boronization [113]; in

the ASDEX-Upgrade W divertor experiment, C from
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Figure 40. Erosion rate of different divertor materials as

a function of atomic mass. While most of the data were

obtained from marker erosion experiments, Be, C and

W have been used as bulk materials in widely differing

divertor conditions [110, 113, 500, 501, 541–543].

vessel wall erosion [115]. However, impacting C ions

will be implanted into the W surface leading to a

gradual decrease of the W sputtering yield until a

stationary level is reached where the carbon deposi-

tion is balanced by erosion. For a given carbon impu-

rity concentration, this balance is strongly dependent

on plasma temperature (Sections 3.2.2 and 3.2.6.2),

and below a threshold temperature of the order of

10 eV, there will be net deposition of carbon pro-

tecting the W surface from erosion. Fig. 41 shows the

measured erosion yield of W in the ASDEX-Upgrade

divertor, as a function of divertor electron tempera-

ture compared to calculated sputtering yields for D+,

1% C4+, and both ion species including C deposition

[115]. It can be seen that D+ sputtering is negligible,

and the erosion rates are well explained by taking

the erosion due to 1% C4+ into account.

This situation is different for low Z divertor mate-

rials. The low sputtering threshold and, in the case of

carbon, chemical erosion effects lead to a high yield

due to deuterium ion impact (Fig. 11) already at

divertor temperatures around 10 eV. This high yield

is slightly increased, especially at high divertor den-

sity and electron temperatures below 10 eV by tak-

ing self-sputtering into account for carbon impurity

concentrations in the per cent range. Oxygen impu-

rity ions with an effective sputtering yield near unity

(Section 3.2.4) contribute according to their concen-

tration in the divertor plasma [545]. Data for eroded

C fluxes in ASDEX-Upgrade are included in Fig. 41

as a function of divertor temperature; they agree well

with estimates from sputtering calculations [115].
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Figure 41. Sputtering yield of C and W as diver-

tor materials in ASDEX-Upgrade, as a function of the

divertor electron temperature as measured spectroscop-

ically. The data are compared with computer calcula-

tions (shown as dashed lines) for physical sputtering. For

the case of W, sputtering due to 1% C4+ impurity ions

is included. The grey region indicates variations of the

sputtering yield due to different degrees of surface coat-

ing by carbon deposition [115, 484]. (Figure provided by

K. Krieger, IPP Garching.)

The chemical erosion for carbon under diver-

tor conditions is a topic of investigation in most

current divertor tokamaks. Although it is often

stated that the carbon erosion, as determined from

spectroscopically measured C2+ fluxes (see glos-

sary), can be essentially accounted for by phys-

ical sputtering [111, 500, 545], the spectroscopic

observation of CD bands (see glossary) in all toka-

maks indicates the presence of chemical erosion

[302, 484, 537, 546]. Also, the increase of carbon

plasma impurity content for different surface tem-

peratures, such as observed in JET in going from

the Mk-I to the Mk-II divertor, was attributed to

the temperature dependence of chemical sputtering

[111]. The reason for the large uncertainty [286] in

the contribution of chemical erosion of carbon to

the observed erosion rates in tokamaks appears to

result from difficulties in decoupling the energy and

flux dependences of the chemical erosion yield, as

well as uncertainties in the derived hydrogen and

hydrocarbon fluxes. Experiments specifically aimed

at studying the flux dependence of chemical ero-

sion at high fluxes (>1021 D·m−2·s−1) have also

been performed in plasma simulators (Section 3.2.3),

where the parameters can be controlled indepen-

dently. In Fig. 42 the dependence of the chemical

erosion yield on ion flux obtained from plasma sim-

ulator experiments [298, 299, 307] is compared with

data from high flux conditions in different tokamaks

[300, 304, 484, 487, 547–551], for cases of elevated

surface temperatures, near the temperature where

chemical erosion is maximum, Tmax, and different

plasma electron temperatures. In Fig. 42(a) data are

collected for incident ion energies between 20 and

50 eV and in Fig. 42(b) for energies between 200 and

300 eV.

The large scatter of the data may be due to a

number of causes, including: (i) different ion ener-

gies due to different plasma parameters, (ii) exper-

imental uncertainties in the determination of the

incident hydrogen and CD fluxes, (iii) uncertain-

ties in translating the CD intensities into CD4

or CnDm fluxes using the ionization/dissociation

sequence [552], (iv) the ionization length, which is

determined by the ionization cross-section, (v) the

use of different carbon based materials with different

surface conditioning, and (vi) different surface con-

taminations from deposited impurities. In spite of

all these uncertainties, the trend in the data for ion

fluxes >1022 D·m−2·s−1 indicates a decreasing chem-

ical erosion yield towards an absolute yields at Tmax

below 10−2. Taking into account that physical sput-

tering of carbon has a threshold around 30 eV, in low

temperature divertor applications the total carbon

erosion yield will be controlled by chemical erosion.

In view of the above uncertainties, further studies

are needed to clearly establish the flux dependence

of the chemical erosion at high fluxes (Section 6.1).

Net erosion rates, as shown in Figs 39 and 40,

are not only determined by erosion yields as given in

Figs 41 and 42 for W and C, but also by the extent of

redeposition. Erosion yields multiplied by ion fluxes

result in ‘gross erosion rates’, which may be con-

siderably reduced because of the redeposition of the

eroded material, leading to the observed ‘net erosion

rates’. Sputtered atoms will penetrate into the diver-

tor plasma, become ionized and some will redeposit

on the divertor plate together with the plasma flux

Nuclear Fusion, Vol. 41, No. 12R (2001) 2035
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Figure 42. Comparison of the flux dependence

of the chemical erosion yield of carbon at Tmax

measured in plasma simulators and in tokamaks

for (a) incident ion energy between 20–50 eV

[298, 299, 304, 307, 549, 550] and (b) between 200–300 eV

[300, 308, 487, 547, 548, 551]. The curves are analytic

fits to the data using the analytic model [287] (see also

Fig. 16).

(Section 5.3). For cases where the ionization length

of sputtered atoms is smaller than, or comparable

to the gyroradius of the ions in the local magnetic

field, redeposition occurs within the first gyration,

and the gross erosion rates are drastically reduced

[542]. This is especially true for sputtered atoms of

heavier masses since the ionization length is propor-

tional to the velocity and the gyroradius is propor-

tional to the product of velocity and mass. Thus, the

ratio of both is a decreasing function of mass. For

heavy target materials, such as W, the prompt rede-

position within the first gyration is partly responsible

for the very small net erosion rates observed, reduc-
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Figure 43. Deposition pattern of local redeposition of

eroded material from Be and W markers in the DIII-D

divertor [501]. Two sets of data are shown for each mate-

rial at slightly different positions on the same divertor

probe. The magnetic field direction is from left to right.

(Plasma parameters: ne = 4 × 1019 m−3, Te = 70 eV,

power = 7 × 105 W·m−2, ion fluence 8 × 1022 m−2).

ing the gross erosion by factors of up to ten, espe-

cially under high density conditions with short ion-

ization lengths [115]. Direct evidence of the prompt

redeposition was obtained in marker experiments in

ASDEX-Upgrade [541] and DIII-D [110, 501, 543].

The combined action of magnetic field and electro-

static sheath potential leads to a large transport of

eroded materials toroidally, in the direction of the

magnetic field. In this direction, the decay length of

light materials, such as Be and V, was found to be

of the order of centimetres, while for W the decay

lengths were consistently a factor of three to four

shorter. One exception from this general tendency

is the light impurity Li, which has a high ionization

cross-section at low energy and is likely to be ion-

ized and redeposited more easily than carbon (ioniza-

tion potential = 11.26 eV) [553]. Figure 43 presents

a comparison of the marker redeposition in DIII-D

[501] for Be and W, showing clearly the increasing

contribution of prompt local redeposition. Modelling

of redeposition (including prompt redeposition) gave

good agreement with the measured deposition pro-

files [542, 556].

For the case of carbon based materials, chem-

ical erosion contributes to the gross erosion rates

and leads to new channels of redeposition. First, the

chemically eroded hydrocarbon molecules [293] are

assumed to have kinetic energies only of the order

of the temperature of the target plate, and, conse-

quently, very short ionization lengths. Second, within

the complex ionization/dissociation chain from CD4
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Figure 44. Radial distribution of erosion of a deposited

carbon layer and redeposition onto the JET divertor

plate as measured from colorimetry measurements (solid

points) and DIVIMP calculations of net and gross ero-

sion (solid and dashed lines respectively). (Reproduced

with permission from Ref. [111].)

to C+ [552], several neutral radical states occur, espe-

cially at low Te, and neutral radicals are not confined

by the magnetic field. Both effects lead to a relatively

efficient local redeposition. A typical example for the

comparison of measured net erosion and deposition

in the JET Mk-I divertor with calculated gross ero-

sion and redeposition is shown in Fig. 44.

The erosion/redeposition rates at the divertor tar-

get have been measured in situ, between two dis-

charges [111, 554], using the method of colorimetry

[555] during the JET Mk-I campaign. The erosion

rates are strongly dependent on the power deposition

on the targets. For an ELMy H mode discharge with

10 MW of neutral beam heating at moderate density,

a net erosion of ≈5 nm·s−1 was measured. At high

power, much higher erosion rates have been observed

(Fig. 39). For a typical ELM free hot ion H mode

discharge with 22 MW heating for a duration of 1

s, the net erosion rate reaches about 20 nm·s−1 near

the strike point (Fig. 44). The detailed simulations

using the DIVIMP/NIMBUS (Section 5.2) codes sug-

gest that the net erosion is predominantly caused by

physical sputtering. The codes predict that the gross

erosion resulting from chemical sputtering is com-

parable to that from physical sputtering. However,

the chemically produced carbon has lower energy so

that it redeposits promptly back to the target, thus

showing little contribution to the net erosion. A very

similar conclusion was reached in the modelling of

carbon erosion using the DIII-D divertor probe [556].

To reproduce the net erosion rates and the carbon

profiles along the JET divertor target, a yield reduc-

tion factor of 30–50% had to be used over the low flux

chemical sputtering yields [293, 557]. This could be

due to the breakup efficiency of hydrocarbons, which

is not taken into account in the simulation, or to the

flux dependence of chemical yields (Section 3.2.2).

The balance between carbon erosion and redeposi-

tion depends strongly on the divertor plasma temper-

ature and geometry. For most of the current divertor

experiments, the electron temperature at the inner

divertor strike point is lower than at the outer diver-

tor strike point. Frequently, this leads to detach-

ment in the inner divertor and results in deposition

at the inner strike point and erosion at the outer

strike point. Figure 45 shows a comparison of the

D retention due to co-deposition with low Z impu-

rities for different divertor experiments [337]. The

long term erosion/redeposition pattern integrated

over a whole discharge period is very similar for

the DIII-D divertor, the JET Mk-I divertor and the

ASDEX-Upgrade Div. I divertor and shows that ero-

sion dominates in the outer divertor. A very similar

erosion/deposition pattern has been reported from

both JT-60U [558] and Alcator C-Mod [113] with

thick deposits of low Z elements at the inner diver-

tor; on Alcator C-Mod macroscopic erosion in the

outer divertor was also observed. However, this del-

icate balance between erosion and redeposition has

been altered by the changes in the divertor geometry

of the ASDEX-Upgrade divertor. In the new LYRA

divertor with vertical targets, the outer divertor is

also fully deposition dominated as can be seen from

the comparison in Fig. 45 [559]. In this geometry, the

outer divertor plasma temperature, averaged over a

whole discharge period, has decreased to 7 eV (from

17 eV in the Div. I geometry). For a typical carbon

impurity concentration of 1% this decrease in elec-

tron temperature leads to a transition from erosion to

deposition conditions as was discussed in Section 3.2

(Fig. 20(b)). Similarly, in DIII-D the outer divertor

changed from a region with net erosion to net depo-

sition in discharges with partially detached diver-

tor plasmas [537]. In these cases, the whole diver-

tor is deposition dominated, indicating that the ero-

sion dominated areas must lie outside the divertor,

most probably at the vessel walls or the protection

limiters.
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documented by the D co-deposition pattern [64]. The inserts show the

different divertor geometries.

The redeposition of carbon will strongly depend

on the sticking of the hydrocarbon radicals to the

target surface. The radicals that lead to surface depo-

sition may be synthesized in ion–molecule reactions

in the divertor plasma, or alternatively, may also

be produced by chemical reaction on the surface, or

via thermal release from deposited polymer like a-

C:H films [346, 347, 543]. These species and their

fragments after dissociation in the plasma [154, 560]

may be deposited as neutrals with just the energy

received during breakup or as ions accelerated in the

sheath potential in front of the surface. The majority

will have energies between 1 and 10 eV and have a

high probability of surviving the impact with surface

atoms without breakup.

A plausible scheme for the observed carbon depo-

sition in current divertor experiments (JET [235],

ASDEX-Upgrade [530]) is erosion of carbon from the

vessel walls followed by deposition as polymer like

films on the target plate. This polymeric structure is

the stable form of C:H layers if the ion energy is low

(<30 eV) or a high flux of atomic hydrogen leads

to a continuous hydrogenation of the sp2 carbon

groups in the film [467, 561]. Both conditions hold

for many plasma exposed surfaces inside a fusion

reactor. At elevated temperatures, during plasma

exposure, C2Hx molecules/radicals are released. The

deposition of such molecules/radicals on cooler sur-

faces (T < 500 K) can lead to the formation of thick

hydrogenated layers.

A striking feature, which is seen in many toka-

maks, is the intense co-deposition of carbon and deu-

terium in regions which are shaded from ion flux

but lie near carbon surfaces receiving high ion flux

(Section 4.7). Examples of this are surfaces facing

the inner pumping port in the JET Mk-IIA diver-

tor and regions shaded by adjacent tiles (JET and

ASDEX-Upgrade), and on the sides of tiles (TFTR

and DIII-D). Since ions cannot reach these shaded

surfaces, this carbon deposition can only be due

to neutral carbon atoms or molecules. Sputtered

atoms are unlikely to return to the surface as neu-
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trals; instead, they will be ionized and return to sur-

faces intersecting field lines. However, hydrocarbon

molecules leaving the surface can dissociate yield-

ing energetic neutral fragments, including hydrocar-

bon radicals and atoms. Cross-sections for the pro-

duction of CH3 and CH2, by electron bombard-

ment of methane, peak at electron energies between

20–30 eV [562]. In this energy range, dissociation

into neutrals, rather than dissociative ionization, is

mainly responsible for the production of molecular

radicals [563]. Furthermore, erosion of graphite from

hydrogen impact occurs mainly through production

of methane and heavier hydrocarbons for hydrogen

energies below 100 eV [293]. Therefore, it is likely

that carbon surfaces exposed to high fluxes of hydro-

genic ions, such as divertor strike points, will be

a strong source of hydrocarbon molecules into the

plasma. A large fraction of this carbon will promptly

return to nearby surfaces as energetic neutral car-

bon or hydrocarbon radicals. Chemical erosion fol-

lowed by molecular dissociation will, therefore, result

in intense recycling of neutral carbon and hydrogen

back and forth between the plasma and the surface.

This flux of neutral carbon can deposit on surfaces

shaded from the plasma. In contrast, the same mech-

anism would not occur for metal atoms since metals

are eroded by physical sputtering as atoms, not as

molecules. The eroded metal atoms will be ionized

and redeposit on surfaces intersecting field lines. The

ability of carbon, but not metal atoms, to redeposit

in shaded regions is consistent with the observation

in JET that on the Mk-I beryllium divertor the heavy

deposits were predominantly carbon and not beryl-

lium, and that the regions exposed to ion flux, i.e. of

net erosion, consisted mainly of beryllium with little

carbon. Beryllium and carbon would both be eroded

from the plasma contacting regions, but only the car-

bon would be deposited as neutrals into the shaded

regions. This process might be used to advantage to

localize deposition of carbon in regions where it can

be removed or heated to thermally release tritium

(Section 2.3.3).

4.3.2. Limiter erosion/deposition

Investigations in divertor tokamaks such as

ASDEX-Upgrade [564] and Alcator C-Mod [565]

have shown that, even at several decay lengths

outside the separatrix, moderate ion fluxes can

reach limiter structures and lead to characteris-

tic erosion/deposition patterns (see, for example,

Ref. [213]). Originally, JET was built as a lim-

Figure 46. Erosion and redeposition pattern (over a

campaign of many discharges) across the carbon JET rail

limiter. (Reproduced with permission from Ref. [567].)

iter machine with discrete outboard rail limiters

and a large area inner bumper limiter. Net ero-

sion/deposition at the discrete limiters that JET

used during the 1986 campaign was determined by

measuring the tiles with a co-ordinate measuring

machine before and after the campaign (Fig. 46)

[566, 567]. Additional implanted 13C markers served

as quantitative erosion/deposition indicators. Maxi-

mum net erosion of 200 µm was observed at either

side of the tangency point, with deposition of up to

120 µm found on the flanks of the tile, deeper into

the SOL. The erosion corresponds to an average of

60 nm per pulse over the 3200 discharges in the cam-

paign. In the same campaign, a special erosion probe

was inserted into the SOL to within 10 mm of the

LCFS for two 20 s discharges with flat-tops of 5 MA

for 4 s. The erosion rate in the SOL varied from 60

to 2000 nm per 20 s pulse, while the deposition rate

was factors of 25 greater [567, 568].

Erosion/deposition processes at large area

bumper limiters were investigated in detail in TFTR

[495]. Measurements of the TFTR bumper limiter,

by in situ beta back scattering [490], showed areas

of net deposition of material (metals and D) at the

lower left and upper right and at the midplane of

each limiter sector. Relatively clean areas appear to

correspond to regions of high plasma flux and net

erosion. The deposited material was mainly carbon

with 20 at.% D, 6 at.% oxygen and 1 at.% metal

atoms with a depth of several micrometres. The

main mechanism for D retention was co-deposition

rather than implantation. The TFTR bumper

limiter was lined with graphite tiles having ∼3 mm

gaps. Removed tiles showed thick (up to several

micrometres) carbon deposits ∼2 cm down the side

faces of the gaps. Theoretical and experimental
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simulations indicate that sputtered carbon can be

transported deep into the gap by multiple reflections

off the faces of the gap [569]. Scans along the

side edges of removed limiter tiles indicate that

the edges retain high levels of deuterium [570].

Deposition in the gaps was more pronounced on the

tiles which were erosion dominated on their plasma

facing surfaces, indicating local redeposition. More

information on deuterium and tritium retention in

TFTR and JET is given in Section 4.7.

Erosion/redeposition modelling in TFTR [571]

yielded results consistent with the above experimen-

tal measurements. Flaking of co-deposits after termi-

nation of operations was observed [572, 573]. Analy-

sis of tiles that experienced DT plasmas showed rel-

atively high concentrations of tritium at the top and

bottom of the bumper limiter [574], as predicted by

earlier BBQ modelling [201].

In TEXTOR, a well diagnosed mushroom type

test limiter was used to investigate erosion processes

such as RES and chemical erosion (Section 3.2),

the behaviour of different limiter materials and

erosion/redeposition transport issues. Under typi-

cal limiter conditions, the electron temperatures are

high enough (Te ≈ 30–80 eV) that even incident

hydrogenic ions have energies above the threshold

for physical sputtering for high Z materials. However,

under the plasma boundary conditions of TEXTOR

with about 2% C4+ and 1% O4+, the observed emis-

sion of W or Mo from limiters made of these materi-

als, respectively, is predominantly due to impurity

sputtering [575, 576]. The transition from carbon

erosion at the limiter tip to carbon deposition at

the limiter rim is very sharp, indicating the change

from erosion to deposition dominated areas as the

electron temperature decreases below a critical limit

(Fig. 20(b)).

4.3.3. Main chamber wall erosion

When erosion in the divertor is suppressed, for

example during operation with detached divertor

plasmas, the main chamber wall can become the

dominant source of impurities to the plasma. In gen-

eral, the first wall is not a homogeneous surface.

Typically, the inner wall is covered by well aligned

carbon tiles (ASDEX-Upgrade, DIII-D, JET, JT-

60U, TFTR, TEXTOR, Tore Supra) or molybdenum

tiles (Alcator C-Mod), while the outer wall houses

components such as ion cyclotron resonance heat-

ing (ICRH) and lower hybrid (LH) antennas, pas-

sive stabilization coils, protection limiters and has

ports and openings for diagnostics and NBI. Often,

large areas of the unprotected metal walls have

direct line-of-sight to the core plasma. This com-

plicated structure, with a variety of surface mate-

rials, is often protected by periodic coating with

low Z elements, such as boron (ASDEX-Upgrade,

TEXTOR, Alcator C-Mod, Tore Supra, JT-60U,

MAST, NSTX), silicon (ASDEX-Upgrade, TEX-

TOR), beryllium (JET), or lithium (TFTR) (Sec-

tion 1.3.2). The fluxes to the first wall components

are poorly diagnosed (Section 6.4). Protection lim-

iters, positioned several decay lengths behind the

separatrix, are subject to ion fluxes, but at much

lower intensity than divertors. The large area of the

vessel wall behind protection limiters receives charge

exchange neutral fluxes. Charge exchange diagnos-

tics typically only measure neutrals with energies

above 1 keV. However, the charge exchange neutral

fluxes responsible for impurity production are mainly

below 300 eV [335] (Section 3.2), and are difficult to

measure. Charge exchange neutral fluxes were mea-

sured in ASDEX [577] using the change in resistance

of thin carbon films calibrated in ion beam experi-

ments [578, 579]. It could be shown that the fluxes

were of the order of 1020 m−2·s−1, and the esti-

mated sputtering rate correlated with the impurity

influx determined from central impurity concentra-

tions [577] for different plasma parameters. For some

cases, the energy distributions between 20 eV and

2 keV were measured by using a time of flight method

[157, 580–583]; they were used for the estimation of

sputtering rates. As the direct measurement can only

be done at a few special locations around the plasma

vessel, the available data have to be extrapolated

to the rest of the vessel wall by code simulations.

This has been done by using the B2/EIRENE code

(Section 5.2) at ASDEX-Upgrade [157], and Fig. 47

shows the distribution of the sputtered atom fluxes

for a W and C first wall due to charge exchange neu-

tral sputtering. The neutral fluxes range from 1018 to

1020 m−2·s−1 and are more than three orders of mag-

nitude smaller than the maximum ion fluxes to the

divertor plates. The calculations consider only recy-

cling from the divertor as the main neutral gas source

(and do not consider main vessel sources due to

cross-field diffusion [584] of plasma to protection lim-

iters, ICRH antennae or gas puffs), which lead to a

toroidally non-uniform charge exchange neutral dis-

tribution [585]. Owing to the high fraction of neutrals

at low energies, high Z materials with high thresh-

old energies for sputtering show a strongly reduced

erosion rate compared to low Z materials, especially

2040 Nuclear Fusion, Vol. 41, No. 12R (2001)
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Figure 47. Distribution of the sputtered atom flux from

the ASDEX-Upgrade vessel wall for a carbon and tung-

sten wall material due to charge exchange neutral sput-

tering as calculated from B2/EIRENE code calculations

[157]. The carbon values can be compared to spectroscop-

ically measured fluxes from the inner heat shield shown

as solid squares [337]. The conditions in the divertor dur-

ing erosion are: experiment — D2, 〈ne〉 = 3 × 1019 m−3,

calculations — H2, 〈ne〉 = 8 × 1019 m−3.

for high density plasmas with low edge temperatures.

The prediction that carbon influxes result predomi-

nantly from the lower part of the inner heat shield

was directly corroborated by quantitative spectro-

scopic measurements of the CD band intensity [337]

(Fig. 47).

Measurements were also made of the energy and

flux of charge exchange neutrals to the wall at the

outer midplane in TFTR by using carbon resistance

probes, which sense neutrals with energies above

30 eV [490]. The mean charge exchange neutral ener-

gies were compared for ohmically heated and neu-

Table 11. The mean energy and flux of charge exchange

neutrals at the outer midplane of TFTR during ohmically

heated (OH) and neutral beam heated portions of the

discharge, with the wall saturated with deuterium and

unsaturated by ‘supershot’ conditioning [490].

Mean energy Flux

(keV) (1020 ·m−2 ·s−1)

OH NB OH NB

Deuterium saturated 0.4 1.5 0.7 1.4

Supershot conditioned 0.3 2 0.06 0.3

tral beam heated portions of discharges. Low den-

sity helium fuelled plasmas were used in TFTR to

remove deuterium from the limiter and wall to reduce

fuel recycling at the plasma edge. The resistance

probe study showed that this conditioning dramat-

ically reduced the flux of charge exchange neutrals

to the wall but had little effect on their energy,

and that neutral beam heating increased both the

energy and flux of the charge exchange neutrals

(Table 11).

In general, direct spectroscopic determination of

the sputtered fluxes from the vessel walls is difficult

due to the small erosion rate per unit area, while

the total impurity influx is important because of

the large area of the vessel wall. Therefore, direct

determination of the wall erosion has to be done

by long term surface probes integrating over sev-

eral discharges or whole campaigns. Erosion probes

used in ASDEX collected the eroded Ni atoms on

Si collectors and could be analysed sensitively using

electron induced X ray spectroscopy [586]. In JET,

long term probes with evaporated films or implanted

depth markers were installed and analysed before

and after the exposure for full experimental cam-

paigns [587, 588]. Erosion/deposition at the JET ves-

sel walls was investigated in 1985 by means of 12 long

term samples distributed poloidally around the wall

and into which 13C had been implanted at depths of

30 and 450 nm [587]. The overall erosion was much

greater than the implantation depths and was not

consistent with sputtering by the expected charge

exchange neutral flux. Either the flux was larger, or

there was an additional ion flux to the walls [587].

Erosion/deposition at the vessel walls was inves-

tigated during the Mk-I divertor phase of JET

[588, 589] (April 1994 to June 1995.) During this

period, the vessel walls (made of Inconel 600 — see

glossary) were protected from direct contact with

Nuclear Fusion, Vol. 41, No. 12R (2001) 2041
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ions by poloidal rings of carbon (graphite and CFC

tiles), but were exposed to charge exchange neutral

fluxes. The inner wall was coated periodically with

Be evaporated from four heads close to the outer

wall at the midplane; parts of the outer wall were

also coated with thicker Be layers, while other areas

were shielded from the evaporation by the poloidal

limiters. Long term samples of different materials

were attached to the walls. Detailed measurements of

spatial and energy distributions for charge exchange

neutrals in JET are not available; however, scaling

charge exchange neutral measurements in ASDEX-

Upgrade to JET led to reasonable agreement with

the erosion rates of the different materials by the

likely charge exchange fluxes (Fig. 18) [157]. The

net erosion for the Ni sample at the JET inner wall

was ≈0.8 × 1019 at. · m−2. Assuming toroidal sym-

metry, this indicates that about 70 g Ni +Cr +Fe

was eroded from the inner wall, in addition to the

sputtering of the evaporated Be; about 55 g Be was

sputtered from the outer wall. In JET and ASDEX-

Upgrade, deposition was found to be minimal, and

in most cases this deposition was due to the periodic

wall conditioning.

Although eroded atoms from protruding compo-

nents with direct sight to the vessel wall have a

chance to be deposited at the wall without being

ionized in the plasma edge [590], the majority are

ionized in the SOL and are transported along field

lines to limiters or divertor plates [591]. In contrast,

the outer stainless steel vessel wall of TFTR experi-

enced net co-deposition. Approximately, half of the

deuterium and tritium inventory was found to be

deposited on the outer wall (Section 4.7.1.1.) [574]

4.3.4. Impurity flow pattern in divertor tokamaks

As a result of the detailed investigations of ero-

sion and redeposition in tokamaks, a schematic flow

diagram of impurities can be constructed. This has

been done in ASDEX [592] for the case of Cu divertor

plates and a carbon vessel wall, for ASDEX-Upgrade

[593] with W as divertor plate material, and for JET

[589] using the Mk-I carbon divertor, a carbon inner

heat shield and beryllium coated outer walls. As

an example, the impurity flow pattern for ASDEX-

Upgrade is shown in Fig. 48 for the W divertor, The

first wall is the erosion dominated zone, with chemi-

cal sputtering of carbon being the dominant erosion

process. Sputtering is mostly due to charge exchange

neutral fluxes, but there is an indication that ion

fluxes to the inner heat shield also contribute to ero-

CX Flux

8 10   /s
22

8 10   /s
19

2 10   /s
19

0.85

0.148

0

2 10
32.5 10

4

1.15 10
3

2 10
3

6 10
4

(a)

(b)

Figure 48. (a) Schematic erosion/redeposition pat-

tern of carbon wall material in the ASDEX-Upgrade

divertor tokamak. For a total charge exchange neu-

tral flux of 8 × 1022 D · s−1, the calculated C impu-

rity flux is of 8 × 1019 C · s−1 at the inner divertor and

2 × 1019 C · s−1 at the outer divertor. (b) Schematic of

the erosion/redeposition pattern of divertor material in a

divertor tokamak as obtained from the ASDEX-Upgrade

W divertor experiment. (Reproduced with permission

from Ref. [593].)

sion. About 1020 C atoms · s−1 are eroded, depend-

ing on the main plasma density, and deposited onto

a wetted divertor area of less than 1 m2 (Fig. 48(a).)

Deposition rates are in the several nm·s−1 range. In

the W divertor, the electron temperature at the inner

divertor was typically lower than 10 eV, leading to

net deposition, while at the outer divertor, at slightly

higher temperatures, erosion dominated [594]. Ero-

sion is due to highly charged impurity ions, such as

C4+. The energy of the deuterium ions is too low to

sputter W from the divertor plates [115].
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W sputtered from the outer divertor plate in

ASDEX-Upgrade has a high probability (≈85%) to

be promptly redeposited (Fig. 48(b), right insert).

Another fraction (≈15%) will be redeposited with-

out ever entering the confined central plasma. Only

a fraction of about 0.2% escapes the divertor and

SOL and enters the confined plasma (Fig. 48(b), left

insert). In relation to the originally sputtered amount

at the outer divertor plate a fraction of 1.15 × 10−3

is deposited on the inner divertor plate, a fraction of

6 × 10−4 returns to the outer divertor, and a frac-

tion of 2.5 × 10−4 is deposited at limiter like struc-

tures in the SOL. No deposition at the vessel wall

could be measured. In ASDEX-Upgrade, W atom

concentrations in the central plasma reached levels

above 2 × 105 W/D only in a few exceptional cases,

where the disappearance of sawteeth led to impu-

rity accumulation [115]. In the new ASDEX-Upgrade

LYRA divertor, even the outer divertor is deposition

dominated [559].

In JET, coverage of the cold inner Be divertor

with carbon was found [494] and partially detached

divertor conditions led to the elimination of gross

erosion in DIII-D [537]. The low temperature, high

density divertor conditions can lead to deposition of

a polymer like hydrogenated carbon film, which is

unstable at temperatures above 500 K and decom-

poses to heavy hydrocarbons and radicals [519]. Dur-

ing plasma exposure at elevated temperatures, the

deposited layer will, through chemical sputtering,

and/or thermal decomposition, lead to the release of

hydrocarbons/radicals, which could be transported

and deposited onto cooler areas where the deposited

layer is stable - such as the inner louvres of the

JET divertor (Sections 4.3.1 and 5.3.1) [235], or the

ASDEX-Upgrade divertor bottom [530]. CH3 radi-

cals have a very low sticking coefficient [595] and

may be uniformly deposited on cool areas of the

vessel wall and deep into the pump duct.

4.4. Experimental evidence for arcing in

tokamaks

The underlying physical processes of arcing are

presented in Section 3.3. The occurrence of arcs and

arc traces on PFCs has been reported by tokamaks

for the past 25 years [304, 352, 515, 596]. How-

ever, their relative importance is uncertain, primar-

ily because of the difficulties of measuring the effects

of such highly localized and transient events. Arc-

ing, like sputtering, has two possible consequences

for tokamak operations: introduction of impurities

into the plasma, and damage to PFCs (e.g. net

erosion).

One obvious feature is the discrete temporal

nature of arcs compared to the continuous release

of wall particles from sputtering. To make a compar-

ison, one must know the average number of released

particles per arc, Narc, (1017 − 1018) and the steady

state arc frequency per unit area of PFC (farc , in

units of s−1 · m−2). The relative flux from arcing,

Γarc, to sputtering, Γsputter , of released materials is

then simply given by

Γarc

Γsputt

=
Narcfarc

YsputtΓinc

(27)

Here, Ysputter is the sputtering (physical + chemical)

yield for the incident plasma flux, Γincident . This for-

mulation is useful since the quantities (Narc
, farc)

can be deduced from post exposure analysis of the

arc tracks that have occurred on a PFC over a given

operational period. Note that there is an implicit

assumption that both the plasma and surface cri-

teria for arcing are met (Section 3.3). Although the

underlying plasma material physics is the same, arc-

ing at limiter and divertor surfaces will be addressed

separately in the following sections. In summary, the

effect of arcing on next step devices should be small

at limiter surfaces. Arcing may be important in the

divertor, but insufficient data from current tokamaks

exist to reliably extrapolate to an ITER class device.

4.4.1. Arcing at limiter surfaces

Arcing from limiter surfaces was initially viewed

as a leading candidate for explaining the impurity

content of the plasma [597]. This arose primarily

from the visual observation of material loss from arc

traces. Although there appeared to be some link of

arcing with the type of limiter material and its condi-

tioning, the principal correlation for the presence of

arcs was the plasma parameters at the limiter. Time

resolved arc measurements (using coincident spec-

troscopy and current measurements) in several toka-

maks (DITE, ISX, PLT and T10) in the late 1970s

showed that arcing at limiters occurs predominantly

during the initial phases of the discharge [352]. On

both DITE [516] and JFT-2 [598], this was clearly

correlated with disruptive like MHD activity as ratio-

nal q surfaces passed the limiter during the current

rampup. Significant arcing was also found during

plasma disruptions. The enhanced loss of particle

and energy flux to the limiters during these events

meets the criterion for arc initiation (Section 3.3),
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Figure 49. Surface profile showing arc traces on a pol-

ished graphite tile from the outer divertor of ASDEX-

Upgrade exposed to 57 neutral beam heated 1.5 s dis-

charges. Direction of scan is parallel to the magnetic field

and therefore perpendicular to the direction of the arc

traces. (Reproduced with permission from Ref. [358].)

while quiescent periods do not. It was also found

that, although the impurity content of the plasma

was increased during arcs, this had little effect on the

impurity concentrations during the quiescent, steady

state portion of the discharge.

The possibility of arcs at the limiter is more likely

during non-quiescent phases such as VDEs when the

main plasma moves suddenly into the main wall

or limiter (Section 2.3.2). The large energy densi-

ties associated with the direct contact of a burn-

ing plasma with the limiter surface will certainly

meet the criteria for arcing. However, it is difficult in

this case to separate arcing from other ablative/melt

losses as the principal culprit in damaging the limiter

materials.

4.4.2. Arcing at divertor surfaces

Despite the observation of arc traces in the

divertor of many current tokamaks (e.g., ASDEX-

Upgrade [358], DIII-D [110]), little effort has been

devoted to their impact on tokamak operation. The

divertor geometry intentionally concentrates heat

and particle flux on small regions of the vessel sur-

face. Divertor electron densities and particle flux are

typically five to ten times larger than those found

at a limiter, while Te is usually >10 eV for non-

detached divertor plasma regimes. Hence, the plasma

conditions necessary for arc formation can be con-

stantly present in the divertor, as opposed to being

transiently present at limiter surfaces.

A detailed analysis of the effects of arcing in

the divertor has taken place on ASDEX-Upgrade

[358, 515]. Post exposure surface analysis of outer

divertor graphite tiles showed a localized arc den-

sity of farc ≈ 5 × 103 arcs · m−2 · s−1 during the

≈100 s of discharges with neutral beam auxiliary

heating (≈6 MW). The typical dimensions of the

arcs (depth ≈10 µm, width ≈50 µm and trace length

≈4 mm) indicated that Narc ≈ 2×1017 carbon atoms

per arc were eroded (Fig. 49). Therefore, the esti-

mated carbon efflux Γarc ≈ (1.1±0.4 × 1021 m−2 ·

s−1 (Eq. ( 27)) is comparable to the carbon efflux

expected from sputtering, Γsputter ≈ (1.4±0.7) ×

1021 m−2 · s−1, Γincident ≈ 5 × 1022, Ysputter ≈ 2–

3%. Time resolved measurements of the arcing were

unavailable. Therefore, it is highly uncertain whether

this short exposure reflects the expected steady state

arcing frequency or the initial conditioning of the

tiles. Significant arc traces have also been observed

on DIII-D inner divertor tiles, where the arc traces

have removed portions of the deposited carbon layer

formed during plasma operations. Arcing was also

prevalent at the redeposition dominated inner diver-

tor tiles of ASDEX-Upgrade [358]. Conversely, recent

exposures of polished graphite samples to ELMy

H mode outer divertor plasmas in DIII-D [110] and

ASDEX-Upgrade [500] have shown no signs of arc

traces. These results point to the complex role played

by the surface conditions in arcing.

Figure 50 illustrates an example of arcing on a

0.1 µm thick film of tungsten on a carbon DiMES

probe (see glossary) exposed to ELMy H mode diver-

tor plasmas on DIII-D [110]. In the arc tracks the

entire thickness of the tungsten film was removed.

Several arcs were initiated at a small defect and then

moved in a retrograde direction. At the boundary

of the tungsten film, the arcs continued onto the

graphite substrate for a short distance. An adjacent

beryllium film on this sample had no arc tracks. In

contrast, no arc tracks were seen on similar probes

exposed at the outer strike point of detached plasmas

[599]. Detached plasmas are characterized by Te <

2 eV; therefore, the local electric field falls below

the critical potential necessary for arcing. Despite

the diagnosis difficulties, these results raise valid con-

cerns that arcing can play an important role in ero-

sion (at least, transiently) in portions of the divertor.

4.5. Disruption erosion in simulation devices

and tokamaks

4.5.1. Disruption simulation experiments

The main characteristics of disruptions and other

off-normal plasma transients in tokamaks is dis-

cussed in Sections 2.3.2. Disruption conditions in

next step devices cannot be achieved in existing

tokamaks because of the large differences in stored
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Figure 50. Example of arc traces on a 0.1 µm W film on a

graphite substrate exposed to a divertor plasma in DIII-D.

energy. Laboratory experiments (e.g., laser and elec-

tron beams, open plasma traps and plasma guns)

are therefore used to study and simulate disrup-

tion erosion effects [600]. This section briefly reviews

the measurements of erosion in disruption simulators

and some effects partially observed during off-normal

events in todays tokamak experiments. These experi-

ments are used to validate the theories and the mod-

els discussed in Section 3.4, which predict disruption

effects in next step devices (Section 5.4).

Table 12 lists the main operation parameters of

several disruption simulators, which have been pri-

marily used during the last decade.

4.5.1.1. Experiments with lasers and high energy

electron beams

Laser [601–606] and high energy electron beam

facilities [607–614] have been widely used to test

divertor materials, primarily graphite and C based

materials. These experiments were mainly carried

out in facilities without applied magnetic field and

have, typically, shown very high erosion (hundreds

of micrometres). A magnetic field can confine the

vapour plasma and shield the material surface (Sec-

tion 3.4). In laser beams the beam size is generally

very small (≤2–4 mm) and penetrates the expand-

ing cloud of vaporized material with little attenu-

ation. Similarly, in electron beams, because of the

high kinetic energy (100–150 keV), electrons pene-

trate the vapour and the target material more deeply

than laser or plasma gun devices. As a result, the

vapour cloud is heated to lower temperatures than

in plasma gun experiments, and the fraction of inci-

dent energy dissipated via radiation in the vapour is

much lower [615].

Ejection of macroscopic carbon particles, from

carbon based samples, has been observed both in

electron beam [603, 612, 616, 617] and laser exper-

iments [618]. The GOL-3 facility of Novosibirsk in

Russia [613, 614] combines a combined hot electron

beam (low MeV range) and low temperature plas-

mas (≈3–5 eV) and showed an explosive type ero-

sion of graphite materials [616, 619]. About 500 µm ·

shot−1 of graphite were eroded at an energy den-

sity of 30 MJ·m−2 [600]. This high graphite erosion

is believed to be due to bulk damage by volumetric

energy deposition, and the eroded graphite is emit-

ted in the forms of grains of size ranging between 1
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Table 12. Some examples of disruption simulators

Plasma Can provide
Energy Pulse Power Part. Plasma B

stream useful data
Facility density length density Parameter Energy density field

size on the

MJ·m−2 ms GW·m−2 MJ·m−2 · s−1/2 keV m−3 T m following

Next step device 10–150 1–10 10–150 ≥1000 20 1×1020 5 0.2

∼50–200 ions+
(ELMs) electrons

MK-200UGi 15 0.04–0.05 300–400 ∼70 1.5 (ion)1 2×10212
2 0.065 a, b, c, d, e

Pulsed plasma 0.153 diam.

gun with long
drift tube

MK-200CUSPi 2 0.015–0.020 150–200 ∼15 0.8 (ion) (1.5–2)×1022 2–3 0.005 a, b, c
Long CUSP trap 0.153

MKT-Ui 1–2 0.03 30–60 >6 1.2 (ion)1 6×1020 2 ∼0.07 d, e
Pulsed plasma gun diam.
with 3 m drift tube

QSPAi 5–10 0.25–0.6 10–50 6–20 0.1 <1×1022 0–1 0.05 d, e
Upgraded diam.
quasi-stationary

plasma accelerator

QSPA-Kh-50ii 10–40 0.2 37–80 22–90 0.3 (ion) (2–8)×1021 0–2 ∼0.04 d, e
Quasi-stationary diam.

plasma accelerator

PLADISiii 0.5–20 0.08–0.5 — ∼15 0.1 (ion) n/a — 0.02 d, e
Plasma gun diam.

VIKAiv 2–30 0.09–0.36 20–84 <20 0.2 >1×1022 0–3 0.06 c, d, e
Quasi-stationary diam.
plasma accelerator

ELDISiv <50 0.05–0.06 2 >100 1204 (2–4)×1022 0–4 — e
Electron beam

JEBISv 2.5 1.5–2 2 ∼2 704 n/a 0 >0.005 e

Electron beam diam.

JUDITHvi 5–10 1–5 2–6 2–10 1204 — 0 ∼0.004 e
Electron beam diam.

GOL-3vii 8–10 0.01–0.02 1000–1300 >50 1–33,5 1021 2–5 0.06 b, d, e
Long mirror trap (thermal) diam.

20–103 (fast)

iTRINITI, Troisk, Moscow, Russian Federation.
ii Institute of Plasma Physics, NSC KIPT, Kharkov, Ukraine.
iiiUniversity of New Mexico, Albuquerque, USA.
ivEfremov Institute, St. Petersburg, Russian Federation.
vJapan Atomic Energy Research Institute, Naka, Japan.
viForschungszentrum, Jülich, Germany.
viiBudker Institute, Novosibirsk, Russian Federation.

1Decreases to 300 eV at the end of the pulse.
2 Increases up to 5 × 1021 at the end of the pulse.
3Electron temperature.
4Electrons.
5Non Maxwellian distribution function with great contribution of 800 keV electrons.

aVapour dynamics in strong magnetic field at inclined target.
bProduction of secondary radiation and its interaction with nearby surfaces.
cNet radiation power to target surface.
dErosion measurement (vaporization and ablation).
eAblation data (energy of destruction, size and velocity distribution of droplets and macroscopic pieces of graphite).

n/a not available.
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and 40 µm. The conditions in this facility, however,

may not be fully relevant to disruption conditions in

tokamaks.

4.5.1.2. Experiments with plasma gun devices

Plasma gun devices [620–627] typically produce

low temperature plasmas (T < 1 keV) and a high

energy flux (up to 10–20 MJ·m−2 deposited in a

pulsed manner during <1 ms). They are believed to

be more suitable than electron or laser beams for sim-

ulating reactor relevant disruption conditions [628].

These facilities are now primarily used to study the

underlying physics of the PMIs during disruptions

and to quantify the resulting material target erosion.

For example, the MK-200UG (Table 12) can produce

hydrogen and deuterium plasma streams with a total

energy of 50 kJ and ion kinetic energy above 1 keV,

in a magnetic field of 2–3 T. Target materials can

be tested at perpendicular as well as in an oblique

plasma incidence. The main limitation of this facil-

ity is its very short pulse duration, i.e. ≈40–50 µs,

which makes it possible to only simulate the early

stages of a disruption in a next step tokamak. Quasi-

stationary plasma guns such as VIKA, QSPA, QSPA-

Kh 50 and PLADIS (Table 12) generate plasma

streams with long pulse duration (>100 µs). How-

ever, because of the relatively low kinetic energy of

the ions (Ei ≈ 100–300 eV), and high plasma den-

sities (>1022 m−3), a shock wave could arise during

plasma deposition. This would lead to a deceleration

of the plasma stream and to a ‘self-shielding’ effect

that mitigates the energy flux reaching the material

surface and results in an underestimation of erosion

compared to actual tokamak conditions [626].

Several experiments have been performed in var-

ious plasma gun facilities primarily to study phys-

ical properties and shielding efficiency of plasma

vapour shields and the resulting material erosion.

In these experiments the plasma temperature and

density distributions in the vapour shield are mea-

sured together with the lateral leakage of radiation

[600, 621, 629–631]. Material damage is generally

measured by means of surface profilometry and mass

loss. Vapour shielding is seen to reduce erosion, at

least to some extent, in all disruption simulation

facilities. The dependence of density and tempera-

ture of plasma vapour on the incoming plasma flow

and the target material are found to be generally in

good agreement with theory (Section 3.4).

The incident plasma flows along the magnetic field

lines. For perpendicular incidence the target plasma

expands upstream along the magnetic field lines, and

transverse motion is inhibited by the strong magnetic

field. At oblique incidence, the vapour shield of car-

bon material was found to drift along the target sur-

face in the direction of the magnetic field lines [621].

This mechanism was found to deplete the shielding

properties and increase the erosion of a graphite tar-

get by about ≈50%, in agreement with modelling

predictions [365].

Recent experiments in MK-200UG [600] have

shown collateral damage of nearby surfaces resulting

from radiation emitted from the outermost regions

in the confined vapour cloud. Graphite erosion of

0.35 µm · shot−1 was caused by a ≈1 MJ·m−2 radi-

ation flux from a plasma vapour forming in front

of a tungsten target. This erosion is similar to that

observed for direct plasma impact (0.4 µm·shot−1)

at much higher heat flux (≈15 MJ·m−2). Mod-

elling [366] confirms that the shielding efficiency

under radiation heat loads is lower than under direct

plasma impact. The secondary radiation is therefore

an important consideration for the choice of divertor

materials and geometry in future tokamak devices

(Sections 2.4 and 2.5).

For C based materials, high erosion with mass

losses that exceed those from surface vaporization

have been also observed in plasma gun devices.

Experiments in the MKT facility have shown

emission of macroscopic particles [632]. Recently,

experiments performed in MK-200 UG and QSPA

[633, 600] have also revealed macroscopic erosion

mechanisms.

Several studies have been also carried out in recent

years to investigate macroscopic erosion of metals

under disruption conditions. Several mechanisms of

metal erosion were described in Section 3.4.2.

Preliminary analysis of the microstructure of the

exposed metal surfaces has clearly shown the forma-

tion of high volume bubble densities [634] with traces

of melted metal droplets of light Z materials (e.g.

aluminium) up to a few metres away from the target

area. Bubble formation was also found in electron

beam experiments [616]. Careful analysis of the irra-

diated samples has also suggested the possibility of

hydrodynamic instability to be a melt layer erosion

mechanism, in addition to volume bubble vaporiza-

tion. Near central areas, where the velocity of the

incident plasma stream along the sample surface is

close to zero, the bubbles are clearly seen. Near the

sample peripheral areas, however, one can see liquid

droplets with long tracks formed because of the high

velocity of the plasma stream [372].
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Figure 51. JET Mk-I beryllium target plate tiles after plasma operation. A poloidal

set of pairs of Be target tiles at the outer strike region are shown at the end of the Be

phase. Shown are tiles in row 10 just outboard of the divertor centre line (left of the

figure), to tiles in row 13 in the outer SOL (right of figure). The deliberate melting

is seen on the tiles in row 12. A small amount of melting is also seen on the tiles in

rows 10 and 11, resulting from giant ELMs before the melting experiment. Each tile

is ≈75 mm × 40 mm in size. (Reproduced with permission from JET [639].)

Melt layer erosion of much heavier materials, such

as tungsten, was shown to be very low in plasma gun

experiments [626] but is more likely to be greater

for longer (>1 ms) heat pulse duration. In experi-

ments conducted in the VIKA facility [635], it was

found that for an incident power of ≈100 GW·m−2,

an appreciable contribution of melt layer loss to

the total mass loss of the tested metals (Al, Cu,

SS) appears only when the pulse duration exceeds

0.18 ms.

Recently, specimens made of several grades of

tungsten (e.g. recrystallized W, W–Re, W–Mo cast

alloys, single crystal W) were subjected to a num-

ber of disruption simulation pulses in MK-200UG

(energy density up to 30 MJ·m−2 and pulse duration

of less than 50 µs), and then to thermal cycling under

steady state heat fluxes up to 45 MW·m−2 [636].

Thermal erosion, crack formation, and shallow melt-

ing were observed. Crack formation was observed

for all studied W grades except single crystal W of

proper orientation.

4.5.2. Off-normal events in tokamaks

Erosion data during off-normal events in cur-

rent tokamaks are scarce and difficult to interpret.

Below we shall describe a limited number of cases of

interest.

4.5.2.1. JET Be target melting experiment

A dedicated experiment was performed to assess

the behaviour of a beryllium target in JET at

power fluxes high enough to cause surface melting

[244, 637, 638]. These experiments were designed to

test the hypothesis that in ITER a beryllium divertor

target would self-protect against excessive, off nor-

mal, heat fluxes (i.e. >20 MW·m−2) as might occur

when radiative divertor operation fails. In this sce-

nario, a highly radiating region produced by evapo-

rating beryllium would reduce the heat flux to the

target, preventing significant melting. In a series of

JET discharges, the heat fluence to the divertor tar-

get was gradually increased, by extending the neu-

tral beam heating duration (to ≈25 MW·m−2 for

≈6 s). Beryllium influxes were seen to rise signifi-

cantly with target temperature above 1470 K, and

significant melting of the target was observed with

a CCD viewing camera (Fig. 51) [638]. Nevertheless,

the radiated power did not exceed 50% of the input

power and ELMy H mode operation was retained. In

a further series of discharges, without additional gas

puffing, but a similar heat flux and heating duration,

the radiated power fraction was observed to increase

to ≈70% over several seconds. This increase in radi-

ated power fraction is evidence that the evaporated

Be flux helped reradiate the incident plasma energy

away from the damaged area and may be a sign of

self-protection in these experiments. Nevertheless, in

this phase of the experiment, melting was observed

on both the inner and outer strike points. The total

exposure time of the target to the high heat flux

was ≈20 s, and no disruptions occurred during the

sequence of pulses which melted the target.

After melting, reference plasma scenarios were

repeated with strike points on the annuli of

the melted beryllium. The discharges were only

marginally worse than the premelt experience.

Finally, two long pulse, high power discharges with
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sweeping were performed on a different annulus of

the target. Beryllium melting was observed, but the

radiated power fraction remained moderate (<40%),

indicating that self-protection had not occurred.

Post mortem examination of the target revealed

significant droplet formation in the exposed areas,

with droplets forming bridges across the toroidal

gap between the tiles. In the most severely melted

regions, an annulus approximately 40 mm wide at

the outer strike point tiles were eroded to a depth

of ≈3 mm. It can be concluded, therefore, that at

heat fluxes >25 MW·m−2, severe melting of beryl-

lium occurs. While a certain degree of self-protection

may have occurred, this was insufficient to protect

the tile from melt damage. Melt layer loss may be

more severe in a ‘vertical’ target such as envisioned

in ITER compared to the horizontal JET divertor

(see also oblique magnetic field effects observed in

simulators (Section 4.5.1.2)). The damage did not

prohibit subsequent plasma operation at JET, but

would seriously limit the lifetime of a Be divertor

target in long pulse ITER like devices.

4.5.2.2. DIII-D/DIMES observations

on disruptions

Fast scanning infrared thermography of disrup-

tion experiments on DIII-D shows that divertor heat

loads for major disruptions and VDE can be signif-

icant [174, 640]. For example, in a triggered VDE

disruption, ≈80% of the stored kinetic energy of the

core plasma (1–2 MJ) can be lost in about 2 ms

because of heat convection/conduction to the diver-

tor floor in a 5-10 cm footprint (0.5–1 m2 total area,

2πR ≈ 10 m for DIII-D). This results in heat loading

up to 1 GW·m−2 at the divertor floor, with aver-

age values ≈0.5 GW·m−2. Simultaneous measure-

ments of net carbon erosion/redeposition were made

using the DiMES probe [499]. The footprint of the

VDE was displaced from the DiMES radial location

by about 5–10 cm. It was found that ≈10 nm of

carbon deposition arose from each VDE, indicating

significant interactions during the 1–2 ms disruption

[641].

An in situ experiment was carried out on the

DiMES probe to directly measure the effect of very

high heat and particle fluxes on a leading edge

of a graphite sample [537, 642]. A DiMES sample

with a 0.7 mm vertical lip above the aligned sur-

face (≈30 mm radial extent) was exposed to the

outer strike point of an ELMing H mode plasma

(Pinj ≈ 7 MW, Te ≈ 30 eV, ne ≈ 5 × 1019 m−3,

heat flux ≈2 MW·m−2, incident field line angle≈2◦)

for 0.5 s. A parallel heat flux ≈50 MW·m−2 was inci-

dent on an area of 14 mm2, which reached a temper-

ature >2800 K. The graphite part of the sample was

seriously eroded after one shot exposure. Localized

erosion (pits) depth was as much as 134 µm. Redepo-

sition layers of different structure were formed on the

plasma facing surfaces, depending on the impacting

heat fluxes and proximity to the erosion region. This

experiment was recently repeated to further inves-

tigate erosion and dust production from a similar

geometry and a parallel heat flux of ≈100 MW·m−2.

Under these conditions, several mm3 of material

ablated and production of films and dust in the

surrounding areas were observed [641].

4.5.2.3. Runaway electrons

The generation of significant levels of superther-

mal multi-MeV runaway electrons following the

onset of plasma disruption is a well known effect

in tokamak devices. These runaway electrons persist

during current quench disruptions and can produce

a current of up to about half of the pre-disruption

plasma current in many present experiments, espe-

cially at low plasma densities (e.g. TFTR [643], Tore

Supra [644], JET [645, 646] and JT-60U [175]). The

magnitude of runaway electron generation varies,

from none detectable to up to ≈50% of the ini-

tial plasma current. Appreciable conversion of the

plasma current to runaway electrons is not generally

seen in VDEs in divertor tokamaks with non-circular

cross-sections (Section 2.3.2.2). In contrast, major

conversion is seen in limiter tokamaks with circular

cross-sections, in which the post disruption plasma

is vertically stable [13]. Data obtained in JT-60U

divertor plasmas show that MHD fluctuations [175]

and vertical instabilities play key roles in determin-

ing the magnitude of runaway electron generation.

Disruptions with high levels of fluctuation and ver-

tical instability are essentially runaway free, appar-

ently because the fluctuations produce prompt run-

away losses that obviate the buildup of appreciable

runaway current. Disruptions or disruption phases

with vertical stability and/or lower fluctuation lev-

els produce runaways because current is still inside

the core plasma. The level of fluctuation appears to

be the factor that determines whether or not run-

away electrons develop: vertical instability appar-

ently enhances the fluctuation level. However, the

exact mechanism for how vertical instability affects

the fluctuation level is not yet clear.
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Theoretical considerations suggest that the run-

away electrons conversion mechanism — the so-

called knock-on avalanche — may lead to poten-

tially worrisome levels of runaway energy deposi-

tion in a high current disruption or loss of control

VDE, or a pellet injection initiated fast plasma shut-

down (Section 2.3.2.4). The impact of runaway elec-

trons with wall components will give rise to local-

ized high heat deposition, leading to significant dam-

age. Although in recent years significant progress has

been made in characterizing runaway electrons gen-

eration [13, 646], there are still uncertainties in the

quantification of material damage.

Present experiments [171] show that runaway

deposition is very sensitive to toroidal alignment and

that the thermal load deposition is localized. Run-

away electrons generated in the current decay fol-

lowing a disruption in Tore Supra [171], pierced the

leading edge of an in-vessel tube and caused a water

leak. This general vulnerability of modular limiters

to runaway electrons was one factor in the move at

Tore Supra toward a toroidal ‘floor’ limiter, which

eliminates any leading edge.

In a recent investigation of the runaways gener-

ated in disruptions in JET [646], detailed time and

space resolved X ray images of the runaway beam

in flight were obtained for the first time using radi-

ation protected soft X ray cameras. These allowed

a detailed diagnosis and analysis of the production

and movement of the runaways. The runaways were

generated at the vessel centre in a region with small

minor radius and they then move to interact with

the wall. The interaction zone of the runaways was a

small region with a poloidal width of less than 10 cm

of the upper or lower vessel depending on the direc-

tion of the vertical movement of the beam. The run-

away wall interaction varied very rapidly with time

and showed a series of very fast spikes. The diame-

ter of the runaway beam at the moment of impact

with the wall was 0.8 m. The centre of the beam has

a minor radial velocity of 190 m · s−1, and the run-

aways would therefore all hit the wall in 2.1 ms, in

good agreement with the value measured of 2 ms.

In the Frascati Tokamak Upgrade (FTU), the

energy content of a high density discharge is rel-

atively high compared to the material area that

receives the power released during the thermal and

magnetic quenches. This results in very high disrup-

tion heat loads on PFCs. This is particularly true

in discharges limited by a poloidal limiter. Power

loads as high as 500 MW· m−2 during the thermal

quench and 200 MW· m−2 during the current quench

Figure 52. Frascati Tokamak limiter of a tung-

sten coated TZM mushroom type (60 mm in diame-

ter) after plasma transient events. (Figure provided by

G. Maddaluno, ENEA, Frascati.)

were recorded by using a single spot infrared detector

[647], viewing a limiter zone far from the equatorial

plane. Large overall heat loads are expected, because

of the plasma column movement during the current

quench and/or the runaway electron losses. A power

load in excess of 1 GW·m−2 was estimated from

the amount of molten material found on a tungsten

coated molybdenum limiter [648]. A large contribu-

tion to the inboard limiter damage was attributed

to the electron runaways generated during the fast

rise of the loop voltage at the end of the thermal

quench. In Fig. 52 a tungsten coated TZM (see glos-

sary) mushroom of the inner half of the FTU poloidal

limiter is shown. Severe melting and deep cracks can

be observed on the mushroom surface. Recently, the

runaway losses during disruptions were investigated

by monitoring the photoneutron production [649].

Results suggest that the ‘Dreicer mechanism’ [120]

is the primary source of runaway electrons during

FTU disruptions and that in high-density clean dis-

charges, this production is reduced to a negligible

level. Samples of W+1% La2O3 exposed to disrup-

tive discharges with negligible runaway production

exhibited no evident damage or erosion [650].

Heat pulses due to the thermal quenches accompa-

nying disruptions and ELMs represent a formidable

design challenge for a next step reactor. The very

high transient heat loads (GW · m−2) can vapor-
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ize the material and, for metals, lead to the forma-

tion of melt layers. Transient heat loads impact the

PFC erosion lifetime and cause the influx of impuri-

ties into the plasma. Long reconditioning of plasma

facing surfaces after a severe disruption might be

required. There are major incentives to avoid the

occurrence of disruptions and to reduce or mitigate

the direct and consequential effects (Section 2.3.2.4).

4.6. Control of plasma–material interactions

4.6.1. Introduction

The surfaces of PFCs have a profound effect on

the plasma. The number of hydrogenic atoms in the

surface layer that interact with the plasma typically

exceeds the total number of plasma ions by at least

two orders of magnitude. Small changes in wall con-

ditions can strongly affect the influx of hydrogenic

atoms or impurities to the plasma edge and thereby

determine the boundary conditions imposed on the

hot plasma in the core. In turn, the plasma can

change the atomic composition of the wall surface,

leading to a complex coupled system that is diffi-

cult to diagnose and control. However, experience

from the earliest days of fusion research has shown

that such control is essential for the production of

high performance plasmas. Impurity densities must

be kept below approximately 1% for low Z elements

and as low as 10−5 for high Z elements such as tung-

sten to avoid serious radiative losses. In a burning

plasma, impurity influx will reduce plasma perfor-

mance by dilution of the deuteron and triton den-

sity. Available wall conditioning tools are (i) bak-

ing and/or discharge cleaning to deplete the wall

surface of hydrogen isotopes and potential impuri-

ties, (ii) film deposition to cover up the wall surface

with a more favourable element, and (iii) an in-vessel

divertor cryopump to pump hydrogen and volatile

impurities.

The currently available database from particle

balance experiments in tokamaks reveals marked

differences in wall pumping (see glossary) and

release behaviour, due to factors such as limiter or

divertor configuration, wall material, wall temper-

ature, active pumping by in-vessel cryopumps, etc.

[651, 652]. Uncovering the relevant physical pro-

cesses is arguably more challenging than understand-

ing core plasma physics, because of the large vari-

ety of phenomena that are coupled (from solid state

physics to plasma transport), and the complex geom-

etry for which simplifying assumptions such as radial

symmetry are not possible. Spatially resolved diag-

nostic coverage of the wall/plasma edge region is

rather limited or completely lacking. Tokamak oper-

ators develop intuitive working hypotheses of recy-

cling phenomena based on their experience of the fac-

tors most conducive to optimal performance. This is

an area where unambiguous identification of the spe-

cific reasons for the different behaviour in different

tokamaks is often impossible and anecdotal informa-

tion on plasma performance is all that is available.

The lack of a predictive understanding adds signifi-

cantly to uncertainty in projections of performance

of next step long pulse devices.

In the sections that follow, we discuss the tools

available for wall conditioning, the state of the wall

surface, and the effects of the wall on the plasma,

including density control in long (>60 s) pulses. Wall

conditioning requirements in long pulse next step

devices are briefly discussed in Section 2.3.1.4 and

in Ref. [13]. The physics of hydrogen trapping in

materials, including ion induced release of hydrogen

from carbon, is treated in Section 3.5. Section 5.5

is devoted to models of recycling, including predic-

tive analysis for next step devices. Wall conditioning

techniques aimed at controlling the tritium inventory

in a future DT device are discussed in Section 4.7.2.

Earlier reviews of hydrogen and helium recycling in

tokamaks are in Refs [653, 654].

4.6.2. Wall conditioning

Baking and plasma assisted cleaning are the main

methods to remove the ‘adsorbates’ from the sur-

faces before or in-between plasma operation. Many

contemporary fusion devices have the capability of

vacuum baking to temperatures in excess of 470 K,

including DIII-D, TEXTOR, JT-60U, JET, and

reductions in both recycling and impurity influxes

are obtained when baking is used. In TFTR direct

heating above 423 K was not possible, but the

limiter could be heated with intentional disrup-

tive discharges to 573 K [655]. Baking is greatly

enhanced by simultaneous or subsequent plasma

assisted conditioning. This is done, for example, by

running low energy conditioning plasmas such as

GDC [36, 37], but various other methods based on

RF techniques [38] at the electron cyclotron reso-

nance (ECR) [39, 40, 161] and ion cyclotron res-

onance (ICR) [41] have been employed. The Large

Helical Device (LHD) is limited to wall temperature

below 368 K and relies on mild baking combined with

ECR discharge cleaning and GDC [40].

Oxygen is present at the material walls in the form

of adsorbed hydroxides, water and various metal
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oxide compounds, and oxygen influx must be con-

trolled. The original sources of the oxygen contam-

ination are air and water leaks, water vapour that

has been adsorbed on the surfaces during vacuum

vessel openings, as well as long term diffusion from

the bulk to the surface of the in-vessel materials.

The cleaning by the plasma is due to the forma-

tion of volatile compounds, which are either formed

chemically upon the impact of atomic hydrogen or

which are released by ion induced desorption due to

collisional energy transfer from the impinging par-

ticles. Hydrogen plasma impact can reduce metal

oxides by forming metal hydroxide surface com-

plexes and finally water molecules, which can be

pumped [42, 656]. In addition, adsorbed oxygen can

be released in the form of CO and CO2 molecules

by collision-induced desorption in helium condition-

ing plasmas [657] and also, in hydrogen plasmas, by

the chemical reaction of hydrogen with carbon (via a

hydrocarbon precursor), and the release of the stored

oxygen in the form of CO and CO2 [312]. The volatile

products have to be pumped out and it is essen-

tial that the reionization of the reaction products

be small so that they are not redeposited on the sur-

faces. This latter important condition requires a suf-

ficient gas throughput and a low operating pressure

of the conditioning plasma. Often, hydrogen GDC is

followed by helium GDC to remove hydrogen from

plasma facing surfaces [658].

Baking and discharge cleaning are applied rou-

tinely in present day fusion experiments, after open-

ings, vacuum or water leaks. They are also of impor-

tance after off-normal events such as VDEs or dis-

ruptions that can release loosely bound adsorbates

from hidden areas, which then are adsorbed on the

plasma facing surfaces. As a general trend, low wall

temperatures aggravate the consequences of disrup-

tions compared to operation at elevated wall temper-

atures [658].

In several devices discharge cleaning methods are

also used in between plasma pulses. Besides removing

impurities, helium glow discharges also induce release

of hydrogen trapped in the wall (Section 4.6.3) aiding

plasma density control and reducing the frequency

of disruptions [657]. In general, oxygen impurities

become increasingly deleterious as the density limit

of the machine is approached. This is a consequence

of the fact that the oxygen sources are located on the

entire wall surface. Oxygen can easily be released by

either particle impact, by photon induced desorption

[659] or by thermal heating. Incident photons pro-

duce charge recombination in the bulk, which in turn

Figure 53. Volume average density evolution for very

long discharges in Tore Supra. (Reproduced with permis-

sion from Ref. [660].)

Figure 54. Removal of H2 by ICRH plasmas from the

first wall of TEXTOR. 1 Pa·m3 = 2.7 × 1020 molecules.

(Reproduced with permission from Ref. [41].)

leads to interaction with adsorbates that are bound

to the surface by charge transfer, and the release of

CO and CO2. Since this latter mechanism is pro-

portional to the amount of radiation, an increased

oxygen level will lead to even more oxygen influx in

a non-linear way. The density rise shown in Fig. 53 is

attributed to water desorption induced by wall heat-

ing due to the high radiated energy of the plasma

(Ref. [660] and Section 4.6.3).

One complication in long pulse devices is that the

magnetic field is generated by superconducting coils

with a limited number of on/off cycles, so condition-

ing needs to be done in the presence of the field.

While it was possible to generate a glow discharge

in the presence of a magnetic field, little release of

hydrogenic atoms was achieved [661]. Therefore, new

ICRH conditioning techniques have been developed

for superconducting devices [41, 662] (Fig. 54).
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Deposition of thin films of various materials on

the entire plasma facing wall is a more direct way to

modify the composition and surface properties of the

plasma facing surfaces. Films have been deposited

by chemical vapour deposition (CVD), solid target

erosion and deposition, and pellet injection, but the

technique mostly used is coating by plasma depo-

sition [659, 663, 664]. H2O, CO and CO2 partial

pressures between discharges, and plasma contami-

nation in subsequent discharges was greatly reduced

by titanium evaporation over a large fraction of

the vessel surface in ATC [665]. The technique was

easy, effective and reliable, but titanium stores large

amounts of hydrogen, and after some time the layers

of titanium would flake and enter the plasma, some-

times abruptly terminating discharges [666]. Other

evaporative getters used include aluminium [84],

chromium [667], beryllium [668, 669] and lithium

[670] (Table 1). All of these elements are able to

reduce oxygen and carbon impurity contamination

by chemically binding these species to the wall. The

JET tokamak has used beryllium as a getter both by

using solid beryllium targets and by frequent evapo-

ration of beryllium onto the inner wall surface. This

has reduced the oxygen contamination of the JET

plasmas to negligibly small values and has also led to

a good control of the plasma density by wall pumping

[671] (Section 4.6.3).

In the mid-1980s, work began at the TEX-

TOR tokamak investigating the effect of a num-

ber of plasma deposited surface coatings, includ-

ing carbonization, boronization and siliconization

[663, 672]. All of these techniques involve the use

of low temperature discharges (e.g. DC or RF glow

discharges) in D2 or He to dissociate C, B and Si con-

taining gases, (typically, methane, borane and silane,

respectively). The treatment usually requires one to

a few days, and results in a coating of approximately

100 nm thickness, consisting of a mixture of the

respective material, plus deuterium and impurities

such as carbon and oxygen. This is highly desirable,

since unlike metals, these elements radiate only at

the plasma edge [664, 673]. Carbonization, indeed,

decreased the concentration of metal impurities in

the plasmas significantly and the process is usu-

ally repeated when the metal impurities reappear.

In the 1990s, this ‘covering up’ of metal surfaces

has been taken to an extreme in DIII-D [106] and

other tokamaks (e.g. TCV, JT-60U), where >80%

of the plasma facing surfaces are now graphite tiles,

whether plasma contacting or not. However, car-

bonization of the walls has proven to be less effec-

tive in controlling the level of oxygen. The use of

boron films (boronization), on the other hand, has

been found to be much more effective at provid-

ing simultaneous control of the metal and oxygen

influxes [49, 674–676]. Boronization is now the pri-

mary gettering technique in current tokamaks. It is

able to keep the oxygen level low for a substantial

time and allows rapid recovery from air venting. The

boron layers do not react significantly with molec-

ular oxygen up to temperatures as high as 620 K,

and their gettering action is due to co-deposition of

eroded boron along with oxygen in the SOL regions

of the device and the strong bonding of the oxygen in

these layers. Thick boron carbide coatings have been

proposed for high heat flux areas such as tokamak

divertors [677].

Boronization has significantly widened the oper-

ational regime towards high density on TEXTOR

and other tokamaks. This is exemplified in Fig. 55

[677, 678], which shows the operational space of

TEXTOR under different wall coating situations in

a Hugill diagram [120]. Siliconized wall conditions

were most effective for reaching very high densi-

ties in TEXTOR-94, with maximum values of nearly

twice the Greenwald density limit (see glossary) [678]

and efficient suppression of oxygen impurities [48].

In DIII-D, boronization has led to a very high con-

finement mode (VH mode) [45]. Boronization in the

Mo walled Alcator C-Mod tokamak leads to a con-

siderable decrease of the molybdenum core radiation

and better H mode performance [43]. The reduction

in radiated power leads to a lower H mode power

threshold. However, an improvement in confinement

has not been observed after boronization of TEX-

TOR, ASDEX-Upgrade and JT-60U. This different

behaviour is not fully understood and demonstrates

the complex link between the properties of the wall,

the plasma edge and confinement.

Lithium has been introduced into plasmas

by pellet injection [52, 680–682], evaporation

[670, 683, 684], lithium borohydride discharge [685],

and by laser assisted lithium aerosol injection [164].

It has had dramatic effects on the performance of

TFTR (Fig. 2 and Section 1.2.3), greatly increas-

ing the fusion triple product (neτETi) and energy

confinement time [53]. However, mixed results have

been obtained on other machines (DIII-D, Alcator

C-Mod, TdeV, JIPP, TII-U, Heliotron E), in con-

trast to boronization, which has given similar effects

on all machines [686]. Careful preparation is neces-

sary to ensure that the number of free lithium atoms

available is equal to the hydrogen fluence to the wall
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Figure 55. Operational density limits for TEXTOR

for ohmic (OH) and beam heated plasmas for different

surface conditions. Data for metallic walls are for hydro-

gen operation; all others are for deuterium. Data for car-

bonized walls include carbonized steel limiters and liners

(squares and crosses) or graphite limiters and carbonized

liner (other labels). (Reproduced with permission from

Ref. [679]). Triangles are data points measured recently

with siliconized wall conditions [678].

during the discharge. Prior depletion of deuterium

in the wall by ohmic conditioning discharges was an

essential step in TFTR. Cases where lithium did not

make an improvement may be due to existing impu-

rities that consumed the limited quantity of lithium

introduced leaving no free lithium available to the

plasma [553]. Laboratory studies show that chemical

reactions with lithium suppress hydrogen and oxygen

impurity influxes [553]. Lithium was found to reduce

chemical sputtering of carbon by 25%. Physical sput-

tering was also reduced. Intercalation (mixing) of

lithium into graphite was evident, and lithium was

preferentially sputtered over carbon, leading to an

order of magnitude reduction in net carbon sputter-

ing yield. Materials mixing in the carbon and lithium

systems appears to be a key process to successful

lithium wall conditioning [687]. Renewed interest in

liquid lithium as a plasma facing material [55] makes

these low recycling regimes relevant to fusion reactor

studies.

In-vessel cryopumps may be used to control recy-

cling by pumping part of the flux recycled from the

wall before it reaches the core plasma. This leads

to a decrease of electron density and an increase

of electron temperature at the plasma edge. The

implantation depth is then changed, and deeper wall

implantation occurs leading to an increase in parti-

cle pumping by the walls. Only with active pumping

has it been possible for JET to obtain ELMy H mode

plasmas of density near or at the Greenwald density

limit with acceptable energy confinement time [688].

A pumped limiter or divertor can also be used to

control the wall hydrogenic inventory [689–692].

In DIII-D, a cryopump allows pumping of the

lower divertor region during discharges [693, 694].

Assessment of the particle balance with the cryop-

ump operating indicated that the wall could actu-

ally be unloaded during the course of the discharge,

i.e. under certain conditions more particles could be

pumped than had been injected into the plasma. The

cryopump was found to pump/unload the wall even

without helium GDC, resulting in excellent density

control and good plasma performance [695].

4.6.3. Hydrogen isotope recycling

Carbon plasma facing surfaces retain hydro-

gen (H, D or T) energetically implanted from

the plasma (Section 3.5.3) and can subsequently

release it, affecting plasma density and performance

[653, 696, 697]. The capacity of the wall to retain H

depends on incident ion energy and wall conditions

[654]. The wall conditioning procedures described

in Section 4.6.2. can change the hydrogen con-

tent and increase particle recovery after a discharge

[34, 697, 698]. In the absence of gas fuelling or exter-

nal active pumping, the wall alone can fuel a low-

density plasma [696]. If higher densities are needed,

gas injection is used to drive the plasma-wall equilib-

rium to a higher density. In the presence of carbon

walls, the fuelling efficiency of gas injection is low

(1–20 %) [31] as most of the injected gas is trapped

directly in the walls. With the introduction of Be in

JET strong pumping was observed which increased

the fuelling required by a factor of 4 [699, 700] and

allowed the attainment of a very high ion tempera-

ture [101]. A comparison of wall deuterium retention

and plasma fuelling requirements in the ASDEX-

Upgrade, DIII-D and TdeV tokamaks is reported in

Ref. [701].

Recycling fluxes are composed of particles coming

out from the wall reservoir and particles from the

plasma that are backscattered or reflected directly

by the wall (about 20% of impinging particles in the

case of carbon [383]). The recycled flux raises the

neutral density in the plasma edge and the flux of

energetic charge exchange neutrals to the wall. These

neutrals carry energy out of the plasma edge, thereby

cooling it.
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Figure 56. Deuterium (×) and carbon (�) influx in

helium discharge cleaning pulses following a 1 MA ohmic

disruption in TFTR. (Reproduced with permission from

Ref. [109].)

In many cases the highest plasma confinement

and DD neutron production has been obtained in

low-density discharges with low hydrogenic recy-

cling such as negative central shear, supershot, hot

ion H mode and VH-mode discharges [702–704].

All these regimes rely on wall conditioning proce-

dures (Section 4.6.2), in order to reduce recycling. In

axisymmetric divertor machines, the H mode transi-

tion is also strongly related to the control of particle

influxes, although the causal linkage is not entirely

understood [705–707]. Low recycling fluxes are also

needed to obtain reproducible startup conditions and

obtain a good plasma current rampup.

A major handicap to a detailed understanding of

recycling processes is the difficulty of directly mea-

suring the atomic ratio of H/C on the plasma facing

surfaces during a plasma discharge. In TFTR the

ratio of Dα to C II emission (see glossary) was used

during supershot conditioning as a convenient mea-

sure of wall conditions [109] (Fig. 56). A sensitive

characterization of the wall was obtained by measur-

ing the tritium concentration in the JET subdivertor

during the DTE1 experiments [518]. A predischarge

estimation of wall saturation status of Tore Supra

was derived from the small plasma currents during

the initial phase of the discharge when the poloidal

coils are energized [708].

In the absence of measurements of H/C in the

wall, we can consider only the balance between the

particles added to the vessel and those removed, the

difference being the number of particles retained in

the vessel walls [654, 709, 710]. Such empirical reser-

voir models are described in Section 5.5.

Recent tritium experiments offered new oppor-

tunities to track hydrogen isotopes. Fuelling of the

plasma core by recycled deuterium was derived from

the DT neutron rate in TFTR plasmas with tritium

only NBI [33]. The DTE1 campaign at JET in 1997

allowed a detailed study of hydrogenic isotope recy-

cling and retention in a pumped divertor configura-

tion relevant to ITER. There appear to be two dis-

tinct inventories of retained tritium: dynamic inven-

tory and inventory controlled by co-deposition.

The dynamic inventory, i.e. hydrogen (deuterium

and tritium) recycling, is governed by implantation

and isotopic exchange of charge exchange neutrals in

a thin layer over the whole vessel surface area [204].

Since a relatively low particle flux over a large area

is involved and the hydrogen content of the wall is

large compared to the content of the plasma, mod-

est reductions in the wall inventory produce large

wall pumping effects, which persist for many dis-

charges. In some materials the implanted hydrogen

may diffuse beyond the implantation depth during

the discharge, and this may also contribute to the

observed wall pumping [711]. The high tritium reten-

tion fraction (>90%) observed in L mode experiments

in TFTR was due to isotope exchange with deu-

terium in the wall (Section 4.7.1.1).

In the second category, co-deposition of hydro-

gen leads to a continually growing inventory, trapped

in co-deposited layers (Section 3.5.3.6). The inven-

tory of co-deposited hydrogen plays a small role in

the particle balance of a single discharge, but grows

continually and ultimately dominates the hydrogenic

inventory. Fuel balance studies of wall pumping in

TEXTOR-94 also show these two components to

hydrogen retention [712, 713].

From the PMI point of view, long discharges per-

mit us to explore conditions close to a reactor. Con-

trol of recycling is important as the current drive effi-

ciency decreases when plasma density increases [660].

Also, control of the radial density profile and, there-

fore, of the recycling sources is essential for generat-

ing non-inductive bootstrap currents, another way

to achieve long pulse operation. Today, only two

machines have achieved long pulse operation at rel-

atively high plasma density. In JET, 60 s duration

discharges showed an uncontrolled increase in den-

sity [651]. Discharges of up to 120 s duration were

realized on Tore Supra with the help of lower hybrid

current drive [125]. The Tore Supra vessel is main-

tained with a wall temperature higher than 420 K by

means of a 3 MPa water loop system. However, an

increase of plasma density (which accelerates in time)
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was observed (Fig. 53). The higher the injected and

radiated powers, the sooner the increase of density

appeared. This behaviour was not due to exhaus-

tion of the pumping capacity of the wall. No evi-

dence of wall saturation during these long discharge

pulses was found, probably because of the low density

operation, which is needed to obtain good current

drive efficiency [125, 660, 714]. Instead, the behaviour

was correlated with an increase of the oxygen and

hydrogen (protium) plasma density. It is attributed

to water desorption induced by wall heating due to

the power radiated from the plasma. The water orig-

inates from surfaces that are far from the plasma

and are not baked during the conditioning proce-

dures usually used at Tore Supra [660].

Apart from the limitation on the heat exhaust

capability on Tore Supra, the observed increase of the

electron density during long pulse discharges is a bar-

rier to achieving steady state operation. This under-

lines the importance of having an effective steady

state particle exhaust scheme for long pulse oper-

ation. The Tore Supra Upgrade project ‘CIEL’ (see

glossary) [715] addresses this issue by the installation

of a toroidal pumped limiter.

4.7. Database on H isotope retention and

removal

Mechanisms of hydrogen retention in metals and

carbon have been discussed in Section 3.5. Here, we

review experience gained from retention of hydrogen

isotopes in various operating tokamaks, with empha-

sis on the two tritium fuelled devices, TFTR and

JET. Global tritium retention and isotope exchange

have been studied during tritium fuelled plasma

experiments in TFTR and JET, mainly by compar-

ing tritium recovered to tritium input. From the JET

data, however, it will be shown that the global reten-

tion of T in these short experiments is enhanced

by isotope exchange with the pre-existing D inven-

tory. Thus the likely long term retention from sus-

tained operation in DT is best estimated from the

D retention. Long term studies of deuterium reten-

tion in large tokamaks also provides additional infor-

mation on where and how retention occurs, how

it varies for different plasma facing materials (car-

bon versus metal), and how it depends on machine

geometry (limiter versus divertor) and operating con-

ditions. These comparisons reveal the mechanisms

controlling fuel retention and suggests methods to

reduce it. The observed magnitude and distribu-

tion of deuterium retention in different tokamaks

showed that co-deposition with carbon is the domi-

nant long term fuel retention mechanism in tokamaks

with carbon PFCs. This co-deposition often results

in the retention of a large fraction of deuterium used

to fuel plasmas. The much lower deuterium reten-

tion observed in machines with high Z metal rather

than carbon PFCs, such as C-Mod with molybdenum

and ASDEX-Upgrade with tungsten divertor strike

points, indicates a way to substantially reduce fuel

retention. Tokamaks fuelled solely with deuterium

provide also T related experience since the transmu-

tation of D in the plasma produces equal numbers

of 1 MeV tritons and 2.4 MeV neutrons. The prob-

ability of the DD fusion reaction is about one-three-

hundredth of the DT rate, so the quantity of T pro-

duced is quite small. Typically, tritium is present in

the exhaust gas, retained in the dynamic wall inven-

tory and incorporated in the deposited layers at a

ratio of T:D of 1:106–107 [716].

This section also reviews controlled laboratory

and tokamak experiments on the removal of co-

deposited H–C layers. The experience gained from

studies of hydrogen isotope retention and removal in

tokamaks, particularly tritium removal in TFTR and

JET, is of paramount importance for understanding

underlying mechanisms and for assessing the impact

of tritium retention on design and operation of next

step devices.

4.7.1. Fuel retention in tokamaks

4.7.1.1. Fuel retention in TFTR, carbon limiter

Deuterium fuelling in TFTR. Before tritium

fuelled plasma operation in TFTR, there was an

extensive evaluation of the anticipated in-vessel

tritium inventory and the constraints that this

would impose on the DT experimental programme.

To establish a basis for predicting future tritium

inventory, the in-vessel inventory of deuterium was

followed from 1986 through 1991.

An initial comprehensive study of D retention was

made following the operational period from Novem-

ber 1985 to July 1987 [495, 717]. During this period

TFTR produced 9922 high power plasmas with

nearly circular cross-section. The plasma boundary

was defined by contact with a limiter of graphite

tiles on the inner wall subtending poloidal angles

from 60◦ below to 60◦ above the midplane with a

total area of 22 m2. The base temperature of first

wall components in TFTR was normally about 320

K. However, the surface temperature rose during the

discharge, with hot spots up to 1070 K or higher.
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Figure 57. Retained deuterium on tiles from the TFTR

bumper limiter. Deposition in the gaps between tiles

dominates retention in regions of net erosion on the

plasma facing surfaces (poloidal angle <0).

In-vessel beta backscattering [718] and ion beam

analysis of removed tiles showed net erosion occur-

ring over approximately one third of the limiter

area and net deposition over the remaining two

thirds. The regions undergoing net erosion were also

observed to be the regions receiving the highest heat

and ion fluxes [719–721].

Optical and electron microscopy on limiter tiles

showed a layer of deposited material up to tens of

micrometer thick, with a large volume fraction of

open porosity on regions of net deposition, [718].

Ion beam analysis showed this deposited material to

consist of mainly carbon and deuterium, with small

amounts of other elements (several atomic percent

of oxygen and about 1 at.% of metal atoms (Cr, Fe,

Ni)).

Thick layers of deposited material were also found

on the sides of the limiter tiles, i.e. in the gaps

between tiles [495, 717], especially on tiles where

net erosion of the plasma facing surface was high

(Fig. 57). This pattern of deposition shows that on

tiles undergoing net erosion, there is a large flux of

carbon onto nearby regions shaded from erosion by

direct ion flux, such as the gaps between tiles. In

TFTR, the deuterium deposited in the gaps between

limiter tiles was a significant fraction of the total

in-vessel inventory of deuterium (see Table 13).

Hydrogen might also penetrate into porosity com-

mon in nuclear graphites, beyond the range of ener-

getic implantation. This was examined in graphite

tiles from TFTR [495, 717] and ASDEX-Upgrade

[722]. The deuterium concentration (measured by

NRA) in the bulk of a TFTR graphite tile was too

low to contribute significantly to the in-vessel inven-

Table 13. Deuterium retention and fuelling in TFTR.

D retained D fuelling % retained

Year total % BL % BL % total

(g) face gap wall (g)

1987 5.3 50 11 39 24 22

1988 5.7 40 33 27 9 63

1989 7.3 57 13 30 18 41

1990 11 55 12 33 22 50

1991 4.3 18 8 74 10 43

Total 33.6 47 15 38 83 40

BL = bumper limiter.

tory of deuterium. A similar result was found in a

study of graphite tiles from the ASDEX-Upgrade

divertor [722], which examined near surface D reten-

tion by NRA, total D retention by TDS and the spa-

tial distribution of D and deposited material. Ear-

lier work [532] concluding that diffusion dominates

D retention in ASDEX-Upgrade divertor tiles misin-

terpreted the large effect of surface roughness on the

depth distribution of co-deposited deuterium.

Ex situ ion beam analysis of wall coupons from

TFTR gave a detailed picture of deuterium and car-

bon deposition on the vessel wall. Deposition was

fairly uniform toroidally but was several times higher

at the top and bottom of the vessel than at the outer

midplane because of the proximity of the source of

the carbon, which is the graphite limiter. The high

D/C ratio of 0.33 indicates that the rate of D accu-

mulation on the wall is determined by the carbon

deposition rate rather than by the flux of deuterium

onto the wall.

The D retention in TFTR was followed from 1987

through 1991 [717]. Each year, a standard set of lim-

iter tiles and wall coupons were removed and anal-

ysed for deuterium accumulated during the preced-

ing run period. Beta back scattering and ion beam

analysis showed that regions of net erosion and depo-

sition on the limiter remained similar from year to

year.

Table 13 summarizes the deuterium inventory in

TFTR determined from these studies and the cor-

responding plasma fuelling during each run period.

These data show the range of variation in D retention

observed over several years with changing machine

operating conditions. Over the five year period, a

total of 33.6 g of deuterium was retained in the vessel

and a total of 83 g of deuterium was used to fuel plas-

mas. Therefore, during this five year period, 40% of

the deuterium used to fuel plasmas remained inside
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the vessel. Of this retained deuterium, 47% was on

the plasma facing surface of the limiter, 15% was in

the gaps between limiter tiles and 38% was in the

remaining vessel wall.

Deuterium retention in TFTR was also examined

by fuel balance methods in which the quantity of

deuterium injected into the plasmas as gas or neu-

tral beams was compared with the quantity of deu-

terium recovered by the vessel pumping system [723].

In deuterium neutral beam heated plasmas the frac-

tion of D retained increased from 25 to 65% with

increasing neutral beam power [202]. Higher power

input to the plasma appears to cause greater car-

bon erosion and thus more co-deposition. Also, the

C II emission increased with NBI power, indicating a

more intense interaction of the plasma with the lim-

iter. Although the short term D retention from fuel

balance varied depending on recent operating his-

tory, on average, the fraction of D retained was large,

consistent with the D inventory estimated from com-

ponent analysis. In contrast, fuel balance measure-

ments on plasmas, fuelled with helium showed that

the fraction of helium recovered was very close to

100%. Energetically implanted helium is retained in

carbon, but at lower concentrations than D, and the

retained He is thermally released at lower tempera-

tures since it is not chemically bound to the C, i.e. it

is less strongly bound than D [724, 725]. The weaker

binding of helium in carbon is due to the absence of

chemical binding, which makes co-deposition ineffec-

tive at retaining helium.

The studies of D retention in TFTR showed that

the primary physical mechanism for long term D

retention was co-deposition of D together with car-

bon eroded from the limiter by the plasma. In the

period from 1985 to 1991, a total of 33.6 g of D was

retained in the vessel, which was about 40% of the

D used to fuel plasmas. This D retention was consis-

tent with results from fuel balance studies [723] and

accurately predicted the long term tritium retention

observed during subsequent tritium plasma opera-

tion [535, 726].

The retention of T resulting from DD operation

in TFTR has been found to be consistent with the

D retention, at about 50% of the T [495, 727].

Tritium fuelling in TFTR. TFTR operated with

DT fuelling in three separate campaigns in the period

1993 to 1997 [121]. After each campaign there were

extensive cleanup programmes to remove tritium

retained in the vessel. Over the 3.5 years, a total

of 100 g of tritium were processed, including 3.1 g

of tritium injected into the plasma via NBI and 2.1

Figure 58. The decay, in between periods of tritium

injection, of the central (r/a < 0.2) T/D density ratio,

as derived from the DT/DD neutron ratio. The long term

decay (starting at discharge #73950) followed a time con-

stant of 404 discharges. The short-term decay is shown

in the inset: (•) is the Tα/(Hα +Dα +Tα) ratio showing

the T influx from the limiter and (×) the central T/D

density over 9 deuterium discharges following a sequence

of tritium NBI discharges. (Reproduced with permission

from Ref. [731].)

g by gas puffs. Deuterium discharges were used to

optimize particular plasma conditions before tritium

was injected and the overall isotopic fuelling was 3%

T/D.

Tritium exhaust was pumped by the liquid helium

cooled cryopanels in the neutral beam boxes and/or

by turbopumps in the torus vacuum pumping sys-

tem. The tritium inventory recovered from the tur-

bopumps and cryopanels was measured by parallel

plate ion chambers in the gas holding tanks to an

accuracy of typically 5–7% [535]. However, much of

the torus fuelling was by NBI, and only 4% of the

T supplied to the neutral beam boxes entered the

torus, the rest being pumped directly by the cry-

opanels. Thus the error in the measurement of the

exhaust is comparable to the amount of T entering

the torus, which makes a shot by shot estimate of

the retained T difficult.

At the beginning of the DT campaign in TFTR,

7.47 × 1021 T atoms (360 Ci) were injected into

the torus by 21 DT neutral beam heated discharges

(most of which only used one T beam source) in two

batches, interspersed with 55 DD pulses. The maxi-

mum T concentration seen from the Balmer alpha

profiles in these experiments was 7.5% [728–731].

In the absence of further tritium fuelling, tritium

decreased with an initial decay constant of 7.5 dis-

charges, which then slowed down to a decay constant

of 404 discharges, as shown in Fig. 58 [731].
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Figure 59. High retention during tritium gas puffing

into TFTR during September to November 1995. The

fractional retention is defined as the ratio of the cumula-

tive tritium injected less the cumulative exhaust, divided

by the cumulative tritium injected. (Reproduced with

permission from Ref. [535].)

In September 1995, experiments were performed

in L mode plasmas on the isotope scaling of transport

and on the efficiency of RF heating. These experi-

ments required for the first time significant amounts

of T gas puffing. An accurate measurement of the

short term retention was made possible by closing

off the torus pumping system and reserving one of

the four beamlines solely as a pump for the exhaust.

The total torus tritium exhaust was estimated as

four times that recovered from the reserved beamline.

With strong tritium gas puffing the short term reten-

tion rose to above 90% and the Tα/Tα +Dα fraction

observed in the Balmer alpha spectrum increased to

75%. In contrast, Tα was relatively slow to appear in

T-NBI fuelled discharges, the maximum Tα/Tα+Dα

fraction was only 11% after 8 T only NBI discharges

[732]. The Balmer alpha spectrum reflects the iso-

topic composition of hydrogen recycled from the lim-

iter [733] and clearly much of the tritium gas puff

went to the limiter. A subsequent D fuelled condi-

tioning phase restored the limiter to a low recycling

state for ‘supershot’ [703] operations (Fig. 59).

During the three periods of high temperature

plasma operations (excluding periods dedicated to

tritium removal), approximately 51% of the tritium

supplied to the plasma was retained in the vac-

uum vessel [201, 734]. Active tritium removal dur-

ing maintenance periods was successful in remov-

ing substantial amounts of tritium and kept the tri-

tium inventory below the 2 g administrative limit

[735, 736]. Removal techniques are listed in Table 14.

Air ventilation was found to be the simplest and

most effective method of T removal. Generally, rela-

tively more T was released as the vessel temperature

and/or air pressure was increased. Some T was tena-

ciously held and not released, an important consider-

ation in assessing consequences of potential accident

scenarios (Section 2.3.3). With these techniques, the

in-vessel tritium inventory was reduced to 0.85 g

by April 1998, i.e. the long term retention (including

cleanup) was ≈16% of the tritium input. The out-

gassing rate was less than ≈0.1 mg·day−1, and the

radiological decay rate was ≈0.2 mg·day−1 [734].

Tritium in the outermost ≈1 µm of the in-vessel

surfaces was detected by configuring the vacuum ves-

sel as an ionization chamber and measuring the sec-

ondary electron current resulting from the tritium

beta decay [737]. This was performed during the tri-

tium removal phase following the 1997 operations

and the technique calibrated by noting the current

rise after injecting a known quantity of T as a gas.

The current measured prior to the injection corre-

sponded to 1600 Ci (0.16 g–T) about ≈10% of the

in-vessel inventory at that time. During the clean-up

it appeared that all the near surface T was removed,

as the collected current fell almost to zero. This

was paralleled by a fall of ≈3500 Ci (0.35 g) in the

inventory, after which the inventory was ≈14 700 Ci

(1.5 g), all of which was perhaps more than 1 µm

from the surface. Even though it can only detect T

close to the surface, beta decay, has potential for pro-

viding an in situ monitor of the near surface inven-

tory in a tokamak, and this technique may well be

useful in future machines [737].

Flaking of co-deposited layers has been observed

[573, 738]. This phenomenon was unexpected and

occurred after the termination of plasma operations

(Section 4.8). Tiles, flakes, wall coupons, a stainless

steel shutter and dust samples have been retrieved

from the TFTR vessel for analysis [574]. Selected

samples have been baked to release tritium and assay

the tritium content. The in-vessel tritium inventory

is estimated to be 0.56 g and is consistent with

the 0.64 g in-vessel tritium inventory derived from

the difference between tritium fuelling and tritium

exhaust. TFTR experiences co-deposition on the out-

Nuclear Fusion, Vol. 41, No. 12R (2001) 2059



G. Federici et al.

Table 14. Summary of tritium removal techniques used

in TFTR and JET.

Comments
Machine
operation:

TFTR JET

D tokamak Ineffective Tokamak pulses in

pulses deuterium reduced the
In-vessel inventory at end
of DTE1 by a factor of 2;
T removal by pulses
≈10 mg · d−1.

He–GDC Ineffective Ineffective

D–GDC Initial removal rate Ineffective. Rarely used
high (>18 mg · h−1), in DTE1 because of large
falling to 1mg · h−1, gas processing load on
from exposed areas. AGHS. Amount of T

Average removal released negligible
rage: 1 to 30mg·h−1. (≈40 mg).

D2 gas Ineffective Ineffective
soaks

Outgas Ineffective Ineffective

ICRF Not applied Pulses with RF heating
(ICRF) used in June 1997
before repair of beam
box. Removed more

tritium than ohmic pulses;
‘sweeping’ strike point
also increased T release.
Wall inventory reduced
from 4.4 to ≈2.9 g

in ≈120 pulses

ECRH Not applied Gas load on AGHS much
plasma smaller but negligible
discharges T removal, and no

reduction in T fraction

He/O–GDC Rate: ≈5 mg · h−1 – Not applied
constant with time

N2 vents Not applied Ineffective

Disruptions Can release T by Not quantified

flash heating of
surface. 0.014 g
recovered after one
major disruption;

other times no
release seen.

Pulse Heats limiter to Not applied
Discharge ≈520 K. 100 mg T
Cleaning removed over 23 h.

(PDC) Average removal
rate: 4 mg ·h.

Boroni- Little tritium Not applied
zation released; most near

surface tritium

previously removed.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 14. Cont.

Comments
Machine
operation:

TFTR JET

Baking Not applied Before venting, divertor
divertor support structure (normally

surfaces ≈310 K) heated to ≈410 K.
normally Small amount (6 mg T)
cooled desorbed at high T/D (≈1.8%)

Vessel Air at 718 torr 2 g T released in four months
venting released 220 mg air ventilation of torus for

of T in <1 h; post-DTE1 shutdown
≈24 h to
process the air.

Remote tile Not applied Divertor tiles, carriers and

exchange flakes physically removed
(containing) ≈0.6 g T).

board stainless steel vessel wall because of the large

carbon source from the TFTR bumper limiter. The

average tritium areal density in co-deposits on the

outboard wall was 32 Ci·m−2, compared to the aver-

age density on the bumper limiter of 87 Ci·m−2.

The outboard area is five times larger however, and

co-deposits on the outboard wall account for two

thirds of the total tritium inventory, consistent with

the large contribution from the wall to long term D

retention (see Table 13). Relatively high concentra-

tions of tritium were found at the top and bottom of

the bumper limiter, as predicted by earlier modelling

(Section 4.3.2) [201].

4.7.1.2. Fuel retention in JET, limiter and divertor,

beryllium and carbon

Deuterium fuelling in JET. Long term deuterium

retention has been closely followed in JET since 1985

by analysis of components removed after each oper-

ational campaign [494, 699, 739–741]. These studies

include periods of operation with limiter and with

divertor plasma configurations, and with both car-

bon and beryllium first wall materials. By 1988, 55%

of the geometric surface area of the wall was cov-

ered with graphite or CFC tiles, including all sur-

faces exposed to ions traveling along field lines. The

carbon components included tiles covering the inner

wall, two toroidal belt limiters on the outer wall,

and 40 poloidal rings of carbon tiles. After the ‘all-

carbon’ campaign completed in May 1988, the total

long term D retention in the vessel from about 2500

plasmas was estimated, from hundreds of measure-

ments of D on tiles and long term samples, to be 3.6 g
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or about 17% of the D input during the campaign

[740, 741]. About 1000 of these discharges were with

the ‘X point’ open divertor configuration in which the

upper X point is just inside the poloidal limiters. On

the toroidal belt limiter tiles and poloidal X point

tiles, regions of net erosion with lower D coverage

were seen at locations of highest power flux. Most of

the D inventory was associated with relatively small

regions of deposited material close to regions of high

power flux. During this campaign, the mean daily

retention of D in the vessel was estimated from fuel

balance to be about 40% of the gas input [700]. The

difference in retained fraction from fuel balance and

component analysis is largely due to D removed dur-

ing venting and He glow discharge cleaning, which

was not included in the fuel balance analysis. Con-

sidering this, the D retention estimated by these two

methods is in good agreement.

Beryllium was introduced into JET in two stages.

First, Be was periodically evaporated onto the entire

inner wall, then a few months later the graphite

toroidal limiter tiles were replaced with Be tiles.

The introduction of Be did not significantly change

the long term average quantity of D retained per

pulse. Also, the distribution of long term D reten-

tion within the vessel after operation with Be was

similar to that for the ‘all-carbon’ (see glossary)

phase of 1988 [741]. However, during operation with

Be, the amount of D required to fuel the plasmas

increased by about a factor of four compared to

fuelling for ‘all-carbon’ operation [699, 741] (Sec-

tion 4.6.3). This increased fuelling is due to a larger

dynamic wall inventory, as mentioned in the previ-

ous section, i.e. D which is absorbed by the wall

during discharges and then released between dis-

charges. The presence of Be on, or mixed with C,

at a significant proportion of the in-vessel surfaces

clearly affects the adsorption properties. The obser-

vations are consistent with the model [204] that the

dynamic inventory is controlled by implantation of

charge exchange neutrals into a thin surface layer

over the entire vessel surface area, whereas long term

D retention is dominated by co-deposition of D with

material eroded by the plasma from localized regions

of high power flux. However, the thin evaporated

Be film is quickly removed from regions undergo-

ing net erosion at locations of highest heat flux,

leaving erosion and redeposition of the carbon, and

hence long term D retention, little affected by the Be

evaporation.

To improve upper X point open divertor opera-

tion, the top of the vessel was fully covered by car-

Figure 60. Retained deuterium and net erosion on tiles

from the DIII-D divertor. (Reproduced with permission

from Ref. [743].)

bon tiles early in 1991 and modifications to improve

power loading were made in August 1991. The tile

shapes provided shaded regions on adjacent tiles, so

that no edges would be exposed to excessive heat flux

due to imperfect tile alignment. While in the ves-

sel, these tiles were frequently coated with thin Be

films of fairly uniform thickness from the sublima-

tion sources. Analysis of D and Be coverage on these

X point tiles after the run campaign [699, 740, 741]

revealed regions of net erosion, with low D and Be

coverage, at locations of highest power flux at the

inner and outer strike points. Areas of heavy net

deposition with high coverage of D and Be were

present on nearby regions of lower power flux, partic-

ularly near the inner strike zone and in the private

flux region. Also, heavy deposition on shaded sur-

faces in the strike zones show there was local rede-

position of carbon from the plasma onto surfaces

shaded from ion flux.

Deuterium retention with open divertor plasma

configurations and carbon tiles at the strike points

has also been examined in DIII-D and JT-60U.

[493, 742]. In DIII-D the pattern of long term D

retention was consistent with measured long term

erosion/deposition on the divertor as shown in

Fig. 60. The long term net erosion at the outer

strike point is also consistent with erosion from short
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(a)

(b)

Figure 61. (a) Poloidal cross-section of the JT-60U divertor. (Reproduced

with permission from Ref. [742].) (b) Retained deuterium on divertor tiles

in JT-60U. (Figure provided by K. Masaki, JAERI.)

term exposures to well defined plasma conditions

measured using the DiMES facility on DIII-D [743]

(Section 4.3.1).

In JT-60U, the lowest D coverage is at the outer

strike point, while the highest D coverage is near the

inner strike point as shown in Fig. 61 [742, 744].

These results indicate that net carbon erosion

occurs from plasma facing surfaces near the outer

strike point where the fluxes of power and ener-

getic particles are highest. D coverage remains rel-

atively low on surfaces undergoing net erosion. The

eroded carbon is redeposited in the gaps between

tiles and onto plasma facing surfaces near the inner

strike point where the plasma is often detached and

the power flux and particle energies are lower than

at the outer strike point. The redeposited carbon

incorporates deuterium at concentrations of ≈0.2 to

0.4 D/C. In regions of net deposition the areal den-

sity of deuterium, therefore, just depends on the

thickness of the deposited layer. Similar patterns of

net erosion at the outer strike point and deposition

at the inner strike point are observed on DIII-D,

ASDEX-Upgrade and JET [64].

JET operated with a toroidal divertor in the bot-

tom of the vessel with CFC tiles from April 1994 to

March 1995, and with Be tiles from April to June

1995. A cross-section of this Mk-I divertor is illus-

trated in Fig. 62. Tiles were attached to a water

cooled support so their ambient temperature was

≈320 K. In contrast, all PFCs had ambient temper-

atures of at least 570 K before installation of the

Mk-I divertor. Each divertor tile was inclined along

the toroidal direction to shade the edge and some of

the surface (typically 15 to 50%) of the adjacent tile

to protect tile edges from excessive heat flux. Subse-

quent to these two campaigns, tiles were examined

by NRA for near surface D, Be and C [494].

The most striking feature of the distribution of D

on the carbon divertor tiles is the heavy accumula-

tion of D in the shaded areas at the strike and SOL

regions, i.e. on shaded surfaces adjacent to regions

of net erosion (Section 4.3.1). Regions exposed to
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Figure 62. Geometry of (a) Mk-I, (b) Mk-IIA and (c)

Mk-II Gas-Box JET divertors. (Reproduced with permis-

sion from JET.)

ion flux had low D coverage, indicating net erosion.

Also, the D coverage was much higher on the inner

leg of the divertor than on the outer leg. Similar pat-

terns of heavy deposition in shaded areas were seen

on the inner side-wall tiles as well as on the inner

floor tiles, but the outer side-wall tiles had low cov-

erage of D. Within the private flux zone, D coverage

was low both inside and outside the shaded regions.

The amount and distribution of D on the Be tiles

in the inner half of the divertor was similar to that

for the graphite tiles, however, on the outer half of

the divertor there was much less D retained on the Be

than on the carbon tiles. Ion beam analysis showed

that the heavy deposits on the Be tiles were predomi-

nantly carbon and not beryllium and that the regions

exposed to ion flux, i.e. of net erosion, were mainly

beryllium with little carbon. This leads to the con-

clusion that even with a Be divertor, D retention is

largely due to co-deposition with carbon transported

into the divertor from the main chamber. For most of

the discharges with the Be divertor, the main plasma

impurity was carbon, not Be. Furthermore, carbon

must be redistributed by local recycling within the

divertor until it reaches shaded areas, which act as

sinks. The fact that these deposits are predominantly

carbon indicates that local recycling transports car-

bon more efficiently than Be. This may be due to

molecular effects, present in carbon for not for Be

(Section 4.3.1). Similar low Z deposits were found on

the W divertor in ASDEX-Upgrade (Section 4.7.1.3).

Long term samples exposed at the wall of the JET

main plasma chamber to ≈940 discharges between

April and June 1995 revealed net erosion of the sur-

face [745], in contrast to TFTR where the wall is an

area of net deposition. This difference is probably due

to different impurity transport in the SOL for limiter

and divertor configurations. Co-deposition and long

term retention of D on the JET main chamber wall is

restricted to the sides of poloidal limiters. The major-

ity of the main chamber wall is a source of impurities

due to erosion by charge exchange neutrals. Graphite

components in the main plasma chamber could thus

be the source of carbon deposited onto the Be

divertor.

The Mk-IIA divertor (Fig. 62) was designed to

be more closed than the Mk-I divertor, which it

replaced, and to exhaust particles through gaps

between the floor and side wall modules at the inner

and outer corners making it more like the ITER

divertor design. D retention in the Mk-IIA divertor

was dominated by co-deposition with carbon beyond

the inner corner of the divertor on the louvres and

the tile surfaces adjacent to the pumping gap. The

pattern of deposition indicated mainly line-of-sight

transport from the strike zone or pumping gap many

centimetres into regions shielded from ion flux. This

indicates that the carbon is transported as neutral

atoms or C-containing molecules (Section 4.3.1). The

films on surfaces facing the inner pumping gap were

measured to be ≈40 µm thick and were seen to flake-

off from metal surfaces such as the louvres, prob-

ably on venting the vessel. Ion beam analysis of

the flakes gave D/C ratios as high as 0.8 [235]. It

was estimated that this heavy co-deposition inside

the inner pumping gap resulted in additional long

term retention of at least 6% of the gas fuelling, and

this also resulted in higher than expected retention
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of tritium during subsequent tritium fuelled plasma

experiments.

During maintenance periods in between deu-

terium operations at JET and, similarly at TFTR,

tritium resulting from DD operations was released

from the PFCs by isotopic exchange with water

molecules [746–748]. Tritium has been found in the

exhaust gases from deuterium plasma operations.

The percentage of tritium retained (i.e. not recov-

ered in the exhaust) was higher than that of D in

both JET [700] and JT-60U [749, 750]. Analysis of

tritium in PFCs and exhaust gases shows that 50% or

more of tritium produced by D(D,p)T nuclear reac-

tions in JT-60U, during the period between July 1991

and October 1993, remained inside the vessel, ≈80%

of the retained T was in the first wall, and 20% in

the divertor region [751]. The content of T from D

plasma operation was also measured in DIII-D first

wall tiles by collecting DT gas released by baking

tiles outside of the vessel at 1270 K [752]. The frac-

tion of T retained was estimated to be 10% or more.

Ratios of T/D, measured in DIII-D divertor tiles,

were in the range from 10−7 to 10−6 [753].

Tritium on the first wall of JET was surveyed after

the 1986 campaign, and on some components from

1987 [754]. Graphite tiles from the limiters, inner wall

and upper X point region were removed from the

vessel and analysed, together with graphite coupons

bolted to several locations on the inner surface of

the vessel wall. The majority of the T retained in

the vessel was found in the graphite PFCs. Overall,

the largest amount of T remaining in the vessel was

present in the inner wall tiles, although the high-

est concentrations were found locally at the limiters

(1012 tritons·m−2). The T distributions on the tiles

match more closely the patterns of retained D, and

the overall T inventory indicated a fraction of the T

generated in the campaign was retained [754], similar

to that of the D fuelling retained [716].

A depth profile for the T in a JET inner wall

tile was derived by removing ≈3 µm slices at the

surface using a fine emery paper, and progressively

thicker slices into the bulk. The majority (≈98%) of

the T was present within the first 25 µm, for which

the profile is shown in Fig. 63 [754], however, this

is less localized than the D, which is almost exclu-

sively in a 3 µm film at the surface. Profiles of tri-

tium (from DD operations) into the surface of tiles

from ASDEX-Upgrade were obtained by Accelerator

Mass Spectroscopy (AMS) [755]. The maximum T

level was located 3 to 5 µm from the surface, with

some evidence of diffusion (together with D) into the

Figure 63. The tritium depth profile for the near sur-

face region of the JET midplane inner wall graphite tile.

(Reproduced with permission from Ref. [754].)

bulk (see also Section 3.5.3.1 and Ref. [459]). These

data, together with the relative fractions of D and T

released on venting or to the pumps, suggest that T

has a greater mean energy distribution at the wall,

and is implanted more deeply into the surface.

Tritium fuelling in JET. Experiments with tri-

tium fuelling in JET began with the preliminary tri-

tium experiment (PTE) in 1991. Tritium was intro-

duced into two pulses by injection from two of the

sixteen neutral beam sources. This followed a series

of discharges when the two sources were fed with a

mixture of 1% T in D to check operational proce-

dures, diagnostics, and transport codes for T in D

plasmas [756]; the total T entering the torus dur-

ing these trace tritium experiments was ≈3 × 1019

atoms. The JET machine at this time was fitted with

two belt limiters, but the plasma contacted special

shaped tiles at the top of the vessel, which were used

as an open divertor (the so-called ‘X point’ config-

uration). A total of ≈2 × 1022 atoms (≈0.1 g) of T

were introduced into the NBI system, but only a total

of (1.10 ± 0.09) × 1021 T atoms were injected into

the torus over the two pulses; each source injected

0.75 × 1020 atoms·s−1 at 78 keV. The T beams cor-

responded to 13% of the total beam fuelling, as the

remaining 14 sources operated in D, and were on for

3.5 s during a 25 s discharge. T was injected into a

plasma fuelled with D, and although the T concen-

tration in the plasma reached ≈10%, the proportion
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Figure 64. Number of tritium gas atoms released from

the JET vacuum vessel as a function of pulse number for

the PTE campaign and subsequent cleanup. The data are

integrated for the first 560 s (open triangles) or 1160 s

(closed triangles), and the solid curve is the prediction of

a model. (Reproduced with permission from Ref. [756].)

of the total T gas input for each pulse was only 1.3%

[757]. The peak fusion power generated during each

pulse was 2 MW [716].

Over the weekend following the two high yield

PTE pulses, (3.7±0.6)×1020 T atoms were recovered

by the Gas Collection System (GCS). Thus, includ-

ing a small residual amount of T from the setting-

up experiments, the remaining torus inventory was

(7.4 ± 1.1) × 1020 T atoms. Following the next two

weeks of clean-up experiments, this retained inven-

tory was reduced to (1.5±1.4)×1020 T atoms. Anal-

ysis of a collector probe exposed during the PTE and

removed at this time gave an estimate of the reten-

tion in the vessel of 1.8 × 1020 atoms, in excellent

agreement with the value from the GCS [757]. By the

end of operations, three months later (which included

an accidental venting to air when 4 × 1018 atoms

were released), the retained inventory was reduced

to (1.0 ± 1.4) × 1020. Figure 64 shows the gas sam-

ple measurements, and the fit to a recycling model

described in Ref. [756].

During the shutdown, three months after the

PTE, a representative selection of tiles were removed

from all parts of the first wall. The tritium content

of the tiles was determined by outgassing pieces of

the tiles, combusting to form HTO and scintillation

counting [758]. The T was distributed round the ves-

sel in a reasonably uniform manner, except for a

higher concentration in the tiles protecting the inner

wall from neutral beam shinethrough. The majority

of the T remaining on the X point target tiles was

contained within deposited layers. From the mea-

surements, the total T remaining in the vessel was

estimated to be (3.4 ± 1.7) × 1019 atoms, or about

3% of the T fuelling.

During 1997, JET was operated for an exten-

sive period using deuterium–tritium plasmas. This

experimental campaign was known as ‘DTE1’,

and the main physics results are reported in

Refs [122, 123, 759]. The Active Gas Handling Sys-

tem (AGHS) delivered tritium to both the torus as

gas fuelling and the NBI systems and was able to pro-

vide accurate measurements of the amount of tritium

supplied to each system [760]. All the gas exhausted

from the torus was returned to the AGHS, where T

was separated from other elements and returned to

the uranium beds where it was stored. The AGHS

thus operates as a complete closed cycle, and since

the T inventory is always measured in the same way,

the amount retained in the torus is accurately known.

The main difference to the JET in-vessel con-

figuration since the time of the 1991 PTE [756–

758, 761] is the presence of the pumped divertor,

together with a toroidal cryopump, a cross-section of

which is shown in Fig. 62 (Mk-IIA). Pumping slots

in both corners of the divertor allow neutral parti-

cles to be pumped by the cryopump. The divertor

support structure is water cooled, and, as a result,

the base temperature of the divertor tiles is 470 K,

significantly lower than the ambient temperature of

the rest of the torus (∼590 K). Water cooled lou-

vres, located in the pumping slots, shield the diver-

tor cryopump and divertor coils from direct line-of-

sight with hot surfaces and particles, while allowing

the transmission of particles to the cryopump. Con-

ditioning of the vessel is maintained by occasional

evaporations of Be from four sources near the outer

midplane.

The DTE1 campaign was separated into two

phases by an interruption to repair the NBI system.

It was necessary to clean up for the repair, and the

tritium fraction in the plasma and in the exhaust

gas was reduced to T/(T + D) ≈ 0.01 in about four

days of pulsing in deuterium. Of the deuterium tech-

niques, only tokamak pulses were found to be effec-

tive in reducing the T content of subsequent plas-

mas. Other techniques that were tried are listed in

Table 14. However, it was not possible to reduce the

tritium inventory to below ≈17% of the tritium input

to the torus by plasma operation [203].
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Figure 65. Tritium inventory in the JET vessel (mea-

sured as the difference between the tritium fuelling and

the amount recovered from the vessel) plotted against

pulse number for the 1997 DTE1 campaign. Also plotted

are predictions of the inventory based on the behaviour

during the PTE campaign of 1991, made by (i) merely

scaling up the amount of T fuelling, (ii) adding an extra

retention equal to 10% of the fuelling, and (iii) adding an

extra retention equal to 20% of the fuelling. (Reproduced

with permission from Ref. [741].)

Operation was resumed after the NBI repair

with about one month of deuterium operation. The

plasma tritium fraction during this time fell very

slowly and lay in the 10−3 range. Then, tritium oper-

ation was resumed, this time with both NBI and gas

fuelling of the tritium. After the last tritium pulse,

operation with pure deuterium plasmas reduced the

tritium fraction to about T/(T + D) ≈ 10−2. At this

level, approximately 25% of the total neutron pro-

duction is due to DT neutrons [203, 204].

During DTE1, a total of 100 g of tritium was deliv-

ered by the AGHS, of which 65% went to the NBI

system at Octant 8. 35 g of tritium was introduced

into the torus: 0.6 g by NBI (which has an overall

efficiency of ≈1%), and the remainder by gas puff-

ing. Figure 65 shows the torus tritium inventory [741]

as a function of pulse number. The maximum tritium

inventory in the torus during DTE1 (just after the

last T fuelled pulse) was ≈11.5 g, i.e. more than half

of the 20 g of tritium on site.

The plasma tritium fraction in DTE1 was accu-

rately predicted by comparing with the tritium frac-

tion observed in the exhaust gas following injection

of 5 mg of tritium during the PTE campaign. The

number of pulses to change over from one isotope to

another was very similar to the PTE based predic-

tion, despite the absence of an in-vessel cryopump

during PTE. However, as shown in Fig. 65, the in-

Figure 66. Tritium inventory in the torus versus cumu-

lative tritium input during the JET DTE1 campaign.

(Reproduced with permission from Ref. [203].)

vessel T inventory is very different in DTE1 com-

pared to the expectation based on the PTE. The

tritium inventory in DTE1 could only be reduced

by a factor of about two by pulsing in deuterium,

whereas in the PTE a much more complete recov-

ery was achieved. By the end of the Mk-IIA divertor

campaign, about 6 g of tritium remained in the torus,

i.e. 17% of the 35 g input, and this amount was being

reduced by only 10 mg·day−1. The tritium inventory

is also shown in Fig. 66, but as a function of the

cumulative tritium input to the torus [203]. Total

gas balance measurements indicate that about 85%

of the input gas is recovered, and approximately 15%

of the total input is retained [741]. This is consistent

with the tritium retention following pulsing in D.

The greater long term retention in DTE1 com-

pared with PTE is due to deposition in regions not

in contact with the plasma, which, hence, cannot be

cleaned up by subsequent plasma operation. Follow-

ing a period of operations with the Mk-IIA diver-

tor before DTE1, heavy deposition was found on

the water cooled louvres through the pumping slot

at the corner of the inner divertor (Section 4.3.1)

[235, 741, 762]. The deposits have high D/C ratio

(≈0.7) [762, 763] since they are at low tempera-

ture and shaded from the plasma. This deposition

appeared to be an extra mode of retention since the

time of the PTE (when there were neither water

cooled surfaces nor a cryopumped divertor in the ves-

sel). In contrast, no deposition could be seen in the
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Table 15. Comparison of retention in TFTR and JET

TFTR JET

Edge ne (m−3) 1018–1019 1020

Edge Te (eV) 200–600 <30

Total T injected, NBI 3.1 g 0.6 g

gas puff 2.1 g 34.4 g

Initial retention during T ≈90% ≈80%

gas puff fuelling

(mostly isotope exchange)

T retained during DT 2.6 g 11.5 g

operation (excluding cleanup) (51%) (40%)

Longer term retention 51% 17%

(mostly co-deposition)

T remaining in torus 0.6 g 2.1 g

May 2000 Dec 1999

Long term retention 12% 6%

region of the louvres at the outer divertor. Figure 65

also shows predictions if an additional 10 or 20% of

the fuelling is retained (for example in deposits not

accessible to the plasma). Good agreement with the

data is obtained assuming such an additional reten-

tion of ≈15%. This is also consistent with the mea-

surements of gas balance referred to in the previous

paragraph, and is the origin of the 20 times greater

chronic release rate on venting the torus [203, 204].

During the shutdown following DTE1, 2 g of T

were recovered from the purge gas. Bakeout of the

JET vessel following this shutdown, and venting in

Summer 1999 and the subsequent bakeout, released

another 1.25 g of T. In total, tritium release by these

‘active’ methods (3.25 g) thus reduced the inven-

tory by more than one half, as was also the case for

TFTR. The various techniques to reduce the T inven-

tory in the torus used by JET and TFTR and their

effectiveness are summarized in Table 14.

Analysis programmes have been carried out to

provide mapping of the T levels around the vessel,

and particularly in the divertor; the results are shown

in Fig. 67. Also, a photograph of a section of the lou-

vres with flakes is reproduced in this figure [518].

The total retention in the divertor tiles (which were

removed at the end of DTE1) was only ≈0.1 g T,

with a similar amount remaining in the limiter tiles

in the main chamber. Depth profiling measurements

have been made on a number of JET tiles exposed

during DTE1 [459]. More tritium was found in the

Figure 67. Distribution of tritium in the JET vessel

in the shutdown following DTE1. The amounts at each

location are integrated around the torus. (Reproduced

with permission from Ref. [764].). The photograph in the

inset shows a typical region of the flaking deposition on

the louvres at the inner corner of the JET Mk-IIA diver-

tor. (Reproduced with permission from JET.)

bulk of CFC than graphite tiles, possibly due to

migration along the fibre planes. This bulk content

would require reduction by a large factor before the

tiles could be classified as low level waste. Flaking

deposits (154 g) were removed from the vicinity of

the inner louvres, containing 0.52 g tritium (mea-

sured by calorimetry) (Section 4.8.3) [763]. Taking

into account the 3.25 g released by venting and bak-

ing, this means there are ≈2 g T unaccounted for

in the vessel. This T is believed to be present in

the large quantities of flakes that have been seen

by remote inspection under the divertor structure,

having fallen from the inner louvres [764].

A comparison of tritium and deuterium retention

in JET and TFTR shows striking similarities and

contrasts. The beginning of tritium gas puffing led

to close to 100% retention in TFTR due to isotope

exchange with deuterium (Fig. 59). Furthermore, the

global retention of T in JET remained at 40% in the

comparatively short DTE1 campaign, and did not

saturate [204]. This enhancement is due to isotope

exchange with the pre-existing D inventory. Thus,

for JET the likely long term retention from sustained

operation in DT is best estimated from the D reten-

tion. Table 15 groups the TFTR and JET operational

periods in order to reveal similarities in the retention

due to isotope exchange and co-deposition. In both

machines the long term retention was dominated by
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co-deposition near the principal plasma interaction

zones (the inboard limiters in TFTR and the (inner)

divertor in JET). Many of the areas of co-deposition

are shadowed from the plasma; so their T content

cannot be removed by pulsed D operation. After

extensive clean-up efforts, the long term T retention

in TFTR was 0.6 g (12%) on 3 May 2000 and in JET

2.1 g (6%) on 31 December 1999.

4.7.1.3. Fuel retention with high Z metal at the

strike point

In Alcator C-Mod, the plasma contacting surfaces

are molybdenum tiles. Erosion and deuterium reten-

tion are expected to be much lower than in toka-

maks with graphite as the main plasma contacting

material. Measurements were made of erosion and

deuterium coverage on the plasma facing surfaces of

a set of Mo tiles exposed to 1090 plasmas in Alca-

tor C-Mod between November 1995 and March 1996

[113, 213]. These measurements give in-vessel deu-

terium inventories of 0.10 g outside the divertor and

0.0025 g inside the divertor, which are much smaller

than those found on graphite limiter and divertor

tiles in JET, TFTR and DIII-D. Tritium retention

resulting from DD operation in C-Mod was also dra-

matically lower than that in carbon machines. The

fraction of DD tritium retained was determined to

be less than 0.2% [213].

Boronization is periodically applied in Alcator C-

Mod [43]. The boron thickness is much greater than

the range of energetic D from the plasma; therefore,

most of the D retention is due to implantation of D

into the boron layer, probably via energetic charge

exchange neutrals onto the main vessel wall. Reten-

tion of D implanted into boron is similar to that of D

implanted into carbon. D is retained in the implanted

layer until a saturation concentration is reached. The

areal density of D retained after saturation depends

on the thickness of the implanted layer, and hence

on the energy of the D. In tokamaks, D retention by

this mechanism should saturate at an areal density

in the range from about (1–3)×1021 D·m−2 in agree-

ment with the observed D areal density outside the

divertor in C-Mod. Also, measurements of D depth

profiles on tiles from the inner wall showed the D to

be within the boron film.

The only region of net Mo erosion in Alcator C-

Mod was near the outer strike point where ≈0.15 µm

of net Mo erosion was measured and the surface

boron layer was absent. Thus, the quantity of eroded

material is small. The D depth profile measured by

NRA on a region of net Mo erosion shows that dif-

fusion of D into the Mo gives bulk concentrations

too low to significantly impact in-vessel D inventory.

The main difference between D retention in Alca-

tor C-Mod and tokamaks with graphite divertors or

limiters is that in Alcator C-Mod there was no sig-

nificant accumulation of material redeposited by the

plasma.

In the period between March 1991 to July 1995,

ASDEX-Upgrade operated with a lower single-null

plasma configuration with a divertor consisting of

graphite tiles. During this time, the divertor tiles

were exposed to about 1900 plasma discharges. Sub-

sequently, tungsten coated graphite tiles (500 µm

plasma sprayed W layer with nearly full toroidal cov-

erage of a region 160 mm wide at both the inner

and outer strike point) were installed in the diver-

tor. From December 1995 to July 1996, the W coated

tiles were exposed to about 800 plasma discharges.

At the end of this W divertor campaign, divertor

tiles and components from the main plasma chamber

were removed and analysed. These two campaigns

provide a unique comparison of low Z versus high Z

divertor material with similar geometry (ASDEX-

Upgrade Div I in Fig. 45) and plasma conditions.

For the graphite divertor tiles removed in 1995,

the peak deuterium areal density was about 3× 1023

D·m−2 on the inner divertor and about a factor of

2 lower on the outer divertor [532, 722]. The deu-

terium was observed to be present in deposited mate-

rial consisting mainly of carbon, boron, H and D of

non-uniform thickness owing to the roughness of the

substrate [722]. The total amount of H and D in

the graphite divertor tiles was estimated to be about

7 × 1023 atoms or about 2 g [532].

On the W divertor tiles, the highest D areal den-

sity (≈5× 1022 D·m−2) was measured in the shaded

region of the inner divertor, outside the separatrix.

The D areal densities on the W inner divertor plate

were several times lower on the unshaded than on

the shaded regions. On the outer W divertor plate,

the D areal densities were about ten times less than

on the inner W divertor and were about the same

in shaded and unshaded regions. In the case of the

W divertor experiment, more than 50% of the total

in-vessel D inventory was on the inner divertor while

less than 10% was on the outer divertor [594]. The

total amount of D retained on divertor tiles dur-

ing the W divertor experiment was 1 × 1023 atoms

(0.3 g) [765] which is seven times less, or about three

times less per shot than during previous operation

with a graphite divertor and is about 2% of the D
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input [765], whereas during previous operation with

a graphite divertor, a major part of the hydrogen

and deuterium puffed into the plasma chamber was

retained in the divertor [532].

With both the graphite and W divertors, the inner

divertor was found to be completely covered by a

layer of low Z material a few µm thick. On the

outer divertor the deposition was discontinuous on

the scale of the surface roughness [594, 722], and

the deposited low Z material was found in microde-

pressions of the rough surface, which are shielded

from re-erosion, whereas adjacent protruding parts

of the rough surface undergo net erosion and were

not covered by low Z material. The areal density of

deposited low Z atoms was about five times less on

the outer divertor than on the inner divertor [594],

which is sufficient to account for the much lower areal

density of retained D by co-deposition. The simi-

lar distributions of deuterium and low Z deposition

shows that for both the graphite and W divertors the

dominant mechanism for deuterium retention is co-

deposition of D with low Z elements, mainly carbon

and boron, onto the surface. Also, in general, depo-

sition dominates on the inner divertor, while erosion

prevails on the outer divertor (Fig. 45).

The D coverage was also measured on graphite

PFCs from the main plasma chamber following the

W divertor experiment. These surfaces, which do

not have direct plasma contact, had areal densi-

ties of (1–2) × 1021 D·m−2. The observed magni-

tude and poloidal distribution of this retained D

is consistent with a model based on implantation

of charge exchange neutrals from the plasma [594].

Even though the area is large, this mechanism does

not dominate long term D retention, because reten-

tion by this mechanism saturates at a relatively low

coverage due to the small thickness (<0.1 µm) of the

implanted layer.

The observations that the average quantity of D

retained per shot, or fraction of D input retained, is

about three times less with the W divertor than with

the graphite divertor, and that the D is mainly in

regions of net deposition on the inner divertor, indi-

cate that with the graphite divertor, D retention is

mainly due to co-deposition of D with carbon eroded

from the outer divertor. Removing this major source

of carbon erosion (with the use of the W divertor)

greatly decreased D retention with no adverse effects

on plasma conditions.

In 1997, ASDEX-Upgrade began operation with a

new divertor geometry (illustrated in Fig. 45 AUG

Div II LYRA), which used CFC tiles. In this new

geometry, the strike points are on nearly vertical tile

surfaces and the pumping slots are between the strike

points, i.e. in the private flux region. Local maxima

in D coverage were observed at both the inner and

outer strike points, as shown in Fig. 45. Plasma edge

modelling indicates that for the Div I geometry the

plasma electron temperature is high enough to cause

erosion at the outer strike point but not at the inner

strike point, whereas for the Div II geometry the elec-

tron temperature is below the threshold for erosion

at both the inner and outer strike points [559]. In this

case, the source of carbon deposition in the divertor

is thought to be due to wall erosion [115].

In summary, a large fraction (10–50%) of

hydrogen-isotope fuelling of all tokamaks with car-

bon PFCs is retained in the torus, principally by

co-deposition. This will seriously impact the oper-

ation or design of next step machines and makes the

development of efficient removal techniques impera-

tive (next section).

4.7.2. H isotope removal from C based co-deposited

layers

Tritium removal from amorphous tritiated car-

bon layers, a-C:T, co-deposits in next generation

tokamaks, such as ITER, has an important impact

on machine operation. If in situ co-deposit removal

techniques are fast and effective, both in terms of

T removal and plasma performance recovery after

cleanup, then the long term T retention/inventory

problem could be mitigated.

In principle, tritium could be removed from mate-

rials via thermal desorption or ion-induced desorp-

tion. However, the temperature requirement for ther-

mal desorption from C based materials is much

higher (typically, >900 K) [456] than the design tem-

peratures for PFCs (typically, 500 K) [3, 211]. Ion

induced desorption at room temperature, or ion iso-

tope exchange in the case of H, D, and T, is lim-

ited to depths corresponding to the ion range, typ-

ically a few nanometres for plasma discharges, and

therefore, will not reach the trapped T in the tens

of micrometres thick co-deposits. Thus, the removal

of T from thick a-C:T co-deposits may require the

removal of the co-deposits themselves. This can be

done by chemical and/or plasma assisted oxidizing

reactions in the presence of oxygen or, alternatively,

via abrasive/mechanical techniques.

Oxygen free techniques for tritium removal have

been proposed but need further development. CO2

pellet blast cleaning is widely used in the semicon-
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Table 16. Thermo-oxidative and plasma discharge techniques for a-C:T co-deposit removal∗.

Technique Merits Shortcomings Comments

Air/O2 exposure – Good removal efficiency and – Needs partial venting; Further R&D

with hot walls short cleaning time is expected – ratcheting effects could limit is needed

at wall temperature >520 K; cleaning at 510 K (e.g. effects

– accessibility of non line-of-sight (max. temperature in ITER); from mixing

and shaded regions, gaps, etc. – limited tokamak practice of materials).

(air in TFTR; O2 in TEXTOR).

ECR + oxygen – Does not require vent or – erosion is line-of-sight Significant R&D

opening of the vacuum vessel; (shaded areas are eroded by is needed.

– some tokamak conditioning neutrals but at much lower rates);

experience exists (e.g. JFT-2); – expected low erosion rates;

– can be applied in the presence – very limited tokamak practice

of strong magnetic fields. (Alcator C-Mod; ECR was

ineffective in JET).

ICR + oxygen – Does not require vent or – Erosion is line-of-sight; Significant R&D

opening of the vacuum vessel; – mechanisms are not well is needed.

– some limited R&D for ITER; understood.

– some tokamak conditioning

experience (TEXTOR, Tore Supra);

– can be applied in the presence

of strong magnetic fields.

GDC + oxygen – Well established tokamak practice; – TF needs to be off; long shutdown;

– does not require vent or opening – low film removal efficiency for ITER;

of the vacuum vessel. – limited access to shaded areas.

∗ All of these techniques require the introduction of oxygen into the torus and thus will require conditioning to remove

the residual oxygen and water to recover plasma operation. Further work with all of these techniques is also required

to determine the effects of collateral damage.

ductor and nuclear industries [211]. Preliminary tests

using existing equipment at the Sandia National Lab-

oratories [766] did remove the surface layer from

a graphite tile from the DIII-D tokamak but also

severely eroded the tile. Laser surface heating is

an alternative technique [767]. This takes advan-

tage of advances in laser technology to rapidly

heat co-deposited layers with a high power scanning

laser beam. Recent experimental tests have removed

84% of the tritium on co-deposits on TFTR tiles

[766]. This technique offers the potential for tritium

removal in a next step DT fusion device without the

use of oxidation and the associated deconditioning of

the plasma facing surfaces and without the expense

of processing large quantities of tritium oxide.

Another possible cleaning technique for use in

fusion reactors is cathodic arc cleaning (also known

as transferred arc cleaning) [768, 769]. Transferred

arc cleaning utilizes a DC plasma torch and a sec-

ondary power supply attached between the torch

(anode) and the part to be cleaned (cathode). The

torch produces a plasma which becomes the electrical

conduction path for the cleaning arc. The arc attach-

ment to the cathode is influenced by the surface

shape, the surface roughness and surface contami-

nant layers (oxide, organic and/or metal film). The

cathode contaminant layers are preferential sites for

arc attachment. This is caused by ion charge buildup

on the contaminants producing an enhanced electric

field that increases in strength until breakdown of

the film occurs resulting in arcing to the cathode

[770]. Joule heating of the cathode causes erosion of

the contaminant layer and the bulk cathode material

beneath. As the contaminant is removed, electron

emission ceases and the arc is displaced to another

area with remaining contaminant. This process con-

tinues until the contaminants are removed.

Here, we shall review attempts and available

results obtained for co-deposit removal using thermo-

oxidative and plasma discharge techniques. The mer-

its and shortcomings are summarized in Table 16.
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Figure 68. Depth profile changes in carbon, deuterium,

oxygen and hydrogen in a-C:D films due to air exposure

at 650 K: (a) before annealing, (b) after annealing for

2 h, (c) after annealing for 4 h, and (d) after annealing

for 8 h. The original film thickness was 730 nm. For each

temperature step a fresh sample was used. (Reproduced

with permission from Ref. [475].)

4.7.2.1. Laboratory studies on co-deposit removal

via high temperature oxidation

Extensive laboratory studies of hydrogen isotope

removal rates on exposing co-deposited films and

D implanted graphite to air or oxygen have led to

the following conclusions: (i) the release of D occurs

in conjunction with C erosion [207–210, 475, 771]

and (ii) the D removal and C erosion rates depend

strongly on the film structure.

The D release rate during oxidation is a critical

function of the annealing temperature and is sig-

nificant even below 900 K, the temperature needed

for thermal desorption in vacuum [456]. At a fixed

Figure 69. Partial pressure of reaction products formed

during 18O2 exposure of an a-C:D film at 470 K. (Repro-

duced with permission from Ref. [210].)

temperature of 650 K, the erosion of an a-C:D film

was measured as a function of the annealing time

in air (Fig. 68). Initially, D was released, and the

thickness of the deuterium depleted and oxygen sat-

urated layer increased with annealing time until it

finally extended throughout the whole remaining co-

deposit layer [475]. Further annealing led to a thick-

ness decrease until the complete layer was removed.

From an analysis of the reaction products formed

by exposing a laboratory produced a-C:D film to
18O2 at 470 K, it was concluded [210] that essen-

tially all of the D is removed via D2O formation, and

C is removed by the formation of C18O and C18O2

(Fig. 69). No D2 and no methane were observed. Sur-

face analysis of such a-C:D films after 18O2 exposure

using X ray photoelectron spectroscopy (XPS) and

secondary ion mass spectroscopy (SIMS) revealed the

appearance of carbonyl groups and an increase of

hydroxyl groups due to surface oxidation [475]. Ther-

mal oxidation of hydrocarbon polymers provides a

plausible reaction mechanism leading to the emission

of D2O, CO2 and CO. This mechanism is consistent

with the observed surface complexes [475]. Reaction

product analysis performed by Alberici et al. [771] of

a laboratory produced a-C:D film exposed to oxygen

also showed that CO2 dominates the C release, and

water, not D2, is the dominant D containing reaction

product.

Mixed material effects can be important. The

threshold temperature for removal of D and C from

carbon silicon layers (a-C:Si:D) by heating in air
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Figure 70. D content of TFTR co-deposit as a function

of gas (O2, H2O, air) exposure time at (a) 523 K and

(b) 623 K. (Reproduced with permission from Ref. [209].)

varies with the fraction of Si. For a-C:D layers the

removal rate increases strongly above 550 K. With Si

concentrations larger than 0.2 Si/(Si + C) the tem-

perature threshold increases to above 650 K [772].

The C removal rate is always lower than the D

removal rate and Si is not removed by this method.

D removal from hydrogenated films was also

studied under exposure to other atmospheric gases.

Nitrogen exposure and heating in vacuum at or below

570 K did not lead to deuterium release from D

implanted layers [207]. On the other hand, expo-

sure of D implanted layers [207], as well as TFTR

co-deposits [209], to water vapour did result in D

removal, but with no evidence of C erosion. It is

suggested that D is removed via isotope exchange

between the impacting H2O and the trapped D in

the film [207]. Comparing the effectiveness of oxygen

and water, oxygen was seen to be considerably more

effective in removing the trapped D [207, 209]. While

isotopic exchange and reaction of the water with the

carbon may occur, the reaction of oxygen directly

with the hydrogen and carbon has the greater effect

on the release of hydrogen. In the case of the TFTR

co-deposit, initial D removal rates in water vapour

were down by factors of four to eight, compared with

oxygen under similar conditions (16 torr and 520–

620 K). After about 1 h, no further D removal was

observed with water, and a considerable amount of

D was still left in the specimen [209] (Fig. 70). D

removal data obtained in oxygen and air are similar

(Fig. 70(a)), indicating that it is the oxygen in air

that dominates the film removal process [209].

On the basis of available results, it is evident that

the D removal and C erosion rates depend on the

film structure and differ greatly for laboratory pro-

duced films and co-deposits produced in tokamaks. C

erosion rates from laboratory films and D implanted

layers are very similar and of the order of a few to

tens of nm·h−1 at temperatures <700 K [208, 210].

In contrast, measured C erosion rates for tokamak

co-deposits are orders of magnitude higher under

similar conditions [208, 209]. In Table 17, we show

derived C erosion rates and measured D removal

rates during oxygen exposure for several co-deposits

obtained from major tokamak devices: TFTR, JET

and DIII-D. Table 18 contains several measurements

for TFTR and ASDEX-Upgrade specimens during

water and/or air exposure. We note that C erosion

rates in oxygen or air (16 torr) range from ≈0.1 to

1 µm·h−1 at 523 K to tens of µm·h−1 at 623 K. The

high removal rate for co-deposited films is in part

due to their porosity [717] and resulting large sur-

face area available for reaction.

It is evident that tritium can be removed from

thick co-deposits of carbon and tritium by heating

them in air or oxygen. According to the data in

Tables 17 and 18, if a reactor could be heated to

approximately 620 K in air, T containing co-deposits

of tens of micrometre thickness could be removed

within hours. On the basis of these rates, thermo-

oxidative removal of co-deposits via air exposure is

an option for ITER. Also, the limited experience

gained from the controlled oxidation experiments in

TEXTOR (see below) and the accidental loss of vac-

uum in JET [773] shows promising results for post

oxidation plasma performance recovery.

It is important to note that two key features

of tokamak co-deposits make the thermo-oxidation

technique viable for T removal. First, the dominant

fraction of retained T in the torus is in co-deposits,

and second, the co-deposits erode at rates two to

three orders of magnitude higher than the ‘bare

graphite’ tiles not covered by co-deposits [774], e.g.

walls of current tokamaks and part of the divertor

in ITER. Hence, while the co-deposits are eroded —

and the trapped T is released —, the thickness of the
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Table 17. C erosion and D removal rates for tokamak co-deposits during oxygen exposure.

TFTR/N3-15 [208, 209]
TFTR/N3-24 [209]

Temp. ∼5 µm thick
∼0.15 µm thick

[K] (ρ ∼ 1900 kg · m−3; D/C ∼ 0.35)
16 torr O2

16 torr O2

Erosion D removal Erosion D removal

[µm · h−1]a [C · m−2 ·h−1]b [D · m−2 ·h−1]b [µm · h−1]c [D · m−2 ·h−1]b

523 0.8 5.7 × 1022 2 × 1022 0.07 0.2 × 1022

573 3.5 29 × 1022 10 × 1022

623 >10 >70 × 1022 >25 × 1022 >0.5 1.5 × 1022

DIII-D# B [209]
JET divertor 6A [209]

Temp. ∼2 µm thick
∼2 µm thick

[K] (ρ ∼ 1300 kg · m−3; D/C ∼ 0.185)
16 torr O2

16 torr O2

Erosion D removal Erosion D removal

[µm · h−1]a [C · m−2 ·h−1]b [D · m−2 ·h−1]b [µm · h−1]c [D · m−2 ·h−1]b

523 0.23 1.5 × 1022 0.27 × 1022 0.5 1 × 1022

573

623 3.5 22 × 1022 4.1 × 1022 3.3 7 × 1022

a Erosion rate is estimated from measured D content and scanning electron microscopy (SEM) photos of film thickness,

assuming constant D/C.
b C erosion rate is estimated from measured D content and D/C ratio based on mass-loss measurement.
c Erosion rate is estimated from measured D content and an assumed D/C ratio and density based on the TFTR/N3-15

value.

bare graphite is negligibly affected. Further differen-

tiation in the co-deposit and bare graphite erosion

rates could be achieved by local heating of the co-

deposit regions. Notwithstanding the differences in

erosion rates, the bare graphite will also contribute

to the overall CO and CO2 formation in proportion

to surface areas and relative erosion rates, impacting

on pumping requirements.

Although the thermo-oxidation technique looks

promising, its impact on plasma performance recov-

ery, the effects of impurities and mixed materials

on co-deposit erosion rates and the collateral effects

of oxidation on other in-vessel components need to

be investigated. From an engineering standpoint, the

pumping and processing of large quantities of DTO

in the torus exhaust would significantly increase the

cost of the tritium processing plant.

4.7.2.2. Oxidation experiments in TEXTOR

To gain confidence in projecting laboratory results

for T removal from tokamak co-deposits to ITER,

the T removal techniques need to be tested in cur-

rent fusion devices. First experiments in a tokamak

using oxygen with hot walls (620 K) to remove co-

deposits have been performed in TEXTOR [775]. In

the initial tests, the external pumps were closed, and

the vessel was filled with 16O2 or with 18O2 isotopes

to pressures ranging from 0.005 to ≈0.2 torr. At a

filling pressure of <0.01 torr, most of the oxygen

was adsorbed on the wall and the remaining 10–20%

oxidized the deposits — and C impurities on other

wall surfaces — to form CO and CO2, which were

then released. At higher filling pressures (≈0.2 torr),

the fraction of oxygen adsorbed decreased by 20–

30%, whereas the fraction of CO formation was

about constant and the formation of CO2 increased.

This behaviour of the CO2/CO ratio is in agree-

ment with laboratory observations [475]. It has been

found that the adsorption of oxygen 18O on the walls

leads to the release of C16O and C16O2, C16O18O

molecules by isotopic exchange processes. A signif-

icant increase of water partial pressures has been

observed by the differentially pumped quadrupole

mass spectrometers, but the available experimental

results are not sufficient to separate the contribu-

tions to the observed reaction products originating

from the co-deposits and other internal vessel wall
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Table 18. C erosion and D removal rates for tokamak co-deposits during oxygen exposure.

ASDEX-Upgrade [475]
TFTR tile edge [205, 206]

Temp. ∼0.75 µm thick
∼0.50 µm thick

[K] (ρ ∼ 1900 kg · m−3; D/C ∼ 0.43)
760 torr air

760 torr air

Erosion D removal Erosion D removal

[µm · h−1] [C · m−2 ·h−1]a [D · m−2 ·h−1]a [µm · h−1]b [D · m−2 ·h−1]

523

623 >50 n/a

650 n/a 3.7 × 1022 1.3 × 1022

TFTR/N3-24 [209]
TFTR/N3-24 [209]

Temp. ∼0.15 µm thick
∼0.15 µm thick

[K] 76 torr air (P02 = 16 torr,
16 torr H2O vapour

PH2O = 2 torr)

Erosion D removal Erosion D removal

[µm · h−1]c [D · m−2 ·h−1] [µm · h−1]d [D · m−2 ·h−1]

523 0.035 0.1 × 1022 n/a 0.05 × 1022

623 n/a

650 0.15 × 1022

a Thickness recession and C erosion rates are estimated from measured NRA depth profiles of C and D.
b Erosion rate is estimated from measured D content and SEM photos of film thickness, assuming constant D/C.
c Erosion rate is estimated from measured D content and an assumed D/C ratio and density based on the TFTR/N3-15

value in Table 17.
d It is postulated that H2O exposure leads to isotopic exchange of H and D, without significant carbon removal.

n/a not available.

surfaces. A more sophisticated analysis to interpret

the signals in terms of hydrogen release from the a-

C:D co-deposits is in progress.

Encouragingly, TEXTOR did not experience any

long term adverse consequences after the use of oxy-

gen to remove deuterium, and high performance

plasma operation could be recovered after 15–30

minutes of GDC in helium and deuterium. The

oxygen impurity content was initially two to three

times higher than before oxidation, but was seen to

decrease shot after shot, indicating a self-cleaning

process during plasma operation [775].

4.7.2.3. Co-deposit removal via plasma discharges

Glow discharge cleaning (GDC)

One of the most widely used wall conditioning

techniques in tokamaks is GDC (Section 4.6.2).

It cannot be applied, however, to machines with

superconducting magnets. In the absence of mag-

netic fields, laboratory experiments using He/O

glow discharges have produced rapid, controlled

co-deposit removal with minimal O contamination.

Erosion rates of about 1 µm·h−1 have been observed

for co-deposit specimens removed from TFTR [776].

By comparison, He/O GDC performed inside the

TFTR vessel resulted in much lower T removal rates

[202, 735], possibly because of the redeposition of

the reaction products before being pumped out of

the tokamak. Laboratory studies have determined

this erosion to be a two step process: oxidation,

followed by particle induced desorption, with the

maximum erosion rate limited by the latter. Tem-

peratures in excess of 500 K are required for rapid

thermal desorption of CO from carbon surfaces

[776]. Helium ions of a few hundred eV have a high

CO desorption yield, typically much higher than

for electrons or photons. Rapid, efficient evacuation

of the desorbed impurities from the system is also

important. Dissociation, which can lead to redeposi-

tion, is primarily caused by energetic electrons; thus,

electron densities and energies should be kept as

low as possible (low electron densities imply low ion

flux to surfaces). Conditioning studies with Taylor

discharges and ECR support this conclusion. In both

cases desorbed impurities were efficiently evacuated
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only after the discharge was terminated. Physical

sputtering due to the high incident ion energies

during GDC may cause undesired deposition of

high Z impurities onto lower Z components. As

with other discharge methods (see below), tritium

removal due to ion impact is limited to line-of-sight

surfaces.

Ion cyclotron resonance discharge cleaning

Tritium removal techniques capable of operating

in the presence of magnetic fields are desirable due

to the permanent toroidal magnetic field in ITER.

Such techniques include ICR and ECR discharges.

Co-deposit removal experience with ICR and ECR in

tokamaks is rather limited. High hydrogen removal

rates have been reported in ICR experiments in Tore

Supra with He and D [661] and TEXTOR with He

[41]. H removal in these discharges occurs via a com-

bination of processes: chemical erosion due to H/D,

physical sputtering, ion induced desorption, and iso-

tope exchange. The first two processes lead to ero-

sion of the co-deposit, while the latter two lead to

removal and replacement of hydrogen within the

range of ion/charge exchange neutrals. In the Tore

Supra experiment the C removal rate was estimated

to be ≈4 × 1022 C·m−2·h−1 [661]. This corresponds

to ≈1 µm·h−1 for a TFTR type co-deposit. Although

this erosion rate is about an order of magnitude lower

that the rate due to thermo-oxidation at 623 K, the

fact that this is achieved without oxygen is promis-

ing. However, two key limitations remain: no access

to shaded areas, and sputtering (due to energetic ions

and charge exchange neutrals) of components where

no co-deposits exist.

It might be possible to mitigate and possibly

overcome these limitations by establishing discharge

conditions that suppress ion and charge exchange

neutrals induced sputtering and at the same time

create reactive neutral atoms that could access

shaded areas. Laboratory experiments have been

performed at the Sandia National Laboratories to

assess the potential of ICR for tritium removal

and to evaluate the erosion rate for TFTR like

co-deposits using He/O ICR plasmas [777]. Initial

results show very efficient formation of atomic O,

with little residual O2 to permeate into and con-

taminate graphite pores; O2 is readily dissociated

in the mixed He–O discharge. C and H removal

can occur via CO formation and via desorption of

reacted surface CHO species due to energetic He

neutrals. As in the case of thermo-oxidation via O2,

atomic oxygen is expected to preferentially erode

the co-deposits compared to ‘bare graphite’.

Electron cyclotron resonance discharge cleaning

ECR hydrogen discharges yield low energy and

high density plasmas [579, 778]. Early experiments of

ECR discharge conditioning in tokamaks date back

to the 1980s. The cleaning effect of hydrogen ECR

plasmas in JFT-2 [779] and JIPP T-II [780] was

found to be similar to that obtained with Taylor dis-

charge cleaning.

More recently, ECR discharges were used in

JET to remove tritium from the torus after the

DTE1 campaign. No significant tritium removal was

detected after 2.5 h of low pressure deuterium (≈6×

10−4 Pa) discharges [203]. Controlled experiments in

C-Mod using deuterium ECR discharges removed a

diamond like carbon coating from a stainless steel

specimen at a rate of ≈3 nm·h−1 [161]; however, this

material is not representative of what is expected

in ITER. The effectiveness of the ECR technique to

remove tritium from tokamak co-deposits remains to

be further assessed.

Co-deposit removal with ECR discharges has

also been investigated in laboratory experiments

[781, 782]. The erosion rate was found to depend crit-

ically on the film structure at the surface. Among the

gases studied, oxygen shows always the highest ero-

sion rates; the relative rates behave as O2:D2:H2 ≈

10 : 2 : 1 [347, 467, 781, 782]. The erosion rates

increase with substrate temperature, ion energy, and

ion flux. These correlations are true for soft and hard

C:H films, although the absolute rates differ signifi-

cantly. Erosion rates of 1.7 µm·h−1 and 3.6 µm·h−1

were measured at 300 and 620 K, respectively, for

hard a-C:H films in oxygen ECR plasmas with sur-

faces maintained at floating potential. The rates for

soft C:H films are roughly a factor of two higher. For

discharges in pure oxygen, no large oxygen invento-

ries were found in ex situ analyses of a-C:H sam-

ples after plasma treatment. The dominant erosion

products, as measured by mass spectrometry, are H2,

CO, CO2, and H2O. Etching by neutral species (most

probably atomic oxygen) was demonstrated to occur,

but the underlying processes remain unclear [781]. A

key question is how much CH is removed by ions and

neutral species and whether the ECR discharge needs

to be localized in a tokamak (e.g. in the divertor)

by localizing the RF power absorption close to the

surface to be cleaned. The neutrals may be impor-

tant to access shaded, non line-of-sight areas. ECR
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plasmas should cause little or no physical sputter-

ing because ion energies are below the threshold for

sputtering.

In summary, the thermo-oxidation and plasma

discharge techniques discussed above have the poten-

tial for tritium removal. While oxygen is necessary

for thermo-oxidation, it appears that the discharge

removal techniques will also require the presence

of oxygen to achieve sufficient erosion and tritium

release rates. The presence of neutral oxygen atoms

is necessary to reach shaded areas, while the energy

of ions needs to be minimized in order to prevent

sputtering of other in-vessel components. Localizing

the discharges in the divertor region may be required.

The introduction of oxygen into the torus requires

further investigations on plasma recovery, the collat-

eral effects of oxygen in the torus, and processing of

DTO. Recently, promising results were obtained by

laser heating that would avoid the introduction of

oxygen [766].

4.8. Dust and flake experience

4.8.1. Introduction

Particulates in tokamaks are produced by plasma

erosion of plasma facing materials, by plasma disrup-

tions, or by assembly, machining, welding, and oper-

ations inside the tokamak. Dust generation in next

step fusion devices will increase with the increase

in duty cycle and this has important safety impli-

cations. Tokamak dust may be toxic, radioactive

and/or chemically reactive. The hazard of dust

depends on the dust composition, how much dust

is produced, and how well the dust is confined

[230] (Section 2.3.4). Research into dust produc-

tion mechanisms and their biological interactions

has just begun and the dust production mecha-

nisms and rates are not adequately known at present

[241, 242, 783] (Section 6.5). Little is known about

dust generation from mixed materials.

Appropriate limits for occupational exposure to

tritiated graphite dust need to be established. The

micron size typical of tokamak dust will allow it to

be trapped in lung alveoli. While the annual limit

of intake (ALI) and derived air concentration (DAC)

for T2 and T2O are well known, there are few data at

present on the biological lifetime of tritiated tokamak

dust in the lungs. Expected limits are much lower

than for T2O, posing a challenge for real time moni-

toring of airborne tritiated dust. Some data are avail-

able on the biokinetics and dosimetry of titanium tri-

tide particles in the lung [119]. Recent studies from

JET showed that the dosimetric properties of triti-

ated dust are quite different to those of HT/HTO

[784]. More studies on tritiated graphite dust are

needed to provide a technical basis for safety limits,

both for occupational exposure and for the general

population under accident scenarios.

Although the structural materials for the vacuum

vessel, internal cooling systems, etc., are shielded

from the confined plasma ions by cladding, such com-

ponents may be affected by off-normal events such

as arcing (Section 4.4) and disruptions (Section 4.5).

In a survey of TEXTOR [241], 15% of the dust col-

lected was ferromagnetic even though TEXTOR was

an ‘all-carbon’ machine, in the sense that all ion

interaction was with carbon based PFCs. Much of

the ferromagnetic material appeared as sections of

almost perfect iron rich spheres, suggesting surface

melting with the ejection of droplets, which solidify

before landing elsewhere in the tokamak.

4.8.2. Dust in tokamaks

Measurements of dust concentration, diameter,

surface area, porosity, chemical composition and

activity have been carried out during the mainte-

nance periods of several tokamaks. The results are

diverse and reflect PFC configuration, materials,

alignment, plasma conditions and disruption history.

Studies were made of dust removed from TFTR in

1987 [746]. Vacuum cleaning of the vessel yielded less

than 25 cm3 of particulates. The typical size of par-

ticles collected on a filter was ≈100 µm. Analysis

of the volatile tritium component (HTO) showed a

concentration of ≈8× 1012 T atoms·g−1; this results

from DD reactions, so the D content of the particles

is probably 106–107 greater (Section 4.7.1). A similar

result was obtained from JT-60U in 1994, with a T

activity of the dust of 3 × 1013 T atoms·g−1. Stud-

ies were also made in the period 1987 to 1992 of dust

collected from JET. Smears taken from in-vessel sur-

faces showed that the graphite surfaces are friable as

a result of damage by plasma interaction. When JET

was vented following the PTE campaign in 1991, the

ventilation air exiting the vessel was also filtered to

measure the resuspended fraction of the dust. An

high efficiency particulate (HEPA) filter was used to

collect the airborne particles from 97% of the air-

flow through the vessel over a twelve-hour period in

which time 600 m3 of air was sampled (three times

the vessel volume) [785]. The suspended particles had

a total mass of 2.29 mg, and the median mass aero-
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dynamic diameter was about 4 µm, with a geometric

standard deviation of 1.9 µm. The composition of

the particle matrix was 80.3% C, 16.7% Fe, 1.3% Cr,

1.2% Ni, 0.02% Co and 0.03–0.7% Be (H isotopes

and oxygen not included). Dust was also collected

by swabbing surfaces inside JET with pads of tissue

humidified with ethanol [785]. The largest amount of

dust was found on the lower (graphite) toroidal lim-

iter, at almost 4 g·m−2 of which 85% was C and 11%

was Be. Elsewhere, Be was normally the main con-

tribution to the composition, with C and the compo-

nents of Inconel making up the rest, the largest sam-

ple (of 0.7 g·m−2) coming from the lower part of the

inner wall. 7Be was found in all dust and aerosol sam-

ples, and in debris collected by vacuum cleaner from

the vessel floor. Dust samples contained 1.33 × 1012

7Be atoms·g−1, but the 7Be content of the debris

was 3.38×109 atoms·g−1, and in each case the other

radionuclides detected came from activated Inconel.

During the operational campaigns up to 1992,

both JET and TFTR were operating as ‘all-carbon’

machines. Both machines were developing high

power regimes, which resulted in high power den-

sities in the SOL. Both JET and TFTR experienced

tile alignment problems, which resulted in pulses ter-

minating in ‘carbon blooms’, wherein erosion from

tile edges increased the carbon concentration in the

plasma beyond the stability limit [721, 786]. In JET,

many millimetres were eroded from some tile edges

by the plasma, and probably this was mostly respon-

sible for the light dusting of carbon based material

observed over the interiors of both JET and TFTR

at this time. The interior of JET was changed in

1992–94 to incorporate a divertor, and great care was

taken with the design of the power handling surfaces

to avoid exposed tile edges. As a result, discharges

could be run with high power levels for longer peri-

ods without impurity problems, and the amount of

dust observed in JET since 1994 had been greatly

reduced. Similarly, attention was paid to the align-

ment and shaping of target tiles in TFTR [107], and

the amount of dust collected in this machine also

decreased. A specific experiment to demonstrate that

dust can be formed as a result of plasma impact at

tile edges has more recently been carried out on DIII-

D [787] (Section 4.5.2.2). In this case, it was shown

that the leading edges erode rapidly and form diffi-

cult to clean diamond like films in shaded regions.

In the area of intense redeposition, the formation of

5–10 µm ‘globules’ was also observed.

More recent surveys on dust have been conducted

on several tokamaks. The INEEL Fusion Safety

Program has collected dust from major tokamaks

(DIII-D, Alcator C-Mod, Tore Supra, ASDEX-

Upgrade and TFTR) following typical run periods,

and extensively analysed the collected dust to deter-

mine the composition, particle size distribution, and

specific surface area [231, 234, 788–793]. The toka-

mak dust is generally submicrometre to micrometre

in size. The data can be fitted to a log-normal distri-

bution, similar to many industrial aerosols [794]. Fig-

ure 71 contains the results of all the particle size data

used to establish the conservative value used in the

ITER safety analysis. The data points in the figure

represent the count median diameters (CMDs) of the

particulates (see glossary) that were measured, and

the uncertainty bars in the figure represent the geo-

metric standard deviation (GSD) of the size distri-

butions. The horizontal lines indicate the size range

for the 0.5 µm CMD and a GSD of 2.0 used for the

ITER safety case.

The mass concentration of dust varies throughout

a tokamak, dependent upon the location. In DIII-

D, it ranged from 1–10 mg·m−2 on vertical surfaces

and 0.1–1 g·m−2 on the floor and lower horizontal

surfaces. The ranges of mass concentration in the

Alcator C-Mod tokamak collected during the March

1998 were an order of magnitude greater, while the

dust vacuumed from a 0.1 m × 0.1 m area of the

TFTR vacuum vessel floor had a concentration of

20 g·m−2 [795]. Additional samples were collected

in the vessel entry with a hand vacuum cleaner fit-

ted with a slotted nozzle and 0.2 µm pore size filter

[574]. Particles and debris were evident on the floor of

the vessel, including flake fragments and debris from

a laser-assisted lithium conditioning aerosol device

‘DOLLOP’ [164]. Bay J was particularly dusty and

collection from a 10 cm×10 cm area yielded 0.46 g. In

contrast, the bottom of a neutral beam duct yielded

only 0.06 g from a 20 cm × 60 cm area. The gap

between the bumper limiter and poloidal limiter, at

Bay K, yielded 0.07 g.

The specific surface area of tokamak dust is impor-

tant from a chemical reactivity standpoint. High spe-

cific surface areas indicate large surface areas that

could react with air or steam during an ingress event.

The specific surface area of carbon dust samples

retrieved from diagnostic viewing pipes and from

the floor of TFTR has been measured by the BET

method (see glossary) [795–797] and ranges from 7

to 27 m2·g−1. The specific surface areas of various

tokamak dust samples are plotted versus the mean

volume-surface diameter in Fig. 72. Also shown in the

plot are the corresponding theoretical lines for pure
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Figure 71. Tokamak and plasma gun particulate data used to specify values used in

ITER safety analysis. (Figure provided by K. McCarthy and D. Petti, INEEL, Idaho

Falls.)

Figure 72. BET specific surface area of tokamak dust compared to theoretical

carbon and molybdenum spheres. (Figure provided by K. McCarthy and D. Petti,

INEEL, Idaho Falls.)

fully dense graphite and molybdenum monodisperse

spheres and data on crushed POCO graphite.

The Alcator C-Mod 1998 sample is fairly close to

the theoretical line, indicating that the metal is not

based on small agglomerated particles or has limited

porosity. (The Alcator C-Mod 1997 sample contained

80% by weight boron, which biased the measurement

high relative to the theoretical line for Mo). The car-

bon based tokamak dust samples show surface areas

well in excess of the theoretical values, indicating

either significant agglomeration or surface-connected

porosity [798].

Dust composition is measured quantitatively

using inductively coupled plasma mass spectroscopy
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and qualitatively using environmental scanning elec-

tron mass spectroscopy. The composition of the dust

consists primarily of the first wall material used in

the machine, e.g. carbon in DIII-D and TFTR and

molybdenum in Alcator C-Mod. Carbon dust sam-

ples were retrieved from diagnostic viewing pipes and

from the floor of TFTR [795]. Millimetre-size flakes

were observed in samples collected from the diag-

nostic pipes; while by mass, these large flakes are

significant, by count they are not, since they are few

in number, compared to the smaller particles (Sec-

tion 4.8.3). The hydrogenic concentration was rela-

tively low with atomic ratios in the range D/C of

0.006 and T/C in the range of 0.0003. The 20:1 D/T

ratio is similar to the 30:1 D/T fuelling ratio dur-

ing the DT campaign in TFTR. In general, dust will

also contain material used for conditioning, instru-

mentation, insulation and diagnostics in the toka-

maks. Such materials include boron, stainless steel,

aluminium and silicon oxides.

Detailed surveys of dust and other debris in JET

were carried out during a break in the Mk-IIA diver-

tor phase in October 1996. JET had operated with

the Mk-IIA divertor for 6 months during which there

had been 2000 discharges and about 9×1025 D atoms

were injected. Swab samples were taken from the

divertor and also the poloidal limiters and analysed

for T activity, gamma activity, particle size, specific

surface area and composition [235]. High Be concen-

trations were measured at areas of the outer wall

close to the Be evaporators; elsewhere, the Be was

uniformly low at ≈10 mg·m−2. One sample contained

40% Ni by weight, but otherwise the swabs gave

average concentrations of particulates of 1.2 g·m−2,

comprising 97% C, 2% Be and 1% metals by weight

(not including H isotopes or oxygen). The radioac-

tivity of the samples resulted from T (varying from

4 × 1013 to 2.6 × 1015 tritons·m−2) and 6.64 × 1010

7Be atoms·m−2. The median diameter was 27 µm,

with a geometric standard deviation of 2 µm. Spe-

cific surface area was measured for only the largest

size fraction: 4 m2·g−1.

In a recent survey of dust collected in TEX-

TOR [241], three categories of large particles were

collected, apart from the ferromagnetic material

referred to above. These were pieces of a Si based

composition, probably originating from the sili-

conization [799] of the machine, pieces of graphite,

and flakes of co-deposited films (see below). Small

particles were also collected, many of which were sub-

micrometre in size, which themselves were agglomer-

ates of particles of about 100–300 nm in diameter.

The size and structure of these small particles sug-

gests growth in the edge of the plasma or during

wall conditioning processes, similar to the nanopar-

ticles formed in process plasmas [800, 801]. Under the

conditions of a detached plasma with electron den-

sities of the order of 1018 m−3, temperatures <5 eV

and hydrogen flux densities of ≈2 × 1022 m−2·s−1,

the local hydrocarbon concentration near the target

surface is ≈1018 m−3. These conditions are close to

those of the process plasma where dust formation has

been observed by multiple ion-molecule reactions and

agglomeration processes.

In addition to collection from operational toka-

maks, an experimental system has been developed to

study disruption-induced particulate formation using

the SIRENS high-heat-flux facility at North Carolina

State University [802–804]. Results from the SIRENS

experiment are used to understand the basic parti-

cle generation and formation mechanisms in toka-

maks having high disruption energies as expected in

future fusion power plants (Section 4.5). Results of

size measurements on particles produced in SIRENS

are not significantly different than the dust found in

tokamaks. A variety of materials have been tested

in SIRENS, including stainless steel, copper, tung-

sten, carbon, aluminium, and mixtures thereof; pho-

tographs of stainless steel and graphite are shown in

Fig. 73. Further experiments are ongoing in Russian

disruption simulation facilities.

4.8.3. Flakes in tokamaks

Thick layers of eroded first wall material are

deposited at points in the SOL, such as at the sides

of the limiters, in machines where the limiters are the

primary plasma boundary. In many tokamaks, such

as JET (pre-1992), TFTR and TEXTOR, these lay-

ers may reach ≈100 µm in some areas. The typical

appearance of films flaking from the sides of limiters

in TEXTOR [805] is shown in Fig. 74.

The thick films on the discrete limiters used until

1986 in JET had a fine layer structure, were highly

stressed, and did break up on occasions, particularly

following venting to air. The analysis of the out-

ermost one or two µm showed D concentrations of

≈0.1 D/C, but thick film analysis techniques showed

average D concentrations for the film as a whole to

be almost two orders of magnitude lower [806]. The

surface temperature of the central region of the JET

limiters regularly reached over 1300 K, and tem-

peratures at the flanks, where these thick deposits

were located, must also have reached temperatures

at which co-deposited films start to degas (≥700 K).
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Figure 73. SEM photographs of particulates generated from the

SIRENS plasma gun. (Figure provided by K. McCarthy and D. Petti,

INEEL, Idaho Falls.)

Figure 74. Photograph of the heavy deposition at the side of a TEX-

TOR limiter. The scale is in mm (visible are 23 mm) and refers to the

detail of the flaking region shown on the upper right part of the figure.

(Reproduced with permission from TEXTOR.)

Recent analysis of poloidal limiters and RF

antenna protection tiles from TEXTOR show similar

results [496, 807]. As in the case of the JET limiters,

these PFCs are normally at 540-570 K, and can reach

much higher temperatures during plasma pulses.

Films of up to 170 µm thickness were observed, which

were loosely bound and tended to peel off as flakes.

Flakes of up to 10 mm in diameter were observed,

but they were brittle and very easily disintegrated

to form much smaller agglomerates of dust particles

[496]; scanning electron spectroscopy (SEM) imaging

showed that the outer regions of the films consisted of

fine granules of up to 5 µm diameter [807]. An SEM

section of such a film is shown in Fig. 75. Films of

only ≈10 µm thickness are seen to blister and peel in

other parts of TEXTOR. During the period the tiles

were in use in TEXTOR, the mean growth rate for

the thicker films corresponded to 4.5 nm·s−1 [807].

Thick films (tens of µm) are also deposited on the

inner bumper limiter of TFTR (Fig. 76). Following

the conclusion of the DT phase in April 1997, TFTR

has been held in air at slightly below atmospheric

pressure. No spalling of these layers was observed

until 18 months after the machine had been vented

to air; by two years after the venting, approximately

15% of the inner wall showed some flaking [573, 738]

(Section 4.7.1.1). TFTR was operated with the wall

at room temperature, and although tiles on which

the films are seen were heated during discharges,

stresses (and D concentrations) may be different

from those at the discrete JET and TEXTOR lim-

iters. Values of D:C at the surface are typically 0.1–

0.2 [495]. A 0.24 g sample of the TFTR flakes has

been heated in air to 773 K for 1 hour, which released

1.5 × 1019 T atoms. This amount confirms that the

flakes are detached co-deposited layers that contain

most of the retained tritium. Rutherford backscat-

tering analysis of a TFTR flake showed a D/C ratio

of 0.13 on the plasma facing surface, six times lower

than the D/C of 0.7 found in JET co-deposits.

When tiles were removed from the JET Mk-

IIA divertor in October 1996, a much greater
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Figure 75. An SEM image of a piece of film that has flaked from the side

of a TEXTOR limiter. (EPMA = Electron Probe Microanalysis). (Repro-

duced with permission from Ref. [807].)

Figure 76. Blistering and flake detachment on TFTR

graphite tiles at Bay H on February 25, 2000. The vertical

height of a tile is 81 mm. (Reproduced with permission

from TFTR.)

potential dust problem for large tokamaks was dis-

covered. Flaking deposits were found on water cooled

louvres beyond the inner corner of the divertor (Sec-

tion 4.7.1.2). These deposits were 40 µm thick, and

since they are not exposed to the plasma (and are on

cooled surfaces) their D:C ratio is approximately 0.7

[762]. The films exhibit a layer structure (Fig. 77)

similar to the films seen on the JET and TEXTOR

limiters. The T content of these flakes (from DD

operations only) was 5 × 1015 tritons·g−1, so that

flakes resulting from full DT operation are predicted

to contain ≈1022 tritons·g−1. The flakes comprised

99% C, 0.6% Be and 0.5% metals (disregarding the H

isotopes and traces of oxygen). The total amount of

D trapped in the films on the louvres corresponded

to 4% of the total D fuelling. Since the flakes had

been exposed to air before analysis, there may have

been considerably more D present in the flakes dur-

ing operation; following the JET DT campaign in

1997, one third (2 g) of the retained T was released to

the air during the shutdown (Section 4.7.1.2). Most

of the T retained in the JET vessel during DTE1

was believed to be incorporated in the flakes that

formed at the louvres. Over 150 g of flakes were
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Figure 77. Polished cross-section of a flake from the

JET Mk-IIA divertor, showing the layer structure. The

scale marker on the figure is 20 µm, which makes the film

thickness ≈100 µm. (Reproduced with permission from

JET.)

recovered from the vicinity of the inner louvres con-

taining 0.52 g of T [763], and, by extrapolation, up

to ≈800 g of flake may remain beneath the divertor

structure, which was inaccessible.

Films of up to 2 µm thickness have been found

in the ASDEX-Upgrade divertor region, on the vac-

uum vessel near divertor slits, and on the structure

of the roof baffle [530] (Fig. 78). From the position

of the films and shading by structures, it is clear

that the deposition is of charged particles following

field lines. Much more symmetric deposition between

inner and outer divertor structures is found than in

JET. The films, which have a tendency to detach

to form flakes, are carbon based with ≈40 at% D,

10 at% O and 5 at% B (from boronizing the main

chamber); an estimated 5 g resulted from 3000 s of

plasma discharges. Modelling predictions for ITER

suggest that up to few grams of T may be retained

per pulse in C co-deposits analogous to those in JET

(Section 5.3). These deposits would spall continually,

and the flakes may break up into small pieces of high

specific surface area. The implications of this mate-

rial (which may or may not, be defined as ‘dust’)

for next step devices are discussed in Sections 2.3.3,

2.3.4, 6.2 and 6.5.

5. Application of models and
predictions for next step tokamaks

5.1. Introduction

The conditions expected in next step tokamaks

are far away from those attained in present and

past devices, and thus the extrapolation of current

experience requires detailed models. Years of close

interplay between experiment and modelling have

resulted in models that can reproduce many fea-

tures of plasma behaviour. Rapid progress in multi-

teraflop computational resources continues to facil-

itate more detailed and comprehensive coverage of

plasma–wall interaction phenomena. The next step

fusion experiment will require large capital invest-

ment, and modelling plays an essential role in finding

optimal configurations and reducing the uncertainty

in projections of the performance.

The diversity of phenomena has made it diffi-

cult to create integrated models of plasmas and wall

boundary effects. Experimentally, the powerful effect

of the wall conditions on plasma performance is very

clear. However, the actual conditions on the wall

surface during a discharge are hard to diagnose,

and the complexities of wall physics are not con-

sistently incorporated into predictive plasma codes

used by machine designers. Databases used to pre-

dict machine performance are based on experience

in short pulse machines with preconditioned walls,

but it is likely that new phenomena will occur as the

physical and chemical state of the wall changes in a

long plasma pulse. Some work to link the state of the

wall to plasma phenomena has begun. For example,

the global tritium retention in TFTR has been linked

to detailed Monte Carlo models [201, 574]. Quan-

titative models connecting the dynamic exchange

between recycling and the edge/pedestal region (see

glossary) have been compared to experimental data

from the JET DTE1 experiment [518]. Non-linear

simulations of the stabilizing effect of radial electric

field shear have uncovered a link between enhanced

confinement in TFTR and lithium conditioned low

edge densities [61].

The continuing advances in available computa-

tional resources clearly lend themselves to con-

structing and linking codes of increasing complex-

ity. However, one must be careful that the addi-

tion of free variables leads to codes that are thor-

oughly grounded in experimental data. The breath

and depth of diagnostic data from the wall/edge

must increase commensurately with the complexity

2082 Nuclear Fusion, Vol. 41, No. 12R (2001)



Review: Plasma–material interactions in current tokamaks

Divertor

View into Divertor 
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no Flakes

Inner Divertor Leg

Separatrix

Figure 78. Location of flakes and films of carbon in ASDEX-Upgrade.

The flakes were found below the divertor, whereas carbon films were

found on the divertor structure. They are located at surfaces perpen-

dicular to the magnetic field. (Figure provided by V. Rohde, ASDEX-

Upgrade, Garching.)

of the modelling. Experimental data on sputtering,

reflection and redeposition under high flux conditions

must guide and benchmark integrated models of the

edge before a predictive capability can be confidently

established. An emerging area with significant safety

implications is the modelling and benchmarking of

tritium co-deposition and dust generation.

Modelling of PMI effects and the interpretation

of the available data are often hampered by the

lack of detailed time resolved diagnostics of the edge

plasma and wall conditions, and lack of time resolved

measurements of erosion/deposition/H retention. To

make further progress in this critical area, real

time in-vessel diagnostics need to be further devel-

oped and more widely implemented with dedicated

run time [481] (Sections 4.2 and 6.4). The detailed

data generated will challenge models, lead to a bet-

ter understanding of the many interacting plasma,

atomic and surface phenomena involved and gener-

ate more confident predictions in future devices.

General principles of plasma edge modelling by

one dimensional analytic and two dimensional fluid

modelling are presented in Section 5.2 and illus-

trated with comparisons to tokamak measurements.

A detailed discussion on this subject can be found

in Ref. [13]. Two dimensional Monte Carlo impu-

rity modelling is discussed in Section 5.3, which

addresses modelling of erosion of and deposition on

the PFCs, tritium co-deposition in growing rede-

posited surface layers, and the contamination of the
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core plasma from surface materials. Modelling of ero-

sion of plasma facing materials subject to off-normal

events such as disruptions is discussed in Section 5.4.

Section 5.5 is devoted to modelling of wall recycling

and plasma particle balance. Finally, Section 5.6

discusses models of retention, permeation, and re-

emission of hydrogen isotopes in materials exposed to

reactor plasmas. The physical processes and under-

lying theory behind these models were described in

Section 3.

5.2. Plasma edge modelling

Next step designs, as typified by ITER, call for a

device of significantly greater size and power than

any earlier machine. To extrapolate to an ITER

class device, one must use several models to cover

various aspects of edge/surface/boundary physics.

Many such models have been developed over the last

20 years, and some have been validated to a cer-

tain degree by comparison with experimental data.

In general, the plasma models simulate the paral-

lel transport of particles, momentum and energy

according to classical prescriptions, but still rely on

empirical values for the cross-field transport rates.

The inability to predict from first principles the

absolute level of cross-field transport is the great-

est weakness in modelling work. The relative level of

cross-field transport, in comparison with the parallel

transport, will determine the width of the SOL, and

thus, the power density on the divertor plates (Sec-

tion 1.2). Codes, for example, typically assume that

cross-field transport coefficients are spatially uniform

(or vary with the strength of the poloidal magnetic

field), something that is almost certainly not correct

[27, 808].

Modelling follows three basic approaches: (1) one

dimensional analytic modelling; (2) two dimen-

sional fluid modelling; and (3) two or three dimen-

sional, kinetic, Monte Carlo impurity modelling (Sec-

tion 5.3). The neutral hydrogenic behaviour is mod-

elled separately. Each is dealt with separately below.

5.2.1. Simple one dimensional modelling

In most cases, quick and reasonably accurate esti-

mates of the basic plasma conditions in the SOL can

be obtained from simple analytic expressions. Such

modelling is often called in the literature ‘two point

modelling’— ‘two point’, because one usually solves

the transport equations at two locations, the diver-

tor plate and some upstream location, typically the

outside midplane (see Refs [9, 10]). Basically, the

SOL problem is separated into two one-dimensional

heat transport problems, one for cross-field transport

and one for parallel field transport. The following is

usually assumed in such modelling: (1) the divertor

is opaque to recycling neutrals (Section 1.2.1); (2)

the transport of heat along the SOL to the diver-

tor is, therefore, through parallel heat conduction

(primarily by electrons); (3) plasma pressure is con-

served along field lines in the SOL. An exception to

the last may be close to the divertor plate, where

plasma pressure may be lost by ion–neutral interac-

tions and/or volume recombination when the diver-

tor plasma temperature is low (less than, or approx-

imately equal, to 3 eV).

Under the above assumptions, simple expressions

can be derived for many SOL parameters [9, 10]. Fig-

ure 79 gives an example of such modelling, where

experimental data from the Alcator C-Mod toka-

mak are compared against results from the two point

model with an extension for the neutral particle

behaviour [809]. In this case, data are presented for

the outer divertor plate, for a flux surface which is

1 mm outside of the separatrix (outside midplane

equivalent) — this is assumed to be representative of

the SOL (which has a power width of λP ≈ 3 mm).

The upstream parallel power density, qu, is observed

in experiment to be fixed at qu≈75 MW·m−2. Two

fitting parameters are used in this modelling: the

radiated power in the divertor is taken from experi-

ment, and the relation between the upstream density

and the line average discharge density, n̄e, where the

approximation nu ≈ n̄e/3 is made. Thus, the ‘good

fit’ between model and experiment in Fig. 79(a) (b)

is artificial.

The analytic modelling readily identifies three

regimes of SOL operation (indicated in Fig. 79),

which depend on the collisionality of the SOL, or, in

other words, the ability of the SOL to sustain tem-

perature gradients along field lines for a given density

and power flow. In terms of engineering parameters,

the SOL can sustain significant gradients if

n2
uL

6

7

q
8

7

u

>2 × 1031, in MKS units (28)

where L is the connection length (see glossary). A

similar criterion in terms of plasma density and tem-

perature appears in Ref. [810].

At low values of collisionality, e.g. at low density

or high power, the SOL is isothermal, with relatively

high values of temperature, Tu ≈ Tt > 60 eV. This

is known as the ‘linear’ or ‘sheath-limited’ regime.

‘Linear’ because the divertor plate density increases
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Figure 79. Comparison between SOL conditions as measured on Alcator C-

Mod (discrete points) with results from the two point model with extensions

(lines). Given in the figure is: (a) the relative level of radiation in the divertor

Prad,div/PSOL, (b) the upstream density nu, (c) the target plate density nt,

(d) the upstream and target plate temperatures Tu, Tt (ion temperature is

assumed equal to electron temperature), (e) the electron pressure upstream

and at the plate pu, pt, and (f) the molecular flux density of the D2 gas in

the divertor plenum. In the figure ‘u’ refers to upstream parameters and ‘t’

refers to parameters at the target plate. (Reproduced with permission from

Ref. [809].)

in proportion to the upstream and average discharge

density, and ‘sheath limited’ because parallel heat

flow is limited by the sheath transmission of electron

energy at the divertor plate.

At moderate levels of collisionality, i.e. moderate

levels of density and power flow, significant gradients

along field lines can develop. This regime, known as

the ‘high recycling’ (see glossary) or ‘conduction lim-

ited’ regime, has low divertor plate temperature and

high divertor plate density. In this case, the heat flow

along the field lines is limited throughout most of the

SOL by electron heat conduction. Close to the diver-

tor plate, where strong particle recycling occurs and

electron temperatures and their gradients are low,

parallel particle convection dominates the heat flow.

It is assumed that the total plasma pressure adjacent

to the plate is approximately equal to the upstream

plasma pressure, i.e. nuTu ≈ ntTt, which is usually

the case with Tt > 5 eV.

At still higher values of collisionality, the target

plate temperature falls below 3 eV, and the ioniza-

tion reaction rate for recycling neutral particles in
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the divertor becomes small in comparison with the

rate of ion–neutral charge exchange and elastic scat-

tering. Under these conditions, first pointed out in

Ref. [811], significant plasma pressure loss can occur

next to the plate, concomitant with a drop in ion

particle flux and plasma density (Fig. 79(e)). The

ion flux to the plate can be reduced still further by

volume recombination of the ions [812].

This last regime, the ‘detached’ regime, is very

desirable from the point of view of power handling

at the divertor plate. The parallel power density qt

the divertor plate is given by

qt = ntcst (γ Tt + ǫpot) (29)

where cst is the ion acoustic speed, γ = 7 and

ǫpot is the potential energy associated with each

ion reaching the plate, including the atomic and

molecular recombination energies (ǫpot ≈ 16 eV) [9].

At low plate temperatures, the heat flux is domi-

nated by the last term associated with the poten-

tial energy. This can only be reduced to low levels

(e.g. qt/qu < 0.05), for a reasonable level of upstream

plasma pressure, if pressure loss due to friction and

possibly recombination is present [140, 813, 814], as

observed in the experimental data from Alcator C-

Mod (Fig. 79(e)) and similar data from several other

machines [143, 695, 815].

The neutral molecular flux density, f mol , adjacent

to the divertor plasma is given by Fig. 79(f). One can

see that this increases monotonically with discharge

density, basically following the divertor plasma den-

sity in the linear and high recycling regimes. It con-

tinues to increase with discharge density even in the

detached regime, and this is expected from simple

particle balance given by the extended two point

model [9].

5.2.2. Two or three dimensional fluid modelling

The two dimensional nature of the SOL has led

to the development of two-dimensional fluid models

based on the finite difference numerical technique.

Typically, the SOL and the outer regions of the

confined plasma are mapped out using a curvilin-

ear grid, where one dimension lies along magnetic

flux surfaces, and the other, i.e. the radial direction,

is orthogonal. In the parallel direction, as with two

point modelling, the transport of particles, momen-

tum and energy is assumed classical although in this

case the full set of Braginskii equations is used [816].

In the cross-field direction, again, spatially uniform

anomalous transport coefficients are used, with typ-

ical values for the particle and heat diffusivity (D⊥

and χ⊥) being of order of ≈1 m2·s−1. The inner

boundary of the problem corresponds to a magnetic

flux surface inside the plasma, normally in the region

of r/a ≈ 0.9. At this boundary, one might spec-

ify the heat flux crossing the surface from the con-

fined plasma, the density and temperature. There are

now several large plasma fluid codes used to model

the edge, with the major ones being B2 [817–819],

UEDGE [820–822], EDGE2D [823, 824], PLANET

[825], and UEDA [826].

The volume source of ions via neutral particle ion-

ization is a critical quantity in any modelling of the

boundary. This determines the plasma flow patterns,

the level of heat convection, the transport of impuri-

ties, etc. Usually, fluid codes rely on a partner code to

model the neutral particle distribution in the bound-

ary. These partner codes attempt to model the trans-

port of neutral particles from their point of entry into

the plasma to their eventual ionization. Thus, sur-

face properties such as particle reflection and molec-

ular re-emission must be considered, as well as a

large variety of atomic and molecular processes, the

most important of which are molecular dissociation,

ionization and charge exchange (see review [827]).

These neutral particle codes use either a Monte Carlo

technique (e.g. DEGAS [733, 828], DEGAS 2 [829],

EIRENE [830, 831], NIMBUS [832]) or a fluid pre-

scription [833]. The Monte Carlo technique, essen-

tially a kinetic calculation, is technically more appro-

priate for tokamak boundaries, but can be compu-

tationally demanding in comparison to fluid calcu-

lations. Fluid calculations tend to be more valid

in the divertor than in the main chamber, partic-

ularly in high-density divertors as in C-Mod [833]

and expected for ITER because the collisional mean

free path (see glossary) of neutral particles becomes

much shorter than the typical divertor or grid

dimensions.

It is important that plasma edge models include

effects of neutral hydrogen on energy and particle

transport. The DT neutron rate was used to provide

a measure of the deuterium influx into the core of

TFTR. Modelling with the DEGAS code was able

to relate the deuterium influx to the probability of

incoming neutral deuterium penetrating the SOL

[33]. A recent study [834] shows that density and

temperature gradients in the plasma edge depend

strongly on the local neutral hydrogen density owing

to effects of charge exchange and ionization on the

anomalous inward drift velocity.

In addition to handling neutrals, sophisticated

plasma fluid codes can model a large number of
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Figure 80. Results from a B2/EIRENE simulation of

the ITER edge plasma [835]. r−rsep is the distance from

the last closed flux surface (outside midplane equivalent).

(Figure provided by A. Kukushkin, ITER JCT.)

plasma species including all the charge states of wall

impurities and helium ash. A model for the gener-

ation of impurities by physical and chemical sput-

tering is required. Physical sputtering can be repre-

sented by a sputtering yield as a function of inci-

dent ion energy and angle of incidence. Although

the validity of physical sputtering models may be

uncertain because of a lack of confirming available

data at, for example, near threshold energies, and

oblique angles of incidence, the models are neverthe-

less relatively straightforward [112]. Chemical sput-

tering may be an important process for carbon sur-

faces, and there is considerable uncertainty in the

appropriate sputtering yield, its dependence on sur-

face temperature, particle energy and flux density

(Sections 3.2, 4.3 and 5.3). Further, it is not clear how

the hydrocarbon molecules that are released are bro-

ken down in the boundary plasma, ultimately result-

ing in a source of carbon ions. These uncertainties

emphasize the importance of rigorous comparisons

between modelling and experiments (Section 6.3).

Such hydrocarbon modelling has been in a continual

state of development for over ten years.

Figure 80 gives an example of B2/EIRENE mod-

elling of the 1998 ITER design, where the radial pro-

files of density ne, Te and total plasma pressure, p,

at the upstream and target plate are presented [835].

The radial co-ordinate corresponds to the outside

midplane location. In this case, 200 MW of power

enters the inner boundary of the grid from the core

plasma. Approximately 120 MW of this is radiated

in the boundary and SOL by impurities, where He,

Ne (seeded at 0.2% at the inner boundary) and car-

bon (primarily chemically sputtered from the diver-

tor plates) are all present and modelled. The assumed

cross-field transport coefficients are D⊥ = 0.3 m2·s−1

and χ⊥ = 1 m2·s−1. The radial e-folding widths

for density, temperature and pressure at the outside

midplane are approximately 2 cm, 2 cm and 1 cm,

respectively. The divertor is significantly colder than

the midplane, and consequently the density is much

higher in the divertor, rising above 1021 m−3. The

plasma pressure drops in a radial region close to the

separatrix and below the X point. This is known as

‘partial detachment’ and is frequently observed in

present experiments [9, 143, 695, 815].

An alternative approach to the modelling of impu-

rities in the boundary is to start from a background

plasma given, either from detailed experimental mea-

surements or from some other modelling source, i.e.

two point or fluid modelling. Impurities are then

injected into a 2 D grid of the boundary and their tra-

jectories followed by the Monte Carlo method. Such

a technique has numerous advantages over running

a full scale multi-fluid code — it is typically easier

to write, is numerically stable and in many respects

handles the detailed impurity transport better, par-

ticularly during the time period before an impurity

is ionized and fully thermalized/coupled to the back-

ground plasma.

The Monte Carlo approach is ideally suited to

handling chemical sputtering (Section 5.3). Carbon

enters the plasma ‘grid’ in the form of a hydrocar-

bon molecule, e.g. CH4, that, through interaction

with the plasma is dissociated through a long list

of daughter products, some neutral and some ion-

ized. During this process, the fragments are heated

and collisionally coupled to the plasma. These pro-

cesses are not handled in fluid codes, since they are
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of a kinetic nature, yet may be critically impor-

tant in ultimately determining where the fragments

are transported. A Monte Carlo handling of this

problem, in contrast, is relatively straightforward

(although perhaps tedious). There are a number

of impurity transport codes using the Monte Carlo

technique. These include WBC [836], DIVIMP [837],

IMPMC [826] MCI [838] and BBQ [330, 839].

5.3. Sputtering erosion and

co-deposition modelling

5.3.1. Modelling approaches and validation

The flux of energetic ions and neutrals onto

plasma facing surfaces results in sputtering by phys-

ical and chemical processes as described in Sec-

tions 3.2 and 4.3. At the same time, impurities flow

onto these surfaces from the plasma. The net result of

these two competing processes can be either removal

or accumulation of material at the surface. A sig-

nificant portion of sputtered material is promptly

ionized and returned to the surface near its point

of origin, greatly reducing the net erosion rate. The

magnitude and spatial distribution of the net ero-

sion depend on the material properties, and on near

surface, SOL, and core plasma transport processes.

Quantifying these effects in erosion/redeposition/co-

deposition models is essential in helping select sur-

face materials and plasma edge regimes, predicting

the lifetime of divertor and wall components, evaluat-

ing the sources of impurities and the resulting plasma

contamination, and calculating the accumulation of

tritium in co-deposited layers.

Owing to gradients in plasma density, tempera-

ture and flux, impinging energy, sputter yield energy

dependence, etc. there can be a rapid change in the

net erosion rate along a surface, particularly near a

strike point. Erosion on one side of the strike point,

for example, can give way to deposition on the other

side. This has been clearly demonstrated for diver-

tor machines, and at the limiters of tokamaks with-

out divertors, where deposition occurs further out

in the SOL, especially at the sides of the limiters

(e.g. Refs [567, 574]). This process also occurs, during

plasma startup, at the poloidal limiters in the main

chamber of machines with a divertor configuration.

Deposition can also occur away from the divertor or

limiter, i.e. on the first wall, or adjacent surfaces. The

amount and location of the redeposited material is

crucial for future devices using carbon, because tri-

tium will be trapped within these deposits by the co-

deposition process (Section 3.5.3.6). Co-deposition is

important, too, for beryllium, but less so than for

carbon because lower H/Be trapping fractions, and

is much less important for tungsten and other high Z

materials owing to both lower trapping fractions and

low erosion rates.

The ITER project has chosen carbon for the diver-

tor target, primarily owing to perceived advantages

in disruption response (Section 2.4). Also, the ref-

erence ITER divertor plasma is partially detached,

with moderate plasma temperature (Te ≈ 30 eV)

away from the strike point, and detachment (Te≈1–

5 eV) near the strike point. These choices have led

to a co-ordinated effort in the fusion community

to improve models for low plasma temperature car-

bon erosion analysis. Ironically, this is by far the

most difficult plasma–material combination to anal-

yse, because of the need to model low impinge-

ment energy chemical sputtering yields, multispecies

hydrocarbon transport, rapidly varying atomic and

molecular processes in low temperature plasmas, and

low energy carbon/hydrocarbon sticking/reflection

at the surface. Other next step fusion designs,

notably the FIRE design study [248], have chosen

a tungsten divertor surface, in part to avoid prob-

lems with high carbon erosion rates. In this section

we review erosion/redeposition modelling for sur-

face materials in general, but with a strong focus on

carbon.

Experimental investigations of redeposition and

net erosion in fusion devices have gained impor-

tance in recent years; however, data are limited by

restricted access to machines and the lack of exper-

imental methods giving real time erosion informa-

tion (Sections 4.2 and 6.4). Furthermore, compar-

ison between data and models is sometimes dif-

ficult because erosion/deposition processes depend

strongly on local plasma conditions that in most

cases are not known very well. However, dedicated

experiments, notably in DIII-D, with good near sur-

face plasma diagnostics, and in situ and ex situ ero-

sion measurements have verified erosion/deposition

models, for several materials and plasma regimes. In

certain cases, notably carbon in a detached plasma

regime, the present database on net erosion is still

in a preliminary state, and much more experimental

work is needed (Section 6.1). Thus, the low plasma

temperature carbon case suffers both from highly

uncertain models and insufficient data.

The general feature of the models/codes is that

they use a given background plasma solution, calcu-
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late the sputtering rate for the given material (using,

e.g. the material erosion properties data as described

in Section 4.3), and follow the paths of the parti-

cles through the plasma until they are redeposited

onto the originating surface or another surface, or

enter the SOL/main plasma region. A description

of the general modelling techniques can be found

in Refs [497, 836, 840–843]. In most cases, bound-

ary plasma conditions are not strongly influenced

by impurities coming from the surface. An excep-

tion would be in cases where near runaway self-

sputtering occurs. The ultimate goal is to model all

effects self-consistently, but this capability is not yet

available.

Inputs to the erosion/redeposition codes are the

measured, or derived by plasma codes, plasma den-

sity, temperature, deuterium–tritium ion flux, charge

exchange neutral flux, magnetic field profiles and

strike point variation with time over the exposure

periods. These codes incorporate numerous mod-

els and subcodes for sputtering and reflection coef-

ficients, atomic and molecular processes, plasma–

impurity collisions, surface temperature and temper-

ature dependent hydrogen isotope trapping ratios,

and sheath parameters. Critically important sub-

models for detached plasma conditions discussed

here include carbon chemical sputtering coefficients

at low energies (5–15 eV), rate coefficients for hydro-

carbon molecular impact processes with plasma

ions and electrons, hydrocarbon sticking coefficients,

and the effects of mixed materials, e.g. beryllium

and carbon, on sputtering and tritium trapping.

Some details of these critical models are given in

Section 3.2 and Refs [560, 844].

The REDEP/WBC code package developed by

Brooks [840, 841] is a prime example of a current

state of the art erosion code package. The WBC

Monte Carlo code [836] computes the details of

the impurity atom and ion transport at the kinetic

description level. This code is relatively time consum-

ing since it is Monte Carlo and follows, in principle,

all relevant details of the impurity transport (e.g.

charge changing and velocity changing impurity–

plasma collisions), with subgyro motion detail. The

redeposition parameters computed by WBC can be

used as input to REDEP, a finite difference code that

is numerically optimized to treat the entire plasma

facing surface. With the availability of fast, inexpen-

sive work stations, there is increased use of Monte

Carlo codes alone.

To assess the reliability of erosion/deposition

predictions for a next step device many compar-

isons of code predictions and observations of ero-

sion/deposition have been performed in current toka-

maks, for example TFTR [201, 571, 719, 845], DIII-D

[154, 537, 556, 743, 846], ASDEX-Upgrade [542],

TEXTOR [843] and JET [111, 847] and on labora-

tory plasma linear devices such as the PISCES [848]

and the PSI-1 [298] facilities.

An extensive effort at code validation has been

done using measurements of erosion/deposition in

the DIII-D divertor using the DiMES facility

[154, 537, 556, 743, 846]. Probes containing car-

bon, beryllium, vanadium, molybdenum and tung-

sten were exposed at the strike point to various

divertor plasma conditions. Post exposure ion beam

analysis determined net erosion/deposition of mate-

rial resulting from short exposures to steady state

divertor plasmas. The plasma conditions needed

for modelling erosion/deposition were well charac-

terized by Langmuir probes, Thompson scattering,

spectroscopy and neutral pressure diagnostics. The

observed erosion/deposition of carbon at the outer

strike point with attached H mode plasmas agrees

well with Brooks and Whyte REDEP/WBC mod-

elling [537, 556]. In general, comparison of code

with experimental results for attached plasmas in

DIII-D shows good agreement for erosion profiles,

photon emission and core plasma contamination by

sputtering.

Results from a long term exposure (≈1400 dis-

charges) of DIII-D divertor tiles [743] show a car-

bon erosion rate at the attached outer strike point of

≈9.5 nm·s−1 (≈30 cm·burn year−1), with an equiv-

alent rate of deposition at the inner strike point

(where the plasma is usually detached). This erosion

rate is the same as was measured during short expo-

sures at the outer strike point in DiMES experiments

[743].

The modelling work of Brooks and Whyte for

DIII-D described above also included the effect of

ELMs on erosion by sputtering. This was modelled

for an attached plasma regime in DIII-D [556]. The

near surface plasma temperature during the ELM

was estimated to be similar to the period between

ELMs, but the plasma density, particle flux and

hence gross erosion rate are about 20 times larger

during the ELM. However, the very high electron

density during the ELM decreases the mean free path

for ionization of the sputtered carbon atoms by an

order of magnitude, causing prompt local redeposi-

tion of carbon to approach 100%. Furthermore, the

ELM period constitutes only about 3% of the total

exposure time. The contribution of the ELM period
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to the total net erosion is therefore negligible, and

it is the quiescent period that determines the net

erosion rate. This prediction was verified experimen-

tally on DIII-D from DiMES net erosion experiments

with and without ELMs [556]. Unlike DIII-D, ELMs

in ITER will cause erosion by thermal ablation (dis-

cussed in Sections 2.3.2.3 and 5.4.3), in addition to

erosion by sputtering discussed here.

The erosion/redeposition patterns of sputtered

metal atoms deposited onto a graphite DiMES sam-

ple, as described above (Fig. 43) [110, 501, 556] and

on similar probes inserted into the SOL plasma of

JET [842] and TEXTOR [497] have been success-

fully modelled by Brooks et al., and Naujoks et

al., using subgyro-orbit transport codes (WBC [840],

ERO [799]), with generally good agreement. Thus,

there is reasonably good confidence in the predictive

value of the erosion codes for metal surfaces. In gen-

eral, beryllium and carbon exhibit longer transport

distances than those of high Z metals. The DiMES

and TEXTOR results indicate that the near-surface

transport of the sputtered high Z metals is highly

determined by ionization lengths and sheath accel-

eration of the ions. In addition, local radial electric

fields have to be considered, which can significantly

tilt the redeposition pattern with respect to the mag-

netic field lines due to E × B forces [497].

Preliminary comparisons of model predictions

with experimental tritium retention measurements

in TFTR and JET, with a carbon limiter and diver-

tor, respectively, were made to determine the reten-

tion mechanisms during the discharge. The step from

single shot erosion/deposition calculations to the net

global redeposition is a complex issue that requires

knowledge about the relative frequency of character-

istic discharge regimes and the effect of off-normal

events. For TFTR a set of representative high power

discharges of known frequency were analysed, and

the BBQ Monte Carlo code of Hogan [330, 839, 849]

was used to extrapolate to the global retention.

These calculations suggested that known erosion

mechanisms (e.g. physical sputtering, chemical ero-

sion and RES) were sufficient to account for the order

of magnitude of retention due to co-deposition [201]

and predicted that when detailed analysis of TFTR

tiles from the tritium campaign is made, significant

concentrations of co-deposited tritium will be found

near the upper and lower leading edges of the bumper

limiter. This pattern was not expected from previous

deuterium measurements [495] or earlier modelling

[571]. These predictions were borne out by subse-

quent observations [574].

As mentioned, much less net erosion data and

model validation exist for carbon in detached and

partially detached regimes, where plasma tempera-

tures are below 10 eV. This is critical for carbon

where the principal sputtering mechanism changes

from physical to chemical erosion via emitted hydro-

carbon molecules, and their dissociation, ionization

and transport are strongly changed since electron

temperatures are near or below the critical values for

ionization. In this regime dissociation of hydrocar-

bon molecules into neutral fragments (Section 4.3.1)

may contribute significantly to local redeposition.

Using a newly developed atomic and molecular data

set for methane and higher sputtered hydrocarbons,

REDEP/WBC modelling [560, 844] predicts that

prompt redeposition efficiencies will decrease signifi-

cantly (e.g. from near 100% to about 90%) for fully

detached plasma conditions. This would result in

increased net chemical erosion and associated co-

deposition, depending, however, on the magnitude

of the chemical sputter yields and other factors.

Detached plasma carbon chemical erosion data

appear to yield contradictory results. Experiments

on JET with detached plasma conditions show very

little C II emission, less than calculated with car-

bon emissions from chemical sources during detach-

ment [111]. Also, detached divertor plasmas in DIII-

D caused no net erosion, and the observed intensity

of CD molecular optical emission was weak [599].

These data suggest that local redeposition might

remain efficient, and/or boron affected the results,

or other possibilities. However, there were very large

carbon deposits on the inner louvre region of the

JET divertor, and a correspondingly high amount

of trapped tritium, such data tending to imply much

higher erosion of carbon than expected. This is dis-

cussed further below.

Most divertor experiments show greater deposi-

tion at the inner than at the outer target (as dis-

cussed in Sections 4.3 and 4.7) [64]. This asym-

metric erosion/deposition is in part due to a lower

plasma temperature at the inner target, and a ten-

dency for detachment to occur first at the inner tar-

get. An extreme example of this asymmetry is in

JET with the Mk-IIA divertor, where, as mentioned,

heavy deposition was found at cold louvres beyond

the inner divertor corner (Section 4.7), with no such

effects at the outer divertor.

The peak net erosion rate obtained for the

CFC plate of the outer (attached) divertor leg on

JET [111] was ≈24 nm·s−1 (75 cm·burn year−1) at

5 MW·m−2. This erosion rate (strike zone) was mod-
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Figure 81. Flow in the JET SOL measured for different

types of plasma using a Mach probe on the reciprocating

probe inserted near the top of the torus. GB in the legend

refers to the gas box divertor configuration installed in

JET. (Reproduced with permission from Ref. [847].)

elled by using the two dimensional Monte Carlo

impurity modelling code of Stangeby et al., DIVIMP

[837], and a good match to JET data is obtained if

chemical sputtering is included [850].

This JET asymmetry and the absolute magnitude

of the carbon deposition (≈4% of the total ion flu-

ence to the inner divertor leg) is not correctly mod-

elled by DIVIMP or REDEP/WBC using ‘conven-

tional’ values of low-energy chemical sputter yield

(≈1% C/D), sticking probabilities and other param-

eters. Agreement between observed deposition and

DIVIMP modelling was achieved by including three

additional mechanisms, which alter deposition pat-

terns in JET by more than an order of magnitude

[847]. These mechanisms are: (i) drift in the SOL

as has been observed in JET, (ii) additional interac-

tion with the main chamber wall, and (iii) enhanced

erosion of the redeposited carbon films at the inner

target.

The first required mechanism, drift in the SOL,

has been observed in JET [28, 29, 851] and in JT-

60U [30]. Drifts peaking at velocities of half the

sound speed have been measured in JET, as shown

in Fig. 81. Some possible mechanisms have been pro-

posed for these large drifts [29], but these do not fully

explain the data, particularly the reversal of the flow

direction when B is reversed (due to the concomitant

reversal of B × ∇B from downwards to upwards in

the vessel). Regarding enhanced erosion of the rede-

posited carbon films, there is speculation that sput-

tering rates for redeposited carbon in tokamaks may

be an order of magnitude greater than laboratory

measurements of carbon chemical sputtering yields

[294] (see also Section 3.2.6.4). On the other hand,

as discussed in Sections 3.2.1 and 4.3.1, there is spec-

ulation that a flux dependence could lower chemical

sputtering yields at high fluxes.

Another key issue is sticking/reflection coefficients

of redeposited carbon/hydrocarbons. High sticking

coefficients will obviously tend to minimize erosion,

whereas high reflection will have the opposite effect.

The key impingement energy range of interest is from

about 1–10 eV. There are unfortunately both very

limited data and theory for this range. Laboratory

data of Von Keudell et al. [519] have shown low stick-

ing probabilities for some hydrocarbons, but these

measurements are at thermal energies only. The

extrapolation or relevance of thermal data to 1 eV

or higher impingement energies is uncertain. Depo-

sition probabilities for injected 13C labelled methane

through a TEXTOR limiter into a 35 eV plasma

at 2 × 1018 m−3 appeared to be only about 5%.

This value is significantly smaller than the 60% pre-

dicted at these conditions by Kirschner et al., using

the Monte Carlo impurity transport model ERO-

TEXTOR [497, 843], based originally on the Nau-

joks ERO code. The reason for the discrepancy is

unclear but may, for example, be due to low stick-

ing of deposited carbon, and/or enhanced chemical

sputtering.

Von Keudell [519] has also demonstrated high

break up rates for certain hydrocarbon molecules

(especially of the form C2Hx) in some tempera-

ture regions relevant to tokamaks. These species

can be transported large distances away from the

reaction zone, as is necessary to reach the lou-

vres in JET. This process may also account in

part for the formation of deposits under the diver-

tor structure in ASDEX-Upgrade [530, 559]. There

is currently underway modelling work using, for

example, molecular dynamic simulations, to study

the carbon/hydrocarbon reflection issue. Overall

erosion modelling work is continuing using, e.g.

REDEP/WBC to examine above mentioned mecha-

nisms and additional mechanisms to further explain

JET data.
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Table 19. Summary of selected results of divertor erosion and tritium co-deposition analysis of various evolving ITER

divertor designs. From analyses by J.N. Brooks et al.

Divertor Design Strike point Peak gross Peak net Tritium
References/

target concept/ electron erosion erosion co-deposition
comments

material year temperature rate rate rate

(eV) (nm/s) (nm/s) (mg/s)

Carbon High recycling 150 61.5a 8.6a 4.9a [852]

(1989) 60 104a 7.3a 2.8a

60 317b 16.5b 4b

High recycling ∼30 346 14.6b 2.6b [560]

(1997)

Radiative 8b 240b 5.7b 1.3b [560]

(1997)

Fully detached ∼1.5 (51–305)c (4.4–37.8)c (12–106)c [560]

(1997)

Semi detached <3 158b 2.85a 2a [154]

(1998) ∼16b 14b

Semi detached <3 65b 6.4b 1a [158]

(2000) 5b smaller

device

Tungsten high recycling 40 1.3 <0.03 ∼0 [852]

(1989)

High recycling <30 1.6 <0.003 ∼0 [560]

(1997)

Radiative ∼8 <0.2 <0.003 ∼0 [560]

(1997)

Semi detached <3 <0.0005 ∼0 [154]

(1998) sputtering due

to trace O

content

Beryllium High recycling 60 374 23.1 1 [852]

(1989)

High recycling ∼30 475 18.7 3 [560]

(1997)

Radiative ∼8 217 10.1 (2–4)d [560]

(1997)

Fully detached ∼1.5b (0–4.4)d (0–4.4)d (0–4.4)d [560]

(1997)

Semi detached <3 9.5 2 [154]

(1998)

a With physical sputtering only;
b Includes chemical sputtering;
c Range of values computed for possible variations in non-thermal D-T molecule chemical sputtering coefficient;
d Range shown is for variations in He/Be sputter yield and H/Be trapping rate.
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Figure 82. (a) Plasma parameters/fluxes along the ITER divertor outer ver-

tical for so-called partially detached plasma conditions (see text); (b) schematic

of the ITER divertor outer vertical target. (Part (a) of the figure reproduced

with permission from Ref. [154].)

5.3.2. Erosion lifetime and tritium co-deposition

inventory analysis for ITER

The erosion lifetime and tritium co-deposition for

the divertor target of the ITER device have been

modelled by Brooks and colleagues, over many years,

for various divertor materials, using two dimen-

sional profiles of plasma parameters for various

regimes, and temperature dependent hydrogen reten-

tion data. A summary of the results obtained with

the REDEP/WBC code is shown in Table 19.

For these studies, details of the analysis for

a ‘high recycling’ plasma solution are given in

Refs [154, 560, 852] and references therein. Because

of the resulting high heat loads on the divertor plates,

this regime of operation was not deemed desirable for

ITER. However, for other devices and possibly ITER

as well, high recycling regimes with lower heat loads

could possibly be achieved, e.g. by enhancing core

radiation. Trends shown in Table 19 should apply

to most devices. These trends, for the high recycling

and radiative regimes (with enhanced SOL radiation

but without full detachment) are high net erosion

rates for the low Z materials, and low rates for tung-

sten.

Of primary interest for ITER, as mentioned, are

the results of erosion/co-deposition analysis for par-

tially detached conditions. Plasma parameters and

fluxes along the outer divertor plate for the plasma

solution calculated for the 1998 ITER design [3, 154]

are shown in Fig. 82. The plasma density, tempera-

ture, heat flux and various particle fluxes along the

outer divertor plate of the ITER carbon divertor ver-

tical target are shown. The partially detached plasma

is in part created by using a ≈1% neon impurity to

radiate much of the incoming power from the plasma

core to the boundary. This radiated power is much

less spatially peaked than power flowing to the diver-

tor by particle transport. As shown in Fig. 82 there

is a rough division between an attached plasma zone

of width ≈70 cm with temperatures ≈3–30 eV, and

a ≈20 cm detached zone of ≤3 eV with high den-

sity near the separatrix. Similar conditions are also

found for ITER-FEAT [158]. Because of the high

density, particle fluxes — including a non-thermal

(‘fast’) molecular flux — are high in the detached
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portion. The divertor geometry and the correspond-

ing plasma solution and detailed neutral flux calcula-

tion results [154] are incorporated into the REDEP

and WBC codes to compute gross and net erosion

rates along the divertor, core plasma contamination,

and tritium co-deposited with carbon both on the

plates and adjacent regions.

From these studies, it was found that: (1) car-

bon chemical sputtering in the detached region along

each plate is the main source of net carbon erosion

and tritium co-deposition; (2) physical sputtering of

the entire plate contributes about 20% to the co-

deposition; (3) chemical sputtering in the attached

regions has essentially no contribution to net ero-

sion (because of ≈100% redeposition); (4) ≈75% of

growth/co-deposition occurs on the bottom of the

divertor vertical target, and ≈25% occurs in the pri-

vate flux region. Various plasma parameter sensi-

tivity studies were performed for the co-deposition

calculations, as discussed further in Refs [154, 158].

Both beryllium and tungsten sputtering occur pri-

marily or entirely along the attached part of the

target. The predicted divertor net sputtering rates

for partially detached conditions are very low for

tungsten and high, but marginally acceptable, for

beryllium and carbon.

Tritium co-deposition with sputtered carbon rep-

resents a formidable challenge for ITER (Sec-

tion 2.3.3). Unless this retention can be drastically

reduced without significant interruptions in opera-

tion, it is not practical to use carbon as the divertor

material in ITER. A further review of tritium co-

deposition modelling is given in Ref. [853].

Erosion and tritium co-deposition in beryllium

sputtered from the wall and redeposited on the

wall and/or divertor have been computed by several

authors (see, for example, Refs [154, 158, 854]). Using

worst case (coldest) surface temperatures for the crit-

ical beryllium deposition zones of ≈500 K, tritium

co-deposition rates for beryllium are estimated by

Brooks et al. to be <0.1 g/pulse, using low oxygen-

content, Causey et al. H/Be trapping data [476], or

≈0.6 g/pulse, using ‘carbon corrected’ Mayer et al.

data [477]. In either case, the wall derived T/Be co-

deposition is less than that from carbon sputtering

in the divertor. The reason for this is: (1) the quan-

tity of beryllium eroded from the first wall by the

charge exchange flux is less than the carbon eroded at

the divertor (as predicted for the partially detached

regime), and (2) the hydrogen trapping fraction in

Be is less than in carbon.

5.4. Modelling of erosion during ELMs

and off-normal events

Erosion damage of PFCs in a next step device dur-

ing ELMs and off-normal events (e.g. disruptions,

VDEs, runaway electrons, etc.) represents a major

concern for component survivability and lifetime.

These events are anticipated to cause surface damage

and high erosion losses due to surface vaporization,

cracking and spallation, and melt layer loss. Besides,

surface damage effects, plasma instabilities of longer

duration such as VDEs, or those that deposit energy

more deeply (e.g. runaway electrons), can produce

significant bulk effects. These include large tempera-

ture increases in the armour and heat sink/structural

materials and at their interface, causing high ther-

mal stresses, possible structure melting, and mate-

rial fatigue and failure and high-heat-flux levels in

coolant tubes. The result may be coolant burn-out of

the tubes (see glossary), leading to significant down-

times for repair and maintenance. The characteristics

of ELMs and off-normal events expected in a next

step device are described in Section 2.3.2, while the

underlying physical erosion processes are described

in Section 3.4.

5.4.1. Modelling approach and validation

Several models of disruption plasma/vapour/

material interactions have been reported

[359, 364, 365, 370, 372, 628, 631, 855–865].

The models included in the more sophisticated code

packages (e.g. Refs [366, 370]) integrate several

models self-consistently. These include a model for

the SOL behaviour during a disruption, a model

for plasma interaction with the target material and

the developed vapour cloud, and a model for heat

transport within the material and mass losses due to

various erosion mechanisms. The lifetime predictions

largely depend on the uncertainties in the duration

of the thermal and magnetic energy quenches and

the distribution of the deposited energies onto the

divertor and first wall surfaces, and on uncertainties

in the magnitude of melt layer loss, and for carbon,

the role of brittle destruction.

These codes are being validated against well diag-

nosed experiments in disruption simulation facilities

(Section 4.5). In general, although good agreement is

found for some of the cases analysed, there are cases

where the discrepancies are still significant and need

to be resolved (Section 6.1).
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Table 20. Vaporization and melting thickness (µm) per disruption event [866].

Material Tungsten Beryllium Carbon

Energy density
10 100 10 100 10 100

(MJ · m−2)

Disruption time (ms) vap melta vap melta vap melta vap melta vapb meltc vapb meltc

0.1 1.2 63 2.2 68 1.9 28 3.1 35 6 — 10 —

1 2.5 186 4.5 212 7.4 80 12 91 ncd — ncd —

a Only stationary melt layer thickness (without splashing).
b Carbon surface vaporization only — no erosion due to brittle destruction is assumed.
c Carbon does not melt.
d Not calculated.

5.4.2. Erosion during a disruption thermal quench

The above models predict for ITER that of the

order of several micrometres per disruption could

be lost from carbon and tungsten owing to vapor-

ization, and that melt layers up to few hundreds

of micrometre would form for metals (Table 20) on

the divertor plates under a typical disruption ther-

mal quench (e.g. 10–100 MJ · m−2, in 1 to 10 ms

(Section 2.3.2)).

Figure 24 in Section 3.4 shows as an example the

typical time evolution of a tungsten surface temper-

ature, melt layer thickness, and vaporization losses

during a disruption for an incident plasma energy

of 10 MJ · m−2 deposited in a disruption time of 1

ms as predicted by the A*THERMAL-S code [366].

On the basis of these results, for a disruption energy

density of ≈10 MJ · m−2 and a disruption time of

1 ms, the calculated vaporization and melting thick-

ness for a tungsten plate are about 2 µm and 180 µm,

respectively. The lifetime for a metal target strongly

depends upon the fraction of melt layer lost per

event. A sacrificial depth of 20 mm of C would then

lead to a lifetime of >500 disruptions, due to vapor-

ization alone (i.e. without including erosion from

brittle destruction, whose quantification is uncer-

tain), or a lifetime of 130 to 430 disruptions for W

if 50% or 10% of the melt layer is lost for W, for

the above disruption energy density and duration.

Table 20 gives calculated thickness of vaporized or

melted layers for W, Be and C.

It has also been found that, depending on the

divertor configuration and design, the transport and

deposition of the radiation, generated from the pri-

mary vapour cloud, can be high enough to cause

severe melting and erosion of nearby components.

The vapour cloud developing on the front of the

surface of the nearby component may not be as

effective as the primary cloud in protecting adja-

cent components because of strong vapour diffusion

losses, vapour cloud optical properties and geomet-

rical effects [169].

5.4.3. Erosion during ELMs

ELMs deposit a few per cent of the core plasma

total thermal energy onto the divertor plate in a time

of 0.1–1 ms. The energy density of an ELM in cur-

rent tokamaks is too low to cause damage. However,

in ITER the energy density deposited by ELMs will

be an order of magnitude higher and surpass the

most severe disruption in current tokamaks. ELMs

are expected to occur at a frequency of about one

per second during high confinement plasmas in ITER

(Section 2.3.2.3). Damage to the divertor plate due

to ELMs is therefore a serious concern for ITER.

Material response calculations shown in Fig. 83

[155] give the number of ELMs that will erode a 20

mm thick carbon target and a 10 mm thick tungsten

target (assuming no loss of melt layer). The ELM fre-

quency varies inversely as the ELM energy. Assuming

that Type-I ELMs transport about 20% [13, 172] of

the power crossing the separatrix, that the resulting

18 MW is deposited on 7 m2 and that the plates are

to withstand 2000 plasma pulses, each lasting 400 s,

the product of ELM number and energy, N×E, is at

least 2× 106 MJ · m−2. For 0.1 ms to 1 ms duration,

the resulting maximum allowable ELM energy den-

sity (see intersection of N×E with ELM erosion in

Fig. 83) is 0.22 to 0.64 MJ · m−2 for carbon and 0.54
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Figure 83. Number of ELMs, N, to erode 1 cm of W (solid symbols) or 2 cm

of C (hollow symbols) versus ELM energy per unit area E, for ELM duration of 0.1

(diamonds) and 1 ms (squares). Melt limit for W is also shown. Disruption evaporation

and melt loss numbers with vapour shield (see references in Ref. [155]) are shown for

comparison. The product N×E = 2×106 MJ · m−2 (expected ELM energy deposited

in 2000 shots; see text) is also indicated.

to 1.6 MJ · m−2 for tungsten. To avoid melting of

tungsten the ELM energy density must be less than

0.37 to 1.17 MJ · m−2. The expected ELM ampli-

tude according to one Type-I ELM scaling [13] is

≈2–3% of the stored energy, yielding 1.1 MJ · m−2

in ITER. Methods to lower deposited energy density

from ELMs are, therefore, essential for the diver-

tor target plate to survive a large number of shots

(Section 2.3.2.4).

5.4.4. Effects of longer plasma instabilities

and runaway electrons

Because of their short duration (<10 ms), ELMs,

and disruptions have no significant thermal effects

on structural materials and coolant channels. In

contrast, plasma instabilities, such as VDEs (dura-

tion 100–300 ms), and runaway electrons, in addi-

tion to causing severe surface melting and ero-

sion, can result in substantial bulk damage to these

components. Elevated temperatures and high ther-

mal stresses in the structure can seriously degrade

the integrity of the interface bonding, and burnout

the coolant channels. Runaway electrons (up to

many MeV) penetrate many centimetres of graphite

and directly heat underlying metal structures

[867–870]. Disruption mitigation techniques that

address the runaway electron issue are described in

Section 2.3.2.4.

The erosion due to VDEs in a device like

ITER has been modelled by various authors,

[139, 364, 871, 872], whereas the results of analysis

done to quantify the effects on PFCs resulting from

runaway electrons can be found in Ref. [873]. As an

example, Figure 84 shows the temperature of a cop-

per surface at its interface with tungsten, beryllium

and carbon tiles of 10 mm thickness, over the 5 mm

copper substrate during a typical VDE releasing to

the surface about 60 MJ · m−2 in 300 ms [364, 871].

For ITER conditions, the tile thickness is determined

by the surface temperature limitations during nor-

mal operation. Tungsten and carbon armours of sim-

ilar thickness usually result in similar and higher

copper surface temperature than that of beryllium

armour of the same thickness. This is because most

of the incident plasma energy is removed by the

beryllium’s higher surface vaporization rate, which

leaves little energy to be conducted through the
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Table 21. Vaporization and melting thickness (µm) per VDE (without any vapour shielding effect) [866].

Material/thick. (mm) Tungsten/10 Beryllium/10 Carbon/10

Energy density
20 60 20 60 20 60

(MJ · m−2)

Disruption time (ms) vap melta vap melta vap melta vap melta vapb meltc vapb meltc

100 0.2 450 ncd ncd 140 520 ncd ncd 98 — ncd —

300 ∼0 ∼0 105 1370 70 770 530 800 ∼0 — 150 —

a Only stationary melt layer thickness (without splashing).
b Carbon surface vaporization only — no erosion due to brittle destruction is assumed.
c Carbon does not melt.
d Not calculated.

structural material [364]. To reduce the tempera-

ture at the copper interface, thicker tiles would be

required. Only beryllium tiles of reasonable thick-

ness (<5–10 mm) or very thick carbon or W tiles

(>20 mm) can withstand the acceptable tempera-

ture rise in the copper structure for the conditions

shown.

5.5. Modelling of particle–wall recycling

5.5.1. Modelling approaches

In this section we consider models of particle–

wall recycling in tokamaks. The detailed processes

involved and the effects of hydrogen recycling at the

walls are discussed in Section 3.5 and 4.6.3, respec-

tively. We will discuss three categories of particle

wall recycling models: (i) global models — these lack

a detailed description of the plasma and wall, but

can be written in analytic terms and are particu-

larly useful in dealing (in an empirical way) with time

dependent phenomena; (ii) refined plasma edge mod-

els — these use a sophisticated treatment of the edge

plasma and simple descriptions of the wall proper-

ties; and (iii) refined wall models — these constitute

the opposite approach, with a sophisticated treat-

ment of the wall, and a somewhat simplified descrip-

tion of the plasma.

5.5.1.1. Global modelling

This approach links the plasma density response

to the wall uptake under external fuelling. The

method lacks a detailed description of the plasma,

and a number of complex physical processes are

described by simplified model parameters. However,

the calculations become analytically tractable, and

this approach is particularly suitable for dealing with
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Figure 84. Interface copper surface temperature rise

during a VDE for different surface coating materials.

time dependent plasma discharge phenomena. The

results of these calculations provide some insight

into the governing processes involved, and also quan-

titative results on global parameters such as the

global particle recycling coefficient (see glossary),
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the fuelling efficiency, and also specific material

related properties. Examples and applications of this

approach can be found in Refs [653, 654, 874, 875]

and are described in Section 4.6.3.

Global modelling of recycling is usually based

on particle balance models, in which the parti-

cles are assumed to be distributed between differ-

ent regions. A multireservoir model distinguishes

between several regions, or reservoirs, i.e. (i) the

plasma core, bounded by the LCFS, (ii) the plasma

SOL, and (iii) the material surfaces surrounding the

plasma. The evolution of the particle distribution in

each reservoir is governed by the physics of parti-

cle exchange processes, which are in turn affected by

particle transport in the plasma and in the materials,

respectively.

The basic elements of the global model are

described in Ref.[654]. In the model, the particles

leave the plasma and encounter the material surfaces

of the first wall after an average confinement time,

τP . The particle balance model can be written in its

simplest form for a closed system (after fuelling and

pumping has been switched off) as

dNp(t)

dt
= −

Np(t)

τp
+ R(t)

Np(t)

τp
(30)

where Np is the total plasma particle (electron)

inventory and τP is the global particle confinement

time. τP depends on plasma transport and the par-

ticle source distribution in the plasma. The quantity

Np/τP represents the total plasma particle flux from

the plasma to the surfaces, and RNp/τP is the total

particle flux from the surfaces back to the plasma.

R is termed the global particle recycling coefficient

and includes different kinds of particle release from

the surface (re-emission, reflection, etc. [654]). The

global recycling coefficient is an average over many

recycling processes at various surfaces inside a toka-

mak. In particular, if the wall pumping capability

is very small, R is close to 1 and the particle flux

from the plasma is almost entirely recycled. For a

non-recycling species, R is not precisely known and

depends on the wall particle trapping physics. For a

more detailed analysis, the effect of the different sur-

faces in the tokamaks (limiter, divertor, wall) have

to be taken into account individually.

A straightforward improvement of Eq. (30) is to

introduce a wall reservoir interacting with the plasma

[874]:

dNp(t)

dt
= −

Np(t)

τp
+ fr

Np(t)

τp
+

Nw(t)

τw
(31)

Np and τP are defined above; Nw represents the

total hydrogen content in the wall surface, τW is

the global particle confinement time in the wall. In

this model, the flux out of the wall back into the

plasma consists of two terms. The prompt term, fr

Np/τP is the recycling flux and is proportional to

the plasma efflux, which is kinematically reflected

and desorbed. The slow term, Nw/τw, represents dif-

fusion/recombination in the wall (Sections 3.5 and

5.6). The essence of the slow part is embodied in the

global residence time in the wall, τW , defined in the

same way as the global plasma particle confinement

time is defined; thus, ΓwAw = Nwτw, where Γw is

the spatially averaged flux out of the wall into the

plasma, and Aw the wall area. One difficulty here is

to define clearly what walls are involved.

More sophisticated treatments of the wall reser-

voir, which include multiple reflection and screening

(non-fuelling) processes, are available [654, 875]. In

Ref. [876], fast and slow reservoirs are used to explain

the two different time constants observed in the rate

of change-over from one isotope to another. However,

increasing the number of reservoirs leads to a greater

number of independent parameters whose experi-

mental characterization is often difficult. In this case,

the simplicity of the original model disappears.

5.5.1.2. Refined plasma edge modelling

In these models, the interaction between the

plasma and the neutrals recycled from the wall is

described by a combination of plasma fluid models

(described in Section 5.2) or ad hoc simplifications

to describe plasma transport in the core and edge

regions, together with a multispecies Monte Carlo

neutral transport code. The models calculate the

spatial distribution of charge exchange neutral fluxes

and energy spectra to the wall.

These models treat the main working gas (i.e.

hydrogen species such as D, T, D2, DT, T2), as well

as the prominent intrinsic or extrinsic impurities.

They give information on the density and temper-

ature distributions of the edge plasma, which affect

plasma processes such as the production of energetic

charge exchange neutrals, the plasma power deposi-

tion at the divertor target plates, the impurity gener-

ation and retention in the divertor plasma. However,

in these models the interaction between particles and

material surfaces is not explicitly calculated, and an

albedo parameter is often simply assumed to describe

the phenomena at the surface (e.g. recycling coeffi-

cient, sticking probability, external pumping) [877].

2098 Nuclear Fusion, Vol. 41, No. 12R (2001)



Review: Plasma–material interactions in current tokamaks

These ad hoc coefficients have a significant effect on

model predictions and, in some cases, can only be

derived from other quantitative and testable models

(see below). An albedo parameter of this kind will

depend on the type of material and its temperature,

on the H content of the material, and hence on the

location in the machine and the history of operation,

as well as on the energy spectrum of the incident H

species.

5.5.1.3. Refined wall modelling

In this case, the interaction between material sur-

faces and the plasma is based on detailed validated

models for the dynamic exchange between recycling

surfaces and the edge plasma. A predictive model

must treat the strongly coupled interaction between

the edge plasma and the surfaces of wall regions that

comprise the active exchange surfaces. This is very

difficult, although initial steps have begun [201, 518].

Most of the models are based on established labora-

tory values for fundamental wall process rate coeffi-

cients, but often provide a somewhat simplified treat-

ment of the plasma [714, 878, 879]. In some cases, the

study of the interaction with the wall is solved in iso-

lation from the plasma, for characteristic phases of

the discharge. This latter approach has been followed

to describe features of wall release in tokamaks after

a single or a sequence of discharges; see, for example,

Refs [651, 652, 697, 711, 756, 880].

It has become increasingly clear that recycling

phenomena in tokamaks are strongly dependent not

only on several material properties (e.g. temperature,

hydrogen content), but also on the conditions in the

SOL (plasma temperature and density, neutral den-

sity). A detailed treatment of charge exchange reac-

tions in the SOL has become an essential compo-

nent of recent modelling [582, 881]. Indeed, charge

exchange particles determine the saturation char-

acteristics of the wall because they can access the

large wall surface area away from the divertor strike

points [697]. In addition, energetic particles can

be deposited deeply in an unsaturated region and

can be retained in the wall for times much longer

than the plasma particle confinement time, before

recycling back into the plasma.

Various approaches have been followed to model

the interaction of charge exchange neutrals with the

wall and divertor. For example, a model for the

implantation range, derived from TRIM [882], is

used in the code WDIFFUSE [878] to relate the

mean energies from an EIRENE [830] analysis to

the implantation range for each surface element. In

Ref. [878], the one dimensional SPUDNUT code has

been used [883] to calculate the energy distribution of

charge exchange neutrals, based on measured radial

plasma density profiles. In the model described in

Refs [714, 884], the time evolution of the plasma

density in the core region is calculated by solving

self-consistently a plasma transport equation, where

the charge exchange implantation source is estimated

separately from detailed Monte Carlo calculations

[150, 885].

At the wall, deposition, diffusion and emission

from the surface can be treated by coupled equations

describing the concentrations of trapped and mobile

particles [711, 756, 881, 886]. The basic equations

for the concentration of mobile, Cs, and trapped, Ct,

species in the wall can be written as follows:

∂Cs

∂t
= D

(

∂2Cs

∂x2

)

+ φU(0, ∆i)/∆i − γC2
s −

∂Ct

∂t

(32)

∂Ct

∂t
=

1

τa
Cs

(

1 −
Ct

Cmax 0

)

−
1

τa
β Ct

−σ φU (0, ∆i)Ct (33)

where D, γ, β, σ are the diffusion, volume recom-

bination, thermal detrapping coefficients and parti-

cle induced detrapping cross-section, respectively. τa

and Cmax0 are the time constant for the trapping

and detrapping process and the maximum trapped

concentration in the wall, respectively. Characteristic

numerical values of these constants and coefficients

can be found in Refs [150, 711, 756], where a detailed

explanation of these terms is also given. To estimate

the wall deposition distribution, the energy spectrum

of charge exchange particles is required. Indeed, the

estimation of the penetration depth, ∆i, requires the

knowledge of the incident energy of the particles,

which can be obtained by solving the plasma energy

equation. Alternatively, estimates of ∆i can be made

from detailed Monte Carlo calculation of the charge

exchange implantation source [150] for the specific

experiments to be analysed. This approach has been

followed in Ref. [714].

5.5.2. Status of model validation

Tritium experiments on JET and TFTR provided

an interesting opportunity to check wall/edge mod-

els because the initial tritium fuel was easy to dis-
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Figure 85. Experiments (dashed line) and simula-

tion results (solid line with open circles) for the density

behaviour during limiter transition and divertor phases

in JT-60. (Reproduced with permission from Ref. [884].)

tinguish from the existing deuterium wall inven-

tory. Examples of the use of modelling for data

interpretation are given for JET [204, 518, 651–

654, 696, 697, 756, 876, 880, 887–889], Tore Supra

[696, 711], DIII-D [879, 881], TFTR [33, 201, 574],

JT-60 [884], and ASDEX-Upgrade [890]. The

Doppler broadened Balmer alpha spectral line pro-

file was measured on TFTR and compared to Monte

Carlo calculations of neutral hydrogenic velocities.

Good agreement was obtained under a range of con-

ditions, validating the treatment of charge exchange,

molecular dissociation, surface reflection and sput-

tering in the neutral gas code DEGAS [733] although

a residual deficiency in H+
2 dissociation was noted.

Outgassing in JET with all-carbon walls was suc-

cessfully modelled by assuming a controlled release

of trapped particles from a hydrogen saturated layer

over a large surface of the first wall, well beyond the

main limiter or divertor [697]. A sensitive character-

ization of the wall saturation status was obtained by

measuring the tritium concentration in the JET sub-

divertor during the DTE1 experiments [518]. Wall

rate coefficients from the Ehrenberg semiempirical

model [654] were found to yield good agreement with

the observed tritium recycling. This ‘first principles’

description of the tritium pathways in JET coupling

the wall, divertor and core/wall transport offers an

exciting prospect of a predictive transport model.

This work has recently been extended to hydrogen

(protium) [891].

Plasma discharges in tokamaks usually startup

in limiter configuration; then, by applying a differ-

ent current distribution to the poloidal field coils,

Figure 86. Density behaviour of deuterium during a

typical limiter to divertor transition in the 1998 ITER

design for various values of the fuelling rate. (Figure pro-

vided by M. Sugihara, ITER JCT.)

one achieves a transition to a divertor configuration.

This transition often causes a strong decrease of the

plasma density, due to the large absorption of parti-

cles by the wall, independent of the material of the

target plates. Figure 85 shows the results of experi-

ments in JT-60, where the plasma was moved from

the inboard limiter to the outer TiC-coated divertor

[892]. A gas puff of 2 Pa · m3
· s−1 was constantly

injected up to 7 s. During the transition, the plasma

density decreases very rapidly owing to strong pump-

ing by the divertor plate and side wall. Further

modelling details can be found in Ref. [884].

Similarly, in a large device such as ITER, because

of the strong absorption of particles by the wall, the

density drop can be very large, which may cause

low density locked mode disruptions so that rapid

fuelling is needed for proper density control. The

requirements for the 1998 ITER design were anal-

ysed with the model described in Ref. [714], with

feedback control of the fuelling rate. The results are

illustrated in Fig. 86 and show that, during the tran-

sition phase, a fuelling rate of about 500 Pa · m3
·s−1,

as specified in the design, allowed an adequate recov-

ery rate of the density.

Wall models have also been extensively used to

interpret/describe outgassing of hydrogen from the

first wall after discharges. Several studies in toka-

maks have shown that the deuterium release rate,

as a function of time after a discharge, t, can be

described by a power law proportional to t−n with

n ≈ 0.5–1.0 [652, 697, 893–896]. Reference [697]

shows how such a relation may be derived from

Eqs (32) and (33) for trapped and solute atoms and
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Figure 87. (a) Time evolution of the total puffed par-

ticles calculated to match the time behaviour of mea-

sured density for a long pulse Tore Supra discharge (shot

9016). Experimental results are represented with a solid

line with open circles, whereas the results of the simu-

lation are represented with a dotted line for a case with

and a case without enhanced diffusion. The initial wall

concentration was adjusted to match the total puffed par-

ticles at t = 60 s with the experimental value (solid line

with open circles). (b) Time behaviour of gas puff rate

calculated with enhanced diffusion (dotted line) and the

experimental value (solid line with open circles). (Repro-

duced with permission from Ref. [714].)

how the outgassing rate can decrease by orders of

magnitude while the concentration in the material

only varies by a factor of two.

Hydrogen transport/retention processes in

graphite have also received a great deal of attention

(see, for example Ref. [897]), and a large number

of models have been proposed, based for the most

part on laboratory scale experiments for basic

rates. However, wall recycling data are scarce for

other materials such as Be, W, Mo, which are used

to a much lesser extent than carbon in existing

tokamaks, but are being considered promising

candidates for wall protection in a next step device.

The increased wall pumping effect observed in JET,

upon incorporation of beryllium, is understood to

be due to a larger number of empty traps becoming

available before the next discharge due to an

enhanced outgassing between discharges. However,

that model [697] does not quantitatively explain

the pumping behaviour of the JET walls during

discharges. To explain the long term buildup of

hydrogen isotopes in the first wall and divertor,

it is necessary to include the effects of diffusion

of hydrogen into the bulk of the material, and

co-deposition. An interesting observation is that the

more the discharges load up the wall with particles,

the higher the outgassing rate becomes, particularly

at longer times (>100 s). As suggested by earlier

studies [898–901], the long term (more than one

discharge) depletion or saturation characteristics

can be explained in terms of saturation of surfaces,

which are irradiated by energetic neutral parti-

cles away from the strike points. This is caused

by outward diffusion of more and more particles

that have penetrated into greater depths of the

material during the course of the previous plasma

discharges.

Because of their particular relevance to next

step tokamak operation, a set of typical long pulse

discharges in Tore Supra [125] were analysed in

Ref. [714] to identify the dominant wall pumping

mechanisms. This discharge used lower hybrid cur-

rent drive with a boronized first wall. The plasma

density was maintained almost constant for ≈60 s,

even under continuous gas fuelling without external

pumping so that the walls absorbed all of the fuelled

particles. Two plausible mechanisms of enhanced

particle absorption were included in the model:

(i) diffusion with adsorption along the inner surfaces

of the wall, and (ii) co-deposition. The former mecha-

nism had been suggested for the case of a boronized

wall to explain the enhanced particle release after

the shot [893]. Co-deposition was considered only for

the limiter. Figure 87 shows the results of the cal-

culations. The effective diffusion coefficient for the

regions of the limiter and first wall and the initial

particle concentration in the wall were selected to

reproduce the experimental observations. Although

the results of the calculations are close to the experi-

mental data, further quantitative examination of the
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role of diffusion/co-deposition is necessary to draw

firmer conclusions on the actual loss mechanisms

(Section 6.3).

5.6. Modelling of long term implanted

tritium inventory/permeation

Accurate estimates of the long term accumulation

of tritium on the surfaces and in the bulk of the mate-

rials of the PFCs in a next step device are required

for determining the tritium supply requirements, for

assessing the radiological hazards from routine oper-

ation and from potential accidents. The degree of

tritium permeation to the coolant is also important

for the design of the water detritiation system.

5.6.1. Modelling approaches

This section describes models for estimating per-

meation, retention and re-emission of hydrogen iso-

topes from materials exposed to fusion plasmas. The

underlying mechanisms of transport and retention of

hydrogenic species in plasma facing materials cur-

rently considered as primary candidates for ITER

are reviewed in Section 3.5. The modelling of co-

deposition is discussed in Section 5.3. The modelling

of recycling of hydrogenic species at the wall of toka-

maks is discussed in Section 5.5.

Models for the retention of hydrogen isotopes

in the implantation layer of graphite and C-based

materials (Section 3.5 and Fig. 32) have shown a

good fit with experimental data (Figs 34 and 35

and Refs [446, 450, 456, 469, 886, 902]). However,

while this saturated region contributes very strongly

to recycling and plasma density control in toka-

maks (Section 4.6), its hydrogen retention capacity

and contribution to the overall inventory are rather

small. Modelling of mechanisms of tritium retention

inside the geometrical surface of graphite and C-

based materials, e.g. on pore surfaces and bulk, is

still meagre. The models described in Refs [456, 903],

for example, analyse the kinetics associated with the

migration of hydrogen isotopes diffusing along the

pores and adsorption onto pore surfaces. Much like

the saturated layer, the tritium retention on graphite

pore surfaces is fairly limited, and the overall effect

of the porosity on the tritium retention in a device

of the size of ITER is expected to be fairly small

compared to co-deposition.

Although tritium migrates in the bulk of carbon

only at elevated temperature (T ≥ 1270 K), the pres-

ence of pores allows the tritium gas to rapidly enter

the graphite, effectively exposing all of the inner

porosity to an equal gas pressure, and, therefore, it

is not necessary for the tritium to diffuse from the

geometrical boundary inward. Success in modelling

the uptake of tritium in the bulk of graphite has been

obtained [453], assuming each of the graphite grains

to be surrounded by the gas.

Models for estimating hydrogen diffusion, reten-

tion and re-emission for metals follow similar

approaches and are based on physical mechanisms,

which are described in Section 3.5 and Refs [378–

381, 904]. The main physical processes are illus-

trated in Fig. 25. Hydrogen atoms in solution dif-

fuse through the metal lattice and can be bound

at traps within the matrix. These traps are char-

acterized by a concentration and a binding energy

of hydrogen to the trap. At the interfaces between

the host structure and the gas or vacuum regions,

most models assume that recombination takes place

either with other diffusing atoms (second order) or

with other populations of atoms (other hydrogen,

oxygen, etc., first order). A solution law such as

Sieverts’ law or Henry’s law may also be invoked

if the hydrogen in solution and the gas phases are

in thermodynamic equilibrium. Implantation is usu-

ally treated as a localized or distributed volumetric

source. Retention of implanted hydrogen saturates

when the hydrogen mobility is low, causing accumu-

lation of high hydrogen concentrations. This occurs

in carbon and in metals at low temperatures (Sec-

tion 3.5). In metals, the hydrogen eventually precip-

itates into bubbles, and the bubbles grow and inter-

connect to form channels for rapid release. This lim-

its the driving potential for diffusion deeper into the

layer, restricting the total inventory and permeation

rate (curve (2) Fig. 25).

Codes that follow this approach include PERI

[905], DIFFUSE [426], PIDAT [427], and TMAP4

[906]. TMAP4 also includes heat transfer, fluid flows

and chemical reactions in other than the solid state.

Other codes such as BETTY [907] and ANFIBE

[429, 908] were developed for beryllium. While

using the same solid state transport equations, they

include bubble formation, which has recently been

recognized as a significant process for many materi-

als at high plasma flux densities.

The codes used for modelling the interaction

of hydrogen isotopes with materials often do not

adequately include the phenomenon of saturation.

TMAP4 uses temperature dependent expressions

for hydrogen diffusivity, saturation concentration

and surface recombination parameters, which repro-
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duce the observed saturation behaviour for hydrogen

retention in metals [431, 909].

A further consideration, at least for beryllium in

tokamak applications, is the production of helium

and tritium by neutronic transmutations in the

beryllium itself. This has been observed experimen-

tally in thermal and fast fission reactor testing, and

fairly reliable calculations have been made for rep-

resentative fusion applications [910, 911]. A major

outstanding issue for most materials, especially Be,

is the influence of neutron damage on trapping. The

ANFIBE code [908] has addressed this issue with

some success. Tritium production is a concern for

safety reasons, and helium is important because it

can influence the retention of tritium and it causes

swelling of the material. There are two important

pathways for gas production. One is the (n, 2n) reac-

tion in which the 9Be is reduced to 8Be, which then

splits into two 4He atoms. The second is the (n, α)

reaction where the 9Be absorbs a neutron and then

splits to a 4He and a 6He. The 6He rapidly undergoes

a β− decay to become 6Li. The 6Li then reacts with

a thermal neutron to produce 4He and 3H. These

processes are incorporated into the FISPACT code

[912], which was used by Forty et al. [910, 913] to

estimate gas and other reaction product generation

rates in a typical tokamak.

5.6.2. Status of model validation

The computer codes cited above have been used

to model several kinds of experiments designed to

measure H-isotope retention, release and permeation

under controlled conditions. There are numerous

publications citing instances where the codes and fit

parameters have been used to simulate experiments.

References [880, 894, 906, 909, 914–922] are rep-

resentative. Experiments have been performed and

modelled on a wide range of potential plasma fac-

ing materials including Be [880, 907–909, 917, 918],

C [914], Cu [456, 915], stainless steel [906], V alloy

[915], and W [915, 920–922]. In many cases, a good

fit between modelling and data from several experi-

ments is obtained, lending confidence to predictions

of the performance of plasma facing structures in

next step devices.

The TMAP4 code with saturation and erosion

effects has been used to successfully model a number

of past and recent experiments in beryllium [909].

These include Hsu’s glow discharge and vacuum

outgassing experiments [923] from which the cur-

rently accepted recombination coefficient for hydro-

Figure 88. Comparison of measured deuterium reten-

tion in beryllium with that calculated by the satu-

ration model and the classical model in the TMAP4

code for experiments in TPE [924]. (Figure provided by

G. Longhurst, INEEL, Idaho Falls.)

gen on beryllium was derived, implantation exper-

iments with beryllium at elevated temperatures at

the INEEL [918], experiments to simulate hydrogen

recycling in JET [887] and experiments with beryl-

lium using the Tritium Plasma Experiment (TPE)

at Los Alamos National Laboratory [924] (see glos-

sary). Of these, only the INEEL and TPE exper-

iments were at fluences high enough to encounter

saturation effects. Figure 88 shows the results of cal-

culations that were performed with the TMAP4 code

to match the results of implantation experiments in

beryllium performed in TPE [924]. An expression for

Be was found, which was successful in replicating

laboratory experiments that did not fit other models

[431, 909]. These expressions approach the classical

solution (diffusion with surface recombination) in the

limit of low fluxes.

When modelling early experiments on tungsten

at low implantation fluxes, the classical description

was found to be adequate to give reasonable agree-

ment with the experimental results if trapping was

properly taken into account. However, in more recent

studies at higher fluxes, the classical models do not

fit the experimental data and the saturation effect

needs to be taken into account in the more refrac-

tory materials. As an example, the TMAP4 code has

also been used to simulate experiments performed on

pure tungsten and on tungsten doped with about 1%
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of La2O3 (added to improve fabrication properties)

that were exposed to deuterium and tritium plas-

mas in TPE and to ion beam implantation driven

permeation experiments at INEEL [925]. In each

case, there was a break point in temperature, above

which classical recombination limited re-emission of

implanted ions to the surface, based on literature val-

ues for trapping and transport parameters, appeared

to be valid [925], and below which classical concepts

proved inadequate to model the measured reten-

tion. The temperature at which that break point

occurred was higher for higher ion flux densities.

Analyses [922, 926] showed that these retention pro-

files, together with deuterium concentration profiles

measured by NRA [927], could be reproduced by sim-

ply enhancing transport of implanted atoms from the

implantation depth back to the surface, a process

that appears to be characteristic of saturation and

development of near surface interconnected cracks

or porosity. Further work remains to establish the

mechanism(s) for this enhanced transport.

5.6.3. Implanted tritium inventory analysis for next

step devices

The retention and permeation of implanted tri-

tium in ITER PFCs have been widely studied in

the past (see, for example, Section 3.5.3.2 and

Refs [3, 928, 929]). Table 22 summarizes the results of

T-inventory and permeation calculations conducted

with the TMAP4 code for the 1998 ITER design,

which are discussed in Ref. [3]. Results for ITER-

FEAT are similar and are described elsewhere [929].

On the basis of the results of these calculations,

it can be concluded that the inventory of tritium in

the beryllium first wall of a device such as ITER,

because of implantation, diffusion, trapping and neu-

tron induced transmutation, will be of the order of

100 g rather than the kilogram quantities estimated

previously [930, 931], and most of that will result

from neutron induced transmutations in the Be itself

and from trapping in neutron induced traps. As was

discussed in Section 5.3.2, co-deposition remains the

major tritium repository for ITER. A comparison of

the rate of tritium accumulation in the beryllium first

wall (with and without neutron effects) and divertor

co-deposition is shown in Fig. 89 for two indicative

tritium co-deposition rates of 1 and 10 g/1000 s. In

addition, permeation is very low; see Table 22.

Table 22. Summary of tritium inventory and perme-

ation calculated by the TMAP4 code [906] through the

PFCs of the 1998 ITER design for the Basic Performance

Phase. This does not include tritium inventory due to

co-deposition (Table reproduced from Ref. [3].)

Tritium Tritium

Component inventory permeation rate

(g) (g/day)a

First wall 106b 7.0 × 10−4

(impl.+breeding)

First wall 194c 3.4 × 10−11

(including n-effect)

Startup limiter 9.2 × 10−3 4.7 × 10−7

Upper baffle 0.78 4.4 × 10−5

Lower baffle 0.12 6.5 × 10−7

Upper vertical target 31 8.1 × 10−9

Dome 2.0 1.5 × 10−6

Totals 140b/228c 7.5 × 10−4

a It is assumed that ∼10 000 pulses are distributed

uniformly over 10 years.
b Breeding is assumed on the basis of 14 MeV neutron

current of 1.15 MW · m−2, a peak value, as compared

with 0.94 MW · m−2 poloidal average, and calculated

production rates for the first wall; trapping character-

istics were those of unirradiated beryllium (0.0005 atom

fraction, 0.8 eV trap energy).
c In addition to breeding, this calculation included neu-

tron induced traps taken to be 2% atom fraction and

1.4 eV trap energy.

Note: Inventory in the bulk of carbon was estimated

using the DIFFUSE code and was found to be small

(≤1 g · m−2).

6. Conclusions and future
R&D priorities

Our knowledge of PMI processes in a fusion envi-

ronment has greatly expanded during the past two

decades as a result of extensive experimental and

modelling efforts. These advances have provided a

bridge to designing a next step device, and pre-

dicting and optimizing its performance. The ITER

Design Activities have focused attention on an inte-

grated solution to all design issues and have stimu-

lated much PMI related research. Although the field

is rapidly evolving, and the present review is one of

work in progress, some key conclusions relevant to a

next step device are presented below, together with

some recommendations for future work. References

to the section(s) of the review where the subject is
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Figure 89. Comparison of the rate of tritium accumu-

lation in the beryllium first wall of the 1998 ITER design

(with and without n effects) and divertor co-deposition

for two indicative tritium co-deposition rates of 1 and

10 g/1000 s.

discussed in detail are given.

6.1. Erosion and co-deposition effects

Summary of key findings:

• Net erosion rates of low Z materials in today’s

tokamaks are≈10 nm · s−1 for typical attached diver-

tor plasmas (Te ≈ 20 eV), at target plate power

densities of a few MW · m−2. Such power densities

are similar to that expected in a next step long

pulse machine, and these erosion rates will lead to

unacceptably frequent replacements of PFCs (Sec-

tion 5.3). The net erosion rates for hydrogen sput-

tering decreases with increasing atomic number of

the plate material because of threshold effects for

physical sputtering (Section 3.2.1).

• Detached plasmas allow a large heat flux reduc-

tion at the divertor plate, sufficient helium exhaust,

and greatly reduce the incident particle energy at

the divertor (Te < 5 eV), reducing or eliminating

physical sputtering of even low Z materials. How-

ever, carbon will still erode by chemical processes.

The peak net erosion rate due to chemical sputter-

ing at the ITER divertor target will be of the order

of 10 nm · s−1 and will require frequent replacements

of the PFCs (Section 5.3).

• In divertor tokamaks, the main chamber wall

is an area of net erosion, while both erosion and

deposition occur in the divertor (Section 4.3). Co-

deposition of carbon with deuterium or tritium

occurs mainly in the divertor region even when the

divertor material is not carbon, as other carbon

PFCs provide a source of carbon for co-deposition.

This has been observed with the JET Mk-I beryl-

lium and the ASDEX-Upgrade tungsten divertors

(Section 4.7). Additionally, thick films accumulate in

areas shaded from the plasma, and in gaps between

tiles, e.g. as seen in TFTR (Section 4.7.1.1) and in

JET (Section 4.7.1.2).

• In several tokamaks, the net erosion/deposition

and associated H isotope retention is asymmetric

with respect to the inner and outer strike points. This

is, for example, the case in JET, DIII-D, ASDEX-

Upgrade (for the case with Div-I only) and Alcator

C-Mod (Section 4.3.1). The outer strike point is gen-

erally a region of net erosion, whereas net deposition

of carbon is seen on the inner divertor. The asym-

metry is particularly apparent in JET, where in the

Mk IIA phase, heavy (flaking) deposition occurs on

the water cooled louvres at the corner of the inner

divertor, shaded from the plasma (Section 4.7.1.2).

• Intense co-deposition of carbon and deuterium is

found in many tokamaks in regions which are shaded

from ion flux but near carbon surfaces receiving high

ion flux. Since ions cannot reach these shaded sur-

faces, this carbon deposition must be due to neutral

carbon atoms or molecules/radicals resulting from

dissociation of hydrocarbons released from carbon

surfaces. In JET, D/C ≈ 0.7 was seen in co-deposits

on the louvre surfaces (Sections 4.3.1 and 4.7.1.2).

• Erosion by arcing in current divertors warrants

more detailed study of their effect. The principal

limitation in the current understanding of arcing on

divertor surfaces is the lack of diagnostic capabilities.

Post exposure analysis of arc traces can be mislead-

ing. Detection of arcing in the divertor using electri-

cal or optical methods, correlated with surface mea-

surements, is needed to assess the impact of arcing

in next step divertors.

Recommendations for further work:

• Some aspects of carbon sputtering and trans-

port processes require clarification. Firstly, detailed

dedicated experiments in plasma simulators and in

tokamaks have shown, in some cases, a decreas-

ing trend in the ‘derived chemical erosion yield’

of carbon/graphite for hydrogen fluxes above

1022 m−2·s−1 (Sections 3.2.3 and 4.3.1). Fluxes of

this order of magnitude and higher are expected for

next step devices, so any reduction would be ben-

eficial. However, the derivation of yields from such

plasma experiments is complicated by uncontrolled

Nuclear Fusion, Vol. 41, No. 12R (2001) 2105



G. Federici et al.

changes in other plasma parameters and diagnostic

limitations. Therefore, the flux dependence of the

chemical erosion yield of carbon-based materials at

high fluxes is still an open question.

In tokamaks some hydrocarbon molecules formed

by erosion travel into shaded areas, with important

consequences for tritium retention and recovery (Sec-

tion 4.7). The complex role of molecular neutral

and radical states and their transport/interactions

with the plasma is posing a substantial challenge

to PMI modelling. Experiments on this transport,

and whether it can be used to advantage in a next

step machine, are at an early stage. More research is

needed to establish the absolute values of the sticking

coefficients of such radicals.

• ‘Soft’ and ‘hard’ redeposited layers in tokamaks

with carbon based targets have different properties

(e.g. chemical sputtering yields (Section 3.2.6.4) and

erosion by oxidation (Section 4.7.2.1)), and both are

markedly different from the original material. Even

in areas of net erosion, the plasma modifies the sur-

face. Since erosion rates at these surfaces are crucial

in modelling redeposition (and, hence, T retention)

in next step devices, further measurements are essen-

tial.

• Estimates of erosion and tritium retention in

next step devices depend on plasma edge modelling,

but at present the models do not adequately explain

the deposition seen in JET (Section 5.3). There are

clearly additional processes occurring in the plasma

boundary which require explanation and inclusion

in the models. These include drifts in the SOL and

interactions with the main chamber wall. A complete

model of transport in the plasma boundary must

be developed, and validated against deposition data

from a range of tokamaks.

• Laboratory measurements on sputtering, hydro-

gen isotope retention and removal, etc. are gener-

ally performed on materials comprising a single ele-

ment, for example, graphite or beryllium. However,

the first wall of a next step device is likely to use

multiple materials, for example, the ITER design

includes areas of CFC, tungsten and beryllium. Ero-

sion/deposition involves synergistic effects associated

with these materials, requiring further exploration.

Bench top experiments have a useful role to probe the

synergistic effects at a fundamental level, but can-

not alone provide the level of understanding required

for prediction of all complex interactions in a fusion

device environment. Tests are required on tokamaks

with the appropriate impurities and wall materials to

help answer questions, such as the magnitudes of ero-

sion and tritium co-deposition, dust formation in the

vessel, and the ease of tritium removal from mixed

materials.

• The plasma thermal energy divided by the sur-

face area contacted by the plasma provides a measure

of the severity of the PMIs in disruptions. This factor

will be more than an order of magnitude greater in

ITER than in existing large fusion machines. There

exist strong material limits, for both W and CFC,

which prohibit ELM sizes of >0.5 MJ·m−2. Major

disruptions and VDEs as well as Type I ELMs in

ITER will cause ablation and melting of surface

material in the divertor target area, and possibly at

other parts of the divertor and at the first wall (Sec-

tion 5.4). Calculations and experiments in plasma

simulators predict that during disruptions in ITER

a vapour shield forms in front of the divertor tar-

gets, dispersing the majority (>90%) of the incident

energy flux to the divertor chamber walls via radi-

ation that, in turn, causes shallow melting or subli-

mation on the nearby-surfaces (Sections 3.4, 4.5 and

5.4). However, there are still large uncertainties in

determining the erosion associated with disruptions,

in particular, the behaviour of the melt layer, and

the effectiveness of the vapour shield to control the

power on the surfaces. Vapour shielding has yet to be

demonstrated in a tokamak. More work is needed to

study erosion of metallic materials during an intense

deposition of energy. Experiments and modelling are

required to establish the role of brittle destruction of

carbon based materials at these energies. Modelling

must be further developed and tested against exper-

imental results from disruption simulators to better

understand the complex interactions at work.

• The past decade of divertor research has seen a

return of interest to metals, which had been in the

previous decade largely put aside in favour of carbon.

This renewed interest is mainly due to the concerns

about the chemical sputtering of carbon, even at the

low energies present in the divertor (Section 3.2 and

4.3) and the consequent large hydrogenic retention in

films forming primarily on cold surfaces (Sections 3.5

and 4.7). JET has experimented extensively with Be,

as a low Z alternative to carbon. Operation with a

relatively clean core plasma has been demonstrated

for Alcator C-Mod with a high Z all Mo wall; in TEX-

TOR, with W clad limiters; and in ASDEX-Upgrade,

with W coated divertor plates, and more recently,

with a partially W clad central column. Impurity

ion sputtering dominates the erosion rate. It is now

realised that the proper selection and location of the

PFCs, combined with the most recent plasma control
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capabilities, allow us to take advantage of the low

sputtering yields of these materials. Encouragingly,

high heat flux components, clad with carbon-fibre

materials or tungsten ‘brush’ materials have been

developed and successfully tested up to 25 MW · m−2

in steady state (Section 2.4), though more data and

modelling of the response to off normal events are

needed. It is clear that advances in materials tech-

nology alone are unlikely to resolve these issues, and

improved plasma control, leading to reduction and

mitigation of off normal events such as disruptions

and ELMs, will be an essential part of the long term

solution (Section 2.3.2.4). Type I and/or giant ELMs

must be avoided.

6.2. Tritium retention and control

of the in-vessel tritium inventory

Summary of key findings:

• Deuterium is retained in limiter machines with

carbon PFCs at about 50% of the input (TFTR and

JET pre-1989), and at around 5–15% (of a much

greater input) in JET operating with a divertor and

cryopump (Section 4.7.1.2). Tritium retention in the

torus of carbon containing reactors will be domi-

nated by co-deposition of carbon and tritium. Mod-

elling predictions for ITER indicate up to few grams

of retained tritium per pulse with pulse duration of

several hundred seconds. The large in-vessel tritium

inventory resulting from this high rate of retention

has serious implications for the design, operation and

safety of ITER, and may lead to the exclusion of car-

bon PFCs in future DT fusion reactors.

• Running discharges in D (or H) is an effec-

tive way to remove tritium from top surface of car-

bon PFCs without venting the machine (or expos-

ing the surfaces to oxygen), so that no tritium

enters the plasma in subsequent discharges (Sec-

tion 4.7.1.2). However, the tritium retained in JET

following DTE1 and subsequent D(H) discharges was

only reduced by about a factor of two (to 17% of

input T), because plasma operation could not reduce

the retention in shaded areas (e.g. at the JET lou-

vres) or tritium buried in co-deposits (e.g. at the

TFTR limiters) (Section 4.7.1).

• Carbon can retain H isotopes to an atomic ratio

of H:C > 1 (Section 3.5.3), while retention in beryl-

lium at low temperature is limited to an H:Be ratio

of ≈0.3 (Section 3.5.2.4). However, outgassing from

Be occurs at lower temperatures (≈600 K) com-

pared to carbon based materials (>800 K; see Sec-

tion 3.5.3.3). Contamination of Be with C and/or O

can greatly increase its retention capability. Recent

experiments showed that hydrogen implantation at

low energies and high fluxes in beryllium results in

little increase in inventory with dose at high fluence

(Section 3.5.2.4), in part due to surface connected

porosity that provides a rapid return path back to

the plasma. This process is very favourable in a next

step device lined with Be because it limits the tritium

inventory and permeation rate in surfaces exposed to

high particle fluxes (Section 5.6).

• Laboratory experiments involving thermo-

oxidative erosion at temperatures above 570 K, or

oxygen plasma discharges have been found to be

effective in removing T containing films from carbon

surfaces (Section 4.7.2). Erosion rates depend

strongly on the microstructure of the co-deposited

layers. Air ventilation (which entails oxidation) was

found to be a simple and effective method of tritium

removal, and, with other techniques, enabled the

fraction of tritium retained to be reduced to 16% of

input T in TFTR (Section 4.7.1.1), and to 6% in

JET (Section 4.7.1.2). In TFTR, relatively more T

was released with increasing temperature and/or air

pressure, consistent with laboratory findings. Major

drawbacks of techniques using oxygen, especially

at elevated temperatures, include collateral effects

on other reactor vessel components, and recovery

time for normal plasma operation. Additionally, the

handling of large quantities of HTO that would be

produced in a next step DT device would require a

large scale tritium processing plant (Section 2.3.3).

Recently, promising results were obtained by laser

heating that would avoid the introduction of oxygen

(Section 4.7.2).

• Hydrogen retention on the main chamber wall

of divertor tokamaks is limited to implantation by

energetic charge exchange neutrals from the plasma.

This inventory is not a significant part of the long

term hydrogen inventory because the thickness of the

implanted layer is small (<0.1 µm). However, even

this quantity of hydrogen in the main chamber wall

is much larger than the quantity of H in a plasma,

and the dynamic variations of this wall inventory

dramatically affect fuelling of individual discharges

(Section 4.6).

Recommendations for further work:

• As long as carbon is used, even on limited

areas of a next step device, operation require-

ments (due to safe operation limits and fuel

economy considerations) will demand the frequent

removal of the tritium from the co-deposited lay-

ers, or perhaps the removal of the layers altogether

(Section 2.3.3). Alternatively, surfaces where co-
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deposition is expected to occur could be kept ‘hot’

(i.e. ≥770 K) to prevent the accumulation of tritium,

or very cold (i.e. <273 K) to enhance film deposi-

tion in localized areas, which could be periodically

heated, or mechanically cleaned, to remove the tri-

tium. However, both solutions are technically very

difficult to implement in a reactor and, although sev-

eral alternatives are being considered for the removal

of the T rich co-deposited layers, their removal from a

next step machine using carbon remains an outstand-

ing challenge. Prototypes of most promising schemes

should be demonstrated.

• Neutral atoms and molecules play a particu-

larly important role in the high density, low temper-

ature, detached-plasma regimes currently favoured

for next step devices. Data on atomic and molecular

processes, especially reaction pathways and reaction

rates for heavy hydrocarbon molecules (i.e. CxHy

with x ≥ 2) as a function of plasma conditions, are

needed (Sections 3.2.3 and 4.3.1).

• Further work is also needed to better under-

stand the effects of neutrons on creating traps in

PFC materials and their effects on tritium reten-

tion. Further, the present techniques for accommo-

dating the effects of surface saturation in the mod-

els are not very satisfactory. More detailed experi-

ments/diagnostics are needed to test more detailed

physics hypotheses leading to a deeper understand-

ing from which improved models can then be

drawn.

6.3. Requirements for modelling and

interpretation of tokamak data

Predictive numerical codes are now available to

simulate various aspects of PMIs and are recognized

to be a vital tool in designing next step tokamaks

(Section 5). Some of these codes have been success-

fully benchmarked against results from dedicated

PMI experiments in current tokamaks. However,

the comparison between data and models is some-

times difficult because some of the physical effects

are still poorly understood and not included in the

models. In addition, erosion/redeposition processes

depend strongly on local plasma conditions that, in

most cases, are not known very well. In general,

the breadth and depth of diagnostic data from the

wall/edge have generally lagged behind the sophis-

tication of the computational resources. More time

and space resolved wall diagnostic measurements are

critically needed to match the computational oppor-

tunities and make progress toward integrated under-

standing of the complex relationship between the

plasma edge and the wall (Section 6.4).

Nevertheless, dedicated measurements of in situ

and ex situ erosion, with good near surface plasma

diagnostics, have verified erosion/deposition mod-

els, for several materials and plasma regimes. In

general, there is reasonably good confidence in the

predictive value of the erosion/redeposition models

for metals in all plasma regimes, and for carbon

in attached regimes, given the validity of the input

code computed plasma background solution. There

has been considerable progress made in modelling

detached plasma carbon erosion, but the codes are

not yet validated for these conditions. Unlike existing

machines where some measurements of near surface

plasma conditions are often available, code computed

plasma solutions of varying degrees of speculation

must be used for ITER type reactor design analysis.

Detached and/or partially detached plasma regimes

involve highly uncertain physics, and analysis of

these regimes needs further work. Moreover, there

is highly conflicting experimental data on carbon

chemical erosion (Section 6.1) and accordingly high

uncertainly in modelling results. More work is needed

in this area to develop reliable design information.

As mentioned previously, critically important sub-

models for detached plasma conditions include car-

bon chemical sputtering coefficients at low energies

(≈5–15 eV), rate coefficients for hydrocarbon molec-

ular impact processes with plasma ions and electrons,

hydrocarbon sticking coefficients, and the effects of

mixed materials, e.g. beryllium and carbon, on sput-

tering and tritium trapping.

There are several critical issues resulting from

particle recycling phenomena in a next step toka-

mak and we are still far from having fully predic-

tive models that could be extrapolated with confi-

dence to future fusion devices. They include: (i) sus-

taining density control during a long pulse; (ii) sus-

taining beneficial wall conditions during a long

pulse; (iii) role of co-deposition and surface trap-

ping/diffusion; and (iv) efficient, sustained fuelling of

the core of a large ignited plasma. Present tokamaks

have pulse lengths typically of the order of 10 s, and

changes in recycling behaviour can often be observed

even on this time scale. Pulse lengths in next step

devices will be measured in several hundreds of sec-

onds, so it is important to increase the pulse lengths

in existing tokamaks, and operate simulation devices,

to determine whether active control of recycling (e.g.

by divertor cryopumps) will be required for next step

devices (Sections 2.3 and 4.6).
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Modelling work with the next generation of faster

computers will likely involve kinetic model computa-

tion of mixed material surface evolution, and more

use of molecular dynamic simulations for computing

surface material properties. More integrated coupling

of these simulations and codes for sheath dynamics,

plasma core, SOL parameters, wall conditions etc.

will lead to a better overall understanding of plasma

surface behaviour. Additional model development,

particularly for the near surface plasma, is required.

The models should include erosion/deposition, reten-

tion and recycling of hydrogen in wall materials (Sec-

tion 3.5), the energy and flux of H to the wall, and

variations of these processes/parameters with space

and time. The effects of the wall (e.g. recycled H) on

plasma edge conditions also need to be considered.

Finally, understanding the physics of material

response during off normal heating has improved,

and now complex modelling tools are available. How-

ever, extrapolation to reactor conditions remains

somewhat uncertain, and the modelling of the effect

of vapour shielding, the stability of the melt layer

and the role of brittle destruction in carbon must

be further explored and tested against experimental

results, particularly in tokamaks, to better under-

stand the complex interactions at work.

6.4. Need for improved wall diagnostics

There are a large number of issues regarding

the processes occurring at the plasma boundary

and wall regions that require active investigation.

The complex and varied discharge history in toka-

maks makes archaeological comparisons of post cam-

paign in-vessel components with erosion/deposition

and retention models of limited utility. This short-

fall in our knowledge represents one of the largest

uncertainties in the validation of existing codes.

Measurements of erosion/deposition and H reten-

tion under different operational conditions such as

startup/shutdown, disruptions, attached/detached

plasma divertor, high power operations, etc. are

required, e.g. by using film thickness monitors. There

is a strong incentive to develop novel diagnostics in

this area and to devote more dedicated run time to

those that already exist (Section 4.2).

6.5. Dust effects

Dust has not been a significant problem so far

in magnetic fusion devices. Thus, the subject has

received little attention within the fusion commu-

nity. However, the amount of dust that will be gen-

erated in a next step device is likely to scale up by

two to three orders of magnitude along with the ero-

sion and discharge duration. In accident scenarios,

chemical reactions of fine dust with steam and air

create potential explosion and dispersal of radioac-

tivity hazards. There is a need to couple models for

erosion/sputtering and disruption to film and dust

formation (e.g. physical adsorption, nucleation and

condensation) and compare the results with tokamak

experience and disruption simulations. This knowl-

edge is vital for making reliable predictions of dust

inventory for a next step device (Sections 2.3.4 and

4.8). Techniques for reliable measurement of dust

inventory, particularly in hidden areas, are in their

infancy, but are essential to assure compliance with

regulatory limits. Even more critical is the develop-

ment of reliable methods to remove dust.

Thick films of redeposited material found in

present day tokamaks have been shown to break-up

into flakes (Section 4.8.3). This material is poten-

tially hazardous since the T content may be very

high, as in the flaking films observed at the JET lou-

vres (Sections 2.3.3, 4.7.1.2, and 4.8.3).

6.6. A next step fusion reactor without

carbon plasma facing components

If carbon were eliminated from the divertor of a

next step device, the situation as far as tritium inven-

tory is concerned would be radically different and

the control of tritium inventory much more manage-

able. The FIRE design study has forgone the use

carbon PFCs for this reason. The primary candi-

date in lieu of carbon for high heat flux regions is

tungsten. In anticipation of positive developments

in disruption and ELM mitigation, a high heat flux

tungsten vertical target is being considered as a

possible alternative in ITER. However, the primary

shortcomings of W that need to be addressed are

the lack of operational experience and the dearth of

experimental data regarding formation of melt layers

(and their properties) during disruptions. Operation

at higher edge temperatures and lower densities in

‘advanced plasma scenarios’ (see glossary) results in

more severe erosion by sputtering. Dust generation

from beryllium and tungsten is still an outstanding

issue (Section 6.5).

It is important to recognize that the plan to use

carbon PFCs (and the consequent allocation of a sig-

nificant fraction of the operational schedule for detri-

tiation) follows directly from the projected levels of

thermal loads expected during attached-plasma tran-

sients, ELMs and disruptions. Efforts to reduce tran-
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sients and to mitigate disruptions must continue at

the highest priority. Operation near the beta limit

will require identification of disruption precursors

and development of feedback control to avoid beta

limits.

6.7. Concluding remarks

Designing a robust interface between a thermonu-

clear plasma and the material world remains a major

challenge. The extensive data from existing tokamaks

and simulators have enabled great strides to be made

in our understanding of the processes involved in

PMIs. However, there are many unresolved issues

relating to a next step machine. Much more infor-

mation can be learned from the existing facilities,

particularly in areas such as mixed material effects,

alternatives to the use of carbon targets (including

disruption/ELM avoidance), transport effects in the

plasma edge, and longer term retention and release

of hydrogen isotopes. The consequences of a continu-

ously burning plasma cannot be duplicated in exist-

ing devices. Predictive modelling is therefore essen-

tial. Unfortunately, the plasma edge region in a next

step tokamak has a more complex geometry and a

greater variety of interacting processes than the core

plasma on which most effort has so far been concen-

trated in the fusion community. Much work remains

to be done in this area, and more machine opera-

tional time and diagnostics dedicated to PMI issues

are required. Initiatives on these fronts, together with

modelling of the results, are essential to advance the

understanding of PMIs.

Dependence on external energy supplies and the

threat of climate change lend urgency to the quest

for new energy sources such as nuclear fusion. A next

step fusion reactor is a vital step that will accelerate

the necessary technical solutions. A sustained and

vigorous R&D programme in PMI issues focused on

the key uncertainties identified in this review is vital

for fusion to meet its promise as an attractive long

term energy source for humanity.

7. Glossary of terms and acronyms

This glossary provides an explanation of some

specific terms, which are used in this paper (e.g.

some of the scientific vocabulary, the names of vari-

ous research machines and devices used, the names

of the various research laboratories, the mathemati-

cal symbols used and the acronyms frequently used

as shorthand for some of the above). A good refer-

ence source for most of the common terms used in

fusion science can be found on the World Wide Web

(http://FusEdWeb.pppl.gov/Glossary/glossary.html).

(in alphabetical order)

a-C:H:

‘Amorphous hydrogenated carbon’ (normally as a

deposited film).

Activation:

Activation occurs when a particle interacts with

an atomic nucleus, shifting the nucleus into an unsta-

ble state and causing it to become radioactive.

‘Advanced regimes’ or ‘advanced scenarios’:

Modes of operating a tokamak with improved

plasma confinement and/or enhanced potential for

continuous operation have been discovered in recent

years and are studied in present tokamaks. Their

study is an important part of the experimental pro-

gramme foreseen for the next step fusion device. If

proven to be of full reactor relevance, they would

make it possible to construct a fusion power plant

that is less costly than the existing designs. See also

entry for internal transport barriers.

AGHS:

Acronym for Advanced Gas Handling System.

Alcator C-Mod

(usually referred to as C-Mod):

The name Alcator was given to a class of toka-

maks designed and built at MIT; these machines are

distinguished by high magnetic fields with relatively

small diameters. The high magnetic field helps cre-

ate plasmas with relatively high current and particle

densities. The present incarnation is Alcator C-Mod

(http://cmod2.psfc.mit.edu/cmod/home.html).

‘All carbon’ machine:

A tokamak wherein all particles travelling along

field lines can only intersect with carbon components

protecting the wall of the machine. However, much

of the vessel wall may still be uncovered, so neutrals

travelling radially from the plasma may still impinge

upon non-carbon materials.

ARIES:

Acronym for Advanced Reactor Innovation and

Evaluation Studies. Set of fusion reactor design stud-

ies, which investigated the safety, economic and envi-

ronmental implications of various advances in fusion

reactor science and technology.

ASDEX:

Acronym for Axially Symmetric Divertor Exper-

iment. The original ASDEX, located in Garch-

ing, Germany and decommissioned in about 1990,

would qualify today as a medium sized tokamak. It

was designed for the study of impurities and their

control by a magnetic divertor. The H mode or
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high mode of operation with neutral beam injec-

tion was first observed on ASDEX. Its successor,

ASDEX-Upgrade (a completely new machine, not

really an ‘upgrade’), is larger and more flexible

(http://www.aug.ipp.mpg.de/).

Aspect ratio:

In toroidal geometry, the ratio of the major

diameter (total diameter of the torus) to the minor

diameter.

ATF:

Acronym for Advanced Toroidal Facility.

Baffle:

Plates at the entrance of the divertor providing

a transition between the divertor and the first wall,

which also contribute to the retention of neutrals in

the divertor.

BET method:

A gas adsorption technique devised by Brunauer,

Emmett and Teller (BET) to measure the specific

surface area of materials.

Beta, or beta value:

Ratio of plasma pressure to magnetic field pres-

sure; proportional to the ratio of plasma thermal

energy density to magnetic field energy density.

Beta limit:

It is also called Troyon limit and is the limit at

which the plasma pressure in a tokamak becomes

too high so that so-called ballooning modes become

unstable and lead to a loss of confinement.

Blanket:

It is the region surrounding the fusion reactor

core. The blanket of a fusion reactor has the threefold

purpose of breeding the tritium by interactions of the

neutrons with lithium, of converting the energy of

the neutrons to high grade heat for electricity gener-

ation, and of shielding the super-conducting magnets

from energy deposition and radiation damage.

Bohr radius:

It is the atomic unit of length, ao = 0.052918 nm.

Bootstrap current:

Currents driven in toroidal devices by neoclassical

diffusion. They may amount to a substantial fraction

of the net current in a tokamak reactor, thus length-

ening the pulse time or decreasing the power needed

for current drive.

Breakeven (scientific):

When the fusion power equals the input power,

i.e. Q = 1. See also entry for fusion power gain.

Bremsstrahlung:

German term for ‘Braking radiation’. Electromag-

netic radiation from a charged particle as it slows

down (decelerates) or as it changes direction due to

near collisions with other particles.

Burning plasma:

A plasma in which the heating is solely or pri-

marily by alpha particles created by the fusion reac-

tion itself. As an example, at Q = 10 (see entry for

fusion power gain), the power from the alpha parti-

cles would be two thirds of the total heating power.

If all the heating is by alpha particles, this is termed

an ‘ignited’ plasma.

C II emission:

Line emission due to electronic transitions in

singly ionized carbon.

CD band emission:

Radiation emitted by a C–D molecule (CH band

emission similarly comes from a C–H molecule).

charge exchange

Phenomenon in which an ion colliding with a

molecule (or an atom) neutralizes itself by captur-

ing an electron from the molecule/atom (becoming

a charge exchange neutral), and transforming the

molecule/atom into a positive radical/ion.

CFC(s):

Acronym for Carbon Fibre Composite(s).

Composants internes et limiteur (CIEL):

Major upgrade of Tore Supra in-vessel compo-

nents, which will use a flat toroidal limiter to sus-

tain a conducted heat flux of up to 10 MW · m−2

and remove a total convective power of 15 MW for

a pulse duration of 1000 s. The calculated pumping

efficiency of this limiter is of the order of 12%, which

corresponds to an extracted flux of 4 Pa · m3
· s−1.

This capability is designed to be sufficient to ensure

a good density control. Around the vessel, stainless

steel actively cooled wafer panels will remove radi-

ated power (up to 15 MW), to control water detrap-

ping and, therefore, to avoid any density excursion

due to impurity release.

Confinement times (τE , τp):

τE , τp are the average times the plasma is con-

tained (e.g. by magnetic fields) before energy (E) or

particles (p) leak/dissipate away. The two times are,

in general, similar but not equal. In a plasma device,

the energy loss time (or the energy confinement time)

can be expressed as the ratio of the total energy

in the plasma and the externally supplied heating.

This is one of three critical parameters determining

whether fusion reactions could be sustained.

Connection length:

Half the distance along the magnetic field in the

SOL between two points of contact with the solid

surface.
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Coolant burnout:

See entry for critical heat flux.

Core plasma:

Hot plasma at the centre of a fusion reactor.

Count median diameter (CMD):

50% of the particles in a distribution have diame-

ters that are smaller than this.

Critical heat flux (CHF):

The heat flux that leads to the loss of liquid layer

at the wall of the coolant channel and can result in

a so-called coolant burnout.

Current drive:

A technique used to cause current flow in a

plasma. See also entry for bootstrap current.

Current quench time of disruptions:

It is the characteristic time of the rapid current

decay that follows the thermal quench. During this

phase, the plasma magnetic energy is also dissipated,

mostly by impurity radiation to the torus vessel or

first wall surface; 100–1000 ms expected in ITER

class tokamaks. See also thermal quench time entry.

Cyclotron resonance:

Charged particles in a magnetic field resonate

with (and absorb energy from) an electric field (at an

angle to the magnetic field), which oscillates at the

particles’ cyclotron frequency, or at a harmonic (mul-

tiple) of this frequency. See also electron cyclotron

heating.

DIII-D:

A medium sized tokamak, but the largest tokamak

still operational in the USA. Operated by General

Atomics in San Diego (http://fusion.gat.com/diii-

d/).

D alpha:

Spectroscopic emission line at 6561 Å from the

n = 3 → n = 2 transition in deuterium. The most

intense line in the visibile wavelength range from

deuterium plasmas, and the primary indicator of the

influx of recycled deuterium into the ‘plasma’.

DEMO:

Acronym for Demonstration Reactor.

Detached regime:

See plasma detachment.

DiMES (Divertor Material Evaluation

Studies):

A retractable probe that allows the insertion and

retraction of test material samples to the DIII-D

divertor floor, e.g. for erosion/deposition studies.

Displacements per atom (dpa):

This is a measure of the amount of radiation

damage in neutron irradiated materials, e.g. 10 dpa

means that each atom in the material has been dis-

placed from its site within the structural lattice of

the material an average of ten times (due to interac-

tions between the atoms and the energetic neutrons

irradiating the material).

Disruption:

Sudden loss of plasma confinement. The stored

energy in the plasma is rapidly dumped into the rest

of the plasma system (vacuum vessel walls, magnet

coils, etc.) and can cause significant damage if pre-

cautions are not taken.

DITE:

Acronym for Divertor Injection Tokamak Experi-

ment.

DIVA:

Acronym for Axisymmetric Divertor.

Divertor:

Component of a magnetically confined toroidal

fusion device that diverts charged particles on the

outer edge of the plasma into a separate chamber

where they strike a barrier and become neutralized.

In a reactor, the divertor would incorporate a system

for pumping out the neutralised particles as exhaust

from the machine. A divertor, like a limiter, pre-

vents the particles (including helium ash) from strik-

ing and degrading the chamber walls and dislodging

secondary particles that would cool and contaminate

the plasma. See also limiter entry.

DTE1:

Acronym for Deuterium Tritium Experiment

Number 1 — in JET in 1997.

Duty factor (also called duty cycle):

Ratio of the duration of time when a system is

actually operating to the total time for a complete

cycle of the system. For example, if a tokamak exper-

iment runs for 5 s and then sits for 500 s, while the

power supplies are recharged, then the duty factor is

about 1%.

D/XB:

The ratio of the molecular influx to the inten-

sity of accompanying molecular band emission. For

methane a useful emission band is at 430 nm.

Eddy current:

Electric current induced inside a conductor when

the conductor (a) moves through a non-uniform mag-

netic field, or (b) experiences a change in the mag-

netic flux through its surface.

Edge localized modes (ELMs):

ELMs are MHD related events that play a key

role in mediating the energy and particle transport

characteristics of the plasma edge in the regime

of enhanced global energy confinement called the

high confinement mode (see entry for High mode or
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H mode). They involve the very rapid expulsion of

energy and particles from the outer part of a confined

plasma into the SOL and can transiently reduce the

temperature and density in this region and thereby

affect the core confinement. In addition, they can

lead to increased peak heat loads on the divertor

plates.

Edge plasma:

Cooler, less dense plasma away from the centre

of a reactor (which includes the SOL), affected by

contact with a limiter or divertor.

Electron cyclotron discharge cleaning

(ECDC):

Using relatively low power microwaves (at the

electron cyclotron frequency) to create a weakly ion-

ized, essentially unconfined hydrogen plasma in the

vacuum chamber. The ions react with impurities on

the walls of the tokamak and help remove them from

the chamber.

Electron cyclotron heating (ECH or ECRH):

Radiofrequency (RF) heating scheme that works

by injecting electromagnetic wave energy at the elec-

tron cyclotron gyration frequency (or higher harmon-

ics). RF energy is absorbed by electrons and then

translated into ions through collisions.

Energy amplification factor:

See entry for fusion power gain.

Ergodic divertor:

It is a high density, low temperature, highly recy-

cling and highly radiating region of the plasma

formed by randomizing the field lines at the plasma

edge.

FIRE:

FIRE is a design study for a major next step

option in magnetic fusion. It aims at producing,

understanding and optimizing alpha particle heated

fusion plasmas and providing a stepping stone

towards attractive magnetic fusion reactors. It is a

compact (2 m major radius), high field (Cu coil, 10–

12 T) design with a pulse duration (burn time) of

18 s. The duty cycle will be in the same range as

in present machines, and FIRE is not designed to

address the long pulse PMI issues that are the sub-

ject of this review. However, in response to concerns

about tritium accumulation, the FIRE design has no

carbon PFCs, the first wall is covered with Be tiles,

and divertor uses W rods on a Cu backing plate.

FT and FT-Upgrade (FTU):

Acronyms for Frascati Tokamak and Tokamak-

Upgrade, respectively.

Fuel burnup or tritium burnup:

See tritium fractional burnup.

Fusion power gain, Q:

The ratio of fusion power to the external power

input. When Q = 1 (a value transiently approached

on JET in 1997), the fusion power is equal to the

external power input. In this case, the self-heating

power of a deuterium–tritium plasma is about 16% of

the heating power necessary to maintain the plasma

temperature. When Q = 5, the self-heating frac-

tion equals 50%, becoming a significant factor of the

plasma behaviour. The self-heating reaches 66% of

the total heating power at Q = 10 and 100% at

an infinite Q (defining mathematically plasma ‘igni-

tion’, a conceptual limit in magnetic confinement

fusion).

Glow discharge:

Low density, low temperature plasma discharge

sustained by current flowing between electrodes

immersed in the plasma.

Glow discharge cleaning (GDC):

Cleaning in which impurities are removed by sput-

tering in a glow discharge.

Greenwald density limit:

An empirical limit to the density of a toka-

mak plasma when the line average electron density

(1020 m−3) equals the average plasma current density

(MA · m−2) times the plasma elongation (see entry).

GSD:

Acronym for Geometric Standard Deviation.

Halo currents:

Halo currents are currents generated during a dis-

ruption that flow along open field lines surrounding

the plasma, in what is known as the ‘halo’ region,

and return poloidally through the vessel. Large forces

on the vessel components can result when these

poloidal halo currents interact with the toroidal field.

Toroidal halo currents do not contribute to forces on

the vessel since they do not flow in the vessel wall.

High mode or H mode:

A regime of operation most easily attained dur-

ing auxiliary heating of diverted tokamak plasmas

when the injected power is sufficiently high. A sud-

den improvement in particle confinement time leads

to increased density and temperature, distinguishing

this mode from the normal ‘low mode’ or ‘L mode’.

H modes are also possible in tokamaks without diver-

tors, or without auxiliary heating, and have been

observed in stellarators.

High recycling:

Plasma/surface boundary condition where almost

all (≈99%) particles impinging on the surface (D, T,

He, etc., ions and neutrals) come back out (by various

processes including reflection and desorption), and
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only ≈1% is removed (usually by active pumping),

thereby tending to create high density and low tem-

perature near surface and SOL plasma conditions.

IAEA:

Acronym for the International Atomic Energy

Agency. It is an autonomous intergovernmental orga-

nization established in 1956 with the purpose of

advancing peaceful uses of atomic energy, with head-

quarters in Vienna.

Ignition:

The point where the confinement of energy

released from fusion reactions in the plasma is suffi-

cient to maintain the plasma temperature so that no

external heating is needed. See also entry for fusion

power gain.

Impurities:

Atoms (or ions) of unwanted elements in the

plasma, which tend to degrade plasma performance,

and in the case of fusion, dilute the plasma so that

fusion processes are less probable.

Impurity screening:

Impurities leaving the first wall (or the divertor

target) as neutrals travel towards the core plasma,

but are likely to be ionized and trapped in the edge

of the plasma. From the edge, further inward move-

ment is by cross-field diffusion. Thus, only a small

fraction of impurities ever reach the plasma core; this

blocking probability is impurity screening.

Inconel:

A range of nickel-based alloys containing

chromium (Cr) and iron (Fe) with good high

temperature strength and resistance to chemical

corrosion. The JET vessel is manufactured from

Inconel 600 (composition Ni + Co > 72%, Cr

14–17%, Fe 6–10%).

Internal transport barriers:

Insulating layer established within the plasma

resulting in significantly reduced transport, reduced

particle influx, steeper density profiles and improved

global energy confinement time. See also entry for

advanced regimes.

Ion cyclotron resonance heating (ICRH):

Like electron cyclotron heating, but heats ions

using waves near the ion cyclotron frequency. See

entry for electron cyclotron heating.

Isochronal annealing:

A property is measured versus anneal tempera-

ture while the sample is heated to successively higher

temperatures with constant time intervals at each

temperature.

ISX:

Acronym for Impurity Study Experiment.

ITER:

Acronym for International Thermonuclear Exper-

imental Reactor. Large fusion reactor design project

being planned by the governments of the European

Union, Japan, the Russian Federation (formerly,

the USSR), and originally by the United States to

develop a detailed engineering design for a reac-

tor scale tokamak facility that would achieve con-

trolled ignition and extended burn. As envisioned

by the ITER Agreement, the ITER device would

be the central element of an international, ‘one-

step-to-a-reactor’ strategy. Research goals include

engineering studies of reactor materials, component

designs for steady state devices, and testing/proving

commercial feasibility. Because of the concerns of

costs, and thanks to the advances in physics and

technology made during the ITER EDA, there has

been both increased incentive and opportunity to

seek an attractive lower cost design by modifying

the detailed technical objectives. A reduced cost

and reduced technical objectives ITER device is

currently proposed (ITER-FEAT); it is expected

to achieve an energy gain, Q, of at least 10 and

explore steady state operation, at a direct capital

cost of approximately 50% of the 1998 ITER design

(http://www.iter.org/).

JAERI:

Acronym for Japan Atomic Energy Research

Institute.

JEBIS:

Acronym for JAERI Electron Beam Irradiation

Experiment.

JET:

Acronym for the Joint European Torus, a large

tokamak located at the Culham Laboratory in

Oxfordshire, England, jointly owned by the Euro-

pean Community. First device to achieve >1 W of

fusion power, in 1991, and the machine that has

most closely approached Q = 1 for DT operation

(Q = 0.95 in 1997). Largest tokamak currently in

operation (http://www.jet.efda.org/).

JFT:

Acronym for JAERI Fusion Torus.

JT-60 and JT-60U:

A large Japanese tokamak, located north of

Tokyo. JT-60U now in operation is an ‘upgrade’ to

JT-60 (http://www-jt60.naka.jaeri.go.jp).

JUDITH:

Acronym for Jülich Divertor Test Facility in Hot

Cells.
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Larmor radius:

Radius at which an ion gyrates around a magnetic

field line along which it circuits the torus.

Last closed flux surface (LCFS):

The boundary between the core plasma (see entry)

in a tokamak (or other device), where the field lines

close back on themselves, and the SOL (see entry),

where they run into a material wall. See also entry

for separatrix.

LHD:

Acronym for Large Helical Device.

Limiters:

Structures placed in contact with the edge of a

confined plasma, which are used to define the shape

of the outermost magnetic surface (see entry for

LCFS). See also entry for divertor.

Magnetohydrodynamics (MHD):

Physical model describing the properties of elec-

trically conducting fluids interacting with magnetic

and electric fields. MHD theory is relevant at rela-

tively low frequencies and for distance scales larger

than the Larmor radius (see entry).

Magnetohydrodynamic instability:

Class of unstable (growing, not damped) waves

and other modes of oscillation, which are described

by MHD theory.

MAST:

Acronym for Mega Amp Spherical Tokamak

(http://www.fusion.org.uk/mast/main.html).

Mean Free Path (for a given event, e.g. colli-

sions):

Average distance a particle travels between occur-

rences of the given event, e.g. between collisions. For

collisions, the mean free path is roughly equal to

unity divided by the product of the ‘collision cross-

section’ and the ‘particle density’.

Melt layer thickness:

Even in the presence of vapour shielding, the

energy flux to the material surface is large enough

to cause melting of metallic armours and the result-

ing melt layer thickness can be one to two orders of

magnitude higher than surface vaporization losses.

Therefore, the dynamic response of liquid metal lay-

ers exposed to various forces during the course of a

disruption is a serious concern.

Multi-faceted radiation from the edge

(MARFE):

An occasional toroidally symmetric, but

poloidally localized, region at the plasma edge

producing high radiation levels from impurities,

self-sustaining at relatively low temperatures.

Neutron wall loading:

Energy flux carried by fusion neutrons into the

first physical boundary that surrounds the plasma

(i.e. the first wall).

NBI:

Acronym for Neutral Beam Injection.

NRA:

Acronym for Nuclear Reaction Analysis.

NSTX:

Acronym for National Spherical Tokamak eXper-

iment (http://nstx.pppl.gov/index.shtml).

Ohmic heating:

Heating that results from the flow of current

through a medium with electrical resistance. In

ohmically heated plasmas, ions are heated almost

entirely by transfer of energy from the hotter, more

mobile electrons.

ORMAK:

Early tokamak built at Oak Ridge National Lab-

oratory.

Partially detached plasmas:

See plasma detachment.

Particle recycling:

In most tokamaks, the pulse length is at least an

order of magnitude larger than the particle confine-

ment time. Thus, on average, each plasma ion goes

to the wall or limiter and returns to the plasma many

times during the length of the discharge. This process

is called ‘recycling’. See also entry for high recycling.

Particle recycling coefficient:

For a well defined surface, the recycling coefficient

(R) is the ratio of the returning particle flux from

the surface to the plasma to the incident flux to the

surface from the plasma. Therefore, for R < 1, the

wall absorbs plasma particles, for R > 1, the wall

fuels the plasma. The global recycling coefficient is

an average over many local recycling coefficients at

various surfaces inside a tokamak.

PBX:

Acronym for Princeton Beta eXperiment.

PDX:

Acronym for Poloidal Divertor eXperiment.

Pedestal:

In an H mode plasma (see entry), there is a region

of high confinement and steep density gradient near

the edge of the plasma. This region acts as a plat-

form (or ‘pedestal’) to support the core of the plasma

(which has lower confinement).

Pellet injection/pellet injector:

This is a device which accelerates (shoots) small

(typically, few mm diameter) frozen pellets of hydro-

gen isotopes (or other elements); these are then

launched at high speed (ca. 1000 m/s) into the core
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plasma. Used mainly for plasma fuelling but also for

wall conditioning, plasma diagnostics and disruption

control.

PFC(s):

Acronym for Plasma Facing Component(s).

PISCES:

Acronym for the Plasma Interaction with Sur-

face Components Experimental Station. Plasma sim-

ulator, at the University of San Diego in the

United States (originally at University of Califor-

nia, Los Angeles), used to test materials and mea-

sure sputtering, retention, etc. expected in tokamaks

(http://cerfe.ucsd.edu/pisces/pisces.html).

Plasma detachment:

Low temperature plasma regime where there is

significant plasma pressure loss along field lines close

to the target plate. This is usually accompanied by a

significant decrease in the incident power and plasma

flux density. One refers to full detachment if the

plasma is detached from the entire length of the

divertor target; and to partial detachment, (or to

semi attached plasma) if the plasma is detached over

some of the divertor target surface (typically near the

separatrix), but still attached elsewhere (see Fig. 82).

Plasma elongation (κ):

Parameter indicating the degree to which the

cross-section of a toroidal plasma is non-circular;

κ = b/a, where b and a are the vertical and hor-

izontal minor radii. As κ is increased, the confine-

ment in relation to the total current improves, but

the plasma also becomes more unstable to vertical

displacements.

Plasma inductance:

Parameter relating the magnetic flux generated

through the plasma to the current in the plasma.

PLT:

Acronym for Princeton Large Torus.

PMI(s):

Acronym for Plasma–Material Interaction(s).

Poloidal direction:

In the vertical plane, around the minor cross-

section of a torus.

Private flux region:

The region below the X point (see entry) and

inside the separatrix (see inset in Fig. 1). It contains

a thin layer of plasma lying along the two separatrix

arms, terminating at the targets..

PSI-1:

Plasma generator located in the Max-Planck-

Institut für Plasmaphysik in Berlin used for inves-

tigation of plasma boundary.

PTE:

Acronym for Preliminary Tritium Experiment —

in JET in 1991.

QSPA:

Acronym for Quasi-Stationary Plasma Accelera-

tors used for investigation of disruption erosion and

damage of plasma facing materials.

Radiation damage:

General term describing changes in physical

and/or metallurgical properties of materials caused

by atomic displacement and nuclear transmutation

events occurring as a result of exposure to a radia-

tion environment (such as the neutrons emitted from

a fission or DT fusion reactor).

RBS:

Acronym for Rutherford Backscattering Spec-

trometry.

RF:

Acronym for Radio Frequency.

Runaway electrons:

Those electrons in a plasma that gain energy from

the toroidal electrical field at a faster rate than they

lose it through collisions with other particles. These

electrons tend to ‘run away’ in energy (not position)

from the cooler remainder of the background plasma,

because the collision cross-section decreases as the

particle’s velocity increases, so that the faster the

particle goes, the less likely it is to be stopped.

Safety factor (q):

The number of times a field line goes around a

torus toroidally for each time around poloidally. In

a tokamak, this number is typically near unity in

the centre of the plasma and between two and six

or eight at the edge. So-called because it helps to

determine the resilience the plasma has against cer-

tain instabilities. The safety factor is the inverse of

the rotational transform, and for a large aspect ratio

circular cross-section tokamak, can be approximated

as q = (r × Bt)/(R × Bp), where r and R are the

minor and major radii of the torus, respectively, and

Bt and Bp are the toroidal and poloidal magnetic

fields, respectively.

Sawtooth:

When a tokamak operates with enough cur-

rent to achieve q < 1 on the magnetic axis, the

plasma parameters (n, T , B) oscillate with a ‘saw-

tooth’ waveform. The oscillation is localized to a

region roughly within the q=1 surface, and arises

from internal MHD effects. Confinement is degraded

within the sawtooth region.

Scrape-off-layer (SOL):

Outer layer of a plasma, which is affected

(‘scraped off’) by a divertor or limiter. That is, the
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outer layer of a magnetically confined plasma where

the field lines intersect a material surface (limiter or

divertor plate) rather than close upon themselves.

Plasma crossing into the SOL is rapidly lost since

transport along the field is much faster than that

across the field.

SEM:

Acronym for Scanning Electron Microscopy.

Separatrix:

In a divertor tokamak (and some other configu-

rations), the last closed flux surface (see entry) is

formed not by inserting an object (limiter) but by

manipulating the magnetic field, so that some field

lines take a topologically different route (through

the divertor, rather than simply around the central

plasma). The boundary between the field lines that

close back on themselves and those that penetrate a

material surface is called the separatrix.

SIMS:

Acronym for Secondary Ion Mass Spectroscopy.

Sputtering:

Process by which atoms are ejected from a solid

surface by bombardment with energetic particles.

Sputtering yield:

Number of target atoms sputtered per incident

atom/ion; varies with target and plasma species and

energy.

START:

Acronym for the Small Tight Aspect Ratio Toka-

mak Located at Culham, England. This spherical

tokamak claims the record β value for a tokamak.

Superconductor:

A type of electrical conductor that permits a cur-

rent to flow with zero resistance. Without supercon-

ducting coils, a toroidal magnetic confinement fusion

reactor would not be possible, because too much

energy would be required to maintain the magnetic

fields against resistive energy losses in the coil con-

ductors.

Supershot:

A high confinement regime in TFTR beam heated

plasmas that was obtained after wall conditioning

had depleted deuterium from the limiter.

T-3, T-10...

Series of tokamaks built at the Kurchatov Insti-

tute in Moscow. T-3 was the first machine to demon-

strate fusion relevant plasma temperatures and to

demonstrate the potential of the tokamak concept.

TCV:

Acronym for Tokamak à Configuration Variable.

TdeV:

Acronym for Tokamak de Varennes, i.e. a small

tokamak in Quebec, Canada, that has now been

closed.

TDS:

Acronym for Thermal Desorption Spectroscopy.

TEXT:

Acronym for TEXas Tokamak.

TEXTOR:

Acronym for the Tokamak EXperiment for Tech-

nology Oriented Research. Medium-sized European

tokamak located in Jülich, Germany. Research

objectives include developing PFCs and studying

effects of plasma-wall interactions (http://www.kfa-

juelich.de/ipp/).

TFR:

Acronym for Torus Fontenay-aux-Roses.

TFTR:

Acronym for the Tokamak Fusion Test Reactor:

Large tokamak at Princeton; first machine to use

50%–50% mix of DT fuel; current record holder

for total fusion energy production. TFTR was the

largest tokamak in the United States, but ceased

operation in 1997 (http://www.pppl.gov/tftr/).

Thermal quench time of disruptions:

It is the characteristic time in which most of the

plasma thermal energy is lost, primarily by con-

duction to the plasma defining surfaces (limiter or

divertor targets). During a thermal quench, the core

plasma temperature typically falls, first to less than

several hundred eV, and subsequently to less than

100 eV; 1–10 ms expected in ITER-class tokamaks.

See also entry for current quench time.

Tokamak:

Acronym created from the Russian words,

“TOroidalnaya KAmera i eë MAgnitnaya Katushka”

or Toroidal Chamber and Magnetic Coil.

Tore Supra:

It is the second largest tokamak in Europe, and

is located in Cadarache (southern France). It uses

superconducting toroidal field magnets. Tore Supra

has a circular cross-section, which limits the achiev-

able confinement time and experimental flexibility.

In addition to developing superconducting technol-

ogy, it concentrates on the physics of long pulses

(http://www-cad.cea.fr/r50.htm).

Toroidal direction:

In the horizontal plane, around the vertical axis

of the torus.

TPE:

Acronym for the Tritium Plasma Experiment, a

plasma simulator used primarily for studies of tri-

tium retention and effects in plasma facing sur-

faces. TPE is operated by Sandia National Labo-
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ratories. TPE is presently being transferred from

the Tritium System Test Assembly (TSTA) facil-

ity at Los Alamos National Laboratory to the Idaho

National Environmental Engineering Laboratory in

Idaho Falls, Idaho.

Tritium breeding ratio (TBR):

The amount of tritium generated by the breed-

ing blanket of a DT fusion reactor, divided by the

amount of tritium burned in the reactor. A tritium

breeding ratio greater than unity is necessary for self-

sufficient fuelling.

Tritium fractional burnup:

During normal operation of a DT tokamak, only

a small fraction of the fuel will be consumed (i.e.

burned by DT fusion reactions), the rest will be

retained in the plasma facing surfaces or pumped out

and reprocessed. The tritium fractional burnup, fb, is

defined as the ratio of the burn rate to the total rate

of fuel loss from the vessel by either burning, pump-

ing or retention. In existing tokamaks (e.g. TFTR

and JET) this fraction is of the order of 10−4. In

a next step device like ITER, the tritium fractional

burnup will be of the order of few per cent.

TZM :

An alloy of molybdenum with 0.5% Ti, 0.1% Zr,

which improves high temperature properties by rais-

ing the recrystallization temperature.

Unipolar arc:

Arc between a metal surface and a plasma in con-

tact with it. Such an arc requires only one electrode

and is maintained by the thermal energy of the elec-

trons.

Vapour shielding layer:

During the initial stage of a plasma disruption, the

energy deposited onto the exposed surface will cause

ablation of the material and sudden formation of a

vapour cloud above the exposed area. This vapour

cloud, if well confined, will significantly reduce the

subsequent net energy flux to the material surface,

thus reducing vaporization losses, by orders of mag-

nitude.

VDE:

Acronym for Vertical Displacement Event. See

entry for vertical instability.

Vertical instability:

A type of MHD (n = 0) instability where the

plasma drifts vertically upward or downward. Nearly

all tokamaks (especially, if D shaped) are vertically

unstable. Controlling this instability is possible in

many cases and is an important facet of machine

design; control is often lost in the current quench

phase of disruptions in D shaped tokamaks, result-

ing in what is termed a vertical disruption or vertical

displacement event (VDE). Vertical instabilities give

rise to halo effects (see entry for halo currents).
Wall pumping:

The term ‘wall pumping’ is commonly used for

the spontaneously occurring net particle removal by

the wall during standard plasma operation, as well as

for the induced pumpout effect that occurs when the

plasma is suddenly moved to a part of the wall that

is able to provide net particle absorption, usually the

inboard wall.

X point:

Place where the poloidal magnetic field vanishes

in such a way that two flux surfaces appear to cross,

e.g. where the main plasma joins the divertor region,

or between magnetic islands.

Zeff :

It is the mean ion charge in the plasma:

Zeff = ΣniZ
2
i /ΣniZi
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Nucl. Mater. 176&177 (1990) 438.

[325] Begrambekov, L.B., et al., J. Nucl. Mater. 170

(1990) 101.
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are 100 Å/s (T.Q. Hua, personal communication).

[572] Gentile, C., Parker, J.J., Zweben, S.J., In situ

imaging and quantification of surface tritium con-

tamination via coherent fiber bundle, T2001 Int.

Conf. on Tritium Science and Technol., November

11–16, 2001, Tsukuba, Japan, to appear in Fusion

Science and Technol.

[573] Skinner, C.H., Gentile, C.A., Young, K.M.,

in Fusion Engineering (Proc. 18th IEEE/NPSS

Symp. Albuquerque, 1999), IEEE, Piscataway New

Jersey, IEEE 99CH3705 (1999) 89.

[574] Skinner, C.H., et al., J. Nucl. Mater. 290–293

(2001) 486.

[575] Philipps, V., et al., J. Nucl. Mater. 258–263

(1998) 858.

[576] Philipps, V., et al., Nucl. Fusion 34 (1994) 1417.

[577] Staudenmaier, G., Wampler, W.R., J. Nucl. Mater.

145–147 (1987) 569.

[578] Wampler, W.R., Cohen, S.A., Nucl. Fusion 25

(1985) 771.

[579] Wampler, W.R., J. Vac. Sci. Technol. A 3 (1985)

1067.

[580] Voss, D.E., Cohen, S.A., J. Nucl. Mater. 93–94

(1980) 405.

[581] Ruzic, D.N., et al., J. Nucl. Mater. 145–147

(1987) 527.

[582] Verbeek, H., and the ASDEX Team, J. Nucl.

Mater. 145–147 (1987) 523.

[583] Verbeek, H., Schiavi, A., The Low Energy Neu-

tral Particle Analyser (LENA) at W7-AS, Rep.

IPP9/103, Max-Planck-Institut für Plasmaphysik

(1994).

[584] Umansky, M.V., Krasheninnikov, S.I., La Bom-

bard, B., Terry, J.L., Phys. Plasmas 5 (1998) 3373.
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