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Abstract

This is a review of recent experiments on helium transport and exhaust in tokamaks. The experiments are discussed in the
light of requirements placed on alpha particle confinement for sustained ignition. The ratio of alpha particle replacement
time to energy confinement time must be sufficiently small, and is used as a figure-of-merit for assessing the performance of
experiments. The attainment of adequate helium removal depends most sensitively on recycling processes, pumping and
boundary screening. Since no experiments exactly modeling the geometry or conditions in next step reactors have been
performed, heavy emphasis is placed on identifying and understanding fundamental processes so that valid extrapolation is
possible. Experiments have thus been carried out for basic regimes (L- and ELMy H-mode confinement, conventional high
recycling divertor) and for improved performance conditions, both for the core (ELM-free H-mode, VH-mode, supershot,
reverse shear, high B mode) and in the edge /divertor (completely detached H-mode, detached limiter). The core helium
transport database has been accumulated mainly by gas puffing experiments, where the helium source is localized at the
edge. Experiments with a central helium source from helium neutral beam injection find similar behavior, for the basic
confinement regimes. Work is underway to make this comparison for improved confinement regimes. Results of integrated
helium transport and exhaust experiments generally show adequate helium exhaust for next step reactors, but a widely used
technique for helium exhaust (argon frost pumping) has been found to have important limitations for exploration of
improved divertor (gas target) regimes. There has been less activity in the study of improved core and divertor operational
modes, but a database is beginning to accumulate. While the figure-of-merit parameters for helium removal are favorable for
next step reactors predicated on the basic core and divertor modes, the lack of similarity with next step devices requires the
use of validated models even in this case. and these have been improved considerably.

Kevwords: Tokamak; Helium exhaust and control; Particle transport and confinement; Active pumping

1. Introduction Helium ash accumulation poses a potential fundamental
threat to the feasibility of magnetic confinement fusion
concepts based on the D-D and D-T fusion cycles. The
necessity to control the build-up of helium ash imposes
constraints on core transport, edge/divertor conditions,
removal efficiency and plasma-facing component and pump
engineering design for fusion reactors. This situation has
been recognized both in general terms, since the first
fusion reactor studies [2], and in detail, starting with
INTOR design studies [3].

Serious concern about helium accumulation was ex-
pressed at the outset of the modern era of large tokamak

This review describes experiments carried out recently
to characterize helium transport and exhaust in tokamaks.
It mainly describes developments occuring since an earlier
review of helium removal in tokamaks {1].
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experiments. An analysis of neo-classical tokamak impu-
rity transport predicted that **...alpha-particies are likely to
stay in a reactor plasma, and hence a steady-state reactor,
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for example, will hardly be possible’” [4]. A pioneering
experimental study in Doublet III inferred helium accumu-
lation properties from electron density measurements [5].
However, it was not until the helium concentration in the
core plasma was measured by charge exchange recombina-
tion spectroscopy (CERS) [6] that quantitative experiments
became feasible.

INTOR design studies identified the importance of
divertor helium enrichment. More efficient helium removal
reduces the required on-site tritium inventory, and removal
is more efficient the higher the helium enrichment at the
pump. Divertor helium enrichment is the ratio 7=
fHe,core/fHe,div’ where fHe,corc = nu/ne and fHe,div =
nye/2ny . Modeling (and the Doublet III results men-
tioned earlier) suggested that a high degree of relative
helium enrichment could be expected, easing INTOR
pumping requirements [7]. While this subject has since
been re-studied [1], the importance of close interaction
between divertor models and experiments for understand-
ing fundamental processes was thus established. Quantita-
tive studies of the divertor enrichment question were im-
proved with the development of the species-sensitive
(‘smart’) Penning gauge [8]. The neutral helium concentra-
tion in the pumping region can now be determined in
deuterium and tritium plasmas and compared with the core
concentration measured by CERS.

With these tools in place, experimental activity on this
question was greatly stimulated by the ITER Conceptual
Design Activity (1988—1990). The ITER CDA perfor-
mance estimates were predicated on the simultaneous at-
tainment of enhanced energy confinement (H-mode) and
adequate helium ash expulsion (through frequent ELMs)
[9]. Two workshops on helium transport and exhaust char-
acterized the status of the experimental database at that
time [10,11]. Only a limited database of results in limiter
tokamaks and in L.-mode conditions was available [12-16].
Thus, doubts remained about the fusion relevance of H-
mode at the outset of the ITER Engineering Design Activ-
ity (EDA). It was thought that the short term benefits of
H-mode, although yielding a greater fusion power, would
be deleterious in a longer pulse because of the concomitant
higher level of alpha particle ash production and the
subsequent ash poisoning [17]. Therefore a high priority
was given to the characterization of helium transport and
exhaust in ELMy H-mode. As a result of the ITER empha-
sis a number of experimental campaigns on this topic were
carried out on major tokamaks.

The demonstration of adequate exhaust in ELMy H-
mode has now been accomplished. Core helium confine-
ment has been studied in DIII-D [18-24], TFTR [25-28],
JET [29-31] and JT-60 and JT-60U [32-34). Helium
exhaust has been successfully demonstrated in DIII-D
[23,24,35], JT-60U [34], ASDEX-Upgrade [36,37], Tore
Supra [38], TdeV [39], TEXTOR [40] and JET [29] for
both divertor and limiter configurations. The ‘CDA ques-
tion’, whether simultaneous attainment of adequate helium

exhaust and improved confinement in a conventional high
recycling divertor is possible, has been answered in the
affirmative.

During this same period, though, more promising con-
finement regimes have been identified and new issues have
arisen. ELM-free H-mode, VH-mode and Enhanced Re-
verse Shear {or Negative Central Shear) configurations
have further increased both confinement quality and beta
values. The ITER EDA has stimulated experimental at-
tempts to improve divertor operation (reducing the divertor
plate heat flux) by operation in partially or fully detached
conditions with substantial edge radiation cooling.

The present status of the experimental database was
discussed recently at a 3rd International Workshop on
Helium Transport and Exhaust [41]. This survey showed
that to date, while there is an emerging database in these
new core and divertor operational regimes, there has been
little systematic characterization of helium transport and
exhaust. Hence, this paper addresses the status of the
database in the light of new developments and thus exam-
ines (Section 2) the requirements for reactors and (Section
3) the associated basic processes involved in helium re-
moval. The status of the present database is described in
Section 4.

2. Reactor requirements for efficient helium removal

The reliability of present experiments for predicting
future reactor ash accumulation depends on the similarity
between experimental parameters and assumed reactor
conditions, with respect to the fundamental processes which
yield efficient helium removal. Reactor performance re-
quirements directly impose limits on ash accumulation.
Since experimental results are often expressed either in
terms of reactor performance figures-of-merit or in terms
of empirical characteristic times for basic helium transport
processes, these topics are discussed first.

2.1. Helium particle balance

The helium exhaust problem is best characterized by
tracing the pathway of the helium in the system. Fusion-
produced helium is confined in the core (separatrix-
bounded) plasma for a characteristic ‘first pass’ time,
denoted 7., which includes both the slowing down of the
fusion-produced « particle to thermal energy, and the time
required by the thermalized o to diffuse to the separatrix.
Possible kinetic effects, for example ripple loss or Toroidal
Alfven Eigenmode (TAE) instabilities, could play a role
here. After 7., the « particle enters the scrape-off layer
(SOL). The SOL transport processes (such as thermal and
friction forces, parallel and radial diffusion) enter. From
the SOL it will probably reach the divertor plate, to be
reflected, absorbed or re-emitted after neutralization. This
recycled helium can be ionized in the SOL and return to
the core as a (relatively) cold ion, return to the core as a
fast reflected neutral, repeat the divertor plate experience,
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or enter the pumping duct. From the duct it can be
exhausted or return to the scrape-off layer, to repeat the
SOL and divertor plate experiences. Some fraction of the
first pass core efflux returns to the core, as an additional
source of helium in the core due to recycling from the
exterior. Since this returning source is edge-localized, the
confinement time for recycled particles is described by a
separate (and smaller) characteristic lifetime, 7.2,

From elementary particle balance the global replace-
ment time for alpha particles is 7.” = 7. + 12R,, /(1 —
Ry ). where Ry is the global core recycling coefficient.
The value of Ry, is determined by the helium exhaust
efficiency (&, typically < 1), and by the boundary screen-
ing parameter, v, (also << 1) for unpumped helium: R,
=vy/(e+ vy) [42]. The first pass of helium exhaust de-
pends mostly on intrinsic core confinement (7.!) and after
that the edge, divertor, pumping and SOL screening prop-
erties (y, £, 7,2) determine the eventual level of accumula-
tion. The stationary helium concentration in large ma-
chines is determined mainly by y, &, and 72 [}, so the
helium removal problem is sensitive to the details of the
divertor pumping geometry.

Although direct measurements of 7., 72, y and &
would be desirable, some experimental parameters charac-
terizing helium transport and removal are more easily
observable. The helium particle balance in pumped diver-
tor experiments is often discussed in terms of a ‘multi-re-
servoir’ model describing evolution of the total number of
particles in the core, divertor/SOL and pump (N, Ny,
N,.mo) in terms of characteristic decay constants 7., Ta,
and T [37,43,44]. For example,

pump
d Ncore _ 2 Ncore Ndiv
T <“D-T
dr Teore Tdiv
deiv Ndiv Ncnre
d == + - (] - gcond)(pbafﬂe
1 Tdiv Teore
dN N
pump pump
= (l - scnnd)q)hafﬂe - 4 (l)

dt

pump

This illustrates the overall particle balance, but the ob-
served decay for N, Ny, and N, each combine
several fundamental processes. The change in core bound-
ary conditions due to edge effects influences evolution on
the 7. timescale. Absorption, reflection, ionization and
pump conductance processes near the divertor plate are
combined in the 7, timescale. The flux of helium into the
pump plenum (@, ), the back-conductance (g,,4) of
unpumped helium into the SOL, and the helium pumping
rate are combined in the decay seen on the 7,,,,, timescale.
‘Profile relaxation’ experiments determine T, using a
gas puff to determine the ‘e-folding’ time for relaxation to
a steady state spatial distribution (7, ,, ;). This definition
also combines several more fundamental processes. For
example, 7., depends on the timescale for evolution of
the edge boundary conditions for core transport, and these

change on the 7, and 7., time scales.

2.2. Reactor criteria

2.2.1. General criteria

The requirements for a sustained burn have been de-
rived by several authors (as described in Ref. [1]). The
necessary (Wolf-Reiter) criterion states that there is a
maximum ratio of the alpha particle replacement time to
gross energy confinement time 7," /7 (= pyg) which
can be tolerated. This maximum value depends on other
conditions, such as the intrinsic impurity level. With, e.g.,
2% Be content, pywg < 10 is needed to maintain the ther-
monuclear burn. If radiation losses are excluded from g,
the value of pyr must be substantially smaller than 10
(Wolf, in Ref. [41]). Since the addition of efficiently
radiating impurities is seen as a promising way to reduce
the divertor plate heat flux, the relation between pyy and
the allowable ‘fatal fraction’ of other impurities is impor-
tant. As shown in Fig. 1, the permissible py drops very
sharply for candidate radiators as their concentration (f;,,.)
rises, when the ignition parameter is fixed at n 7T = 10gz
keV s m™* [45]. Since the maximum radiated power
increases with f, . divertor experiments must establish
the trade-off between PWR and f . The same require-
ments also apply for helical systems [46], but this subject
is just now beginning to be explored experimentally.

Reactor criteria thus impose overall constraints on the
transport due to core (7)) and edge recyled (7.7) helium,
and on the re-penetration and exhaust characteristics of the
device, Ry (&, ¥). Experimental study of helium transport
and exhaust is thus partially separable into the study of
core confinement properties and the study of re-penetration
and exhaust processes.

2.2.2. Specific criteria (ITER-EDA)

While helium transport is an interesting research area
for existing tokamaks, it is a sine qua non for proposed
long pulse ignited tokamaks. Thus the specific research
needs for the ITER design play an important role in

5
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Fig. 1. Maximum tolerable impurity fraction f;,, versus pyy for
fixed confinement (n,7,7 =102 keV s m~?) for candidate
radiator impurities.
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determining future experiments in this area. The ITER
divertor design requires, simultaneously, significant diver-
tor heat flux reduction, core Z.; below 1.6, strong flow
recirculation and pumping, high quality baffling, low tar-
get plate T,, and divertor plate survivability for ELM
burn-through and disruptions [47,48]. Impurity retention in
the divertor is crucial to optimizing radiative efficiency
[49]. While the geometry needed to support detachment is
presently under study, the ITER design will be able to
accommodate the wide gas box with transparent wall,
vertical target and deep slot designs (Janeschitz in Ref.
[41)).

These requirements also necessarily specify the rele-
vant environment for helium transport and exhaust experi-
ments. The design assumes that pyg < 10, and that the
helium enrichment factor, > 0.2. The latter constraint
implies a minimum ~ 2% helium concentration in the
divertor plasma since fy. ... < 12% is also a design goal.
Given the range of expected DT baffle pressures (0.5-10
Pa), this requires a maximum helium pumping speed of
~ 80 m*/s. The pumping speed provided for exhaust is
200 m*/s. So, if 1< 0.2 is found in current experiments
this would suggest a reinvestigation of the ITER design
assumptions.

3. Fundamental processes in helium removal

While empirical decay constants are useful to catego-
rize the phenomena, it is recognized that the understanding
needed for reliable design of future systems also requires
insight into details of the more complex core transport and
edge /divertor fundamental processes. Since the problem is
separable into core confinement properties and the study of
re-penetration and exhaust processes, the core processes
are described in Section 3.1, the edge /divertor processes
in Section 3.2 and the existing experimental environment
for these studies {configurations and pumping) is described
in Section 3.3.

(7., 72

lasma' 'a a

3.1. Core transport: 7,

In order to extrapolate the results of present core
transport experiments, a description of the underlying
transport coefticients is needed. The analysis of core ther-
mal helium transport was first made with the Multiple
Impurity Species Transport (MIST) code [50]. The evolu-
tion of the flux-surface averaged alpha density, n,, in the
fully ionized core plasma is described in terms of the
flux-surface averaged radial diffusion equation

on, 1 9 r
ot () =S

on,
with I, = — A(r)—a— + Vi(r)n,, (2)
r

where I, is alpha radial flux density, r is the normalized
radius (in toroidal flux coordinates), S, is the source, and
D, and V, are the anomalous diffusivity and radial con-
vective velocity. Appropriate boundary conditions deter-
mined by divertor /SOL conditions are also specified. The
convective velocity V, is parametrized in MIST as

d(In n,)

va(r) =c,Dy ar

()
The one-dimensional evolution n,(r,t) is reduced to the
specification of dependence on two radial functions D,(r)
and V,(r) by Eq. (2). Since the n, profile is measured, Eq.
(3) allows a further reduction to a single radial profile
(D,) and one coefficient, c,. The motivation is that in the
fully ionized, source-free core region the stationarity con-
dition I, = 0 results in a profile n (r)=An(r)* where
¢, measures the degree of preferential helium accumula-
tion with respect to the n, profile. (¢, = | means the n,
and n,, profiles have the same shape.) For the special case
of a parabolic n, profile Eq. (2) becomes V, =
—2D,c,r/a*. Experimental results for impurity transport
are often quoted using the approximate parametrization,
but this is not valid for the broad (or even inverted) n,
profiles measured in enhanced confinement regimes in
divertor tokamaks. The radial model describes diffusive
processes, and while some effects of faster MHD time-scale
phenomena (sawteeth and ELMs) enter indirectly through
their modification of the n, profile, the alpha-specific
MHD effects must be determined separately.

An important simplification can be made in the core
plasma region if (i) the helium is fully ionized and (ii)
S, = 0. In that case the right hand side of Eq. (2) vanishes
and the flux I (r, 1) may be determined directly from
measurement of n (r, t), by CERS for example. This
allows a direct determination of D, and V, for the
source-free region. This approach has been used for TFTR
[27], on DII-D [23] and for JET [29]. Fig. 2 shows the
results of such an analysis for TFTR: a comparison for
L-mode and Supershot conditions of the inferred radial
profiles of the helium and ion thermal diffusivity from the
source-free analysis and from MIST (Synakowski in Ref.
[10]. Values for D, and V, obtained by the direct and
MIST modeling techniques overlap in the region of com-
mon validity. Analysis of the measured fluxes and gradi-
ents requires careful treatment in the applicable regime for
the source-free assumption. In JET, for example, typically,
the region in which normalized radius p > 0.8 has sources,
while the inner region is characterized by complex CERS
spectra and gradients which are near zero (von Hellermann
in Ref. [41]).

Where the source-free assumption is not valid, model-
ing with time dependent impurity transport codes, such as
MIST, using measured background plasma profiles, is used
to infer D, and V, from fits to CERS radial profiles. Since
some of the same difficulties are encountered (near zero
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Fig. 2. Comparison of radial particle diffusivity coefficients for
helium and thermal ion diffusivity in TFTR, using both the direct
analysis and MIST transport code methods, for L-mode and
supershot conditions.

gradients in steady-state conditions) MIST transport coeffi-
cients are inferred from the initial transient after the gas
puff is injected [20].

The work required to provide an adequate atomic
physics database is another fundamental aspect of this
effort. The Atomic Data and Analysis Structure (ADAS)
database provides the data needed for CERS [51]. Even
though great progress has been made in this area, there
remain some problems. For example, the neutral beam
geometry on JET produces a strong neutral beam ‘plume’
effect which can distort the CERS measurement. Very
detailed work is required to extract results, but helium still
cannot be used as a reliable indicator of plasma tempera-
ture and density.

3.2. Divertor / edge / pump processes Ty;.. Tyup A7 &)

3.2.1. Divertor / edge processes: Tp,,

A detailed two-dimensional conceptual model, based on
moments of the kinetic equations, has been developed for
transport processes in conventional high-recycling divertor,
using transport codes such as b2 [52] and DIVIMP [53,54]
and the UEDA code [55]. This construct has helped to
guide experimental studies. Some of the important pro-

cesses can be identified just from the parallel force balance
for alphas, which is described by

—ay  2eEina = U p(Va = V)

4C, 0T, aT,
+n, —+C—|. &)
zZ, al al

1

where [ is the coordinate along the magnetic field away
from the divertor plate, C,; are the electron, ion thermal
force coefficients, V,, , are the alpha and background flow
velocities which determine the collisional friction force
[56,57]. According to this model, the thermal force dis-
perses recycled helium ions away from the divertor and
allows better re-penetration to the core plasma, while the
retarding friction force with the background flow toward
the divertor plate increases retention in the divertor. Direct
experimental identification of these forces is difficult be-
cause, for example, the intense gas puffing which is often
used to increase the hydrogenic flow toward the divertor,
and thus increase the retarding frictional force, also re-
duces T, and thus reduces the thermal force as well.

If friction with the background plasma is high enough,
then the radial variation also becomes important. The
helium flux is directed radially away from the local D-T
density maximum at the strike point, and so the helium
density is shifted outward of the separatrix. For example,
since this effect directs the helium flux toward the pump
duct entrance, calculations for the ITER CDA design
produced a favorable prediction for helium exhaust {58].
However, these calculations did not self-consistently cou-
ple the neutral and ion populations. Implicitly coupled
models for neutral and ion transport have since been
developed [59], and are now being compared with experi-
mental results [60,61] and applied to the ITER EDA design
[62,63]. The enhanced divertor performance in the ITER
EDA design (Section 2.2.2) requires high neutral density
and pressure in the divertor. Atomic physics processes
related to ion—neutral and neutral-neutral interactions are
involved which have hitherto been neglected. These pro-
cesses are also now incorporated in the models [64-66].

3.2.2. Pumping processes: Ty,

The fact that helium is a noble gas implies that it will
recycle with a near unity coefficient from plasma-facing
surfaces. However, significant absorption of helium by
beryllium has been measured on JET [67], helium absorp-
tion by boronized surfaces is an integral part of the Solid
Target Boronization (STB) helium exhaust technique used
on JT-60 [34] and helium absorption is found on well-con-
ditioned graphite limiters in TFTR {68].

Divertor exhaust experiments on DII-D and JET use
the technique of covering the cryopump with a layer of
argon frost. Helium is trapped in the argon layer only
transiently. However, the rate of helium removal with this
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Fig. 3. Pumping systems comparison. {a) Variation of helium
pumping speed in the DIII-D cryopumping system versus D, flux.
(b) Measured helium density decay in Asdex Upgrade ohmic
conditions as the number of active pumps is increased.

Table 1

technique depends sensitively on the prior history of load-
ing of the argon layer by D,. Fig. 3a shows the measured
variation of pumping speed for an argon frost layer on the
DII-D cryo-pump, as a function of the accumulated D, on
this pump [69]. Approximately 100 Torr 1 (~ 13 Pa m?) of
D, is sufficient to reduce the active helium pumping speed
by 2/3. This is a serious drawback to use of this technique
in detached plasma studies, where D, gas puff rates in
excess of 100 Torr 1 57! (13 Pa m® s™!) are often used.

In contrast, helium exhaust experiments carried out
with turbomolecular pumps can continuously exhaust he-
lium even with high fluences of D, and for steady condi-
tions [70]. As a bonus, they allow an extrapolation in
pumping speed, since the number of active pumps can be
varied. This additional control has been exploited in a
recent Asdex Upgrade experiment which has succeeded to
decouple the external gas flow from the friction force
using turbomechanical pumping [71]. Fig. 3b shows an
example of the capability to vary the pumping speed with
turbomolecular pumping in ASDEX-Upgrade. The helium
decay rate (as measured by helium recycling at the inner
wall) increases as the number of active pumps is increased
(Bosch in Ref. [41)).

3.3. Divertor and pumping configurations

Helium transport and exhaust experiments have been
carried out in a number of different types of plasma and
divertor configurations, so that the accumulation of a
uniform database which could be directly empirically ex-
trapolated for use in the design of future machines is
difficult. Table 1 (prepared by D. Campbell, JET) presents
a survey of the plasma and pump types, and helium

Survey of existing and planned upgraded capabilities for helium transport and exhaust experiments (prepared by D. Campbell, JET)

Helium pumping capabilities

Tokamak Plasma type Pump®  Speed(m®s™') Plasma volume (m?) Pump geometry ®  Helium pumping ©
JET (MKI/MKIT ¢)  divertor CY 180 80 O/P Ar
JT-60U (modif.) ¢ divertor CY 35-72 50-80 1/1+ O STB/Ar
DIII-D divertor CY 18 21 Oo/P Ar
Asdex-U (Lyra) ¢ divertor ™/CY 14/100 13 o) TM(Ar)
JFT-2M divertor CY 1.9 2.5 (0] Ar

TdeV divertor CY 6/4 1 O AC
C-Mod ¢ divertor cYy 10 0.9 o Ar
TRTR limiter wall (varies) 60 limiter wall
Tore Supra lim /erg. div. Ti 25-40 25 limiter wall

TS Continu ¢ lim/erg. div. CM 12-60 25 limiter CM
TEXTOR lim/erg/ div® TM 56 7 limiter ™

* Pump: TM: wrbomolecular, CY: cryopump, CM: cryo-mechanical, Ti: titanium getter.

b Pump geometry: I: inner leg, O: outer leg, P: private flux.
¢ Helium pumping: TM: turbomolecular, Ar: argon frost, CM: cryo-mechanical, STB: solid target boronization, AC: activated charcoal.
¢ Status: indicates not yet operational capability.
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pumping types for experiments now operating, or for
upgrades which are planned or proposed.

4. Status of experiments

The attainment of satisfactory helium removal depends
both on adequate core transport, involving 7., 72, and on
effective helium removal, which involves R (y, €). Work
in this area has mainly concentrated on characterization of
basic confinement modes (L-mode and ELMy H-mode)
combined with basic edge and divertor modes (limiter and
conventional high recycling conditions). However, a
database is also beginning to form on aspects of enhanced
regimes as well, both for enhanced core confinement modes
and for enhanced divertor performance. The experimental
results are discussed in terms of core transport (Section
4.1), divertor/edge processes (Section 4.2) and then the
results of integrated helium removal experiments (Section
4.3).

() 12)

4.1. Core helium transport: 7,1,

Core helium transport work has, for the first time,
involved studies of D-T fusion produced alphas in TFTR,
and further results are expected from JET in the near
future (Section 4.1.1). Kinetic theory and modeling aspects
of alpha particle transport, with a special emphasis on
TFTR D-T experiments, have been discussed in a dedi-
cated issue of Nuclear Fusion [72]. The transport of non-
nuclear alphas has mainly been measured in experiments
in which a short gas puff of helium is injected, and the
subsequent evolution is observed. This technique bhas al-
lowed exploration of the dependence of alpha transport in
both basic and enhanced confinement regimes (Section
4.1.2). Several comparisons of gas puffing (which empha-
sizes 7.7) with helium neutral beam injection (providing a
central a source) have been carried out (Section 4.1.3).

4.1.1. Fusion-produced alphas

TFTR D-T experiments and analysis have covered the
life cycle of a particle ash, from thermonuclear production
to pumping by the TFTR bumper limiter (Synakowski in
Ref. [41]).

The energy spectrum of confined, slowing alphas near
the 3.52 MeV birth energy has been measured with the
help of boron pellet injection. With pellets injected 0.2 s
after a 1 s neutral beam pulse a classical slowing spectrum
down to 1 MeV is found, while with pellets injected 20 ms
after a shorter neutral beam pulse one finds the expected
localization around the birth energy. Similar measurements
show that a sawtooth event can lead to an outward radial
redistribution of energetic a-particles. The fast o loss
fraction is found to be constant with increasing power, but
reduced with increasing I,. The alpha behavior at interme-
diate energy (from 0.1-0.7 MeV) has been studied with
the ‘«-CHERS’ diagnostic [73]. The o energy spectrum

for radii p = 0.05-0.6 was compared with the f, provided
by the TRANSP analysis code [74]. The a source, colli-
sional slowing and perpendicular diffusion using an a
diffusivity D, =0.03 m?>/s is consistent with the data.
Ripple loss of alphas in TFTR has been analyzed with
TRANSP and with the ORBIT fast ion code, showing that
TFTR ripple losses could reduce the helium ash profile by
11% for standard discharges (R =2.5 m) (Redi in Ref.
[41D).

The thermal alpha transport coefficients {and pinch
velocity) have been found to be consistent with those
deduced from the results of gas puffing experiments, and
the profile shape appears to be dominated by transport, and
not by the localized D-T source near the axis [25].

4.1.2. Thermal « transport: Gas puff experiments

The bulk of the present database for helium transport
has been accumulated with short helium gas puffs fol-
lowed by observation of the subsequent evolution. Fig. 4
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Fig. 4. Helium gas puff exhaust scenario in DIH-D.
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shows the scenario for such an experiment on DIII-D. The
H-mode is established with the onset of neutral beam
heating, while the plasma is positioned away from the
baffle entrance, so there is little pumping. The helium is
introduced at the midplane, and arrives in the discharge
center in ~ 100 ms. Subsequent to that, without pumping,
the helium reaches a steady-state profile. Gas puff experi-
ments combine measurements of 72 and (after the injected
helium reaches the center) 7.. The experiments to date
have been carried out for both basic (L-mode, ELMy
H-mode) and enhanced confinement modes.

4.1.2.1. L-mode. L-mode helium confinement was studied
on DII-D [75]. MIST code modeling showed similar
values for D, (~1 m?/s) and ¢, (1.0) as for earlier
L-mode confinement measurements on TEXTOR [14] and
JT-60 [76]. The first L-mode helium transport experiments
in TEXTOR, made with a 3-channel CERS system [14],
have been revisited in TEXTOR-94 with a 12 channel
system. The more detailed profile measurement shows that
the helium profile shape remains unchanged during decay.
The value of pyy is found to be ~ 12 (L-mode), some-
what higher than values previously observed in TEXTOR.
The recent results were obtained under conditions in which
alignment errors may result in less efficient pumping, and
time dependent MIST modeling is consistent with such an
explanation (Post-Zwicker in Ref. [41]).

4.1.2.2. ELMy H-mode. Experiments establishing scaling
of helium transport in ELMy H-mode have been per-
formed in DIII-D [20]. H-mode parameter scaling, based
on a multiplier times ITER (89P) L-mode scaling [9],
would predict 7, ~ I[?‘Ssng"Pi;O'S for a given device and
configuration. For fixed injected power, the plasma current
was varied from 0.6-1.6 MA. The scaling dependence
observed was Dj(core) ~I.%7" and Dj(edge) ~ I;7 "4,
with ¢, =1, consistent with the range expected from
H-mode scaling (7~ I1>*°). (The ¢, =1 assumption is
based on the observed similarity of n, and n, profiles in
steady state.) The D, (edge) scaling in ELMy H-mode is
sensitive to the frequency and amplitude of ELMs, since
helium is observed to be directly expelled from the edge
plasma (p> 0.8) by ELMs [19]. Determination of the
scaling dependence on neutral beam power at fixed plasma
current is complicated by the fact that the ELM frequency
changes with Pyg. Thus, as Pyg increases from 4 to 12.5
MW with I, = 1.6 MA, the ELM frequency increases from
0 (ELM-free H-mode) to 120 Hz. 7 decreases by a factor
3, (H-mode scaling would predict a factor 1.77 decrease),
while the value of D,/ xp increased from 0.3 to 1.3. ( yg
is determined from the ONETWO analysis code). Thus,
ELM effects preferentially remove particles from the edge
without seriously degrading energy confinement.

The correlation between profile relaxation time (Sec-
tion 2.1) and the energy confinement time has been mea-
sured for ELMy H-mode conditions on JET. The profile

relaxation time for helium and neon is found to be compa-
rable with 7 for both H- and L-mode The n, profile, in
contrast with hollow profiles observed for beryllium, neon
and carbon, assumes a shape similar to the n, profile [29].

4.1.2.3. Enhanced confinement modes: ELM-free H-mode,
VH-mode, supershot. A survey of the helium transport in
enhanced confinement regimes has been possible in DIII-D
because of its configurational flexibility. Fig. 5a compares
the steady-state helium and electron density spatial profiles
for L-mode, ELMy H-mode, ELM-free H-mode and VH-
mode in DIII-D [21]. These profiles are measured 1 s after
a He gas puff, so there is adequate time for relaxation to
steady state. The remarkable profile consistency between o
particle and n,_ profiles is evident (c,=1). Transport
analysis using the direct analysis method has compared
Dy. and xg spatial profiles for these modes, and the
results are shown in Fig. 5b [21]. A systematic decrease in
helium particle diffusivity is seen to accompany enhanced
thermal confinement.

Comparison of helium transport in L-mode and super-
shot conditions in TFTR shows a more peaked helium
profile in the supershot case, consistent with a stronger-than
neo-classical inward convective velocity. While this in
itself would not be favorable for supershot scaling to
reactor conditions, it is also found that particle diffusivity
and ion thermal conductivity scale together, which is a
favorable result [26].

4.1.3. Helium beam injection experiments and beam / gas
puff comparisons

Experiments using helium neutral beam injection to
provide a central helium source to simulate D-T ash
production have been made on several tokamaks. Quantita-
tive transport studies are based on the estimation of the
central helium source from the beam. The presence of
long-lived helium metastables can possibly enhance the
stopping cross section and reduce beam penetration to the
plasma center. Measurements on JT-60 have shown that,
with a 20% metastable fraction in the incident helium
beam, the stopping cross section was increased by less
than 10% [77].

Helium neutral beam injection experiments on JET
show that the helium profile relaxes to the equilibrium
shape quickly after a neutral beam pulse, so that pumping
and recycling determine the profile shape rather than core
transport [31]. However, somewhat disappointingly, diffu-
sivity values D=0.5m? s ! or 20 m* s™' give the same
final profiles with helium neutral beam injection, even
with given source and measured profiles. This is a result of
the fact that the fluxes are close to zero {(von Hellermann
in Ref. [41]).

On JT-60U, helium fueling by neutral beam injection
and by gas puffing were compared. The helium content in
both the core and the divertor increased linearly with time
in the beam case, each reaching a saturation level of 10%,
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while the enrichment of the helium density (core /divertor) level of 4% after a 1 s gas puff. For a helium gas puff
remained constant {(~ 1.0). For helium gas puffing with during L-mode, the concentration required only a 0.5 s
ELMy H-mode the helium content reached a saturation helium gas puff to reach the 5% level. There is a 4 X larger
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helium fueling efficiency for neutral beams relative to
helium gas puffing. The helium gas puff strength was
equivalent in number to that which would be produced by
0.6 GW of fusion power [78].

To date there is no indication of a difference in helium
content between neutral injection and gas puffing cases in
basic confinement and divertor regimes. Presumably this is
so because edge recycling dominates the helium content,
as it will in future long pulse reactors.

4.2. Divertor / edge transport: 7, (y, €)

Somewhat pessimistic trends showing that divertor he-
lium enrichment decreases with increasing average n,
were reported in the earlier generation of helium divertor
experiments in Doublet III and JT-60 (see Fig. 9 in Ref.
[1D. A more favorable trend was observed with neutral
beam injection [76]. However, because of the importance
of demonstrating satisfactory values for the reactor criteria
( pwg and n) most study of divertor helium processes has
occurred in integrated helium removal experiments (dis-
cussed in Section 4.3.3). The relatively few experiments
carried out specifically to study helium edge and divertor
processes have been done in the basic edge and divertor
modes (limiter and high recycling divertor).

4.2.1. Limiter experiments

Fundamental helium exhaust data have been verified in
a Tore Supra test of a novel vented limiter structure, as
proposed in Ref. [79]. The design relies on Franck-Con-
don dissociation of the limiter-recycled D™ flux to pro-
duce a significant D° pressure buildup for pumping in a
plenum behind the vents. Because of the low cross sections
for helium charge exchange processes, though, the helium
pressure is found to be about 4 times lower than that found
under similar conditions in the ‘classical’ outboard pump
limiter [38]. This result is consistent with modeling by the
JONAS code [80]. Helium particle control and pumping
experiments using the Outboard Pump Limiter in Tore
Supra showed that an accurate plasma density balance
could be obtained for helium discharges in an all-graphite
environment [81].

Similarly, processes in the ALT-II pump limiter throat
have tested divertor modeling codes. Experiments have
been carried out with the aim of understanding the ob-
served tendencies in removal efficiency and their connec-
tion to modeling. The helium back-conductance from the
pump limiter throat increases with the throat density and
this trend is reproduced with coupled EIRENE neutral
transport and core impurity radial transport calculations
[82,83]. Using this technique one can deduce the helium
removal efficiency (&) separately from the overall exhaust
efficiency (which depends on repenetration and back-con-
ductance) (Mank in Ref. [41]).

4.2.2. Conventional high recycling divertor / ELMy H-
mode

Scans of strike point position in unpumped DIII-D
discharges show that there is significant dilution of helium
from the core to the baffle region. The helium concentra-
tion is sensitive to the strike point location (indicating the
peak of the D™ particle flux) under ohmic conditions, but
there is little sensitivity to this position with increased
neutral beam injection. Divertor enrichment values n ~ 0.4
have been measured, deteriorating with increased neutral
beam power [24]. Helium divertor experiments on DIII-D
have been analyzed using an upgraded version of the b2
divertor transport code [84]. A database of divertor cases
has been constructed, varying D, V, x, Ry., and Rp. The
observed power dependence of helium separation was
reproduced with the hypothesis that the scrape-off layer
diffusivity increases in the same way with an increase in
power as does the core diffusivity [21].

Experiments are in progress on JT-60U to investigate
the dependence of the asymmetry in helium peaking at the
inner and outer strike points on core and edge conditions
{851.

4.3. Integrated helium removal experiments: Ty, Ty (7Y,

g)

Integrated helium transport and exhaust experiments
have been carried out with basic edge and divertor condi-
tions (limiter and high recycling divertor) combined with
basic and enhanced core confinement modes (Section
43.1), and in enhanced divertor and edge perfomance
modes: detached divertor, completely detached H-mode,
and with a radiative edge decoupling the core from the
limiter (Section 4.3.2). There is by now an appreciable
database of integrated helium transport and exhaust experi-
ments (Section 4.3.3).

4.3.1. Basic edge / divertor perfomance: Limiter, conven-
tional high recycling

4.3.1.1. Gas puff source in ELMy H-mode. The first he-
lium exhaust experiments in ELMy H-mode conditions
were carried out on DIII-D, using the argon frost tech-
nique. The resulting values of pyyr were found to be
adequate for reactor requirements [35]. Fig. 4 (also de-
scribed in Section 4.1.2) shows the details of the pumping
experiment. When the outer divertor strike point is moved
to the baffle entrance the helium pressure builds up in the
baffle, pumping begins, and the helium content begins to
decay both in the baffle and in the core plasma. Helium
baffle pressures are measured with a species-selective Pen-
ning gauge.

Helium exhaust experiments have been conducted in
JET under both L- and H-mode conditions, both with and
without argon frost on the divertor cryopump. In L-mode
there is a constant helium content ( R,;, ~ 1) without argon
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frost, and a steady decay in the core helium density with
argon frost. However, in H-mode little decay in the helium
content is observed in the case with argon frost. The global
parameter pyg ~ 20 for H-mode and py ~ 10 for L-
mode. Fig. 6 shows the comparison between L-mode and
H-mode helium exhaust in JET. Further studies are under-
way to understand the relation between helium exhaust in
H-mode and the details of the JET divertor and pumping
geometry. The observed value of 7,/7¢ for helium core
transport is not limiting for future machines. However,
argon frost pumping has also been found to be unsatisfac-
tory for long pulse length discharges in JET, due to the
deterioration in pumping speed which is caused by cover-
age of the argon frost layer with deuterium [29].

4.3.1.2. Central helium sources in high B, and ELMy
H-mode. Helium exhaust was studied in JT-60U by using
the intrinsic pumping from B,C tiles on the divertor
targets, by the process of solid target boronization (STB).
In this way a constant helium core concentration was
obtained with helium beam injection. Values of pyy = 6-8
were obtained with STB, while pyy =70-100 resulted
without STB. Fig. 7 shows helium beam injection and
exhaust in high B, mode from JT-60U [78].

An integrated helium transport and exhaust experiment
with both a central helium source (from helium beam
injection) and an active pumping system (argon frost) has
been carried out in DIII-D (Wade in Ref. [41]). This
simulation showed-that centrally deposited helium could
be efficiently exhausted with the cryo-pump system, with
Pwr ~ 8. The helium profile became peaked with initiation
of helium beam injection, but quickly relaxed to the pre-in-
jection shape. py,r was found to be insensitive to injected
power for pyg =4-10 MW.
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Fig. 6. JET helium exhaust in L-mode and H-mode conditions
with and without argon frost pumping.
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4.3.2. Enhanced divertor perfomance modes: Detached
divertor, radiative edge

4.3.2.1. Detached divertor. Helium transport and exhaust
experiments in detached plasma conditions on Tokamak
des Varennes use a cryosorption exhaust technique. Exper-
iments have been carried out in upper single null configu-
rations. Detached plasmas have been obtained {39] at
moderate densities (n, ~5 X 10" m~*) and did diminish
divertor pumping. Similar effects were observed with D,
and helium retention. Exhaust was found to be adequate
for D,, but not for helium. A strong effect of divertor plate
biasing in promoting helium exhaust was observed. He-
linm decay experiments examining the dependence with
lower hybrid power showed enhanced confinement (de-
creased decay times 7,.) without additional power.

4.3.2.2. CDH mode. Helium exhaust has been found to be
quite efficient under completely detached H-mode (CDH)
conditions and an ITER-compatible helium divertor enrich-
ment, = 0.3, is attained. The CDH discharges are ob-
tained with feedback-controlled neon puffing, and the radi-
ated power is maintained stably at about 90% of the input
power. Fig. 8 shows the helium decay in the core, inner
wall, and divertor with pyy ~ 10 (Bosch in these Proceed-
ings) at the lower end of the neutral density range avail-
able in CDH mode. The helium decay rate, compression
and enrichment factor all vary strongly with the neutral gas
flux density in the divertor. If the divertor neutral density
is increased, then there is faster helium decay with higher
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Fig. 8. Helium exhaust in completely detached H-mode (Asdex
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density and pyg ~7 for neutral density at the highest
neutral density available in CDH mode. The Divertor [
configuration was used (see Table 1), with the ASDEX
turbomechanical pump. The empirical time constants
(Ty1asmas Taiv»> Tpump) ar€ measured in these experiments, but
cannot be directly compared to those needed in future
machines, like ITER. Rather this must be investigated by
modeling, which is thus an integral part of the ASDEX-
Upgrade approach.

4.3.2.3. Radiative edge. Following earlier experiments in
TEXTOR [40], experiments on TEXTOR-94 have been
performed in which helium exhaust was conducted in
highly radiating plasmas [86]. A good exhaust efficiency of
helium was found in highly radiating cases. A density
scan, with a radiated fraction up to 90%, showed that an

Table 2

increase in the ALT-II pump limiter exhaust efficiency
partially compensated for the observed increase in the
helium confinement time as the radiation fraction in-
creased. In this case it is the removal efficiency which
increases, because of increased friction between D- and
He-ions. However, helium exhaust was not as efficient as
neon exhaust in these experiments, and further work will
be done.

4.3.3. Summary

Because of the wide variety of core plasma and divertor
configurations and geometries, and the difference in ex-
haust methods, comparative experiments on several de-
vices are needed to produce an extrapolable result for
future machines. To date, this has been possible mostly for
ELMy H-mode conditions in conventional high recycling
divertor conditions. Encouraging results have been ob-
tained both for enhanced core confinement regimes, and
for enhanced divertor performance configurations, but as
yet the database is restricted to isolated examples without
much opportunity for cross-comparison. Nonetheless, there
are now results from a number of integrated helium re-
moval experiments. The (generally favorable) values for
Pwr =T, /Tg and for the divertor enrichment factor
are summarized in Table 2. Taken together, these results
constitute a demonstration of the feasibility, under the
proper conditions, of efficient helium removal from toka-
maks. However, results for the relevant combination of
enhanced core confinement, enhanced divertor perfor-
mance and applicable divertor geometry have yet to be
demonstrated.

5. Discussion

Although existing capabilities to study ITER-like core
configurations and profiles for relatively short times are

Results for typical global parameters for helium transport ( pywg = 7, */7g) and divertor enrichment, 7

Global helium exhaust results

tokamak Pumping * type pwr (1, */78) Divertor helium enrichment (n) Confinement mode
Divertor
JET MkI Ar 10 L

20 H
IT-60U STB 6-8 04 high B,

w/0 STB 70-100
DIII-D Ar 8 0.500.6 ohmic
- 0.4 ELMy H

Asdex-U ™ 7-10 0.3-0.5 CDH
TdeV CS 10 0.15 L
Limiter
TFTR Wall 8-10 -
TEXTOR ™ 8 -

* Helium pumping: TM: turbomolecular, AR: argon frost, CS: cryosorption, STB: solid target boronization.
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adequate, it is at present impossible to study ITER perfor-
mance scenarios. Neither the divertor geometry nor the
available pumping schemes at present can simulate the
ITER requirements. In particular, study of the helium
exhaust in the vertical target configuration has not been
explored in experiments. Because of deficiencies in the
argon frost technique, new helium pumping techniques are
needed. For example the use of cryopumps combined with
activated charcoal (Campbell in Ref. [41]) or the use of
turbomechanical pumping (Loarer in Ref. [41]) is being
explored.

Similarity constraints have been devised for core trans-
port experiments to define operating conditions in which
as many as possible of the relevant dimensionless parame-
ters are the same as for future machines. However, this has
not been done in the area of helium transport and exhaust.
If it were, then helium processes could be examined under
‘divertor similarity’ conditions as close as possible to the
relevant ones for future burning devices.

An earlier survey [87] gave the status of enhanced core
and divertor modes which have been identified. Since that
time new regimes have been studied for reversed shear and
completely detached H-mode conditions. Neither helium
core transport nor divertor and edge processes have been
systematically examined in the improved regimes.

A core helium transport database is, however, coming
into existence — results have been obtained for ohmic, L-,
ELM-free H-, ELMy H-, and VH-modes as well as for
supershot conditions. Work is presently in progress on
TFTR and JT-60U to characterize helium transport in
reverse shear modes. For divertor processes, in spite of
inevitable limitations, modeling is the main tool to com-
pare the effect of geometry on helium exhaust.

So there is a need both to carry out further detailed
investigations of fundamental helium transport and exhaust
processes in novel confinement and divertor regimes, and
also to have the capability to simulate ITER-like perfor-
mance scenarios in the geometry which is planned for this
device. A rather wide spectrum of future experimental
activity is thus indicated.
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