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M.R. Wade, et al. HELIUM TRANSPORT AND EXHAUST STUDIES
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ABSTRACT

A better understanding of helium transport in the plasma core and edge in enhanced
confinement regimes is now emerging from recent experimental studies on DIII-D [Plasma
Phys. and Contr. Fusion Research, 159 (1986)]. Overall, the results are encouraging.
Significant helium exhaust (7}, / Tp ~ 11) has been obtained in a diverted, H-mode plasmas
with edge-localized modes (ELMSs) simultaneous with a central source of helium. There is no
evidence of central peaking of the helium density profile even in the presence of this central
source. Detailed analysis of the helium profile evolution indicates that the exhaust rate is
limited by the exhaust efficiency of the pump (~5%) and not by the intrinsic helinm trénsport
properties of the plasma. Perturbative helium transport studies using gas puffing have shown
that Dg./Y.s~ 1 in all confinement regimes studied to date (including H-mode and
VH-mode). Furthermore, there is no evidence of preferential accumulation of heliufn in any of

these regimes.
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l. INTRODUCTION

The viability and desirability of particular operating regimes in future, burning magnetic
confinement devices are critically dependent on the ability to continuously and efficiently
remove helium "ash" from the plasma core. In such devices, any enhancement in energy
confinement properties of the plasma brings along with it substantial economic and engineeﬁng
benefits. However, one must be careful to consider the entire picture and, in particular, the
helium exhaust issue when assessing the desirability of various operating regimes. For
example, one long-standing objection of enhanced confinement regimes has been the possibility
that particle (and hence helium) removal would not be sufficient to prevent significant dilution
of the deuterium-tritium fuel. Therefore, it is important that adequate helium (He) exhaust in
any operating regime be demonstrated before such a scenario can be considered as a viable
option for a burning plasma device, such as the International Thermonuclear Experimental
Reactor (ITER).! In this regard, experiments have been conducted on DII-D2 to study the
helium transport and exhaust properties of presently obtained enhanced confinement regimes,
nantely H (high) mode and VH (very high) mode. The results of these studies indicate that core
transport rates for helium will be sufficient (i.e., will not be the limiting factor) for adequate

helium exhaust in future, burning plasma devices in either of these confinement regimes.

In assessing the helium exhaust capabilities of a given operating scenario, there are several
physics issues that must be addressed. The helium exhaust problem is truly global in nature
since the helinm ash in a reactor will be deposited in the plasma core and can only be removed
from the system via pumping at the plasma edge. In this regard, the figure of merit generally

used in judging global helium exhaust characteristics is the ratio of the global residence time of

the He ash within the plasma chamber 7, =7g, /€, to the plasma energy confinement time
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7;. Here, 7y, is the helium particle confinement time within the plasma core and g, is the

exhaust efficiency of helium defined as £y, = Qg / (I“ HgApi) where Qg,y, 1s the exhaust rate for
helium and T g4, 1s the core hellum efflux. Studies have shown that successful operation of a
reactor can be maintained only if the He ash is removed from the system in less than 7-15
energy confinement times (i.e., Ty, / Ty <7-15), depending on the impurity content of the
plasma[3]. Previous studies on several tokamak devices have demonstrated that adequate He
exhaust can be obtained during L— (low—) mode plasma operation4~7 and in somewhat
enhanced confinement regimes such as the supershot regime8 or I-mode regime. However, in
terms of energy confinement, heat removal, and particle handling characteristics, the most
promising, steady-state operating regime obtained to date is H-mode in a diverted, magnetic
configuration. A long-standing objection to this regime has been the possibility that particle
{and hence ash) removal would be insufficient. In this regard, recent helium exhaust
experiments have been conducted on DII-D using a divertor cryopump!0-12 in which 7}, /7
~ 8 has been achieved simultaneously with good energy confinement in an H-mode plasma
with edge localized modes (ELMs).13- These results have been-extended 1n the present work to
include helium exhaust with a centrally deposited source of helium (using helium neutral beam
injection). Such a demonstration is as close to a full simulation of the situation in ITER that can

be obtained on present-day devices.

Unfortunately, using 7y, as a figure of merit in present-day devices can be misleading
because 7, in a particular device is strongly dependent on machine configuration such that the
same value of 7}, can conceivably be obtained in widely different scenarios, some of which are
not viable caﬁdidates for ITER. Hence, demonstration that this condition can be met in DIII-D
and other present-day devices is necessary but not sufficient evidence that adequate helinm
exhaust can be expected in a similar operating scenario in ITER. Therefore, the basic physics

controlling the flow of helium from the plasma core to the pumping plenum also must be fully

GENERAL ATOMICS REPORT GA-A21905




M.R. Wade, et al. HELIUM TRANSPORT AND EXHAUST STUDIES
IN ENHANCED CONFINEMENT REGIMES 1N DII-DI

characterized since physics understanding obtained in these areas can be extrapolated from
present-day devices to ITER. In this regard, several issues are important including local
relationships of helium transport, electron and main particle transport, and energy transport in
the plasma core, as well as edge helium transport and the pumping efficiency of the system. Of
particular importance in the area of core transport is the relationship of core energy transport
and thermal helium transport. This results from the fact that in a reactor the primary source of
both thermal helium and energy will be from the slowing down of fusion-produced alpha
particles. In this case, the continuity equations for helium and energy are coupled, and the ratio

of the helium diffisivity Dy, to the thermal diffisivity . plays an important role in

determining the helium density profile in the plasma core.8 For example, simulations of helium

exhaust in ITER have shown that when the ratio of Dy, /¥, is decreased from 2.0 to 0.5, the

helium content of the plasma increases by 75% and the fusion power. 14 decreases by 20%. An
even stronger dependence is expected for values of Dy, / et < 0.5. This particular aspect of
helium transport dynamics in a reactor is of particular importance when comparing the
advantages and disadvantages of various confinement regimes. For example, significant
increases in energy confinment allowing better reactor performance may be offset completely
by even larger increases in helium confinement. Previous transport studies on the Tokamak
Fusion Test Reactor (TFTR) have shown that Dy, /¥, ~ 1 in both L~mode and supershot
regimes,8 suggesting that Djy is not highly sensitive to changes in operating regimes. To
extend these results to other enhanced confinement regimes, studies characterizing helium

transport in H—mode and VH-mode conditions have been carried out on DHI-D.

The results of experiments examining He exhaust in an H-mode, diverted plasma in the
presence of a central He source are described in Section II. These experiments have

successfully demonstrated the capability to exhaust helivm from an ELMing H-mode

sk
discharge, with T, /’c He ~ 11. Section III contains a description of experiments performed to
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assess helium transport in various confinement regimes in DIII-D. Particular emphasis is place

on comparing the helium density profile shape to the electron density profile shape to assess

preferential accumulation of helium and comparisons of Dy, /Y. in various operating regimes.

Conclusions drawn from these results are outlined in Section IV,
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IIl. HELIUM EXHAUST STUDIES

These experiments were made possible by a recent upgrade of the DIII-D neutral beam
system to include the capability of 2.0-s steady-state He neutral beam injection (NBI). With
this upgrade, delivered powers on the order of 1.5 MW per source (at 75 keV injection energy)
are routinely available for up to 2.0-s pulses. Helium exhaust in these experiments
is accomplished by condensing an argon (Ar) frost layer on the liquid helium surface of the
DIII-D divertor cryopump between successive plasma discharges by isolating the vacuum
chamber from the external turbomolecular pumps and injecting a known amount of Ar into the
main vacuum chamber. In this manner, a layer of ~3000 Torr-liters (~3.0 um thick layer) is
condensed on the pump, providing a measured pumping speed for He of approximately
18,000 I/s when the layer is fresh. It should be pointed out that off-line tests have shown that
the pumping speed of this Ar frost is severely degraded as the total amount of deuterium

condensed on the Ar frost increases.

In a situation with a simultaneous source and sink of helium, the global He particle

balance equation takes the form:
dNpe/dt = Sy, — One (1)

where Ny, is the total number of He ions in the plasma, Sy, and Qp, are the instantaneous He

source and exhaust rates, respectively. Since the He exhaust rate can be written as the product

of the exhaust efficiency &y, , defined above, and the core helium efflux Ny, /Ty, , then this

equation takes on the more familiar form:

dNy,fdt = Sy, - NHe/T};e
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where 1}} - = THe /€. - The general solution to this equation for a source turning on at time

t,1s:

Npge(®) = Naelto) + [Se T = N H‘*’(’”)]{l i exp[_ = IO)H N
He

provided Sy, and T}, are constant for # >7,. In the limit that Ty, approaches oo (i.e., no

e

helium exhaust), Eq. (2) reduces to Ny, (£) = Ny, (1,) + Sp.(t - 1,).

The temporal evolution of a typical He exhaust discharge in DIII-D with He NBI is
shown in Fig. 1. For the experiments discussed here, a lower, single-null, divertor configura-
tion was used with a plasma current of 1.0 MA and a major radius of ~1.67 m. Control of the
outer-strike point (OSP) is essential in these experiments not only to maximize helium exhaust
during the He NBI phase of the discharge but also to minimize the contamination of the Ar frost
prior to the initiation of He NBI. To accomplish this, the OSP is maintained approximately
15 cm from the baffle entrance throughout the initiation and early phases of the discharge.
With the OSP in this location, the interaction between the divertor plasma and pumping plenum
is minimized and the obtained exhaust rates are generally small. Just before initiation of He
NBI, the OSP is rapidly swept to within 1 cm of the baffle entrance to initiate maximum
exhaust. The OSP is then maintained in this location throughout the He NBl/exhaust phase of
the discharge. Helium NBI is applied starting at 2.0 s and maintained for 1.4 s, providing a He

particle input rate of approximately 7 Torr-I/s (~2.5 x 1020 particles/s).

As is evident from Fig. 1(a-b), the background plasma conditions are maintained nearly
constant throughout the He NBI/exhaust phase of the discharge with the line-averaged plasma
density being approximately 3.5 x 1019 m~3 and the central electron temperature approximately

3.0 keV. Constant plasma density is maintained through feedback control of the deuterium gas
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Fig. 1. Measured time evolution of the (a) plasma density and total injected power (DO +

He©), (b) central electron temperature, and (c) helium source and exhaust rates
along with (d) the computed He deposition profile at t = 3.0 s during an ELMing
H-mode discharge with simultaneous helium NBI and helium exhaust.
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fueling rate with the line-averaged plasma density. As expected for these plasma conditions,
calculations give a peaked particle deposition profile [shown in Fig. 1(a)]. A significant amount
of this centrally deposited helium is exhausted during the exhaust phase as is evidenced by
Fig. 1{(c). The He exhaust rate is estimated as the product of the measured helium partial
pressure in the divertor via a-modified penning gauge!3 and an approximated He pumping
speed of 14,000 V/s. This estimate of the pumping speed is less than the nominal 18,000 1/s
measured when the Ar frost layer is fresh because of contamination of the Ar frost layer by

deuterium.

The temporal evolution of the He density near the plasma center (normalized minor radius
p = 0.2) during the He NBl/exhaust phase of this discharge is shown in Fig. 2. This measure-
ment is provided by a high resolution spectroscopy system using the techniques of active
charge-exchange recombination (CER) spectroscopy. The DIII-D CER system has 32 chan-
nels that span the entire cross section with excellent spatial resolution over the entire profile
(3 cm in the core, 3 mm at the edge).16 The He density profile is inferred from measurements
of the intensities of the He II n = 4—3 transition at 4685.68 A induced by charge-exchange exci-
tation with energetic deuterium neutrals from neutral beam injection (NBI). The evolution of
the measured He density in the core shown in Fig. 2 is seen to be similar to the expected time
behavior of the total inventory of He in the plasma described by Eq. (2). The long e-folding rise
time of the helium density is expected since the helium exhaust rate is not sufficient to match
the helium source rate throughout this phase of the discharge [see Fig. 1(d})]. The measured
helium concentration (relative to the electron density ne) at 3.4 s is approximately 20%. Also
shown in Fig. 2 is the predicted evolution of the heltum density at this radius in a case with no

helium exhaust (i.e., T}}e = oo). From this comparison, it is obvious that a substantial amount

of He is exhausted from the system throughout the exhaust phase.
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M.R. Wade, et al. HELTUM TRANSPORT AND EXHAUST STUDIES
IN ENHANCED CONFINEMENT REGIMES IN DIII-D

1.5 - ' F . F &t ]
& [ Predicted Evolution without . D =02 :
V - ; ; « =U 1
= - Helium Pumping \ ]
2‘._-_,_ 1.0 : - 3
x f ” ]
= : ]
2 I :
& 05F AR .
E [ Measured Helium Density
= [ with Helium Pumping
£ r ]
00 . He NBI (3 MW) L ' .
20 24 2.8 3.2 3.6
Time (sec)

Fig. 2. Time evolution of the helium density at p = 0.2 as measured by charge-exchange
recombination spectroscopy during the discharge described in Fig. 1. The dashed line
is the predicted evolution of the helium density in a case without helium pumping.

From CER measurements of the helium density profile evolution during He NBI, the time

dependence of the total plasma inventory of He ions can be determined directly. The character-

istic helium residence time in the system 7, can then be determined by the best fit to Eq. (2).
_Such analysis provides a value of f}}e = 1.45 s. From measurements of the magnetic and
kinetic stored energy, the energy confinement time in this particular discharge is 7, = 0.135 5,
which is slightly higher than what would be predicted from DIII-D/JET ELM-free H-mode
sc:a,ling.]5 Combining this information, '.':Le / T is approximately 11 - clearly within the range

generally considered necessary for successful operation of future fusion reactors, such as ITER.

The He density profile shape as measured by CER remains essentially the same thronghout
the He NBI/exhaust phase of this discharge. To elucidate the details of the profile, the
evolution of the inverse gradient scale length is shown in Fig 3. This figure clearly shows that

the profile peaks strongly shortly after the initiation of He NBI, but then relaxes to the pre-He
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Fig. 3. Inverse gradient scaie length of the helium density profile (1/nye dnpe/dp) as
inferred from CER measurements at times during the discharge described in Fig. 1.
Helium NBI is applied from 2.0 s 10 3.4 s.

NBI profile within approximately 300 ms of the onset of He NBI. This relaxation is most likely
due to the He source changing from being predominantly in the plasma core (from He NBI)
early in the He NBI phase to predominantly at the edge {(from recycled He) late in the He
NBl/exhaust phase. These observations coupled with the fact that the profiles are fairly flat
even in the presence of a central He source indicate substantial transport rates within the plasma
core. This suggests that the exhaust of He is limited by the effective exhaust efficiency of the
pumping configuration and not by transport of He within the plasma core. This also implies
that the He particle confinement time in the core 7y, is much less than the residence time of He

. . ¥
within the system T,.
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lll. HELIUM TRANSPORT STUDIES

As was pointed out in the previous section, core transport rates do not appear to be the
limiting factor in the attainable helium exhaust rates on DIII-D. To verify these qualitative
observations, we have also conducted helium transport studies in order to make a more
quantitative assessment of core transport rates in DIII-D. A by-product of these studies is the
development of a helium transport database that should provide much needed information in the

design of ITER and future burning devices.

To permit accurate determination of local He transport properties, He transport studies in
DIII-D are conducted by injecting a short (< 50 ms) puff of He gas during an otherwise steady-
state phase of the discharge. Because of the continuous evoiution of the background plasma in
ELM-free H-mode and VH-mode discharges, gas injection into the steady-state phase is clearly
not possible and makes transport analysis of these discharges more difficnlt. Sufficient He is
introduced to bring the He concentration to ~3%—10% of r,. The He density profile evolution
subsequent to this puff is inferred from measurements of the intensities of the He Il n = 4-3
transition at 4685.68 A. Modulation of the neutral beams at a frequency of 100 Hz was used to
simplify computational analysis of the measured CER spectra. When using beam modulation,
the minimum temporal resolution for reconstructing He density profiles is 10 ms. For most of
the experimental results discussed below, a lower single-null divertor configuration was used
with a toroidal magnetic field of 2.1 T and a major radius of 1.67 m. The one exception is the
VH-mode results which were obtained in a double-null divertor configuration. The vacuum
vessel walls were conditioned via boronization (conducted several operating days before these

experiments) and via helium glow discharge cleaning (He GDC) between shots.
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One of the primary obstacles that must be addressed in determining the transport
coefficients from these measurements is the systematic uncertainties assbciated with the
measurement itself. In particular, reducing the systematic uncertainties that affect the helinm
profile shape is critical. These uncertainties arise from systematic errors in the channel-to-
channel calibrati;)n of the system, beam stopping cross sections, and plume effects. To reduce
the uncertainties in the channel-to-channel calibration, the system is calibrated using a
technique in which the neutral beams are injected into a vacuum vessel that has been backfilled
to a fairly high pressure (~ 0.5 mTorr) with helium gas. The flourescence caused by the beam
passing through the helium gas is observed via the CER system providing an accurate chord-to-
chord calibration.17 Note that uncertainties in the absolute helium density are generally much
larger (~ 5-10%) than the uncertainties in the profile shape because of systematic uncertainties

in the calibration process, charge-exchange excitation rates, and beam properties.

The most universal and possibly the most striking result found to date during these exper-
iments is that the helium density profile measured by CER and the electron density profile mea-
sured by Thomson scattering{ 18] have nearly the same shape in all types of discharges studied
to date (L-mode, ELM-free H-mode, ELMing H-mode, and VH-mode). A comparison of the
electron density and helium density profiles measured in each of these confinement regimes is
shown in Fig. 4. The profiles in each case were taken approximately 1.0 s after the He gas puff
(at the termination of the VH—-mode phase in the VH—mode case), allowing the He enough time
to come into equilibrium subsequent to the puff. Although certain details of the profile shapes
are not exactly the same, there is clearly no evidence of preferential accumulation of helium in
any of these discharges. These observations suggest that there is a strong link between deu-
terium and helium transport and that preferential accumulation of He in the core of ITER should

not be a problem in either L-mode or H-mode operation. The large error bars in the ELMing
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Fig. 4. Comparison of measured helium density and electron profiles in (a) L-mode,
(b) ELM-free H-mode, (c) ELMing H-mode, and (d) VH-mode discharges. The solid
curve is a spline fit 1o the measured electron density profile that has been
renormalized for comparison purposes.

H-mode case as compared to the other cases are due to the higher plasma density and the result-
ing larger uncertainties in the beam attenuation calculation. These error bars include all 8ys-
tematic and statistical errors associated with the calculation of the absolute density of helium.
As described earlier, the uncertainties in the density profile shape are considerably smatler than

those shown here.

Although the data in Fig. 4 suggests a strong link between deuterium and helium transport,

it should be pointed out that this data provides no concrete information on the absolute
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magnitudes of the transport coefficients for deuterium and helium. To obtain this information,
perturbative helium transport studies are required. These transport coefficients are determined
by first determining the helium particle flux 'y, from the measured evolution of the He density

profile by evalunating the continnity equation,

ony,

= ~VeoT gy +3ge (3

where ng, 1s the helium density and Sy, is the helium source rate. The helium particle flux is
assumed to be made up of diffusive and convective flows, represented in the form:

T He(r.t) = =Dy, (r}Vage(r.t) + nge(r.OV g, (r) ' (4)

where Dy, is the anomalous diffusion coefficient and Vg, is the convective velocity. Note that
Dy, and Vy, are assumed to be time-independent. From CER measurements, the time
evolution of the He density subsequent to a perturbation such as a gas puff can be reconstructed
in detail. From such data, the helium flux I'y, can then be inferred directly through the
inversion of Eq. (3) assuming Sy, = 0 subsequent to the He gas puff. Note that such analysis is
only accurate inward of the region of He ionization at the plasma edge. The helium flux couid

concelvably be calculated in this ionization region, but in practice is quite difficuit.

Examination of Eq. (4) suggests that there is an offset linear relationship between the
normalized flux Ty, /ny, and the density scale length Vng,/ngy.. A representative plot of
I'ge/nHe as a function of Vry, /ny, from analysis done for DIII-D data at a particular radial
location are shown in Fig. 5. From such a curve, the diffusion coeffictent Dy, is then simply
the absolute value of the slope of the best-fitting line to this data and the convective velocity
V. 1s the intercept [see Eq. (4)]. Note that each point on this plot is for a different time during

the helium profile evolution. Similar analysis of this type has been done in main particle and
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Fig. 5. Representative plot of the normalized flux Ty, /rgy, versus the helium density scale
length Vrg,/ny, at a normiized radius of p = 0.3.

helium transport studies on TFTR8-19 and main particle transport studies using pellet injection
on the Joint European Torus (JET).20 Assuming that the helium is introduced at the trace level,

the linear behavior observed in Fig. 5 is consistent with time-independent transport coefficients.

The data for Fig. 5 is generated by first "smoothing” the measured time evolution of each
channel individually by performing a least-squares fit to a carefully chosen functional form that
reproduces the temporal trends of the data quite accurately. An example of this process is
shown in Fig. 6 where the measured data for six different CER channels are compared with the

function chosen to represent the data. In general, two different fitting functions are used. For

normalized radii p < 0.5, the function A;+ A tanh[As(r—¢, —A4)} is used while for
normalized radii p > 0.5, the function A + Ay exp|~As(t — to) |+ As exp[~As( ~ 1, | where 1, is

the time of the He gas puff. As is evident in Fig. 6, these functions reproduce the temporal

trends of the data quite accurately. Because there are generally many more data points than free
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Fig. 6. Measured helium density evolution (circles) and the functional fit used to smooth the
orignal data (dashed lines) for six different CER channels during an ELMing H-mode
discharge. The function fit used for {a)-(c) has the form A + Ay tanh[ a{t—1, - )]
while the fit for (d)-(f) has the form A4 + A expT—Ag,(tv— fo)] + Ay exf)d[—As(r - t:;j .

parameters in this fitting process, the uncertainties associated with the fit are generally much
smaller than the uncertainties in the measnred data. Therefore, to properly estimate the
uncertainties for subsequent analysis, the error bars from the measured data are used instead of
the error bars of the functional fit. The helium density profile at each time step is then
determined via least-squares profile fitting. Finally, the helium flux is computed through
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inversion of Eq. (3). In principle, one could generate Fig. 5 by first determining the the helium
density profile at each time step via least-squares profile fitting and then computing the helium
flux through inversion of Eq. (3). Unfortunately, this process generally leads to a helinm
density profile that is smooth in space but not in time - thereby making computation of the
helium flux prot;lematic. This effect mainly results from the sensitivity of the least-squares
fitting technique to the statistical "noise” in the time history of the measured data. The
approach outlined above has been found to produce a density profile evolution that is smooth in
both time and space, making the data in Fig. 5 less "noisy”. Such an approach is consistent with
the basic assumption that the He transport coefficents are constant over the time period of
interest resulting in a smooth evolution of the helium density at each radial location. The main
drawback of this technique is that possible rapid transport due to non-steady-state effects (such
as sawteeth and ELMs) are not properly taken into account, and the deduced transport
coefficents are effectively a time average of the dc component of He transport on the

background plasma and the transport of He due to these time-localized effects.

In past helium transport studies on D{I-D, the determination of He transport coefficients
has been done via predictive modeling using the MIST code.2! Such modeling is generally
difficult and sometimes uncertain in the case of a highly recycling gas such as helium because
of the difficulty in treating the plasma edge properly. The choice of the local analysis described
above obviates these difficulties and makes the analysis more deterministic and less predictive
in nature. To test the accuracy of such an approach, MIST simulations of several He transport
shots have been performed using the transport coefficients derived from this local analysis. To
remove the effect of the edge model in these simulations, a time-dependent boundary condition
was imposed on the helium density at a plasma normalized radius near p = 0.7. The time
evolution of this boundary condition was chosen to match the time evolution of the helium
density as measured by the nearest CER chord to this radial location. Note that in this case the

MIST simulation does not suffer from the aforementioned uncertainties at the plasma edge
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because of the imiposed boundary condition. The comparison of the simulation with the data is
excellent in most cases, though in some cases thére is difficuity in matching both the short-term
(<100 ms after the puff) and the long-term behavior of the measured evolution with a single set
of transport coefficients. This effect seems to occur in discharges in which the helivm gas puff
is quite large, on Ithe order of 10% of the plasma density. In this case, it is possible that the size
of the gas puff perturbs the background plasma (and therefore the transport properties)

temporarily. Other mechanisms for these differences are presently under investigation.

In order that a comparison could be made between helium diffusivity and thermal
diffusivity, a local power balance analysis was also performed for these discharges. Because
the ion and electron heat channels are closely coupled (i.e., T,= T;) in these discharges, it is

difficult to separately determine ¥, and y; because of uncertainties in the electron-ion heat

transfer term. Therefore, we have chosen to parameterize the heat diffusivity in terms of a

single-fluid heat diffusivity ¥ defined as:

Keff =—
& n, VT ,+ n;VT;

where 0, and @; are the eleciron and ion heat fluxes, respectively. These heat fluxes are

computed using the ONETWO transport code?2 which takes as input experimentally measured

profiles of n,, T,, T;, and Z,. The uncertainty in the inferred value of 2,5 is determined by

systematically varying the input data within their ranges of uncertainty and combining the

errors with the assumption that the inputs are uncorrelated.
As an example of the information available from the analysis approach described above,
Fig. 7 shows the variation of Dg, and Vg, during an NBI power scan at a plasma current [, of

1.0 MA. All of these discharges are ELMing H-mode discharges. From this figure, it is

apparent that Dy, increases in magnitude with increasing NB power while the magnitude of
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Fig. 7. Helium transport coefficients during a NBI power scan in ELMing H~-mode conditons
{(a) The helium diffisuvity Dy, and (b) the pinch velocity V,. Note that negative

values of Vp,indicate inward convection.

Vy. decreases. This degradation in confinement is qualitatively consistent with the results
from global energy confinement scaling studies that show that 7, decreases with increasing

auxiliary power.23 However, both of these trends are favorable in terms of extrapolation to

future, high-power machines since a larger Dy, implies faster helium {ransport from the plasma
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center to edge and smaller Vy, implies less peaking of the helium density profile. All of the
Dy, profiles in Fig. 7 also indicate a strong increase in the transport rates for p > 0.5. Similar
increases are also seen in the inferred thermal diffusivity profiles. The error bars shown in
Fig. 7 include both statistical and systematic uncertainties in the calculation of the helium flux

and gradient.

As stated in the introduction, the relationship between energy transport and helium trans-
port is important in determining the feasibility of a particular operating regime. To examine the
tradeoff between energy transport and helium transport as energy confinement improves,
experiments have been performed on DIII-D to compare Dy, /Xy in L-mode, ELM-free
H-mode, ELMing H-mode, and VH-mode discharges. The inferred radial profiles of Dy, and
Xefr Tor each of these confinement regimes are shown in Fig. 8. In all cases, Dy, /¥ 5 ~ 1 Over
much of the plasma radius with Dp, /¥, being the smallest (=0.5) in the VH-mode case.
These observations are consistent with previous measurements on TFTR that indicate
Dyy/Xesr ~ 1 in both L-mode and supershot regimes.8 Furthermore, both Dy, and Xep have
similar radial dependencies in each case though in the H-mode cases, the Dy, profile appears
to be flatter than the y,¢ profile outside of p =0.5. The fact that Dy, /% ~ 1 inall casesis a
favorabie result as far as helium accumulation is concerned in ITER though the trend to smaller
values of Dy, /X.r as energy confinement improves may be cause for concern. Furthermore,

the similarity in magnitude and in profile shape of Dy, and x,.r in all of these cases suggests

that a strong link exists between thermal and particle transport in these discharges.
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IV. CONCLUSIONS

Although the data presented above is encouraging, one has to be careful in concluding
from these data that helium removal will not be a problem in ITER. First and foremost, the
helium exhaust in any machine is critically dependent on details of that device (e.g., core
transport, geometric considerations, flux amplification, pumping efficiency, etc.) Hence,
demonstration of adequate helium exhaust on DIII-D does not necessarily imply the same for
ITER. Fortunately, the helium problem can be divided into two rather distinct areas: core
transport and edge transport. In terms of the transport of He within the plasma core, the
observations presented in Section II and I indicate that core transport rates for He will be
sufficient for ITER in either ELMing H-mode or L-mode conditions. In particular, the
successful demonstration of helium exhaust with a central source of He in an ELMing H-mode
plasma is very encouraging, especially considering that the estimated exhaust efficiency in this
experiment was only ~5%. Further optimization of these results should be possible, considering
the small number of discharges in which helium exhaust has been performed thus far on
DIII-D. An equally encouraging result for ITER is that there appears to be no preferential
accurmnulation of He in any of the operating regimes studied to date. Furthermore, most of the
results of Section II suggests that there is a universal correlation between helium transport and
energy transport. This correlation provides hope that the benefits of future advances in energy
confinement (VH-mode and beyond) may be not be offset by simultaneous, undesirable

increases in He accumulation.

However, in the area of edge helium transport, measurements on DIII-D show a

significant dilution of helium as it flows from the plasma core to the pumping plenum,25
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suggesting that the dynamics of the He flow and recycling in the SOL and divertor may be a
limiting factor in the overall removal rate of He from a reactor system. This dilution will likely
be worse in a high-density, radiative divertor as is presentely planned for ITER because of the
helium's Ionger mean free path against ionization as compared to hydrogen. Hence, further
studies are needca in this area, with particular emphasis placed on measuring the dilution factor

and exhaust capabilities of a gas-target/radiative divertor as is presently planned for ITER.
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