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The scaling of the transport rate of helium ash with normalized gyroradius has been measured for
first time, utilizing ELMing H-mode plasmas on the DIII-D tokamak. The helium diffusivity is found
to scale in a gyro-Bohm-like manner, similar to the thermal diffusivity. Even though the extrapolatio
in normalized gyroradius from DIII-D to a reactor-grade device is large, sensitivity studies indicate th
helium ash dilution in such a device will be primarily dependent on the helium exhaust efficiency at t
plasma edge and not on the core transport rates. [S0031-9007(97)03580-1]
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At present, the most promising path for power pro
duction based on magnetic fusion energy is based on
deuterium-tritium (D-T) fuel cycle. The viability of such
an approach relies upon the sustainment of high D-T fu
densities at thermonuclear temperatures (,20 keV). In
this regard, reducing the rate at which thermal ener
is lost from the fusion plasma is essential to the su
cess of such an approach. Of equal importance is t
efficient removal of the helium “ash” that is produced
by the D-T reactions themselves, since any dilution
the fuel caused by this ash will reduce the fusion pow
produced at a given plasma density. One long-standi
objection to confinement regimes with improved trans
port properties has been the possibility that the partic
transport rates would be insufficient to obtain adequa
exhaust of the helium ash. Recent experimental stud
on several present-day tokamaks operating in high co
finement regimes have demonstrated that sufficient lev
of helium exhaust can be obtained in these regimes [
3]. One concern, though, is how (or even if) these fa
vorable results scale to larger, ignition-sized devices.
this regard, the nondimensional scaling studies report
here indicate that the core transport rate of helium
ELMing H-mode plasmas increases approximately lin
early with the normalized gyroradius (i.e., the ratio o
the ion gyroradius to the plasma size), which is simila
to the scaling for thermal transport rates. These resu
suggest core transport rates of helium in a reactor bas
on ELMing H-mode plasmas will be sufficient such tha
the helium dilution will be primarily determined by the
helium exhaust efficiency at the plasma edge.

Since the helium ash is generated in the plasma core a
can be removed only through pumping systems located
the plasma edge, the helium exhaust problem is truly glob
in nature. Hence, in order to narrow the uncertainties
the extrapolation from present-day devices to a reactor,
physical processes (or their scaling) which control the flo
of helium from the plasma core to the exhaust plenum mu
be characterized. This involves not only characterizin
the transport of helium within the core plasma, but als
understanding helium transport in the edge and divert
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plasmas and the effect of incomplete helium exha
(i.e., recycling of helium). In terms of core transpo
of helium, one would like to understand the underlyin
physical processes which govern transport such that
extrapolation could be done with a high degree of certain
The anomalously high particle and energy transport ra
in fusion plasmas have long been the subject of vigoro
investigations; however, the exact form of the proces
determining plasma transport has not been determin
Recent studies have focused on the scaling of anoma
energy transport with normalized gyroradius (defined
rp ­ rLya, whererL is the Larmor radius anda is the
plasma size) [4–7]. The value of this approach wi
respect to the prediction of future machine performan
is that present-day devices can operate at ignition-relev
values of the standard dimensionless parameters with
exception ofrp [8]. In this regard, the results reported i
this Letter are the first to assess therp scaling of helium
transport in any confinement regime.

The nondimensional scaling approach commonly us
in the study of energy transport is based on scale inv
ance and assumes that the diffusivity can be expresse
a dimensionally correct form:

x ­ xBr
ar

p Fsb, np, qC , ln, lT , Rya, k, d, . . .d , (1)

where xB ­ cTeyeB, b , nTyB2, np , qcnyT2, ln,T ­
2sa2 2 r2dy2rLn,T , and k and d are the plasma elon-
gation and triangularity, respectively. Here,qc is the
plasma safety factor,n is the plasma density,T is the
electron or ion temperature,B is the magnetic field
strength, andL is the density or temperature scale lengt
In general, this approach can also be adopted for heli
transport by simply replacingx with DHe in Eq. (1).
Using this approach, the comparison of diffusivities f
dimensionally similar discharges of the same size b
with different magnetic field allows the determination o
the exponentar since the unspecified functionF remains
constant. In order to keepF constant, the appropriate
plasma parameters must be scaled asn ~ B4y3, T ~ B2y3,
and I ~ B while keeping the magnetic geometry fixed
The scaling of diffusivity using this approach then tak
© 1997 The American Physical Society 419
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the form

D ~ B2s112ardy3. (2)

The value of the exponentar can be interpreted as
indicating the characteristic scale length of the plasm
turbulence responsible for anomalous transport: (a)ar ­
1 would imply Dx , rL, which is called gyro-Bohm-like,
(b) ar ­ 0 would imply Dx , a, which is called Bohm-
like, and (c) ar ­ 21 would imply Dx ¿ a, which
could arise from magnetic stochastic processes [6].

These experiments were performed on the DIII-
tokamak. To provide a basis for extrapolation of th
results discussed here to a presently envisioned reac
grade plasma, both the plasma configuration and
dimensionless parameters (exceptrp) were chosen to
approximately match those expected for the Internation
Thermonuclear Experimental Reactor (ITER). Th
plasma configuration was lower single-null divertor wit
major radius R ­ 1.67 m, minor radius a ­ 0.56 m,
k ­ 1.65, and d ­ 0.2 with dimensionless parameters
bth ­ 1.5%, npi,min ­ 0.03, andq95 ­ 3.5. All of these
experiments were conducted in the H-mode confineme
regime with edge localized modes (ELMs). In order t
maintain constantb and np while varying rp, indepen-
dent control of the plasma density and temperature
required. In this regard, density control is accomplishe
in DIII-D by deuterium gas puffing or deuterium neutra
beam injection (NBI) and simultaneous plasma exhau
via a cryopump located in the divertor region while th
plasma temperature is separately controlled by choice
the injection energy of the deuterium neutral beams.
obtain a variation inrp of 1.6 while the other dimension-
less parameters were held nearly constant, measurem
were made in two cases: (1) toroidal magnetic fie
BT ­ 2.1 T, plasma current Ip ­ 1.14 MA, line-
averaged-densityne ­ 6.26 3 1019 m23, input power
Pinput ­ 5.9 MW, and (2)BT ­ 1.05 T, Ip ­ 0.57 MA,
ne ­ 2.74 3 1019 m23, Pinput ­ 1.2 MW. The result-
ing dimensionless parameters are shown in Fig.
Although not shown, the profiles of magnetic shea
qc , and aTi are also well matched as is the normalize
power deposition profile.

In these experiments, the helium transport propert
are inferred from analysis of the evolution of the helium
density profile subsequent to a helium gas puff (,3% of
the electron density) during an otherwise steady-state p
tion of the discharge. The helium density profile shape
inferred from the intensity of then ­ 3 4, 4686 Å He1

line excited by charge exchange with energetic deuteriu
neutrals injected by the neutral beams and measured
a high resolution charge-exchange recombination (CE
spectroscopy system [9]. Since the plasma electron te
perature is above 100 eV over the entire plasma, t
He12 density profile represents the total helium densi
in these discharges. The local helium transport coe
cients are determined by linear regression analysis of
inferred helium particle fluxGHe and the measured he-
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FIG. 1. Nondimensional parameters for a pair of dimension
ally similar ELMing H-mode plasmas.

lium density gradient, assuming the helium flux takes o
the general form:GHe ­ 2DHe=nHe 1 VHenHe, where
GHe is determined from the helium continuity equation
dnHeydt ­ 2= ? GHe. Here,nHe is the helium density,
DHe is the helium diffusivity, andVHe is the convection
velocity for helium. In computing the uncertainties in the
integrals that are required for the determination ofGHe,
the statistical error is propagated assuming that the err
are uncorrelated. Finally, both the errors in the norma
ized density gradients=nHeynHed and the normalized flux
(GHeynHe) are included in the linear regression analys
to determineDHe andVHe and their uncertainties. Note
that because the perturbation induced by the helium pu
propagates too rapidly to a normalized radius ofrya ­
0.6 to be followed accurately by the CER system, dete
mination of the transport coefficients are possible only in
side this radius.

In order that a comparison could be made betwee
helium diffusivity and thermal diffusivity, a local power
balance analysis was also performed for these discharg
The radial power flow is assumed to be compose
of a conductive and convective component= ? sq 1

5y2GT d ­ Q, whereq is the heat flux,G is the particle
flux, and Q represents the net heat sources and sink
The radial heat flux is assumed to be purely diffusiv
in this analysis (i.e.,q ­ 2nx=T ). Thermal transport
calculations are performed by theONETWO transport code
[10], which takes as input the experimentally measure
profiles of electron and ion temperature, electron densi
effective ion chargeZeff, and radiated power, as well
as the magnetic geometry and plasma current profi
The ion and electron thermal diffusivities, as well as th
single-fluid diffusivity xeff ­ 2sqe 1 qidysnedTeydr 1

nidTiydrd, are then determined using the computed pow
balance and the measured plasma profiles. Hereqe and
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qi represent the radial heat flow in the electron and
channels, respectively.

In both discharges, the inferred helium and therm
diffusivities have nearly the same magnitude and rad
dependence (see Fig. 2). This is consistent with previ
results from DIII-D [11] and TFTR [12] that have show
xeffyDHe , 1 in most confinement regimes studied
date, and is suggestive of an integral link between heli
and energy transport in these regimes. Both the hel
and thermal diffusivities in each case are significan
aboves.10d transport levels expected from neoclassic
theory, suggesting that both particle and energy trans
are dominated by anomalous processes in these plas
Upon comparingDHe between theBT ­ 2.1 T andBT ­
1.05 T case, one finds thatDHe scales in an approximately
gyro-Bohm-like manner over most of the analysis regi
(see Fig. 3). This is determined from the ratio ofDHe
for the two cases, shown in Fig. 3, in conjunction wi
Eq. (2). Although there is significant radial variation
the rp scaling forDHe in Fig. 3, gyro-Bohm scaling does
reflect the average scaling insiderya ­ 0.5. This result
is consistent with drift-wave turbulence theories whi
predict turbulence-driven transport to have a radial sc
length of the Larmor radius (i.e., gyro-Bohm scaling
The DHe scaling is seen to be approximately the sam
as xeff, suggesting that the scaling ofxeffyDHe is
independent ofrp, and further strengthening the argume
that energy and particle transport are integrally link
in these plasmas. The end result of this analysis
that aDHe

r ­ 0.89 6 0.24 and a
xeff
r ­ 1.24 6 0.3. In

both discharges, the convective velocityVHe, shown
in Fig. 4, is directed inward (i.e., an inward pinch
Analysis shows thatVHe increases with decreasingrp

with a scaling of the formjVHej ~ r22.1
p . Although

this suggests peaking of the helium density profile
rp decreases (i.e.,jVHejyDHe ~ r21.2

p ), a similar trend
is observed for the electron density profile with th
concentration profile being roughly the same in the tw
discharges.

The degree to which helium transport rates in the c
plasma affect D-T fuel dilution in an ignited plasma
dependent on the ratio of the helium diffusivity to th
thermal diffusivity DHeyxeff [13]. This results from

FIG. 2. Helium diffusivity DHe and thermal diffusivityxeff
for a BT ­ 2.1 T ELMing H-mode discharge.
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the fact that in a fusion plasma heated entirely by the
thermalization of the fusion-generated alpha particles, th
source of both energy and helium ash is the alpha particl
generation rateSa . This assumption allows a coupling
of the energy transport equations= ? q ­ SaEad and the
helium continuity equations= ? GHe ­ Sad. Assuming
the energy flux to be purely conductivesq ­ 2nx=Td and
the helium particle flux to be made up of both a diffusive
and convective partsGHe ­ 2DHe=nHe 1 VHenHed, one
obtains a steady-state solution of the form (in cylindrical
coordinates)

dnHe

dr
­ nHe

VHe

DHe
1 n

xeff

EaDHe

dT
dr

, (3)

where VHe here represents the helium convective ve-
locity in the radial direction. xeff is the single-fluid
thermal diffusivity, Ea ­ 3.5 MeV is the alpha particle
energy, andn and T are the plasma density and tem-
perature, respectively. Note that this equation is valid
only in the region in which the local source rate due
to ionization of recycling helium neutrals from the edge
plasma is small compared to the local fusion-generate
source rate. The first term on the right-hand side (RHS
of Eq. (3) represents the “natural” helium density gradi-
ent that would be obtained in the absence of any sourc
In this case, the helium density profile takes the form
nHesrd ­ nHesrSd exps2

RrS

r VHeyDHedr0d, whererS is
the plasma radius at the edge of the alpha particle sourc
region. In terms of the effect on plasma performance, th
helium density profile must be compared to the electron
density profile to determine the degree of dilution. In this
regard, there is an accompanying equation for the electro
density that has the same form as Eq. (3) (i.e.,dneydr ­
neVeyDe 1 Se whereSe is the electron source). Experi-
mental results from several tokamaks have shown that th
shapes of the helium and electron density profile in man
different regimes are nearly identical [11,12], suggesting
that VeyDe ø VHeyDHe in these regimes. Since elec-
trostatic fluctuations are believed to be the main caus
of anomalous transport in tokamaks, this result is no
entirely surprising since in such a case, all particles re
gardless of charge or mass should have the same tran
port properties. Assuming thatVeyDe ø VHeyDHe, the

FIG. 3. Ratio of the helium and single-fluid diffusivities for
the BT ­ 2.1 T andBT ­ 1.05 T discharges.
421
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FIG. 4. Convective velocityVHe in theBT ­ 2.1 T andBT ­
1.05 T discharges.

degree of helium dilution becomes dependent on tw
parameters: (1) the helium concentration at the edge
the source region,fHesrSd ­ nHesrSdynesrSd; and (2)
the magnitude of the second term on the RHS of Eq. (3
The parameterfHesrSd is dominated by helium recycling
in the edge plasma and is therefore dependent on
details of helium transport in the plasma edge, scrape-
layer (SOL), and divertor plasma, as well as the exhau
efficiency of the pumping system. Since the process
involved in determiningfHesrSd are localized near the
plasma edge, some degree of control for this value mig
be possible. However, the magnitude of the second te
on the RHS of Eq. (3) is completely determined by th
transport properties of the core plasma. Since independ
control of this parameter is limited, it is essential to asse
the magnitude of this term and its effect in any desig
concept.

Since the extrapolation inrp from the present experi-
ments to an ignition-sized plasma such as ITER is lar
s,10d compared to the variation ofrp in the experiment
s,1.6d, it is important to assess the impact of the unce
tainties in the analysis on the projection. This has be
done by solving Eq. (3) and the accompanying equati
for the electron density profile with the following assump
tions: fHesrSd ­ 0.1; Se ­ 0; VeyDe ø VHeyDHe; and
the temperature profile is linear with a central value o
30 keV and an edge value of 0.5 keV. Note that th
final assumption is nonphysical because of required sy
metry at the magnetic axis; however, such a choice ma
mizes the contribution of the source-dependent term
Eq. (3). Also, the assumption thatSe ­ 0 is intended to
maximize the contribution of the source-dependent ter
sinceSe will only tend to decrease the helium concentra
tion. The extrapolation ofxeffyDHe is based on Eq. (1)
and the values ofaDHe

r andaxeff
r deduced from the present

analysis. Such an extrapolation projects a radially ave
agedkxeffyDHel ø 0.70 for ITER and a central helium
concentration of 10.5%. In such a case, the helium co
centration is primarily determined byfHesrSd. If the
most unfavorable scaling that is justifiable from the prese
analysis is taken forxeffyDHe (i.e., assumingaDHe

r ­ 1.13
andaxeff

r ­ 0.94), one findskxeffyDHel ø 1.67 and a cen-
tral helium concentration of 11%. Again, the helium con
422
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centration is found to be primarily determined byfHesrSd.
Hence, with a high degree of certainty, these results i
dicate that the degree of helium dilution in an ITER-like
device based on ELMing H-mode confinement will be
predominantly determined by the helium concentration
the edge of the alpha source region, providedVeyDe ø
VHeyDHe. It should be pointed out that extrapolations
based on these results are valid only for future device
based on ELMing H-mode confinement which lie on arp

scaling path to ITER. For devices which are on anotherrp

scaling path or based on a different enhanced confineme
regimes (e.g., VH-mode or negative central shear regime
similar rp scaling experiments as well as detailed docu
mentation ofVHeyDHe versusVeyDe are required to as-
sess the effect of helium dilution in these regimes.

In conclusion,rp scaling experiments in the ELMing H-
mode confinement regime on DIII-D have shown thatDHe
scales in a gyro-Bohm-like manner, similar to the observe
scaling for thermal diffusivity. Given this information and
the fact that the observed value ofxeffyDHe , 1 in the
present experiment, these results suggest thatxeffyDHe

will be ,1 in any device lying along therp scaling path
examined in this study, including ITER. Furthermore, cal
culations show that the estimated helium dilution in ITER
will be primarily determined by the recycling-dominated
solution even when using the most pessimistic scaling f
the core transport rates supported by the present data
confirming that helium recycling will dominate the helium
concentration.
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