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Gyroradius Scaling of Helium Transport
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The scaling of the transport rate of helium ash with normalized gyroradius has been measured for the
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 extrapolation
in normalized gyroradius from DIII-D to a reactor-grade device is large, sensitivity studies indicate that
helium ash dilution in such a device will be primarily dependent on the helium exhaust efficiency at the
plasma edge and not on the core transport rates. [S0031-9007(97)03580-1]

PACS numbers: 52.25.Fi, 52.55.Fa

At present, the most promising path for power pro-plasmas and the effect of incomplete helium exhaust
duction based on magnetic fusion energy is based on thige., recycling of helium). In terms of core transport
deuterium-tritium (D-T) fuel cycle. The viability of such of helium, one would like to understand the underlying
an approach relies upon the sustainment of high D-T fuegbhysical processes which govern transport such that this
densities at thermonuclear temperature2( keV). In  extrapolation could be done with a high degree of certainty.
this regard, reducing the rate at which thermal energyrhe anomalously high particle and energy transport rates
is lost from the fusion plasma is essential to the sucin fusion plasmas have long been the subject of vigorous
cess of such an approach. Of equal importance is thimvestigations; however, the exact form of the processes
efficient removal of the helium “ash” that is produced determining plasma transport has not been determined.
by the D-T reactions themselves, since any dilution ofRecent studies have focused on the scaling of anomalous
the fuel caused by this ash will reduce the fusion poweenergy transport with normalized gyroradius (defined as
produced at a given plasma density. One long-standing.. = r./a, wherer, is the Larmor radius and is the
objection to confinement regimes with improved trans-plasma size) [4—7]. The value of this approach with
port properties has been the possibility that the particleespect to the prediction of future machine performance
transport rates would be insufficient to obtain adequatés that present-day devices can operate at ignition-relevant
exhaust of the helium ash. Recent experimental studieglues of the standard dimensionless parameters with the
on several present-day tokamaks operating in high corexception ofp.. [8]. In this regard, the results reported in
finement regimes have demonstrated that sufficient levekhis Letter are the first to assess thescaling of helium
of helium exhaust can be obtained in these regimes [1#ansport in any confinement regime.

3]. One concern, though, is how (or even if) these fa- The nondimensional scaling approach commonly used
vorable results scale to larger, ignition-sized devices. Inn the study of energy transport is based on scale invari-
this regard, the nondimensional scaling studies reportednce and assumes that the diffusivity can be expressed in
here indicate that the core transport rate of helium ima dimensionally correct form:

ELMing H-mode plasmas increases approximately lin- a,

early v%ith the norpmalized gyroradius (ﬁg., the ratiyo of X = xep="F(B,vs,qw, A, Ar,R/a,x,8,..), (1)

the ion gyroradius to the plasma size), which is similarwhere yp = cT./eB, B ~nT /B v.~ qun/T?* Ay =

to the scaling for thermal transport rates. These results-(a> — r2)/2rL, 7, and k and § are the plasma elon-
suggest core transport rates of helium in a reactor baseghtion and triangularity, respectively. Herg, is the

on ELMing H-mode plasmas will be sufficient such thatplasma safety factom is the plasma densityT is the

the helium dilution will be primarily determined by the electron or ion temperatureB is the magnetic field
helium exhaust efficiency at the plasma edge. strength, and. is the density or temperature scale length.

Since the helium ash is generated in the plasma core arid general, this approach can also be adopted for helium
can be removed only through pumping systems located atansport by simply replacinge with Dy, in Eq. (1).
the plasma edge, the helium exhaust problem is truly globdlsing this approach, the comparison of diffusivities for
in nature. Hence, in order to narrow the uncertainties irdimensionally similar discharges of the same size but
the extrapolation from present-day devices to a reactor, theith different magnetic field allows the determination of
physical processes (or their scaling) which control the flowthe exponentr, since the unspecified functidhremains
of helium from the plasma core to the exhaust plenum mustonstant. In order to keep constant, the appropriate
be characterized. This involves not only characterizingplasma parameters must be scaled asB*/3, T « B*/3,
the transport of helium within the core plasma, but alscand I « B while keeping the magnetic geometry fixed.
understanding helium transport in the edge and divertofhe scaling of diffusivity using this approach then takes
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The value of the exponent, can be interpreted as < S--. E N
indicating the characteristic scale length of the plasma X
turbulence responsible for anomalous transport:a(a)= 0.000 it iy e
1 would imply Ax ~ r;, which is called gyro-Bohm-like, 1.0
(b) @, = 0 would imply Ax ~ a, which is called Bohm-
like, and (c) @, = —1 would imply Ax > a, which 5
could arise from magnetic stochastic processes [6].

These experiments were performed on the DIII-D 3
tokamak. To provide a basis for extrapolation of the 0.0
results discussed here to a presently envisioned reactor- 10
grade plasma, both the plasma configuration and the
dimensionless parameters (except) were chosen to <
approximately match those expected for the International
Thermonuclear Experimental Reactor (ITER). The 0
plasma configuration was lower single-null divertor with 0.0 05 1.0
major radius R = 1.67 m, minor radiusa = 0.56 m, rla
k =165, and § = 0.2 with dimensionless parameters FiG. 1. Nondimensional parameters for a pair of dimension-
BM = 1.5%, vs i, = 0.03, andges = 3.5. All of these  ally similar ELMing H-mode plasmas.
experiments were conducted in the H-mode confinement
regime with edge localized modes (ELMs). In order tolium density gradient, assuming the helium flux takes on

TT

maintain constanpB and ». while varying p., indepen- the general formI'"ye = —Dy.Vnuge + Vuennge, Where
dent control of the plasma density and temperature i¥'y. is determined from the helium continuity equation
required. In this regard, density control is accomplishediny./dt = —V - I'y.. Here,ny. is the helium density,

in DIII-D by deuterium gas puffing or deuterium neutral Dy, is the helium diffusivity, andVy. is the convection
beam injection (NBI) and simultaneous plasma exhaustelocity for helium. In computing the uncertainties in the
via a cryopump located in the divertor region while theintegrals that are required for the determinationl§f.,
plasma temperature is separately controlled by choice dhe statistical error is propagated assuming that the errors
the injection energy of the deuterium neutral beams. Tare uncorrelated. Finally, both the errors in the normal-
obtain a variation irp.. of 1.6 while the other dimension- ized density gradienVny./ny.) and the normalized flux
less parameters were held nearly constant, measuremefily;./ny.) are included in the linear regression analysis
were made in two cases: (1) toroidal magnetic fieldto determineDy. and Vg, and their uncertainties. Note
Br =21T, plasma current I, = 1.14 MA, line- that because the perturbation induced by the helium puff
averaged-densityn, = 6.26 X 10 m™3, input power propagates too rapidly to a normalized radiusrgf =
Pinput = 5.9 MW, and (2)Br = 1.05T, I, = 0.57 MA, 0.6 to be followed accurately by the CER system, deter-
ne =274 X 10" m=3, Pipw = 1.2 MW. The result- mination of the transport coefficients are possible only in-
ing dimensionless parameters are shown in Fig. 1side this radius.
Although not shown, the profiles of magnetic shear, In order that a comparison could be made between
g4, and ar, are also well matched as is the normalizedhelium diffusivity and thermal diffusivity, a local power
power deposition profile. balance analysis was also performed for these discharges.
In these experiments, the helium transport propertie3he radial power flow is assumed to be composed
are inferred from analysis of the evolution of the heliumof a conductive and convective componeWt- (q +
density profile subsequent to a helium gas puf¢o of 5/2I'T) = Q, whereq is the heat fluxI' is the particle
the electron density) during an otherwise steady-state poftux, and Q represents the net heat sources and sinks.
tion of the discharge. The helium density profile shape iSThe radial heat flux is assumed to be purely diffusive
inferred from the intensity of tha = 3-4, 4686 A He" in this analysis (i.e.q = —nxVT). Thermal transport
line excited by charge exchange with energetic deuteriungalculations are performed by tleeieTwo transport code
neutrals injected by the neutral beams and measured [§%0], which takes as input the experimentally measured
a high resolution charge-exchange recombination (CER)rofiles of electron and ion temperature, electron density,
spectroscopy system [9]. Since the plasma electron teneffective ion chargeZ.s, and radiated power, as well
perature is above 100 eV over the entire plasma, thas the magnetic geometry and plasma current profile.
He'? density profile represents the total helium densityThe ion and electron thermal diffusivities, as well as the
in these discharges. The local helium transport coeffisingle-fluid diffusivity xeet = —(g. + ¢:)/(n.dT./dr +
cients are determined by linear regression analysis of the;dT;/dr), are then determined using the computed power
inferred helium particle flud'y. and the measured he- balance and the measured plasma profiles. Kegrand
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g; represent the radial heat flow in the electron and iorthe fact that in a fusion plasma heated entirely by the
channels, respectively. thermalization of the fusion-generated alpha particles, the
In both discharges, the inferred helium and thermakource of both energy and helium ash is the alpha particle
diffusivities have nearly the same magnitude and radiafjeneration rate§,. This assumption allows a coupling
dependence (see Fig. 2). This is consistent with previousf the energy transport equatid¥ - q = S, E,) and the
results from DIII-D [11] and TFTR [12] that have shown helium continuity equatioV - 'y = S,). Assuming
xeti/Due ~ 1 in most confinement regimes studied to the energy flux to be purely conductiug = —nyVT) and
date, and is suggestive of an integral link between heliunthe helium particle flux to be made up of both a diffusive
and energy transport in these regimes. Both the heliumand convective paff’ye = —DyeVnue + VHenlHe), ONE
and thermal diffusivities in each case are significantlyobtains a steady-state solution of the form (in cylindrical
above(>10) transport levels expected from neoclassicalcoordinates)
theory, s_uggesting that both particle and energy transport dnye Vite Yt dT
are dominated by anomalous processes in these plasmas. 7 e g +n E D dr’ 3)
Upon comparingy. between thes; = 2.1 T andBy = r He al/He 4T
1.05 T case, one finds thd&ly, scales in an approximately where Vy. here represents the helium convective ve-
gyro-Bohm-like manner over most of the analysis regionlocity in the radial direction. y.s is the single-fluid
(see Fig. 3). This is determined from the ratio Bf;,  thermal diffusivity, E, = 3.5 MeV is the alpha particle
for the two cases, shown in Fig. 3, in conjunction with energy, andn and T are the plasma density and tem-
Eqg. (2). Although there is significant radial variation in perature, respectively. Note that this equation is valid
the p. scaling forDy. in Fig. 3, gyro-Bohm scaling does only in the region in which the local source rate due
reflect the average scaling insid¢a = 0.5. This result to ionization of recycling helium neutrals from the edge
is consistent with drift-wave turbulence theories whichplasma is small compared to the local fusion-generated
predict turbulence-driven transport to have a radial scalsource rate. The first term on the right-hand side (RHS)
length of the Larmor radius (i.e., gyro-Bohm scaling).of Eq. (3) represents the “natural” helium density gradi-
The Dy, scaling is seen to be approximately the sameent that would be obtained in the absence of any source.
as yet, suggesting that the scaling of.st/Due is  In this case, the helium density profile takes the form
independent op., and further strengthening the argumentnuc(p) = nuc(ps) exp(— [° Vue/Ducdp'), whereps is
that energy and particle transport are integrally linkedthe plasma radius at the edge of the alpha particle source
in these plasmas. The end result of this analysis isegion. In terms of the effect on plasma performance, the
that aP# = 0.89 + 0.24 and af™ = 124 = 03. In  helium density profile must be compared to the electron
both discharges, the convective velociWy., shown density profile to determine the degree of dilution. In this
in Fig. 4, is directed inward (i.e., an inward pinch). regard, there is an accompanying equation for the electron
Analysis shows thatVy. increases with decreasing.  density that has the same form as Eq. (3) (de./dr =
with a scaling of the form|Vye| « p,2!. Although ».V./D. + S. whereS, is the electron source). Experi-
this suggests peaking of the helium density profile asnental results from several tokamaks have shown that the
p« decreases (i.e)Vue|/Due « p; '?), a similar trend shapes of the helium and electron density profile in many
is observed for the electron density profile with thedifferent regimes are nearly identical [11,12], suggesting
concentration profile being roughly the same in the twathat V./D, = Vy./Dy. in these regimes. Since elec-
discharges. trostatic fluctuations are believed to be the main cause
The degree to which helium transport rates in the cor@f anomalous transport in tokamaks, this result is not
plasma affect D-T fuel dilution in an ignited plasma is entirely surprising since in such a case, all particles re-
dependent on the ratio of the helium diffusivity to the gardless of charge or mass should have the same trans-
thermal diffusivity Dye/xerr [13]. This results from port properties. Assuming that,/D, = Vy./Dye, the
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FIG. 2. Helium diffusivity Dy. and thermal diffusivity ye FIG. 3. Ratio of the helium and single-fluid diffusivities for
for a By = 2.1 T ELMing H-mode discharge. the By = 2.1 T andBr = 1.05 T discharges.
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- L B B AL N centration is found to be primarily determined fy. (ps).
E 0.0 swewgp Ay - Hence, with a high degree of certainty, these results in-
= } 0 3 . dicate that the degree of helium dilution in an ITER-like
.10k % i device based on ELMing H-mode confinement will be
-4 | | predominantly determined by the helium concentration at
E_zo_ B.=21T % i the edge of the alpha source region, providedD, =

i T = { Vue/Due. It should be pointed out that extrapolations
z r° BT =1.05T 1 based on these results are valid only for future devices
83002 "0 " 0e or 10 based on ELMing H-mode confinement which lie op.a

r/a scaling path to ITER. For devices which are on anogher

scaling path or based on a different enhanced confinement
regimes (e.g., VH-mode or negative central shear regimes),
similar p. scaling experiments as well as detailed docu-
mentation ofVy./Dy. versusV,/D, are required to as-
degree of helium dilution becomes dependent on tweess the effect of helium dilution in these regimes.
parameters: (1) the helium concentration at the edge of In conclusionp. scaling experiments in the ELMing H-
the source regionfy.(ps) = nue(ps)/n.(ps); and (2) mode confinement regime on DIII-D have shown thaf,
the magnitude of the second term on the RHS of Eq. (3)scales in a gyro-Bohm-like manner, similar to the observed
The parametefy.(ps) is dominated by helium recycling scaling for thermal diffusivity. Given this information and
in the edge plasma and is therefore dependent on thée fact that the observed value @fs/Dy. ~ 1 in the
details of helium transport in the plasma edge, scrape-offresent experiment, these results suggest {hay Dy.
layer (SOL), and divertor plasma, as well as the exhauswill be ~1 in any device lying along the.. scaling path
efficiency of the pumping system. Since the processeexamined in this study, including ITER. Furthermore, cal-
involved in determiningfy.(ps) are localized near the culations show that the estimated helium dilution in ITER
plasma edge, some degree of control for this value mighwill be primarily determined by the recycling-dominated
be possible. However, the magnitude of the second terraolution even when using the most pessimistic scaling for
on the RHS of Eq. (3) is completely determined by thethe core transport rates supported by the present data set,
transport properties of the core plasma. Since independenbnfirming that helium recycling will dominate the helium
control of this parameter is limited, it is essential to assessoncentration.
the magnitude of this term and its effect in any design This work is supported by the U.S. Department of
concept. Energy under Contracts No. DE-AC03-93ER5114 and
Since the extrapolation ip.. from the present experi- No. DE-AC05-960R22464. We would like to thank the
ments to an ignition-sized plasma such as ITER is larg®Ill-D operations and physics staff for their support
(~10) compared to the variation ¢f.. in the experiment in carrying out these experiments and R. Groebner for
(~1.6), it is important to assess the impact of the uncer-continuing upkeep of theerriT spectral analysis code.
tainties in the analysis on the projection. This has been
done by solving Eg. (3) and the accompanying equation
for the electron density profile with the following assump-
tions: fuc(ps) = 0.1; S, = 0; V./D, = Vye/Dn.; and
the temperature profile is linear with a central value of
?.’O keV and an gdge value' of 0.5 keV. Note .that the [3] A. Sakasaiet al., in Proceedings of the Sixteenth IAEA
final assumption is r?onphysmal because of requ!red SYM-"" Fusion Energy Conference, Montreal, Canada, 1996
metry at the magnetic axis; however, such a choice maxi-  (agA, Vienna, 1996), Vol. F1-CN-64AP-2-1.
mizes the contribution of the source-dependent term in[4] R.E. Waltz, J.C. DeBoo, and T.H. Osborne, Nucl. Fusion
Eq. (3). Also, the assumption th&t = 0 is intended to 32, 1051 (1992).
maximize the contribution of the source-dependent term[5] F.W. Perkinset al., Phys. Fluids B5, 477 (1993).
since S, will only tend to decrease the helium concentra- [6] J.P. Christianseet al., Nucl. Fusion33, 863 (1993).
tion. The extrapolation of.ss/Dy. is based on Eq. (1) [7] C.C. Pettyet al., Phys. Rev. Lett74, 1763 (1995).
and the values (IflEHc anda;’(c(( deduced from the present [8] R.E. WaltZ, J.C. DeBOO, and M.N. Rosenbluth, PhyS
analysis. Such an extrapolation projects a radially aver- _ Rev. Lett.65, 2390 (1990). _
aged(xesr/Due) ~ 0.70 for ITER and a central helium [9] P. Gohil et al., in Proceedings of the 14th Symposium on

. - Fusion Engineering, San Diego, 199EEE, New York,
0, -
concentration of 10.5%. In such a case, the helium con 1992), Vol. 2, p. 1199.

centration is primarily determined byue(ps). If the 110} \y pfeiffer et al., Nucl. Fusion25, 655 (1985).

most unfavorable scaling that is justifiable from the presen%ll] M.R. Wadeet al., Phys. Plasmag, 2357 (1995).
analysis is taken fOX/eff[DHe (ie., assumlngvf,)“c = 1.13  [12] E.J. Synakowsket al., Phys. Fluids B5, 2215 (1993).
anda X< = 0.94), one findS yerr/Due) = 1.67andacen-  [13] D. Reiter, G.H. Wolf, and H. Kever, Nucl. FusioB0,
tral helium concentration of 11%. Again, the helium con- 2141 (1990).

422

FIG. 4. Convective velocit¥y. inthe By = 2.1 T andBr =
1.05 T discharges.
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