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Distributed Divertor Radiation through Convection in DIII-D
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The radiative dissipation of divertor target heat flux on DIII-D is shown to greatly exceed the
limitations of energy transport dominated by electron thermal conduction parallel to the magnetic field.
More than 80% of the power flowing into the outboard divertor is dissipated through radiation with a
broad poloidal profile. It is shown that energy transport dominated by convection over a large region
of the divertor is consistent with the data. [S0031-9007(97)03465-0]

PACS numbers: 52.55.Fa

The reduction of tokamak divertor target plate heatmn; is the ion massy) is the plasma fluid velocity parallel
flux remains a primary goal of magnetic fusion energyto the magnetic field, is the atomic ionization potential
research. The design for the power-plant-sized interna(l3.6 eV for a deuterium atom), asg represents volume
tional thermonuclear experimental reactor (ITER) toka-sources and sinks of energy, such as radiation, ionization,
mak requires that-80% of the 300 MW of alpha-particle neutral collisions, and charge exchange, and Ohmic heat-
heating power be dissipated through radiation beforéng due to any SOL currents. In this formulation we have
deposition on the divertor plates [1]. Much of this ra- combined the electron and ion energy and disregarded ion
diation should come from the divertor region to minimize viscosity and perpendicular diffusion of energy. The im-
degradation of the core plasma confinement. In additionplications of any perpendicular diffusion will be discussed
it is desirable to distribute the radiation throughout the di-after presentation and analysis of our data.
vertor volume to prevent localized heating of the divertor The first term in the energy transport equation is
structure. It has often been argued [2] that divertor energglectron thermal conduction. lon conduction is an order
transport dominated by parallel electron thermal conducef magnitude smaller fof; = T, and has been neglected.
tion, or ¢ = —KTES/2dTE/dS||, leads to severe localiza- Conduction, as stated earlier, is often assumed to carry
tion of the intense radiating region along the field linesthe bulk of the SOL power [6,7] and, as we will
and ultimately limits the fraction of energy flux that can show, this is true in typical DIlI-D H-mode divertor
be radiated before the field lines strike the divertor targetplasmas with no additional gas puffing. However, with
This is due to the stron@jf/2 dependence of electron heat conduction dominated transport of even moderate energy
conduction which results in very short spatial scales oflux densities in DIII-D ofg = 10 MW /m?, T, will rise
the T, gradient at high power densities and low temperaabove 15 eV in less than 0.5 m of parallel length from
tures where deuterium and impurities radiate most effecthe strikepoint. Thus there is only a small region of the
tively. However, we have greatly exceeded this constraintlivertor available for effective radiation from deuterium
on DIII-D with deuterium gas puffing which reduces the and carbon, the dominant impurity in DIII-D. Carbon
peak heat flux to the divertor plate a factor of 5 whileradiation peaks af, = 15 eV and drops by more than
distributing the radiation throughout the divertor [3]. The an order of magnitude [8] at, = 20 eV. This problem
uniformity in radiation, shown to be a factor of 2 from the becomes much worse for the expected higher power
X point to the target plate, is 3 times better than requirediensities expected in future divertors.
in the design of the ITER [4]. We find that electron ther- Convection, the second group of terms in Eq. (1), al-
mal conduction cannot account for the measured distribuows transport of energy without a temperature gradi-
tion of divertor radiation and energy transport. However,ent. Here we have included the ionization potential of
plasma convection at the ion sound speed through mudie plasma in the convective term because we do not ex-

of the divertor is consistent with our observations. perimentally determine the ionization distribution, an en-
The transport of energy parallel to the magnetic field inergy sink, nor do we determine the fraction of radiation

the scrape-off layer (SOL) can be described by [5] and target plate heat flux that results from plasma recom-
d s2dTe 3 bination. Instead we combine the competing ionization
s |:_KTe F ”UII{E(Ti +T.) + and recombination terms into a potential carried by the

plasma. We will see that in DIII-D convection gives us
1 mivﬁ + IOH — Sg, (1) @& mechanism whereby energy is transported through the
2 divertor at lowerT, allowing efficient radiation.
wheres is the parallel field line lengthg is the parallel The power flowing through the outboard divertor leg
electron thermal conductivityl, and7; are the electron is described byV - g = Sg where g is the parallel
and ion temperatures, respectivelyis the plasma density, heat flux, the sum of conduction and convection, &pd
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the plasma volume sources and sinks of energy, is due To compare our radiating divertor plasmas to the energy
principally to atomic radiation. The effects of neutral transport described in Eq. (1), we use a divertor equilib-
interactions will be discussed after presentation of theium as shown in Fig. 1, which with divertor sweeping
data. Ohmic heating in the SOL, a possible source oéllows divertor Thomson scattering (DTS) diagnostic
energy, is ignored as SOL currents [9] ef50 kA/m?>  [12,13] measurement of the divertor plasma electron
are measured for these plasmas and the associated heatiamperature and density along flux surfaces. Khgoint
represents a small perturbation to overall power balancéocation provides three bolometer chords from the hori-
For this analysis we treat the SOL below tKepoint as  zontal array from th& point to the divertor for adequate
a 1D plasma as a function dfj, the field line parallel spatial resolution of the radiated power for this analysis.
distance to the divertor plate. The plasma radiation\We obtain divertor data from ELMing H-mode plasmas
e(Ly), is measured by two poloidally separated 24-with a plasma current of 1.4 MA and safety factgys
channel bolometer arrays whose view chords are showof ~4.2 and injected power of about 6 MW. With no
in Fig. 1. The signals from these two arrays are invertedyas puffing theg, profile, determined by the technique
to produce a 2D radiation profile [10], as also showndescribed above, is shown in Fig. 2(a). Approximately
in Fig. 1. This profile is integrated radially through 40 MW/m?2 flows into the outboard divertor leg beloi

the divertor SOL and with the assumption of toroidal point with only about~15% of it radiated before striking
symmetry produces a 1D profile of radiatiosgor(z),  the divertor plate. The width of the heat flux at the divertor
as a function of distance from the divertor plate. Thisplate maps to about 1 cm at the midplane. If parallel elec-
inversion and subsequent integration agrees well wittron thermal conduction dominates the energy transport
the 1D profile obtained from the horizontally viewing then from Eq. (1) we can integratg = _KTS/ZdTg/dS,
bolometer chords alone. We calculate the total energwhere k = 1.55 X 10° in eV and mks units for these
flowing in the divertor, Q\x(z), by starting with the plasmas, to produce &, profile. Integrating from the
divertor target heat flux measured by an IR camera [11flivertor target with the measured electron temperature of
and integrating the 1D radiation profile. Contributions20 eV near the target we arrive at the conduction-fifted
from plasma radiation are subtracted from the target

heat flux. We finally convert to energy flux density,

q)1(Ly), by dividing by the cross-sectional area of the SOL

perpendicular to the magnetic field. The SOL area normal {a) Chord 1 [ Chord 2
to the magnetic field lines is determined by the heat flux 60 [ q-parallel 160
width at the divertor plate in conjunction with magnetic - — Tefit ]
equilibrium measurements and remains constant through A TeThom =
the divertor assuming constant SOL magnetic flux. The <40 P
parallel path lengthLy, is converted frony by magnetic = _,{,;’ L E
mapping of a field line in the center of the SOL. - ,hF’ I )
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Locations FIG. 2. The outboard divertor energy flux analysis for
0 2 uwm® 4 A (a) standard ELMing H mode and (b) radiative divertor through

deuterium puffing. Shown are the energy flux profilg,
FIG. 1. The 2D radiation profile and divertor geometry for the fitted 7, profile for conduction dominated transport, and
radiative plasmas used in heat transport analysis. Also showmeasurements of, from divertor Thomson scattering mea-
are the bolometer view chords and the divertor Thomson systersurements. Shown at the top of the graphs are the approximate
measurement locations. view locations of the horizontal viewing bolometer chords.
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profile as plotted in Fig. 2(a). The 20 eV measurement is 1.2 T T . T 12
also consistent with a sheath boundary condition [14] and e ';':ﬁ:‘c:ﬂf:x Sonic flow :
our measured density and target heat flux. We compare RERRRRERRtARD Lo RGinhl phthi s B
the conduction-fittedl’, in Fig. 2(a) with theT, profile : =
measured by DTS, averaged over the same SOL width 8 0.8 18 2
as that used in thg) calculation. The experimentally § i 1 &
measuredl,, increasing from~20 eV near the target to 5 _—1 %
more than 40 eV at th& point, is seen to be consistent £ g4 14 3
with that inferred from conduction dominated energy flux. ) 8
The density varies from-0.5 X 10 m~3 at the divertor ! 14
target to~0.3 X 10?° m~3 near thexX point. X-point :

Such good agreement cannot be obtained in our highly 0.0 : L . - 0
radiating divertor plasmas. With strong deuterium puff- 0.0 4'?_" m) 08

ing, ~100 Torrl/s, we produce intense divertor radiation
and reduce peak divertor plate heat flux by a factor oFIG. 3. The flow velocity, in Mach value, required to support
3-5, or a factor of 5—10 if we subtract the contributionthe parallel energy flux through convection. Also plotted is the
of radiative heating of the target plate. The reduced hedtaticle flux associated with the flow.
flux can be maintained with little or no effect on the core
plasma confinement with proper tailoring of the gas puff.
Further details of this mode of divertor operation can beslowing as it nears the divertor target. Such an extended
found in Ref. [15]. The energy transport in the divertorregion of high plasma flow may follow as a consequence
under these conditions is summarized in Fig. 2(b). Ap-of T, dropping to~2 eV, so that the ionization mean free
proximately 25 MWm? of power flows into the divertor path is large enough~30 cm) to shift the ionization far
below theX point, of which almost 85% is radiated away upstream near th& point. Simulations with the&JEDGE
before reaching the divertor plate. The spatial resolutiortode show [16] such conditions for DIII-D plasmas. The
of the radiation measurement is given by the views ofslowing of the plasma flow near the divertor, also seen in
the horizontal bolometer array shown at the top of thehe modeling, can be due to charge exchange and collisions
figure. The lower initial energy flux into the divertor is with the recycling neutrals. Convection of plasma in the
due to a wider SOL width at the divertor plate for thesepoloidal direction, perhaps due to drifts or instabilities,
plasmas and a small increase in radiation aboveXhe might also explain much of the energy transport.
point. The predicted, profile required to support the en-  The observed radiation in the divertor is extracted from
ergy flux through conduction is also plotted in Fig. 2(b).the plasma thermal energy, through electron excitation,
Even for the modest energy flux at the divertor plate forand/or the ionization potential through plasma recombi-
these conditiong’, must rise above 15 eV in a relatively nation. To estimate the degree of plasma recombination
short parallel distance of1 meter, or=5 cm of poloidal  we convert the inferred parallel plasma flow into particle
length which is<15% of the total divertor length. The flux, as plotted in Fig. 3. The uncertainty is large, but the
predictedT, is in stark contrast to our DTS measure- data indicates that about half of the peak particle flux is
ments whereT, is about 2 eV throughout the divertor. lost, presumably through recombination, before reaching
This level of T, is able to support through conduction at the divertor target.
most 5% of the energy flux we observe in these condi- Several other physical processes may also contribute
tions. The plasma density meanwhile has increased a fate energy transport in the divertor. In treating the
tor of 5 ton, =3 X 10 m~3 at the divertor plate and SOL as 1D we have neglected perpendicular diffusion
1 X 10*° m™3 near theX point. which can widen the SOL from the& point to the
Convection of plasma energy at the ion sound speedivertor. We have chosen the width of the SOL as
can account for our observed energy flux during theséhat characteristic at the divertor plate such that any
highly radiative conditions. By assuming the convectionspreading of the SOL from th& point to the divertor
terms, the last three terms of the right-hand side of Eq. (13lue to perpendicular diffusion will result in narrower
carry all of the measured energy flux we can solve for theSOL than assumed in ouy; analysis in Fig. 2. This
required flow velocityr using the measured density and effect would lead to only a slightly great&; needed for
temperature profiles. The required Mach number is themonduction dominated transport due to the strdffgf]2
determined by dividing the flow velocityy, by the ion  dependence of thermal conductivity. A narrower SOL
acoustic speed;s = [Zk(T, + T;)/m;]'/?, and is plotted upstream from the target would also require a greater
in Fig. 3. The ion temperaturd;;, is assumed to equal particle flux in that region than that plotted in Fig. 3.
the electron temperaturé,, at these divertor parameters. Previous experiments and modeling witbEDGE on
The measured energy transport is satisfied if the plasm@lll-D have shown perpendicular transport to account for
flows through the divertor at the ion acoustic speed before=10% of the transport in the divertor SOL [17].
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It is also possible for charge-exchange and ion-neutradn electron temperature over which neutral deuterium and
collisions to carry away additional energy from the plasmaintrinsic low Z impurities can radiate. Noncoronal effects
The bolometer arrays measure any energetic neutrals inanay allow more radiation at high&g, but this effect is ex-
dent on the detectors. However, bolometers which viewpected to be limited [20]. Use of high&rimpurities may
the divertor through the ionizing main plasma see the samicrease radiation at higher temperatures, but there are sig-
level of radiation as the side array, indicating that neutralsificant limitations to the level of contamination allowed in
make up only a small part of our radiated power signalthe main plasma. We have shown in DIII-D that convec-
Neutrals likely do contribute to our measured divertor tar-tion can allow transport of energy through the divertor at
get heat flux. However, even if all of our target heat fluxlow temperature enabling the plasma to radiate, recombine,
is due to neutrals this is only about 10% of the total powerand dissipate the power before deposition on the divertor
dissipated in the divertor. Neutrals may also heat the divertarget. The convective flow is likely created by upstream
tor floor outside of the region of the SOL strike point. Thisionization due to the low, and ionization rate in the di-
represents additional energy loss from the divertor plasmeertor. This convection allows a much greater dissipation
that we do not measure, which in turn may yield a greateof divertor power than implied by conductive transport.
g upstream than our analysis indicates. The implicationglowever, for future high power density tokamaks, such
of this additional loss are the same as that of perpendicuas ITER, much work remains to use these concepts in a
lar diffusion as we discussed above. Convection is stilself-consistent system which is still compatible with high
needed to explain our observed energy transport. confinement in the main plasma.
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