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M.A. Makowski et al. Scaling of the Divertor Heat Flux Width in the DIII-D Tokamak

ABSTRACT

Significant progress has been made in the study of the divertor heat flux width and how it
relates to upstream scrape-off-layer (SOL) profiles, as well as how these profiles relate to
stability properties at or near the separatrix. On DIII-D this has been made possible by an
upgrade to the Thomson scattering system that provides highly resolved profiles in both space
and time. The upstream separatrix pressure is found to scale with the pressure at the divertor
target plate as measured by the Langmuir probe array. This provides confirmation that pressure
is conserved along a field line. Recent multi-machine studies have found that the heat flux width
scales as [ ;1 where 7, is the plasma current (or equivalently with B;l where B, is the poloidal
magnetic field at the outer midplane), with minor dependences on other parameters, and
significantly, independent of machine size. This simple result greatly reduces the number of
viable theoretical models of the heat flux width. Critical pressure gradient models form one such
class in which the gradient scale length is set by edge turbulence induced by MHD instabilities in
analogy with the kinetic ballooning mode (KBM) paradigm for the pedestal gradient. Here the
critical gradient is posited to extend all the way to the separatrix and possibly into the SOL. We
find strong support for this type of model in that, for several parametric scans, the measured
separatrix pressure gradient scales in concert with the infinite-n critical pressure gradient from
the BALOO code, which serves as a proxy for the stability of the KBM (or possibly the resistive
ballooning mode). In addition, Langmuir probe data also yields a measurement of the peak heat
flux that reproduces the trends observed with the IRTV diagnostic.
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1. INTRODUCTION

The heat flux width is a critical design parameter for the divertor in ITER and other next
generation devices, as it determines the peak thermal loading to the divertor target plate. ITER
requires that the divertor be operated in a partially detached regime in order to maintain the heat
flux below the maximum steady-state heat load of 10 MW/m® [1] set by material limits.
Understanding how the heat flux width scales with plasma and engineering parameters is thus
essential for the successful operation of the ITER divertor. Much progress has recently been
made on this topic [2—4] with the result that the heat flux width is found to be strongly dependent
on the inverse of the poloidal magnetic field at the outer midplane separatrix, essentially
independent of machine size, and weakly dependent on injected power. This leads to projections
of the heat flux width for ITER of ~1 mm, which is approximately five times smaller than the
current ITER design value.

Even though the scaling of the heat flux width now appears to be established, the physics
behind it is still not well understood. To increase the confidence of extrapolation, a physical
model describing this scaling is needed. In order to make the connection between the two a
knowledge of the edge parameters, both in the pedestal and scrape-off-layer (SOL), is needed.
High resolution profile measurements of the electron temperature and density are now routine on
DIII-D with the advent of an upgraded Thomson scattering system featuring both improved
spatial resolution, provided by additional edge channels, and improved temporal resolution,
provided by additional lasers. The spatial resolution has been increased further by modulating the
location of the separatrix where it intersects the Thomson chord. We have obtained high-
resolution Thomson profiles as a function of plasma current, density, injected power, and upper
triangularity.

With the insight provided by a well-established empirical scaling law combined with the
detailed profile measurements, we are in a position to make detailed comparisons to physics
based theoretical models for the heat flux width. In Section 2, results of heat flux scaling studies
in DIII-D are reported in on with the result that the heat flux width is dependent solely on the
inverse of the midplane poloidal field. Upstream profiles are discussed in Section 3 where it is
found that the gradient scale length is primarily dependent on the density scale length. Section 4
examines the evidence in support of critical gradient models setting the heat flux width. The
critical gradient found from the BALOO code scales with separatrix pressure gradient,
supporting this model. Finally, Section 5 concludes with a summary of the results of this work.

General Atomics Report GA-A27437 1



M.A. Makowski et al. Scaling of the Divertor Heat Flux Width in the DIII-D Tokamak

2. SCALING OF THE HEAT FLUX WIDTH ON DIII-D

The heat flux profile is measured with infrared thermography [5] and mapped to the outer
midplane. Mapping to a standardized location facilitates inter-machine comparison of devices
with different divertor geometries as well as comparison of profiles obtained on the same
machine when the magnetic configuration is varied. The heat flux profile is generally
characterized by a single scalar value, the heat flux width. Traditionally, the integral width
(integral of the profile divided by the peak value) is used for this characterization [6]. However,
Eich [4] has developed a two-parameter semi-empirical fitting function that very accurately
describes the full profile. One parameter governs the profile in the private flux region and
corresponds to a Gaussian width, w,,, while the other governs the profile in the SOL and
corresponds to an exponential decay length, A ,. The integral width for this functional form is

sol *
found to be a linear combination of the private flux and SOL widths [3] with A, = A, +1.64w .
However, by independently regressing the two parameters, w,, and A, it is possible to

sol
determine how each of them varies since the physics in the two regions is likely to differ [3].

Heat flux width measurements have been obtained as a function of plasma current (/,) and
toroidal field (B,) [7], normalized density (Greenwald fraction, f;), injected power (P;,;), and
upper triangularity (J,). All data was acquired in ELMy H-mode with an attached divertor.
Regression analysis against an assumed power law scaling of the form

b= C LB £ B0 L, 0
where L., 1s the connection length, has been made 5 C 031£0.12 R2 = 0.52
and results in a strong inverse dependence on /, and B _E;gi"&qts
weak dependencies on the other parameters. It is 4 p’%ﬂ—o.as:o. 5 44 #
found that the correlation is improved by replacing 7, {
with B, ,,,, the poloidal field at the outer midplane. E 3 +
The result for the SOL decay length is a scaling ‘é {
strongly dependent on B, ,,, weakly dependent on & 2 7y R $
0,, and independent of all other parameters. The 1, # Multiple Scans ®
dependence for DIII-D was first reported on in [8]. 1 lp, B Scans m
Results of the regression analysis are shown in Fig. 1 Ip Scan A
and are consistent with the available multi-machine 0 Power, 5y Scans &
databases on heat flux width [2,3]. For comparison, 0 1 2 3 4 5
the regression results for a scaling with all param- Mit (mm)

FIG. 1. Regression analysis for the SOL

eters included are listed in Table I together with the
corresponding F-statistic. For the results to be statis-
tically significant, the F-statistic should be well
above 3.

decay length parameter, Ay, The only signi-
ficant scaling parameters are B, ,, and §,,.
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Table I
Regression results for power law scaling with all parameters included
together with their corresponding F-statistic

Parameter Range F-statistic
C 0.50+0.34 —
By mp -1.11+£0.71 39.5
B, —0.25+0.63 0.17
fc -0.21+£0.31 1.76
Pinj —0.05+0.09 1.04
) —0.30+0.17 3.30

u

Leonn 0.03+0.58  1.89x107°

A similar analysis for the private flux Gaussian width, w,, yields the result
w,,=031B """ with a correlation coefficient of 0.42. There is again a robust inverse
dependence on B, ,,,. However, the dependence on other parameter is rather weaker and the
exponents fluctuate with the choice of secondary parameters, although the signs of the exponents
do not do so. Intuitively, one would expect that the private flux width should increase with
increasing diffusion time, which in turn should increase with increasing connection length, L op.

However, no such dependence is found in this data set (e, ~ 0).

Figure 2 plots a variety of parameters versus two of the scan parameters , [Fig. 2(a,c,e), left
column] and P;,; [Fig. 2(b,d,e), right column] with all other parameters fixed. Figure 2(a,b) plots
the peak parallel heat flux as measured by the IRTV and Langmuir probe array (LPA). The two
measurements are in agreement in both trend and magnitude, although the LPA is about 1.5-2
times larger than the IRTV value. This is well within the experimental measurement error.
Pedestal 3, ,, and the electron pressure at the separatrix as measured by Thomson scattering and
the LPA are plotted in Fig.2(c,d). Here, B, increases with §,, as expected, while the
Thompson and LPA separatrix pressure are independent of §,. In contrast, f, ,, is nearly
independent of P;,; while the Thomson and LPA separatrix pressure both increase with
increasing P;,. The upstream Thomson separatrix pressure is nearly equal to twice the LPA
separatrix pressure, consistent with sonic flow at the target, and the two trend proportionately to
one another in both scans. Assuming, the 7; = T,, the excellent agreement between upstream and
target separatrix pressures implies that the separatrix location is correctly chosen. Figure 2(e,f)
plots the heat flux widths (A

'sol >

Wpu, and A, ) versus J,. The decrease in A, and A, with

increasing 0, is quite evident while w,,, 1s essentially independent of §, . All widths increase with
increasing P, although w,,,, displays the weakest dependence.

These trends can also be seen in Fig. 2(g,h). Here, the heat flux profiles for the extreme
values (low: solid red line; high: dashed green line) of the §, and P;,; scans are plotted versus
relative midplane major radius. For the §, scan, the profile narrows slightly and remains nearly
constant in amplitude as J, is increased. The areas are nearly equal indicating that the total power
=2nRq,A,, is also approximately constant, consistent with the trends of ¢o [Fig. 2(a);

int
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increasing] and A, [Fig. 2(e); decreasing]. For the P;,; scan, the trends in heat flux width and
peak heat flux are again expressed in the raw profiles (note the scale difference between the two
curves). As P;, increases, both the width and amplitude of the profile increase, consistent with

the gp and A, trends with P;,; (both increasing with increasing Piy)).
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2 2 '-: , FIG. 2. (a,b) Plots of peak heat flux as
s 1 Wout measured by IRTV (red circles) and
T 0 (e) Langmuir probes (blue squares) versus

0, (left) and P, (right). (c,d) pedestal
poloidal electron beta (green triangles)
and separatrix electron pressure as
measured by IRTV (red circles) and
Langmuir probes (blue squares). (e,f)
heat flux widths [As, (green squares),
Wy (red circles), and A, (blue dia-
monds)]. (g,h) Plots of fits to the heat
flux profiles at the extreme values of
the 9§, scan [left column] and P,,; scan
[right column] versus the relative mid-
plane major radius.
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The dependence of A, on §, in the scaling law of Section 2 is reflected in the raw data
Fig. 2(e) (green squares), i.e. decreasing with increasing J, . However, the increase in the heat
flux width with increasing P;,; is not echoed in the scaling relation for the full data set. The
reason for this is not clear, but seems to result from the scatter at low power where a majority of
the data was acquired. Regression of the P;, scan data alone yields w,, ~P,*, 4, ~P,*, and
A ~ Py . Also, imposing a P;,; dependence on the data by regressing against A,/ P,*° results

int inj 'sol inj
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in the scaling ~ B;'¥8** with R’ = 0.477, which is similar to the scaling of Fig. 1 but with a
somewhat lower correlation coefficient. Thus a P;,; dependence is not completely ruled out. That
the heat flux width is nearly independent of P;,;, is consistent with other multi-machine studies
[2]. We also note that the decrease in heat flux width with , is anti-correlated with the pedestal
electron poloidal beta, S, ,, . » Which increases almost a factor of 2 (due almost entirely to an
increase in the pedestal density as show below in Fig. 3) as ¢, increases from 0.1 to 0.4. This is
not in conflict with the Py, scaling results as f3, ,, ,, depends on the global poloidal stability,
while Py, results from a highly localized measurement. For the Py, scan, B, ,,,, is nearly
constant while P, increases in concert with the peak heat flux. This suggests that the pedestal
pressure (or equivalently g,,) is not simply related to that in the separatrix/SOL region.
However, it does appear that P, is highly correlated with the peak heat flux. Note that the P,
results are dependent on the exact location of the separatrix, which is subject to some uncertainty

as described in Section 4.

5y =0.1
0.30 8y = 0.4
0.25
% 0.20¢
E
< 0.15¢
0.10}
0.05}
0.00L L+ . . L oL . [\
105 0 5101520 -10-5 0 5 10 15 20
R—Rsep (mm) R—Rsep (mm)

FIG. 3. Plot of electron density and temperature profiles for
the extreme values of the 8, scan of Fig. 2. The change in the
pressure gradient scale length is due entirely to the change in
the density gradient scale length.
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3. EDGE PROFILES

In order to make a connection between the heat flux width and models of parallel transport in
the SOL considered below, detailed measurements of the edge profiles are needed. These are
provided by an upgraded Thomson scattering system that features improved spatial resolution
through an increased number of channels in the vicinity of the separatrix as well as improved
time resolution provided by additional lasers. The spatial resolution is further increased by
modulating the position of the separatrix, where it intersects the vertical Thomson chord. When
mapped to the outer midplane, this yields millimeter-scale resolution of the electron profiles.

We have obtained detailed edge profiles of electron temperature and density for all of the
heat flux parameter scans. An example is shown in Fig. 3, which plots the electron density and
temperature profiles for the extreme values of the J, scan of Fig. 2. Since

[ T 2
LR, Lnt, LT ( )
where
1du)’
L =22 3
(1) G)

it is clear from Fig. 3 that the change in the pressure gradient scale length is due entirely to the
change in the density gradient scale length and is attributable to an increase in density rather than
a decrease in the density gradient. This is generally the case: the change in the density scale
length dominates the change in the pressure scale length as a function of /,, J,, and n.. The P;,
scan is exceptional in this regard in that changes in the both density and temperature profiles
contribute to changes in the pressure scale length.
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4. CRITICAL GRADIENT MODELS FOR THE HEAT FLUX WIDTH

Above we have found that the primary dependence of the heat flux width is on B, ,,. This
fact greatly restricts the number of viable theoretical models of the physics setting the heat flux
width. Good candidates are critical pressure gradient models in which the gradient scale length is
set by edge turbulence induced by MHD instabilities in analogy with the kinetic ballooning mode
(KBM) paradigm for the pedestal gradient [9]. In particular it is posited that the critical gradient
extends all the way to the separatrix and possibly into the SOL [10,11]. Contact with the
experimentally observed B, ,,, dependence is made through the «-parameter that arises in the
theory, where a = RP'q*/B} ~P'/I ~P'/B;, R is major radius, P’ is the pressure gradient,
and ¢ is the safety factor. In the case of the heat flux width, the pressure gradient at the separatrix
is of particular interest.

The question of the exact location of the separatrix is a thorny one in its own right. For the
data presented in this paper, we define the separatrix as the location of the symmetry point of a
tanh-function fit to the electron temperature profile plus one-half of the SOL temperature decay
length [12] and estimate the error in the separatrix location as +2 mm. However, even this small
variation in location leads to large variations in the separatrix pressure gradient as the location
falls in the steep gradient region of the profiles (see Fig. 3). In order to circumvent this issue, we
also evaluate the gradients at y =1+0.001, where v is the normalized flux, to estimate the error,
and find that the trends are generally

independent of the 1 -value chosen. 120 100 =
However, different definitions of the 100 ¥ 80 ﬁ‘ pe Z_;*:: ié
separatrix location can lead to differing _gz- 80— ,,%_:""*‘* 60r =~ e,
dependencies as discussed next. E gg T 40 "
Figure 4(a,b) plots the total pressure o 20 #_“‘1—-——_j 20 téf -

gradient (assuming P, = P;) evaluated at 0 E) 0 (b)
the separatrix (defined as the foot of the 200 ; 200 -
electron temperature profile) versus 8, __ 150; ~~~-__ _+ 150 5

: . =z R { =i
[F'lg. 4(a,c)] ?nd Py [Fig. 4(b,§)] together g 10004 - f— 1 100 ;:%_ -4 _F+=H, 4
with the critical pressure gradient for the & e T g =
infinite-n ideal ballooning limit obtained ~ 50 "7 50 o
from the BALOO code [13]. Here, the 0 (c) 0 (d)
infinite-n critical gradient is used as a 010 020 030 040 1234567839

g 8, Pin (W)

proxy for the stability of the kinetic bal-

. . . e FIG. 4. (a’b) Pr;Leas (red squares), Pc’rit,core (cyan
looning mode. Two regions of instability

triangles), Plyis eqge (blue circles) versus 8, (a,c) and Py,
are generally found that are separated by (b,d). Separatrix defined as the foot of the electron
a second stable region roughly corres- temperature profile [12]. (c,d) Same as (ab), but

i ) separatrix defined as the foot of the electron pressure
ponding to the location of the pedestal. profile.
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For each value in the scan, two BALOO points are obtained by extrapolating the first stability
boundary of each of these regions to the separatrix: the core region (cyan triangles) and the
extreme edge region (blue circles). The core extrapolated stability limit trends with the measured
pressure gradient for both scans. The trend from the edge extrapolated stability limit is in
agreement with the §, scan data, but weakly counter to the P;, scan data. Also, the measured
pressure gradient falls well below the infinite-n limit. This is not unexpected as resistive
corrections at the separatrix will reduce P, . Figure 4(c,d) plots are the same as (a,b) but with the
separatrix location corresponding to the foot of the electron pressure profile. The pressure foot
lies at smaller major radius and thus at larger values of density and temperature and in a region
of steeper gradients (see Fig. 3). This modifies the trends for the §, scan. Here the measured

separatrix pressure gradient increases with increasing J, , but the extrapolated pressure limits still

decrease. The trends for the P;,; scan are somewhat weaker, but essentially the same. However,
both the measured pressure gradient and extrapolated stability limits increase relative to those of
the upper traces [Fig. 4(a,b)], with the measured pressure gradient about equal to the calculated
stability limit. The pressure foot separatrix location is likely at too small a major radius to be
physical. However, this demonstrates the importance of accurately determining the separatrix

location.

In [3] the core extrapolated BALOO critical pressure gradient also trended proportionately
with the measures separatrix pressure for an /,-scan. When combined with the scans in Fig. 4,
these results strongly support the critical gradient model for the heat flux width. However, it is
unclear whether the KBM or another mode is responsible for inducing transport that establishes
the heat flux width.
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S. RESULTS AND CONCLUSIONS

Scaling studies reveal that the heat flux depends essentially only on /, (or equivalently on
B, mp). Secondary dependencies are observed but invariably are much weaker. Remarkably, the
multi-machine scaling results display little dependence on size, either major and minor radius. A
modest dependence of the heat flux width on §, is obtained for the DIII-D data set consistent
with a scan with all other parameters held constant. A similar scan versus P;, also shows a trend
when all other parameters are held fixed. However, the trend does not persist in the full data set.

The edge diagnostic set is providing a compelling picture of the physics at the separatrix and
in the SOL. Detailed measurements of the upstream profiles with the upgraded Thomson
scattering system have provided high quality measurement of electron temperature, density, and
pressure, making comparison with theoretical models possible. Good correlations in both trend
and magnitude (within a factor of 2) are observed between the upstream separatrix pressure and
that measured at the divertor target with the LPA, indicating that pressure conservation is
obtained along a field line in agreement with edge modeling results and theoretical
considerations. Good agreement in both trend and relative magnitude (within a factor of 2)
between the LPA and IRTV measurements of the peak heat flux is also obtained.

Significant progress on the physics setting the heat flux width has also been made. The most
significant result is that the infinite-n ballooning mode critical pressure gradient scales with the
measured separatrix pressure gradient, where the separatrix is defined as in [12]. This is a robust
result as agreement has now been obtained for three independent parameter scans and strongly
suggests that some form of critical gradient physics is implicated in setting the heat flux width.
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