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Abstract

In order to identify reliable scalings for the scrape-off layer (SOL) power width it is
necessary to know the location of the separatrix in divertor tokamaks as accurately as
possible, specifically its location at the outside midplane, omp, the standard reference
location. Two methods are described which use power accounting to improve the
accuracy of identifying the location of the omp separatrix. The first uses the infrared-
measured deposited power profile at the outer target as the primary input, the « PSSt
Method”. The second uses the measured power input to the SOL, obtained by subtracting
the power radiated from inside the separatrix from the total heating power, the “ PsigpLu‘
Method”. These two power accounting methods are illustrated with the examples of 21
H-mode DIII-D discharges. High spatial resolution Thomson scattering measured profiles
of n. and T, for the main SOL near the omp are also used as primary input to the analysis;
only between-edge localized mode data are used here. The Thomson profiles are used to
calculate the electron parallel conducted heat flux profiles which are then matched to the
measured PSSt and PsigpLu‘ by adjusting the location of the omp separatrix relative to
that of the Thomson data. For these attached discharges, it is found that the values of
Rep? given by the two power accounting methods agree to within ~ 1 mm of each other
and also to within ~ 1 mm of the values given by the “standard DIII-D method” described
by Porter et al [Phys. Plasmas 5 (1998) 1410]. The shifted Rep® results in only modest
changes to the values of n. and T, at the omp separatrix relative to the “standard” values,

increasing ng P by ~ 10% and TP by ~ 20%.

PACS Numbers: 52.55.Dy, 52.55.Fa52.55.Rk
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1. Introduction

In order to identify reliable scalings for the scrape-off layer (SOL) power width, it is
necessary to know the location of the separatrix in divertor tokamaks as accurately as
possible, specifically its location at the outside midplane, omp, which is the standard
reference location for the SOL. In this paper, two methods are described which use power
accounting to improve the accuracy of identifying the location of the omp separatrix. The
first uses the infrared-measured deposited power profile at the outer target as the primary
input; we will call this the “ P& Method”. The second uses the measured power input
to the SOL, obtained by subtracting the power radiated from inside the separatrix from
the total heating power; we will call this the “ si%pLUt Method”. The Thomson profiles are
used to calculate the electron parallel conducted heat flux profiles which are then
matched to the measured PZTSt and Psi%pLut by adjusting the location of the omp
separatrix relative to that of the Thomson data. These two power accounting methods are
illustrated with the examples of 21 DIII-D attached discharges from a current scan set and

a power scan set. In a companion paper [1] these methods are compared with a number of

other methods for identifying the location of the omp separatrix.

These power accounting methods are also applied here to purely calculated data
obtained using the SOLPS edge fluid code [2] for the Fusion Development Facility (FDF)
tokamak [3]. In this situation the location of the separatrix is known exactly, of course,

and this therefore provides a test and calibration of the two methods.

In Sec. 2, the Thomson data are presented and the “standard” method that has been
used on DIII-D for some time to identify the omp separatrix is decribed. In Sec. 3, the
expressions are given for kinetically-corrected (flux-limited) electron Spitzer parallel heat

keSp

conduction and profiles of ¢ (R—Rsep) are calculated from the Thomson profiles.

Section 4 describes the measured (by infrared thermography) power deposition widths at
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the outer target and compares these widths with the ones theoretically expected for
kinetically-corrected electron Spitzer parallel heat conduction, finding excellent
agreement. Section 5(a) describes the P method and applies it to the DIII-D shots
while in Sec. 5(b), this method is applied to SOLPS code-calculated cases in order to test
and calibrate the method. Sections 6(a) and 6(b) do similarly for the Psi%pL”t method.
Section 7 compares the values obtained for Rip by the two methods, finding that they
agree with each other to within ~ 1 mm. Section 8 provides a sensitivity analysis, while

Sec. 9 covers discussion and conclusions.
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2. The DIII-D Thomson Data and the “Standard” DIII-D
Method of Identifying the Location of the OMP Separatrix

The electron density and temperature are measured on DIII-D with a Thomson
scattering system that views the plasma along a vertical line at a major radius of
R=1.94 m [4]. Recently, this Thomson scattering diagnostic has been upgraded [5].
Spatial and temporal resolution, as well as signal to noise ratio, have all been specifically
enhanced in the edge region. This region is now diagnosed by 20 view chords with a
spacing of 6 mm and a scattering length of just under 5 mm sampled at a nominal rate of
250 Hz. When mapped to the

outboard midplane, this corresponds

. n=-35862x" + 1521.1x% - 13.266x + 0.0839
R?=0.6188

to ~ 3 mm spacing.

Examples of profiles,
standard standard
T,(R- Rsct:p ) and ne (R~ Rsép ) > 88 (a)
for the 1 MA discharge 144977 are “I | T=23,88&:3+1é§13.7x’-17.358x+0.081a
O = 06101
given in Fig. 1. All of the discharges - 0_2‘::;'_
used in this study are H-mode shots; %
= 01
only between-edge localized modes .
(b) et DRI A
0.
(ELMs) data have been used here. _8.005 0 0.005

R~ REgy " (m)

standard

The wvalues of R are

. Fig. 1. Thomson scattering profiles for DIII-D
generated by a procedure which has discharge 144977. Cubic fits to all the TS data points

(small symbols) within x=R- R e [-5,5] mm are

shown as solid lines. Also shown are values averaged
over 0.5 mm intervals (large symbols). From cubic
fits: 7,(0)= 81.8/82.5 eV, n,(0)= 8.39/ 8.44x10"* m”,

been in use at DIII-D for the past ~

15 years for assigning the value of

the separatrix at the omp. This M.0) = 4.71/470 mm, 4, (0) = 6.32/6.50 mm;
1" value: for all TS points; 2" value: for 0.5 mm-
“standard DIII-D” procedure uses averaged points.

EFIT magnetic reconstruction and
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fitting the Thomson profiles by hyperbolic tangent functions, then assigns the location of
the separatrix R{&*¢ according to a procedure described by Porter, et al [6]. This

standard procedure is briefly as follows:

Best fits are made to the Thomson n. and T. data assuming a hyperbolic functional

form:

Z-A,
3

Z-4
A;

Y(Z)= Ay - A tanh

(1)

}=AO—A1tanh[§], E=

where the primary data are functions of the vertical coordinate Z which is the direction of
the line-of-sight of the Thomson laser. Thus, four fitting parameters are generated for
each of »n, and 7, (there is an additional Heaviside function included for fitting the data

further inside the separatrix [6], but that is not relevant here and has been omitted).

On the basis of UEDGE code runs for a number of DIII-D cases, Porter, et al,

concluded that the correct location of the separatrix is at & =0.5, i.e. at:
Zgp = Are +05ATg (2)

That is, the separatrix is placed outside the location where the T.-gradient is shortest,

which occurs at & =0, i.e. at Z= Ale | by a distance of half a normalized width, i.e. 0.5A

T,

e

3.

The data and fit-function are then mapped to the omp using the EFIT magnetic

reconstructed configuration, thus giving the value of R,

4 GENERAL ATOMICS REPORT GA-A27816
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As noted by Porter, et al, there are a number of assumptions made in this standard

procedure which are open to question, including:

1. The assumption of a hyperbolic fitting function lacks a fundamental basis and is
arbitrary.

2. The various physics assumptions in the UEDGE code which may not be justified.

The primary objective of the present study is to see if the application of power
accounting supports the reliability of the standard DIII-D procedure for identifying the

location of the omp separatrix, or can suggest a better one.

As noted, the value of R is the major radius location of the Thompson data point
mapped to the omp; it is calculated from (i) the measured (R, Z) location of the Thomson
measurement, which is near but not at the omp, and (i) mapping along the poloidal flux
surface, as given by EFIT magnetic reconstruction, from the Thomson location to the
omp. The Thomson data are for different times in the essentially constant part of the
discharge; since the location of the separatrix is not exactly constant during the discharge,
an EFIT calculation is made for the specific time of each Thomson measurement. There
is error/uncertainty in the (R, Z) location of the Thomson diagnostic system and/or in the
value for g4 'We are primarily interested in knowing accurate values of 7,(0), n.(0),
A7, (0) and 2, (0), i.e. the values at the omp separatrix, rather than their values at an
absolute location in space, e.g. in machine coordinates (R, Z). In applying the power

accounting methods, we can adopt one or other of the following assumptions:

(i) We can assume that the correct separatrix location in machine coordinates, R,
is given by R4 and that, in order to satisfy power accounting, the Thomson

profiles (may) have to be shifted relative to REect = pstandard

sep sep
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(i1) We can assume that the R-values of the Thomson data points are at the correct
locations in machine coordinates and that, in order to satisfy power accounting,

the value of RE™* (may) have to be shifted relative to rStardard

sep sep

Although there is no fundamental justification for choosing (i) versus (ii) (nor some
intermediate assumption), for specificity and clarity, we will assume (ii) here, i.e. we seek
to find values of the correct separatrix location r§p™" which will generally differ from

standard
Ry 4.

The main properties of the shots used in this study are given in Table 1, which also

contains information on the statistics of the cubic fits to the Thomson data.

In Table, 1 the value of ARS%% is the amount that the major radius R-value of the omp
separatrix was changed relative to the EFIT value by applying the “standard DIII-D
procedure” described above (all data used here, e.g. in Fig. 1, have already had this shift
applied; the shifts calculated below are therefore additional shifts). For example, for
discharge 144977 AR = -2.56 mm, so the omp separatrix was shifted inwards, which
results in increased values of T7,(0) and n.(0). To avoid potential confusion, it should be
noted that some DIII-D scientists use the opposite convention to that adopted here,

namely they take the omp separatrix location to be fixed and quote values for ARS,

i.e. the shift to the Thomson profiles (as mapped to the omp), where ARjS =-ARSS .

The choice of cubic fits is arbitrary; however, the effect of using other fits,

e.g. quadratic ones, is small, see Table 2.

As shown in Table 1 there are a large number of data points for each shot, ~ 100-500.
Are there enough for well-defined profiles? An indication is provided by discarding every
second data point and considering the effect on the principal profile parameters, see

Table 3. There are clearly more than enough data points.

6  GENERAL ATOMICS REPORT GA-A27816
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Table 1

The 7™ column gives the number of Thomson data points in the interval
R-R@%rd _ 5 mm to +5 mm. The 8" and 9" columns give the R* values
for the cubic fits to the Thomson data. The R? values for shots 144986, 7
are very low and these discharges are not be used in some of the
tabulations, below. A.,: * indicates ECRH, otherwise neutral beam
heating. The value of 7. 1s the average of the highest and lowest value
during the so-called “flat top” portion of the discharges used to collect
Thomson data, e.g. 2.03—4.48 s for 144977; the variation is due primarily
to the ELMs, but there is also some slower drift.

std No. of
e I, Pheat ARsep Thomson 2 2

Shot (10* m?) (MA) Sy (MW) (mm) | data points R“e RTe
144977 0.56 + 16% 1.00 0.25 2.64 -2.56 365 0.62 0.61
144981 0.78 +20% 1.48 0.20 2.59 -2.29 654 0.81 0.76
144982 0.79 + 14% 1.48 0.20 2.83 -2.27 590 0.84 0.79
144986 0.24 +15% 0.52 0.23 2.25 -2.44 449 0.19 0.18
144987 0.22 +18% 0.52 0.23 2.24 0.54 299 0.09 0.15
144990 0.42 +19% 1.00 2.84 -3.72 440 0.36 0.51
144992 0.44+ 15% 1.00 2.84 -3.88 389 0.58 0.65
144993 0.44 + 16% 1.00 0.19 3.40° -3.61 481 0.51 0.60
144994 0.63 +13% 1.48 0.14 3.33° -2.50 202 0.65 0.63
145001 0.30 +13% 0.71 0.18 245 -3.73 458 0.48 0.55
145002 0.30 +13% 0.72 0.19 2.56° -4.65 430 0.45 0.47
148980 0.41 +9% 1.00 0.25 3.88 -2.92 149 0.74 0.74
148981 0.46 + 7% 1.00 0.25 3.68 -3.40 131 0.57 0.61
148982 0.39 + 10% 1.00 0.25 5.57 -1.80 313 0.54 0.54
148983 0.41 +10% 1.00 0.26 6.74 1.52 225 0.53 0.56
148984 0.40 + 9% 1.00 0.26 7.09 0.58 141 0.62 0.64
148985 0.39 + 9% 1.00 0.25 8.09 -0.96 200 0.40 0.41
148986 0.40 + 9% 1.00 0.25 8.44 0.52 67 0.54 0.65
148988 0.53 + 6% 1.00 0.38 4.12 1.27 180 0.51 0.53
148989 0.33 +10% 0.99 0.11 4.17 -2.95 262 0.68 0.59
148990 0.36 +7% 0.99 0.12 3.95 -3.22 217 0.70 0.68

Avg. -2.02

GENERAL ATOMICS REPORT GA-A27816 7
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Table 2
The effect on the separatrix values of using quadratic rather than cubic
fits is small. P =[1, /(dT, /dR)]R=Rstd .
e sep
Tesep [STiP ngeP gieep
Average ratio of 1.00 0.98 1.000 0.93
quadratic fit value
to cubic fit value
Standard deviation | 0.004 0.14 0.003 0.11
Table 3

The effect of discarding every second data point on the values of the
principal profile parameters extracted from the cubic fits.

sep sep sep sep
Te ¢ T e 4 n

Average ratio of 1.00 1.02 0.99 1.03
value using half the
data points to all
the points

Standard deviation 0.04 0.13 0.03 0.17

Further insight on the sufficiency of the 3 5T, ratio
] o ) a IaJp T, ratio
number of Thomson data points is given in 2 onglratio |
= xlam n, ratio
. . A%
Fig. 2, which shows the effect on the values of éﬁ'&? C% i85 gl & 8
the principal profile parameters for shot 0
. . 0 100 200 300 400
144977 of reducing the number of data points Number of data points used in the cubic fits

used in the cubic fits from the full set of Fig. 2. For shot 144977, the effect on the values of

points, 365, in steps down to seven. As can be  the profile parameters of using less than all of the
available Thomson data points. The vertical axis is

seen, there is not much effect until the number
the ratio of the extracted value normalized to the

of data points is reduced below ~ 100. value extracted when using all the available data
points (365) in the cubic fits: T, ratio (squares), Ar,
ratio (triangles), n. ratio (circles), A, ratio

(crosses).

8  GENERAL ATOMICS REPORT GA-A27816
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3. Modelling the Electron Parallel Power Flux Density
in the SOL Near the OMP

Near the separatrix and not too near the targets, parallel power transport in the scrape-
off layer is typically dominated by electron heat conduction, rather than by electron heat
convection or ion heat transport (Chapter 4 of Ref. 7). For sufficiently collisional
electrons, the heat conduction is given by the Spitzer expression. The SOL is often only
weakly collisional in the main part of the SOL, near the omp. In order to deal with this,
models and codes for the SOL, such as UEDGE, SOLPS, etc., generally use a
kinetically-corrected-Spitzer expression for the electron conducted power based on an
expression for flux-limited-conduction. This i1s discussed in more detail in Sec. 26.2 of

Ref. 7.

The cubic fits to the Thomson profiles for Te(R—Rjé‘;) and ne(R—R;E‘;)) were used to
calculate (i) the Spitzer, (ii) the flux-limited and (ii1) the kinetically-corrected-Spitzer,

P(R-RS), gfh(R- RS

electron parallel power flux density profiles ¢ o) and g SP(R-R3S):

c

S std 52 dT; 72
CIIIeP(R - Rssét:p) =—KoeTe d_e =2KoeTe "/ TLeonn (3)

Sil

with ¢ [W/m?], Te [eV]. Leonn [m] is the connection length for the outer SOL (Sec. 4.10 of
Ref. 7), values are listed in Table 2. SOLPS uses the 21-moment expression [8] for the

electron heat conduction coefficient x, , which is also used here:

2.16x25000

T InA(1+0.27Zyy) “)

Koe

InA is the Spitzer log factor. Some impurity level in the outer SOL plasma is assumed

here, Zes ~ 1.3 (not measured).

(b) QIflzz(R_R:ég):aene\/eTe/meeTe . (5)

GENERAL ATOMICS REPORT GA-A27816 ¢
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See Sec. 26.2 of Ref. 7, where ¢ [W/m?], T. [eV], n. [m”], e = 1.6x10™"° C,
me = 9.1x10>" kg, and «, is the flux-limit constant [dimensionless] typically o, ~ 0.3 is

used [2] and this value will be assumed here.

(c) 1/g5SP=1/gP+1/48 . (6)

lle lle

See Sec. 26.2 of Ref. 7.

In the present analysis, we will generally use ¢ <*P. At least mathematically, ¢;° and
gil represent the two limits of qlll‘(fsl’ and it is therefore potentially informative to consider
what happens if either of these limits is assumed instead of qﬁfsl’; however, it is not clear
that 4il represents a physically valid limit to the actual ¢, for very weak collisionality
since the value of a, was derived in the first place by assuming equation (6) and

adjusting «a, to get agreement with full kinetic analysis of simple cases (Sec. 26.2 of

Ref. 7).
An example of these parallel electron 300
power flux densities are shown in Fig. 3, g 200 m,’;ed
§ = Spitzer

which is for shot 144977. The g, values £ i O o < diio Measured

I = 100-_%%2 e
were calculated at 0.1 mm intervals using = 0 Kifgorr-Spitzer =+ rrrree et

-0.001 0 0.001 0.002 0.003

the cubic fits to the Thomson n. and T, XER_Rgtggdafd (m)

profiles. Best-fit exponentials were then  Fig. 3. For shot 144977. The q; values (solid points)
were calculated at 0.1 mm intervals using the cubic
calculated for the 9 profiles for the fits to the Thomson n. and T, profiles. Best-fit
interval R- Rgé%“dafd - -2 mm to +2 mm. exponentials (solid lines) were then calculated for
the qy profiles for the interval xER—RSSé%“daId =-
0.002 m to +0.002 m: q;P=198¢""* (circles),
qit =125¢ 443X (squares)  and qlll(eCSp=76.3e'557x
(triangles). The dashed horizontal line is the value
of qo obtained from the measured power deposition

at the target and is discussed in Sec. 5.
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We thus have convenient approximations of the form:
gis (R~ R5) =6 (0)exp[-(R- Rigp)/ A 5] 7)

where X stands for Spitzer, flux-limited or kinetically-corrected-Spitzer. For the example

in Fig. 3, shot 144977, we have:
g? (0) = 198 (MW/m®) and A3F = 1/696.7 (m) = 1.44 (mm)
aw(0) = 125 (MW/m?) and A'= 1/442.8 (m)=2.26 (mm)

g (0) = 76 (MW/m?) and AXP= 1/556.6 (m) = 1.80 (mm) .

GENERAL ATOMICS REPORT GA-A27816 11
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4. Measured and Modelled Power Deposition Profiles
on the Outer Target

For each shot, infrared thermographic measurements were made of the profile of the
deposited power flux density on the outer target, ggep.ir - From the values of the deposited
power flux density the equivalent parallel power flux density ¢ was then calculated;
this calculation takes into account (i) the angle between the target surface and the
magnetic field at the target, and (i1) the total flux expansion between the target and the

omp.

The two most prominent features of the ¢ ;. profile are the magnitude of the peak,

drirpeak and the location of this peak, specified as ARy peq = Ry - RepP™, Table 4.

Table 4
Magnitude and location of the peak power deposition on the target, mapped to the omp.

Riep 4|l~ir-peak ARir peak prad pSOL |
Shot (m) (MW/m?) (mm) (151(\);) (MW) (COnn (Bo/ B omy
m)
144977 | 2.26677 24.7 1.30 0.68 2.16 20.8 0.193
144981 2.27048 31.0 0.87 0.80 2.34 14.4 0.110
144982 | 2.26920 30.6 0.88 0.80 2.34 14.4 0.182
144986 | 2.25675 11.7 1.90 0.48 2.04 39.8 0.180
144987 | 2.26283 11.4 2.01 0.46 2.06 39.5 0.186
144990 | 2.25596 41.8 0.78 1.03 3.06 20.4 0.264
144992 | 2.25626 433 0.76 0.98 2.79 20.5 0.262
144993 2.26469 43.2 0.72 1.14 3.30 20.4 0.108
144994 | 2.26223 22.6 0.57 0.97 2.16 14.3 0.248
145001 2.25542 17.8 1.48 0.71 2.31 29.2 0.133
145002 | 2.25551 18.4 1.47 0.72 2.42 29.2 0.134
148980 | 2.27067 24.6 0.91 0.95 3.57 19.9 0.196
148981 2.27038 20.2 0.86 0.84 3.28 19.7 0.199
148982 | 2.26778 334 1.09 1.70 5.64 19.6 0.204
148983 2.26957 59.6 1.05 1.43 6.16 19.4 0.214
148984 | 2.27000 52.6 1.08 1.42 6.47 19.5 0.212
148985 2.26972 74.9 1.31 2.13 7.78 19.6 0.200
148986 | 2.27273 72.5 1.54 2.16 8.73 19.3 0.213
148988 2.26994 26.1 0.80 0.93 3.8 18.8 0.201
148989 | 2.26655 18.0 1.06 0.89 3.95 19.8 0.204
148990 | 2.26595 17.6 1.03 0.87 3.78 19.2 0.203

GENERAL ATOMICS REPORT GA-A27816 13
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Instead of using the ir-measured quantities, one can use target Langmuir probe data;
however, this requires knowing the ratio of ion to electron temperature at the target; it
also requires a reliable estimate for the sheath heat transmission coefficient, which has

many contributing effects (Sec. 25.5 of Ref. 7).

While diir-peak and AR;. ., are the principal features of the target power profile, the
entire profile can be fitted using the Eich procedure [9]. We now briefly recapitulate the
Eich procedure since, as will be seen, it is particularly well suited to the present analysis.

“By expressing the target coordinate as s and the strike line position on target

as so we describe the heat load profile at the divertor entrance as

gD (5) = glieh exp(_ s ] and 5=s5-59, 525 ®)

qJ/X

(superscript “Eich” added here)

This simple ansatz allows to account for perpendicular heat diffusion or
leakage into the private-flux-region (PFR) by introducing a Gaussian width S
representing the competition between parallel and perpendicular heat
transport in the divertor volume. This means that, physically, the exponential
profile at the divertor entrance, is diffused into the private flux region while
travelling towards the target. This competition is approximated by a
convolution of the exponential profile with a Gaussian function with the
width S. The target heat flux profiles are thus expressed as

) Eich «
gEh (5) = q”?r S fexp(-F /2 fx)exp(—(E -5)/ sz)dF * Gback-gnd
0

Eich 2 _ _ )
- 4o exp - erfc S -3 + Gpack-end
aCK-gn
2 2hfx ) Agk 2hfx S £
5,5 € (—00,) 9)

(where f, is the total magnetic flux expansion between the target and the

omp).”

14 GENERAL ATOMICS REPORT GA-A27816
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The exercise of fitting the ir power profiles to the Eich expression yields values of the

fitting parameters q|]|50i°h, )L('fic}‘, S, sp and qp-¢ for each shot. For the present work, the value

of q|]|50i°h is of direct interest since we want to know whether it matches the theoretical

electron parallel power flux density at the omp separatrix, ¢ ~P(RS), (calculated using

the Thomson 7,(RSS) and r.(RS)), and if not, then we want to know how much shift of

R,., 1s required to achieve agreement.

sep

We use here the more compact version of the Eich formulation given by Makowski

[10]:

. Eich
g (o) = f]n(; e“2'2“"erfc(u ~0) (10)

where o=5/w, w =S, u=w/2i, A=2f;and gp¢ has been neglected. For each shot in

the data set the values of fitting parameters q|]|50i°h , W, )L(E A}fiCh) and u are given in Table

5. Some further aspects of the Eich procedure are considered in the Appendix.

The values of )ch for all the shots are given in Table 6, and comparison is made with

the ir-measured values, )L('fiCh, in Fig. 4 where they are plotted vs I,. As can be seen from

)L(I:JCh }Lé'lux—hm or A’Cllqn—corr—Sp )

Fig. 4, there is excellent agreement between and either

As was reported earlier [10], Aé] is closer, on average, to )L(]fiCh that is )Lgp; however,
lé(CSp is closer still with <l§°5p/l§i°h> = 0.92. If shots 144986, 7 (whose cubic fits to the
Thomson data have very poor statistics, Table 1) and shots 145001, 2 (which used ECRH

heating) are omitted from the average, then < A(I;CSP/ l(]fiCh > increases to 0.95.
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Table 5
Eich fit parameters for the ir-measured power deposition profiles

at the outer target.

g w | A
Shot (MW/m?) | (mm) | (mm) H
144977 58.34 1.96 2.37 0.41
144981 60.12 1.10 1.91 0.29
144982 58.17 1.09 1.99 0.28
144986 34.60 3.50 3.00 0.58
144987 35.85 3.95 3.04 0.65
144990 77.26 0.94 1.95 0.24
144992 81.86 0.94 1.74 0.27
144993 76.74 0.84 1.78 0.23
144994 38.02 0.65 1.59 0.20
145001 29.45 1.61 4.05 0.20
145002 30.35 1.60 4.05 0.20
148980 65.16 1.50 1.51 0.50
148981 56.01 1.49 1.39 0.54
148982 81.70 1.68 1.91 0.44
148983 148.12 1.64 1.82 0.45
148984 127.41 1.66 1.92 0.43
148985 157.12 1.76 2.66 0.33
148986 145.29 1.99 3.31 0.30
148988 73.47 1.40 1.28 0.55
148989 43.40 1.63 1.89 0.43
148990 38.97 1.47 1.98 0.37

16 GENERAL ATOMICS REPORT GA-A27816
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Table 6

P.C. STANGEBY, et al.

Experimental (Eich) and model values for the exponential decay length of power width at

the outer target, mapped to the omp.

)LEich }Lﬂux—lim }LSpitzer Akin—corr—Sp }L(fl]ux_hm / )LSPHZCT / A’é( f-eorrSp /
4 4 4 4 3 Eich 3 Eich 3 Eich
Shot (mm) (mm) (mm) (mm) q q q

144977 2.37 2.26 1.44 1.80 0.95 0.60 0.76
144981 1.91 1.87 1.27 1.44 0.98 0.67 0.75
144982 1.99 1.72 1.10 1.27 0.87 0.55 0.64
144986 3.00 4.12 2.35 3.06 1.37 0.78 1.02
144987 3.04 4.60 2.51 3.60 1.51 0.82 1.18
144990 1.95 2.66 1.47 1.99 1.37 0.76 1.02
144992 1.74 3.27 1.79 2.36 1.88 1.03 1.36
144993 1.78 2.32 1.35 1.74 1.30 0.76 0.98
144994 1.59 2.20 1.46 1.68 1.39 0.92 1.06
145001 4.05 2.38 1.32 1.72 0.59 0.33 0.42
145002 4.05 2.86 1.62 2.14 0.71 0.40 0.53
148980 1.51 2.14 1.25 1.70 1.41 0.83 1.13
148981 1.39 1.91 1.10 1.56 1.37 0.79 1.12
148982 1.91 2.25 1.29 1.84 1.18 0.67 0.96
148983 1.82 2.45 1.37 1.97 1.35 0.75 1.08
148984 1.92 2.31 1.26 1.89 1.20 0.65 0.98
148985 2.66 2.49 1.43 2.06 0.93 0.54 0.77
148986 331 2.58 1.32 2.16 0.78 0.40 0.65
148988 1.28 2.10 1.15 1.69 1.64 0.90 1.33
148989 1.89 1.96 1.19 1.62 1.03 0.63 0.86
148990 1.98 1.81 1.03 1.44 0.92 0.52 0.73
Average 1.18 0.68 0.92
Std. dev. 0.33 0.18 0.25
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As theoretically expected, the kinetic-
corrected-Spitzer parallel electron power flux
density model is closest to measurements of
deposited power width on the outer target,
therefore in the remainder of the paper this
power flux assumption will be used to identify
the location of the omp separatrix based on

power accounting.

18 GENERAL ATOMICS REPORT GA-A27816
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5. The PSS Method Based On g== , the Measured Target

deposited ?

Power Flux Density

5.1 The Pfé’i“”” Method applied to the DIII-D discharges

The basic idea of the Ps%lﬁam Method is to compare the ir-measured power profile at
the outer target (after it is converted to a parallel power flux density and mapped back to
the omp) with the theoretical one based on kinetically-corrected Spitzer electron heat
conduction calculated at the omp from the measured Thomson profiles. Conceptually, the

most straightforward comparison is of gg" with q|lf:Sp(RsSé%), 1.e. the power flux densities

at the separatrix; we will call this Ps%lﬁam Method A. Alternatively the comparison can

exhaust

kCSp(Risrt-%eak), i.e. at the peak; we will call this Pgor.

lle

be made of qil-ir-peak with ¢
Method B. Method B has the disadvantage that the quality of the Thomson data is poorer
at Risrt_(i)eak than at Rssé%: generally with increasing R the number of data points decreases
and the scatter increases. Apparently due to that, it was found that Method B failed to
find a solution for about 30% of the cases, while Method A always produced a solution.
For the cases where Method B provided a solution the required shift was found to differ
little from Method A. Ps%lﬁam Method A was therefore used in the following to analyze

the DIII-D discharges.

Here we only need to use the shape of the Eich profile, i.e. only the values of the Eich
fitting parameters in Table 5, q|1|50iCh, w, A and L. This is sufficient to identify the location
of the separatrix at the omp. One could also use the value of the Eich fitting parameter s,
which would then identify the location of the separatrix at the outer strike point,

providing a correction to the EFIT-identified location.
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In order to take into account the volumetric power loss that occurs in the outer SOL
between the omp, where q|1|(; Sp applies, and the target, where g.i; (E q|%i°h) applies, we

will define a power-loss-corrected separatrix target power flux density:

wr-Is-corr rad
disir = qi0-ir /{1 = FsoL / FsoL (11)
where PR and Pyo; were measured for each shot using bolometry, Table 4. Pyop is
the difference between the heating power and the power radiated inside the separatrix,
measured by bolometry. P& is the bolometric power loss from the lower divertor

which is assumed here to be the total volumetric power loss from the SOL for these lower

single-null discharges.

lle

For PSY™' Method A we then compare ¢P(R-R) with qﬁ)(;v irr—ls—corr. This is
shown in Fig. 3 for the example of shot 144977 for which qﬁ)(;v irr_ls_corrz 85 MW/m®. The
shifts of the separatrix relative to Rs;?, required for power accounting are: for Spitzer:
+1.17 mm; for flux-limited: +0.82 mm; for kinetic-corrected Spitzer: -0.18 mm. (The

shift moves the vertical axis at 0 in Fig. 3 so that it passes through the intersection of the

curved line and the horizontal dashed line.)

Table 7 gives the required shifts of the separatrix relative to Rs;?, for all the shots for

Pseélﬁam Method A, for kinetically-corrected-Spitzer parallel electron heat conduction.

pwr-Is-corr

It should be noted, that in comparing ¢is(R-R3%) with afi i

we are assuming
that the latter is due purely to the electron power transport along the SOL, and that the

ion contribution can be neglected. This is expected to be approximately true when:

(a) the electrons and ions are thermally decoupled in the SOL

(b) the ion power width is significantly greater than the electron power width.
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Table 7
The Pg%}ﬁam Method A applied to the set of DIII-D discharges for
kinetically-corrected-Spitzer electron heat conduction. Shifts of the
separatrix relative to Rssé% required for power accounting, in [mm]. It may
be noted that the average shift is only -0.12 mm, which is small compared
with the average standard shift <AR§.§%>= -2.02 mm, see Table 1. The
average total shift is -2.14 mm relative to the EFIT value.

Req’d shift Req’d shift
of separatrix of separatrix
Discharge (mm) Discharge (mm)
144977 -0.18 148980 0.13
144981 -1.17 148981 1.00
144982 -0.98 148982 0.21
144986 -0.84 148983 -0.62
144987 0.50 148984 -0.21
144990 -1.20 148985 -0.14
144992 -1.77 148986 1.07
144993 -0.47 148988 0.72
144994 -1.41 148989 0.84
145001 0.20 148990 1.12
145002 0.63
Average -0.12
Std. dev. 0.88

This matter is discussed in Sec 4.4 of [7], where it is argued that (b) is likely to be
true, although the database for Ap is sparse. Table 3 of [2] also shows that for SOL’s
with collisionality Vanp~ 5-15, which is the range for the present discharges, i.e. when

the SOL is in the conduction limited regime, then T, and T; generally differ appreciably

pwr-Is-corr

i is not

even at the target. When (b) is true then the contribution of the ions to ¢
great, unless the ion power entering the SOL, Plo; , greatly exceeds the electron power
entering the SOL, Py ; unfortunately not very much is known about this aspect of
tokamak behaviour. In Sec. 5(b) we apply the Pg%}ﬁam Method to calculated SOLPS

solutions for a number of FDF tokamak cases in the conduction limited regime. For such
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solutions the location of the omp separatrix is known exactly, of course, and thus light

pwr-Is-corr

i is due to the electron power transport

can be shed on the assumption that ¢
along the SOL to a good approximation. It will be shown in Sec. 5.2 that this, in fact, is a
good approximation — at least based on this comparison with code-calculated plasma

solutions.

It is also expected that in the main SOL, e.g. near the omp, electron parallel heat
convection will be small compared with electron parallel heat conduction — because of
the very high electron heat conduction coefficient when T. exceeds a few ten’s eV, which

is typical of the omp near the separatrix.

5.2 The Pfé’z"”” Method applied to SOLPS code-calculated cases

The PS™' Method B was applied to 6
the output from SOLPS code runs reported /\
in [2] for the FDF tokamak. Since there is no N§ * / \
issue involved here about poor quality gi@ 2 /J
Thomson data at large R, and no risk of
failed solutions, then PSX™S' Method B is _8_05 0.00 0.0 0.10
S

preferred over A, since the primary input — target — Sstrke-pt (M)

the target power profﬂe — 18 used directly. Fig. 5. For SOLPS-calculated FDF Case 11 [2].

) The total deposited power flux density at the
For Case 11 of [2], the deposited power flux

outer target, including both the plasma heat
density on the outer target is shown in Fig. 5.  deposition and the radiative power deposition.
The horizontal axis gives the location across the
Using Fig. 5, we can obtain the location target. In order to map the profile to the omp, the
effect of flux expansion has to be included which
of the power peak on the target and its  will reduce the power flux density at the omp by
the total magnetic flux expansion factor
Rtarget—strike—pt/Romp-sep= 2.292m/3.19m = 0.718.

Pexhaust

SOL Also the pitch angle of the field at the target,

magnitude, Rk -REP and  Gpeak, as

needed for the application of the

Method B. We also need to allow for 1 degree, has to be used to obtain the implied

parallel power flux density.
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volumetric power loss in the outer SOL: gP¥eie™ = gy peak /(I—PV(,I_,OSs /Psig'f“). For Case 11
the SOLPS-calculated values are: P = 31.7 MW, Py o= 16.4 MW, Poygor = -2.2.
(i.e. there is volumetric CX heating rather than cooling), Rﬁfget = 5.7 MW (total radiative
power loss to target), thus Py joss /psigpLut: (16.4 - 2.2 - 5.7)/31.7 = 0.269. Note that Péﬁ‘glet
has to be subtracted here in order to avoid double-counting, since the value of gjpeak used
here includes the radiative load. Experimentally the latter is always included in the
measured target load. For code-calculated solutions one can separate out the part of
qipeak that is due to the plasma contact alone and use that, in which case Rﬁfget should not

be included in P, / Psig‘im. When that is done here, it gives virtually the same result for

ls- 2
qﬁ’_‘gé “k-tota] » Namely 284 MW/m™.

Note that the subscript “total” has been added to indicate that the total plasma heat
deposition due to both electrons and ions has been included here (as well as the radiative
load). Although the information is not available for experimental situations, for code-
calculated cases we have the information needed to calculate qup_gg;‘ﬁ:gm, where the

subscript “e” indicates that only the plasma heat deposition due to electrons has been

included (plus the radiative load), here giving q”p_‘géiﬁjgorr: 178 MW/m’.

For Case 11 the peak location is Ryif-R&GP= 1.15 mm. We thus have all the
information needed to apply the Ps%lﬁam Method B; results are shown in Fig. 6. As noted
earlier, the SOLPS code uses kinetically-corrected-Spitzer parallel electron heat

transport.
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The shifts required to be applied to the
code-simulated Thomson profiles for other
Cases from [2] are summarized in Table 8.
From this it is concluded that, based on these
SOLPS cases, it is a good assumption to
assign all of the deposited power on the target
to the electron parallel power flux upstream, at
least at locations near the peak deposited

power.
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Fig. 6. The [ gQL Method B applied to

SOLPS FDF Case 11 in Ref. [2]. If it is assumed
that the electron parallel power flux has to carry
all of the target power load (284 MW/m?, solid
horizontal line) at the peak location (the vertical
dashed line), then the code-simulated Thomson
profile (curve with dots) would have to be shifted
outward by 0.35 mm, while if it assumed that it
has to carry only the electron part of the peak
target load (178 MW/m?, dashed horizontal line),
then the required shift would be inward by
0.84 mm.
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Required shifts from application of the P

Table 8

exhaust
SOL

P.C. STANGEBY, et al.

Method B to SOLPS FDF

solutions [2]. As can be seen, the assumption that the parallel electron
power flux density provides gfpeaiion for these conduction-limited code-
calculated cases is quite good. The required shift, on average, is 0.10 mm
which is effectively zero since it is smaller than the standard deviation of

the shifts 0.26 mm.

SOLPS Required Shift Required Shift
FDF (mm) Assuming (mm) Assuming
Case, pwr-Is-corr pwr-Is-corr

Ref. [2] 9ii-peak-total i-peak-electron

8 -0.19 -0.84
9 0.09 -0.84
10 -0.33 -1.44
11 0.35 -0.84
12 0.37 -0.40
13 0.47 -0.79
14 0.07 -0.93
17 0.07 -0.40
26 0.00 -0.93
Average 0.10 -0.82
Standard 0.26 0.31
deviation

GENERAL ATOMICS REPORT GA-A27816 )5






IDENTIFYING THE LOCATION OF THE OMP SEPARATRIX IN DIII-D USING P.C. STANGEBY, et al.
POWER ACCOUNTING

6. The Pi" Method, a Method Based on
the Measured Power into the SOL

6.1 The P g"})”f’ Method applied to the DIII-D discharges

For the ng’ﬁt Method, instead of the primary experimental input being the measured

power profile at the outer target, g{e. ., it is now the power entering the SOL, Pgqy .

deposited »
. . . . . keSp stdy .
Here we identify the location of the omp-separatrix by comparing ¢, (R—Rsep)wr[h
keSp .
qll-sep—power-bal where:
&
grese . PsoL . (12)
e-sep-power-ba keS
47 Ryep-ompZy. P(B H/B)Omp

We use the same convenient exponential-fit approximation as for the PEXOI}?HSI Method,

keS td keS td keS
dis P (R-Reep) =gy (0)exp[~(R - Rigp) / Aq P,

We need to know the value for PSq; , the power entering the outer SOL carried by
electrons. This quantity is not available experimentally; only Pgop is available, the total
carried by electrons and ions. We will define fp, = P$op / (P$or. + PioL) = PSor / PsoL
as the fraction of the total power carried by electrons in the main part of the SOL. In
Sec. 6.2 the Pisngﬂt Method is applied to the same SOLPS FDF cases as in Sec. 5.2 giving
an average value for the 11 cases of fp. = 0.569. We will round this to fp. = 0.5 to apply
to the DIII-D discharges.

Table 1 gives the values of the parameters needed to evaluate equation (12). For shot
144977 this gives Q|l|(_§§§_power_balz 109 MW/m?. We then obtain the required shifts of the

Thomson data, AR**SP | by setting:

keSp keSp ; 4 keSp | _ , keSp
90 (O)GXP[AR / Aq B qll—sep—power-bal : (13)
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This gives ARX®SP=0.64 mm, i.e. the Thomson data should be moved outward by

0.64 mm or equivalently the separatrix should be moved inward by 0.64 mm, i.e.

Rt = R3andard _(),64 mm . Results for all of the shots are given in Table 9.

Table 9
The Pé%’]‘jt Method applied to the set of DIII-D discharges. Shifts of the
separatrix relative to R required for power accounting, in [mm]. It may
be noted that the average shift is -1.40 mm, which is smaller than the
average standard shift <AR§é%>= -2.02 mm, see Table 1. The average total
shift is -3.42 mm relative to the EFIT value.

Req’d Shift Req’d
Psor | of Separatrix PsoL Shift of
Shot (MW) (mm) Shot (MW) | Separatrix
144977 | 2.16 -0.64 148980 3.57 -1.15
144981 | 2.34 -1.42 148981 3.28 -0.43
144982 | 2.34 -1.42 148982 5.64 -1.26
144986 | 2.04 -3.55 148983 6.16 -1.16
144987 | 2.06 -2.05 148984 6.47 -1.21
144990 | 3.06 -1.87 148985 7.78 -1.08
144992 | 2.79 -1.97 148986 8.73 -0.12
144993 33 -1.20 148988 3.8 -0.51
144994 | 2.16 -1.89 148989 3.95 -1.28
145001 | 2.31 -2.23 148990 3.78 -1.04
145002 | 2.42 -1.99
Average -1.40
Std. dev 0.75

6.2  The P ;‘g’ﬁt Method applied to SOLPS code-calculated cases

The values of n.(R) and 7.(R) are taken from the SOLPS output [2] at the omp, also

the values of R(Bg / B(p) for each grid point. Here in place of PS we will use the code

value of PSor™ or some specified fraction, Jpe,of P3OLPS - the former assumes that all of

the e + 1 power entering the SOL is carried away by electron parallel heat conduction,
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while the 2" assumes that only the fraction Jpe 1s so carried; we want to find the value of

Jpe required to give the exact known location of the omp separatrix when applying the

P Method.
Since SOLPS uses q|1|(CSpitzer (R), that is used here.

For the FDF magnetic configuration (Bg / B)omp = 0.356 and Rsep-omp = 3.19 m. For
the Case 11 of [2] PIS= 317 MW also g P= 3646 MWm’ and
)L(ll(CSp =3.07 mm. Thus

P

keSp _ Jp BsoL

D)e-sep-power-bal = AR 3 keSp (Bg/B) =723.6 fp,
sep-omp”q omp

which we set equal to 364.6 thus obtaining fp, = 0.504. Results for the other cases are

shown in Table 10. As noted earlier, the average value for the 11 cases is 0.569.
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Results of application of the P‘S“(E’E‘ Method to SOLPS-calculated cases
where the exact location of the omp separatrix is known. <V;rerlp> is the
value of the electron collisionality, evaluated at the omp and averaged
over the first 3.3. mm into the SOL. For comparison, the values for VZrerlp

for the set of DIII-D discharges spanned 2 — 12, i.e. essentially the same

range.

SOLPS
FDF | X1eXui| FooL/PsoL <V*e
Case (m%/s) omp Ip, e
5 1,1 4.80 0.666
6 1,1 11.3 0.524
8 1,1 0.56 5.3 0.707
9 1,1 0.55 13.2 0.516
10 2,2 0.58 4.90 0.662
11 2,2 0.56 13.0 0.504
12 1,3 0.47 12.5 0.469
13 3,1 0.71 11.9 0.616
14 3,03 0.84 12.5 0.697
17 03,3 0.39 13.0 0.414
26 0.3,0.3 0.50 15.6 0.484
Average 0.569
Std.
dev. 0.103
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7. Comparison of the R, Values Obtained from
the Two Power Accounting Methods

In Table 11 the required shifts of R, are compared for the ngo%m Method A and the
Pis%’ﬂt Method. In Tables 12 and 13, the values of n. and 7. at the corrected separatrix

location for kinetically-corrected-Spitzer are given for each shot, for the 2 Methods.

Table 11
The difference in the required shifts of Ry, relative to RSé% for the two Methods.

Difference in Difference in
Req’d Shifts: Req’d shifts:
PSoL-exhaust Meth. - PSoL-exhaust Meth. -
Psor-input Meth Psor-input Meth
Shot (mm) Shot (mm)
144977 0.46 148980 1.28
144981 0.25 148981 1.43
144982 0.44 148982 1.47
144986 2.71 148983 0.54
144987 2.55 148984 1.00
144990 0.67 148985 0.94
144992 0.20 148986 1.19
144993 0.73 148988 1.23
144994 0.48 148989 2.12
145001 243 148990 2.16
145002 2.62
Average 1.28
Std. dev 0.84
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Table 12

been applied to satisfy power accounting, for the two Methods, and
comparison with the values from the standard method.

Normalized )
Avg of Difference Difference .
PO | | PR R <ii‘ip> Diference
Standard | Method SOL & pinput p input 12 _3 Std - < nzep>
Shot Method Method SOL SOL (10°m™)
nseP nSeP nSeP <n2ep> ‘Anzep - -
(10%m?) | (10%m?) | (10%m?) | (10" m?) <ne > ‘Ane fstd
144977 8.4 8.6 9.3 9.0 0.08 -0.5 -0.07
144981 15.2 19 20 19.5 0.05 -4.3 -0.28
144982 154 18.5 20.1 19.3 0.08 -3.9 -0.25
144986 4.9 5.1 6.3 5.7 0.21 -0.8 -0.16
144987 4.3 4.2 4.7 4.5 0.11 -0.2 -0.03
144990 6.6 7.4 7.9 7.7 0.07 -1.1 -0.16
144992 7.1 8.6 8.8 8.7 0.02 -1.6 -0.23
144993 9.1 9.7 10.6 10.2 0.09 -1.1 -0.12
144994 11.5 14.4 154 14.9 0.07 -34 -0.30
145001 7.2 7.1 9 8.1 0.24 -0.9 -0.12
145002 5.9 6.8 8.5 7.7 0.22 -1.8 -0.30
148980 9.0 8.8 10.3 9.6 0.16 -0.6 -0.06
148981 9.5 8.4 10 9.2 0.17 0.3 0.03
148982 9.2 9 10.6 9.8 0.16 -0.6 -0.07
148983 10.0 10.6 111 10.9 0.05 -0.9 -0.09
148984 8.9 9.1 10 9.6 0.09 -0.7 -0.07
148985 11.0 11.2 12.3 11.8 0.09 -0.8 -0.07
148986 10.8 10.2 10.9 10.6 0.07 0.3 0.02
148988 9.2 8.6 9.7 9.2 0.12 0.1 0.01
148989 8.0 7.1 9.8 8.5 0.32 -0.4 -0.06
148990 9.1 8 10.4 9.2 0.26 -0.1 -0.01
Avg. 0.13 -0.11
Std. 0.08 0.10
Dev.
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Table 13
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The values of Te? after the required shifts of Rep relative to RS@% have been applied to

satisfy power accounting, for the two Methods, and comparison with the values from the
standard method.

Avg of normalized difference | normalized

g)((%afust Pinput Pexhaust differen.ce std - difference

Standard SOL SOL exhaust pinput sep sep

Shot | Method | Method | Method | o pinput | PE-PSBL | (TT) | sd-(T)

& Psor
TSP TSP TSP <T§°P> ‘ATgep /<Tgep> ‘ATgep Jstd
(eV) (eV) (eV) (eV) (eV)
144977 82 85 94 90 0.10 -1.5 -0.09
144981 51 68 73 71 0.07 -19.5 -0.38
144982 51 68 77 73 0.12 -21.5 -0.42
144986 75 83 113 98 0.31 -23.0 -0.31
144987 94 89 116 103 0.26 -8.5 -0.09
144990 77 103 122 113 0.17 -35.5 -0.46
144992 70 102 107 105 0.05 -34.5 -0.49
144993 86 95 111 103 0.16 -17.0 -0.20
144994 48 64 71 68 0.10 -19.5 -0.41
145001 74 71 123 97 0.54 -23.0 -0.31
145002 51 72 117 95 0.48 -43.5 -0.85
148980 88 85 116 101 0.31 -12.5 -0.14
148981 108 81 120 101 0.39 7.5 0.07
148982 101 96 136 116 0.34 -15.0 -0.15
148983 101 116 131 124 0.12 -22.5 -0.22
148984 107 113 145 129 0.25 -22.0 -0.21
148985 117 120 145 133 0.19 -15.5 -0.13
148986 151 117 155 136 0.28 15.0 0.10
148988 108 89 123 106 0.32 2.0 0.02
148989 90 7 125 66 1.79 24.0 0.27
148990 94 68 126 97 0.60 -3.0 -0.03
Average 0.33 -0.21
Std. 0.37 0.25
Dev.
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8. Sensitivity Analysis

In this section, we examine the effect on the deduced value of R, of varying the

main assumptions in the foregoing analysis.

keSp

8.1 The effect of varying ng(f) L on ql?ep and q,

The Spitzer heat conduction

. SOL 300
coefficient Kpe depends on Zgf , €
. . = 200
which is not measured in the SOL; £
=
however, as can be seen from Fig. 7, § L e ———— .~ —— S ———
%~  |qjo measured
the required shift only changes by < 01 : : : 3
L . .
~ 0.3 mm as ng(f) is varied from 1 to x =R - R$g®d (mm)

Fig. 7. The PSSt \fethod A applied to DITLD

discharge 144977. There is only a weak dependence

2. The reason for this insensitivity is,

. Sp .
as referred to earlier, that dlle 1S @  of the required shift of Ry, relative to Rssé% on the

L . .
value assumed for Zesf(f) in the Spitzer power flux

SOL

very rapidly decreasing functions of
coefficient Koe(zeff ) The required shift only

std .
(R-Rgep). There is thus also only a changes by ~ 0.3 mm as Zef(f)L is varied from 1 to 2.
weak dependence on the value

. . .. SOL
assumed for ng? L in the Spitzer power flux coefficient K(e (Zeff ) )
. fl keSp
8.2 The effect on Ryep of varying Qeon qje and g,

For flux-limited heat conduction, the value of the coefficient O is not accurately
known; however, the required shift of the separatrix only changes by ~+ 0.7 mm as 0. is
varied by + 1/3 (Fig. 8). As before, the reason for this insensitivity is that Qﬁle is a very

rapidly decreasing functions of (R - Rssé%).
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8.3 The effect on R, of changing the model for | in the PféliauSt Method

As mnoted in Sec. 3, at least 300

. Sp fl ‘E' N
mathematically, g~ and gje represent the = 200.
E S
two limits of q|1|(; Sp . We next consider the = ~ "l
E 100 S~ e —02
effect on the value for Ry, deduced using é: o R e ——
h 0
the PS%LauSt Method of Sec. 5 when these -1 0 1 2 3

x = R - REndard (mpm)

.. . keS
limits are assumed instead of ¢, P For .
Fig. 8. The PSo' Method A applied to DII-D

kinetically-corrected = Spitzer the shift discharge 144977. There is only a weak dependence

average (std. dev.) = - 0.12 (0.88) mm, of the required shift of Ry, relative to Rssé% on the
value assumed for @, : it only changes by ~ + 0.7 mm

Table 5; for Spitzer the shift average (std. as @, is varied by + 1/3.
dev.) = 1.26 (0.99) mm; for flux-limited

the shift average (std. dev.) = 1.06 (0.99) mm. Thus the difference, on average, for the
deduced value of Ry, is ~ 1 mm, which is approximately the size of the standard
deviations for each of the | -models. Again, this insensitivity is due to the fact that all of

the %fé are rapidly decreasing functions of (R-RS).

8.4 The effect on Ry of changing the model for q)|, in the P ggfl Method

We next consider the effect on the value for Ry, deduced using the Pslrél}ilt Method of

Sec. 6 when the q”Sep and Qﬁle limits are assumed instead of q|1|(; 5 . For kinetically-
corrected Spitzer the shift average (std. dev.) = - 1.40 (0.75) mm, Table 5; for Spitzer the
shift average (std. dev.) = - 0.05 (0.74) mm; for flux-limited the shift average
(std. dev.) = 0.07 (0.50) mm. Thus the difference, on average, for the deduced value of
Rsep 1s again ~ 1 mm, which is approximately the size as the standard deviations for each
of the ¢ -models. Again, this insensitivity is due to the fact that all of the qﬁé are rapidly

decreasing functions of (R -RY).
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8.5  The effect of changing the model for ()|, on the difference in the required shifts
for the two Methods

It doesn’t make a large difference if, instead of kinetically-corrected-Spitzer electron
heat conduction, Spitzer or flux-limited is assumed: for kcSpitzer the shift average
(std. dev.) = 1.28 (0.84) mm; for Spitzer the shift average (std. dev.) = 1.31 (0.74) mm;
for flux-limited the shift average (std. dev.) = 0.99 (1.13) mm. The differences are small

compared with the standard deviations.

8.6  The effect of varying Py and f P, inthe P ggzl Method

In order to apply the ng’ﬁt Method of Sec. 6, we need an input value for
Pse()L EfPePSOLa equation (12). There is experimental error/uncertainty in the value of
Pso. - The value used for fp,, 0.5, was found by applying the ng’ﬁt Method to SOLPS
code-calculated cases, but there is some uncertainty involved in applying this to DIII-D
experimental cases. Since it is the product fPePsor that enters into equation (12) we next
consider the effect of varying the value of this product. The extracted value of Rsep is not
strongly dependent on the value fpePsor, that is used: increasing it by 30% changes the
average shift of Ry, relative to R from -1.40 mm to -1.91 mm; decreasing it by 30%

changes the average shift to - 0.71 mm. These differences are approximately the same as

the standard deviation, 0.75 mm.
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9. Discussion and Conclusions

The two power accounting methods give values for Rsep that differ rather little from
each other, about 1 mm, Table 7. Since the two methods use quite different input, this

increases confidence in this approach for identifying the omp separatrix location.

The two power accounting methods are rather robust regarding basic physics
assumptions, specifically the model for the parallel electron conducted power. If instead
of using the standard assumption of kinetically-corrected Spitzer heat conductivity, either
of the extreme assumptions of pure Spitzer conduction (strong collisionality) or flux-
limited conduction (weak collisionality) are used in the analysis, the extracted values of

Rep only change by about 1 mm, Tables 5 and 6.

The two power accounting methods give values of Ry, that differ little from the
values obtained using the “standard DIII-D method” [6], also by about 1 mm, Tables 5
and 6. This results in only modest changes to the values of n. and T, at the omp separatrix
relative to the “standard” values, increasing 7e? by ~ 10% and Te? by ~ 20%,

Tables 12 and 13.
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Appendix A: Some further aspects of the Eich formulation of
the target power flux density

The relation between ¢jjp and qil-ir-peak is of interest. We illustrate for the example of

A=w =5 mm, from which = 0.5, see Fig. A.1, where sy = 0 has been assumed.

Eich-asymp

" (s)is obtained from qEICh( )

by noting that };, erfc( u- o') =2, thus

o—>0

Eich- L)
61”lc asymp(0)=q||0€“ Ho (A1)

It should be noted that qIFiCh'aSymp(a =0) is not quite the same as gy, which is
clearly the “upstream” value that we need to compare with q“Sepltzer (RStp) and
flux-lim

2
il (RStp) since qEICh AYMP (g =0) is larger than ¢jo by the factor e"

[Fig. A.1(a)]. It is also readily shown that qIFiCh'aSymp (0 =0) is too large to give power

§=00
conservation:  while f qEICh() = [ qpe**ds=qpr, by contrast

§=—00 §=—00

§=00 . 2
f qlllilch-asymp( s)ds = q”()/leu which exceeds C]||())L-

§=—00

As an alternative to comparing ¢jjo with qﬁé (R:é%) we may compare q|-ir-peak With

Gie (R:é% Rir.peak) - We can identify qjlir-peak as gfieh (Omax ) in the Eich formulation
d Elch( )
by noting that the peak occurs at O0=0p,x where Y =0. This is shown,
o
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Makowski [10], to occur for the value of Gmax(“) satisfying the implicit functional

relation:
NE G erfe(u—Omax ) =1- (A2)
The relation Opax (M) is shown in Fig. A.1(b). It is also readily shown that:
Eich

2
q) (omax)/QIIO =0.5¢" _2M0maxerfc(ﬂ_omax)- (A3)

See figure A.1(c).
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Fig. A.1. Parallel power flux density profiles for the case of =w =
5 mm, thus = 0.5, with sy = 0 assumed. The full Eich expression,
g M (s), equation (9), (solid line). The §~=>% asymptotic
approximation to the Eich expression, qIFiCh'aSy TP (s), equation
(A.la) (dashed line). The “upstream” exponential, profile, ¢i*P(s),
equation (8), (dotted line). (A.1b) The relation Oy {M
(A.lc) The ratio quCh (Umax)/‘IIIO .
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