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A universal energy partition mechanism between ions and electrons has been confirmed to exist in the
scrape-off layer of both the WEST tokamak and the W7-X stellarator. A peaked plasma density structure
induced by an infinite magnetic connection length structure is observed to destroy this dependence and
enhance the local ion and electron temperature ratio in the stellarator. A theoretical analysis reveals that the
ratio of ion and electron parallel heat conduction is predominant in determining this universality, while
electrons would further be cooled in the density-peaked region.

1. Introduction

Plasma energy partition between ions and electrons is a fundamental topic in the context of astrophysical,
geophysical, and magnetically confined fusion plasma, where ions usually maintain much higher temperature
than electrons in unconfined or open magnetic field lines, either by preferentially heating from the released
magnetic energy during magnetic reconnection[1,2] or due to its less thermal conduction in the region with
open magnetic field lines [3]. A key challenge currently encountered in the development of magnetic confined

fusion energy is the erosion of the plasma-facing components by ions with energy (~0.1-1keV) across the
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last closed magnetic flux surface (LCFS)[4], motivating our efforts to understand the partition of energy
between ions and electrons.

To understand the plasma energy partition mechanism, experiments carried out in Tore Supra with limiter
configuration [5] and in Alcator C-mod with divertor configuration [6] found that the upstream ion to electron
temperature ratio (t,, = T;/T,|,) approaches unity as the increase of coupling between the ions and electrons,
where the term ‘upstream’ means locations between the field line middle position and divertor entrance. This
result is consistent with the two-dimensional fluid simulations for JET and Alcator C-MOD, where t,,
gradually decreases from ~3 to ~1 as the normalized collisionality (vsy,; = Ly/A; = 1071%n, L, JTZ)
gradually increases from ~10 to ~100[3], where L; is the magnetic connection length from the outboard
midplane to divertor target, A;; is the self-collisional mean free path for ions, n, and T;, are the upstream
electron density and ion temperature. However, the current understanding is obtained from limited magnetic
connection length regime (L;<100m) and may not be extrapolated to stellarators where the magnetic
connection length structure is more complex [7,8]. This paper extends the research scope from tokamaks to
the W7-X stellarator where an intrinsic magnetic island topology is formed in the Scrape-off Layer (SOL),
significantly enhancing the cross-field transport [9]. We demonstrate experimentally and theoretically, for the
first time, that the cross-field transport is negligible comparing with the parallel transport in forming a
universal energy partition between ions and electrons when B = (n; +1)/(n. +1) > 1, where n; =
Ane/Ari> Ne = Ane/Ares Aris Are and A, are the decay lengths of the ion and electron temperature, and
plasma density respectively. Nevertheless, a peaked density structure could be induced due to infinite
magnetic connection length near the island O point region. This, in turn, destroys the universal dependence
and significantly enhances t,, by a factor of 3 even in the high collisionality regime. This deviation may
worsen wall sputtering on the future W7-X with tungsten divertor and in future stellarator reactors.

2. Experimental measurement

Due to the availability of ion temperature measurements by retarding field analyzer (RFA) in the SOL
region of both WEST and W7-X [10,11], the upstream plasma parameters including electron temperature
and electron density measured by Langmuir probes are studied. Figure 1 shows the magnetic geometries for
both devices, where the probes were mounted at the upper side with R,=2553 mm in WEST and at the outer
mid-plane at Z = —148 mm and toroidal angle ¢=-159.26° in W7-X as indicated with purple bars. Two-
dimensional magnetic connection length distributions near the probe paths are also shown in Fig. 1(b-d).

WEST is a tokamak with divertor geometry, major radius ~ 2.5 m and effective minor radius ~0.5 m [12].
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The magnetic configuration can be changed by adjusting the plasma and external coil currents. The probe
measurements are mainly performed for lower single null (LSN) geometry and cover the plasma current I,
~0.5MA and qes~4.5 with some discrete I, between 0.3 and 0.7 MA, and qgs between 3 and 8. W7-X is a
quasi-isodynamic stellarator [13] with major radius ~ 5.5 m and effective minor radius ~0.55 m. The intrinsic
helical magnetic field could be realized by adjusting the external coil current in the 70 superconducting coils
(50 non-planar coils and 20 planar coils). In contrast to the tokamak divertor geometry, there is a chain of
magnetic islands in the W7-X plasma boundary to form an intermediate SOL between the confinement core
and the plasma-surface interaction region [9]. The so-called standard configuration with m=5/n=5 islands
(edge rotational transform (=1) is shown in Fig. 1 where the island size was expanded by increasing the

additional normal conducting control coil current.

WEST W7-X EIM+252
blue: | =0kA; red: | =2kA
cc a cc

05

Z(m)

R (m)

W7-X EIM+252 =2kA

WEST #55091@15s

Z(m)

05 — — 0
24 25 26 27 20
R (m)

5.95
R(m)

FIG. 1. (a) Magnetic configuration for WEST and W7-X. Connection length distributions superimposed with
magnetic configurations are shown in bottom (b) for WEST, (c) lcc =0kA case and (d) Icc =2kA case for W7-

X, where the black curve is through the island ‘O’ and ‘X’ points, # and &, are the unit radial vertors.

The typical profiles of the measured parameter are shown in Fig. 2, where the magnetic connection length
between the target points, L. = 2L, as shown in Fig. 2(e) is calculated by a field line tracing code [14]. The
radial profiles have been mapped to the mid-plane for WEST and to the direction normal to the magnetic flux

for W7-X. The measured profiles of Ti, Te, ne, the derived vg,, ; and 7, in W7-X were strongly affected
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by the island geometry [15-17]. Comparing with the measured profiles in WEST, the T, and n. profiles in the
island geometry form a concave and convex structure respectively near the black curve (named as ‘the (=1
curve’) as shown in Fig. 1(c) and (d) which passes O and X points. The T; profile is still flat near the =1
curve and forms a shoulder structure near the steep drop position of the magnetic connection length profile
when the control coil current lcc =0kA [15]. When I =2kA, the Ti shoulder structure disappears. The derived
T, is also significantly enhanced near the (=1 curve. Expanding the island size would decrease the distance
between the island O point and divertor plate, which in turn decreases the magnetic connection length and
eliminates the island remnant region near the O point. Consequently, the island effect becomes less important,
i.e., the concave and convex degrees and t,, near the (=1 curve become smaller. The effect of the island
topology on the plasma was also observed by the He-BES [18] and alkali-BES [19] diagnostics, where a
density peak structure can be formed near the island O point.
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FIG. 2. Profiles of (a) ion and (b) electron temperatures, (c) electron density, (d) normalized ion collisionality
and (e) magnetic connection length and t,, at the probe paths shown as purple bars in Fig. 1(a). The black
dot represents the probe measurement in WEST, and the blue and red squares correspond to the probe
measurement in W7-X with control coil current lcc =0OkA and I..=2kA, respectively.

A series of ion temperature measurement have been conducted at WEST and W7-X, where the
preliminary result for W7-X has been shown in ref. [15]. The plasma heating power includes ohmic, lower
hybrid current drive (LHCD) and ion cyclotron resonant frequency (ICRF) for WEST, and only electron

cyclotron resonance heating (ECRH) for W7-X. The ranges of the SOL power (Psoi) and central line



integrated electron density ne are Psoi ~[1, 2] MW and nei~[3, 5]<10°m2 in WEST, and Pso~[1, 4] MW and
ne~[7, 9]x10°m=2 in W7-X, where the single beam paths within the plasma for the electron density
measurement are ~1m in WEST and ~1.33m in W7-X. The working gas is deuterium in WEST and hydrogen
in W7-X. 1, for both WEST and W7-X at different radial positions as a function of vg,, ; are shown in
Fig. 3, where the sample data, 77 cases for WEST and 10 cases for W7-X, have been averaged over ~1cm
radial range for a certain position. For W7-X stellarator, the 7, (vsy, ;) dependences for different control
coil current cases at the radial position Ar =1cm are mixed due to its little effect, while at the radial position
Ar =0cm are distinguished. For WEST, 1, gradually decreases from ~3 to ~1 as vg,; ; increases from ~5
to ~50, and this tendency exists from the near to far SOL regions. For the W7-X stellarator, v, ; is usually
much higher than that in WEST due to longer magnetic connection length. The island geometry was observed
to affectthe 7, tendency. Near the (=1 curve, i.e., Ar=0, T, is significantly enhanced, and this enhancement
is reduced by increasing the control coil current. Further away from the (=1 curve, the t,, tendency (blue
square in Fig. 3) which has already contained different control coil current cases is close to that in WEST

despite the different magnetic topologies in W7-X and WEST.
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FIG. 3. Ion to electron temperature ratio as a function of normalized ion collisionality for WEST and W7-X
at different radial positions. The distance ‘dr’ is between the separatrix and the measurement point, and the
distance ‘Ar’ is between the (=1 curve and the measurement point.

The enhancement of t,, at locations near Ar=0 cm is accompanied by the occurrence of a peaked density
structure, at which the electron temperature is cooled while the ion temperature still stays roughly constant.
Figure 4 shows 7, as functions of Ar;/Ate ratio and A,.. The decay lengths of A,., Ate and A for
WEST were obtained by exponentially fitting the experimental data which was all selected for Mach

number<0.5. For the W7-X stellarator, since the island geometry would strongly affect the parameter profiles,
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Anes Ate and Ag; are obtained by calculating the local gradient and average them over roughly 1cm radial
range. The island geometry leads to a flatter ion temperature and steeper electron temperature profiles,
causing Ari/Are ~10, much larger than that in WEST, where Ari/Ate ~1. The density profile also forms a
peaked structure and leads to a local negative A,, near the (=1 curve. For a certain sign of A,,., 7,
gradually increases with the increase of 1/|4,.| for W7-X, while it appears to be independent for WEST.
Changing Ari/Ate for one order of magnitude does not strongly affect t,,, unless the SOL plasma density
gradient is negative, where 7, gradually increases with the Ar;/Ate ratio. Note that the 7, tendency has
also contained different control coil current cases for both Arw7x=0 and 1cm positions. The case of A, <0
near the (=1 curve is not considered since its location is farther away from the LCFS and close the steep drop
position of the L. profile, where the plasma parameters are affected by the L. evolution and probe

measurement usually behaves larger error.
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FIG. 4. 7, asfunctions of (a) A;/Ag. ratio, and (b) 4,.. The dashed line is used to distinguish the decayed
density profile (blue square) and peaked density profile (red star).
3. Theoretical analysis

To study the underlying physics, a theoretical analysis is introduced to describe the ion and electron
energy transport in the upstream region of SOL for both W7-X and WEST. The idea is based on the ion and
electron heat flux transport in the open field line system where the plasma energy would transport first
through the LCFS and then be lost in both parallel and perpendicular directions. For simplification, the
parallel heat flux loss is balanced with the perpendicular heat flux source plus the energy transfer between
ions and electrons. Considering the heat flux flow through a volume, in which no heat source and sink exist,
then the thermal energy balance equation satisfies

V-G=0 (1)



where V=V, +V,, § = G; + .. Considering that ions and electrons exchange their thermal energy inside
the volume, Eq. (1) could be split to
V. C_I)i = Qeq (2.1

V. q)e = _Qeq (2.2)

. . 3
where the energy exchange between ions and electrons satisfies Qgq = %neveq (KT; = KkTe), Veq =
i

_3
2.9 x 1020, InAT, /2.

In the SOL upstream region, the parallel heat flux generally satisfies
1 1\t
qi = dirconv + (—qs to ) (3)
ILFL  di,sH

Where s denotes ions (i) or electrons () cases. qj con, is the parallel heat convection. gy, and gjsy are
the flux-limited conduction and Spitzer-Harm conduction, respectively. In the experiment, the Mach number
has been selected to be smaller than 0.5 for WEST, and smaller than 0.2 for W7-X [15] to minimize the flow
effect on the ion temperature measurement. Under this condition, the parallel heat convection is neglected by
provided a stationary plasma flow in the upstream region. Since the upstream normalized ion collisionality
is selected to be larger than 5, the flux-limited conduction is also neglected [20]. In addition, the nonlocal
transport is not considered due to the lack of burst or edge-localized mode (ELM) events in the dataset of

52 0T

WEST and W7-X [21]. Then the parallel heat flux of ions and electrons are simplified to q|i| = —Ko;T; P
Il
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qj; = —KoeT, 35" where s) is the parallel step length, kg = , for ion charge Zi=1,

mass mi=2, Coulomb logarithm InA = 15, ky; = 60, kge = 2000. Assuming that % = 0, then % =
1y, i1l

0T , the ratio of Eq. (2.1) over (2.2) leads to

u Bs” u

— _Qeq+VLaj_& (4)

T —e
Qeq +V1-q7 Koj

NIV

where the perpendicular heat flux of ions and electrons are expressed by gt = ny'V, (kT;) + % kT;D,V n,

and q§ =ny$¢v, (kT,) +§kTeD V.n,, respectively. D, and )(ie are the perpendicular particle and
thermal diffusion coefficient, respectively. The form of differential operator, V,, depends on the magnetic
geometry. For the WEST tokamak, V, satisfies V, = %;—rr. For the W7-X stellarator, the effective radius

of the in-island flux surfaces centered at the O-point, s, is introduced for the island geometry. The radial

coordinate r is replaced by r =1y — S, = 1o — S, Where rp is the distance from the magnetic axis to the



(=1 curve, and 7 is the effective minor radius of last closed flux surface. The unit vectors of # and §;

- . . . a a .
are also shown in Fig. 1(b) and (c). Then the differential operator is replaced by = T e V.=
r
Teff OSr eff-
. Xt x5 .
Assuming that A—l = A—l, Eq. (4) could be normalized to,
Ti Te
Tg _ —A.,(‘L'u—1)v§0L'irﬁ+‘rua(m+1)& )
u Ar(Tu_l)V;‘OL_iTﬁ"'a(ne"'l) Koi

32 (2m 1/2 L x4 5D\ . .
where A; = -— (—e) , 0 =—1— (—L + ——) is a parameter related to the perpendicular transport

211\ m; Uthi,elne Ate 2 Ane

coefficient, vy = m . The dimensionless parameters 7; and 7, inthe SOL have been measured to
be ~1 for limited discharges in Tore Supra [22] and during diverted discharges in JT-60U [23], consistent
with the theory prediction that the ITG instability is expected to play a negligible role in driving and
regulating SOL turbulence, unless 1;>2, being the threshold an increasing function of 7,, and collisionality
[24,25]. In W7-X, since Ag; is flattened near the island’s O point, 7; is generally much smaller than 1, then
7, as a function of the two unknown parameters, n; and 7., could be simplified to only depend on
(i +1)/(m. + 1), ie,, B. Figure 5 shows 7, as functions of vgy;,; and S for different o, where o
spans over two orders of magnitude. The result shows that 7, gradually decreases with the increase of vgy ;.
Increasing the perpendicular transport coefficient, a, slightly increases the 7, (vsy,;) trend when > 0,
while could significantly enhance 7,, when [ < 0. The sign of f is determined by the plasma density
gradient direction. Positive (negative) [ indicates a decaying (peaked) plasma density profile in the SOL.
This result is consistent with the WEST and W7-X measurement where a 7,, enhancement occurred at the
density-peaked locations.

Since increasing a mainly enhances 7, for low collsionality value vg,;;~10 when S > 0, one could

neglect the energy exchange term as vg,, ; is small and simplify Eq. (5) to

5
T (VsoLi) = B (6)

The right-hand side means the ratio of the ion perpendicular and parallel heat transport over the ratio of the
electron perpendicular and parallel heat transport. The a coefficient has been automatically canceled. The
term of Kge/Koi~30 usually is one order larger than the term of S~1. This suggests that the classical
parallel conductivity is the dominant mechanism governing the 73/7 ratio in both the SOL of WEST and W7-
X. When the plasma density gradient is reversed, f < 0, the energy exchange term in Eq. (5) becomes

important to balance the energy conservation. In W7-X, since Ag; » Ay, so (17, + 1)<0. This implies that
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the reversed density gradient accompanies an energy loss from electrons to other particles, such as neutrals,
which differs from the ion-electron energy exchange channel. A 2D coherence imaging spectroscopy (CIS)
measurements indicate that there is a C>* radiation zone moving from the region close to the divertor target
towards LCFS during the transition from the attached to the detached plasma state. Though the electron
temperature decreased going into the detachment, the C>* ion temperature was only slightly reduced within

the receding C** layer [26].
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FIG. 5. 7, as functions of vg,,; and B for different a. Note that the contour plot in the bottom displays
the isolines of the t, surface to indicate its value variation. Labels in the contour lines represent the 7,

value. The solid, dashed and dotted lines correspond to a=1, 10 and 100, respectively.
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To calculate the perpendicular transport coefficient «, the terms of A—l and i{—l were specified after
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S . . . . D Ane C
considering the particle and power conservation equations. For a tokamak divertor geometry, A—L ~ %L—S
ne Il

holds [3]. For an island divertor geometry, the magnetic connection length could be infinite near the O point.

. . dr dr . L
Based on the particle transport equation, d—s" = —d—sl + S, where S, is the ionization source rate, when
I L
dary dr, S S . .
L, — oo, then P 0 and ot Sp- This indicates that the ionization source forms density accumulation
I L

near the island residual region, i.e., 0<s<wi, where w; is the remnant island width. Consequently, there
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exists a point of minimum density gradient between the separatrix and the island O point, where 22 =
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stellarator. 2+ could be deduced to be %& ~ A A, —— %€ baged on the power conservation, i.e.,
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increase of Vg, ;. Combining the expressions of A—* and f—l, a could be derived to be

ne Te
A, T L + ,WEST
X 10160, Ly 1,
a= T2 1 5 Sr—w (7)
A L — 2 W7X

X 1016n, Ly 1, 4 Ane

Equation (7) indicates that the perpendicular transport coefficient « is independent of the plasma density
gradient A,, for WEST tokamak, while gradually increases with the value of 1/|4,.|. This is consistent
with the experimental measurement shown in Fig. 4.

Substituting Eq. (7) into the equivalent form of Eq. (5) as follows, T; could be estimated based on the

measured parameters of ne, Te, Ape, Are and L.

3m

T eq (Ti - T)(T2+T_K°e)+TzTa””‘"( +1)— TzTav””e( +1) (8)

The result is shown in Fig. 6, where 7; is assumed to be 0.5 for WEST, and 0 for W7-X. Scanning 7; would
hardly change the 7; estimation. The estimated 7; is generally consistent with the measured 7; in the WEST
tokamak for a wide SOL region, and in W7-X for the location with the plasma density decaying from the
separatrix. While for the location near the (=1 curve, the estimated 7; becomes smaller than the measured
one. This may be caused by the cooling effect which increases the energy transfer from electrons to neutrals
due to ionization and excitation.
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FIG. 6. Estimated upstream ion temperature vs. measured upstream ion temperature on both WEST and W7-
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4. Conclusions

In summary, the effect of magnetic geometry on the energy partition between ions and electrons is studied
in the SOL of WEST and W7-X. A universal energy partition mechanism between ions and electrons is
confirmed in the upstream region with § > 0. This universal dependence exists for a wide range of L. and
Ati/Ate. A density-peaked structure induced by the island geometry could destroy this dependence and
enhance the local t,,. This enhancement gradually increases with the increase of 1/|4,,.| for 4,, < 0. A
theoretical analysis reveals that the ion and electron parallel heat conduction ratio, ~K;, /Ko, is predominant
in forming this universal dependence when S > 0. The perpendicular transport near the island remnant
region can lead to plasma density accumulation and significantly enhance t,, where the energy sink term
from electrons to such as neutrals becomes prominent. Based on this model, an estimated 7; is introduced
and is generally consistent with the measured 7; at the SOL of both WEST and W7-X with the normal density
gradient direction, while underestimate by a factor of 3 at the peaked plasma density position. This deviation
implies that even W7-X and future stellarator reactors are anticipated to operate at high plasma density regime,
the island geometry might still induce a high 7, in parts of the SOL, where the ion temperature is much
higher than the expectations, potentially increasing their metal wall sputtering.
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