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Abstract

Wendelstein 7-X (W7-X) is a highly optimized stellarator experiment that went into operation

in 2015. With a 30 cubic meter volume, a superconducting coil system operating at 2.5 T, and

steady-state heating capability of eventually up to 10 MW, it was built to demonstrate the benefits

of optimized stellarators at parameters approaching those of a fusion power plant. We report here

on the first results with the test-divertor installed, during the second operation phase (OP1.2a),

which was performed in the second half of 2017. Operation with a divertor, and the addition of

several new fueling systems allowed higher density operation in hydrogen as well as helium. The

effects that higher density operation had on both divertor operation and global confinement will be

described. In particular, at high densities detachment was observed, and the highest fusion triple

product for a stellarator was achieved.

∗ tspe@ipp.mpg.de
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I. INTRODUCTION

The Wendelstein 7-X (W7-X) experiment [1] is the most advanced stellarator in the world

today. It went into operation in 2015 with a minimal setup of its plasma-facing components,

most notably, five discrete graphite limiters mounted on the inboard side in the narrow (bean-

shaped) cross-sections. With this simplified setup, it was possible to run plasmas with pulse

energies up to 4 MJ, pulse lengths up to 6 seconds, and triple products up to 0.08×1020 keV

m−3 sec.,[2], allowing a rather comprehensive first set of physics studies (see eg, [3, 4, 6, 7],

including the first verification of the W7-X optimization, the control and near-elimination

of the toroidal bootstrap current [8]. However, it was always foreseen for W7-X to use the

island divertor concept, first in use in W7-AS (see eg. [5]). This paper describes some of the

most important first results from operation with the test divertor units (TDU), the operation

phase 1.2a (OP1.2a).

II. GOALS AND FEATURES OF THE OPERATION PHASE 1.2A

OP1.2a was performed in the second half of 2017. As described in earlier publications

about W7-X (see eg. [2]), and discussed again here in Sections III and IV, a credible path to

higher performance in W7-X is a significant increase in plasma density and a commensurate

increase in heating power, and OP1.2a indeed featured upgrades that allowed both density

and power increases, the most important ones summarized in the following.

Most prominently, OP1.2a featured a much expanded set of plasma-facing components, in-

cluding a test divertor (Section V), allowing for better particle exhaust but also a much

larger area of plasma-facing surface, and thereby a much higher injected heating energy per

pulse (80 MJ, as compared to 4 MJ at the end of OP1.1), and a better separation between

the plasma-wall interaction region and the core plasma than in the OP1.1 limiter operation.

Also, two new fueling systems were taken into operation, pellet injection (Section VII) and

a divertor gas injection system (Section IX). As discussed in Section IV, there are empirical

limits to the achievable density in stellarators stemming from power balance, so an increase

in heating power is not only needed for performance extension, it might well be necessary

for the desired density increases. The ECRH heating capabilities were indeed expanded from

six gyrotrons and a maximum achieved heating power into the plasma of 4.3 MW in OP1.1,
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to ten gyrotrons, and a maximum achieved 7 MW of heating in OP1.2a [9]. Another im-

portant ingredient for reaching high densities stably in fusion devices is wall-conditioning.

In OP1.1, only relatively short glow-discharge cleaning discharges were performed. The lim-

itation was out of concern that the many CuCrZr heat shield structures, which were left

bare in OP1.1, would cause excess sputtering of especially copper onto the graphite limiters.

In OP1.2a, all CuCrZr structures were covered with their foreseen graphite tiles, and much

longer glow-discharge cleaning (GDC) in both hydrogen and helium was safely performed.

ECRH conditioning with helium plasmas was also extensively used (as was already the case

in OP1.1), but for logistical reasons, it was not possible to perform boronization in OP1.2a.

Nevertheless, the GDC and ECRH wall-conditioning resulted in wall outgassing being lower

after two weeks of operation in OP1.2a than it had been even at the end of the three month

period of OP1.1 [10].

III. HIGHER TRIPLE PRODUCTS THROUGH HIGHER DENSITY

The triple product (niTiτE) is an important figure of merit towards the creation of net

energy using the D-T fusion reaction [11], and is useful when comparing different fusion

concepts. The energy confinement time τE has been difficult to predict from first principles,

and although much progress has been made on this front, empirical scalings are still in

widespread use. The ISS04 scaling [12] is such a scaling for stellarator plasmas, which can

also be applied to tokamak plasmas. It is expressed in terms of parameters that are, or

generally can assumed to be, determined by the experimenter while designing or operating

the device: Plasma major radius (R, in meters), minor radius (a, in meters), magnetic field

strength on the magnetic axis (B, in Tesla), the magnetic winding number iota at r/a = 2/3

( ι- = 1/q, with q the tokamak safety factor), the applied heating power (P , in megawatts)

and the line-averaged electron density ne, in units of 1020 m−3, and τE in seconds:

τE = 0.134a2.28R0.64P−0.61n0.54
e B0.84ι0.41 (1)

To guide our thinking in the following discussion, we approximate the ISS04 scaling by this

somewhat simpler expression:

τE ∝ V B ι-0.4(ne/P )0.6 (2)
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It is seen that increasing the plasma volume (V) and the magnetic field (B) will increase

the confinement time (approximately linearly). For an already constructed experiment, such

as W7-X, there are upper limits to B and V . In W7-X, for reasons related to the vessel shape

and the island divertor, ι- can only be varied in a rather restricted range from ι- ≈ 0.8 to

1.25, as also discussed in Section V. Given the relatively small exponent, 0.41, ι- is expected

to play an interesting but minor role for the optimization of the confinement and the triple

product in W7-X. The heating power P and density ne can be varied over at least an order of

magnitude, however. We therefore analyze in the following how these two parameters affect

the triple product. We assume that the ISS04 scaling holds, that Te = Ti ≡ T and that

ne = ni ≡ n, since these relations are expected to be good approximations at high densities

in W7-X, and also are relevant for a reactor. We will restrict this analysis to pressure values

below the β limits of W7-X [13].

The plasma thermal energy density is then 3nT . Therefore, nT is proportional to the total

plasma energy (ignoring profile changes) which then scales as P × τE. Therefore, the triple

product nTτE scales as P×τ 2E ∝ P−0.2n1.2 using our approximate version, or P−0.22n1.08 when

using the actual ISS04 coefficients. One sees that increasing the density alone (ie. keeping the

other components constant) increases the triple product slightly faster than linearly, whereas

increasing heating power has a slightly negative effect. The second conclusion is potentially

misleading since it appears to say that heating power is not important for reaching high triple

products, which is not true, for two reasons. One reason is that the particular importance of

the triple product as the figure of merit for D-T fusion only holds in the T=10-40 keV range,

whereas for T < 10 keV, the D-T fusion cross section falls off faster than T 2. The second

reason is that density cannot be increased arbitrarily: a certain amount of heating power is

needed to prevent the plasma from a radiative collapse at low temperature. In the following,

we discuss this, in the broader context of density limits.

IV. DENSITY LIMITS IN STELLARATORS AND TOKAMAKS

Since a density increase is an efficient way to increase the triple product, it is an impor-

tant advantage of stellarators that they are not subject to a Greenwald-like density limit.

The Greenwald density limit in its original form [14] is nG = Ip/(πa
2), with nG in units of
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1020m−3, Ip the toroidal plasma-current in mega-ampere, and a (plasma minor radius) in

meters. Since stellarators in general, and W7-X in particular [8], have much lower toroidal

currents than equivalent-size tokamaks, they would appear to have a very low Greenwald

density limit. To understand the relevance of the Greenwald limit, and how it should be

extended to stellarators, we recast it in terms of a density limit that scales with the confin-

ing toroidal magnetic field. This connection is not new, but we have been unable to find a

reference that provides a simple derivation of this. The tokamak connection between maxi-

mum parallel plasma current and toroidal magnetic field comes from magnetohydrodynamics

(MHD) stability. Quoted from Troyon et al. speaking about tokamak stability [15]: ”The

current is limited to a value corresponding to a safety factor slightly above 2 at the plasma

surface.” For a circular-cross-section tokamak, Troyon’s statement qa > 2 is equivalent to

Ip <
πa2

µ0R
Bt (3)

For a given toroidal B-field, the tokamak Greenwald density limit is therefore:

n < nG = k
Ip
πa2

< k
πa2

µ0R
Bt

1

πa2
= k

Bt

µ0R
(4)

where the factor of k = 1014 is needed to convert into SI units or k = 10−6 if measuring the

density in units of 1020 m−3. A convenient version of this equation is then nG = 0.80×Bt/R,

with nG in units of 1020 m−3, Bt in Tesla, and R in meters. The magnetic field strength has

engineering limits, and, apart from major radius, the Greenwald density limit does not depend

on anything else (importantly, not heating power). For current-generation superconductors

(NbSn, NbTi) the values of nG for fusion reactor designs are below those that would otherwise

be optimal for a burning plasma. If W7-X (R=5.5 m, B=2.5 T), were subject to this density

limit, the achievable density would be only 0.36 × 1020 m−3. This limit has been exceeded

by more than a factor of two already in W7-X (see an example in Section X), and the limit

has been exceeded by more than a factor of 10 in LHD [16].

However, a different and more benign density limit for stellarators has been observed. It is

related to power balance, and an empirical formula for it was first published by Sudo [17]:

n20 < 0.25

√
PB

a2R
(5)

Here n20 is the average density in units of 1020 m−3, P is in MW, a and R in meters and

B in Tesla. Taking the plasma density to be at the Sudo limit, we now find that the triple
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product scales as P 0.32, a positive but admittedly still rather weak scaling. The T>10 keV

argument for a minimal heating power is the more important argument for having a minimal

heating power. For a recent analysis of density limits in both tokamaks and stellarators,

and their physical origins, we refer the reader to the paper by Zanca et al [18]. In the first

operation phase of W7-X, OP1.1, a density limit was also observed [19], roughly but not

entirely consistent with that of Sudo.

V. THE TEST ISLAND DIVERTOR OF W7-X

A. The interaction between the divertor plates and the island topology

As just discussed, stable, high density operation requires sufficient power, but efficient

particle fueling and exhaust must also be implemented. In W7-X, the exhaust concept is

that of the island divertor. For OP1.2a, ten identical uncooled graphite test divertor units

(TDUs [20]) have been installed to handle the power and particle exhaust. The plasma-

facing surfaces of these TDUs are identical to those of the later water-cooled carbon-fiber

composite divertor, the high-heat flux (HHF) divertor [21]. The TDU allows first experience

with island divertor operation and the specific geometry of the HHF divertor plates, and,

since it cannot be significantly damaged even if the incident plasma heat flux is above 10

MW/m2 (the design limit of the HHF divertor), this first exploration can occur even without

protection interlock systems in full operation. The geometry of the divertor and the plasma

shape is shown in Figure 1.. As can be seen, the ten TDUs are distributed according to the

five-fold symmetry of the W7-X device, with each of the five modules containing one upper

and one lower TDU.

Each TDU consists of a horizontal (∼ 1.86 m2) and a vertical (∼ 0.55 m2) divertor plate,

separated by the pumping gap.

A low-shear multi-X-point island divertor concept [22] is realized by the interaction be-

tween large island chains at the plasma boundary, and the divertor plates.

W7-X has a five-fold symmetry, and a sizeable n=5 (toroidal mode number) magnetic

field component. The three island chains used for the island divertor are with edge rota-

tional transform ι-a = 5/m = 5/6 (low iota configuration), 5/5 (standard and high mirror

configuration), and 5/4 (high iota configuration), where m is the poloidal mode number. The
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FIG. 1: This figure shows a CAD drawing of the ten test divertor units and the last closed

flux surface.

FIG. 2: The rotational transform profiles of different magnetic configurations in W7-X.

rotational transform profiles of these three configurations are shown in Fig. 2. The magnetic

islands are intersected by the divertor plates. In this way, similar yet not identical to the

tokamak x-point divertor, an indirect contact with the plasma is established: The plasma

heat and particles flowing out of the closed magnetic surface diffuse into the interior of the

island chain, and also across the x-points to the field lines just outside the island chain. The

heat and particles are then led along these open field lines and deposited onto the target

plates. This is illustrated in Fig. 3.

By separating the plasma-surface interaction region from the confinement region, the edge

island is meant to prevent the core plasma from direct exposure to the recycling neutrals and

the sputtered impurities.

Fig. 4 summarizes the geometry of the intersected islands for the main magnetic con-
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FIG. 3: The island divertor concept is illustrated by displaying a Poincare cross section in a

CAD model of a divertor unit in W7-X. The island chain allows some physical separation

between the edge of the confinement region and the region where the outflowing plasma

hits the divertor plate.

figurations, as well as the wall to wall connection length (Lc) of the open field lines. The

typical Lc in the island divertor in W7-X is about one order of magnitude longer than that

in medium sized tokamak, which should lead to broader deposition patterns [2, 22].

Different magnetic configurations interact with different part of the divertor plates, re-

sulting in different divertor footprints of heat loads, as simulated using diffusive field line

tracing [23] in Fig. 5.
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FIG. 4: The interaction between magnetic islands with the divertor plates under different

magnetic configurations. The toroidal angle φ is marked in blue in Fig. 5.

FIG. 5: The diffusive field line tracing simulation indicating the expected wetted area on

the divertor plates for different magnetic configurations. From left to right: low iota,

standard, high mirror and high iota configuration.

VI. CHARACTERIZATION OF HEAT LOADS DURING ATTACHED OPERA-

TION

The experimental strike-line patterns are shown in the following; they are in good agree-

ment with our simulation results. Having verified a high accuracy of the magnetic field

structure before operation started [24], the agreement of these heat load patterns is indirect

evidence of the accuracy of the TDU installation. The experimental strike-line patterns were

obtained using infrared camera systems to monitor the surface temperatures of the main

plasma facing components [25]. Since Wendelstein 7-X has 10 discrete divertor modules,

10 observation systems instruments are required to provide full information on the power
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(a)

(b)

FIG. 6: Heat flux measured on the surface of one of the ten divertors of W7-X for (a)

standard configuration (W7-X #20171108.015), to be compared with the second from the

left subfigure in Figure 5, and (b) high-iota configuration (W7-X #20171025.030), to be

compared with the rightmost subfigure in Fig. 5.

deposition onto the divertor. The surface temperature is measured by cameras with wave-

length ranges 8-10 µm or 3-5 µm, and the heat flux is derived by solving the heat diffusion

equation for the bulk of the tile with the the measured surface temperature evolution as an

input parameter [26]. In OP1.2a, three different magnetic configurations were investigated:

standard, high-iota and high-mirror. Examples for standard and high iota are presented in

Fig. 6, showing the same general features as seen in Fig. 5. Both discharges were heated

with 5 MW of ECRH power and had a line-averaged density of appr. 2×1019 [m−3].

As the power load distribution depends strongly on the magnetic configuration, the mea-

sured wetted areas and peak heat fluxes are different for the different configurations. Maxi-

mum heat flux values of up to 8 MW/m2, and strike-line widths of up to 11 cm were observed.
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FIG. 7: The wetted area is shown as a function of heating power for the standard magnetic

configuration. The wetted area goes up to above 1.5 m2 for high heating powers.

We characterize the heat-flux spreading in terms of the effective wetted area, which is defined

as the equivalent area over which the maximum measured heat flux would extend to, so that

it amounts to the total heat received by the divertor plates. In the standard configuration

this increases as a function of heating power to appr. 1.5 m2 at PECRH=5 MW. This is shown

in Fig. 7 for the standard ( ι-a = 1) configuration. Although extrapolations to even higher

heating powers are bound to have large uncertainties, it is nonetheless a reassuring result. If

the wetted area will increase linearly, the peak heat fluxes will be only about 3.3 MW/m2 for

10 MW reaching the divertor, and only 6.7 MW/m2 if the wetted area stays around 1.5 m2.

These numbers are well below the 10 MW/m2 limit for the HHF divertor during steady-state

operation (P≤ 10 MW). By comparison, for ASDEX-Upgrade in L-mode, the wetted area is

of order 0.3 m2 [27]).

VII. FIRST OPERATION WITH PELLET FUELING

For OP1.2a, a blower-gun pellet injector [28] was taken into operation. This injector allows

for the injection of up to 60 hydrogen pellets within one plasma discharge, then new ice has to

be generated. The pellets are accelerated by helium propellant gas to a speed of typically 200
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m/s to 250 m/s. In comparison to gas puff injection from remote locations, pellet injection

provided an unproblematic means to reach to high densities even in the plasma center. In

particular in hydrogen plasma discharges, their rapid and efficient fueling helped to reach high

densities, at least transiently, and this triggered then the first divertor detachment results,

as described in the next section.

VIII. OBSERVATIONS OF DETACHMENT

Stable and complete power detachment across all 10 discrete island divertors modules

was observed for several seconds in hydrogen pellet fuelled discharges at 3 MW of ECRH

heating and line averaged densities of 2 × 1019 m−3. At the transition into the detached

phase, the local peak heat flux dropped from about 5 MW/m2 to below the detection limit

of 0.4 MW/m2 of our infrared camera system, as shown in Fig. 8. This was observed with

IR cameras that monitor all 10 discrete island divertors of W7-X. Complete detachment

was found to have little effect on the measured energy confinement time, as evidenced by

measurements of the plasma stored energy done with diamagnetic loops, Wdia [30], which was

only about 10% lower at the end of the discharge than before the pellet injection at about

the same density (fig. A). During the heat-flux detached phase, a highly radiative mantle

was observed in the vicinity of the separatrix by the two nearly perpendicular oriented multi-

channel bolometer systems covering the triangular shaped plane of the W7-X plasma. The

two bolometer systems are located in the symmetry plane between two W7-X device modules,

where no island divertor targets are installed. Throughout the stable completely detached

phase, the total radiation fraction derived from the bolometer signals was always close to

100% [31], also shown here as part of fig. 8. Accurate total radiation values are difficult to

derive from the measurements in just one single poloidal cross section of W7-X due to the

3D structure of the magnetic field.

The edge radiation during detachment is believed to be dominated by carbon and oxygen.

The strongest evidence for oxygen comes from the observed one- to two-orders of magnitude

increase of the CO level in the exhaust gas during these discharges. The steady increase of

the uncooled divertor bulk target temperature throughout the day, up to sometimes 400◦C,

resulted in a steady increase in H2O and CO base pressure by a factor of 10 between dis-
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FIG. 8: An overview plot of a discharge where heat-flux detachment was observed. The

line-averaged density was increased by pellet injection at a 30 Hz repetition rate from t=1.8

s to t=2.3 seconds. During this time, the divertor heat flux dropped down to less than 0.3

MW/m2, and, after pellet injection stopped, the plasma stayed detached, and the plasma

confinement time remained at about 0.1 s for about one second, until the heating was

terminated at t=4 seconds.

charges, i.e. increased outgassing of water from the target tiles was constantly observed [32].

Boronisation was not yet available in OP1.2a, so to keep the oxygen at acceptable levels

for maintaining operation, cleaning discharges in helium every two to three discharges was

needed to maintain stable discharge conditions throughout the day. Indications for high re-

cycling or the formation of a high-density recombining zone, as observed earlier on W7-AS
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[33], were not found during the heat-flux detached phase.

IX. FIRST HYDROGEN OPERATION OF THE DIVERTOR GAS INLET SYS-

TEM

For OP1.1 two gas injection vacuum plugins were installed and operated with non-

explosive gases [34]. For OP1.2a the vacuum plugins were upgraded for operation with

explosive gases. Each plugin consists of a box with five piezo-valves and four lines feeding

the cooling water, the gasses and electrical cables from the vacuum flange to the gas valve

box (Figure 9). The box is mounted at the backside of one of the horizontal divertor plates.

Five capillary nozzles of 10 cm length end at the plasma-facing surface of the divertor and

allow feeding the gases directly into the divertor plasma. One of the plugins is installed at

the upper divertor in machine modules 51, the other at the bottom divertor in module 30.

This versatile gas injection system with its capability of a very wide range of reservoir

pressure (from 2 mbar up to 60 bar) has a precise timing and short valve opening-times

(down to 2 ms) and is used for various applications: tracer amounts of helium are used for

measurement of ne and Te profiles in the magnetic island at the divertor plate [35]; neon is

being investigated for potential extension of the measured parameter range towards lower

temperatures and higher densities in the detached plasma conditions [36]; small argon puffs

allow measurements of Ti and electrical fields in the plasma core in the x-ray wavelength-

range, as well as impurity transport studies in the plasma core; Neon, nitrogen and methane

are used for radiative edge cooling experiments [37] and studies of carbon erosion and trans-

port [38]. Last but not least, hydrogen and helium were used for plasma fuelling and particle

balance studies [39] and (in case of hydrogen) for triggering and control of plasma detachment

from the divertor plates [40]. Effective fuelling of a hydrogen plasma was demonstrated in a

standard divertor configuration with reversed field (see Fig. 10). The preprogrammed series

of short hydrogen pulses through the upper divertor injection system resulted in immediate

density increases with subsequent density decays after each valve closing. Due to the fast

repetition rate, the density on average increased throughout the discharge, eventually leading

to a radiative collapse at 4.7 s. A second goal of the same experiment was to trigger plasma

detachment by the hydrogen injection. The gas pulses indeed triggered sudden drops of the
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FIG. 9: CAD model of one of the divertor gas inlet systems (red). The cooling water, gas

and cable lines are routed through a vacuum port that traverses the cryostat (grey). The

piezo-valve box is attached to the backside of the horizontal divertor plate (green). An

example simulation of He(I) radiation of injected tracer helium cloud is shown with a

blue-green-red intensity color palette. The island chain defining the edge of the confinement

region is shown in yellow .

heat loads to the divertors, shown in the bottom plot of Fig. 10. While at lower densities

(
∫
nedl < 3.2× 1019 m−2), the detached conditions were lost after closing the gas valve, the

detachment was sustained even without any assist from the central gas injection system for

higher densities (
∫
nedl > 3.2× 1019 m−2).
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FIG. 10: Shown here are time traces of the ECRH heating power, the line-integrated

electron density, the fuelled gas particle flux, the plasma diamagnetic energy and the

maximum heat flux to the divertor module from which the gas was injected, for an

experiment with the plasma being fueled and driven to detachment by the divertor gas

injection system. Below the line-integrated density of 3.2× 1019 m−2, the detached plasma

conditions are sustained only transiently by the gas injection while above this threshold

density the detachment was sustained until the end of the discharge. The heat flux patterns

are shown in Fig. 11.

X. STELLARATOR RECORD TRIPLE PRODUCT

During the relaxation period following intense pellet fueling, the plasma displayed high

ion temperatures (appr. equal to the electron temperature), high beta values and improved

confinement. This is not unexpected, since the ISS04 scaling predicts an improved energy

confinement when the density is increased at constant heating power, and the higher density

allows a closer collisional coupling of the electron and ion temperatures. During this time,
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(a)

(b)

FIG. 11: Heat flux patterns for attached conditions (top) and detached (bottom) for the

discharge fueled from the divertor gas inlet system. Note that the color scales are different

between the two plots so that the heat load patterns are visible also during the detached

phase.

a record triple product for stellarators was transiently achieved, Fig. 12. Figure 13 shows

electron density profiles measured with the Thomson scattering system [41, 42], just before

the pellet injection (t = 1.03 s) and during the high-performance phase (t = 2.13 s) for the

mentioned discharge. Ion and electron temperature profiles for the high-performance time

point are compared in Figure 14.

The ion temperature is obtained from the inversion of data from the X-ray imaging crystal

spectrometer observing Ar+16 emission along multiple lines of sight [44]. The shown error
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FIG. 12: The time evolution of the triple product for a P=5 MW shot is shown. As can be

seen, this discharge was not stationary, and the previous stellarator/heliotron record from

LHD of 5.2× 1019 m−3 keV s was only exceeded for about 0.5 seconds.

bars are statistical and do not include possible systematic errors but we show results from

two different inversion algorithms to exemplify possible systematic errors. In this discharges,

the ion temperature closely approaches the electron temperature and is slightly above 3.5

keV in the core. The discrepancy between the two temperatures at the mid-radius is not

clarified yet, but may indicate spatial mapping issues. At the same time as the high ion

temperature is reached, the volume average beta approaches 1%, the central beta is above

3.5%, and the stored energy reaches 1.1 MJ as measured by diamagnetic loops. The plasma

was heated with 5 MW of ECRH heating, the energy confinement time was 0.22 s, and this

was held for only about that amount of time. Combined together these values, this is a triple

product slightly above 0.6×1020 m−3 keV s. Here, the dilution of the hydrogen density due to

impurities was taken into account as follows: The central Zeff was estimated conservatively

at 1.5, and carbon was assumed to be the dominant impurity. The core plasma was likely

significantly cleaner than that during the high-performance phase, since it had been fueled

intensely by hydrogen pellets. This could add about 10% to the achieved triple product, a

correction which is still within the error bars indicated in grey in Fig. 12.
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FIG. 13: The density profiles before pellet injection and around the time of the record

triple product (shortly after pellet injection stopped) are shown. The density went up

strongly during pellet fueling and there is a pronounced central peaking. The data were

measured with the Thomson scattering system.

This is an increase of a factor of 8 over the best triple product achieved in OP1.1, which

was 0.08× 1020 m−3 keV s [2]. In Figure 15, we plot this data point in the Kikuchi diagram

[2, 45]. It is worth noting that the W7-X record was made for an ion temperature of Ti ≥ 3.5

keV, as opposed to an ion temperature of 0.47 keV in LHD. Other parameters of the LHD

record were τE = 0.22s, ni = 5× 1020 m−3, P=3.3 MW [43]. This illustrates the points made

in Section III, that high density, (more so than high heating power) is an effective way to

increase the triple product in a given device.

It is expected in the OP1.2b phase that the divertor gas inlet system can help prolong the

phases of high density and high performance significantly, but large increases in duration of

high performance phases will likely need to wait until OP2, when the water-cooled divertor

units and a continuous-injection pellet system will go into operation.

We also display these points in a niTiτE vs Ti plot, where the distance to D-T ignition

conditions is more clearly displayed, Fig. 16. This graph shows that the W7-X results reported

here are on par with medium-sized tokamaks, but also that there is still some distance to
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FIG. 14: The electron (black circles) and ion temperature profiles are shown around the

time of the record triple product (shortly after pellet injection stopped). The electron

temperature is determined by the Thomson scattering diagnostic. The apparent shift is

likely unphysical, and may be related to uncertainties in the spatial calibrations of the two

diagnostics. Two different inversion techniques were used for the Ti data, both using the

XICS diagnostic signals.

the best results from DIII-D and ASDEX-Upgrade, which both are comparable in size and

magnetic field strength to W7-X, but have operated for decades.

XI. SUMMARY

The installation of a test divertor, as well as a number of other upgrades to W7-X, allowed

for significant improvements in fusion performance. A factor of 8 increase in triple product

was reached relative to that achieved in OP1.1. This is a new record triple product for

stellarators. Densities around and above 1020 m−3 were reached, and heat-flux detachment

was observed. The convective heat loads were deposited to a very large degree in the divertor,

and the resulting strike lines were generally distributed as expected from code predictions.

For attached divertor operation, the wetted area was large, indicating that an extrapolation

to the expected higher heating powers in later operation phases will be compatible with the
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FIG. 15: Two important aspects of the progress towards a net energy producing fusion

reactor are plotted here - the fusion triple product versus the length over which it was held.

This figure is an updated version of the one in [2], originally based on work in [45]. +-signs

indicate achieved values, X-s are code predictions from [2]. The newly achieved triple

product record is indicated with the arrow.

steady-state water-cooled HHF divertor’s technical specification of 10 MW/m2. It is also

consistent with the expectation that the very long scrape-off layer connection lengths of the

W7-X island divertor should result in very broad scrape-off layers .
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