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ABSTRACT

This work reports on recent results on the search for high performance plasma scenarios at the magnetically confined stellarator fusion
device Wendelstein 7-X. In four new designed scenarios, the development from transient toward stationary plasmas of improved performance
has been realized. In particular, a high performance duration of up to 5 s, an energy confinement time of 0.3 s, a diamagnetic energy of
1.1 MJ, a central ion temperature of 2.2keV, and a fusion triple product of 3.4 x 10’ m™>- keV - s have been achieved, and previously
observed limitations of the machine have been overcome, regarding both the performance and its duration. The two main experimental tech-
niques for stationary high performance are neutral beam injection core fueling on the one hand and the use of a magnetic field configuration
with internal islands on the other hand. Two of the developed scenarios are expected to be extendable straightforward toward a duration of
several tens of seconds, making use of the long pulse operation capabilities of W7-X.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0199958

I. INTRODUCTION

The development of high performance (HP) plasma scenarios, in
particular with respect to a maximization of the fusion triple product
n.Tytp under steady-state plasma conditions,' is one of the main
important and also most challenging goals of the magnetically con-
fined fusion device Wendelstein 7-X (W7-X).” Despite significant
achievements like the proof of neoclassical optimization,” a transient
high fusion triple product,’ or steady-state plasma conditions with
complete detachment,” the majority of W7-X plasma scenarios were

keV,'” limited energy confinement times 5 = 0.2 s, and fusion triple
products 1, Titg < 0.3 x 10?° m—3- keV - s were observed in standard
gas fueled plasmas.” Consequently, within this work, high performance
is defined as a plasma scenario passing one or more of the following
limitations:

e Overcome of the T; limit with T; > 1.7 keV;
* 1SS04 scaling with g /75504 > 0.7;
* A fusion product of n,Titg > 0.3 x 102 m~*- keV - s.

9%:00:80 ¥20Z ABW L1

dominated by turbulent transport mechanisms,” limiting the plasma
performance as evident from energy”’ '’ as well as impurity transport

studies.'' " As a result, a saturation of the ion temperature T; < 1.7

As 7 has well known dependencies of several plasma parameters,
here 1y is related to the 1SS04 scaling'” (see Sec. 11T for details) with a
limiting ratio of tg/7is04 = 0.7 that has not been exceeded in gas
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Physics of Plasmas

fueled plasmas”’ at higher plasma densities of 1, > 5 x 10" m™>.

Similarly, 1, Ttz = 0.3 X 10 m~3. keV - s has been observed as a
limit for the fusion product” in turbulence dominated plasmas of
W7-X.

Fortunately, the use of alternative fueling schemes like cryogenic
ice pellet fueling,”' neutral beam fueling,”” and perturbative impurity
injections™ showed a reduction of turbulent transport with signifi-
cantly improved performance beyond the above-mentioned limita-
tions, although, only for short term, transient phases on the order of
~200 ms.

In this paper, results on the transition from transient toward
steady-state high performance plasma scenarios will be presented,
making use of combined neutral beam injection”* (NBI) and electron
cyclotron resonance” (ECR) heating schemes, wall conditioning,””*°
and magnetic field scan techniques.”**

Section II introduces four new developed high performance sce-
narios and its main plasma parameters, followed by a discussion on
the performance of each scenario with respect to its energy confine-
ment and fusion triple product in Sec. 111, and implications for future
scenario developments discussed in Sec. I'V.

Il. EXPERIMENT SCENARIO DEVELOPMENT

W7-X plasmas are generated by the two main heating sources,
ECR and NBI heating, providing powers of up to Ppcryy = 7.5 MW
and Pyp; = 4.0 MW, respectively, to the plasma that itself has a vol-
ume of 30 m>. The plasma density is set via several fast piezo gas
valves’ that are feedback controlled on the line of sight averaged elec-
tron density 7, measured by the interferometer diagnostic.”” The dia-
magnetic energy Wy, the central ion temperature T;, and electron
density profiles of the plasma are measured by the Rogowski coils,”’
the x-ray imaging crystal spectrometers,”’ and the Thomson scattering
system.””

Scenario 1: Steady NBI+ECR Heating
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In the following paragraphs, the temporal evolution of those
main plasma parameters will be discussed in detail for four dedicated
hydrogen plasma scenarios of notably improved performance.

A. Scenario 1: Steady NBI+ECR heating

Scenario 1 was initially conducted as a test scenario for steady
NBI heating of Pygr = 3.0 MW, assisted with Pgcrr = 1.9 MW for
plasma startup at medium density 7, = 0.4 x 10** m~> as shown on
the left of Fig. 1.

Remarkably, the combination of Pyp; > Prcry allowed to push
T; above its saturation limit. This limit used to clamp central ion tem-
peratures of W7-X in previous campaigns to T; < 1.7 keV as a conse-
quence of enhanced ion temperature gradient (ITG) turbulence for
increased T, /T; ratios." In fact, within the entire duration of the NBI
heating phase, the T; limit (dashed line in Fig. 1) could be exceeded sig-
nificantly, reaching T; = 2.1 keV and W, =0.45M]J for 5s. This is
the first time a steady-state scenario of T; > 1.7 keV has been realized
at W7-X, only limited by the duration of the NBI heating phase. At the
end of NBI heating at t=6 s, T; falls back to its saturation limit in
timescales of the energy confinement time of 7p = 100 ms, see also
Fig. 5.

Figure 2 on the left shows the electron density profiles of Scenario
1 in the limited (blue line) and improved performance phase (orange
line), and the latter one being increased due to the NBI fueling effect.
As previously observed for plasmas of improved performance,”” also
the n, profile of Scenario 1 shows a slightly steeper edge density gradi-
ent in the improved performance phase compared to the limited per-
formance phase as indicated by the dashed lines marking the n,
gradients at p = 0.9. Note that in the same experiment program, a
similar profile shaping with an increased edge density gradient in the
n, profile (not shown) has been induced by an external gas puff from

Scenario 2: Low Edge Density

0 T T T T
0 1 2 3 4 5 6

Time /s

FIG. 1. Time traces of ECR and NBI heating power (upper panels), the diamagnetic energy and averaged electron density (middle panels), and central ion temperature (lower
panels) for the W7-X programs 20221207.054 (left) and 20221123.003 (right). The dashed horizontal lines represent the T; saturation limit.
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Scenario 2: Density Profiles
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FIG. 2. Left: Electron density profiles for Scenario 1 in the improved (orange) vs limited (blue) performance phases. Dashed lines indicate edge density gradients being higher
in the case of improved performance. Right: Electron density profiles for Scenario 2 at the beginning (blue) and the end (orange) of the high performance phase. The horizontal
dashed line marks the unusual low edge density values of n, < 1.0 x 10" m~for p > 0.8.

the gas puff imaging diagnostic at t = 8.0 s, yielding a similar but tran-
sient increase in T; for about 300 ms, see lower left of Fig. 1 for 8.0
<t<85s.

The steady-state character of Scenario 1 during the NBI phase is
highly beneficial for achieving T; above the saturation limit, and the
absolute diamagnetic energy, however, is comparably low. The realiza-
tion of higher diamagnetic energies with breaking of the T; saturation
and a more detailed discussion on effects of the Pyp;/Prcry ratio on
the plasma performance and the n, profile peaking are given in para-
graph D for Scenario 4.

B. Scenario 2: Low edge density

Scenario 2 has been conducted directly after a fresh boroniza-
tion™ of the first wall with Pgcgyy = 1.6 MW at an averaged electron
density of 7, = 0.4 x 10 m?, as shown in Fig. 1 on the right. For a
direct comparison, the left and right ordinates in Fig. 1 are shown on
the same scales. Although Scenario 2 has compared to Scenario 1
slightly less ECRH power, no additional NBI heating phase, and the
same averaged electron density, it also shows improved performance.
Especially, the energy confinement time of 7 = 300 ms is significantly
increased, and also the central ion temperature is above the saturation
limit with a maximum value of T; = 2.2 keV. However, T; and W,
are not stationary but do both slowly rise with slightly decreasing n,
until £=4.2 s, when an unknown event ended the improved perfor-
mance phase.

The density profiles of Scenario 2 shown in Fig. 2 on the right
exhibit a particular low edge density of n, <1 x 10¥ m™> for
p > 0.8, see dashed line in Fig. 2. Moreover, the 7, profiles have a pro-
nounced and radially extended density gradient ranging from the
plasma edge toward the bulk plasma from p = 1.0 up to 0.4. This
combination of low edge density yielding the radially extended density
gradient is thought to be responsible for the improved performance.
For a conclusive analysis however, additional experimental data are
required and are planned to be conducted in the upcoming operational
phase of W7-X.

In addition to the non-stationary character of Scenario 2, its
application also for higher ECR heating powers Pgcryy > 1.6 MW as
well as the required wall conditioning state needs to be clarified

experimentally in more detail, in particular with respect to a feasible
scaling toward high density operation.

C. Scenario 3: Internal islands configuration

Scenario 3 has been developed within a series of experiment pro-
grams, scanning the iota profile of the W7-X magnetic configurations
with respect to an optimized performance. As a result of this scan, the
magnetic configuration FMM002”” was identified, yielding a particular
high diamagnetic energy W;,, as shown in Fig. 3, left. With pure ECR
heating of Prcry = 4.0 MW at a high density of 7, = 9.0 x 10¥m 3,
a diamagnetic energy of W, =0.8 MJ has been achieved in steady-
state for a duration of 5 s, see Fig. 3, left. In fact, as the plasma parame-
ters are entirely stationary after reaching the final density level for
5 <t < 10s, the duration of the high performance phase is only lim-
ited by the length of ECR heating, which, in principle, is designed to
operate for up to 30 min. Compared to the W7-X magnetic standard
configuration, the iota optimized W, is enhanced by 10%-15%. The
reason for this enhancement is not clarified yet and under discussion.
Initial results show optimal performance in case the iota profile is
crossing rationals at a radial position close to the last closed flux sur-
face”” on the one hand and a stabilizing effect of the radial electric field
on density fluctuations and ion turbulent gradient driven instabilities™
on the other hand.

The edge density gradient is again enhanced in the high perfor-
mance phase and reduced in the low performance phase, similar to
Scenario 1, as indicated by the dashed lines shown on the left of Fig. 4.

Despite the high performance with respect to Wy, and the
steady-state character of Scenario 3, it suffers from the saturation of T;
not exceeding T; > 1.7 keV, see dashed line on the left of Fig. 3. This
limit, however, will be overcome in Scenario 4, also using the magnetic
configuration FMMO002, but a different density fueling technique.

D. Scenario 4: Controlled density peaking

In Scenario 4, an advanced heating scheme, using single and
combined sequences of NBI and ECR heating, has been developed as
shown in Fig. 3 on the top right. In the beginning, a sequence of 1 s
with pure ECR heating for plasma startup at medium density is

Phys. Plasmas 31, 052502 (2024); doi: 10.1063/5.0199958
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Scenario 4: Controlled Density Peaking
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FIG. 3. Time traces of ECR and NBI heating power (upper panels), the diamagnetic energy and averaged electron density (middle panels), and central ion temperature (lower
panels) for the W7-X programs 20230216.059 (left) and 20230216.063 (right). Dashed horizontal lines represent the T; saturation limit, and the dashed gray line in the right mid-
dle panel corresponds to the W, time trace of the transient high performance program after pellet injections.”

followed by a pure NBI heating phase further rising the electron den-
sity. Finally, a combined NBI and ECR heating phase at ¢ > 3 s maxi-
mizes the combined heating power to Pgcry + Pyt = 7.6 MW (see
Table T) at high density. Within this heating scenario, the highest dia-
magnetic energy of all four scenarios has been achieved with
Waia=1.1M], as shown in the middle right panel of Fig. 3, orange
line. Simultaneously, a duration of the high performance phase of 2.5 s
has been established. For a direct comparison, the W;, time trace of
the transient high performance program after pellet injections” is
shown with a dashed gray line in Fig. 3. As can be seen, Scenario 4
exactly reobtained the W, peak value but significantly extended the
duration of the high performance phase.

Scenario 3: Density Profiles

The key to this long time high performance is the establishment
and the control of a centrally peaked electron density profile, as shown
in Fig. 4 on the right, orange line. With the start of pure NBI heating at
t > 1 s, the central electron density (and also the line averaged #,
shown in Fig. 3, blue line in the right middle panel) steadily rises, yield-
ing a centrally peaked n, profile in the high performance phase in con-
trast to the flat n, profile in the standard performance phase, see blue
and orange lines in Fig. 4 on the right. Note that this pronounced cen-
tral n, peaking exclusively appears in NBI only heating phases and,
therefore, does not show up in Scenario 1. However, a continued
exclusive NBI heating would also result in a continued and uncon-
trolled rise of the central density, yielding a reduction of the plasma

Scenario 4: Density Profiles
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FIG. 4. Left: Electron density profiles for Scenario 3 in the standard (blue) and improved (orange) performance phases. Dashed lines indicate edge density gradients being
higher in the case of improved performance. Right: Electron density profiles for Scenario 4 in the standard (blue) and improved (orange) performance phases.
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TABLE I. Overview on the physics parameters of Scenarios 1-4. Important achievements of each scenario are highlighted.
Scenario Scenario name Prcry Pyar HP duration Wiia TE T; n.Titg
1 Steady NBI+ECRH LOMW  3.0MW 5.0 045M]  01s 21keV 1.0x10”m keVs
2 Low edge density L6 MW 2.55 0.50M] 03s 22keV  20x10”m keVs
3 Internal islands Configuration =~ 4.0 MW e 5.0s 0.80 MJ 02s 1.7keV 3.1 x10”m ’keVs
4 Controlled density peaking 35MW  41MW 25s 1.05M] 0.15s 2lkeV  3.4x10”m ’keVs

temperature as the constant NBI heating power cannot compensate
for the steadily increasing density level. In fact, this effect is already
visible in the decreasing T; during the pure NBI heating phase for 2
<t <3s, see lower right panel of Fig. 3. The reintroduction of
Ppcry = 2.5 MW at t=3 s has two positive effects: On the one hand,
it stabilizes the peaked 1, profile at a central n, = 10 x 10'm~* and
stops its further uncontrolled rise for 3 <t < 4 s, see Fig. 3, middle
right panel. On the other hand, the additional heating power brings up
the plasma ion temperature above its saturation limit to T; = 2.0 keV/
and yields the high W ;.

Unfortunately, the control of the n, profile peaking for NBI
heated plasmas with ECRH is very sensitive to various actuators, e.g.
the actual Pgcpy and Pyp; power levels, the initial electron density and
others (to be discussed in detail elsewhere’) making a feed forward
control of these scenarios challenging. In particular toward the end of
Scenario 4 at t >4 s, the central n, starts to rise again and a decrease in
plasma T; and W, occurs. For this case, a further adjustment of
Ppcryy would be necessary, using, e.g., a feedback control on the elec-
tron density. Strategies for feedback control of various actuators are
currently under discussion and will be established and tested in the
upcoming experimental campaigns of W7-X. It should be mentioned
that Scenario 4 has also been performed successfully in other magnetic
configurations like standard and high mirror’ but with 5%-10%
slightly reduced performance.

As evident from Figs. 2 and 4, any phase of improved perfor-
mance is linked to an enhanced electron density gradient, either by its
increase at the plasma edge (Scenarios 1 and 3) or by its increased
radial extension (Scenarios 2 and 4). This empirical found correlation
between increased density gradient and improved performance can be
attributed to a reduction of turbulence, observed experimentally via
reduced density fluctuation levels’” and expected theoretically."’

I1l. PLASMA PERFORMANCE: ENERGY CONFINEMENT
AND FUSION TRIPLE PRODUCT

For a quantitative analysis on the high performance phases of
Scenarios 1-4, time traces of the two commonly used plasma parame-
ters, energy confinement time 7 and fusion triple product n,Titg, are
shown in Fig. 5. In addition, the expected tx according to the 1SS04
scaling is shown (dashed lines), being a benchmark of the empirical
energy confinement scaling of various stellarator experiments with
respect to several technical and physics machine parameters.'” In case
7 meets the ISS04 scaling, the developed plasma scenario has an
equally good performance as other stellarator experiments.

Figure 5 clearly shows the stationary character of the improved
performance phases in Scenarios 1-4 in terms of both energy confine-
ment and fusion triple product being constant for a duration of 3-5s
being 10-20 times the energy confinement time. As 7y is defined as

Wiia/Prgat + dWgia /dt, Scenarios 1 and 4 show a slight drop of 1
and 7/g504 when the NBI heating is switched on and off. Also evident
from Fig. 5, Scenario 2 meets the ISS04 scaling for its entire high per-
formance phase, and Scenarios 1, 3, and 4 achieve tp/Tis504
= 0.8 — 0.9. Both results are a reasonable improvement of the perfor-
mance compared to standard gas fueled W7-X plasmas where 7 does
not exceed Tg/Tiss04 < 0.7 for n, > 5 x 10" and 5 /715504 < 0.9 for
ne < 5x 10190 especially not for a duration on the order of seconds.
For short transient phases of about 200 ms, T /71sso4 could be exceeded
over a value of 1.0 in previous campaigns™* exclusively in scenarios
with pellet injections. For technical reasons, however, up until now,
these scenarios and a possible extension of the HP phase could not be
further developed.

The absolute values of the fusion triple products of Scenarios 1
and 2 are with 1, Tjtg < 2 x 10! m™- keV - s comparably low due to
the low electron density levels. With increased density and heating
power however, the fusion product reaches 1, Tjtz = 3.5 x 101 m~3.
keV - s in Scenarios 3 and 4 with a peak value of n,T;tp = 4.0 x 10%°
m3. keV - s in Scenario 4. For comparison to previously observed
transient high performance plasmas, the gray line in Fig. 5 shows the
fusion product after pellet injections.” Although the peak value of pellet
fueled plasmas could not be met, the duration of improved perfor-
mance could be increased by a factor of 10 and 5 in Scenarios 3 and 4,
respectively.

IV. SUMMARY AND CONCLUSIONS

Table I summarizes the main physics parameters of Scenarios 1-
4. Their main characteristics can be summarized as follows:

Scenario 1 is well suited to stationary overcome the T; limit for up
to 5 s, however, with limited performance regarding W;,, 75, and
Ne T,"CE.

Scenario 2 shows a particular high energy confinement time of
T = 300 ms, meeting the ISS04 scaling for a duration of 2.5 s. The
scenario reproducibility and application for higher heating powers
need further experimental investigation.

Scenario 3 is currently the best candidate for a long pulse, high
performance program as it shows high performance regarding
Waia» Tr and n, T;tg and could be extended to a duration of several
minutes, by simply extending the ECR heating phase. However,
with the internal islands, its magnetic configuration does not prop-
erly cover the W7-X divertor and is, therefore, not reactor relevant
due to its non-optimal pumping and exhaust capabilities.

Scenario 4 shows the highest performance of all four scenarios, in
particular with respect to W;,, and n,T;tg but is currently tricky
to stabilize and needs the development of a feedback control of the
ECRH to be run in steady-state conditions.
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FIG. 5. Left: Time traces of energy confinement times (solid lines) with respect to the ISS04 scaling (dashed lines) for Scenarios 1-4. Right: Time traces of the fusion triple
product for Scenarios 1-4. The thin gray solid line corresponds to the transient high performance scenario after pellet injections for comparison. Periods of improved perfor-

mance are highlighted.

In summary, all four new developed scenarios clearly overcame
one or more of the above-mentioned performance limitations for sev-
eral seconds, being 10-20 times the energy confinement time.
Therefore, the here developed scenarios are ideal candidates for a fur-
ther improvement of the plasma performance and its duration. An
important question to be answered in upcoming experiment cam-
paigns is if stationary scenarios come at the cost of reduced perfor-
mance, as is the case right now for, e.g., the fusion product. To answer
this question, a twofold strategy, namely,

* experiments on the sustainment of high performance in pellet
fueled plasmas through continuous pellet injections and

e performance optimization of HP scenarios through increased
ECR and NBI heating powers,

will be followed that, based on the outcomes of this work, predict to
yield promising results.
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