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ABSTRACT

Enhanced confinement is observed in neutral beam injector (NBI)-heated hydrogen discharges made in the stellarator TJ-II after the injec-
tion of a single cryogenic fuel pellet into the plasma core. In addition to the expected increase in electron density, n,, in the core after pellet
injection (PI), the plasma diamagnetic energy content is seen to rise, with respect to similar discharges without PI, by up to 40%.
Furthermore, the energy confinement time, t"gj,, as determined using a diamagnetic loop, is enhanced when compared to predictions
obtained using the International Stellarator Scaling law [H. Yamada et al., Nucl. Fusion 45, 1684 (2005)] and the triple product, n. - T; - rEdiag,
exhibits a clear bifurcation point toward an improved confinement branch as compared to the branch product predicted by this scaling law. In
general, once such a pellet-induced enhanced confinement (PiEC) phase has been established, it is characterized by steepened radial density
gradients, by more negative plasma potential in the core, more negative radial electric fields, E,, across a broad plasma region, as well as by
reductions in density and plasma potential fluctuations in the density gradient region. In addition, experimental observations show increased
peaking of core radiation losses, this pointing to edge/core plasma decoupling. In parallel, neoclassical simulations of reference and PiEC plas-
mas predict increased particle and energy confinement times during a PiEC phase together with a more negative E, profile. Qualitative rather
than quantitative agreement with experimental parameters is found, indicating that turbulence seems to play a significant role here. In sum-
mary, single cryogenic pellet injection facilitates the achievement of an enhanced operational regime that was previously not observed in NBI-
heated discharges of the TJ-II.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151395

I. INTRODUCTION the edge density profile, e.g., in ASDEX-U." In this work, attention is

turned toward stellarators, e.g, W7-X,” LHD,”® Heliotron J,” and, in
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Pellet injection (PI) is widely used in magnetic confinement
fusion (MCF) devices to achieve deep and efficient core plasma fuel-
ing, this being essential for future fusion reactors. 12 Tndeed, improved
plasma performance, associated with core fueling with pellets, has
been described for numerous MCF devices.” ~ A common characteris-
tic of post-injection plasma is a clear increase in energy confinement
when compared to similar discharges fueled by gas puff and/or recy-
cling only. In some cases, pellets have been considered as the trigger
for an L-H transition, for instance, in the tokamaks TUMAN-3M and
MAST.”” In other devices, it has been reported that PI extends plasma
performance via the development of internal transport barriers that
give rise to efficient fueling with no significant measurable impact on

particular, the medium-sized heliac TJ-11."°

In the case of LHD, the operational region of neutral beam injec-
tor (NBI)-heated plasma was first extended to conditions well beyond
those obtainable by gas fueling using pellet injection while in parallel,
achieving and maintaining a favorable dependence of energy confine-
ment on density.” It was noted therein that no obvious density-related
confinement degradation occurred beyond the predicted density
limit,'" unlike in the case of gas puffing where a confinement degrada-
tion was observed at lower densities. A more recent experiment with
single pellet injection into NBI-heated plasma addressed the important
question of post-injection transport fueling the plasma core.'” It was
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reported therein that the mean density increased sharply after PI and
became relatively stationary after about 1 s. In parallel, the central den-
sity exhibited two different time scale responses, one involving a 20%
increase in central density after a few 10s of milliseconds, the other
involving a recovery of temperature and a further increase in central
density on a time scale of several 100s of milliseconds followed by a
decrease in central density. In parallel, the stored plasma energy
showed a fast increase followed by a more moderate decrease, this
being consistent with density and temperature evolutions. Then, it was
concluded that particle transport from peripheral pellet deposition was
effective in fueling the plasma core on the time scale of central density
relaxation. It was also noted that while a response was observed in the
radial electric field, the change in sign predicted by local neoclassical
(NC) theory did not occur. Finally, in another study, multi-pellet injec-
tion was used to create an internal diffusion barrier (IDB) that results
in an increase in core density and large radial density gradients. (Ref.
13 and references therein.) Once developed, this IDB structure is
maintained long after PI, thereby extending its improved confinement
regime.

Next, in Heliotron E, in addition to increased core density, a
more negative radial electric field, E,, was found across a radial region
that extended from the near-edge region to the bulk plasma."”
However, the origins of such improvements were not investigated fur-
ther. More recently, after single PI into neutral beam injector (NBI)-
only heated plasma of Heliotron ], strongly peaked density profiles
were observed and, as a result, higher stored energies were achieved
when compared with values achieved with gas puffing only.” It was
noted by the authors that the edge-region density remained close to
pre-injection levels and that a steep density gradient (5-6 times higher
than before PI) was formed in the plasma core. They considered that
the observed plasma characteristics resembled superdense core IDB
plasmas achieved in the LHD.

Finally, in the case of the stellarator W7-X, large transient
improvements in energy confinement were reported for some
pellet-fueled experiments performed with its standard magnetic con-
figuration in which the plasma was heated using electron cyclotron
resonance heating (ECRH) only."”'® In one experiment, a train of
hydrogen pellets was injected at a frequency of 30 Hz into plasma
heated with ~1.6 MW of ECRH, this initiating a density ramp that led
to a central density of the order 10*° m™~>. Then, just before injections
were terminated, the ECRH power was increased by a factor three
and, soon after, the density decayed, the central electron and ion tem-
peratures recovered and rose to >3keV, and the stored diamagnetic
energy, as measured by a diamagnetic loop, rose to a maximum value
of about 1.1 MJ, this being maintained for several hundreds of millisec-
onds. It was summarized that the plasma parameters achieved during
such a post-injection phase were significantly higher than those
achieved for comparable gas-fueled discharges, that the enhanced
plasma parameters corresponded to a record triple product value for
W7-X, and that the energy confinement time exceeded the empirical
stellarator scaling ISS04 value by about 30%. It was argued that the
improvements in heat transport could be related to the peaked post-
injection density profiles that led to a stabilization of the ion-scale tur-
bulence. In a parallel paper, a strong negative E, was reported during
the post-pellet enhanced confinement phase,”'” this being mainly
reproduced by neoclassical simulations. Concurrently, a reduction in
density fluctuation levels occurred, with plasma profile evolution after
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PI and the stabilization effect of the E, profile being identified as the
dominant players in the stabilization of the plasma turbulence.

In the stellarator TJ-II, pellet studies have focused to date on the
physics of pellet ablation and plasmoid drift,'®"” pellet fueling effi-
ciency,'"”” pellet-induced magnetic activity,”' and simulations of pellet
particle transport after PI into plasma with a hollow-density profile.””
In this paper, we investigate how the injection of a single fuel pellet
into NBI-heated plasma affects global plasma confinement. For
instance, we compare the improved energy confinement observed after
PI with energy confinement in reference plasmas having similar opera-
tional conditions and with predictions obtained using the
International Stellarator Scaling law, 1SS04.” In addition, neoclassical
(NC) and transport code simulations are performed to obtain particle
and energy confinement times, as well as E,, with and without PI in
representative NBI-heated plasmas in TJ-II. Finally, we compare code
outputs, where possible, with experimental values and discuss our
findings.

Il. EXPERIMENTAL ARRANGEMENT

The TJ-II is four-period heliac-type stellarator with major radius,
R,= 1.5 m, average minor radius, a, < 0.22 m, plasma volume con-
tained within the last-closed magnetic surface, Vpjasma < 1.1 m’, and
on-axis magnetic field, By, < 1.1 T.”" Plasmas are created using micro-
wave heating generated by two gyrotrons operated at 53.2 GHz, the
second harmonic of its electron cyclotron resonance frequency (total
Prcrg < 500 kW). With these, plasma can be maintained for up to
300 ms and central electron densities, n., and temperatures, T, up
to 1.7 x 10 m > and 1.5keV, respectively, are achieved, albeit not
simultaneously. The corresponding central ion temperature, T,
is <80 eV. Additional heating is provided by two tangential NBI sys-
tems operated in a counter/co-counter configuration (anti-parallel
and/or parallel to the toroidal magnetic field direction)” (see Fig. 1).
With these, up to ~1 MW of total additional power can be injected
through the NBI port holes into the vacuum chamber for <120 ms
and ng, Teg, and Tjo up to 8 x 10' m ™2, 400, and 120 €V, respectively,
can be achieved with a boron plus lithium coating on the inner vessel
wall.”®

For this work, a four-pellet pipe-gun type injector system has
been operated.”” Although four pellet sizes are available, only 0.66- or
0.76-mm-diameter pellets are employed here. Straight guide tubes
direct pellets (1 of either diameter per discharge) along a flight path
toward the magnetic axis, these entering the plasma from its outer
edge. Pellet masses and velocities are determined using light-gate and
microwave cavity diagnostics positioned along these guide tubes. Pellet
ablation is followed using fiber-optic cables fitted with narrowband
interference filters (centered at 660 * 2 nm) that are positioned on the
airside of viewports located in the same machine sector and connected
to light-sensitive silicon diode detectors.

TJ-II is equipped with a large range of diagnostics.”® Figure 1
shows the distribution around TJ-II of the main diagnostics of interest.
These include a Thomson scattering (TS) system that provides one set
of n, and T, profiles (0 < p < ~0.8, where p =r/a is normalized
plasma radius and r is plasma minor radius) per discharge with high
spatial resolution;”” a microwave interferometer that provides a time
trace of line-averaged electron density, (n.)(t), Mirnov coils, a diamag-
netic loop that allows measurement of stored diamagnetic energy,
WEdiag;:’“ light-sensitive monitors that follow plasma Balmer Ho
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FIG. 1. |hs: Bird's-eye view sketch of the stellarator TJ-Il. The locations of cited
diagnostics as well as of quadrants A through to D, plus sectors 1 to 8 of each
quadrant, are indicated. The vacuum chamber is shown in gray, magnetic field gen-
eration coils are shown in the dark blue (vertical, toroidal, and central) and orange
(helical), and the plasma is shown in purple. The toroidal magnetic field direction is
anti-clockwise.

(656.3 nm) emissions, a soft x-ray system;’' a multi-channel bolometer
system that provides plasma emissivity profiles;’* and a multi-foil soft
x-ray detector system that yields measurements of central electron
temperature, T, along the NBI-heated phase of discharges.3 ® In addi-
tion, a two-channel Doppler reflectometer and a dual heavy ion beam

probe (HIBP) system are also available.””” The two-channel Doppler
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FIG. 3. Time traces of selected plasma parameters along TJ-Il discharges 49694
(black), 49742 (navy), and 49751 (red). 220 kW of ECR heating is provided from 1060
to 1200 ms, while 440kW is injected by NBI#1 between 1180 and 1268 ms. A pellet
containing 2.2 x 10" H atoms is injected at 1234.1 ms of 49742 and at 1218.4 ms of
49751. No pellet is injected into 49694. The plasma parameters shown are, from the
top downwards, line-averaged electron density (x10'® m~2), stored plasma diamag-
netic energy, WEdiag (kJ), Balmer Hoc emission in sector D4 (arb. units), magnetic activ-
ity picked up by a Mirov_coil in sector C5 (arb. units), and energy confinement time
(ms) estimated using WEyaq and absorbed NBI power, =gz and 5issos (green
dash). Ho: traces are offset vertically from each other to aid viewing.

system is a dual-frequency hopping system (33-50 GHz, X-mode)
with a probing beam angle range of *20°. It provides measurements
of E, and turbulence dynamics at two selectable radial positions in the
outer plasma region. On the other hand, the HIBPs, called HIBP#1

5

#49751 ' b)

n w »

Particle deposition (x1019 m's)

L 1 1 1
1 0.8 06 0.4 0.2 0
Normalized radius, p

FIG. 2. (a) Plot of the collected Balmer H light, emitted during pellet ablation, vs time along discharge 49751. The pellet, with 2.2 x 10" H atoms, was injected at 709 m/s
into the NBI-heated phase of this discharge. It entered the plasma at 1218.406 ms, crossed the magnetic axis at 1218.69 ms (highlighted by vertical dashed line), and was fully
ablated before reaching the inner plasma edge. (b) Pellet particle deposition profile, predicted by the TJ-I version of the HPI2 code for the pellet in (a), as a function of normal-
ized plasma radius.'® This code does not include particle transport after homogenization is completed, i.e., beyond ~1 ms after pellet arrival.
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and HIPB#2, provide direct measurements of plasma potential,
¢(p).”® In addition, they furnish measurements of fluctuations in
plasma potential and density, n.(t), the latter being proportional to
fluctuations in the output beam current, P Finally, with this dual
setup, one HIBP can be set to monitor at a fixed radial position p, with
temporal resolution = 1 us, while the other can be set to scan between
the inner and outer plasma edges, typically once every 10-20 ms.

I1l. EXPERIMENTAL RESULTS

In the experiments considered here, hydrogen pellets are injected
into the NBI-heated phase of TJ-II discharges that are confined using
magnetic configurations 100_40_63 (a=10.188 m, Bo=0.95T, 19/2n
=151, Vpjasma = 1.043 m’), 100_44_64 (a=0.192 m, B,=0.95T,
1/2m = 1.56, Vpjasma = 1.1 m?), and 100_48_65 (a=0.191m, B,
=0.95T, 1p/2n =1.59, Vpjasma = 1.09 m?), where 1o/27 is the on-
axis rotational transform. The configuration label “xxx_yy_zz” rep-
resents currents in the circular, helical, and vertical field coils of
this current-free stellarator. Plasmas, with hydrogen as the work-
ing gas, are created using electron cyclotron resonance heating
(ECRH) and once developed additional heating, provided by one
or both NBIs, is injected. Now, with regard to PIs, a pellet injected
into ECRH plasma is typically fully ablated before reaching the
plasma center (p =0). The result is a transient increase in plasma
line-averaged density, (n.), and a post-injection pellet particle
deposition profile that is rather flat with no significant changes in
plasma performance.'” In contrast, the pellet ablation rate is signif-
icantly lower for NBI-heated plasma due to reduced T.; thus, pel-
lets can penetrate beyond the magnetic axis (see Fig. 2(a)).
However, because of strong radial drifting of ablated material in
TJ-II, post-ablation pellet particle deposition tends to occur in the
plasma core for deep pellet penetration (NBI-heated plasmas) and
close to the outer edge for shallow penetration (ECRH

15
S 10L i
E
g
w
A
50 i
0-....|....|....
0 5 10 15
05xt___ (ms)
15504

FIG. 4. Confinement times for assessed TJ-Il discharges, rEdiag, vs predicted
1SS04 times, 5ss04, With @ re-scaling factor of 0.5 as in Refs. 41 and 23. Here, s
are estimated when WEdiag is maximum along each discharge. Data are for NBI-
heated plasmas in TJ-Il with (red spots) and without (black diamonds) pellet injec-
tion (data are for discharges 49690 to 49755, 51040 to 51050, and 52549 to
52562). Error bars are shown for selected data points.
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plasmas).'”'®"” See Fig. 2(b) where the estimated particle deposi-
tion profile for the pellet in Fig. 2(a) is shown. This profile is calcu-
lated using the TJ-II version of the HPI2 code."” It should be noted
that this code does not include particle transport after homogeni-
zation is completed, i.e., beyond ~1 ms after pellet arrival. Finally,
for both heating scenarios, pellet ablation results in a strong reduc-
tion in T, across the full minor radius and a significant increase in
n.. In the case of NBI-heated plasma, T, recovery to pre-injection
values requires a few milliseconds. In contrast, this recovery time
is significantly longer for ECRH plasma.'’

A. Pellet-induced enhanced confinement

As an example, selected plasma parameters are shown for a series
of reproducible TJ-II discharges with and without PI, these discharges
having a target n, of ~22 x 10" m™> (see Fig. 3). In the figure,
plasma is created in the 100_44 64 configuration using 220 kW of
ECRH power, which is switched-off at 1200 ms. Prior to ECRH
switch-off, 440kW of port-through NBI power is switched on at
1180ms and is injected in the co-counter direction (parallel to the
toroidal magnetic field direction, By, of Fig. 1). This is maintained
until ~1270ms. A single pellet, containing ~2.2 x 10" H atoms, is
injected into the NBI-heated phase at different times of two of the
selected discharges, 49742 and 49751. Signals for a similar discharge,
49694, with no PI and fueled by gas puff and/or wall recycling, are
shown for comparison. In the first case, discharge 49751, the pellet
crosses the plasma edge at 1218.4ms and is fully ablated within
~500 us (see Fig. 2). In the discharges, PI causes an abrupt increase in
(n,) together with simultaneous reductions in central ion and electron

e
— 52249
_ - = 52252
5 e " leeeeees 52255 .
_______ —--==52257
- = 52558
__4f — 52561 |-
@
E --------
N el - ]
.—‘O 3
=
‘::d)
2 L o
1 ke o
0 1
0 0.2 1

p

FIG. 5. Evolution of the plasma density profile, obtained using the shot-by-shot
method, before and after injection of a single pellet with 1.2 (+0.05) x 10" H
atoms into discharges created with the magnetic configuration 100-44-64 and
heated by NBI#1, which provides 400 kW of port-through power. Plotted profiles are
52558 (0ms, dot-dot, black), 52549 (+6ms after PI, brown, dot-dash), 52552
(+6ms after PI, brown, dot-dot-dash-dash), 52555 (+16ms after PI, green,
dash-dash), 52557(+21ms after Pl, navy, long dash-short dash), and 52561
(+31ms after PI, red, continuous). TS data points are not shown for clarity.
Shaded zones show the uncertainty band for selected profiles.
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temperatures (Tj, Teo), where these decreases are followed by a rapid
recovery, ie., within several milliseconds. Moreover, post-injection
reductions in the Ho: signal level, Ho: fluctuations, and magnetic fluctua-
tions (<300 kHz) are also observed, see Fig. 3, the latter being associated
in TJ-II with a rapid decrease in T, as observed by a multi-foil x-ray
detector.””” Next, as (n.) remains high and T, plus T, recover after
PI, the plasma diamagnetic energy content, WEdiag, is seen to increase to
values that are significantly higher than those achieved in the reference
discharge, 49694. Indeed, in the examples explored here, WEdiag
increases by ~40% with respect to the reference discharge, while the
energy confinement time, rEdiag, lengthens from ~7.6 to ~11ms (see
Fig. 3). Here, rEdiag is estimated as rEdiag: WEdiag/ (Paps — dW Ediag/ dt),
where absorbed NBI power, P, is evaluated using the FAFNER2
code.”®™” This code estimates absorbed power by considering
shine-through, fast-ion, and charge exchange losses. It was bench-
marked for TJ-II using plasma profiles from NBI-heated discharges dur-
ing experimental campaigns.” For instance, shine-through losses can be

ARTICLE pubs.aip.org/aip/pop

determined using the infrared sensitive imaging cameras that view both
graphite beam stops."’ Through such analysis and experiments, it
has been determined that average deviations between calculations for
individual discharges, based on experimental density and temperature
profiles, and values predicted by FAFNER2 fits are of the order
10%-15%."”

In Fig. 3, both WEdiag and rEdiag remain at the higher levels until
NBI switch-off. It is considered that such sustained increases in WEdiag
and rEdiag indicate that these TJ-II plasmas enter an enhanced confine-
ment phase after PI, ie, a pellet-induced enhanced confinement
(PiEC) phase, which persists until NBI switch-off. In order to evaluate
such a PiEC phase, post-injection rEdjag values at maximum WEdiag for
the discharges of Fig. 3, as well as for a number of selected NBI-heated
discharges exhibiting a PiEC phase, are compared in Fig. 4 with con-
finement times predicted using the International Stellarator Scaling
law, T%5s04.” A re-scaling factor of 0.5 is used here for TJ-IL."' The dis-
charges considered here have post-injection (n)’s from 2.5 x 10" to

310% T T T T
Pre-pellet ~ Transition PIEC Decay
Phase Phase Phase Phasg
2510° 5
b) Pl et ]
- () o ]
& #49751 ol ® eofee,
© 210°%F l o g
@ ® o ]
? s ]
°’E L] ’0*” s
© 1510°f o * Sar
x ) = ® o 4
W Bifurcation ——— 3 ° ]
- ® 1
c® 110°F 3 q
ot .-
o
oo [Ny 1
510%F ~ e i diag o]
oo Nuilnc 1
..‘. e i 1SS04 :
olm.' [ ] L, R
1180 1200 1220 1240 1260 1280
Time (ms)

3107 T T T T
Pre-pellet Transition PEC  Decay
Phase Phase Phase  Phasg
2510%F a) LS b
= Pl ° 0®® ]
2 #49742 o ]
2 210°F l ]
e o, ]
2 I L {o»’ ¢ ]
g 15103 }F Bifurcation ———> PR 4 o
mv P .. 1
:._ ...." o ]
c® 110°F 9
08 .:
510%F .:. ne Ti N diag _:
.:. ne TI TEISSM :
® ]
N L e OO TR
1180 1200 1220 1240 1260 1280
Time (ms)
310° T
Pre-pellet
. Phase
2.510°F
c)
g | #49742
£ 2107 #49751
;E 4 - - TE ,
T e 1073 e | diag
g ¥
w_ e | sS04
-
c° 110°F
510" -
e

T T
Transition PIEC
Phase Phase

S S ——— 1) — — L PR
0.6 0.8 1 1.2
Sn_di (x10"* m?)

FIG. 6. (a) and (b) Plasma triple product (ne - T; - 'cE) vs time along the NBI-heated phase of two TJ-II discharges from the same series as Fig. 3. NBI heating is switched off
at 1270 ms. Plasma triple products are compared for rEdiag and t5isgo4. Pellet injections and bifurcation points are indicated by vertical and horizontal arrows, respectively. The
pre-pellet, Pl, transition, PIEC, and decay phases are highlighted by shading. (c) Plasma triple product vs integrated line-averaged density. Here, ¢ represents data from 49742,

while X represents 49751. Selected error bars are included.
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35 x 10 m3, 1o/2m from 1.51 to 1.59, and absorbed NBI power
between 300 and 600kW. These are from experiments 39069 to
39073, 43842 to 43874, 49690 to 49754, and 52549 to 52701. It should
be noted also that variations in absorbed NBI power and post-
injection plasma density give rise to the dispersion seen in the data in
Fig. 4. From this figure, it is apparent that confinement enhancement
factors, rEdiag/rEIssm, below 1 are attained for reference NBI-heated
discharges without PI. In contrast, this factor increases to ~1.4 for the
discharges of interest here. Indeed, a mean value of ~1.2 is achieved
for PI discharges included in Fig. 4.

Now, regarding PiEC reproducibility, the characteristics of the
observed PiEC phase in the discharges considered in Fig. 4 are similar
to those shown in Fig. 3, albeit with some variation in absolute values.
Next, concerning profile reproducibility and plasma density profile
evolution along a PiEC phase, the shot-by-shot method using the TS
diagnostic with reproducible discharges and pellets is employed. This
was done for selected discharges from 52549 to 52561 into which a
single pellet with 1.2 x 10" (5 x 10"7) H atoms was injected, while
the TS was fired at different times after PI (see Fig. 5). Indeed, good
post-injection density profile reproducibility can be appreciated from
this figure. Moreover, it is seen also how, well after pellet injection, the
density profiles grow and broaden slightly until NBI switch-off (40 ms
after PI in this case). In parallel, temperature profiles remain relatively
unchanged, i.e., within error bars. Thus, in conclusion, it can be con-
sidered that good PiEC reproducibility is achieved.

B. Performance bifurcation in ISSO4 scaling law

In terms of overall plasma performance, a bifurcation can be
clearly identified in the pellet-fueled NBI-heated discharges investi-
gated here. Here, a bifurcation is understood to be a significant change
(improvement) of confinement properties at unchanged values of the
external drive of the system (here: NBI heating), lasting much longer
than the initial, transitory effect of density enhancement caused by the
pellet itself. This bifurcation can be seen in Fig. 6 in which the triple
product, n, - T; - & is plotted using TEdiag and 15504 as a function of
time for two discharges of the series presented in Fig. 3, i.e., 49742 and
49751. These plots are shaded in order to highlight the different
plasma phases that can be identified, i.e., a pre-injection phase, a short
pellet ablation and homogenization phase, a post-injection transition
phase, a PiEC phase, and a decay phase, the latter occurring after the
NBI beam switch-off. Although PIs are made at different times in
these discharges, it is seen that, prior to P, the products n,, - T; - ‘L'Ediag
and n, - T; - ™ss0q are in close agreement, whereas after PI, a clear
bifurcation toward higher values appears during the highlighted tran-
sition phase. The resultant improved performance continues until
plasma NBI heating switch-off. This same behavior can be noted when
the triple products are plotted as a function of interferometer line inte-
gral density, [n. dl (see Fig. 6(c)). Here, the error bars in Fig. 6 origi-
nate from uncertainties in estimating the ©’s since the P, used to
estimate these has a 10%-15% uncertainty, according to the
FAFNER2 code.

C. Post-injection plasma characteristics

In order to further understand such a PiEC phase, plasma poten-
tial profiles, obtained along discharge 49744 using HIBP#2, are shown
in Fig. 7. It should be noted that a HIBP scan between the low-field
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FIG. 7. ¢ profiles obtained with HIBP#2 before PI (gray, between 1217 and
1232ms), and after Pl (red, 1237-1252 ms). The arrows indicate the scan direc-
tions. Some smoothing has been applied here to the signals. Note: data are
unavailable inside p=0.25 after Pl because of lygp signal attenuation due to
increased plasma density and outside p = ~0.75 due to high signal-to-noise levels.
(Figure is courtesy of A. Melnikov, M. Drabinskiy, L. G. Eliseev, and P. Khabanov.)

side (LFS) and high-field side (HFS) edges requires ~20.5ms, and
thus, the plasma evolves to some degree along a scan period.
Nonetheless, it is seen in Fig. 7 that ¢, which is negative across
scanned radii before PI, becomes more negative after PI inside p =0.7
(it is not possible to confirm this tendency inside p =~0.25 due to
reduced HIBP signal levels). In this example, the pre-injection ¢ values
are close to the minimum ¢ values that have been measured for this
100_44 64 conﬁguration./12 Next, the local ¢, as measured by HIBP#1
when fixed close to p =0.5, follows a similar trend, becoming more
negative after PI and remaining so until the discharge ends [see Fig.
8(a)]. The HIBP#1 current, Ipp, in the same figure drops immedi-
ately after PI, as the HIBP beam current is attenuated significantly by
the post-injection density increase and remains attenuated until the
end of the discharge. It is also interesting to compare these HIBP#1
measurements with those at another fixed radial position, ie., at
p=0.7. At p=0.7, ¢ measurements [see Fig. 8(b)] show a slight rise
to a less negative ¢ for a brief period after PI, which subsequently
becomes more negative. Finally, in terms of fluctuations, significant
reductions are observed for Iyypp and ¢ at p = 0.5, but not at p =0.7.
Indeed, the root mean squares (RMSs) of both Iypp and ¢ reduce
immediately after PI at p=0.5, and remain so before increasing
slightly at ~15 ms later, albeit to values lower than pre-PI values.

In another set of discharges, a pellet with 7.5 x 10'® H atoms is
injected into plasma created in the magnetic configuration 100_40_63
with 1o/2m = 1.51, but with a lower target (n,), i.e, 1.6 X 10 m~3,
than the plasma considered in Fig. 3. In these discharges, the factor
’CEdiag/‘EEISS(M increases from 0.77 (without PI) to 1.1 (after PI) at maxi-
mum WEdiag. Moreover, tomographic reconstructions of bolometer
measurements for these same discharges show how plasma emissivity
increases in the plasma core region (p < ~0.7) after PI compared to
core emissivity in the reference discharge and remains so until NBI
heating switch-off. In parallel, emissivity remains low for p > ~0.7 for
both discharges (see Fig. 9). For these same discharges, the evolution
of E, is followed at two radial positions in the outer region using the
two-channel Doppler reflectometer, i.e., at p =0.75 and p =0.82. See
Fig. 10. It is found that E, becomes more negative immediately after
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P, as compared to a discharge without PI, and remains so for the
remainder of the discharge. However, for these discharges, electron
density fluctuation levels in both channels appear to be unaffected by a
pellet injection [see Fig. 10(c)]. Unfortunately, it is not possible to
compare absolute Doppler and HIBP E, values at outer p as HIBP sig-
nal noise levels increase significantly at these radii.

IV. NEOCLASSICAL AND TRANSPORT CODE
SIMULATIONS

Prior to describing NC and transport code simulations, the gen-
eral plasma characteristics analyzed here are outlined. Figure 11 shows
an example of electron density and temperature profiles from a series
of discharges with and without a PiEC phase. It should be noted that
neo grows from ~2.5 x 10" m ™ to ~4.4 x 10" m ™ due to the injec-
tion of a pellet containing ~1.5 x 10'® H atoms into plasma heated by
NBI#1 only. In this case, during the immediate post-injection evolu-
tion of the plasma, an increase in n. is observed together with an

abrupt decrease in T, this being followed by a recovery of T, to pre-
injection values across the full plasma radius, in similar way that the
series shown in Fig. 3. Once this short transitory post-injection phase
is over and the enhanced confinement phase is achieved, the most
notable post-injection change in n. and T, profiles, when compared to
pre-injection phase or plasmas without PI, is the sustained increase in
core density (Fig. 11) together with enhanced n, gradients [Fig. 11(c)].
In these discharges, the factor rEdiag/rEISSM increases from 0.89
(without PI) to 1.04 (PiEC) at maximum WEdiag. It should be pointed
out also that the sustained increase observed here cannot be accounted
for by fueling from the ~32keV heating beam, which provides
580kW of port-through power (~410kW of absorbed power), ie.,
~7.5 x 10" H atoms/s are provided by each beam, which correspond
to ~7.5 x 10" H atoms in 10 ms.

Neoclassical (NC) simulations are performed to compare transport
properties for NBI-heated plasmas with and without PI and thus obtain
some insight into the processes that are acting here.” ™ In the
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FIG. 9. Plasma emissivity profiles reconstructed from bolometer array signals for
several time instances along two TJ-Il discharges. Profiles are shown for discharge
43870 (dash) and 43871 (continuous) at 1198 (squares), 1200.5 (diamonds), and
1208 ms (circles). A pellet with 7.5 x 10% H atoms is injected into 43871 at
1197.89 ms. No pellet is injected into 43870.

simulations made using the profiles shown in Fig. 11, the radial electric
field E, obtained from solving the ambipolar condition shows negative
E, values up to p ~ 0.7 with a positive gradient for p > 0.5. The main
differences between the PiEC phases compared to the reference NBI-
heated phase are a more negative and larger E, shear. The possible con-
nection between observed reductions in density as well as in plasma
potential fluctuations and these predictions requires further study. Here,
the local confinement times can be estimated from the ambipolar parti-
cle, I'(r), and heat, Q(r), fluxes using a cylindrical approximation, which
leads to the ambipolar particle confinement time

47*R J n(r)r'dr’

. Jo (1)

v = 4m?RrI (r)

and energy confinement time

.
4n2RJ %n(r') [T.(+) + T,(+)] ¥ dr'

0

472 Rr[Q.(r) + Qi(r)] ’ @
These two expressions strongly increase toward the plasma axis
and edge, i.e., where fluxes are smaller. This is because fluxes are pro-
portional to gradients near the axis, whereas at the edge, there exists a
decreasing dependence of diffusion coefficients with collisionality.
The common trade-off consists of using the lowest radial values that
usually correspond to the position with largest gradients, i.e., around
p ~ 2/3. The result of comparing without and with a PiEC phase
shows an increase in the ambipolar particle and heat fluxes, i.e., the
denominators in Egs. (1) and (2), due to higher density and basically
the same temperature, see Fig. 11. However, this increase is counter-
acted by a larger increase in the number of particles and the energy
that appear in the numerators, this leading to an improved energy and
confinement times.
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FIG. 10. Temporal evolution along two NBI-heated TJ-II discharges of E; and density
fluctuation levels as measured by the two-channel Doppler reflectometer at different
radial positions. The plots show £, measured (a) at p = 0.75 and (b) at p = 0.82 plus
(c) the back-scattered power (proportional to fi,?) measured at the same radial posi-
tions, for discharges 43870 (gray) and 43871 (red). A pellet with 7.5 x 10'® H atoms
is injected into 43871 at 1197.89 ms. No pellets are injected into 43870.
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FIG. 11. Electron temperature (a) and density (b) profiles obtained using the Thomson Scattering system for TJ-Il discharges 39071 (before PI, continuous black) and 39073
(18.1ms after a pellet with 1.5 x 10'® H atoms is injected, dash—dot red). Both plasmas are heated by a single NBI (NBI#1) that provides 550 kW of port-through power. (c)
Density gradients for the same profiles. The error bars in (c) are estimated from the dispersion in the TS data.

Preliminary predictive modeling was also done, using the
ASTRA transport code, for pellet injection into these NBI-heated plas-
mas in TJ-IL">*" These simulations considered particle sources com-
ing from pellet ablation as well as from recycling and heating beam

TABLE 1. Comparison of experimental energy confinement times, <%, with 1SS04
scaling law,”* £'55% and NC simulations™~** at p = 2/3, t5(p = 2/3), for the dis-
charges in Fig. 10. Here, PiEC refers to an NBI-heated plasma with a pellet-induced
enhanced confinement phase and No-PI refers to reference plasma without pellet
injection.

deposition. In addition, the electron source and neutral profiles were
obtained from an adaptation of the Eirene code for the TJ-II geome-
'[ry.*m Furthermore, the Fafner Monte Carlo code,” interleaved with
Eirene, was used to update NBI deposition profiles,” this allowing

TABLE II. Comparison of particle confinement times, t°, obtained with the NC simu-
lations**™° at p=2/3 and ASTRA**™* for the discharges presented in Fig. 10.
Here, PIEC refers to an NBl-heated plasma with a pellet-induced enhanced confine-
ment phase and No-PI refers to reference plasma without pellet injection.

F 18804 F(p=2/3) ™ (p=2/3) TP
No-PI 3.2ms 3.6 ms 9ms No-PI 22 ms 16 ms
PiEC 4.9ms 4.7 ms 13 ms PiEC 30 ms 19 ms
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calculation of the particle confinement time evolution. Initial simula-
tions show a reduction of the electron thermal diffusivity, y., in the
region p < 0.7 several milliseconds after PI. In addition, the particle
confinement time increases from ~10 to ~19 ms, while E, becomes
more negative in the region p = 0.5-0.7.

The experimental values of t* are compared with those obtained
from the transport simulations and the 1SS04 scaling law in Table I
with and without PiEC. Although there exists fair agreement between
the experimental and 1SS04 values, the NC estimation is a factor of 2.5
higher. There are two main factors that may add-up to create this dis-
crepancy. First, the conditions for the application of NC are only mar-
ginally applicable to these plasmas, and second, the uncertainties in
the ion temperature profile, the Z 4 and the dominant impurity of the
plasma (assumed to be carbon). However, in contrast, the qualitative
agreement can be considered to be reasonably good. For instance, the
boost in experimental energy confinement times between with and
without a PiEC phase for these shots is ~50%, whereas the improve-
ments in ISS04 and NC simulations in Table | are 30% and 45%,
respectively.

A comparison of the particle confinement times for the ASTRA
and NC simulations with and without PI appears in Table IL
Although it is not possible to conclude that there is good agreement,
in view of the quite different approximations and modeling used and
the uncertainties in some of the input parameters, as explained above,
the disagreement cannot be classified as bad. In addition, again, there
is a fair qualitative agreement between the cases with and without PI.

V. DISCUSSIONS AND SUMMARY

A pellet-induced enhanced confinement regime that lasts for
more than two particle confinement times after PI has been observed
for the first time in NBI-heated plasmas of the stellarator TJ-II. When
experimental energy confinement times are compared with values pre-
dicted using the ISS04 Scaling law, an improvement of up to 40% is
observed for post-injection line-averaged electron densities between
2.5 and 3.5 x 10" m . As noted in the text, while pre- and post-
injection T, profiles and Tj are similar, a significant rise occurs in core
n, after PI, i.e., inside p =~0.7. The result is a bifurcation in plasma
performance in which the triple product, n, - T; - 7% achieves values
that are significantly higher than those obtained by other plasma fuel-
ing methods. Indeed, in TJ-II, these higher values are maintained until
NBI heating is switched-off. In comparison, in the W7-X, a transient
high-performance phase was also observed after multi-pellet injection
into some discharges.” It was reported therein that the plasma moves
to a different branch of n. - T; - t© after a train of PIs, this being fol-
lowed by a return to normal confinement as the plasma density
decayed. It was considered that the existence of two such branches, as
reported here for TJ-II, indicates a “performance bifurcation” in these
devices.” Tt is also helpful to consider here the evolution of plasma
beta, . For instance, plasma central beta, 8y, increases significantly
during a PiEC phase, i.e., from 0.38% to 0.65% for the example consid-
ered in Fig. 10, while f8 rises by ~35%, i.e., from ~0.22% to ~0.3%. In
contrast, the stability/equilibrium f limit for the configuration
100_44_64 is predicted to be ~3%.”" However, closer agreement is
attained if the f limit deduced from Sudo’s scaling, (%) =0.55
Pups”” B2 706 R706— 0,6%,"" is used for comparison with
experimental fi’s. In either case, these discharges are not terminated by
radiation collapse; thus, higher S values should be achievable if

ARTICLE pubs.aip.org/aip/pop

additional pellet material can be deposited in the core. Thus, it is pro-
posed to undertake new experiments involving a train of pellet injec-
tions closely spaced in time in order to investigate these limits in TJ-II.

As noted previously, the main experimental observation along a
PiEC phase is the increased core density after a PI and similar pre-
and post-injection T, and T; values. The latter could indicate that tem-
perature profiles play a minor role in PiEC maintenance; however, it is
not clear if temperature profiles play a role in PiEC formation. In con-
trast, the density gradient becomes significantly steeper, in particular
in the region about p = ~0.6. Indeed, the neoclassical simulations pre-
sented here predict large changes in E, across a broad radial range,
with the largest changes occurring close to p = ~0.6. Moreover, pre-
dicted ambipolar particle and heat fluxes also support improvements
in particle and energy confinement times, this being not inconsistent
with values derived from the ISS04 scaling law, i.e., ’EEdiag/TEISSM =12
for the data presented in Fig. 4 and ‘cEdiag/rEISSM: 1.4 for the dis-
charges examined in detail in Sec. I1I. Unfortunately, measured and
estimated E,’s cannot be compared here for the plasma core as it has
proved challenging to follow PI-induced changes in E, using a HIBP
as its profile scan time is relatively long and signal levels decrease
when plasma density rises. Nonetheless, there are indications that
plasma potential becomes more negative in the core after PI and that
E, is tending to become more negative inside p =0.7. Indeed, mea-
surements of E, at p =0.75 and p = 0.82 using a Doppler reflectome-
ter reveal more negative E, values in the edge region after a PI. In
contrast, density and ¢ fluctuation levels appear to be unaffected by PI
in the edge region, whereas reductions are observed in such fluctua-
tions at inner radii, i.e., at p = 0.5, when using a HIBP. Finally, as out-
lined in Sec. III B, radiation losses show increased peaking in the
plasma core during a PiEC phase, while such losses remain low in the
edge region.

In summary, we compare PiEC and reference plasma charac-
teristics in NBI-heated scenarios in the stellarator TJ-II. After an
analysis of experimental data, a clear increase in energy confine-
ment time is observed once ablated pellet material has been
homogenized about the plasma. Moreover, the heating NBI is
capable of maintaining this improved performance phase (PiEC)
until beam switch-off. In addition, a bifurcation is identified in the
plasma triple product diagram, where a 40% increase in perfor-
mance is found when the experimental and ISS04 scaling branches
are compared. Furthermore, a strong increase in plasma density
gradient is observed in the region p = ~0.6, together with a clear
reduction of density and potential fluctuations in the same region.
While not enabling identification of a mechanism for such an
improved performance, NC calculations predict more negative E,
and increased ", which agree qualitatively, but not quantitatively,
with experimental tendencies. However, the contribution of turbu-
lence to these observations still needs to be quantified; thus, inves-
tigation of a mechanism that leads to the observed improvements
is still under investigation. In comparison, in the W7-X, a transient
increase in energy confinement time was observed after PIs.’
While, in the W7-X, the stabilization of ion temperature gradient
(ITG) modes seems to be a key player in the observed enhanced
confinement, ITG modes are not the dominant instabilities for tur-
bulent transport in the TJ-II. Finally, the identification of the
mechanism for enabling this enhanced confinement phase in TJ-II
is still subject to ongoing investigation.
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