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ABSTRACT

Application of Ion Bernstein Wave Heating IBWH) into the Princeton Beta
Experiment-Modification (PBX-M) [Phys. Fluids B 2, 1271 (1990)] tokamak
stabilizes sawtooth oscillations and generates peaked density profiles. A
transport barrier, spatially correlated with the IBWH power deposition profile,
is observed in the core of IBWH assisted neutral beam injection (NBI)
discharges. A precursor to the fully developed barrier is seen in the soft X-ray
data during edge localized mode (ELM) activity. Sustained IBWH operation is
conducive to a regime where the barrier supports large Vn,, V7%, Vug, and VT3,
delimiting the confinement zone. This regime is reminiscent of the H(high)-
mode but with a confinement zone moved inwards. The core region has better
than H-mode confinement while the peripheral region is Llow)-mode-like. The

peaked profile enhances NBI core deposition and increases nuclear reactivity.
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An increase in central T; results from y; reduction (compared to H-mode) and

better beam penetration. Bootstrap current fractions of up to 0.32-0.35 locally
and 0.28 overall were obtained when an additional NBI burst is applied to this

plasma.
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L INTRODUCTION

Active methods for profile control increase the chances of success of
nuclear-fusion reactors based on the tokamak concept by extending plasma
operations beyond the usual low (L-) and high (H-) modes to include more
advanced high performance regimes. Progress in that direction has been made
with the supershot! and pellet enhanced performance (PEP) mode2 regimes,
which make use of carefully orchestrated peaked density profiles. Plasma
pressure control is an important issue for advanced tokamak regimes and is
particularly crucial when considering high-B,, discharges with a large bootstrap
current fraction. For example, by properly aligning the bootstrap current (or
equivalently, the pressure profile) to insure stabilization of ballooning and
kinetic modes, an attractive high performance regime with negative shear has
been proposed.3

The application of localized auxiliary power through resonant deposition of
radio-frequency (RF) power foretells attractive ways of profile control. In
particular, a properly launched electron plasma wave transforms into an ion
Bernstein wave (IBW) which can be absorbed resonantly in the plasma core.4
The resonant nature of the process allows for some level of localization. This
technique, used in the Princeton Beta Experiment-Modification5:6 (PBX-M) to
couple auxiliary power to the bulk ions, constitutes an important element of
the profile control program,; it is customarily referred to as "lon Bernstein
Wave Heating" or IBWH. Localized ion heating by IBWH has been observed in
PBX-M and is reported elsewhere.”

Previous experimental results on Princeton Large Torus8 (PLT) and Alfo-
Campus-Torus-C® (ALCATOR-C) have shown an increase of the global particle
confinement10.11 during IBWH. More recently, density peaking was

reported4:12,13 in the Japanese Institute of Plasma Physics Tokamak II-




Upgrade (JIPPII-U)4 and PBX-M. The present paper is concerned with
IBWH-assisted discharges, where neutral beam injection (NBI) delivers most
of the heating power, and a relatively small amount of RF power (less than
23% of the input power) is used to modify locally the plasma profile and
transport. In these discharges, density peaking is observed and plasma core
heating is enhanced. The experimental data suggest the formation of an inner
transport barrier, which coincides with the IBWH power deposition profile.
Prior to the kinetic concretization of the barrier, but at the same position, a
localized reduction of the soft-x-ray (SXR) loss during edge localized mode
(ELM) events is observed. Sustained IBWH operation has been conducive to a
regime of operation where most of the plasma energy is contained within the
inner transport barrier, which then supports strong Vne, VTe, Vvg, and VT;.
This condition, somewhat reminiscent of an H-mode, but with a transport
barrier relocated inwards, has been phenomenologically termed the CH-mode
(Core High confinement mode). Experimental data show an increase of central
T; and the neutron production rate during the CH-mode. Transport analyses
indicate a reduction of transport of bulk ion energy and toroidal momentum,
and low particle diffusion in the core region. Taking advantage of peaked
pressure and strong density gradient of the CH-mode, bootstrap current
fractions of up to 0.35 locally and 0.28 overall are obtained when an additional
NBI burst is applied to a CH-mode target.

In the following, simultaneous operation of IBWH and N BI will be referred
to as an IBWH-assisted discharge; NBI-only will stand for operation with NBI
but without IBWH. The RF is launched from antennas located outboard of the
magnetic axis and on the horizontal midplane. The IBWH power deposition
profile is obtained from ray tracing calculation.



In Sec. II, we will give an overview of an IBWH-assisted discharge, and a
comparison with a NBI-only discharge. Section IITI will present experimental
observations in support of the formation of the inner transport barrier during
IBWH-assisted discharges. Sec. IV will follow with a transport analysis of the
CH-mode. Section V will address the plasma composition. An application of the
profile control capability of IBWH for enhanced core heating will be discussed
in Sec. VI, where the CH-mode is used as a target for additional NBI. A

discussion is presented in Sec. VII and a conclusion follows.

IL. IBWH IN AN H-MODE TARGET PLASMA: DENSITY PEAKING,
SAWTOOTH AND ELM ELIMINATION

Figure 1 shows a comparison of the temporal evolution between two NBI
discharges: one with a long IBWH pulse (black line) and one with a short pulse
(gray line). IBWH and NBI power traces are shown in the bottom two panels.
The following conditions are common to both discharges: NBI is applied from
0.35 to 0.7 s; flat top power is 2MW. The plasma current I, is 0.25 MA, the
toroidal field is 1.5T. The RF frequency is 55 MHz. The plasmas are mildly
shaped with nominal parameters: elongation of 1.55, triangularity of 0.55, and
indentation of 0.10. In the long RF pulse case, IBWH is applied from 0.46 to
0.68 s (next to bottom panel) and reaches a peak power of 0.3 MW at 0.5 s;
this discharge illustrates IBWH-assisted operation. On the other hand, the
short RF pulse does not reach full power and turns off after less than 0.04 s
causing no significant effects: this discharge will be used as an example of NBI-
only operation.

We can see (Fig.1, top panel) that, except for small discontinuities
associated with MHD activity, the line integrated density, n.l, for both
discharges overlay closely. The IBWH-assisted discharge shown here does not
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correspond to the best IBWH-induced performance, and has been selected
solely because of its good nel match with the reference NBI-only discharge.

The second and third panels show the time evolution of the soft X-ray
intensity, i.e., the chord-integrated signal from the center (Ixo) and the mid
minor radius (Ix,/2). The interest of this data lies primarily in its high time
resolution, which makes it suitable for MHD activity observation. Except for
minor differences in the timing of sawtooth events, the temporal evolution of
the soft x-ray traces agree well up to the 0.52 s time point when the two Ix, /2
traces bifurcate: the IBWH-assisted trace begins a descent while the NBI-only
trace remains high. Sawtoothing stops for times greater than 0.56 s during
IBWH. The central soft x-ray intensities increase in unison until they separate
at 0.575 s: the IBWH-assisted Ix, pursues a sawtoothless ascent while the
NBI-only Ix, fluctuates around the same mean level, in response to MHD
activity (sawteeth and ELMs). The peaking of the SXR profile is caused by the
combined effects of a progressive n, profile peaking, as will be seen below
(Fig.38), and also of impurity accumulation occurring after sawtooth
elimination.

The upper-divertor-Dy traces (fourth panel in Fig. 1) show that both
discharges entered the H-mode at tp=0.42 s, but the Dy temporal behavior
differs shortly after the application of the RF pulse. With IBWH, the "DC" level
of the Dy signal increases with time, and small ELM's appear from 0.53 s to
0.595 s. From the latter time on, ELM activity stops. The nature of the large
Dg spike seen at =0.6 s is still under investigation, but it seems related to the
loss of H-mode characteristics in the peripheral plasma.

The NBI-only discharge exhibits sawteeth from early times — the first
large sawtooth is visible at 0.42 s — until the discharge termination. For times
0.53-0.585s, we observe enhanced transport periods (ETP),15 where the



energy is lost primarily in the confinement region outside the g=1 surface.
These periods of enhanced transport, characterized by bursts of small ELM-
like events, can be observed as broad features in the D signal and a decrease
in the I/ signal: one between 0.53 and 0.57 s and the other between 0.57 and
0.585 s. The narrower features in the Dq signal after 0.59s are large ELM's;
they persist until end of NBI. The MHD activity observed during the NBI-only
reference discharge is typical of H-modes with 2-MW NBI in PBX-M.

Figure 2 complements the data shown in Fig. 1 for the same two discharges.
In the top panel, we can see the time evolution of the neutron source strength
Sp. A drop of Sy, is registered at the H-mode transition, followed by an increase
which develops until 0.48 s when the neutron signals initiate a descent. As
noted earlier, there is a good n.l match for these discharges and, remembering
that the beam injection was kept the same, we observe that the S, traces
overlay well during the earlier times before IBWH effects on the profile become
perceptible. While a monotonic decrease of Sp characterizes the NBI-only
discharge (in gray), the IBWH-assisted (in black) discharge shows a reversal of
the trend: for times 0.56-0.59 s the neutron signal levels off and increases for
times greater than =0.595s. This turnaround of the Sy, temporal behavior was
found to be a useful “control-room" indicator of the occurrence of the CH-mode.
We will refer to the time at which S,, begins to increase (after leveling off) as
tcH; it marks the beginning of the CH-phase, see Fig.2. This time also
correlates well with the ELM activity termination and the Dg signal return to
an L-mode signature. For times greater than 0.63 s during IBWH, S,, reaches
saturation and is accompanied by either by a strong m=1/n=1 mode (20 kHz)
or by simultaneously bursting, non propagating n=3, n=4, n=5 (60 to 100 kHz)
modes observed in the soft x-ray data (not shown in Fig. 1). We will refer to this
part of the CH-phase as the saturated or fully developed CH-mode.
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The time evolution of the ion temperature echoes that of the neutrons. We
can see in the second panel of Fig. 2, a plot of the central ion temperature, Tj,,
against time; T}, is measured by charge exchange recombination spectroscopy.
This technique measures the ion temperature, T;, and toroidal velocity, vg, of
an impurity, which is oxygen in the present case. In the following, T; and V¢ are
assumed to be the bulk deuteron temperature and toroidal velocity. Similar to
the observation made with Sy, the T}, temporal evolution agree for the earlier
time interval 0.38-0.48s. For times greater than 0.48 s, the NBI-only Tj,
decreases monotonically. In the IBWH-assisted case, T, decreases faster
during the 0.55-0.6 s interval but then recovers for times greater than =0.6 s
(even though 7., continues to rise, see Fig. 3(c)) and appears to saturate for
times greater than 0.64 s.

The third panel shows the time evolution of the total stored energy, Wyot,
obtained from transport analysis to be discussed below. Similarly to the
observations made above, there is good agreement during the earlier times. At
0.53 s, the IBWH-assisted stored energy begins to drop faster than for the
NBI-only discharge, but later starts a recovery at =0.6s. In this particular
discharge the Wy, recovery is modest, but we will see later (Fig.9) that higher
Wiot is feasible. It can be seen that the start of the recovery of Sy, Tio, and
Wtot happen simultaneously at ¢cy, bearing in mind (1) the size of the 7; data
error bars and the 0.02 s integration time, (2) the temporal resolution of the
transport analysis, which is on the order of 0.02s. This time also corresponds
to the cessation of ELM activity.

Density peaking has been observed with 51-spatial-point Thomson
scattering measurements. The top panel in Fig. 3 presents overlays of electron
density profiles, n.(R), against major radius R at four successive times during

IBWH-assisted discharges; the n(R) presented were smoothed to improve



clarity. A typical error bar is shown. The data shown reflect a concatenation of
single-time-point profile measurements from similar discharges, and show
profiles obtained during the IBWH-assisted condition in Fig. 1; IBWH starts at
0.46 s. Referring to Fig. 1 will help in following the discussion of Fig. 3(a). Each
profile has been labeled according to discharge phase. The 0.45 s profile (Early
H-mode) was taken shortly after the L-H transition; the 0.5 s profile (H-mode)
was taken during the H-mode phase when n,; increases but before density
peaking; at 0.56s (Peaked H-mode), density peaking has occurred but the
plasma is still in the H-mode, as attested by the high edge density and the
ELM activity (see Fig.1); the 0.65s profile corresponds to the condition
introduced earlier as the CH-mode. Figure 3(b) shows the "peaking parameter"
Neo/ <ne>, where ngg is the central electron density and <n.> is the volume-
averaged density. The data correspond to IBWH-assisted discharges, and are
derived from Thomson scattering measurements. The open points correspond
to an IBWH-assisted discharge and the solid point corresponds to a NBl-only
discharge. The vertical error bars are associated with the uncertainty in the
determining the plasma edge. The horizontal error bars have been set to
account for the discharge reproducibility. The peaking parameter, which
hovers around 1.75 during the L-mode, falls to 1.4 during the H-mode and
begins ascent up to 2.3 during the peaked H-mode; the ensuing CH-mode phase
brings neo/<ne> up to 2.6. At 0.6 s, an NBI-only discharge has a peaking
parameter of 1.6. A smoothed curve has been added. Fig. 3(c) presents a plot of
Teo against time. The open and solid squares correspond to Thomson scattering
measurements; a smoothed curve has been added to help in the data
visualization. A representative time evolution of n,, is also shown. From the

IBWH onset at 0.46 s to the end, T, falls by 30% while n,, rises monotonically
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by a factor of two. The data suggest a small T¢, increase during the CH-mode
(for times greater than 0.6s).

III. EVIDENCE OF FORMATION OF A TRANSPORT BARRIER

Profile diagnostics offer experimental evidence of the formation of a
transport barrier in the core region during the application of IBWH in NBI
discharges.

A "kinetic" concretization of the barrier is observed after tcy, and can be
seen in the Thomson scattering data as illustrated in Fig. 4. The PBX-M
TVTS!6 system provides To(R) and no(R) profiles with a spatial resolution of =1
cm; error bars are shown for some of the experimental points. Profiles
associated with IBWH-assisted and NBl-only discharges are shown in black
and gray respectively; measurements were made at the same times. In the top
panel of Fig4(a), overlays of T, profiles are shown: the T, profile measured
during IBWH is higher and broader in the core region than that obtained during
NBI-only operation. The top panel of Fig. 4(b) displays the corresponding ne
profiles In the IBWH-assisted case, the n, profile is peaked with n,, = 0.96 x
1014/cm3, while the NBI-only density profile is broad with ne, = 0.6 x 1014/cm3.
Corresponding Vn, and VT, profiles are shown in the bottom panels. The VT,
profile during IBWH has large and localized maxima in the core region at a
major radius R of =150 cm and ~181 cm — VT, reaches 100 eV/cm — which
are not present in the NBI-only VT, profile. Similarly, although with lesser
localization, a large Vne—up to 5 X 1012/cm4 — exists in the core region of the
IBWH-assisted plasma; these Vn, values are of the same magnitude as those
obtained at the edge during NBI-only (H-mode). The confinement zone, where

the large Vn, and V75, are found, has been moved inward toward the core and
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away from the edge region. The data shown in Fig. 4 correspond to a CH-mode
with Pigwy = 0.34 MW and Pygr = 1.5 MW.

Similar observations are made with the T} and vy data. We can see in Fig. 5
the T; and vy profiles measured at 0.64 s, =0.065 s after tcH, in an IBWH-
assisted discharge. Profiles for a NBl-only discharge, also taken at 0.64 s, are
overlaid. It can be been that, while the H-mode has a peaked T; profile, this
profile during the CH-mode has a flat central region, at =~1500 eV, which is
slightly higher than for the H-mode and extends up to R=172 cm; it then falls
rapidly below the H-mode level within 10 cm. Figure5 also shows the
associated gradient profiles in the lower panels. The CH-mode gradient peaks
in the vicinity of R=179 cm, and at 140 eV/cm, it is three times larger than
that of the H-mode. The CH-mode vg reaches 2.8 x 107 cm/s at the center, and
is 20% larger than during the H-mode. For R>172 cm, the CH-mode vy falls
below that of the H-mode. The CH-mode Vuy also peaks in the vicinity of
R=179 cm, where it is 3.5 times larger that the corresponding H-mode gradient,
showing a qualitatively similar behavior as T;.. The data shown in Fig.5
correspond to a CH-mode with Pewy =0.8 MW and Pypy = 2 MW.

The effect of IBWH on the plasma can also be seen prior to tcH, when the
ELM activity attests to the localized action of IBWH. An array of 32 detectors
fanning through the poloidal cross-section provides a vertical profile of the soft
x-ray line integrated intensity. The energy loss experienced during an ELM can
be studied by computing the difference between the soft x-ray intensity before
and after the ELM: Alx = Ixyfrer-I. Xbefore- Such Alx profiles are shown in Fig. 6
for experimental conditions similar to those presented in Fig. 1. The ELM loss
shown in the top panel is typical of an ELM occurring in an H-mode (NBl-only
discharge in PBX-M): a large loss in the mid minor radius region with energy

expelled to the edge region. The ELM behavior is modified by the application of
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IBWH as illustrated in the bottom panel. The Alx profile features localized
minima (indicated by arrows). This characteristic, which has been observed
only with IBWH, is indicative of a localized reduction of the ELM loss. The
minima are localized 2=16 cm from the horizontal midplane, which corresponds
to r=11cm from the magnetic axis when projected on an equatorial radial
chord. These results show that under the action of IBWH, the SXR loss
associated to an ELM event is reduced locally. The error Alx bar of + 0.02 uWw
is substantially smaller that the observed features. Although the energy loss is
small (=1%), the instrumental sensitivity is sufficient to detect this change.

It will be shown below that the Vn,, VT};, and Vuvg maximum positions
coincide spatially with the energy loss minima observed in the SRX data during
ELM activity and the IBWH power deposition profile.

IV. CORE PLASMA IMPROVEMENT: THE CH-MODE

As illustrated by the previous results, an improvement of the performance
of the core plasma takes place during the CH-mode. One would like to
ascertain whether these changes occur as a result of profile modification alone,
or if confinement improvement is also involved. In order to answer this
question, transport analyses were made using the TRANSP17 code in a data
reduction mode, where kinetic experimental profiles are inputted along with
magnetically-determined plasma boundary and machine diagnostic data. A
sophisticated atomic and nuclear model computes the fast-ion component.18
Energy balance calculations are used to derive effective diffusivities: xi for the
thermal ions, X¢ for the toroidal rotation, and, e, for the combined electron
transport including radiative losses. Instrumental problems preclude isolating
the electron radial transport from radiation losses. Figure 7 shows the time
evolution of yj, %¢, and Xer against time. The data correspond to volume

averages over 0.3 <r/a < 0.45, in order to be representative of the plasma
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core. Auxiliary heating, NBI and IBWH, is also shown. The y; and X¢ both show
a substantial reduction at the time of the H-mode transition, while e, remains
unchanged. A second drop of y; and ¥4 is visible during the CH-phase. The ion
thermal diffusivity drops from = 4.5 m2/s during the L-mode to = 2.5 m2/s
during the H-mode and subsequently down to = 1 m2/s during the CH-mode.
The large x¢ values during the early L-phase reflect a flat vy profile. The yer is
not affected either by the H-mode, or the CH-mode. The error bar shown comes
from an error analysis made with the same set of diagnostics on an
operationally similar plasma.19

In regards to the particle transport, it is reasonable to assume that fueling
in the core region of the CH-mode is dominated by NBI effects. An estimate of
the electron particle diffusivity, D,, based on this assumption is shown in Fig.8.
This calculation is valid for the core region, but underestimates D, in the
peripheral region since it neglects wall fueling. The plot corresponds to the
0.65 s time point in Fig. 7, and covers the inner 80% of the minor radius. The D,
trace has a minimum of =~ 0.04 m2/s in the core region and increases for r> 11
cm. The D, (1xWare) trace corresponds to a similar computation but with the
Ware pinch?20 velocity folded in; D, = 0.06 m2/s in the core. Wall fueling
increases D, in the peripheral region; an estimate of this effect is shown with
shaded areas in Fig. 8. The particle diffusivity obtained in the core is small
(Defyi = 1/20), and one may wonder if some other effect comes into play. An
anomalous inward pinch would increase D,; for example, if one assumes an
inward pinch five times greater than the Ware velocity, one gets D, =
0.16 m2/s. Although the recycling increases during the CH-mode (D, increases
by =50% compared to the NBI-only discharge), edge effects are not thought to

be important in core fueling.
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V. PLASMA COMPOSITION

Spectroscopic analysis indicates that the IBWH power increases the influx
of low Z and metallic impurities, e.g., iron and nickel. It appears that plasma-
facing side of the stabilizing shell (stainless-steel) constitutes the source of
these impurities, since the material of the Faraday shields is carbon or
titanium carbide, and the inner pusher coil armor is made of carbon. During
IBWH, the plasma emissivity profile peaks, and the total power radiated
becomes of the order of the electron heating power (0.7-0.8 MW). Therefore, the
electron power balance is expected to be dominated by radiative loss rather
than conduction during the CH-mode. It is believed that a metallic impurity
build-up in the plasma core, resulting from the increased influx, improved core
confinement and high core density, dominates the radiation process. This would
explain why T, remains clamped — or barely increases — during the CH-mode
as seen in Fig.3(c). A spectroscopic study2! was made on IBWH-assisted
discharges exhibiting poor CH-mode phase. In this case the metal
concentration can reach up to 0.3% (of n,). Although this is probably an upper
limit, attempts have been made to incorporate the latter information into the
plasma composition modeling. A limitation exists in the TRANSP constraint of
only one impurity specie. The plasma composition is then determined by the
Zefr parameter and Z, the atomic number of the impurity.

The Zefr fed into the analysis can be obtained from (1) a visible continuum
measurement, Zef(VC), or (2) the solution of the magnetic diffusion equation
solved in a manner consistent with the measured loop voltage, Zeff(Vsur). The
measured Zf(VC) corresponds to the plasma center and the profile is assumed
flat. For the 0.35-0.66 s time interval, it was found that Zeff(VC)<Zeff(Vsur)=3.5;
during the CH-mode Zesf(Vgur)=Zes(VC)=3.5.

14



Cen K4

In the transport analyses it is assumed that up to 0.5 s the impurity is
carbon (Z1 = 6), and that, under the influence of the metallic impurity influx, Z;
increases linearly up to 8 at 0.65 s and remains at this level for the rest of the
discharge. This assumption gives a fuel fraction, np/n,, of 0.5 at 0.5 s, and 0.64
at 0.65s. The latter corresponds to impurity mix of 5% of fully stripped carbon
and 0.3% of a metal with an effective charge of 19. Here, np is the deuteron
density. In addition, some analyses have been made with a constant Z set to
6, in order to establish a baseline case without the effects of metallic
impurities.

In order to judge the validity of the transport analysis, one can compare
measured parameters like Wy, the total stored energy, and S, to the
computation made by TRANSP of these quantities. Figure9 displays Wy, and
Sp vs. time in the top and the bottom panels, respectively. Three different
analyses are presented. The bold solid line corresponds to an analysis using
Zefi(Vsur) and a variable Zy as mentioned above. The thin solid line correspond
to a similar analysis, but using Zeg(VC) instead. For the data shown as a
dotted line, Z¢f(Vsyr) was used with Z1=6 during the whole discharge duration,
which corresponds to an analysis assuming no metallic impurity accumulation.
These analyses correspond to an IBWH-assisted discharge similar to what is
shown in Fig. 1, but with better performance. It can be seen that in this case
tcuy = 0.56s, and that Wyr and Sy, reach higher values than in Fig. 2. In the
Wyot plot, values of the stored energy derived from magnetic measurements
and computed by the equilibrium solver FQ22 are shown. It can been seen that
a reasonable agreement exists between TRANSP's Wy, outputs and FQ,
although the Zi=6 only analysis gives a slightly lower stored energy. For
comparison, a TRANSP analysis was made for a NBI-only (H-mode)
discharge, which corresponds to the NBI-only discharge shown in Fig. 1. In this
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analysis, Zef(Vsur) was used and Z;=6. The kinetic documentation was not as
complete as for the IBWH-assisted case, but it is believed to give a good
representation of the time evolution of the stored energy.

In the bottom panel, the gray "EXP" trace corresponds to the measured
neutron source strength. The S,, experimental error bar is +15%.23 The three
analyses are displayed with the same line convention as above. There is
agreement between the temporal behavior of the S, computed by TRANSP
and the measurement, although TRANSP overestimates it by 20% on average
when Zeff(Vsur) is assumed. This disagreement could be systematic. The
TRANSP prediction overestimates S, by 60% for the earlier times when using
Zeff(VC). The early-time S, discrepancy has not been investigated thoroughly,
but it could be explained by two causes: (1) anomalous fast-ion losses not
included in the present TRANSP computation, which would greatly affect S;,
since most of the neutrons come from beam-target reactions in these
discharges; (2) the visible continuum inversion, which could be made
problematic due to the absence of adequate viewing dumps and the presence of
a NBI duct in the spectrometer line of sight. The analysis made with Z;=6 gives
a closer fit to the experimental data during the CH-mode, but does not account
for the spectroscopic observations mentioned above. For comparison, the
experimental NBI-only Sj, is shown in the bottom panel. The CH-mode has a
larger Wyo¢ and Sy, that the corresponding H-mode discharge. The diffusivivity
curves shown in Fig. 7 corresponds to the "Zef(Vgsyr) with variable Z;" analysis.

VI. ENHANCED CORE HEATING
The active profile and transport control capabilities of IBWH can be used to
enhance plasma performance. The CH-mode plasma, with its peaked profile,

allows deep penetration of the neutral beams, ensuring enhanced power
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deposition in the plasma core. On the other hand, one may wonder about the
resilience of the CH-mode confinement when submitted to additional auxiliary
power. An experiment was set up to examine this issue, where an additional
1.8 MW of NBI power was injected at the beginning of the CH-phase. The
auxiliary-heating time history is shown in Fig. 10's top panel. The black traces
correspond to IBWH-assisted operation; the gray trace corresponds to a
reference NBI-only discharge with the same neutral beam power. The
beginning of the discharge is kept the same as described above: initial NBI
starts at 0.35s; IBWH starts at 0.46s and brings the discharge into the CH
regime. Supplementary NBI is added in two steps at 0.55s and 0.575 s; this
“NBI burst" is made to correspond to the nominal onset of the CH-mode.

The bottom panel of Fig. 10 shows the S, temporal behavior: the IBWH-
assisted case is shown in black, and the NBI-only discharge is in gray.
Although the S;, traces do not superimpose exactly during the earlier times,
one can see that they match at 0.55s, at the moment of the onset of the NBI
burst. The IBWH-assisted discharge achieves a maximum neutron production
rate of =2.6 x 1013 -1, while the reference NBI-only discharge saturates at
=1.6 X 1013 5-1, The application of a modest amount of IBWH power, less than
10% of the input power, has increased the neutron production rate by 60%.
Although two isolated sawteeth at the beginning of the core heating phase are
visible around 0.6s, the IBWH-assisted discharge maintains its CH-mode
character as seen in the S, enhancement.

The IBWH-assisted and NBI-only discharges differ in the MHD activity
observed during the S, saturation phase. In the IBWH-assisted discharge,
MHD modes in the 20-300 kHz range, with different n numbers, are observed
with the SXR imaging system; similar observations are also made with a
multichannel third harmonic cyclotron emission diagnostic.24 The 20 kHz
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signal corresponds to an m=1/n=1 mode. In addition to this mode (and often in
its absence), 60 kHz/n=3, 80 kHz/n=4, 100 kHz/n=5, and 120 kHz/n=6 modes
are observed. Although these modes always have a strong component on the
g=1 surface, they are more broadly localized modes on magnetic surfaces
outside the g=1 surface: presumably 4/3, 5/4, etc. modes. They are all in a
harmonic relationship with the m=1/n=1 mode, and are all non-propagating
modes. The best match to the Wyor and Sy, was obtained when using the Z; = 6
impurity modeling. This observation is consistent with a dilution of the metallic
impurity content caused by the NBI burst. On the other hand the S,
saturation for times greater than 0.63 s is not reproduced by TRANSP. During
the Sp, saturation phase of the NBI-only discharge, high frequency oscillations
between 150 and 300 kHz have been seen.

Of particular interest is the bootstrap current generation during enhanced
core heating. We can see in the top panel of Fig. 11 a plot of the TRANSP time
evolution of the ratio of bootstrap current density, jgs, to the (total) current
density, j, at r/a=1/2. The bootstrap-current density fraction reaches 32% to
35% at =0.64 s depending on the impurity modeling, the higher value being
obtained with Zj variable as described above and the lower one obtained with
constant Zj; at that time the bootstrap current constitutes 28% of the total
plasma current (250kA). The bottom panel of Fig. 11 shows profiles of JBS,JBD
(the beam driven current density), and j against minor radius at 0.64s. A broad
J profile is obtained in the core region mainly because of the presence of a large
bootstrap current in the high density gradient region near of r/a=1/2.

A TRANSP analysis was made to ascertain the confinement during
enhanced core heating. We can see in Fig. 12, similar to Fig. 7, a plot of Xi> Xé»
and Yer against time. The diffusivities are volume averaged over 0.3 < r/a <

0.45. The discharge enters the H-mode at =0.45 s; the CH-mode onset occurs
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at =0.55 s. The auxiliary Pypr and Pigwy powers can be read on the right-hand
vertical axis. The x; and ¥ traces show a decrease for times greater than
0.55 s. The ion effective diffusivity decreases to slightly more than 1 m2/s; this
Xi value is similar to that obtained during a CH-mode in the absence of the NBI
burst, and is lower than that obtained during the H-phase. The fact that the H-
mode transition is poorly resolved could due to the occurrence of a sawtooth at

0.415s.

VIL DISCUSSION

A.IBWH-Induced transport barrier

While an absolute confirmation is not presently available, the data suggest
that the inner transport barrier is of RF origin. Manifestations of the transport
barrier, seen in the soft x-ray and kinetic data, coincide spatially with the
IBWH power deposition profile. We can see in Fig. 13 overlays of gradient
profiles VT, Vn,, VT;, and Vuy along with flux-surface mapping of the ion-
absorbed IBWH power deposition Pigwy. These profiles correspond to a well-
developed CH-mode, and have been mapped over a single grid. Some level of
smoothing is involved which flattens spatial features: while radial locations
remain unchanged, the actual gradients may be larger. A spatial overlay exists
between the Pwy, V73, Vug, and Vn, maxima. The VT, profile peaks slightly
more outside — by =8 cm — but nevertheless overlaps well with Prpw. Figure
13 shows arrows associated with the locations of the Alx minima as projected
on the major radius. This projection process and the absence of Abel inversion
of the SXR data induce an error of = 3 cm. Within the experimental spatial
resolution, the Alx minima and the locations of the maxima of V75, Vug, Vn,
and Pipwy are in agreement. The fact that the VT, maximum location is

slightly outside the Vn, Vv, and VT; maxima could be caused by (1) 7', within
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the inner barrier being clamped by radiation losses, and hence preventing VT,
from developing fully, or (2) VT, being influenced by the g=3/2 surface.

The transport barrier creation hypothesis is presently under study. A
promising paradigm of IBWH-induced sheared-flow drive has been proposed,25
which utilizes the unique conditions that can be set up in the plasma core by
IBWH. When choosing a resonant layer on the lower field side of the magnetic
axis, a traveling wave is generated which is absorbed before reaching the
magnetic axis; this wave has a substantial radial electric field component, at
right angles to the magnetic field, and a short wavelength of the order of p;.
These IBW properties give rise to efficient generation of sheared poloidal flow
by ponderomotive action; shear flow levels thought to be sufficient to stabilize
electrostatic turbulence can be achieved. The ponderomotive force is nonlinear
In origin, and the fraction of the IBWH power rerouted for flow drive is small.
The sheared flow is driven locally in the vicinity of the ion resonance layer. The
physics of the turbulence suppression invoked here is the same as that of the
L-H transition,26 with the important distinctions that the transport barrier is
externally induced, and its location is determined by the resonance layer.

The action of the inner barrier appears to have an important role in the
development of the IBWH-assisted discharges. In the IBWH-assisted
discharges described above, IBWH starts after the L-H transition. The power
required to raise the inner barrier — about 300 kW for PBX-M parameters —is
reached at 0.5 s and signs of its action become felt shortly afterward. Particles
deposited within the barrier are better confined, initiating density peaking
which becomes visible in the SXR data shortly after 0.525s. The sawtooth
elimination — from 0.56 s onward —could be the result of a modification of the

current profile brought about by the rise in central density.
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The CH-mode occurs when the confinement zone moves from the edge
region to RF-induced inner barrier. The ensuing development appears to
happens smoothly, within a time frame (=0.045s) or on the order of a few
confinement times (Tg=0.02-0.025 s), and starts at the recovery time.
Experimental indicators of the confinement regime change are (1) the
elimination of the ELM activity, which also indicates that the peripheral
plasma is no longer in the H-mode; (2) S, recovery; (3) T, recovery; (4) Wyot
recovery, (5) the appearance of the inner barrier in the kinetic data (VT,, Vn,,
Vvg, and VT;). A transport barrier still exists at the edge, but it no longer
supports the main gradients; the density inside the outer barrier falls during
the CH-mode. This strong peaking appears to be non-transient in nature, since
its duration is limited, so far, by the auxiliary heating system availability.
Kinetic analysis indicates that during the neutron saturation phase of the CH-
mode, up to 60% of the stored energy is contained in the core (within r=a/2); in
PBX-M high-B, discharges this ratio is =~45%. The core ion diffusivity during the
CH-mode is lower than the y; obtained during the H-mode phase of the
discharge. The fact that yer does not drop during the CH-phase as seen for xXi
and xg is most likely caused by the radiation losses.

The steep gradients induced during the CH-mode can generate, depending
on the plasma collisionality, substantial bootstrap current in the vicinity of the
inner barrier. This capability can be used to modify the current density profile
as we have seen in Sect.V. Perhaps more importantly, by moving the
confinement zone inwards, the bootstrap currents have been removed from
the edge region, where it is known to trigger unwanted MHD instabilities
including the external kink.
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B. Impurities

The fact that a low Zy value (Z1=6-8) reproduces well Wiot and Sy, suggests
that the metallic impurities do not play a dominant role, except for the electron
power balance. The choice of carbon as the resident impurity is warranted by
the internal structure of PBX-M; rail limiters installed on the passive plates
and the indentation coil armor are made of this element. The density of metallic
impurities appear to be large enough to clamp the electron temperature
through radiative processes, but not high enough to trigger a thermal collapse.
Reduction of the impurity build-up would render these plasma more attractive
by reducing the radiation losses. The success of the last IBWH campaign is
thought to be partially due to in-situ probe boronization. More complete wall
borinization is expected to further improve the performance of these plasmas.

At the present level of the analysis, the results presented in this paper are
believed to differ from other density peaking results obtained in medium size
tokamaks. The Z-mode2? observed in ISX28 is a low-Z impurity effect that
enhances confinement through the electron channel, while in the CH-mode
case the improvement is seen through the ions channel. Recent results on
TEXTOR?® show density peaking when silicon39 is applied to walls. In these
plasma, the radiation is located in the periphery and trend toward centrally
peaked radiation is not observed, contrary the observation in the CH-mode.

C. Neutron strength enhancement

In PBX-M, after the initial turn-on phase of the neutral beam injection,
most of the neutron production comes from beam-target reactions. The S,
increase observed during the CH-mode is principally caused by profile peaking
of the target density. Using the discharge featured in Fig. 9, one finds this effect
to contribute a =~25% increases to Sy,. The increase of the fuel fraction thought

to be due to the replacement of low-Z impurity by higher-Z metallic impurity
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adds another =15% to S,,. The beam-target reaction rate being proportional to
the fast-ion slowing-down time, the =7% T, increment during CH-mode is
responsible for another ~10% increase of S,. Finally, it is interesting to note
that the thermonuclear fraction to S,,, which had been negligible <1%, rises to
=3% during the CH-mode.

The Sy, saturation observed during the enhanced core heating experiment,
could be caused by the fast MHD activity which is observed simultaneously.
Indeed TRANSP, which did not model anomalous fast-ion losses fail to
reproduce this phenomenon.

D. Reactor relevance of IBWH

The utilization of RF-based methods for active control in a nuclear fusion
reactor is attractive in view of its established technology and its compactness.
The resonant nature of IBWH enables localized intervention of the plasma
transport. The confinement zone can be moved to an operationally safer
location away from the edge. The ensuing density peaking increases the
nuclear reactivity with same stored energy or average beta, which may be
limited by the beta-limit. The localized generation of bootstrap current can
also be used to tailor the current density profile. Because of its profile control
capabilities, IBWH could have substantial impact on the design of advanced
tokamak based on self-supporting bootstrap current.

VIII. CONCLUSION

Desirable density peaking is readily achievable with IBWH-assisted
operation. Experimental indicators and transport analyses show that the
plasma core has good high confinement. The results are consistent with the
generation of an RF-induced transport barrier located in the core region. This

barrier, visualized in the earlier times by the SXR analysis of the ELM
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behavior, eventually defines and maintains the confinement zone. The latter
stage can be seen in the various kinetic profile measurements and the
attainment of the CH-mode. The fully-developed CH-mode is characterized by
(1) an inner transport barrier supporting strong gradients of the kinetic
variables VT, Vn,, Vvy, and VTj; (2) a peaked density profile; (3) sawtooth
stabilization; (4) high core confinement; (5) edge region with L-mode like
confinement, and without steep gradients or ELM's. The CH-mode is resilient
to auxiliary heating. Substantial generation of localized bootstrap currents in
the vicinity of the inner transport barrier is obtainable by lowering
collisionality. While no direct confirmation is available at this time, the
experimental data suggest that the inner barrier is RF-generated.

The utilization of IBWH has promising implications for advanced tokamaks
by providing peaked density profiles for improved reactivity, and by introducing
some degree of control of bootstrap current profile for increased high-f
stability. The prospect of actively creating a transport barrier at desired radial
location in the plasma through IBWH opens new areas of operation for

magnetic confinement with tokamaks.
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FIGURE CAPTIONS

Fig. 1: Time evolution overlay for NBI discharges: (black) with sustained
IBWH, (gray) with short IBWH pulse. From top to bottom: n,l, the line
integrated density; Ix,, soft x ray signal at plasma center; Ix, /9, soft x-ray
signal at r/a=1/2; Dy, deuterium line intensity at 0.656 um; IBW power.

Fig. 2: Time evolution overlay for IBWH-assisted and NBI-only discharges:
Top panel: Neutron source strength Sy; for times greater than 0.595s, the
IBWH-assisted discharge enters the CH-mode and Sp recovers. Second panel:
Time evolution of T}y; recovery happens simultaneously with S;,. Third panel:
Total stored energy W;,; obtained from TRANSP analyses; recovery is also
observed.

Fig. 3: Top: Overlay of a sequence of electron density profiles for discharges
with IBWH-assisted discharge with IBWH starting at 0.46 s. Middle: Density
peaking parameter n.,/<n.> against time; data derived from Thomson
scattering measurements. Bottom: Teo time evolution extracted from
concatenation of Thomson scattering data. Experimental points: open squares;
smoothed curve: solid line. Typical experimental error bars shown. Time
evolution of n, against time.

Fig. 4: Profiles of T¢, ne, VT, and Vn, : IBWH assisted NBI (black) and NBI
only (gray) discharges. The IBWH data correspond to CH-mode phase. The
NBI only data correspond to an ELMing H-mode. Compared to the H-mode
discharge, the confinement zone of the CH-mode is moved inward.

Fig. 5: Profiles of T}, vg VT; and Vvyduring CH-mode and equivalent time
during NBI-only discharge.

Fig. 6: ELM induced soft x-ray loss profiles: top, NBI only discharge; bottom,
IBWH assisted NBI discharge. Localized minima of the soft x-ray loss are seen
with IBWH operation.
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Fig. 7: Ton thermal diffusivity, ¥;, momentum diffusivity, x¢, and electron
thermal diffusivity, yer (including radiative effects), against time. Volume
average over 0.3 < r/a < 0.45. L-H transition occurs =~0.42 s, followed by H-
mode. CH-mode development begins at ~0.60 s; saturated CH-mode for times
greater than 0.65 s.

Fig. 8: Electron particle diffusivity D, during CH-mode at 0.65s.
Computation made for no pinch, 1x Ware and 5x Ware pinch velocity.

Fig. 9: Comparison of TRANSP output with measurements. Top: time
evolution of stored energy from TRANSP using Zefr from visible continuum
(Zesi(VC)) and from surface voltage (Zes(V. sur)), for variable and/or constant Z;;
magnetically derived Wiy at individual time points (FQ equilibrium code)).
Reasonable agreement is obtained for the impurity modeling shown. Bottom:
TRANSP calculations of S, using same impurity modelings as above, and
measurement (EXP). Temporal agreement is obtained with Zes(Vsur).

Fig. 10: Enhanced core heating: IBWH assisted discharge in black, NBI
only reference discharge in gray. Top panel: auxiliary heating against time.
Bottom panel: S, against time. A 60% increase in neutron production is
obtained through a modest addition of IBWH power (less than 10% of total
Input power.)

Fig. 11: Bootstrap current, from TRAN SP, during enhanced core heating
discharge for different Z; assumptions. Top panel: jgs/j at r/a=1/2 against
time. Bottom panel: profile of the bootstrap, jps, the beam driven, jgp, and the
total current, j, at 0.64s. jpg/j ranges from 0.32 to 0.35 depending on Z;

assumption (variable or constant).
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Fig. 12: Enhanced core heating: Ion thermal diffusivity, ¥j, momentum
diffusivity, x4, and electron thermal diffusivity, ¥r (including radiative effects),

against time. Volume average over 0.3 < r/a < 0.45. L-H transition occurs at

=0.45 s, followed by short H-mode phase. Nominal onset of CH-mode
development at 0.56 s; CH-mode fully developed for times greater than 0.65 s.
Auxiliary power can be read on right vertical axis. CH-mode confinement is
maintained during NBI core heating burst starting at 0.55 s.

Fig. 13: Spatial correlation of transport barrier features, with PiswH.
Mapping of Vn,, VT, Vvg, VT; ,and Pipwy against R. Arrows indicate locations
of transport of Az, minima as projected onto R. Location of ¢=3/2 surface is

also shown.
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