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Abstract

Resonant Magnetic Perturbations (RMPs) are a leading method for edge localized modes (ELMs) Control
in fusion plasmas. However they can also cause a rapid degradation in energy confinement. In this paper
we show that the energy confinement in low collisionality (v; < 0.3) DIII-D ITER Similar Shape (ISS)
plasmas often recovers after several energy confinement times for RMP amplitudes up to the threshold for
ELM suppression. Immediately following the application of the RMP, the plasma stored energy decreases
in proportion to the decrease in the line-averaged density during density "pump-out”. Later in the
discharge confinement recovery is observed in the thermal ion channel and is correlated with the increase
in the ion temperature at the top of the H-mode pedestal. A correlation between the inverse scale length of
the ion temperature (a/Ly;) and the E X B shearing rate at the top of the pedestal is seen during the
confinement recovery phase. Transport analysis reveals that the confinement improvement in the ion
channel results from the self-similarity in the ion temperature profiles in the plasma core combined with
the observed increase in a/Ly; in the plasma edge following density pump-out. In contrast the electron
temperature scale length (a/Ly.) remains essentially unchanged in response to the application of the
RMP. At significantly higher RMP levels the edge E x B shearing rate and a/Ly; does not increase and

the confinement does not recover following density pump-out.



|. Introduction and Motivation

Future fusion reactors must control the divertor heat flux due to Edge Localized Mode (ELMSs) in order to
preserve the lifetime of plasma facing components and to prevent eroded material from penetrating the
plasma and possibly terminating the discharge [1]. One method to control these instabilities is by the use

of Resonant Magnetic Perturbations (RMPs) [2].

In low collisionality plasmas the universal observation is that the application of the RMP leads to a drop
in the plasma density and stored energy. This drop in density is called density pump-out [3]. Impurity
transport is also increased with RMP, which is beneficial for future reactors [4]. It is an important goal to
minimize the stored energy reduction in RMP plasmas in order to optimize fusion performance while

effectively removing He ash and impurities.

In the DIII-D RMP experiments with ITER Similar Shape (1SS) [3] plasmas using n=3 RMPs, we observe
a surprising recovery in the plasma stored energy on longer time scales (several global energy
confinement time t¢) following the initial reduction in t¢ during density pump-out without a recovery in
the particle confinement. We find that the energy confinement can fully recover in DIII-D plasmas for

modest levels of RMP amplitude (here the RMP amplitude refers to the vacuum magnetic perturbation of

the n = 3 field at the plasma surface that 1 kA RMP coil current produces §b™™ B71~ 0.8x10™* with m =
10 and n=3) slightly above the threshold for ELM suppression. For RMP level well above the ELM
suppression threshold, the energy confinement does not recover to the pre-RMP level. Understanding this
phenomenon of confinement recovery for moderate RMP amplitudes is essential to having confidence in

achieving ELM suppression without degradation of the stored energy.

Application of the I-coil current leads to a transient phase of the plasma discharge characterized by
density pump-out. ELM suppression can result from a sufficiently large I-coil current. Generally, under

good wall conditions (when the walls are not outgassing excessively) and with optimal pumping, ELM



suppression can be achieved with coil currents as low as 2.0 kA, the applied resonant field at the

m/n=10/3 surface (the vacuum field) 56> B71 ~ 1.8x10™*in the 1SS shape with n=3 RMP fields and
for pedestal electron collisionality v; <0.3 [3]. Fig. 1 shows a typical example of a discharge where the
RMP is at the threshold for ELM suppression. Plasma parameters for these experiments are: Br=1.96T,
I,=1.6 MA, q95~3.5, normalized beta Sy = B/(I,/aBr) varies from By=1.6 t0 fy=2, Pin; ~6 MW, Ty, ;~
5Nm, plasma total stored energy Wy,yp ~0.95-1.15 MJ, line-averaged density n,=3.5x10"- 4.5x10" m™,
There is a prompt reduction in total stored energy Wywp and line-averaged density in the first 150 ms (=1
1e) of the RMP that is referred as the “pump-out phase” in this paper. Later Wy, recovers to the pre-
RMP level within 3tg, which is referred to as the “recovery phase” without any recovery in the electron
density. Most of the confinement recovery takes place before the transition to ELM suppression att~3.0 s
[Fig. 1(c)], even though the line-averaged density continues to decay over the entire period up to ELM
suppression. When the plasma enters into ELM suppression the confinement experiences a further
increase, possibly resulting from the cessation of ELM induced losses and possibly from the small

increase in the line density.



Wiro (MJ)

N(101°m-3)

20 22 24 26 28 30 32 34
TIME (s)

Figure 1 A discharge with n=3 RMP shows: () total stored energy W ynp, (b) line-averaged density, (c)

D,. With P,,; =6 MW, beam torque =5 Nm. Shot 157378.

In this paper, we focus primarily on the energy confinement recovery of plasmas following density pump-
out during the ELMing phase of the discharge. We look specifically at the dynamics of the confinement
recovery and assess the causes for this recovery based on transport model analysis and measured pedestal
parameters. From Fig. 1 we see that the dominant effect on the confinement recovery does not come
during ELM suppression but rather during the ELMing phase following density pump-out. We note that
the rate of energy loss due to ELMs is almost constant in both the pre RMP phase and in the confinement

recovery phase, which indicates that the confinement improvement cannot be attributed to a reduction in

the rate of ELM induced energy loss. At much higher RMP amplitudes 6b£1°'3)3;1 ~4.4x10™), with an



RMP current of 5 kA, we observe a significant and sustained degradation of confinement without any

obvious sign of recovery (see section 1V).

The relative insensitivity of the confinement to the RMP level and density pump-out on a long time scale
is the key topic that we investigate in this paper. We show from profile and transport code (TRANSP [5])
analysis that the overall favorable confinement performance of these plasmas on long time scales arises
from an improvement in the ion thermal channel. The improved ion thermal confinement is evident from
a global increase in the ion temperature following density pump-out and arises from a combination of an
increase of the ion temperature inverse scale length (a/L;) in the pedestal with ion temperature profile
self-similarity in the core. Furthermore, analysis reveals that the increase in a/Ly; in the pedestal is
correlated with the increase in the E X B shearing rate in the same region, whereas plasmas that do not
show improved confinement have a stationary or decreasing edge ExB shearing rate. In this paper we will
not address the confinement changes in ELM suppression. Rather we restrict ourselves to the confinement
improvement observed during the ELMing phase of the discharge with the RMP prior to the onset of

suppression.

The outline of this paper is as follows. In section I, we will present experimental observations of
confinement recovery and the edge pedestal response. In section 11, transport analysis indicates the key
role played by the edge a/Ly; in the confinement recovery. In section 1V, we extend the discussion to
high RMP amplitudes where confinement does not recover following density pump-out and where no
increase is seen in the pedestal ExB shearing rate. This is consistent with the picture presented above
where the confinement improvement arises from an increase in the edge a/Ly; due to an increase in the

edge ExB shearing rate. In section V, we summarize these results and indicate next steps in the research.

I1. Experimental results

Experiments were conducted in the ITER Similar Shape (ISS) plasmas on DIII-D to address the effects of

n=3 Resonant Magnetic Perturbations (RMPs) on pedestal transport and global confinement. The



experiments were performed using the DIII-D Internal Coils (I-coils [6]) in an even parity n=3
configuration. The DIII-D I-coils consist of two rows of six upper and six lower coils, capable of
producing a strong n=3 harmonic. Even parity means that the upper and lower coil currents are in phase.
The I-coil current ranged from 1 kA to 6 kA in these experiments, producing a vacuum magnetic
perturbation at the plasma surface 6b£10'3)B;1~ 0.8 — 4.8x10™. This configuration is optimal for
achieving ELM suppression in a finite window of edge magnetic safety factor g45 = 3.5. A cross section
of the plasma equilibrium is provided in Fig. 2 showing the proximity of the I-coils to the plasma
boundary and the lower single null configuration of the plasma with the outer strike point at the optimal

location for particle pumping.

Oupper =0.336

RMP
coils

‘ Slower =0.663

shot 157378, time=2.7s

Figure 2 Equilibrium cross-section and the location of the I-coils for ISS RMP H-mode experiments (shot

157378 at 2700 ms.)



In these experiments, the degree of density pump-out is sensitive to the level of the applied RMP while on
a long time scale the confinement recovery is relatively insensitive to the RMP level around the threshold
of ELM suppression. In Fig. 3, we show four discharges with different levels of I-coil current (1 kKA, 1.7
kA, 2 kA and 2.5 kA) with different levels of density pump-out. The discharges are well matched in
density and plasma stored energy at the start of the RMP and all discharges have the same beam power
(= 6 MW) and beam torque (= 5 Nm). I-coils are applied near t =2.24s and a rapid drop (pump-out phase)
is seen in the stored energy and line-average density in response to the RMP. On a longer time scale
(recovery phase), the density stays reduced, while the stored energy for all four discharges starts to rise
and approaches the pre-RMP level. We note that during this early discharge phase, current profiles are
slowly evolving that could associate with a contribution to the increase in confinement. It is already
known that 1 kA RMP coil current has little effect on DIII-D plasmas, which can be taken as an estimate
for non-RMP case that shows the increment of stored energy during this time region (t~ 2.24s -3.2s) is
much smaller than the increment in the other three higher RMP cases. Therefore, the recovery of stored
energy related to RMP effect plays a dominant role in this time region. As the beam power is constant, the
confinement trend simply follows the trend in the stored energy. The total absorbed power is a
combination of 6 MW of 80 keV deuterium beams and 1 MW of additional heating from the Ohmic
current. At t ~ 3.2s, the stored energy in all four discharges is nearly equal even though the level of
density pump-out is different for each of the discharges. Note that two of the four discharges eventually
experience ELM suppression because the threshold for ELM suppression in these 1SS plasmas is close to

2 kA of I-coil current.
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Figure 3 Comparison of discharges with similar beam power P;,;~6MW and qq5~3.5 but different I-coil
currents, 1 KA, 1.7 kA 2 kA, 2.5 KA. (a) Dy, (b) Wuup and Py, (c) line-average density and (d) 1-coil

current.

Inspection of the early phase of the RMP after 2.2 s shows that the level of reduction in the plasma stored
energy and line-averaged density increase with I-coil current. Fig. 4 shows the time evolution of the
stored energy, line-averaged density and I-coil current in the early phase of two discharges from Fig. 3
with applied RMP. Assuming that the neutral fueling in the core is not decreasing rapidly in the early
phase of the RMP, the data indicates a strong degradation in the global particle confinement with
increasing RMP amplitude. This is consistent with impurity transport measurements that show a strong

decrease in low-Z and intermediate-Z impurity confinement time with increasing RMP level [4].
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Figure 4 The time evolution at early phase of the applied RMP for: (a) total stored energy, (b) line-

averaged density and (c) I-coil current.

A detailed look at the pump-out phase of these discharges also shows that the plasma stored energy stops
decaying before the density pump-out is complete. We see in Fig. 4 that the line-averaged density
continues to decrease when the stored energy reaches its minimum at t~2.4 s and then the stored energy
begins to level off and even improve while the line-averaged density is still decreasing rapidly in the
pump-out phase. At t~2.4 s, the percentage drop in the stored energy is close to the percentage drop in the
line-averaged density, corresponding to ~ 12 % and 20% for I-coil current of 1.75 kA and 2.5 KA,
respectively. From this result we can determine that the plasma confinement improvement begins early in

the density pump-out phase ~100 ms following the RMP turn on.



Next we show that there is a trend of increasing in the ion temperature at the top of pedestal (in this paper
also refers to edge T;) during the confinement recovery phase and to a lesser extent an increase in the
electron temperature. Fig. 5 shows the evolution of electron density and temperature as well as carbon
toroidal rotation at the top of the pedestal for discharge 157378 with 2 kA of I-coil current. This evolution
is illustrative of the behavior of other discharges in this data set, at least for I-coil currents up to the
threshold of ELM suppression (~2 kA). The pedestal electron density and temperature come from
Thomson scattering measurements while the ion temperature and toroidal rotation are measured from
carbon C-VI using Charge Exchange Recombination (CER) spectroscopy. We note that in the recovery
phase the stored energy is correlated with the strong increase of the edge ion temperature beginning
during the early phase of the density pump-out and continuing late into the discharge. From the start of
the RMP (t ~ 2.24s) to 2.9s, there are significant changes at the top of pedestal (shown at p ~ 0.9): the ion
temperature increases by ~ 30% while the electron temperature increases by ~ 10% and the electron
density decreases by ~ 33%. In Fig. 5(c), we show the measured toroidal rotation velocity V;,, at two
different radial locations during the recovery phase: one is at p ~ 0.9 and the other is at the separatrix.
There is a significant increase of V;,, at top of pedestal while the value at separatrix slightly increases,

which suggests an increase in the toroidal rotation shear in the pedestal region.
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Figure 5 The time-evolution for quantities at p = 0.9 (top of pedestal) with I-coil current=2 kA: (a)
electron density from Thomson scattering data at p = 0.9 (blue) and stored energy (black), (b) ion
temperature from CER data (black) and electron temperature from Thomson scattering data (blue) at p =

0.9, (c) toroidal rotation from CER data at p =0.9 (black) and at separatrix (blue). Shot #157378.

Here, we show that the reduction in the stored energy in the early phase of the RMP matches fairly well
the reduction in the pedestal density whereas the recovery of the stored energy following pump-out
matches fairly well the increase in the edge ion temperature. From the four discharges with different I-coil

currents shown in Fig. 3, we compute the percentage changes in the plasma stored energy, line-averaged

11



density, edge density and edge ion temperature versus RMP amplitude. Every data point is the time
average of a 100 ms time window. Fig. 6(a) shows the changes in the early RMP phase from 2.2s-2.4s
during the pump-out phase. Both the line-averaged density and edge density decrease with the application
of RMP, and the percentage of change is proportional to the amplitude of the RMP I-coil current. The
pump out is much stronger in the plasma edge than the plasma core, as revealed by the edge pedestal
density decrease relative to the line-averaged density decrease. The percentage decrease in the plasma
stored energy is close to the percentage decrease in the line-averaged density. Fig. 6(b) shows the changes
in the stored energy and ion temperature at p ~ 0.9 (Tj ) Versus I-coil current for the same discharges
during the recovery phase from 2.4 to 2.8 s. It is evident that the recovery of the stored energy is
proportional to the increase in the edge ion temperature in these plasmas. This suggests that the

confinement improvement is closely tied to ion thermal transport.
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Figure 6 (a) The percentage decrease in stored energy (black), percentage decreases in line-averaged
pedestal (red) and percentage decreases in pedestal density (blue) vs I-coil current at the minimum of the

stored energy compared to just before the I-coil current turns on; (b) The percentage increase in stored
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energy (black) and percentage increases in T; ,—¢ o (green) in the recovery phase compared to the time of
minimum stored energy. The I-coil currents of 1 kA, 1.75 kA, 2 kA and 2.5 kA, correspond to discharges

157375, 157379, 157378 and 157372 respectively.

Profile analysis is performed using the One Modeling Framework for Integrated Tasks (OMFIT) [7].
Radial profiles of density, electron and ion temperature vs p (sgrt. of normalized toroidal flux) are shown
in Fig. 7 for shot 157378. We display profiles at three times of interest corresponding to the pre-RMP,
pump-out, and recovery phase, at t = 2.2, 2.4 and 2.8 s, respectively. In Fig. 7(a-c) profiles are shown for
the pre-RMP and pump-out phase. In Fig. 7(d-f) profiles are shown for the pump-out and recovery phase.
As we can see in the pump-out phase, there is little change in the T, and T; profile from 2.2 to 2.4 s. The
main reduction is in the electron density primarily at the plasma edge. However, from 2.4 to 2.8 s, we see
a significant increase in the core T; by ~ 12% whereas the core T, increases by only ~ 5%. There is a
continuous though weak decrease in the edge electron density on the longer time scale. From these profile
changes, it is evident that the recovery of the stored energy comes from a substantial increase in the core

ion temperature offsetting the effect of the density reduction.

13
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Figure 7 Comparison of measured profiles for the pump-out phase (shown in black) and pre-RMP (shown
in green) phase: (a) electron density n,, (b) electron temperature T, and (c) ion temperature T;.

Comparison of measured profiles for the pump-out phase and recovery phase (shown in red) are shown in

(d-f).

Fig. 8 shows a close up view of the pedestal profiles at the minimum of the stored energy at t=2.4 s and
later during recovery at t=2.8 s. Fig. 8 (a) shows that the edge electron temperature slightly increases
during the energy confinement recovery phase at the top of pedestal. However, there is a more distinct
increase in the T; from p =0.8-0.9 as shown in Fig. 8(b). The inverse scale length of the edge T, and T;

profiles are shown in Fig. 8(c-d). The increase in T; at p =0.8 is predominantly arising from an increase in

14



a/Ly; from p >0.9 with the largest change in a/L; occurring close to the top of the pedestal at p ~ 0.93.

In contrast, there is almost no change in the inverse scale length of T, in this interval [8].
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Figure 8 Edge radial profiles of (a) electron temperature (b) ion temperature, (c) inversed electron
temperature scale length a/Ly, and (d) inversed ion temperature scale length a/Ly; at t=2.4s (pump-out

phase) and t=2.8s (recovery phase) for shot 157378.

The distinct change in the edge a/Ly; indicates that a change in the edge ion thermal transport has

occurred during the stored energy recovery. By taking an approximation of E X B shear frequency wgyxg

from Waltz-Miller calculation [9], it is found to be of orderaa—irthat includes the contribution from the

pressure gradient, toroidal rotation gradient and poloidal rotation gradient. By normalizing wgyg With %

where a is the minor radius and C; is the sound speed at the reference radius, we obtain the E X B

shearing rate ygx 5. As we see in Fig. 9, in the top of the pedestal region the major contribution to ygyp

15



comes from the toroidal rotation gradient that shows a similar increase with the yg.g. This is consistent

with the observation in Fig. 5(c). Figure 10(a) shows the trend in a/Ly; with yg«p at p=0.93 during the

recovery phase from 2.4 to 2.8 s. Fig. 10(b) shows the lon Temperature Gradient (ITG) linear growth rate

¥ir¢ Normalized by%at kp, ~0.3 calculated by TGLF compared to the normalized ExB shearing rate

Yexp at t=2.8 5. We see that ;¢ is comparable to but somewhat larger than the yz. g across the top of the

pedestal and the net growth rate y,.: = Yir¢ — Yexg 1S significantly reduced compared to the linear

growth rate, which suggest that the increase in E X B shear is reducing turbulent transport [10].

Experimental measurements of density fluctuation at top of pedestal confirm the reduction of turbulence

with the increasing E X B shear.
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Figure 9 Contribution from pressure gradient (dotted line) and toroidal rotation gradient (dashed line) to

ExB shearing rate at p=0.93.
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Figure 10 For shot #157378 (a) Correlation between a/Ly; and E X B shearing rate at p=0.93 from t=2.4

s to 2.8 s. (b) Normalized ITG linear growth rate y;r¢ (dashed) versus normalized E x B shearing rate

YExg (in unit of %) at t=2.8 s calculated by TGLF.

The increase of ExB shearing rate appears to play a role in the increase of the edge T; during recovery. It
is interesting to see under what conditions the edge E X B shearing rate and a/Ly; are correlated with
confinement recovery. In Fig. 11 we compare 157378 with another discharge 158071 for which there is
no confinement recovery, but with all other conditions identical to 157378. There is a higher pedestal
density in 158071 that comes from poorer wall conditions in the discharge due to the use of deuterium gas
puffs during that run day. The pedestal density in the plasma where W), p does not recover is about 25%
- 35% higher than in the plasma where Wy, recovers and the pedestal density does not exhibit a
sustained reduction compared to the recovery discharge, neither does the stored energy. Fig. 11 (c) shows
the ion temperature at large radii (p=0.9) is not increasing in the late RMP phase for the discharge where
the stored energy does not recover, which correlates with a constant E' X B shearing rate at the top of the
pedestal in discharge 158071 compared to an increasing E X B shearing rate in discharge 157378 as

shown in Fig. 11 (d).
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Figure 11 Comparison between two discharges with same RMP coil current (2kA), P;,; (6MW) and

torque input (5 Nm). (a) plasma stored energy (b) pedestal electron density, (c) ion temperature at p=0.9

and (d) E x B shearing rate at p=0.93.

The comparison between two discharges with the same I-coil current in Fig. 11 indicates a correlation
between the edge T; and energy confinement recovery. It also suggests that the energy confinement
recovery requires low electron pedestal density. To further investigate the correlation of the edge T; and
pedestal density n, .4 With respect to the confinement recovery, we extend our analysis to discharges

with different I-coil currents and different pedestal densities. Fig. 12(a) shows the variation of the edge T;
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(here shows T; ,—q.9) and n, ¢4 for a set of discharges with different I-coil current (< 2.5 kA). Each data
point corresponds to a time during the confinement recovery phase. Time advances from the lower right
to the top left for each discharge denoted by a different color symbol. A trend of increasing T; ,— o With
decreasing pedestal density is evident for each I-coil current. Another observation is that for higher I-coil
current the edge T; is generally lower for a given pedestal density. However, we can also see that the edge
T; rises to higher values than for discharges with lower I-coil current. At the end of the recovery phase,
the stored energy of the four discharges are approximately equal with Wy;p~1.05 MJ, indicated by the
diagonal dashed line in Fig. 12(a). The figure shows that the point of constant stored plasma energy

corresponds to higher increasing edge 7; and decreasing n, ,.q as the I-coil current increases.

In these discharges with fixed heating and beam torque, the dominant contribution to the E x B shearing
rate comes from the toroidal rotation. To understand the connection between the toroidal rotation and the
edge ion temperature we plot the differential toroidal velocity between p =0.9 and p =1.0 vs T; at p =0.9
for the four discharges as shown in Fig. 12(b). Fig. 12(b) indicates that the differential toroidal rotation
dV,., and the ion temperature at the top of the pedestal are highly correlated in these plasmas. At lower I-
coil current, the peak T; ,—¢ 9 and dV;,, are lower, corresponding to the higher pedestal density from Fig.
12(a). For higher I-coil current, the dV,,,- and the edge ion temperature are both higher, corresponding to
the lower pedestal density. The correlation of the E x B shearing rate with a/L; is consistent with the
paradigm of long wavelength drift wave transport suppression by toroidal velocity shear. However, the
trigger for such an evolution in the confinement recovery phase and its relation to edge density is not
explored in this paper. In what follows we will show that the confinement recovery is consistent with the

increase in the edge T; according to reduced transport models.
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Figure 12 (a) Correlation between pedestal electron density and T; ,—o¢. (b) Correlation between the
difference of two edge toroidal rotation velocity dV;,, and T; ,— o Each data point comes from the time

evolution at the recovery phase for four discharges #157381, #157378, #157377and #157372; with I-coil

current 1.7kA, 2kA, 2.3 kA and 2.5kA respectively.

I11. Transport modeling

In this section we use the TRANSP code to better understand the confinement response of the plasma to
the RMP application in terms of the thermal electron and ion confinement. TRANSP is a time-dependent
code used for power, particle and momentum balance calculations [5]. Given time-dependent plasma
profiles, TRANSP solves the magnetic diffusion equations, electron and ion energy balances, particle
balances, and neutral transport. It gives as outputs the energy and particle confinement times, thermal and
particle diffusivities, as well as total pressure and calculated neutron rates which can be compared to the
experiments [11]. From Fig. 13, we can see that TRANSP analysis produces good overall agreement with
the measured neutron rate as well as the magnetic measurement of the total stored energy, indicating that
the profile analysis and fast-ion content from NUBEAM [12] is consistent with the experiment, and there

is no need to invoke anomalous fast-ion losses to reconstruct the plasma dynamics. In Fig. 13(b) we plot
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the thermal and beam ion stored energy respectively, which show that the dominant confinement recovery
is due to the thermal plasma energy, not the well-confined beam ion population. Only 20% of the stored
energy increase in the recovery phase comes from the beam ions whereas the thermal plasma contributed
the remaining 80% of the recovery from 2.4 to 2.8 s in shot#157378. In order to identify where the
increment of thermal energy comes from, we plot the energy stored in the pedestal W,q and core Weg e
to ions and electrons, where Fig. 14 shows the definition of W, and W4 from energy density profile,
which is equivalent to pressure with a factor of 1.5. In Fig. 15 we separate the total thermal energy into
ions [Fig. 15(a)] and electrons [Fig. 15(b)] and identify the pedestal (blue) and core contributions (red) to
the total thermal ion/electron energy (black). We can see that the confinement improvement comes mostly
from the ion thermal channel as indicated from the profiles in Fig. 7. It is interesting that Wp,.4 for the
ions is only increasing by ~ 5% over the recovery interval from t=2.4 to 3 sec, while the core ion stored
energy (Wi core ) increases by 25%. The reason for this difference is that the edge density continues to
decrease through the recovery phase, thus offsetting the increase from the edge ion temperature. From Fig.
15(b) we see that the W, ,q for the electrons decreases on the longer time scale arising from the
continued fall of the electron density and the weak increase in the edge electron temperature. There is
some thermal stored energy recovery for the electrons that is mostly offset by the continued fall in the
We ped- From these figures it can be seen that almost all of the confinement recovery comes from the
improvement in the core ion thermal energy and this in turn is correlated with the increase in the edge Ti

as discussed earlier.
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Figure 13 (a) TRANSP calculations of the total neutrons rate (shown in green) in comparison to measured
neutrons rate (shown in black). (b) Experimental stored energy from magnetic (black), TRANSP
calculation of the total stored energy (green), thermal (orange) and fast ion stored energy (blue) as a

function of time.
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Figure 15 Thermal stored energy shown in different components of the pedestal and core for (a) ions and

(b) electrons for shot # 157378.

To better understand the experimental observations, we employ the trapped-gyro-Landau-fluid (TGLF)
model [13] in TRANSP to predict the core confinement improvement based on the evolution of pedestal
parameters. The TGLF (trapped gyro-Landau fluid) model is a reduced transport model based on GYRO

simulations [13-15]. It has been implemented in the TRANSP code to predict the core T; profile using the
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measured density and electron temperature profiles and E x B shearing rate derived from experimental
measurements, and taking the ion temperature at p =0.8 as the boundary condition for the calculation. The
results are shown in Fig. 16 for the two cases where (a) the T; at p =0.8 is allowed to evolve as in the
experiment, and (b) where T; at p = 0.8 is held fixed at its initial value at the start of the recovery phase.
From Fig. 16(a), we see that the predictive TRANSP run using TGLF obtains a good match to the
measured T; in the plasma core (here we show the T; evolution at p at 0.4, 0.5 and 0.6), with the boundary
condition for TGLF shown at p = 0.8. In order to isolate the effect of edge ion temperature on the core
confinement, Fig. 16(b) shows the simulation where we kept all the other quantities the same but held the
value of T; at p =0.8 fixed from 2.4s onward. In this case, we see a much weaker increase in the core ion
temperature compared to the simulation shown in Fig. 16(a). The strong correlation of the core and edge
T; observed in the experiment is therefore consistent with the predictions of ITG transport that leads to
self-similar ion temperature profiles in the core of fusion plasmas. In Fig. 17 we show the TGLF
prediction of the a/L; at p = 0.4 compared to the experimental value at several time slices, showing the

accuracy of the TGLF prediction.
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Figure 17 Comparison between experimental a/Ly; and TGLF prediction at p = 0.4.

To further investigate the underlying physics of the core confinement improvement, we employed the
transport simulation tool T-GYRO [16] that incorporates the neoclassical transport code (NEO) [17] and
reduced turbulent transport code TGLF [13] to calculate the total ion thermal flux comprising of the sum

of neoclassical and turbulent fluxes. By varying the inverse thermal ion temperature scale length (a/Ly;)
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at specified radii, we obtain the corresponding ion energy flux predicted by T-GYRO. In Fig. 18 we show
the result of such a scan at p = 0.4 with profiles taken at t = 2.8 sec in shot 157378. The ion energy flux
shown in Fig.18 is normalized by the gyro-Bohm flux (Q = Qjon/Qgs, Where Qgp = n.CsT,(ps/a)?

where a is the minor radius and C; is the sound speed at the reference radius). Atp = 0.4 and t=2.8 s
TGYRO predicts strong transport stiffness at the experimentally relevant ion energy flux. This is
consistent with our understanding that the core ion temperature increases in response to the increase in the
edge ion temperature due to transport stiffness in the plasma core. In this case the measured inverse ion

temperature scale length is within 10% of the theoretical prediction.
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Figure 18 NEO + TGLF predicted flux verses a range of a/Ly; forp=0.4att=2.8s.

V. Effect of Large RMP Amplitude on Confinement
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We have shown that for low I-coil current up to the threshold of ELM suppression, improvement of
confinement can occur due to the increase in the pedestal 7; and this increase is correlated with the
reduction in the pedestal density and the increase in the edge ion temperature. At higher I-coil current a
confinement recovery is seldom seen. In Fig. 19 we display the time evolution of plasma stored energy,

electron density at p=0.9 and T; vs T, at p =0.9 for shot 157376 with 5 kA I-coil current corresponding to

6b§1°'3)B;1 ~ 4.4 x 10 and constant beam power and torque. There is a much larger reduction in the
stored energy (~ 43%) and pedestal density (~50%) in response to the 5 kA I-coil current as compared
with shot 157372 with 2.5 kKA I—coil current in Fig. 4. In the late RMP phase, there is also no strong
recovery of the stored energy. In Fig. 19 (c), both the edge T; and T, decrease strongly with the
application of the RMP in contrast to the cases with lower I-coil current. Although in the late RMP phase
(t > 4.2 sec) there is an increase in both the edge T; and T,, the edge T; increases only back to its pre-
RMP level that is not enough to compensate the store energy loss through density pump-out in
comparison to the low RMP shown in Fig. 5(b). Therefore only a slight increase in the stored energy has

been seen, which is not sufficient to fully recover from initial drop.

TRANSP analysis for 157376 is shown in Fig. 20 revealing the different components of the plasma stored
energy. Comparing to Fig. 15 (Izpp= 2kA), there is a significant reduction in the core stored energy
Weore for the high RMP case during the density pump-out phase, while in the low RMP case the core
stored energy is barely affected by the application of the RMP. This is a consequence of a global
reduction in the plasma density (not just in the edge) and a suppression of the electron temperature and
ion temperature. While the edge ion and electron temperatures increase on a long time scale, the increase
in the total stored energy of = 0.15 MJ is much less than the large reduction (= 0.55 MJ) in the stored
energy. While the stored energy increase in the late phase of the 5 kA I-coil discharge is comparable to
the 2 kA case (Fig. 15), the initial reduction in stored energy during the pump-out phase is much larger.

The large reduction of the stored energy at high I-coil current will be studied in a future work.
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Figure 19 High RMP I-coil current condition (I p=5kA) for shot 157376: (a) plasma stored energy, (b)

electron density at p=0.9 and (c) ion temperature (black) and electron temperature (blue) at p ~ 0.9.
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for (a) ions and (b) electrons.

V Conclusions

In this paper we have shown that for modest RMP amplitudes near the threshold of ELM suppression the
confinement experiences a long time scale recovery that often completely compensates for the initial
degradation in confinement during density pump-out. The confinement degradation during pump-out is
proportional to the change in the line average density while the ion and electron temperature profiles
experience little change. However on a long time scale the ion temperature increases across the plasma
radius. The increase in the ion temperature at the plasma edge is correlated with an increase in a/L; and
the E X B shearing rate at the top of the H-mode pedestal. From stability analysis using TGLF we find
that the E X B shearing rate and the ITG linear growth rate are comparable at the top of the pedestal and
increase together. These results are consistent with the improvement of the ion thermal confinement
resulting from E x B shear induced reduction of turbulent transport at the top of the pedestal following
density pump-out. In Fig.9, we plotted the different components of E x B shearing rate at pedestal top and

it shows that it is the toroidal rotation gradient contributes most to the increase of E x B shearing rate.
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One possible reason for the spins-up of edge toroidal rotation is the density reduction after the application
of RMP, therefore the edge rotation increases according to the conservation of momentum. This is one of
the possible origins of the increased E x B shear. However, the details of the mechanism need further
investigation. The rise of the core ion stored energy is consistent with TGLF predictions of profile self-
similarity based on the observed increase in the edge ion temperature. It is found that the increase in the
ion confinement is correlated with the density pump-out induced by the RMP, and we notice that the
recovery of the stored energy is only due to a noted increase in the edge ion temperature and not involved
with an increase in the density. However we cannot speculate at this time on the relationship between the

edge density reduction and the increase in the edge T;.

At large RMP amplitude, the trend of the confinement recovery is to some extent similar to the low RMP
cases that both are associated with the increase of edge ion temperature. However the major difference is
in the much larger reduction of the stored energy with less recovery in the core ion thermal energy for the
high RMP cases. This large (~40%) reduction in the stored energy results from both a large fraction of
density reduction (~50%) as well as a significant drop in the edge temperature. The large drop in the
plasma density with the higher I-coil current and the additional reduction in the edge ion and electron
temperature are not well understood. A possible explanation is that the self-similarity seems break down
in the core for the high RMP cases so that the edge T; is decoupled from the core T;. The reason why the
self-similarity breaks down might be related to the larger NTV torque at high RMP amplitude that takes
effect on the edge transport or E x B shearing. One path for future studies is to address the effect of the

RMP induced NTV torque on transport and confinement.

A fundamental question arising from this study is why the edge T; increases after density pump-out.
Unfortunately this question is difficult to answer because we do not have a good transport model for the
H-mode pedestal. However, it is important to recognize that the ion and electron temperatures can
decouple at low density due to reduced collisionality. Therefore it will be interesting to explore the

confinement effect of RMPs in higher density discharges maintaining ITER-like collisionality.
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