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L-­‐H	
  Transi*on	


•  H-­‐mode	
  is	
  first	
  ini*ated	
  by	
  ASDEX	
  [Wagner	
  ‘82	
  PRL]	
  
–  Improvement	
  of	
  confinement	
  at	
  edge	
  plasmas	
  
–  Likely	
  related	
  to	
  VExB	
  shear	
  suppression	
  of	
  turbulent	
  
transport	
  	
  

•  Standard	
  scenario	
  for	
  ITER	
  
•  Many	
  anecdotes	
  of	
  transi*ons	
  with	
  varia*on	
  of	
  power	
  
threshold	
  

[Mar*n	
  ’08	
  JoCP]	




Dynamics	
  of	
  s*mulated	
  transi*on	

I.)	
  Mo*va*on	
  
OV:	
  	
   	
  Par*cle	
  injec*on	
  to	
  probe	
  and	
  	
  
	
   	
  Control	
  the	
  L→H	
  and	
  H→L	
  transi*ons.	
  

Pragma*c:	
  
→ Small	
  pellets	
  and/or	
  SMBI	
  to	
  lower	
  PTh,	
  enhance	
  
hysteresis	
  and	
  control	
  plasma	
  transport.	
  

Physics:	
  
→ Use	
  par*cle	
  injec*on	
  as	
  profile	
  perturba*on	
  technique	
  
to	
  explore	
  interplay	
  of	
  mean	
  flow	
  shear,	
  zonal	
  flows	
  
and	
  turbulence.	
  This	
  interplay	
  is	
  thought	
  to	
  be	
  cri*cal	
  
to	
  the	
  L→H	
  transi*on.	
  

→ Explore	
  and	
  understand	
  physics	
  of	
  ‘s*mulated’	
  
transi*ons	
  in	
  addi*on	
  to	
  usual,	
  spontaneous	
  
transi*ons.	
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[K.	
  Miki,	
  P.H.	
  Diamond	
  et	
  al.,	
  PRL	
  ‘13],	
  
[K.	
  Miki,	
  P.H.	
  Diamond	
  et	
  al.,	
  PoP	
  ‘13]	




Previous	
  Work	
  on	
  par*cle-­‐injec*on-­‐
induced	
  L-­‐H	
  transi*on	
  
-­‐  Askinazi,	
  et	
  al.,	
  (1993)	
  –	
  Tuman-­‐3	
  
→ Transi*ons	
  triggered	
  by	
  strong,	
  rapid	
  
gas	
  puffing	
  

→ LiD	
  pellet	
  induced	
  H-­‐mode	
  (“PCH”)	
  of	
  
short	
  dura*on	
  

→ Some	
  evidence	
  that	
  PCH	
  mode	
  
triggered	
  by	
  <VE>’	
  increase	
  near	
  edge.	
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FIG. 7. (a) Temporal evolution of some plasma parameters in PCH mode and (b) in the shot without transition. 

D. The H mode induced by pellet injection 

Both active methods for H-mode initiation described 
above are not feasible for the next generation of tokamaks 
with hotter plasmas. This is due to the low efficiency of gas 
puffing in larger tokamaks with divertors, and the impos- 
sibility of immersing any electrodes in a hot plasma during 
a longer pulse. So it is highly desirable to find a practical 
alternative for triggering an H mode using a more subtle 
method. Pellet injection which is regarded as an effective 
means for plasma fueling is shown to offer such an option. 
Pellet injection causes rather steep density and temperature 
gradients. If the pellet is sufficiently large and the penetra- 
tion depth is small, the region of steep density gradient 
occurs close to the LCFS. From Eq. (7) it is obvious that 
the radial electric field in the L regime increases during the 
pellet injection due to the growth of the density gradient. 
klore importantly, it has been shown in Ref. 19 that there 
is an important causal relationship between the gradient of 
density profile and the value of the electric-field potential at 
the separatrix. Steeper profiles cause stronger electric fields 
and vice versa. Thereafter a strong electric field with a 
large gradient produces the shear of plasma rotation which 
can reduce the anomalous transport and cause the transi- 
tion from L to H regime. 

During pellet injection the electron temperature is re- 
duced while the ion temperature remains approximately 
the same as before the injection because of the sufficiently 
long time for heat exchange between ions and electrons 
compared to the time for pellet evaporation. Therefore, the 
density dependence of the radial electric field impacts most 
significantly. Another reason for the improvement of the 
confinement may be related to the variation of the param- 
eter vi=d(ln Ti)/d( In ni). The conditions for VI-mode ex- 
citation are worsened during the pellet injection and the 
corresponding transport may be reduced.*’ However, this 
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appears most likely to result from a pellet injection within 
the inner core.” 

Using the regime of injector operation described in Sec. 
I, an improved confinement regime has been obtained ex- 
perimentally. This mode has many similarities with the 
spontaneous H mode and therefore was termed pellet 
caused H (PCH) mode. The typical traces of some plasma 
parameters in the PCH mode are shown in Fig. 7(a). For 
comparison, the shot without transition is presented in Fig. 
7(b). In this case, the pellet was larger and therefore pen- 
etrated deeper into the bulk plasma. This is clearly seen in 
Fig. 8 where the perturbations of the plasma density in 
these two cases are shown. The radial profiles of electric 
field calculated, according to Eq. (7), provided Ti= 70 
eV=const, and using experimental n,(r) profiles, are 
shown in Fig. 9. In the case when the pellet injection trig- 
gered the L-H transition, the region of the strong shear of 
the radial electric field dE/dr is shifted outwards closer to 

:Ti 

;--A 1:: 

‘0.00 ,I I I 0.10 OY20 r:m ’ 

FIG. 8. The density profile (solid line) and its perturbation by a pellet 
which resulted (dashed line) or did not result (dashed-dotted line) in the 
L-H transition. 
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-­‐  Gohil,	
  Baylor,	
  et	
  al.,	
  (2001,	
  2003)	
  –	
  DIII-­‐D	
  
→  Transi*ons	
  triggered	
  by	
  pellet	
  injec*on	
  
→  Reduc*on	
  of	
  PTh	
  by	
  ~30%	
  	
  
→  Limited	
  evidence	
  that	
  <VE>’	
  steepened	
  near	
  

edge.	
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Figure 4. The time history of a HFS pellet-induced H-mode transition and the radial electric field,
Er , profile at the plasma edge. (a) Density interferometer signal indicating the relative change in
the line-average density, (b) upper divertor Dα emission (from Dα filterscopes), (c) the Er profile
at the plasma edge (determined from CER measurements). The green solid vertical line in (a) and
(b) indicates the time of pellet injection. The red shaded region in (a) indicates the time period
for the Er measurements shown in (c) at a sample time of 2 ms. The dashed vertical line in (c)
indicates the position of the separatrix.

and after pellet injection from the inside vessel wall i.e. high magnetic field side of the plasma.
The interferometer signal increases dramatically, indicating the large increase in density of
pellet injection, and then remains high due to the formation of the edge transport barrier.
The Dα signal drops simultaneously indicating the H-mode transition and is followed by a
short phase of dithering H-mode, which quickly (<40 ms) turns into an ELM-free H-mode.
On pellet injection, the gradient of Er just inside the separatrix increases substantially and
then continues to increase with time and also widens as the edge barrier is firmly established.
The values of |Er | were obtained from charge exchange recombination (CER) spectroscopic
measurements of the CVI impurity ions [51]. The radial electric field is obtained from the
radial force balance equation for any plasma species, i, such that

Er = ∇Pi

niZie
+ vφBθ − vθBφ, (1)

where n is the species density, P the pressure, Z the charge number, e the electric charge, vφ

the impurity ion toroidal rotation, vθ the poloidal rotation, Bφ the toroidal magnetic field and
Bθ the poloidal magnetic field. The poloidal rotation used is the measured value from CER
measurements. The greatest changes (i.e. dominant terms in equation (1)) to the total Er at the
plasma edge are the result of changes to vφ and vθ of the impurity ions after pellet injection,
whereas the core rotation shows less change. The effect on the individual contributions to
Er of ∇P , vφ and vθ of the main (bulk) deuterium ions is not determined. However, there
are clear increases in the shear in the edge Er profile for the pellet-induced H-mode which
is identical in behaviour with spontaneous H-mode transitions and is consistent with E × B

velocity stabilization of turbulence leading to the formation of the edge barrier.
The large changes in the edge ne, Te, and Ti produced by pellet injection provide a

direct means of testing theories on the formation of the H-mode edge barrier. The theories
considered [24–26] postulate certain critical threshold parameters for the H-mode transition

[Askinazi,	
  ‘93]	


[Gohil,	
  ‘03]	
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FIG. 9. Radial electric field E calculated for the cases shown in Fig. 8, 
respectively. 

the plasma edge. The shear itself is larger compared to the 
case without L-H transition. 

The PCH mode has some features which distinguish it 
from the Ohmic H mode. (i) The PCH mode exists in 
TUMAN-3 only during a short period of about 5 msec, 
and no way was found to prolong its duration. (ii) Micro- 
wave reflectometer data suggest that the density fluctuation 
(and transport) suppression zone is shifted towards the 
plasma center, as compared to the case of a spontaneous 
Ohmic H mode. (iii) Since the rate of the SXR intensity 
increase is higher compared to that for an Ohmic H mode, 
it is concluded that the improvement of the energy con- 
finement is enhanced in the PCH mode. 

IV. SUMMARY 

Three different methods of H-mode initiation in the 
TUMAN-3 tokamak are described: a short increase of the 
gas puffing rate, the edge plasma polarization using a bi- 
ased electrode, and a steep peripheral density gradient 
brought about by a pellet injected into the boundary 
plasma. 

The improvement of confinement has a common origin 
in all of these cases, and is clearly caused by a strongly 
inhomogeneous radial electric field inside the LCFS. The 
extended version of standard neoclassic theory, invoking 
anomalous inertia and viscosity driven by a turbulence, has 
been shown to describe qualitatively all three methods of 
H-mode initiation. 
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Model:	
  One-­‐dimensional	
  reduced	
  mesoscale	
  
transport	
  modeling	


•  5	
  field	
  reduced	
  mesoscale	
  model(p,	
  n,	
  I,	
  E0,	
  vθ),	
  
mo*vated	
  by	
  
– 1D	
  transport	
  model	
  ([Hinton	
  ’91	
  PoF]	
  etc.)	
  +	
  Local	
  
predator-­‐prey	
  model	
  [E.J.	
  Kim	
  and	
  Diamond	
  ’03,	
  PRL]	
  

•  Simplified	
  boundary	
  condi*on	
  on	
  p	
  and	
  n	
  at	
  LCFS;	
  no	
  
SOL-­‐edge	
  interac*on,	
  fixed	
  boundary.	
  	
  

•  NO	
  MHD	
  ac*vity,	
  no	
  ion-­‐orbit-­‐loss	
  (or	
  Er	
  bifurca*on	
  )	
  

•  N.B.:	
  No	
  ‘first	
  principle’	
  simula6ons	
  have	
  	
  
reproduced	
  or	
  elucidated	
  the	
  L-­‐H	
  transi6on	
  

5	


[K.	
  Miki,	
  and	
  P.H.	
  Diamond	
  et	
  al.,	
  Phys.	
  Plasmas,	
  2012]	




Descrip*on	
  of	
  the	
  1D	
  model	
  (1):	
  
Predator-­‐Prey	
  model	
  	
  (a‘	
  la	
  Kim-­‐Diamond)	


6	


Driving	
  term	

Local	
  dissipa*on	


ZF	
  shearing	

MF	
  shearing	
 Turbulence	
  

spreading	
  	
  [Hahm,	
  
Lin]	
  

Reynolds	
  stress	
  drive	

MF	
  inhibi*on	
  in	
  Reynolds	
  cross-­‐
phase	
  [E.	
  Kim	
  ’03	
  PRL]	


ZF	
  collisional	
  damping	


by	
  radial	
  force	
  balance	


Turbulence	
  intensity:	


Zonal	
  flow(ZF)	
  energy:	
  E0=V’ZF2	


Mean	
  flow(MF)	
  shearing:	


∂t I = (γL −ΔωI −α0Eo −αVEV )I + χN∂x (I∂xI )

∂tE0 =α0IE0 / (1+ζ0EV )−γdamp

ΕV = (∂xVE×B )
2

Assuming	
  ITG	
  turbulence	
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Bifurca*on	
  in	
  the	
  dynamical	
  systems	

•  In	
  the	
  local	
  limit,	
  this	
  model	
  is	
  reduced	
  to	
  the	
  
local	
  predator-­‐prey	
  (Kim-­‐Diamond)	
  model.	
  	
  

•  Phase-­‐portrait	
  on	
  the	
  projec*on	
  of	
  E0=0	


p’	


I	


∂t I = 0
∂tE0 = 0

Suppression	
  by	
  	
  
mean	
  flow	


Limit-­‐cycle	
  
oscilla*on	
  
(stable)	


∂t "p = 0 for	
  low	
  Q	


L-­‐mode	


Unstable	
  H-­‐mode	


for	
  high	
  Q	


Destabiliza*on	
  of	
  
the	
  node	
  due	
  to	
  MF	
  
inhibi*on	


Stable	
  H-­‐mode	


∂t "p = 0
Ramp	
  up	


Cross-­‐over	
  in	
  3D	
  
manifold	
  
(L-­‐H	
  transi*on)	
  



A	
  case	
  of	
  standard	
  L-­‐H	
  transi*on	
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Model	
  studies	
  recover	
  the	
  spa*o-­‐temporal	
  
evolu*on	
  of	
  the	
  spontaneous	
  L-­‐I-­‐H	
  transi*on.	


→	
  At	
  L-­‐I	
  transi*on	
  
-­‐  Limit-­‐cycle	
  
oscilla*on(LCO)	
  
begins.	
  

→	
  At	
  I-­‐H	
  transi*on	
  
-­‐  MF	
  increases.	
  
-­‐  Turbulence	
  and	
  ZF	
  

drop	
  in	
  the	
  
pedestal	
  	


������	
�	�

���

���

�
�	�

����

L�
I#phase)/)))
Limit#cycle))
oscilla2on(LCO)) H#mode�

(∇n/n)-1
(r/a=0.95) related Dα�

The time-resolved E! B velocity is obtained from the
instantaneous Doppler shift, fD ¼ ð!S $!IÞ=2! ¼
v?k"=ð2!Þ, with v? ¼ vE!B þ vph. Neglecting the con-
tribution of the fluctuation phase velocity vph, (estimated to

be much smaller than the electron and ion diamagnetic
velocities by linear stability calculations for similar plas-
mas [18]), one obtains vE!B ' 2! fD=k".

Figure 1(a) shows the time history of theE! B velocity
vE!B across the plasma edge (measured by an 8-channel
DBS system) in a dithering L-H transition, induced by
stepping up the (co-injected) neutral beam power from
Pinj ¼ 2:8 MW to 4.5 MW, a value just above the

H-mode transition power threshold (at a toroidal magnetic

field B# ¼ 2 T and plasma current Ip ¼ 1:1 MA), The
core plasma (line density !n ¼ 2:7! 1019 m$3) is co-
rotating, and in the L mode the radial electric field Er '
v#B"=B

2 and the poloidal projection of the E! B veloc-
ity shown here are positive except for a narrow radial edge
layer a few cm inside the separatrix, where the contribution
of the ion pressure gradient to Er produces weak intermit-
tent negative flow. The normalized edge density fluctuation
level ~n=n peaks near/outside the separatrix [Fig. 1(b)]. ~n=n
is measured by DBS at a wave number k" ( 2:7 cm$1,
"k"=k" ' 0:3, and k"$s ( 0:4. This wave number range
overlaps with the upper wave number range detected by
beam emission spectroscopy (BES) in DIII-D and corre-
sponds to the poloidal wavenumber range where the maxi-
mum growth rate of the ion temperature gradient mode
[ITG], is expected. In addition, resistive balloning modes
(RBM) may be active just inside the separatrix. The radia-
tive instability, thought to be responsible for limit cycle
oscillations in earlier DIII-D experiments with a higher
triangularity plasma with lower x-point height [8], is not
likely to be present here due to the higher NBI heating
power (2.8 vs 0.3 MW) and edge electron temperature, and
low Zeff ' 1:6. Because of backscattering, DBS intrinsi-
cally detects modes with kr ' 0. At t( 1271 ms, a strong,
periodic limit cycle oscillation (LCO) oscillation in the
E!B velocity starts to develop in a 2–3 cm wide layer at
and just inside the separatrix. Starting at t0 ( 1271:7 ms,
density fluctuations are periodically reduced in the region
2:25 m<R< 2:28 m, concomitantly with a sharp reduc-
tion in theD% recycling light [Fig. 1(c)]. Edge confinement
starts to improve during the oscillatory phase, as evidenced
by the changing rate of increase of the line density
[Fig. 1(d)] and edge electron temperature [Fig. 1(e)]. The
frequency of the E! B flow oscillation decreases gradu-
ally from 2.5 to 1.7 kHz. About 15 ms after LCO onset,
after a final D% transient, the transition to sustained
H-mode takes place, characterized by a strong, steady
E!B flow layer with Er ($rpi=en, where rpi is the
ion pressure gradient and n is the plasma density. An
expanded time history reveals that the E!B velocity
oscillations [Fig. 2(a)] at the separatrix lag the density
fluctuation amplitude [Fig. 2(b)] by about 90), as con-
firmed by the cross-correlation coefficient [Fig. 2(d)].
This phase lag is consistent with the predator-prey model
of the L-H transition advocated previously [11]. ZFs are
driven once density fluctuations reach sufficient amplitude;
in turn, ZF shear is thought to quench fluctuations. The
time delay between the peak fluctuation amplitude (and,
presumably, peak radial particle transport flux) and the
peak divertor recycling (D%) light [Fig. 2(c)] is found to
be (120–140 &s, consistent with an estimated plasma
loss time due to parallel scrape-off layer (SOL) flow
0:5q95R=0:3cs ' 140–180 &s (the edge safety factor is
q95 ( 4:1 and an estimated SOL parallel flow speed of

0:3cs with cs ¼ ½ðkTe þ kTiÞ=mi+1=2 is used here).
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(a)

(b)

(c)

(d)

(e)

(f)

to

FIG. 1 (color). Time evolution of (a) E!B velocity (the
direction of the ion diamagnetic and rB drift is indicated);
(b) relative density fluctuation level; (c) divertor D% signal;
(d) electron density; (e) edge electron temperature, and
(f) neutral beam power across the transition from L mode
through limit cycle oscillations (LCO) to H mode.
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→ Note:	
  Extended	
  LCO	
  I-­‐phase	
  is	
  conceptually	
  and	
  
diagnos*cally	
  useful	
  but	
  NOT	
  intrinsic	
  to	
  transi*on	
  	
  

→ Stress	
  driven	
  flow	
  can	
  be	
  excited	
  in	
  burst	
  	
  
	
  i.e.	
   	
   	
  cycle	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  →	
   	
   	
  	
  1	
  Period	
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turbulence	


ZF	


MF	


*me	


r/a	


t(a/c
s
)

r/a
r/a

r/a

(a) turbulence

(b) ZF

(c) log(MF)

(d)

(e)

turbulence

MF
ZF

α
0
IE

0

η

t(a/c
s
)

(f)

(A) (B)

FIG. 7. Spatio-temporal evolution of turbulence (a) I, (b) E
0

, and (c) ln(EV ) as a function of time

t during a fast power ramp 2 ⇥ 104(a/cs) < t < 4 ⇥ 104(a/cs), and radius (0.5 < r/a < 1.0). No

LCO is seen. The I-phase LCO is compressed into a single burst of ZF at t = 2.72 ⇥ 104(a/cs).

(d) Time evolution of turbulence intensity I (blue chain line), ZF energy E
0

(green solid line),

and MF shearing energy EV (red dotted line). This figure shows that at the L!H transition

t = 2.72⇥104(a/cs), the turbulence quenches at a faster rate, the ZF increases before the transition

and damps after the transition, and MF shear rapidly increases at and just after the transition.

(e) The evolution of the product quantity P? = ↵IE
0

. The product quantity exhibits a peak just

before the transition and quenches after the transition. (f) An evolution of ⌘, showing a single

burst at t = 2.72⇥ 104(a/cs). This single burst triggers the quench of turbulence and the product

quantity ↵
0

IE
0

. Thus, the L!H transition occurs. For convenience, we here draw vertical lines

(A) at t = 2.71⇥ 104(a/cs) and (B) at t = 2.72⇥ 104(a/cs).
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Slow	
  ramp	
  up	
 Fast	
  ramp	
  up	




→ Emerging	
  Scenario	
  for	
  L→H	
  Transi*on	
  
-  Increased	
  Qedge	
  →	
  increased	
  turbulence	
  drive	
  →	
  
increased	
  Reynolds	
  work	
  on	
  flow	
  →	
  turbulence	
  
collapse	
  →	
  ∇pi	
  growth	
  →	
  transi*on	
  

- Useful	
  parameter:	
  	
  

RT≥	
  1	
  ⇒	
  turbulence	
  collapse	
  and	
  transi*on	
  
- Exp.	
  [Manz,	
  PoP	
  ’12] 	
  Model	
  [Miki,	
  PoP	
  ’12]	
  

11	


RT ≡ vrE vθE ∂ V⊥ / ∂r γeffET

then begins to decay, defining phase (III) in the transition,
consistent with recent observations in TJ-II.18 The delay
between the reduction in the turbulent amplitude and the
drop of the Da (Figs. 2(a) and 2(b)) most likely corresponds
to a combination of the time needed for cross-field transport
and parallel flow from the midplane region to the divertor
region where the Da emissions are observed. The kinetic
energy transfer P? from the turbulence into the shear flow
continues to increase while the turbulence amplitude is
decreasing (Fig. 2(d)) during phase (III), while the L–H tran-
sition is approached as shown in Fig. 2(d)). This confirmed
the earlier conjecture above that the low frequency flow is
actually driven by a transfer of energy from the turbulence.
About 1 ms before the L–H transition occurs, the kinetic
energy transfer P? peaks. To evaluate whether this energy
transfer is sufficient to reduce the turbulence level signifi-
cantly the transfer rate must be compared to the energy input
rate into the turbulence as discussed above. Using experi-
mental data, we find the ratio of the production, P?, normal-
ized by ceff h~v2

?i in Figure 2(e). This ratio indicates the power
transfer rate into the shear flow normalized by the power

transfer into the turbulence from the combined effects of the
free energy source and the background Er shearing during
periods of weak flow. As the Da signal starts to drop (the tra-
ditional measure of the start of the L–H transition), the turbu-
lence has already reached its minimum. Commensurate with
the drop in Da signal, the flow production rate surpasses the
turbulence recovery rate and the turbulence energy collapses
to nearly zero. After the peak of the normalized production
rate, the production P? remains small and the low. But the
low frequency flow begins to recover (Fig. 2(c)), suggesting
that after the transition the flow is sustained by non-turbulent
processes. The growth of the radial electric field and associ-
ated flow shear after the drop in Da light has already been
shown to be associated with the growth of the ion pressure
gradient.28 No ion temperature profiles are available here, but
the observation here is consistent with this earlier result. Fur-
thermore, in an analysis of similar data obtained just outside
of the separatrix (shown in green in Fig. 2), no such transient
behavior is observed. This indicates that these observations
are isolated to the region inside the LCFS, and that on open
field lines the turbulence amplitude simply collapses after the
H-mode transition, as has been reported earlier.3

COMPARISON WITH PRESENT PREDATOR-PREY
MODEL

The one-space, one-time multiple shearing predator-
prey model22 is used for comparison with the experimental
results reported here from EAST. A fast ramp of the heating
power is used to model the regular L–H transition. Under
these conditions, no limit-cycle oscillation is observed.
Instead, a single burst of zonal flow energy and turbulence
collapse is observed, followed by a classic L–H transition. A
typical time trace around the L–H transition is shown in Fig.
4. Here, Fig. 4(a) depicts the evolution of the amplitudes of
the turbulence I, the zonal flow E2

0, and the mean flow. The
modest decrease of turbulence I in the early part of the model
evolution is triggered by a rapid growth of the mean flow, or
a decorrelation of turbulence drive by mean flow shearing.
The coupling between the zonal flow and the turbulence is

FIG. 2. Da (a), turbulent (b), and flow (c) fluctuation amplitude during L–H
transition. Energy transfer between turbulence and shear flow (d) and nor-
malized to turbulent fluctuation amplitude and energy recovery time (e).
Data from 1.0–1.5 cm inside LCFS denoted by blue and red curves. Data
taken 1 cm outside of LCFS in the SOL region denoted by green curve.

FIG. 3. Hodograph of turbulent and flow energies during L-H transition.

072311-4 Manz et al. Phys. Plasmas 19, 072311 (2012)
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FIG. 7. Spatio-temporal evolution of turbulence (a) I, (b) E
0

, and (c) ln(EV ) as a function of time

t during a fast power ramp 2 ⇥ 104(a/cs) < t < 4 ⇥ 104(a/cs), and radius (0.5 < r/a < 1.0). No

LCO is seen. The I-phase LCO is compressed into a single burst of ZF at t = 2.72 ⇥ 104(a/cs).

(d) Time evolution of turbulence intensity I (blue chain line), ZF energy E
0

(green solid line),

and MF shearing energy EV (red dotted line). This figure shows that at the L!H transition

t = 2.72⇥104(a/cs), the turbulence quenches at a faster rate, the ZF increases before the transition

and damps after the transition, and MF shear rapidly increases at and just after the transition.

(e) The evolution of the product quantity P? = ↵IE
0

. The product quantity exhibits a peak just

before the transition and quenches after the transition. (f) An evolution of ⌘, showing a single

burst at t = 2.72⇥ 104(a/cs). This single burst triggers the quench of turbulence and the product

quantity ↵
0

IE
0

. Thus, the L!H transition occurs. For convenience, we here draw vertical lines

(A) at t = 2.71⇥ 104(a/cs) and (B) at t = 2.72⇥ 104(a/cs).
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RT	


transi*on	
 transi*on	

See	
  also	
  TEXTOR	
  [Shesterikov	
  PRL	
  ‘13]	




Extension:	
  Represen*ng	
  par*cle	
  injec*on	
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Since	
  p=nT:	


Cooling	
  due	
  to	
  par*cle	
  injec*on	

ISMBI
nref

=
ΔT
Tref

Injec*on	
  Fueling	


Important	
  parameters:	
  
ISMBI:	
  par*cle	
  injec*on	
  intensity	
  
τSMBI:	
  dura*on	
  of	
  par*cle	
  injec*on	


xdep:	
  deposi*on	
  point	
  of	
  injec*on	
  
Δx:	
  par*cle	
  deposi*on	
  layer	
  width	




→ Limita*ons	
  of	
  Model	
  
Specific	
  to	
  injec*on:	
  
-­‐  No	
  abla*on,	
  ioniza*on,	
  etc.	
  Injec*on	
  is	
  instantaneous	
  ⇒	
  *me	
  
delay	
  related	
  to	
  ioniza*on,	
  etc.	
  not	
  accurately	
  represented.	
  
Model	
  can	
  capture	
  	
  *me	
  delay	
  related	
  to	
  plasma	
  transport	
  
dynamics.	
  

-­‐  Source	
  asymmetry	
  ⇒ toroidal	
  and	
  poloidal	
  
-­‐  Vφ	
  not	
  evolved	
  ⇒	
  model	
  does	
  not	
  include	
  possible	
  benefit	
  
from	
  reduc*on	
  in	
  rota*on.	
  

General:	
  
-­‐  Need	
  separately	
  evolve	
  Te,	
  Ti	
  and	
  ion,	
  electron	
  hea*ng	
  ⇒	
  low	
  
PT(n)	
  behavior	
  

-­‐  Generalize	
  turbulence	
  model:	
  ITG+TEM	
  
-­‐  Rela*on	
  between	
  Te(ρ=1)	
  and	
  SOL	
  heat	
  transport	
  
(Fundamenski)	
  

-­‐  LSN	
  vs	
  USN	
  asymmetry	
  (Fedorczak,	
  et	
  al.,)	
  
13	




III.)	
  Model	
  Studies	
  
A.)	
  Comparison/	
  Contrast	
  (A.)	
  
	
  -­‐	
  Case	
  1:	
  Injec*on	
  Triggers	
  L→H	
  
	
  -­‐	
  Case	
  2:	
  Deeper	
  injec*on	
  triggers	
  damped	
  LCO	
  

B.)	
  Comparison/	
  Contrast	
  (B.)	
  
	
  -­‐	
  Case	
  3:	
  Injec*on	
  to	
  subcri*cal	
  state	
  triggers	
   	
   	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  turbulence	
  collapse	
  
	
  -­‐	
  Case	
  4:	
  Sequen*al	
  Injec*on	
  into	
  Subcri*cal	
  state	
  
	
   	
   	
   	
  	
  maintains	
  turbulence	
  collapse.	
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A.)	
  Case	
  1:	
  Injec*on	
  Triggers	
  L→H	
  Transi*on	
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1.0	
0.90	
 r/a	
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→ Turbulence	
  quenched	
  
quickly	
  following	
  injec*on	
  

→ Single	
  rapid	
  burst	
  in	
  <VE>’2	
  
followed	
  by	
  relaxa*on	
  to	
  H-­‐
phase	
  value	
  with	
  enhanced	
  
<VE>’2	
  edge.	
  

p’	
  	


I	


dtI=0	
 dtE0=0	


dtp’=0	




A.)	
  cont’d	
  Case	
  2:Deeper	
  Injec*on	
  Triggers	
  damped	
  
oscilla*on	


-­‐	
  Same	
  deposi*on,	
  but	
  for	
  xdep=.95	
  instead	
  xdep=.975	
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I	


ZF	


<V’E2>	


*me	


<V’E2>(r)	


Damped	
  	
  
Oscilla*on	
  	


during	


aver	


edge	

r/a	


⇒ Injec*on	
  triggers	
  damped	
  
oscilla*on	
  

⇒ Key	
  difference	
  with	
  case	
  1	
  is	
  that	
  
edge	
  <VE>’	
  not	
  enhanced.	
  



A.)	
  The	
  Lesson	
  
-­‐  Edge	
  <VE>’	
  seems	
  cri*cal	
  to	
  turbulence	
  collapse	
  
and	
  L→H	
  transi*on	
  

→ Despite	
  comparable	
  <VE>’	
  magnitudes,	
  	
  
→ case	
  with	
  stronger	
  <VE>’	
  at	
  edge	
  ⇔ transi*on,	
  	
  
→ while	
  case	
  with	
  weak	
  <VE>’	
  at	
  edge	
  ⇒	
  no	
  transi*on.	
  

→ No	
  transi*on	
  case	
  exhibits	
  damped	
  oscilla*on	
  
→ No	
  apparent	
  evidence	
  for	
  ZF	
  role	
  in	
  transi*on	
  (!?)	
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B.)	
  Effec*ve	
  Hysteresis	
  
1.)	
  Case	
  3:	
  dQ=.7,	
  ISMBI=100	
  (Δdep=0.01)	
  
Strong	
  single	
  injec*on	
  into	
  subcri?cal	
  state	
  can	
  
trigger	
  a	
  transient	
  turbulence	
  collapse.	
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turbulence	


ZF	


<VE>’2	


Transient	
  collapse	
  of	
  turbulence,	
  
followed	
  by	
  return	
  to	
  L-­‐mode	


Transient	
  burst	
  
in	
  <VE>’	
  during	
  
collapse.	


<V’E>	


I	


dtI=0	


dtE0=0	


dtp’=0	




2.)	
  Case	
  4	
  
Sequen?al,	
  repe??ve	
  injec*on	
  into	
  subcri*cal	
  state	
  can	
  
sustain	
  turbulence	
  collapse.	
  ⇒	
  ‘	
  s*mulated	
  H-­‐mode’	
  	
  

20	


ISMBI=50	


�	�������

(a)$turbulence�

(b)$ZF�

(c$)$<VE>’2�

Sustained	
  state	
  of	
  
turbulence	
  collapse	
  
(‘H-­‐mode’?)	


Repe**ve,	
  sequen*al	
  
injec*on	


	
  p’	


I	


dtI=0	


dtE0=0	


dtp’=0	


Repe**ve	
  injec*on	




Lesson:	
  
→ Strong	
  injec*on	
  can	
  trigger	
  transient	
  
turbulence	
  collapse	
  in	
  subcri*cal	
  regime.	
  

→ Repe**ve,	
  sequen*al	
  injec*on	
  can	
  sustain	
  
subcri*cal	
  turbulence	
  collapse	
  
⇒ driven,	
  or	
  ‘s*mulated’	
  H-­‐mode	
  

∴ 	
  
→ Specula*on:	
  Sequen*al	
  injec*on	
  can	
  enhance	
  
effec*ve	
  hysteresis,	
  facilita*ng	
  control	
  of	
  H→L	
  
back	
  transi*on.	
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→ Quan*ta*ve	
  Test:	
  Compare	
  Time	
  Evolu*on	
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RT ≡ vrE vθE ∂ V⊥ / ∂r γeffET =α0E0 / (γL − IΔω)

RH ≡ VE & / γeff =αVEV / (γL − IΔω)

Spontaneous	
  transi*on:	
  
RT(edge)	
  leads	
  RH	
  prior	
  to	
  
transi*on	


S*mulated	
  transi*on:	
  	
  
RT(edge)	
  and	
  RH	
  peak	
  
simultaneously,	
  at	
  transi*on.	


Normalized	
  Reynolds	
  Work	


Normalized	
  Shearing	
  Rate	


edge	
 Injec*on	
  centroid	
 Dura*on	




How	
  Reconcile?	
  
→ Spontaneous	
  and	
  S*mulated	
  Transi*on	
  take	
  
fundamentally	
  different	
  routes	
  to	
  transport	
  and	
  
profile	
  bifurca*on:	
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i)  Spontaneous	
  transi*on	
  steepens	
  
∇<pi>	
  to	
  achieve	
  transi*on	
  via	
  
Reynolds	
  stress	
  driven	
  flow	
  
excita*on	
  and	
  shearing	
  to	
  reduce	
  
turbulence	
  and	
  transport.	
  

ii)  injec*on-­‐induced	
  transi*on	
  
steepens	
  ∇<pi>	
  and	
  <VE>’	
  via	
  direct	
  
injec*on	
  effects	
  on	
  edge	
  gradients	
  

(not	
  to	
  
scale)	


Fueling	
  degree	
  

Hea*ng	
  
Power	


spontaneous	


Injec*on	


∴	
  While	
  evolu*ons	
  differ,	
  no	
  real	
  contradic*on!	




Key	
  Test:	
  Compare	
  
a.  )	
  moderate	
  →	
  weak	
  injec*on	
  for	
  rdep	
  →	
  1	
  
b.  )	
  no	
  injec*on	
  but	
  par*cle	
  source	
  increment	
  

(sta*c	
  and	
  pulsed)	
  i.e.	
  S0	
  →	
  	
  S0+δS	
  
Is	
  there	
  a	
  significant	
  difference	
  in	
  number	
  of	
  
injected	
  par*cles	
  required	
  to	
  trigger	
  a	
  transi*on?	
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a.)	
 b.)	




Conclusion	

•  Subcri*cal	
  transi*ons	
  can	
  indeed	
  occur.	
  
–  Zonal	
  flow	
  do	
  not	
  play	
  a	
  key	
  role	
  in	
  such	
  fueling-­‐
induced	
  transi*ons,	
  in	
  contrast	
  to	
  their	
  contribu*on	
  
to	
  spontaneous	
  transi*ons.	
  	
  

•  The	
  crucial	
  element	
  for	
  a	
  subcri*cal	
  transi*on	
  
appears	
  to	
  be	
  how	
  the	
  injec*on	
  influences	
  the	
  
edge	
  <V’E>.	
  

•  Below	
  a	
  certain	
  power,	
  subcri*cal	
  injec*on	
  can	
  
induce	
  a	
  transient	
  turbulence	
  collapse	
  which	
  
later	
  relaxes	
  back	
  to	
  L-­‐mode.	
  	
  
– However,	
  repe**ve	
  injec*on	
  can	
  sustain	
  subcri*cal	
  
improved	
  H-­‐mode	
  states.	
  	
  


