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Abstract

The modification of turbulence in the edge plasma of the DIII–D tokamak at the transition from the low to the high mode
of confinement is investigated with a phase-contrast imaging diagnostic. The amplitude and radial correlation length of the
turbulence in the confinement region decrease at the transition, whereas the decorrelation time increases. The transition

w Ž . xmodel of Biglari, Diamond, and Terry Phys. Fluids B 2 1990 1 , based on turbulence decorrelation by E=B velocity
shear, is quantitatively substantiated by measurements of the theoretical control parameter. Further quantitative predictions
of the theory are tested for the first time. q 2000 Published by Elsevier Science B.V.

PACS: 52.25.Fi; 52.25.Gj; 52.55.Fa; 52.35.Ra
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1. Introduction

A central goal of research in nuclear fusion by
magnetic confinement has been the minimization of
anomalous plasma transport, defined as all transport
in excess of the inescapable rate due to Coulomb
collisions. Indeed, a great deal of progress has been
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made over the past few decades, which have seen the
successive discoveries of various regimes of im-

w xproved confinement 1 . Much current research aims
at improving the understanding and control of these
regimes. Anomalous transport is widely attributed to
turbulent fluctuations caused by microinstabilities
w x1,2 . However, the experimental evidence for this
connection is still incomplete, and much remains
unknown about the nature and properties of the
turbulence and of the underlying instabilities. More
generally, understanding turbulence, in both neutral
and charged fluids, is widely perceived as one of the
remaining great scientific challenges of classical

w xphysics 3 .
The first and most universal of the enhanced

confinement regimes is the high-confinement mode
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Ž . w xH-mode 4 . There is now considerable evidence
that a single mechanism, turbulence decorrelation
and suppression by a sheared E=B velocity, is
responsible for the transition from the low-confine-

Ž . w xment mode L-mode to the H-mode 5 . This same
mechanism is thought to play an important role in
the enhanced-confinement regimes discovered more

w xrecently 6 . A theoretical model for the shear decor-
relation mechanism was proposed nearly a decade

w xago 7 and by now has become widely accepted,
with additional support from recent numerical simu-

w xlations 8 . This model, which implies a self-organi-
zation of the plasma into a higher-energy yet less
turbulent state, departs radically from conventional
wisdom and constitutes a fundamental new addition
to the understanding of turbulence. Measurements by

w x w xelectrostatic probes 9 and reflectometry 10 have
provided initial corroboration of the theory.

An experimental test of the predictions of the
model requires the simultaneous measurement with
good spatial and temporal resolution of the correla-
tion length and decorrelation time of the turbulence,
as well as of the electric field, in the plasma edge. In
addition, the decorrelation time should be measured
in the plasma frame of reference, to avoid distortions
caused by Doppler broadening from the sheared
plasma flow. In this Letter, we present the first
simultaneous, time-resolved, noninvasive measure-
ment of these correlation parameters in the plasma
frame across the L–H transition. The measurement
was performed with a high-spatial-resolution phase-

Ž . w xcontrast imaging PCI diagnostic 11 in the DIII–D
w xtokamak 12 . Used in conjunction with measure-

ments of the electric field by charge-exchange
Ž . w xrecombination CER spectroscopy 13 , the PCI data

permit a quantitative test of the theoretical criterion
for shear decorrelation, which is found to be well
satisfied. In addition, we find that the radial correla-
tion length, as well as the amplitude, of the turbulent
density fluctuations in the confinement region de-
crease at the transition, whereas the decorrelation
time increases. These measurements make possible
for the first time a truly complete test of the theory,
as they allow us to test detailed quantitative predic-

w xtions generated by two versions of the model 7,14
for the changes in those correlation quantities. In-
complete agreement is obtained in both cases, sug-
gesting that refinements of the theory are desirable in

order to achieve a more complete understanding of
the L–H transition.

The inception of the H-mode, related to the attain-
ment of a heating power threshold, is generally
abrupt and is characterized by the formation of a
transport barrier in the plasma edge, concomitant
with a reduction in the edge turbulence level. The
L–H transition is empirically identified by a de-
crease in the spectroscopic D edge emission, whicha

indicates reduced edge particle transport. On a slower
time scale, the confinement improvement extends to

w xthe core 1,15 . During the evolution of the H-mode,
Ž .Edge Localized Modes ELMs – quasiperiodic edge

instabilities – are often observed. In the remainder of
this Letter we shall only consider the early, ELM-free
H-mode phase occupying the first few tens of mil-
liseconds after the L–H transition. The properties of
turbulence change substantially in the later phase,
especially in the presence of ELMs.

2. Experimental setup

w xThe PCI diagnostic 16 employs a 20-W CO2

laser beam of 10.6 mm wavelength and 7.6 cm
width, which is launched vertically through the outer

Ž .plasma edge of DIII–D see Fig. 1 and is then
w xpassed through a Zernike phase-contrast filter 17 to

create a radial image of the plasma onto a 16-ele-
ment HgMnTe linear detector array. Thus, the sys-
tem measures the vertical line integrals of the density
fluctuations at 16 radial locations, typically dis-
tributed from just inside to just outside the last

Ž .closed flux surface LCFS . Any eight of the 16
signals can be collected in a given plasma discharge.
The radial resolution is 0.5 cm and the temporal
resolution is 0.5 ms; the system is sensitive to den-
sity fluctuations as low as 1015 my3, and the signal-
to-noise ratio is typically in the range 10–100. These
properties ensure good statistics for correlation anal-
ysis. The diagnostic is absolutely calibrated by means
of acoustic waves in air. While the accuracy on the
absolute calibration is ;30–40%, the relative am-
plitude from chord to chord is known to an accuracy
of ;10–15%.

The frequency range is 8–1000 kHz, the lower
limit being imposed by mechanical vibrations; the
wave-number range is 0.65–6 cmy1. The vertical
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Fig. 1. Geometry of the PCI measurement. The outer portions of
the magnetic flux surfaces of a typical DIII–D plasma are shown.

Ž .The position of the last closed flux surface LCFS can vary from
discharge to discharge.

integration combined with the field-line geometry at
the edge constrains the measured wave vectors to be
essentially radial, i.e., perpendicular to the magnetic
flux surfaces. As a result, the measured frequency
spectra experience negligible Doppler shifts in re-
sponse to the poloidal and toroidal E=B drifts due
to the radial electric field; in addition, the measured
correlation length can be identified with the radial
correlation length. These conclusions were con-
firmed by extensive analytical and numerical model-

w xing 16,18 . We emphasize that only turbulent fluctu-
ations are considered in the present work; since the
nature of the data is profoundly altered by the pres-
ence of coherent fluctuations, such cases were ex-
cluded from this study.

Experimental tests of theory require the estima-
tion of the correlation length and decorrelation time

w xof turbulent plasma eddies 7 . Since an eddy travels
at the group velocity of the fluctuations, a La-
grangian rather than a Eulerian approach is required

to determine its true lifetime. To this effect we
calculate the autocorrelation function of the peak
spatial Fourier component of the turbulence. The
intrinsic eddy decorrelation time is taken to be the

w xe-folding time of this function 16 and is systemati-
Ž .cally larger than the stationary Eulerian decorrela-

tion time, as expected. The applicability of this
approach, which can intuitively be seen as a mea-
surement in the eddy frame of reference, is contin-
gent on the lack of Doppler broadening. The radial
correlation length is estimated as the e-folding length
of the envelope of the equal-time spatial correlation
coefficient, fitted by a Gaussian.

3. Phenomenology of edge turbulence in L- and
H-mode in DIII–D

The properties of turbulence in L- and H-mode
have been studied with the PCI system in detail in
over 100 DIII–D diverted deuterium discharges, in
the region from 6 cm inside to 4 cm outside the last
closed flux surface. Several quantitative features ex-
hibit significant dependences on plasma parameters,

w xwhich are beyond the scope of this Letter 16 . Here
we shall focus on the systematic changes occurring
at the L–H transition. For simplicity, we shall iden-
tify each PCI chord by its intersection with the
midplane; however, it must be stressed that each
signal contains contributions from the ensemble of
flux surfaces with minor radii equal or larger than
the minor radius at the midplane.

Inside the LCFS, the signal amplitude is lower in
w xH-mode than in L-mode 19 . The reduction factor is

largest in the region just inside the LCFS and ranges
from 1.2 to 3 in our data set; further into the plasma,
4–6 cm inside the LCFS, that factor is generally

Žclose to 1. In the region of open field lines scrape-off
.layer, or SOL , the H-mode amplitude can be slightly

smaller than its L-mode counterpart, but it is also
often larger by up to a factor of two. Representative
radial profiles of the density fluctuations, obtained
by using a set of similar discharges with different
positions of the LCFS, are shown in Fig. 2. The peak
located 0.5–1.5 cm inside the LCFS is a universal
feature, although it is systematically less prominent
in H-mode. It must be remembered that these data
represent the rms values of the line-integrated den-
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Fig. 2. Spatial distribution of rms values of line integrals of
density fluctuations in L- and H-mode, as a function of horizontal
distance from LCFS on the midplane. Data are collected from a

Žset of similar shots with varying LCFS position magnetic field
B s2.1 T, current I s1.35 MA, line-averaged density n s4=f p e

19 y3 .10 m , input neutral-beam power 1.1–2.3 MW . The error
bars shown reflect chord-to-chord calibration uncertainties; the
common absolute uncertainty is 40%.

sity fluctuations; thus, part of the signal reduction in
H-mode could be due to a decrease in the vertical
correlation length.

The frequency spectrum is monotonically decreas-
ing everywhere in L-mode, generally with an approx-
imate vy2 dependence. In H-mode, the spectrum is
broader overall than in L-mode but exhibits irregular
multiple peaks. These features are reflected in the
H-mode autocorrelation function, which is narrower
at small delay times but exhibits a more prominent
tail at large delays than its L-mode counterpart. The
corresponding decorrelation time is generally larger
in H-mode than in L-mode in the region from the
LCFS to 1.5 cm inside, smaller elsewhere; its value
in all cases varies between 10 and 50 ms. The
intrinsic eddy decorrelation time, while systemati-
cally larger, displays the same relative phenomenol-
ogy: typical values in the region just inside the LCFS
are 20–40 ms in L-mode, 40–80 ms in H-mode. It
should be noted that the frequency components be-
low 8 kHz, inaccessible to the measurements, could
further increase these values: hence, these times
should be taken as lower limits.

The radial correlation length decreases at the L–H
transition inside the LCFS, while it remains constant
or increases, sometimes substantially, in the SOL.
The reduction factor in the confinement region ranges

from 1.3 to 3, with values from 1.2 to 3.5 cm in
L-mode and from 0.4 to 1.2 cm in H-mode, depend-
ing on plasma parameters. In the SOL, the correla-
tion length is generally shorter than 1 cm in L-mode,
while values up to 3 cm have been documented in

w xH-mode 16 .
Owing to the line integration, the measurements

made on chords nominally inside the LCFS are in
fact affected by the turbulence in the SOL also.
However, the length of the integration path across
the SOL decreases rapidly with decreasing major
radius for those chords. The strong peaking of the
fluctuation signal 0.5–1.5 cm inside the LCFS in
L-mode and the strikingly different phenomenology
of the correlation properties inside and outside the

Ž .LCFS in both L- and H-mode suggest that the
measurements inside the LCFS are little affected by
the SOL. The contribution of a chord segment to the
mean square signal is proportional to L LL n2, where˜z z

L is the length of the segment, LL is the verticalz z

correlation length, and n is the local density fluctua-˜
tion amplitude. The contributions from the outer
layers can be subtracted in principle by using the
measurements on the outer chords, weighted by their
effective integration lengths. A subtraction algorithm
based on this principle has confirmed the qualitative
conclusion that the SOL turbulence has little effect
on the measurements performed on the chords inside
the confinement region. However, this method is
very sensitive to calibration uncertainties, to uncer-

Žtainties in the radial position the LCFS position is
.known to an accuracy of "0.5 cm , and to strong

gradients in both n and LL . For these reasons, this˜ z

subtraction algorithm, while adequate for separating
the turbulence in the SOL from that inside the LCFS,
has not been deemed sufficiently robust for a more
quantitative analysis aimed at unfolding the distribu-
tion of the local density fluctuations.

The fluctuation suppression always appears to be
simultaneous with the L–H transition, as defined by
the start of the decrease in the D signal, and occursa

in less than 0.1 ms. The integration time for the
estimation of the correlation parameters is dictated
by statistical requirements, and is typically 5 ms.
Within this resolution, the change in the correlation
length is also seen immediately after the transition,
i.e., in the first interval lying entirely in H-mode.
The changes in the decorrelation time are more
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Ž . Ž .Fig. 3. Evolution across the L–H transition of a D emission, ba

Žrms value of line-integrated density fluctuations 40% uncertainty
. Ž . Ž .on the absolute value , c radial correlation length, and d

Ž . Ž .intrinsic eddy decorrelation time. Measurements b – d are made
with PCI in the region from the LCFS to 0.8 cm inside it. Plasma

19 y3parameters: B s2.1 T, I s1.25 MA, n s3.5=10 m ,f p e

input neutral-beam power 6.2 MW.

erratic. This is shown in Fig. 3 for the case of a
dithering transition.

4. Tests of the shear decorrelation theory

The reduction in transport is believed to be caused
by sheared poloidal E=B flows inducing decorrela-

w xtion between differentially rotating eddies 7 . This
causal relation has been corroborated by CER mea-
surements of the edge radial electric field with 0.5-cm
resolution in DIII–D, which have shown an increase

w xin the E shear just before the L–H transition 20 ;
the field forms a well structure with a minimum just
inside the LCFS. The analysis of the E=B shear
decorrelation effect, carried out initially by Biglari,

Ž . w xDiamond, and Terry BDT 7 in cylindrical geome-
try, was later extended by the full toroidal formula-

w xtion of Hahm 21 , subsequently completed by Hahm
Ž . w xand Burrell HB 14 . According to this analysis, the

H-mode state is characterized by the condition vs

4v , where v 'Õ
X

LL rLL is the shearingT s E=B r u
X Ž . w Ž .xrate, Õ s RB rB E E r RB rE r, R is theE=B u f r u

major radius, r is the minor radius, B and B areu f

the poloidal and toroidal magnetic fields respec-
tively, LL and LL are the radial and poloidal corre-r u

lation lengths respectively, v '1rt , and t is theT d d

eddy decorrelation time; the turbulence quantities
Ž .here refer to the state with no E shear L-mode .

This asymptotic criterion has been widely accepted
and has appeared as a key ingredient in a number of

w xother theories 1 . With LL and t provided by PCIr d

and Õ
X supplied by CER, the greatest uncertaintyE=B

in a test of the inequality comes from a lack of
accurate measurements of LL ; from far-infrared scat-u

w x w xtering spectra 22 , we estimate LL s3"1 cm 23 .u

Fig. 4 shows a comparison of v and v in L-s T

and H-mode in the region where the transport barrier
is created. Averaging from PCI line integration here
is effected over the outermost 5% in poloidal flux, or
approximately 2 cm in minor radius. Clearly the
condition v 4v is well satisfied in H-mode,s T

whereas the two quantities are comparable in L-mode,
as should be expected for the phase leading up to the
transition. These statements hold true for all the
discharges to which this test has been applied. As
was mentioned before, it is possible that v isT

overestimated by the lack of access to the lowest
frequencies; if this were the case, the inequality

Fig. 4. Comparison of shearing rate and turbulence decorrelation
Žrate in L- and H-mode 25 ms before and after the transition,

.respectively . The decorrelation rate is shown as a segment over
the spatial range sampled by PCI to obtain its value. The abscissa

Ž .is a normalized radial coordinate s1 at the LCFS . Plasma
19 y3parameters: B s2.16 T, I s1.54 MA, n s3=10 m ,f p e

input neutral-beam power 8.5 MW.
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would be satisfied to an even greater degree. We
emphasize again that these results apply to the L–H
transition; there are indications that in the fully
evolved H-mode other effects, such as flow curva-
ture and dephasing between potential and density

w xfluctuations 24 , are at least partly responsible for
the continued low rate of transport.

As a result of the different formalisms employed
Žby the BDT and HB models cylindrical and balloon-

.ing, respectively , different predictions are obtained
for the changes in the radial correlation length and in
the decorrelation time from L- to H-mode as func-
tions of the H-mode shearing rate. The BDT formu-

Ž .y1r3las are LL rLL , 2v t and t rt ,r H r L sH dL dH dL
Ž .y2r3 Ž2v t ; the HB formulas are LL rLL , 1sH dL r H r L

2 2 .y1r2 Žqv t and t rt ,1 neglecting resid-sH dL dH dL
.ual logarithmic dependences . A test of these predic-

tions on a representative set of discharges is shown
in Fig. 5. It is apparent that the BDT theory provides
a better fit to the spatial correlation data, whereas the
HB theory is a better predictor of the temporal
correlation data. These incomplete agreements may
be attributed to the non-self-consistent nature of both
models, which do not consider the reaction of the
turbulence on the flows and, through the modifica-
tion of transport, on the plasma parameters. While
the evidence strongly supports the identification of
v rv as the control parameter for the L–H transi-s T

tion, the detailed changes occurring in the turbulence
spectrum can be expected to be affected by the rapid
variations in plasma conditions, particularly the pres-
sure gradient, that occur at the transition. These
variations are ignored by the theories considered

w xhere. Conversely, in self-consistent theories 25 the
decorrelation time has been modeled only in an ad
hoc manner, with a dependence t Avy2 which isd s

even less satisfactory than the BDT prediction. In-
deed, t is experimentally found to increase at thed

L–H transition. This may simply indicate an in-
creased stability of the modes, which leads to a
smaller growth rate and thus to a larger decorrelation
time; or it could be argued that the chief L-mode

Ž w x.instabilities e.g., ion-temperature-gradient modes 1
are drastically quenched in H-mode and are replaced

w xby new and less virulent instabilities 24 . In this
case, a proper test of the predictions discussed above
would require an isolated analysis of the modes that
are suppressed, a very difficult task in practice.

Ž . Ž .Fig. 5. Ratios of a radial correlation lengths and b decorrelation
times in H– and L-mode, as functions of the H-mode shearing
rate: experimental values averaged in the region of normalized

Ž . Žpoloidal flux 0.95–1 open symbols , BDT predictions solid
. Ž .lines , HB predictions dashed lines .

A complete self-consistent theory of the L–H
transition would also require an explicit calculation
of the anomalous diffusivity. Only heuristic esti-
mates can be used at present. In a random-walk
model, the diffusivity D sLL 2rt calculated fromrw r d

the data of Fig. 5 decreases by a factor ranging from
2.5 to 10 from L- to H-mode, more than the twofold
increase typically observed in the confinement time.
However, it must be remembered that the PCI mea-
surements are performed at the edge, where the
transport barrier forms first, while the confinement
time is a global quantity. In addition, turbulence
suppression is known to be stronger at the outer than

w xat the inner edge 10 . It can thus be argued that the
Žlocal diffusivity a quantity that is difficult to mea-

.sure accurately at the edge may decrease by more
than a factor of two, as suggested by the random-walk
estimate.

5. Conclusions

In conclusion, the first nonperturbing, simultane-
ous measurement of the radial correlation length and
decorrelation time of the turbulence with high tem-
poral and spatial resolution has been carried out in
the edge plasma of the DIII–D tokamak. The results
presented here are quantitatively consistent with the
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theoretical prediction that the E=B flow shearing
rate should greatly exceed the intrinsic turbulence
decorrelation rate in H-mode and that the two rates
should be comparable just before the L- to H-mode
transition. This supports the paradigm of turbulence
decorrelation by a sheared E=B flow producing

w xthe improved-confinement, H-mode state 7,14 .
However, comparison of LL and t before and afterr d

the L–H transition shows that only some of the
detailed quantitative predictions of the simple ana-

w xlytic theories 7,14 are correct. This indicates the
need for more complete theories which self-con-
sistently include the effect of the drastic changes in
background plasma conditions that occur after the
transition.
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