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Abstract

The 2-D radial vs. poloidal structure of edge turbulence in the Alcator C-Mod

tokamak [I.H. Hutchinson, R. Boivin, P.T. Bonoli et al,  Nuclear Fusion 41, 1391(2001)]

was measured using fast cameras and compared with 3-D numerical simulations of edge

plasma turbulence.  The main diagnostic is Gas Puff Imaging (GPI), in which the visible

Dα emission from a localized D2 gas puff is viewed along a local magnetic field line.  The

observed Dα fluctuations have a typical radial and poloidal scale of ≈ 1 cm, and often

have strong local maxima ("blobs") in the scrape-off layer.  The motion of this 2-D

structure motion has also been measured using an ultra-fast framing camera with 12

frames taken at 250,000 frames/sec.  Numerical simulations produce turbulent structures

with roughly similar spatial and temporal scales and transport levels as that observed in

the experiment; however, some differences are also noted, perhaps requiring diagnostic

improvement and/or additional physics in the numerical model.
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I.  Introduction

Turbulent plasma fluctuations have been observed at the edge of tokamaks for

many years, both inside and outside the last closed magnetic flux surface, as described in

the reviews of Ref. 1-3.  However, despite a wealth of experimental data there is little

direct quantitative or even qualitative understanding of these measurements in terms of

the basic theory of edge plasma turbulence, which has advanced rapidly in the past few

years [4-7].

The present experiment was motivated by recent advances in the theoretical

modeling of edge turbulence; in particular, by the 2-D turbulence structure calculated

from 3-D non-linear simulation codes [4,5].  These computations now look so “realistic”

that it seems worthwhile to directly compare their results with measurements.  Since the

turbulence correlation length along the magnetic field is comparable to the circumference

of the tokamak (Lll ≈ qR), the most interesting turbulent structure is in the radial vs.

poloidal plane, i.e. perpendicular to the total magnetic field.  Such a comparison of

experiment and theory should provide confirmation of the physical mechanisms which

govern the growth, saturation, and transport effects of edge turbulence in tokamaks.

Information about the 2-D structure of plasma edge turbulence in tokamaks and

stellarators has been obtained for many years using statistical two-point correlation

techniques, from which it has been determined that the turbulence structure is

approximately isotropic in the radial vs. poloidal plane with a size typically k⊥ρs ≈ 0.1,

i.e. somewhat longer than the typical drift wave scale length [1-3]. The relative

fluctuation level in the edge plasma is generally large (ñ/n ≥ 10%) compared to relatively

small turbulence levels near the core (ñ/n ≈ 0.1-1%) [3].

The present paper describes 2-D imaging of edge turbulence in which both the

radial and poloidal structure is measured at one instant of time rather than inferred from

statistical correlations.  Such imaging techniques are often used in fluid turbulence

experiments, e.g. to detect large scale “coherent structures” in turbulent flows [8].
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Previous 2-D images of edge turbulence were made using a 64-point Langmuir probe

array [9] and a 32-point 2-D array of beam emission spectroscopy (BES) [10].  The

present gas puff imaging (GPI) diagnostic has over 1000 active pixels and an optical

resolution of ≈ 2-3 mm, so in principle can provide the best imaging of tokamak

turbulence to date.

II.   Gas Puff Imaging Diagnostic

The general diagnostic set-up and initial results for gas puff imaging of edge

turbulence have already been described in papers from the National Spherical Torus

Experiment NSTX [11] and Alcator C-Mod [12].  In this section we briefly describe the

imaging system, the interpretation of these images, and other possible diagnostic issues.

Although both D2 and He gas puffs have been used on C-Mod with qualitatively similar

results, for simplicity only the D2 results will be presented in this paper.

A.  Imaging System

A schematic view of the gas puff imaging (GPI) diagnostic in Alcator C-Mod is

shown in Fig. 1.  Neutral deuterium gas is puffed radially into the edge plasma through a

3 mm diameter nozzle located ≈ 3 cm outside the last closed flux surface and 2.5 cm

below the outer midplane.  The gas is typically puffed steadily during ≈ 0.5-1.0 sec after

breakdown with a flow rate ≈ 10 19-1020 atoms/sec, which is < 1% of the total ionization

rate [13] and so is does not perturb the discharge as a whole.

As shown in Fig. 1, this gas puff is viewed by an imaging telescope aimed at the

puff from a direction along the local magnetic field line (11º from toroidal).  This

provides a viewing area of ≈ 6 cm x 6 cm in the radial vs. poloidal plane centered near

the magnetic separatrix ≈ 2.5 cm below the outer midplane.  These images are transferred

by a 400 x 400 coherent fiber optic bundle through a Dα (656 nm) line filter and recorded

by a fast-gated intensified camera at 60 frames/sec.  The spatial resolution of this whole
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system is typically ≈ 2-3 mm at the gas puff plane.  The Dα light emission from this puff

was also recorded by 3 fast photodiodes viewing the same puff from the toroidal direction

[12], and sometimes by an ultra-fast framing camera (see Sec. III.D).

Typical images from this diagnostic are shown in Fig. 2.  For reference, at the top

is the time-average of the Dα emission, along with the location of the nozzle, and at the

bottom is a single frame exposed for 2 µsec, along with the location of the magnetic

separatrix and limiter shadow.  The irregular cm-scale structures within this 2 µsec image

represent the edge turbulence as viewed by GPI.  This small-scale turbulence can be seen

within the area of the time-averaged Dα emission "cloud" which extends ≈ 6 cm

poloidally from ρ ≈ 2 to -1 cm radially (where ρ  is the distance outside the separatrix).

In the region outside the separatrix but inside the limiter shadow, the parallel connection

length to the wall is Lll ≥ 10 m, while outside the limiter shadow the nearest limiter is ≈ 2

m away along the B-field line on one side and ≈ 1 m away on the other side.

Figure 3 shows a set of 18 consecutive images from the same shot, each with an

exposure time of 2 µsec.  The details of the small-scale structure of the light emission

vary from frame-to-frame (at 60 frames/sec), as expected for this edge turbulence with an

autocorrelation time of ≈ 10-20 µsec.  The background Dα recycling light, as seen in the

first frame, has a radial location similar to that of the GPI emission [13], but a brightness

level which is ≈ 5-10 lower than that during the D2 GPI puff.

B.  Interpretation of Images

The connection between Dα light fluctuations and edge density fluctuations is

motivated by several previous measurements.  For example, a locally high coherence was

observed between the light fluctuations and ion saturation current fluctuations in a nearly

Langmuir probe [14], and the spatial structure and frequency spectrum of Dα fluctuations

from a gas D2 puff were similar to Langmuir probe ion saturation current fluctuations

[15].  Short exposure time video images of recycling light and gas puff clouds in the

Tokamak Fusion Test Rector TFTR [16], NSTX [11], and other devices have shown
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turbulent “filaments” of light emission which are highly elongated along the magnetic

field line, as expected for structure of edge density turbulence.  Previous measurements in

Alcator C-Mod showed that Dα light fluctuations in this gas puff had a frequency

spectrum similar to a Langmuir probe, and fast 2-D toroidal vs. poloidal images of the

recycling light had a filament structure approximately aligned along the B field [12,17].

For a quantitative interpretation of GPI light fluctuations, the local Dα emissivity

needs to be evaluated from the atomic physics of deuterium atoms.  In the collisional

radiative approximation, ignoring  recombination,

SDα (photons/cm3)  =  no f(ne,Te) A3->2    [1]

where no is the local  deuterium atom density, and A3->2 = 4.41x107 sec -1 is the radiative

decay rate from the n=3 to n=2 excited electron state.  The function f(ne,Te)  gives the

ratio of the density of the n=3 state to the ground state and is obtained from the solution

of model equations balancing collisional and radiative processes affecting individual

excited states.  The timescale for emission of this spectral line once the atom has been

excited is  1/A3->2 = 0.02  µsec, i.e. much shorter than typical turbulence time scales in this

experiment.  This interpretation of Dα fluctuations is similar to BES [10], except in BES

the neutrals come from a neutral beam and the excitation of Dα comes from ions instead

of electrons.

The DEGAS 2 code [18] has been run to determine the relationship of the

Dα  emission to assumed variations in the edge ne and Te.  The transport of the puffed gas

and the neutral atomic physics have been simulated in a 2-D model using plasma profiles

mapped onto magnetic flux surfaces for a typical shot (B=5.4 T, I=1.0 MA

#1010622006).  The average electron temperature and density profiles are obtained from

the midplane reciprocating probe data; plasma parameters are taken to be constant on a

flux surface. The atomic physics is the same as in Ref. 18 except that neutral-neutral

collisions can be ignored here.  The relevant hardware components in the simulation are

the gas puff nozzle, which is a tube of 0.3 cm diameter located ≈ 3 cm outside the
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separatrix at z=-2.5 cm, and the outer limiter locations illustrated in Fig. 1.  The

calculated D2 molecule density falls off by a factor of 10 within 1.5 cm of the nozzle tip

as the molecules are dissociated into atoms (note that the Dα photons from the decay of

excited atoms created during dissociation have not yet been included in these

simulations).

Typical results from DEGAS 2 are illustrated in Fig. 4.  In Fig. 4(a) is the time-

averaged 2-D emission pattern of the Dα  light from the D2 gas puff emitted by the nozzle

(small black rectangle at the left), as calculated for the measured density and temperature

profiles shown in Fig. 4(b). Fig. 4(b) also shows a comparison of the calculated and GPI-

measured radial profiles of Dα  at z=-3.5 cm, which agree well with each other.  Also

shown in Fig. 4(b) is the neutral D atom radial profile at z=-3.5 cm, the poloidal extent of

which is ≈ 4.7 cm FWHM near the Dα  peak at ρ≈ 0.5 cm outside the separatrix, where

the calculated density is ≈2x1011 atoms/cm3 for an assumed D atom influx rate of 1019

atoms/sec.  Fig. 4(c) shows the calculated Dα  emission cloud with an assumed 2-D

perturbation of 50% in the electron density, and Fig. 4(d) compares the ne and Dα  profiles

in a vertical slice through Fig. 4(c) near the center of the GPI cloud, showing that the

normalized fluctuations in Dα are about half the size the amplitude of those in ne.

The sensitivity of the D_ light emission to variations in the assumed electron

density and temperature was evaluated using the collisional radiative model for atomic

deuterium in DEGAS 2.  The edge plasmas in Alcator C-Mod typically have 1013 cm -3 <

ne < 1014 cm-3 and 10 eV < Te < 50 eV [17].  Under these conditions, DEGAS 2 modeling

shows that SDα ∝ ne
0.5 Te

0.5 ∝ pe
0.5 near the center of the GPI emission cloud at ρ=0.5 cm

where T e ≈ 25 eV and ne ≈ 3x1013 cm -3.  Therefore, in this case, the relative fluctuation

level in SDα should be ≈ 0.5 times the relative density fluctuation level at that location, at

least for small fluctuations.  At the innermost point of the GPI cloud at ρ = -0.35 cm  this

sensitivity is SDα ∝ ne
0.5 Te

0.3
, while at the outermost point at ρ = 1.4 cm the sensitivity is

roughly SDα ∝ ne
0.8 Te

1.4.  A quantitative interpretation of the GPI fluctuations of

SDα should therefore take into account the local density and temperature, the ratio of the

local density to local electron temperature fluctuations, and the nonlinear effects due to
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large fluctuations.

For simplicity, the GPI images described in this paper will be analyzed without

attempting to convert the Dα fluctuations into local electron density or temperature

fluctuations, since the ratio and phase of these two fluctuating quantities is not yet

measured in C-Mod.  There is recent evidence from Langmuir probe measurements in

TEXT that edge density temperature fluctuations are in phase and of similar relative

magnitudes and spectrum [19], in which case the interpretation would be relatively

straightforward.  Further development of the DEGAS 2 modeling and analysis of GPI

fluctuations will be described in a future publication.

C.  Other Diagnostic Issues

In the interpretation above it is assumed that the neutral density no does not itself

have significant fluctuations within the GPI emission region, e.g. due to some non-

uniformity in the flow from the nozzle.  This is justified since the neutral hydrogen atom

density comes from the dissociation of D2 molecules within ≈ 1 cm of the tip of the

nozzle (Sec. II.B), after which the D atoms travel without self-collisions into the plasma,

thus forming a spatially uniform distribution in the region of Dα emission.  Even without

such dissociation (e.g. for He puffs), experiments on gas flow through nozzles into

vacuum have shown a very smooth spatial distribution [20], most likely due to the

collisionless flow just past the nozzle.  There is, however, a possible radial “shadowing”

effect by which fluctuation-induced ionization of incoming neutrals can transiently

reduce the neutral density farther toward the plasma center, similar to the edge effect in

BES [10].   Although this effect is not noticeable in the GPI images (perhaps due to

charge exchange), it needs to be investigated further using DEGAS 2 simulations.

 Another assumption is that the GPI gas puff does not perturb the local edge

turbulence being imaged.  This was verified empirically in three ways: first, by observing

that the frequency spectrum of the GPI Dα fluctuations as measured by the fast diodes is
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very similar to spectrum of ion saturation current fluctuations in a Langmuir probe at the

same radius, as shown in Fig. 5; second, by observing that the spatial structure, frequency

spectrum, and relative fluctuation levels of the GPI light emission did not vary

significantly when the gas flow rate varied from ≈1019 atoms/sec to ≥ 1020 atoms/sec; and

second, by observing that there was no significant change in the fluctuations seen by the

Langmuir probe at the same minor radius as the GPI cloud with and without the gas puff

present.  This absence of a local perturbation is plausible since the radiated power from

this gas puff is ≤ 1 kW, and, although the local ionization rate within the GPI gas puff is

up to ≈ 10 times the local recycling ionization rate, the puff contributes < 10% to the total

particle source averaged over a typical ≈ 10 m long connection length just outside the

separatrix.  Also, no effect of strong H2 or He gas puffing on the local edge turbulence

was observed in experiments in Princeton Beta Experiment Modification PBX-M [21].

Although the spatial resolution of the optical system is ≈ 2-3 mm for a test pattern

located at the gas puff, there can be a loss of resolution if the optical sight line is not

along the parallel direction of the turbulence.  If the parallel wavelength of the turbulence

along the magnetic field is ≈ qR, then this blurring should be < 1 mm when viewing

along a field line.  If the view is slightly misaligned with the field line there will be an

additional ≈ 1 mm blurring for every  degree of misalignment, since the length of the GPI

neutral gas cloud along the sightline is ≈ 6 cm FWHM.  Thus typical variations in the

local field line of up to ≈ 2° will cause the spatial resolution to be up to ≈ 3-4 mm in the

poloidal direction, but this resolution is still small compared to the mean correlation

length of the turbulence.

III.   Experimental Results

In this section we analyze the structure of the edge turbulence as observed in the

Dα light emission measured by the GPI diagnostic described in Sec. II.  All the data in

this paper was taken using deuterium gas puffing into deuterium-fuelled C-Mod

discharges without ICRH heating.  Typical parameters of C-Mod and its edge plasma are
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in Table 1.

A.  Overview

Typical GPI images of edge turbulence of C-Mod discharges were shown in Figs.

2 and 3.  These images were taken with a gating time of 2 µsec/frame at 60 frames/sec

during the steady-state part of the discharge from ≈ 0.5-1 sec after breakdown.  The

exposure time of 2 µsec/frame was chosen to capture most of the measured frequency

spectrum which, as shown in Fig. 5, was mainly below f=150 kHz.  Images taken at a

gating time of 0.5 µsec looked similar, as expected.

As viewed by eye, images such as those in Fig. 3 show random-looking spatial

patterns over the ≈ 6 cm poloidal by ≈ 3 cm radial size of the GPI light emission cloud.

On average, the small-scale structure within this cloud looks approximately isotropic in

the poloidal vs. radial plane (see Sec. III.C).  There is almost never any periodic structure,

but there are often isolated “blobs” of bright emission of size ≈ 1 cm (see Sec. III.D).

These trends are consistent with the edge turbulence seen in previous experiments; for

example, the intermittent "blobs" have been identified in Langmuir probe data [9,12,17]

and are very also likely the “filaments” seen in high speed imaging of Dα [11,16].

B.  Radial Profiles for a Typical Case

The top part of Fig. 6 shows the radial profile of the mean poloidal correlation

length Lpol for the Dα fluctuations for the discharge of Fig. 4(b).  These Lpol are calculated

as the time-average over 21 frames (0.6-0.93 sec) of the FWHM of the radially-resolved

poloidal autocorrelation functions for each frame.  Before performing the autocorrelation

functions, each frame is first normalized by the time-averaged GPI image to remove the

artificial variations due to the finite vertical and horizontal extent of the cloud.  Poloidal

autocorrelation functions are then computed from contiguous vertical columns in each

frame, each column ≈ 1 mm wide (radially) and ≈ 5 cm high (poloidally).  Note that the
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separatrix held stationary to within ≈ 2 mm during this time period, and corrections due

to the ± 1 mm curvature of the separatrix were neglected in this analysis.  The error bars

in Fig. 6 represent typical rms deviations from these mean correlation lengths over the

frames in this shot.

The bottom part of Fig. 6 shows the profiles of the rms fluctuation levels

(normalized to their mean) for the ion saturation currents vs. time of two electrodes on a

scanning Langmuir probe, from the 3 discrete chords of the GPI Dα light emission

measured vs. time by the fast diodes, and from the vertical slices of the normalized GPI

image data used to calculate the poloidal correlation lengths.  The Langmuir probe data

agree fairly with the fast diode data, especially considering that the relative Dα light

fluctuations are not expected to have the same amplitude as the local density fluctuations

(see Sec. 2.B).  The fluctuation profile of the GPI image data is similar to the other

methods even though it was based on a limited set of spatial averages and not time series.

The result of this analysis is that the mean poloidal correlation length is

approximately L pol ≈ 0.85 ± 0.2 cm within the range of the GPI diagnostic from ρ = 1.5

cm outside to ρ ≈ -0.5 cm inside the separatrix, where the density fluctuation level is

roughly ñ/n ≈ 10 - 50%.  This average size scale corresponds to a half-width-half-

maximum (HWHM) for the k-spectral amplitude of kpol ≈ 3.9/Lpol ≈ 5 cm-1 (assuming a

Gaussian correlation function), or roughly kpolρs ≈ 0.1, which is similar to other

measurements of edge turbulence [1,2].  The kpol spectrum is discussed in Sec. IV in

connection with the theoretical simulations.

C.  Variation of Correlation Lengths with Plasma Conditions

Figure 7 shows the variation of the mean poloidal and radial correlation lengths

Lpol and Lrad for a variety of discharges in Alcator C-Mod.  In all cases the poloidal

correlation lengths were averaged over a fixed range of radii R = 87.6 - 90.6 cm near the

outer separatrix (i.e. the same range as in Fig. 6), using only regions where the GPI light
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level was well above the noise level.  Note that these estimates of Lrad (as calculated in

the same way as Lpol but for horizontal slices) are more uncertain than those for Lpol since

the radial width of the Dα emission region is only ≈ 2-3 times larger than Lrad (compared

to ≈ 6 times larger for Lpol).

Most of the points shown in Fig. 7 were for ohmic plasmas with B = 5.4 T, I = 1

MA or B = 5.3T, I = 0.7 MA, where the mean poloidal correlation lengths were Lpol ≈

0.85 ± 0.2 cm and Lrad ≈ 1 cm.  Other types of ohmic plasma had a similar Lpol, as shown

for the low B cases with B=2.8 T, I=0.42 MA (at a similar edge q).  No significant

change was seen either with varying plasma density or with ICRH heating (not shown).

Figure 7 also shows no significant change for ELM-free H-Mode discharges; however,

these measurements were made well outside the transport barrier, which in C-Mod is

typically at Te ≈ 200 eV.  In contrast, a clear narrowing of the radial width of the GPI

(HeI) light emission in H-mode was recently seen NSTX [23] where the neutrals

penetrated into the transport barrier region.  On the other hand, reflectometry

measurements in ASDEX-Upgrade showed no significant difference in the radial

correlation length between L- and H-modes even within the transport barrier region [22].

D.  2-D Motion of Edge Turbulence Structure

Using the same GPI optical system as described in Sec. II, a Princeton Scientific

Instruments Model PSI-3 Ultra-fast Framing Camera [24] was used to image the motion

of the C-Mod edge turbulence at 250,000 frames/sec.  This camera accumulates charge in

each of its 64 x 64 pixels and stores this charge in  a set of 12 sites adjacent to each pixel.

Thus 12 frames can be captured during a shot and read out afterward into 14 bit

digitizers.  The net quantum efficiency of this camera was ≈ 30%, its dynamic range was

1000, and its readout noise was ≈ 20 electrons/pixel.

A typical sequence of images from the PSI-3 camera is shown in Fig. 8.  This

sequence was taken at 4 µsec/frame using the same GPI field of view as for Fig. 2, and

shows the movement of two localized maxima or "blobs" of Dα light emission.   Such
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blobs were seen to move poloidally or radially at a speed of up to ≈ 1 cm / 20µsec ( ≈ 500

m/sec), but such blobs could also come and go without much movement, and  sometimes

the movement seemed to be more "wave-like" with a phase speed mainly in the ion

diamagnetic direction.  The autocorrelation time at a single point in these images was ≈

10-20 µsec, consistent with the time series measurements made using the fast diodes (see

Fig. 5).

It is possible that these moving "blobs" are examples of coherent structures

analogous to those seen in turbulent neutral fluid flow [8].  Minor radius sized coherent

structures have previously been measured in a low-temperature toroidal plasma [25], and

smaller-scale "blobs" or "intermittent structures" have previously been identified using

Langmuir probe data in tokamaks [17, 26-29], and are being analyzed theoretically [30-

31].  Further analysis of the motion in these images will be presented elsewhere.

IV.   Comparison with Theoretical Simulation

Numerical simulations of edge turbulence in C-Mod were made with a 3-D

nonlinear electromagnetic two-fluid model which was developed specifically to treat the

collisional edge plasma of tokamaks [4,7]. This model is based on the Braginskii

equations and has both diamagnetic and toroidal curvature effects, but does not have

kinetic effects like Landau-damping or non-thermal distribution functions. The

simulation described below was carried out in a shifted-circle closed field line magnetic

geometry, and thus, in contrast to the geometry of the experiment, has no magnetic

separatrix or limiters.  At least qualitatively, we expect this approach to be a reasonable

first step, since in the present case the combined effect of magnetic shear (s_hat=1.3) and

unfavorable curvature localize the turbulence on the outboard midplane.  It is also a

"local" simulation in the sense that the background gradients of the density and

temperature are assumed to be constant throughout the simulation domain and the density

and temperature fluctuations are assumed to be small compared to the background values.
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A typical pattern of density fluctuations as calculated by this code for a C-Mod

edge plasma is shown in Fig. 9. This case was run for the B=5.4 T, I=1.0 MA plasma of

Fig. 4(b) at a point 0.5 cm outside the separatrix where ne=2.5x1013 cm -3 and Te = 24 eV

(see Table 1).  The simulation domain in Fig. 9 is 5.3 cm radially by 10.6 cm poloidally,

i.e. has many wavelengths in both the poloidal and radial directions, with periodic

boundary conditions in the poloidal direction and outwardly decaying conditions for the

turbulence and fixed values for the background at the radial boundary.  The code was

started from initial noise, progressed through a linear instability phase dominated by the

resistive ballooning mode, and reached a saturated steady-state at around 40 µsec (the

time of Fig. 9 is around 100 µsec).

The poloidal correlation length of the density fluctuations in this simulation is Lpol

= 0.6±0.1 cm, which is roughly consistent with the GPI imaging result of Lpol = 0.85±0.2

cm.  Similarly, the local fluctuation level in the simulation was δn/n=0.18 and δTe/Te =

0.13, with δTe in phase with δn. This fluctuation level is within a factor-of-two of that

seen by the GPI diodes but somewhat smaller than that seen in the Langmuir probes (Fig.

6). The predicted particle diffusion coefficient of D=0.2 m2/sec from the simulation is

within about a factor-of-two of the experimental estimate for that part of the scrape-off-

layer [17].

There are, however, notable differences, which appear to stem from the fact that

the simulation contains more small-scale structure than does the GPI images.  A

comparison of the k-poloidal spectra calculated from the simulation and from the GPI

images for the same discharge is shown in Fig. 10.  In this figure the kpol spectral

amplitude of δn from the simulation is plotted against the kpol spectral amplitude from the

GPI images within ρ=0.5±0.3 cm outside the separatrix (these images were taken at 2

µsec exposure as  described in Sec. III.B).  At this radius the GPI should respond as SDα∝

ne
0.5 Te

0.5 (Sec. II.B), so if the density and temperature fluctuations are in phase and

similar in magnitude (as suggested by the simulation), the GPI k-spectrum should also be

approximately that of δn.  For clarity, the two curves are normalized so as to have the

same total fluctuation amplitude.  It is seen that, despite the similarity in the average
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correlation length of the simulation and GPI data, the shapes of the two k-spectra are

different, with the simulation having more small-scale structure up to the fastest growing

resistive ballooning mode near kpol = 30 cm-1.

The relative excess of high wave numbers in the simulation also leads to a

discrepancy between the predicted and observed correlation times. The autocorrelation

time in the simulation was 5.6 µsec FWHM (full-width-half-maximum), while that

measured by the GPI diodes was 10-20 µsec FWHM.  Averaging the simulation data over

a period of 4 µs reduces the fluctuations at k=6 cm-1 by a factor of 1.8 while hardly

affecting the fluctuations at k=2 cm-1. From the theoretical point of view, a reduction of

the small space and time scales in the simulation could arise from some additional small

scale diffusion or viscosity that is not present in the Braginskii simulation model.  Such

damping, when artificially added to the simulations, has little impact on the predicted

transport, which arises mainly from the larger scales. The physical origin of such

damping, however, is not clear (the charge exchange or ionization of neutrals and finite

Larmor radius effects can probably be ruled out as a source of such damping, because of

their smallness).  On the experimental side, the strong decay at small scales could

potentially be due to an unknown factor reducing either the space or time resolution of

the diagnostic to about ≈ 1 cm or ≈ 4 µsec, respectively.

Thus the initial comparison of the theoretical simulation with the measured edge

turbulence in C-Mod is encouraging in several respects; namely, that the average length

scales, fluctuation amplitudes, and diffusion coefficients in the local simulation agree to

within about a factor-of-two with the local measurements just outside the separatrix.

However, the turbulence autocorrelation times and kpol spectrum shapes appear to be

significantly different.  Clearly more work needs to be done to track down the source of

these discrepancies. The reliability of the Braginskii model at the shorter scales can be

tested by comparing the fluid results to kinetic descriptions. The simulations could be

also be improved by including more realistic boundary conditions [5,32] and non-local

effects [7].  Finally, improvements can be made in the experiment by increasing the k-

spectral range and by using DEGAS 2 to help interpret the fluctuations.
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V.    Summary

This paper described the initial results from a gas puff imaging technique for 2-D

visualization of edge plasma turbulence in the Alcator C-Mod tokamak.  These images

show a highly turbulent structure in the radial vs. poloidal plane perpendicular to the

main magnetic field near the outer midplane separatrix.  A statistical analysis of the

images shows a mean poloidal correlation length of Lpol ≈ 0.85±0.2 cm in the edge

region extending from roughly 2 cm outside to 1 cm inside the separatrix.  This size scale

agrees fairly well with the edge turbulence simulation result of Lpol ≈ 0.6±0.1 cm.  The

motion of this 2-D structure was also captured using an ultra-high speed camera and often

showed isolated maxima or "blobs" moving through the plasma edge.

There are many avenues for improvement on the present results.  In the area of

diagnostics, the relative _ne and _Te fluctuations might be measured by imaging two

different spectral lines simultaneously, while the motion of the turbulence could be seen

better using a new 312-frame ultra-fast camera being developed by PSI.  Experimentally,

it would be useful to extend the GPI viewing region a bit farther inward to better

characterize the H-mode barrier region and the density limit.  Finally, the comparisons

with theory could be improved by doing systematic scaling experiments along with a

more detailed analysis of the structure and motion of the turbulence.  With these and

other relatively straightforward techniques it should be possible to understand the physics

of edge turbulence in tokamaks.
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Table 1: C-Mod Parameters (# 1010622006)

Global/Core Plasma Edge*

B = 5.4 T n = 2.5x1013 cm-3

I = 1.0 MA Te = 24 eV

R = 67 cm ρs ≈ 2.6x10-2 cm

a = 22 cm αd ≈ 0.35

n(0) = 1x1014 cm-3 αmhd ≈ 0.03

Te(0) = 1.5 keV βe ≈ 3x10-5

q95 ≈  3.8 Lei/Lll ≈ 0.1

* 0.5 cm outside separatrix near outer midplane
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Figure Captions

1.  Schematic view of gas puff imaging (GPI) diagnostic on Alcator C-Mod.  The neutral

deuterium gas enters the chamber radially through a gas puff nozzle and its Dα emission

is viewed along a magnetic field line by the GPI telescope on the outer wall about 50 cm

away.  The 2-D images of light emission from the gas puff are transferred through a

coherent fiber optic bundle and a Dα line filter to cameras located at the top of the

machine.

2.  Typical 2-D GPI images showing the Dα light emission from the gas puff nozzle as

viewed through the optical fiber bundle.  At the top is the time-averaged envelope of the

Dα light emission summed over many frames during a typical C-Mod discharge (B=5.3 T,

I=0.7 MA, #1000912004), along with the location of the gas puff nozzle.  At the bottom

is a single frame from that same shot taken at an exposure time of 2 µsec showing the

instantaneous 2-D structure of the Dα light emission, along with the locations of the

magnetic separatrix and the limiter shadow in this region.  The poloidal direction is

vertical and the plasma center is toward the right.  The limiter is 1 m along the B-field

line from the GPI cloud in one direction and 2 m away in the other direction.

3.  Example of a sequence of GPI images each taken with a 2 µsec exposure time in a

standard C-Mod Ohmic discharge with B=5.3 T and I=0.7 MA (#1000912004).  The first

frame at the upper left (#37) was taken at 0.42 sec into the discharge and the framing rate

was 60 frames/sec.  The first frame shows the Dα background level just before the start of

the D2 gas puff.  The color scale is the same as for Fig. 2.

4.   DEGAS 2 simulations of the Dα  light emission from the GPI gas puff nozzle.  In part

(a) is the 2-D pattern of the time-averaged Dα  emission as calculated for the measured

density and temperature profiles, with the gas puff nozzle shown by the small rectangle at

z=-2.5 cm.  Part (b) shows the measured profiles and a comparison of the measured (red)

and calculated (black) Dα  emission, along with the calculated neutral D atom density

profile (green), all at z=-3.5 cm.  Part (c) shows the calculated Dα  emission pattern with
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an assumed 2-D perturbation in the electron density, and part (d) is a vertical slice

through the perturbed GPI cloud of part (c) at 0.7 cm outside the separatrix, showing how

the calculated Dα  emission follows the perturbed ne (both normalized to their unperturbed

values).

5.  Frequency spectra of Dα  light fluctuations as measured by a fast diode compared with

the spectrum of ion saturation current fluctuations in a Langmuir probe at the same radius

(ρ = 0.9 cm).  The diode viewed the GPI gas cloud toroidally using optics located just

below the GPI telescope and had a ≈ 3 mm viewing diameter at the gas cloud. The

vertical axis is the amplitude of the fluctuations (i.e. square root of the autopower

spectrum), and the two traces are normalized vertically to each other.  Typical fluctuation

autocorrelation times are τauto≈ 10-20 µsec FWHM.

6.  Analysis of the GPI images for a typical C-Mod shot with B=5.4 T and I=1.0 MA

(#1010622006).  At the top is the poloidal correlation length Lpol as a function of radius

averaged over 21 frames in this shot.  At the bottom are the rms/mean fluctuation levels

from the ion saturation currents of two electrodes on a scanning Langmuir probe, from 3

discrete chords of Dα light emission measured by the fast diodes, and from the spatial

deviations from the mean in the vertical slices of the normalized GPI image data used to

calculate the poloidal correlation lengths.

7.  Estimates of the average poloidal and radial correlation lengths Lpol and Lrad in the edge

region from GPI for about 35 different discharges in C-Mod.  The open circles are for

normal operating conditions of B ≈ 5 T, I ≈ 0.7-1.0 MA.  The closed circles are during an

ELM-free H-mode discharge with B ≈ 4 T, I = 0.8 MA, and the triangles are for a low B

= 2.8 T, I = 0.4 MA.  In all cases the correlation lengths are Lpol ≈ 0.85 ±0.2 cm and Lrad ≈

1.0 cm (both FWHM), with no significant variation among discharge types.

8.  Images of edge turbulence taken with the PSI camera at 4 µsec/frame and 250,000

frames/sec using the same view as in Fig. 2.  The movement of two locally bright "blobs"

is tracked over several frames showing their velocity of up to ≈ 1 cm / 20 µsec. The
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radially outward direction is to the left and the ion grad-B and ion diamagnetic direction

is downward in these images.

9.  Typical image from the numerical simulation of edge turbulence in C-Mod.  The

brightness of this image is proportional to the local density fluctuation normalized to the

average density at each point.  This simulation is "local" in the sense that it models only

the plasma parameters and local gradients at a point ρ=0.5 cm outside the separatrix (see

Table 1 for parameters).  The radial domain of the code is made larger than the domain

over which these parameters are constant in the actual profile shown in Fig. 4(b).

10.   Initial comparison of the k-poloidal spectra calculated from the simulation code and

the GPI images for the same discharge (#1010622006), both normalized to have the same

total fluctuation amplitude for clarity.  Although the mean correlation lengths of the

simulation and the data are similar, the k-spectrum from the simulation has relatively

more amplitude at high-k than does the data.
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