Ié [_II=
JOINT EUROPEAN TORUS m

JET-P(87)07

A. Weller, A.D. Cheetham, A.W. Edwards, R.D. Gill, A. Gondhalekar,
R.S. Granetz, J. Snipes and J.A. Wesson and the JET Team

Persistent Density Perturbations at
Rational q Surfaces Following Pellet
Injection in the Joint European Torus



“This document is intended for publication in the open literature. It is made available on the
understanding that it may not be further circulated and extracts or references may not be published
prior to publication of the original when applicable, or without the consent of the Publications Officer,
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert options. The
diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.




Persistent Density Perturbations at
Rational q Surfaces Following Pellet
Injection in the Joint European Torus

A. Weller, A.D. Cheetham, A.W. Edwards, R.D. Gill, A. Gondhalekar,
R.S. Granetz, J. Snipes and J.A. Wesson and the JET Team

JET-EFDA, Culham Science Centre, 0X14 3DB, Abingdon, UK

Preprint of Paper to be submitted for publication in
Physical Review Letters






A Weller(a), A D Cheetham, A W Edwards, R D Gill,

A Gondhalekar, R S Granetz , J Snipea and J A Wesson

JET Joint Undertaking

Abingdon, Oxon, 0X14 3EA, UK
PACS numbers: 52.5% Fa, 52.30-g

Abstract - In JET, the ablation of injected pelletls
produces a striking resonance effect when the pellets reach
surfaces with g-values 1 and 3/2. Subsequently, structures
with mode numbers m=1, n=1 and m=3, n=2 are observed with the
soft X-ray cameras for more than 2 s as compact snake-like
perturbations. These structures, which persist through
several sawtooth collapses, give information én the radiil of

the g=1 and q=§ surfaces and the g-profile evolution. The
2

observations c¢an be explained by the formation of magnetic

islands.
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Introduction - The effects of injection of solid Dp

1)

pellets in JET discharges have been studied using the soft
¥X-ray imaging system. Immediately after pellet injection a
very localised density ahd temperature perturbation has been
found with m=1, n=1 topology. This perturbation exists for a
very long time (> 2 s), is clearly associated with the g=1
magnetic surface and acts as a probe for this surface
allowing, for example, the study of the position of the g=1
surface during a sawtooth cycle. Similar structures are seen
with m=3, n=2 on the g=3/2 surface. Effects of ablation at
rational g-values have been seen previously 2,3) as
irregularities of the Ha emission.

The characteristics of these perturbations, their

relationship to the g=1 and 3/2 surfaces, and possible

explanations for their origin are presented.

Observation of the snake modulation - Two soft X-ray
4,5)

cameras containing 100 detectors view the plasma with a
spatial resolution of 7 cm in orthogonal directions at the
same toroidal position as the D2 pellet injector. Pellets of
2.2x102' or 4,5x10%' atoms, injected radially in the
equatorial plane into ohmically heated JET plasmas (B¢=2~3 T
I =3.0-3.6 MA, elongation of 1.4) with velocities of

~ 1 km.s™ !, are detected with good temporal resolution (up

to 100kHz) by the vertically mounted soft X-ray camera.

The intense initial emission (figﬁre 1) is caused by

bremsstrahlung from interactions between plasma electrons and

pellet particles. Immediately after pellet ablation, the



density profile becomes very hollow and the temperature
drops, leading to decreased X-ray emission. However, the
most stfiking effect is the observation of a snake-like
perturbation superimposed on a symmetric emission profile.
The observations also show that the snake is due to the
rotation of a small region with enhanced X-ray emission.

The poloidal dimension (FWHM) of the snake is typically
£9=250m and 1s calculated from the transit f£ime across the
field of view of either a central X-ray channel or the
interferometer. The radial dimension, typically Rr=170m, is
calculated from the relative intensities df the snake viewed
radially or poloidall&. A set of typical parameters is given
in table 1.

In addition to the snake, a transient m=1, n=1
sinusoidal MHD oscillation is usually seen just after pellet
injection. This effect has also been observed on other

6)

machines

Plasma parameters in the snake region -~ The temperature and

density in the snake region are determined with an ECE
polychrometer, a multichannel far infrared interferometer and
a 2 mm microwave transmission interferometer {(figure 2) with
typical values given in table 1. The very large density
perturbations are calculated from the line integral
measurements of density using the dimensions of the snake
region determined by the X~-ray and line density measurements.
The density within the snake can be up to twice that of the

surrounding plasma although the total number of particles in



the snake is only = 1% of the injected pellet particles. It
is alsoc observed that the snake can survive the substantial
chénges in density profiles, from helliow to peaked, which
take place in the time (=100ms) immediately after pellet
ablation. In the snake region, the temperature drop,‘ATe, is
always much smaller than the increase in density, implying
locally increased pressure. The ATe gradually reduces after
~ 100 ms to an undetectéble level less than 100 eV, although
the density increase, Ane, is unchanged.

The phase difference.between the interferometer and the
X-ray cameras signals together with the X-ray camera
measurements show f{hat the topology of the snake is m=1,

n=1.

Relation to rational g-values -~ The observation that the

snake has m=1, n=1 provides strong evidence that it is on the
g=1 surface. This conclusion is reinforced by the fact that
it is at the sawtooth inversion radius observed on the
tomographically reconstructed soft X-ray emissicn before
pellet injection. Also in agreement with this interpretation
are the facts that:

( i) The formation of the snake depends sensitively on
the location of maximum pellet penetration which must be
inside the g=1 surface.

( ii) There is a characteristic dip in the Hawlight
from the ablating peilet as it crosses the g=1 surface. The
reduction in ablation occcurs on this surface because only
particies from a flux tube with m=1, n=1 are available,

rather than the pafticles over the whole magnetic surface.



A similar effect is also seen associated'witﬁ the
q=3/2 surface. The X-ray signal patterns are more
complicéted, but an m=3 pattern with twice the Frequency of
the simultaneously observed m=1 modulation 1s clearly seen
and is well correlated with the signals from the n=2 magnetic
plek-up coil combination. The radius of the m=3 perturbation

coincides with the calculated g=3/2 radius.

Lifetime of the snake and the position of the g=1 surface -

The snake can persist on the g=t surface for times greater

than 2 s and can survive several sawtooth crashes. 1In figure

3 the X—réy emission ﬁrofiles for two 100 ms time intervals
show the persistence of the snake over 800ms and the effect
of a sawtooth coliapse. The rotation observed in the upper
part of the figure, uniike that of MHD oscillations in ohmic
plasmas, 1s in the direction of the plasma current; in the
lower part there is no rotation although it restarts at later
times. The snake 1s .sometimes destroyed by a soft disruptioh
or a very large sawtooth collapse.

The long lifetime of the snake allows the determination
of the position of the g=1 surface (and g=3/2) during the
sawtooth cycle. In figure 4 a substantial inward shift of
the snake is seen after a sawtooth collapse with a 40%
change in radius. This is followed by a slow outward
movement of the snake and, thereforé, also the g=1 surface.

\
Discussion - The plasma hehaviour in the snake is unexpected

and difficult to explain. If the equilibrium were to remain

axisymmetric after injection of the pellet, the temperature



and density perturbations would rapidly spread out along the
magnetic field lines. Consequently, the perturbations would
sbread by collisiocnal diffusion over the flux surfaces except
for a very narrow region close to the rational surfaces.

This spreading of density would take place within tens of

milliseconds outside the region < 1072, The

1-q

persistence of the density perturbation for ~ 2 s therefore
implies a change in the magnetic topology. Calculations show
that the observed temperature perturbation causes a drop in
current density, allowing the growth of a magnetic island to
the required size during the pellet deposition around the g=1
surface. The guestion then arises as to how the perturbation
persists.

If the persistence is assumed to be due to good
confinement a Jlimit would be placed by Coulomb collisions.
The estimated confinement time in the banana regime would be
~ 0.3 s. This seems to be too short to be consistent with
the observed decay rates, which can be greater than several
secconds. A further difficulty arises from the toroidal
precession of trapped particle orbits. This precession plays
no significant role in an axisymmetrie plasma but in the case
of the snake would lead to leoss of particles on a timescale
of - 10 ms. It is difficult, therefore, to understand the
behaviour in terms of an excepticnally good particlé
confinement. It may be that the observed state is a deformed
stationary equilibrium to which the injection of the pellet
has allowed access. There 1s then no need for individual
particles to be confined and some form of recycling could be

occurring.



Another question that arises is how the magnetié island
itseif is maintained. One possibility 1s that the observed
depression of the electron temperature reduces the electrical
conduotivity along the field lines preoducing a local
reducfion in current density and forming a magnetic 1sland.
The.estimated value of ATe/Te to maintain a steady structure
of the observed size is 1072 to 10~! depending on the
somewhat uncertain magnetic shear at g=1. The observed value
of ATe/Teis initially ~ 0.2 but decays on the timescale of
~ 100 ms to a value too small to be detected, that is S 1071,
Thus although the required temperature deﬁression is
observed,lno firm conclusion can be drawn. An alternative
possibility is that the required decrease in the local
resistivity is due td a small enhancement of the impurity
concentration. This could be due to the electric potential
which arises to confine the local deuteron pressure.

Experiments of this sort can clearly give useful
information about the g-profile by identifying rational
surfaces. For example, an estimate of q(0) can be obtained
from the observed decrease in the snake radius, and therefore
the g=1 radius (r1), during a sawtooth crash for which

typically Ar1/r1= - (fig.4). Since the calculated change in
3
the current profile due to sawteeth is quite small (AqQ=0.02)

in JET7), a smooth g-profile would have to be very flat in

order to give the large shift in 'y which the snake behaviour

reveals. In fact, if a parabolic g-profile is assumed, then




q{0}=0.97 before the sawtooth crash. This is particularly
Important for the discussion of sawtooth models.

In summary, the snake is an unexpectedly persistent
local perturbation of the plasma arising from pellet
injection. It appears to be due to the generation of a
magnetic island at the g=1 surface within which ablated
pellet atoms are deposited. It might involve a remarkably
good level of particle-confinement, but it is more likely
that its long duration indicates a change to a new
non-axisymmetric equilibrium. These experiments also
illustrate the use of pellet injection as a powerful method

of probing the g-prorfile.
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Time correlation of X-ray flux, line-density and Te

at the snake radius. (The soft ¥X-ray channel views
close to the snake radius and therefore sees only 1
peak per turn). The different phases of the

signals are due to different measuring locations.
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Fig.3 X-ray signals from the vertical camera showing a

long lasting snake oscillation, which is locked in
the lower figure. The relative amplitude of the

snake 1is unchanged by the sawtooth collapse.
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Fig.& X-ray flux plot for the vertlcal camera signals

showing the inward shift of the snake during a
sawtooth collapse. The full line follows the point
of maximum emission and the dotted line shows the

inferred radius of the q=1 surface.





