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Persistent Density Perturbations at Rational-q Surfaces Following Pellet Injection
in the Joint European Torus
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In the Joint European Torus the ablation of injected pellets produces a striking resonance eff'ect when
the pellets reach surfaces with q values 1 and —,

' . Subsequently, structures with mode numbers
m =1,n =1 and m =3,n =2 are observed with the soft-x-ray cameras for up to 2 s as compact snakelike
perturbations. These structures, which persist through several sawtooth collapses, give information on
the radii of the q = 1 and q = —', surfaces and the q-profile evolution. The observations can be explained
by the formation of magnetic islands.

PACS numbers: 52.55.Fa, 52.30.—q

The effects of injection of solid D2 pellets into the
discharges of the Joint European Torus (JET) have been
studied' with use of the soft-x-ray imaging system. Im-
mediately after pellet injection a very localized density
and temperature perturbation has been found withI=1,n =1 topology. This perturbation exists for a very
long time (&2 s), is clearly associated with the q =1
magnetic surface, and acts as a probe for this surface al-
lowing, for example, the study of the position of the q =1
surface during a sawtooth cycle. Similar structures are
seen with m =3,n=2 on the q= 2 surface. The effects
of ablation at rational q values have been seen previous-
ly as irregularities of the H emission. The charac-
teristics of these perturbations and possible explanations
for their origin are presented.

Observation of the "snake" modulation Two .s—oft-

x-ray cameras ' view the plasma with a spatial resolu-
tion of 7 cm in orthogonal directions at the same toroidal
position as the D2 pellet injector. Pellets of 2.2x10 ' or
4.5x10 ' atoms, injected radially in the equatorial plane
into Ohmically heated JET plasmas (8& =2-3 T,
I=3.0-3.6 MA, elongation of 1.4, a =1.2 m, R =3 m)
with velocities of =1 km s ', are detected with good
temporal resolution (up to 100 kHz) by the vertically
mounted soft-x-ray camera (Fig. 1). The discharges
have regular sawteeth both before and after pellet injec-
tion. Immediately after pellet ablation, the density
profile becomes very hollow and the temperature drops,
leading to decreased x-ray emission. However, the most
striking effect is the observation of a snakelike perturba-
tion superimposed on a symmetric emission profile. The
observations also show that the "snake" is due to the ro-
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FIG. 1. Pellet ablation (10.035 s) and snake oscillation seen by the vertical soft-x-ray camera (50-pm Be filter). The x-ray flux is
shown as a function of time and detector chord radius (R) measured from the plasma center.
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FIG. 2. Time correlation of x-ray flux, line density (from
the 2-mm system), and T, at the snake radius. (The soft-x-ray
channel views close to the snake radius and therefore sees only
one peak per turn. ) The diflerent phases of the signals are due
to diAerent measuring locations.

tation of a small region with enhanced x-ray emission.
The poloidal dimension (FWHM) of the snake (Fig.

1) is typically la=25 cm and is calculated from the
transit time across the field of view of either a central x-
ray channel or the interferometer. The radial dimension,
typically l, = 17 cm, is calculated from the relative in-
tensities of the snake viewed radially or poloidally.

In addition to the snake, a transient m = 1,n = 1

sinusoidal MHD oscillation is usually seen just after pel-
let injection. This eAect has also been observed on other
machines.

Plasma parameters in the snake region. —The tem-
perature and density in the snake region are determined
with an electron-cyclotron-emission polychromator, a
multichannel far-infrared interferometer, and a 2-mm
microwave transmission interferometer (Fig. 2), with

typical values given in Table I. The very large density
perturbations are calculated from the line-integral mea-

surements of density with use of 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 to-
tal number of particles in the snake is only = 1% of the
injected pellet particles. It is also observed that the
snake can survive the substantial changes in density
profiles, from hollow to peaked, which take place in the
time (= 100 ms) immediately after pellet ablation. In
the snake region, the temperature drop, h, T„ is always
much smaller than the increase in density, implying lo-

cally increased plasma pressure. The d T, gradually
reduces after =100 ms to an undetectable level less than
100 eV, although the density increase, h,n„ is unchanged.
The topology of the snake is determined as m =1,n =1
from the soft-x-ray signals and the relative phase of the
interferometer signal.

Relation to rational q values Th.e—observation that
the snake has m =1,n =1 topology provides strong evi-
dence that it is on the q =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 emission before pellet injection. Also in agree-
ment with this interpretation are the following facts: (i)
The formation of the snake depends sensitively on the lo-
cation of maximum pellet penetration which must be in-
side the q =1 surface. (ii) There is a characteristic dip
in the H light from the ablating pellet as it crosses the

q =1 surface. The reduction in ablation occurs on this
surface because only particles from a flux tube with
m =1,n =1 are available, rather than the particles over
the whole magnetic surface.

A similar efrect is also seen associated with the q =
2

surface. The x-ray signal patterns are more complicated,
but an m=3 pattern with twice the frequency of the
simultaneously observed m =1 modulation is clearly seen
and is well correlated with the signals from the n =2
magnetic pickup coil combination. The radius of the
m =3 perturbation coincides with the calculated q = —',
radius.

Lifetime of the snake and the position of the q=l
surface The snake is v.—ery long lived; it can survive
sawtooth crashes, and can persist for longer than our ob-

TABLE I. Parameters of typical snakes. Shot 9550 was injected with a small pellet, the other shots with large ones.

Shot
number

9550
9382
9378
9228

Time after
pellet

ablation
(ms)

13
240
220

10

h, n,
(10"m ')

3.4
2.6
1.5
3.6

ne
(10' m ')

4.9
6.6
6.2
4.9

hT,
(ev)

135
(100
(100

210

Te
(eV)

1200
1180
1150
650

Ig

(cm)

24
24
31
25

1„
(cm)

14
17
16.5
19.5

DuratIon
of snake

(s)

0.85 '
~19') 19'

0.23 '

'Terminated by a soft disruption. Still present at end of data acquisition.

2304



VOLUME 59, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NOVEMBER 1987

g=1 surface Sawtooth collapse

R (CN)

50. 0

OC

Q
QLL

CI
LU
C/3

CL
O
Z.'

0&

LL

LA

I—

7. 10
t

7. 12
T I NE (5)

I

7. 14

OC

O +)

Q LL.

FIG. 4. X-ra -fluxy- plot for the vertical-camera signals
showing the inward shift of the snake during a sawtooth col-
lapse. The solid line follows the point of maximum ernixirnum emission
an t e dashed line shows the inferred radius of the q =1 sur-
face.
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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 is unchanged by
the sawtooth collapse.

servation time (2 s). Its relative amplitude can have a
decay time of &10 s or it can even increase. In Fig. 3
the x-ray emission profiles for two 100-ms time intervals
show the persistence of the snake over 800 ms and the
effect of a sawtooth collapse. The rotation observed in

the upper part of the figure, unlike that of MHD oscilla-
tions in Ohmic plasmas, is in the plasma current direc-
tion; in the lower part there is no rotation although it
restarts at later times. The snake is sometimes destroyed
by a soft disruption or a very large sawtooth collapse.

The long lifetime of the snake allows the determina-
tion of the position of the q =1 surface (and q = —' ) dur-

ing the sawtooth cycle. In Fig. 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 out-
ward movement of the snake and, therefore, also the

q =1 surface.
Discussion. —The plasma behavior 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 spread by collisional diA'usion

over the flux surfaces within tens of milliseconds, except
for a very narrow region with

~
1 —

q ~
( 10 . The per-

sistence of the perturbation for )2 s therefore implies a
changed magnetic topology. In fact, the temperature
perturbation would be expected to produce such a
change, as &t would cause a (neoclassical) resistivit
change q producing a diA'usive reduction in current den-
sity given by Bj /r1t =(jo/po)V q. The corresponding ra-
d'ial field perturbation then produces a magnetic island. s

These calculations show that the observed hT, /T, is

sufficient for the island to grow to the required size dur-
ing the pellet deposition at q =1. The question then
arises as to how the perturbation persists.

If the persistence is assumed to be due to good
confinement, a limit would be placed by Coulomb col-
lisions. A simple random-walk model in the banana re-
gime shows that the predicted confinement time, includ-
ing the eff'ects of both the electron and the ion pressure

served decay rates of greater than several seconds. It is
difficult, therefore, to understand the behavior in terms
of an exceptionally good particle confinement. It b

a the observed state is a deformed stationary equilib-
rium to which the injection of the pellet has allowed ac-
cess. There is then no need for individual particles to be
confined as they may be continually exchanged with par-
ticles from the surrounding plasma.

Another question that arises is how the magnetic is-
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land itself is maintained. One possibility is that the ob-
served depression of the electron temperature reduces the
electrical conductivity along the field lines producing a
local reduction in current density and a magnetic field
perturbation which forms a magnetic island. Depending
on the somewhat uncertain value of the shear at q =1,
the observed island size can then be used to show that a
AT, /T, value of 10 to 10 ' is required to maintain a
steady structure. The observed value of AT, /T, is ini-
tially =0.2 but decays on the time scale of =100 ms to
a value too small to be detected, (10 '. Thus although
the required temperature depression is observed, no firm
conclusion can be drawn. An alternative possibility is
that the required decrease in the local resistivity is due to
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 infor-
mation about the q profile by identifying rational sur-
faces. For example, an estimate of q(0) can be obtained
from the observed decrease in the snake radius, and
therefore the q = I radius (r t ), during a sawtooth crash
for which typically Ar&/ri = —

—, (Fig. 4). Since the
calculated change in the current profile due to sawteeth
is quite small (Aq =0.02) in JET, a smooth q profile
would have to be very flat in order to give the large shift
in r& which the snake behavior reveals. For a parabolic q
profile, q(0) =0.97 before the sawtooth crash. This is
important for the discussion of sawtooth models.

In summary, the snake structure 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 q =1 surface. 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 nonaxisymmetric equilibrium. These experiments
also illustrate the use of pellet injection as a powerful
method of probing the q profile.
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