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Poloidally asymmetric distributions of nickel ions have been observed experimentally in Joint
European Torus (JET) Optimised Shear tokamak plasmas following nickel laser injection
experiments. Two types of asymmetries occur. In the first type of asymmetry, which has earlier
been observed in H-mode plasmas, nickel ions accumulate on the out-board side of the poloidal
cross-section. Thiscan be explained well by fast toroidal plasmarotation driven by neutral beam
injection. The second type of asymmetry was opposite in position: in a radio frequency heated
Optimised shear plasma, nickel ions have been seen to accumulate on the in-board side of the
poloidal cross-section.

PAC number: 52.55.Fa, 52.25.Vy, 52.30.Bt, 52.50.Gj

1. INTRODUCTION

Poloidal asymmetries of particlesin tokamak plasmas have been discussed theoretically for the
cases of toroidal rotational plasma[1-4]. The effect of the rotation on impurity distribution has
also been dealt with [5-7] based on the experimental results. Rozhansky and Tendler have
presented an extensive review [8] on the effect of plasma rotation in tokamaks. The role of
plasmarotations on the transitions to improved confinement regimes has been reviewed [9] in
particular. Previoudly, in-out asymmetries have been observed intheAxially Symmetric Divertor
Experiment (ASDEX) [10] and ASDEX-Upgrade (ASDEX-U) [11] and in Joint European Torus
(JET) hot-ion high-confinement mode (H-mode) plasmas[12,13].

In this paper, we report on the observation of in-out poloidal asymmetries of injected test
ionsin Optimised Shear (OS) plasmasin JET [14] following metal ioninjection. Both asymmetries
with theion peak on thein-board and out-board of the plasmaare seen. The asymmetric emission
distribution from light impurities has been discussed. It should be noted that a slight up-down
poloidal asymmetry of impurity was shown and analysed in JET [15] but will not be coveredin
this paper. The observed up-down asymmetry has so far not been explained by the models that
used for the strong up-down asymmetry observed in other tokamaks, such asAlcator-A [16] and
Poloidal Divertor Experiment [17].

2. IN-OUT ASYMMETRY IN PLASMASWITH FAST TOROIDAL ROTATION

The OS discharges we analysed in which the asymmetries were observed have about 17 MW
neutral beam heating power and 6MW Radio Frequency (rf) heating power. See Fig.1 for the
main parameters of discharge 40551 in which the ion asymmetry was best shown. The plasma
has an L-mode edge condition as indicated by the Dy character. The internal transport barrier
has OTi/Ti ~ 25 m™L. The time of nickel injection is at 6.206 s, as shown in the NiXXV line
emission measurement. Therise of the Ni line emission in later time resulting from the extra Ni
sources produced from the plasma-wall interaction during the Edge Localised Mode (ELM)
period. The ion temperature in the centre of the plasma nearly reached 40 keV and the toroidal
rotation speed of He-like nickel ionsisup to ~ 8 x 10° mis.
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Fig.1: An overview of an OS discharge. Nickel was
injected at 6.206 s.
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The soft X-ray emission of Ni ions was
analysed by applying a tomographic
reconstruction technique [18] onto the
measurements of the soft X-ray camerasystem.
The background soft X-ray emission increases
approximately linearly in time prior to
injection, due to the slow increase of electron
density and temperature. Therefore, alinear fit
to the background, extrapolated to the time of
injection, is subtracted from the local
emissivities. Figure 2 shows background
subtracted reconstructed images, it can be seen
that there is a strongly asymmetric emission
distribution developing with time. At 514 ms
after theinjection of nickel, theratio of the out-
in emission peak is about 4 through the
magnetic axis.
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Fig.2: The background subtracted emission images from the soft X-ray tomographic reconstruction. The times

given are relative to the injection time.



When there is a toroidal momentum input, such as is the case when using unbalanced
tangential Neutral Beam Injection (NBI) as an auxiliary heating, the impurity ions can rotate

supersonically inthetoroidal direction, (Vq', > VtLerma] ), i.e. theratio of ion toroidal rotation and
thermal velocities (Mach number) exceeds one. The equilibrium condition for the impurity ion
density n,, as a function of minor radius r and poloidal angle 0 for a fast toroidally rotating
plasmais described as[7]:
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The ion temperature and toroidal rotation profiles, as measured by charge-exchange
diagnosticsusing fully stripped carbonions, are shown in Fig.3 for the discharge with the strong
asymmetry of nickel emission. Theion temperature and thetoroidal rotation of nickel measured
by a high resolution X-ray crystal spectrometer are shown as crosses in the Fig.3 at r/a~0.3. It
has aradial error bar of £ 0.15 m for this discharge. This measurement has a good consistency
with the measurements of charge-exchange diagnostics. Therefore we assumetheion temperature
to bethe samefor carbon and nickel ions. Given these plasmaconditions, the predicted distribution
of nickel ions from the above equation is shown in Fig.4. The calculated value is vertically
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Fig.3: lon temperature and angular rotation profile
measured by charge-exchange diagnostics for carbon
ions. The measurements show good consistency with the
crystal spectrometer measurement of nickel ions, shown
as crosses. The Mach number of nickel ionsiswell above
1 across most of the plasma radius.

Fig.4: Ni density derived from the SXR emissivity at
t=6.72s(cross), and calculated nickel ion density at the
sametime (line).



scaled to that derived from the tomographic reconstruction. There is a good agreement in the
shape of theion density between the calculation and the experimental values.

3.HOLLOW DENSITY PROFILE OF LIGHT IMPURITIES

In JET high confinement plasmas, light impurity concentration profiles (measured by charge —
exchange spectrometers (CXS)) are commonly hollow. The features of the hollowness of carbon,
neon and nitrogen are similar and do not appear to be dependent on the impurity influx and
content [19]. Because of the presence of the strong unbalanced neutral beam injection in these
discharges, toroidal plasmarotationishigh. Thusweinvestigated theinterrel ation between plasma
toroidal rotation and hollowness of the light impurity profile.

To investigate the correlation of the development of the hollow impurity density profile
and thetoroidal rotation, anumber of H-mode discharges have been sel ected which have similar
plasma parameters. We took the ratio (define as hollowness) of the carbon concentration (n¢) at
two radial position, Fig.5, (R1=3.2m, Ro=3.6m). Ratio R=n¢(R2)/n(R1) was plotted against the
maximum plasma toroidal rotation frequency Q (rad/s). Figure 6 shows the result of atypical
pulse having both ELM-free and ELMy phases. The evolution of hollowness in the discharge
follows the increase and decrease of the toroidal rotation.

Plotting the hollowness against Q for anumber of dischargesin Fig.7, there seemsto bean
Inter-dependence of these two parameters: the faster the plasmarotates, the hollower the carbon
becomes. If the ion distribution were strongly affected by the toroidal plasma rotation, the
asymmetric distribution of the density profile in the midplane would have a hollow profile. In
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Fig.5: Hollow carbon density and concentration profiles ~ Fig.6: Thetime history of the heating, toroidal rotation,
and the electron density profilein atypical JET H-mode  and the hollowness of carbon density together with the
plasma. The two lines indicate the positions R; and Ry,  edge condition of an H-mode plasma.

wheretheratio of the carbon density and concentration

aretakenin the analysis.



JET, the in-out asymmetry resulted mostly from light impurities has been observed in a high
confinement discharge[15]. It isshown in Fig.8 thetomographi c image of the soft x-ray emission
that comes mainly from carbon and other light impurities judging by the spectroscopic
measurements. The emission, which is propotional to theimpurity density, becomes progressively
peaked off-axis following the increase of the toroidal rotation velocity. Note that the Mach
numbers of carbon, neon and chlorine all exceed one. Thisindicates that toroidal rotation could
be one of the driving mechanisms for the hollow carbon profiles.
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Fig.7: The hollowness of the carbon profilesagainst the  Fig.8: The poloidally asymmetric emission mostly from
toroidal rotation in a number of discharges. light impurities.

4. ASYMMETRIC DISTRIBUTION OF IMPURITY IN RADIO FREQUENCY
HEATING ONLY PLASMAS

Anin-out poloidal asymmetry of the impurity distribution has been observed in aplasma (pulse
40051) with rf heating only in an optimised shear experiment. The rf heating power was 3 MW.
The asymmetry is reversed in comparison with the asymmetry due to the unbalanced neutral
beam heating.

An asymmetry of tomographic reconstructed nickel soft X-ray emission was observed
during nickel injection experiments. Nickel was injected at 6.405 s. The electron temperature
and density profilesin this discharge do not change appreciably in the time period of residence
of nickel ionsin the plasma, and thus a constant background was subtracted. The background
subtracted radiation measured by soft X-ray camerasis identified from the spectra of the soft



X-ray pulse-height analyser as line radiation from helium-like nickel. An asymmetry in the
background subtracted reconstructed soft X-ray emission is shown in Fig.9 for 6.440 s. It is
believed that thisisthefirst timethat thistype of poloidal asymmetry was observed in atokamak

plasma.

The detailed technigue involving the tomographic analysis has been reported by 1ngesson
et a. [15], which confirms that the in-out asymmetry is above the level of uncertainty, and it is
unlikely to be an artefact of the reconstruction. Figure 10 shows the background-subtracted
emission in horizontal cross-section of the plasma. The grey areaindicates the uncertainty from

the reconstruction.

Pulse No: 40051
t = 6.440s processing S51; t

1.0¥4

JG00.348/6¢

26 28 30 32 34
R (m)

6.405s subtracted W m3

500

400

300

200

100

Fig.9: Tomographic reconstruction (background
subtracted) for thenickel injectionintherf heated plasma

at 35 ms after the nickel injection.
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Fig.10: Soft X-ray emissivity in the middle plane, and
the grey area represents the uncertainty from the
tomographic reconstruction.

Rozhansky, Samain and Tendler [8] have predicted that poloidal asymmetry should appear
inthemainion density distributionin afast poloidally rotating plasma. It is predicted [8] that the
perturbation within a magnetic surface could be of the order of e=r/R. It was shown that for high
Z impurities in the Pfirsch-Schllter regime and main ions in the plateau regime, the poloidal

variation of impurity density could be estimated as.

No

M —280059% —L ,
1+1.5n; 0

where n; =dInT; /dInn and ion poloidal rotation is the neoclassical prediction, Vg = \j§'®.



The above equation is in qualitative 14
agreement with the observation of in-out
asymmetric nickel density. The maximum
perturbation in the mid-plane on the inboard
side of thisdischargeis cal cul ated by assuming 8k
that the T; profileisthe same asthe T¢ and the
ne profile the same as n;, (nj profiles could not
be measured by CXS since there were no ar
neutral beams). The profile of theimpurity ion
density isshown in Fig.11.

The peak coincides with the position o i Je -
where the asymmetry is observed in the R(m)
experiment corresponding to the peak of the Fig.]._'L: Pertur.bationto neoclassical density by the nickel

] o ) poloidal rotation.

ratio n; = dInT; /dInn, which in neoclassical

theory indicatesapeak of poloidal rotation velocity. It should be noted that the soft X-ray emission
is weak towards the plasma edge and some significant features in the nickel density could be
missed in the tomographic reconstruction. The density perturbation on the outboard-side is
negative from the above equation, and these two effects give about 4%~6% difference in the
density distribution. Quantitatively, the calculated density perturbation is about a factor of 3~4
lower than that shown in tomographic reconstruction (~15% ~ 20%).

Another theory that includesthe in-out impurity asymmetry is developed by Helander [6].
It states that when the usual expansion parameter, the ratio between theion poloidal gyro-radius
p and the radial scale length associated with the plasma density and temperature profiles, is
large then poloidal asymmetries become possible. However, an estimate of the perturbation of
the impurity density using the formula derived from this theory result a density perturbation of
the order of 107, This extended neoclassical theory for steeper pressure gradients seems to
predict too small a density perturbation, and therefore cannot explain the observed density
asymmetry.

It should be noted that the nickel impurity asymmetry relative to the rf heating has been
investigated and reported el sewhere [15]. It shows that the rf induced increase of the hydrogen-
minority density on the outboard of the plasma may have resulted in the increase of the nickel
density on the inboard of the plasma.
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5. CONCLUSIONS

Poloidal in-out asymmetric impurity distributions have been observed experimentally in both
neutral beam heated and radio frequency heated plasmas. The asymmetriesin the two cases are
in opposite direction. It isfound that equilibrium ion distribution can explain asymmetry driven
by fast toroidal rotation by including the centrifugal force. Toroidal rotation isalso related to the
hollow profiles of the light impurities that have often been observed in unbalanced NBI heating

7



plasmas. An inboard asymmetric distribution of nickel ions has also been observed in the rf
heated plasma. The predicted ion perturbations from two sets of theories appear to be too small
to explain the experimental data.
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