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Injections of impurity “killer” pellets on DIII-D have demonstrated partial mitigation of
undesirable disruption phenomena; namely reducing the convected heat loss to the wall, and
the halo current's magnitude and toroidal asymmetry. However, the appearance of a runaway
electron population and large magnetic fluctuations (B/BT = 1%) is coincident with the mea-
sured rapid loss of the plasma's thermal energy (=1 MJ in 1 ms) due to impurity radiation. A
numerical code is developed to simulate the impurity radiation and predict the rapid plasma
cooling observed. The simulation predicts two mechanisms for the generation of runaway
electrons: the “slideaway” of hot tail electrons due to rapid cooling or the transport of hot
electrons into the thermally collapsed plasma due to instabilities. Pressure gradients caused
by the rapid non-adiabatic cooling of the impurity are identified as the probable source of
these instabilities which also lead to convective heat losses. Results of a modeling effort to
optimize pellet content, impurity species and cooling time for the avoidance of instabilities
and runaway electrons are shown.

1. Description of Experiment and Model

Solid impurity pellets of neon and argon are injected at the outer midplane of DIII-D (R =
1.7 m, a = 0.6 m) in an attempt to radiatively quench the plasma. Pellets have diameters of
1.8 mm or 2.7 mm, injection velocity =500 m/s and typically penetrate to a minor radius r of
0.2 <r/a < 0.5. Impurity radiation is measured by a calibrated SPRED XUV survey spec-
trometer which provides 1 ms time resolution over the wavelength range of 100-1100 A and
has a single tangential line of sight with a tangent radius near the magnetic axis (Regzp =
1.8 m). Experiments have shown that the use of impurity pellets during Vertical
Displacement Events (VDE) [1] reduces the convected thermal loads (measured by infrared
thermography) to the divertor by up to a factor of two by increasing the fraction of initial
stored energy which is radiated by the impurity. The induced poloidal halo current’s magni-
tude and toroidal asymmetry are also reduced. Pellet injection into steady-state plasmas (i.e.
pre-emptive) also show large fractions (50%-80%) of the energy radiated. However, experi-
mental indications of runaway electron production (i.e. hard X-ray bursts, non-thermal ECE
emissions) are greatly increased, especially in the case of preemptive pellet injections.

A time dependent model (Killer Pellet RADiation, KPRAD) is used to simulate the radi-
ation and energy balance during pellet injection experiments on a given flux surface (no radial

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-ACOS-
960R22464, and Grant No. DE-FG03-95ER54294.
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transport). The calculation first solves the ionization charge-state equilibrium for the
impurity species and the subsequent radiative losses from each charge state (i.e. coronal equi-
librium is not assumed). Then a new self-consistent energy balance including radiation
losses, ohmic heating and collisional coupling between all species is calculated at each
timestep. The new plasma solution for density and temperature is then used for the
subsequent timestep’s ionization balance. The code independently considers as separate
species the original electrons and ions, as well as the impurity ions and the electrons
contributed from their ionization. The amount of deposited pellet atoms on the flux surface is
determined by using the standard pellet ablation model [2] normalized to obtain the measured
penetration radius. Radiation rates for each charge state k, L, (Wm™) are extracted from the
ADPAK [3]] atomic database. The electron density, ne, and each charge state's density ny are
used to calculate the radiated power Pryq = ng np Ly (Wm ). Initial plasma parameters (ngy,
Teg» Jo) are taken from measurements and the local current density, j, is held proportional to
the measured total plasma current Ip, (i.e. j(t) = jo-Ip(t)/Ipp). Ohmic heating power (Pohmic)
and the parallel electric field (E) are derived from Spitzer resistivity (1) o< Z eﬁTe-g/ 2, Pohmic
=mj , E =nj) using the calculated electron temperature and Z.¢. The code predicts the time
evolutions of electron and ion temperature, electron density, average charge state of impurity,
total radiation, and radiation per charge state.

2. Results
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The focus of this section will be the com-
parison of modeling results and experimental
data for a preemptive radiative quench fol-
lowing the injection of a small (1.8 mm
diam., Npejlet = 2 x 1020, Npjagma = 1021,

Temperature (eV)
g
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v = 390 m/s) neon pellet which penetrated to
rla= 0.45. Figure 1 shows the model §
predicts the measured rapid decrease of the £ 05
w
core temperature and plasma energy in &
<0.5 ms. The reason for this thermal collapse g 00
is that the high radiation rate of the low < 05 . ‘ .
ionization stages of neon (Lg_7= 10 1 10 100 1000
w d the 1 £ pell Time (1)
m ") and the large amount of pellet Fig. 1. Calculated T, and average ion charge state
material deposited decrease the electron tem- Z; at r/a = 0.6 vs. time after pre-emptive neon
: it Semigat pellet passes that flux surface. Square indicates
Perature quickly enO'Ugh to inhibit jonization Thomson measured T, at v/a = 0.6 and the bar the
into or past the He-like state (two electrons), range in core T, showing complete thermal
where the radiation efficiency is much lower collapse in core.

(Lg_10=10 ~~ Wm"). This is confirmed experimentally by the absence of any line radiation
from these high charge states. The background ion temperature (T;) and the electrons
contributed from neon ionization T, neon are quickly thermalized to the main electrons
through collisions and the total thermal energy of the plasma is lost to radiation. After the
thermal collapse a new equilibrium is established between radiated power and the enhanced
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ohmic heating (from the now highly 60

resistive plasma) and no further _ Model 3
significant temperature decrease is ‘
expected. A comparison of the ;
measured and calculated radiation - Total Neon Radiation =
(Fig. 2) shows good agreement in the
magnitude and time behavior of the
total and charge specific radiation.
This indicates that indeed a large por-
tion of the initial thermal energy is
lost to radiation. Also, the significant
amount of radiation well into the cur-
rent quench shows that plasma
magnetic energy is also being 20;&
depleted via radiation. Finally, the

relative increase in the radiation of - &
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current quench indicates volume 2 0 2 4 6 8 1L0
recombination taking place in a very Time after pellet (ms )

cold and dense core plasma. g .
. Fig. 2. Comparison of neon radiation between experiment
The rapid thermal collapse of the and modeling. Experimental brightnesses of charge states

plasma will cause large pressure gra-  are relative from resonance transitions. At t =7 ms the core
dients to form during the pellet abla- plasma has moved out of SPRED’s view.
tion (Fig. 3) and drive associated ‘ .
instabilities (e.g. ballooning modes, Tos Po '";t:gbig:y
etc.). The magnitude of this pressure -
gradient will be determined by the
cooling rate of the pellet material,
Tcooling (AP/Ar= Py /Ar e Pg/
Tcooling) With typical Ar = 0.1 m «a. Pellet
This 1is verified experimentally
(Fig. ft) by the increasing m'easured 0r=0 [ ‘
magnitude of n=1 modes during pre- Ar =V peliet Teooling
emptive ablation for larger pellets and

Fig. 3 Schematic of pellet moving through plasma.

pellets made of argon (LAT' = 3-LNe)- Rapidly cooled plasma behind pellet causes pressure
The increased production of run- gradients and instabilities.

away electrons is also linked to the

Target
Plasma

Radiatively
Collapsed
Plasma

T Pe

r=a

cooling rate (Fig. 4). This can stem from two phenomena. Figure 5 shows that a portion of
the original Maxwellian tail (>12-Tg) electrons will have too weak collisional coupling to the
bulk electrons and can cross over the runaway critical energy €crit which is decreasing due to
the enhanced resistivity and electric field. In addition, particle transport caused by large
instabilities could place Te > g¢rit electrons from the hot target plasma into the thermally
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Fig. 4 Measured instability magnitude and runaway
source rate.increase with faster calculated cooling

times. Srynaway is obtained from time integrated
non-thermal ECg emission during thermal quench.

collapsed plasma and also produce runaways.
Both of these methods are sensitive to the
cooling rate and hence agree with experi-
mental observations.

4, Discussion

The model shows that pellet cooling is
sufficient to thermally collapse the plasma
over the penetration radius while simultane-
ously producing VP instabilities that cause
the loss of the remaining thermal energy. A
sufficiently rapid radiative loss is needed to
quench the plasma, but the associated large
pressure gradients from excessive cooling
during the pellet ablation should be avoided
since they lead to enhanced convected losses

l jrunaway

~100 KA/m2

Energy (eV)
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1000

Fig. 5 Test particle calculation shows that rapid
cooling can cause portion of original energetic
electrons to become suprathermal and carry
significant current.

(Om/OL2) 1p/mp

Methane
(CH4)

Fig. 6 Ratio of final to initial plasma thermal energy
(Wp'Wo) and normalized energy loss rate vs. relative
amount of deposited pellet material (Ngep) to local
electrons (Ny).

and runaways. Therefore, the pellet species must be carefully selected in order to optimize
the radiative quench, since the cooling rate is primarily determined by the atomic physics of
the material. Figure 6 shows the predicted response of a DIII-D plasma (Te = 2 keV) to
various amounts of pellet material and different pellet compositions. In the amount of pellet
material deposited (for Ne and Ar experiments: 0.4 < Ngep/Ne <1 ), there exists a small
region over which there is sufficient cooling (W¢/Wo < 0.2) in a typical thermal quench time
TTQ = 1 ms, but also acceptable cooling rates [dW/dt-(TTQ/Wp) < 1 are experimentally
verified to not cause instabilities]. There does not exist the experimental precision to design
the pellet ablation this carefully. Methane pellets however seem to exhibit the desired
behavior over a large and achievable range of pellet deposition.
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