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High-Efficiency Plasma Refuelling by Pellet Injection from the Magnetic
High-Field Side into ASDEX Upgrade
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High-efficiency refuelling of ELMy H-mode tokamak discharges with solid deuterium pellets
injected from the magnetic high-field side is demonstrated. Compared to standard low-field side
injection, the fuelling efficiency was enhanced by a factor of 4, the pellet penetration more than
2 times. This experimental result can be qualitatively explained by the magnetic force pushing a
diamagnetic plasma cloud towards lower magnetic field, causing rapid particle loss for shallow low-
field side injection, but enhancing fuelling efficiency and pellet penetration for high-field side injection.
[S0031-9007(97)03857-X]

PACS numbers: 28.52.Cx, 52.55.Fa

Next generation fusion devices like ITER will have to lecular pumps with a pumping speed bf m*/s for D,
operate at densities well beyond the Greenwald limit ob{deuterium) gas to control particle exhaust.
tained in present day tokamaks with gas refuelling [1]. The experiments described here were carried out in
Though the detailed nature of this empirical limit is still D with plasma current$, = 0.8-1.2 MA, toroidal mag-
under discussion, it was shown that it can easily be ovemetic field|B,| = 1.7-2.5 T, safety factoryes = 2.7-4.2,
come by injection of frozen hydrogen isotope pelletsand additional beam injection heating of up to 7 MW for
penetrating much deeper than cold gas particles (e.gH° (Hydrogen) and up to 10 MW for Binjection.
Franck-Condon atoms from molecule disintegration) [2]. Pellet ablation is monitored by a CCD camera (Fig. 1)
In discharges with high heating power and especially irand photodiodes. Video pictures showing the ablation
type-1 ELMy H-mode plasmas with high edge tempera-zone of the pellets are used to estimate the pellet pene-
tures, a large fraction of the deposited material was rapidlyration depths. A DCN interferometer, a Li-beam system,
expelled from the plasma column [3], resulting in signifi- a Thomson scattering system, and an ECE radiometer are
cantly reduced fuelling efficiencies especially with shal- applied to measure the density profile and determine the
low penetration [2,4]. In Ref. [4] it was shown that at leastplasma particle content; the latter two are also used for
part of this mass was lost in the vicinity of the injection temperature profile investigations. Further diagnostics are
point along a trace aligned with the helical magnetic field
(please note the correct sequence of Figs. 3(a) and 3(b) is CCD - CAMERA
reproduced in the corrigendum).

In this and all previous experiments, pellets were
injected from the magnetic low-field side (LFS), i.e.,
from the torus outside, which is easily accessible in a
tokamak. It was therefore argued [4] that, because of
the unfavorable toroidal curvature, part of the diamagnetic

pellet plasma cloud could have been expelled before it || ! CENTRIFUGE
was captured by the background plasma. If so, injection N T i
from the magnetic high-field side (HFS), i.e., the torus : i

inside, should be much superior, since the same effect

would help to transport the pellet mass deeper into the '

bulk plasma. In order to clarify this question, experiments | BLOWER GUN

have been conducted in ASDEX Upgrade where pellets
were injected from both sides intd-mode plasmas and
e¢ as well as pellet penetration depths were compared.
ASDEX Upgrade is a midsize divertor tokamak (toka-
mak radius Ry = 1.65 m, plasma radiusa = 0.5 m,
Vplasma = 13 m*, plasma elongatiorb/a = 1.6; single- FACILITY
null divertor). Wall eIe_men_ts in conta}ct with the pIasmaFIG- 1. Cross section of the ASDEX Upgrade divertor toka-
are covered by graphite tiles, the divertor target plate?hak. Pellet injection is performed by the centrifuge or via

were tungsten coated. Calibrated valves mounted at thgiding tubes by the blower gun. A CCD camera is installed
vessel midplane are used for gas puffing, and turbomder pellet observation.
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bolometer cameras, Langmuir probes in the target plates, 10 a®)
fast target plate thermography, reflectometry, neutral gas of °
gauges, and Mirnov caoils. 8

Pellet injection is performed either with a centrifuge in- 7 == a0 S oo o e e
jector or a blower gun (Fig. 1). The centrifuge injects PELLET FUELLING EFFICIENCY

only from the LFS. D pellets of variable velocity (240 to %3

1200 nys) and mass (1.4 8.8 X 10%° particles) can be

delivered at repetition rates of up to 80 Hz. The blower o

gun injects B pellets containing x 10%° particles, accel- 1}, cAs PUFF PARTICLE FLUX (6" &)
erated by H gas flow of up to 130 /s at repetition rates HFS PELLETS

of upto 17 Hz. Pellets are delivered via guiding tubes op-
tionally from the magnetic low- or high-field side. D, RADIATION BULK PLASMA + PELLET (A.U.)

The measured increase of the number of particles in 1
the target plasma (1-2 ms after ablation) divided by the [ l H L { HL | [ [ . L ” | ] ‘
number of particles contained in the pellet is defined o T
as fuelling efficiencye;. To calculates; we used the DIVERTOR NEUTRAL FLUX DENSITY(10% ni?s™)
maximum pellet mass found in test bed shots at the exit * M
of the injectors, including the guiding tubes. Thus, the . | . | . . . . . l
calculated values systematically underestimgte In the 0 PLASMA ENERGY M) e/ TITERHS:
case of HFS injection, mass losses enhanced with respect [~~----~-—==reemmemm-=mum R 1
to test bed values can occur in the experiment due to®® -« \ o5
coupling of inner and outer guiding tubes. As these losses | . ! ! ! ! ! ! ! L1y
may strongly differ for different pellets, they cause strong Teo THOMSON SCATTERING (keV)
scatter ofe in the case of HFS injection. :MMM”W"WMWNM
To demonstrate the enhanced refuelling performance of 1
HFS pellets, LFS and HFS pellets were injected into the 9 e 27 25 32

24 3.2
same plasma discharge under practically identical con- TIME (s)

ditions. Figure 2 shows the temporal evolution of suchc,; 5 Temporal evolution of a discharge with LFS and

a discharge I, = 08 MA, B, = —19T, gos = 3.6, HFS pellet injection applied under identical pellets and plasma
neutral beam heating pow®@g; = 7.5 MW). During the starting conditions.

whole sequence the discharge maintained type-1 ELMy

H-mode behavior. Gas puffing was initially applied to after the start of the HFS pellet train. The divertor
control the line-averaged density at the required value ofieutral flux densityl'S¥ gradually increases during the

7 X 10" m3. The LFS pellet injection sequence wasLFS sequence, whereas an almost constant lower value
started after the density reached the preprogrammed valuig, maintained during the HFS sequence. With HFS
and the HFS sequence was applied about 0.5 s after ternpellet injection, significant density increase is achieved
nation of the LFS pellet sequence, when the discharge haslithout deterioration of the plasma energy or energy
returned to identical starting conditions. Both sequencesonfinement timergz. With LFS pellet injection, in
consisted of a nominal 10 pellets each with the same, relazontrast, no comparable density increase is observed.
tively small, nominal velocity of 130 ts. A strong In earlier LFS experiments [6], density enhancement
enhancement of ; with the HFS pellets in relation to the similar to that with present HFS injection was achieved
LFS pellets can already be concluded from the increasenly with 80 Hz pellet injection vyielding approxi-

in line-averaged density. The, with the HFS pellets mately 6 times higher particle flux. This enhancement
are about 4 times as high as the values obtained for LF&as always accompanied by a loss of plasma energy,
pellets. The higher efficiency with HFS pellets is alsoa reduction of 7z and strong cooling of the plasma.
obvious from the particle flux applied as,Das puff or During HFS injection no drastic reduction of the electron
D, pellets injected to the plasma. Pellets launched intaemperaturel’, occurs; the modest decreaselpf shown

the plasma are monitored by the spikes they cause im Fig. 2 is due to the density increase since the stored
the D, radiation. The total amount of radiation can energy is not altered.

be assumed to yield an approximate measure of the In addition to the direct comparison between LFS and
deposited pellet mass [5]. Reduced intensities observedFS injection in the same discharge, a series of pellet in-
with some pellets are most probably due to mass lossgections was performed under various plasma conditions.
on the external pellet path. The nominal pellet sequencBigure 3 shows:, values for differentPy;. For Py >
yields the average nominal particle flux shown in Fig. 2.5 MW HFS pellets (filled symbols) showed efficiencies en-
Whereas additional gas input is required by the plasmaanced by up to 4 times that with equivalent LFS pellets
control system during the LFS sequence to reach théopen symbols). With increasingn; and plasma tem-
preset line density, gas valves close almost immediatelperature, HFS pellets show no significant power degra-
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o L¥s (4 MODE) following the magnetic field lines, whereas no correspond-
i) ® HFS (H MODE) ing structures were observed for colder Ohmic plasmas.
% 08 A HFS (L MODE)A Strongly enhanced particle loss is also caused by the ELM
Z triggered by each pellet during type-1 ELMY+mode plas-
E 0.8 ] mas [4].
E ° A further benefit of the HFS launch becomes obvious
= ° from video observations of the pellet path as shown in
2 0.4 Fig. 4 for the same discharge as in Fig. 2. There is a
= < striking difference in the pellet penetration depthsand
B 02 H ablation traces between LFS [4(a)] and HFS pellets [4(b)].
= @ @ Whereas LFS penetration is rather Idw = 8 cm in
0 2L Fig. 4(a)], significantly deeper penetratioA = 19 cm
0 2 4 6 8 10 in Fig. 4(b)] is found with HFS pellets. This strong
HEATING POWER By, (MW) difference cannot be wholly attributed to different local

FIG. 3. The triangles and circles show the fuelling efficiencytarget plasma_conditions_ or different flux tube Spf"‘CingS
calculated on the assumption of maximum pellet masses versiShafranov shift); we estimate that these effects yield an

additional heating power for LFS (open symbols) and HFSenhancement ok with HFS pellets less than 1.6 times as
(filled symbols) pellets injected with the blower gun. Triangles:|arge as the LFS values. Whereas LFS pellet penetration
pellets into Ohmic olL.-mode plasmas; circlesH-mode target  yenihs are in agreement with published ablation scalings,
plasmas. The solid line represents the upper limit of fuelllngHFS ellets were found to penetrate considerably deeper
efficiency in the case of LFS injection performed by the p p y p

centrifuge.

dation of ¢/, whereas the maximum efficiency achieved
using LFS pellets (solid line) is dropping. Even at the
highest heating powers applied almost the same efficien-
cies are achieved for HFS pellets as in Ohmic plasmas.
The strong scatter of; values is most probably an arti-
fact caused by the external pellet mass losses mentioned
earlier. This conclusion is further supported by the fact
that reducect, values were always accompanied by re-
duced ablation radiation. With the ablation radiation be-
ing assumed to be a good measure of the pellet mass [5],
accordingly corrected, values show a scatter reduced to
+10% of the optimum value 0f=0.7 for the HFS pellets.

For LFS pellets, however, a strong reduction in efficiency
takes place despite the fact even bigger< 102 par-
ticles) and faster (1200 fs) pellets were injected using
the centrifuge at high heating powers, penetrating deep into
the plasma. In the case of shallow penetration into type-I
ELMy H-mode plasmas; was even restricted to values
below 0.2 [4]. Comparable conditions yielded the same re-
sult in the case of LFS pellet injection with the blower gun,
as shown in Fig. 3. Ejection of material was, in fact, ob-
served by reflectometry, Langmuir probes, and thermogra-
phy. Obviously, immediately after ablation and in parallel
to the toroidal expansion, there is fast outward radial trans-
port on a time scale less than 1 ms. Such outward flow of
particles was first reported from JET and TFTR [7]. Like
in those experiments, also analysis of our LFS pellet injec-
tion experiments showed increasing outward shift of the -
deposition profile measured a few ms after pellet injectiorF|G. 4. Vvideo pictures showing the complete pellet ablation
with respect to the dynamic ablation profile obtained by theraces recorded with a CCD camera (20 ms integration time
ablation radiation for increasinBy;. This radial transport for each frame; location given in Fig. 1) for the (a) 6th
strongly increases as the plasma temperature and hencelds Pellet and for the (b) Sth HES pellet of Fig. 2. Inner

P In th f st i heati id b (nght) and outer (left) divertor strike points can be seen in
N1 Inthe case or strong auxiliary heating, video 0D-y,q background, positions of the plasma cen@y, puter QO),

servations near the pellet injection port showed expelle@nd inner ) plasma boundaries as calculated by a plasma
material concentrated in small tubes at the plasma edgegquilibrium identification code are indicated by dashed lines.
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into the plasma. We calculatA as 6—9 cm for the diffusion may result in a8 decay time of tens ofus,
LFS andA as 9-14 cm for the HFS pellets, using andepending on the degree of local turbulence. Altogether, a
empirical scaling [8]. Obviously, an additional shielding moderateg plasmoid equilibrium may not be established
mechanism must be responsible for the enhantedf  before a few tens ojus after pellet passage. Assuming,
HFS pellets. Like LFS injection [4], pellets injected from for example, an average plasmoid temperature of 10 eV
the HFS into arH-mode plasma trigger ELMs. during a nonequilibrium phase &0 us for high Py,

The strong asymmetry ire; between shallow LFS the plasmoid would be captured only after a major radius
and HFS injection is obviously a consequence of toroidadisplacement of about 30 cm, this being of the order of
curvature, which, in principle, can affect the ultimate typical pellet penetration depths.
pellet mass deposition profile in different ways. Clearly, This model provides a rather natural explanation of our
the asymmetry cannot be caused after the pellet mass éxperimental results: With LFS injection, part of the plas-
evenly distributed over magnetic flux surfaces (even in thenoid nucleus may be quickly lost, while the remaining
presence of asymmetric turbulence), since at this time thpellet ablation halo is captured some distance shifted to the
information about the pellet launch position has alreadylow-field side from its birthplace [7]. A strong variation of
been lost. Therefore, the key process must happen onsg with plasma and pellet parameters is expected and ob-
time scale comparable to or shorter than the pellet plasmserved (Fig. 3). In contrast, even with shallow HFS injec-
expansion time along field lines over a connection lengthion, the drift force (and pellet mass inertia) is directed into
mqRy between HFS and LFS, i.e., less than a few hundrethe plasma, and (with ELM triggering neglected) nearly
microseconds [9]. perfect absorption is to be expected rather independently

Though this early, highly dynamic phase is extremelyof the system parameters, as observed. Even the enhanced
complex, a simple qualitative model may help one to unpellet shielding and penetration are qualitatively under-
derstand the most important mechanisms: As shown istood since some earlier ablated material can overturn the
[9], the plasma pressure can strongly rise inside the pellgiellet being captured in front of it and causing enhanced
ablation cloud within a fewus. Heat is transported to the pellet shielding and some plasma precooling there.
ablation cloud along field lines mainly by hot electrons, In summary, we have demonstrated that HFS pellet
while the expansion of the cloud in the opposite directioninjection allows for efficient particle refuelling of hot,
is determined by the much slower ion acoustic velocity high confinement plasmas relevant for next generation
Thus, the pellet ablation cloud acts as an energy spong&ysion experiments. The advantage over standard LFS
and a localized highg plasmoid is formed. In fact, for injection seems to originate from the toroidal curvature,
typical LFS injection cases we estimate—by assuming diwhich tends to expel the diamagnetic ablation cloud from
mensions of the ablation clouds as observed by high-spedte LFS, while the same effect is highly beneficial for bulk
photographic techniques [10] and adopting our measureckfuelling from the HFS.
ablation rates—thagB increases to unity within a fews
at maximumPy;. This diamagnetic high plasmoid rep-
resents a rather extreme, localized perturbation of the ini-
tially axisymmetric tokamak equilibrium, it is a source of
instabilities, and, as the key element with respect to the
observed HFS vs LFS asymmetry, it is rapidly accelerated[s]
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