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FOREWORD

The topics of former workshops on Pellet Fueling or Pellet Injection, starting with the
first meeting at Princeton in 1977, were injector development and ablation. In recent
years there has been a shift of emphasis. Pellet injection has now become a method
of improving plasma confinement. Experiments have been conducted on numerous
tokamaks, but also on other plasma devices, e.g. stellarators and reversed field pinches.
The discussion of pellet-fueled plasmas is concentrated at present on particle and energy
confinement and impurity transport. This workshop was therefore held to provide
an overview and a discussion of the present experimental and theoretical status of
confinement and transport during and after pellet injection. Pellet ablation and injector
development also featured at the meeting, but, unlike on previous occasions, they were
not the main topics. The conculsions derived from the workshop by qualified speakers
sum up the present status of pellet injection. The significance of pellet injection for
future experiments was treated in an additional paper.

The three-day IAEA Technical Committee Meeting, held at a picturesque location on
Lake Chiemsee in Bavaria, was attended by 55 participants. It was sponsored by IAEA,
Vienna, and Max-Planck-Institut für Plasmaphysik (IPP), Garching, FRG. IAEA also
covered the cost of printing the proceedings, and IPP were responsible for organizing
the event, also contributing to the cost of organization, transport of the participants,
and the banquet.

The meeting owed its success to the good interaction of all persons involved. Apprecia-
tion is due to the authors for their presentations and to the chairmen and the organizing
committee for their excellent work. Special thanks must also go to the authors of the
conclusions. Finally, we wish to thank the management of Hotel Gut Ising, who did so
much to ensure their guests a pleasant stay.
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SUMMARY REPORT

Owing to the substantial plasma parameter improvement recently observed at different
laboratories in pellet-fuelled tokamak discharges, this meeting was primarily devoted
to discussion and analysis of the confinement properties of pellet-fuelled tokamak and
stellarator discharges. Further topics discussed included pellet injector development,
ablation phenomena, and pellet application in future devices. Fifty-four participants,
representing practically all major magnetic fusion laboratories (with the exception of
those in the USSR) developing or applying cryogenic hydrogen isotope pellet injectors,
presented 33 papers in six topical sessions: General Phenomena, Future Devices, Particle
and Energy Transport, Impurity Transport, Pellet Ablation, and Pellet Injectors. An
extra session was devoted to Conclusions.

The major topics and ideas presented in these sections are summarized below. A compre-
hensive report on the meeting has appeared in the February 1989 issue of Nucl. Fusion
(29, 2, 325).

General Phenomena

Results of measurements pertaining to pellet penetration depth, confinement characteri-
stics, density and beta limits, MHD activities, etc., were reported in this session.

The pellet injection results obtained in JT-60 have shown that in ohmic divertor dischar-
ges (Ip = 1 to 2 MA) an optimum target plasma density exists for pellet injection. If
the initial density is too low, peripheral ablation may result because of the presence of
runaways. At high initial density (associated with low initial temperature) the pellet
may quench the plasma, this resulting in disruption. The increase of the stored diama-
gnetic energy W^ia following pellet injection was 70 to 90 % in target plasmas of low and
medium densities. In NB-heated (L-mode) and pellet-fuelled plasmas with an absorbed
power Pafca < 15 MW, Wdia. was found to increase with the absorbed power without
saturation. Saturation was observed at higher beam powers. The saturation threshold
was increased by increasing Ip from 1.5 MA to 1.8 MA. A moderately heated target
plasma proved to be the optimum for pellet injection with subsequent application of the
full beam power. Pellet injection usually triggered MHD (m=l) and sawtooth activities.
These activities were suppressed by producing density profiles with sufficiently strong
peaking by means of injecting 3 pellets. In the case of LHRF heating of pellet-fuelled
plasmas, a marked increase of the stored energy was observed without the occurrence of
parametric instability.



The results of pellet injection experiments reported for ASDEX cover OH, NBI (beam
power up to 3 MW ), and ICRH (power 1.4 MW ) discharges. All discharges described
are marked by high recycling and centrally peaking density profiles. To reach enhanced
confinement, it was necessary to inject pellets into target plasmas of medium density
and to apply gas-puff during pellet injection. The maximum stored energy in an L-mode
(NBI) discharge was ~ 100 kJ, this corresponding to ßt « 0.65 % and a Troyon factor of
1.5. The density limit could be increased (over the values obtained with gas-puff) by a
factor of 1.5 (NBI) to 2.0 (OH). The respective Murakami parameter values are 10.5 and 8.
High recycling seems to support improved confinement. Furthermore, under the peaked
density profile conditions, TE was found to increase monotonically with ne and reach
approximately double the saturated value characterizing gas-puff-fuelled discharges. The
confinement was found to deteriorate with increased auxiliary heating in this case too.
Regarding sawtooth activity, it was found that after injecting a string of 5 pellets into an
L-mode (NB) discharge the sawteeth vanish and a quiescent period of ~0.1 s duration
follows. The plasma energy (ßp) reaches its maximum and the radiative losses steeply
increase during this period. Simultaneously, strong MHD oscillations appear until, finally,
sawteeth reappear as well and enhanced impurity radiation appears in the plasma centre.
In the case of pellet-fuelled ICRH discharges, two sawtooth phases can be distinguished:
a regular sawtooth period is followed by a phase in which the density sawtooth is only
accompanied by weak modulation of the electron temperature. In the second phase,
TE increases by 36 % in relation to ICRH without pellet injection. Regarding particle
transport, the highest peaking of the ne profile (~2.6) was obtained in a sawtooth-free
NBH discharge.

With regard to JET discharges, sufficiently deep pellet penetration was a prerequisite for
producing peaked density profiles. In the case of high target plasma temperatures, the
plasma first had to be cooled with a string of pellets before injecting the pellet that could
produce a peaked density profile. A maximum peaking factor of about 3 was reported.
The achievement of the 'enhanced performance mode' was coupled with the production
of strongly peaked density profiles and the subsequent application of central ICRH. In
such a case, Te(o) = 11 keV, Ti(o) = 8 keV were obtained after injecting a 4 mm dia.
pellet into the early flat-top phase of an ohmic plasma and subsequently applying an 8
MW central ICRH heating pulse. The central electron density at the moment of Te max

was 6 x 1019 m~3. The enhanced confinement phase (lasting ~1.2 s ) ended with a
sudden loss of the energy in the plasma centre and the simultaneous appearence of the
m=3, n=2 MHD mode. The maximum plasma pressure (with /?y(0) = 5 %) approached
~40 % of the critical Troyon value of optimized profiles (e.g. profiles without pellet),
and the stability limit of the ideal ballooning mode may have been approached or even
exceeded. Also the 7?^-mode may have played a role in the confinement deterioration:
T}e Kt rji w 1.5 was estimated to prevail during the initial enhancement phase in the inner

10



half of the discharge. The application of additional NB heating to these discharges did
not lead to any performance improvement.

The specific characteristics of pellet-fuelled discharges in large tokamaks such as JET
and TFTR were analyzed in a separare presentation (G. L. Schmidt, PPPL). Strong
electron temperature perturbation can be tolerated also in these machines, which allows
the current profile and q-values in the central plasma region to be modified. Sawtooth
activities may be suppressed by means of pellets. Measured penetration depths are
generally in agreement with calculated values when pellet heating by thermal electrons
dominates. However, the local mass deposition profiles may differ from those predicted.
Enhanced particle deposition at the plasma edge was observed as compared with
theoretical predictions. With regard to transport processes, if pellet injection is applied,
the thermal diffusivities both in beam heated TFTR discharges and in RF heated JET
discharges are reduced in the plasma core as compared with discharges without pellet
injection. In JET discharges with central RF heating , the thermal diffusivities at the
plasma centre can be a factor of 2 to 3 lower than in comparative discharges without
pellet fuelling.

In JFT-2M, the injection of sufficiently large pellets into OH, NB, and ICR-heated plas-
mas in conjunction with central deposition was found to be a prerequisite for enhanced
confinement. Pellet injection during the early phase of a NB pulse (L-mode) produced
plasmas with < ßt > « 1.6 % and a Troyon factor of ~2.2. The highest densities obtained
in OH and NB-heated discharges corresponded to Murakami parameter values of 8.7 and
10, respectively, these values being 1.5 and 1.2 times as large as the best ones obtained
with gas-puff. The discharges usually terminated with disruptions: the stability limits of
kink and ideal ballooning modes were apparently approached. In discharges with ICRH
and central particle deposition (large D-z pellets injected) enhanced confinement was ob-
served in both L-mode and H-mode discharges. The global energy confinement time in
pellet-fuelled L-mode discharges (NB and ICRF-heated) was found to be higher, by a
factor of 1.4 to 1.7, than the H-mode TE values. MHD oscillations were found to be sup-
pressed by pellet injection, resulting in quiescent discharges. No impurity accumulation
was observed during the quiescent phase.

In NB-heated Heliotron-E plasmas, optimum results were obtained when pellets were in-
jected in an initially low-power heating phase with a subsequent rise of the beam power.
Pellet injection during ECH pulses only resulted in weak density increase (peripheral ab-
lation) as compared with the substantial density increase associated with pellet injection
after ECH pulses. Regarding the MHD behaviour of pellet-fuelled Heliotron plasmas,
it was noted that in current-free discharges with high-beta (~2 %} flat pressure profi-
les were found to be stable, whereas peaked pressure profiles are suspected to induce
pressure-gradient-driven interchange modes (m=l, n=l fluctuations were observed). In
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this context, gas-puffing is suggested as a means of profile modifiction and hence stabili-
zation. In the JIPP-TIIU tokamak, the sawtooth oscillations were found to be strongly
modulated by pellet injection.

The major results presented in this section are summarized as follows:

(1) Pellet penetration. The proper selection of the target plasma parameters and timing
of the pellet injection require special care if central deposition and peaked profiles are
desired: optimum results were reported from pellet injection in moderately heated
medium-density discharges (pellet injection during the current ramp-up phase, at
low initial NB power, etc.) with a subsequent rise of the heating power.

(2) Improved energy confinement. A peaked density profile combined with a medium
target plasma density seem to be prerequisites for obtaining significant improvement
of the confinement characteristics of pellet-fuelled plasmas. Density profile peaked-
nesses (maximum to average density ratios) of 2.5 to 5.0 have been reported. High
recycling may also be a factor improving confinement. The energy content of the
plasma may be significantly increased by means of pellet injection: AW/W — 0.4 to
1.0 was reported in OH and auxiliary-heated L-mode discharges. In large machines,
the plasma remained in the enhanced confinement phase for a relatively long period
of time (~1.2 s in the case of JET). The energy confinement time increment dete-
riorates with increasing auxiliary heating. Enhancement of the energy confinement
was also observed in an H-mode discharge (JFT-2M) under central ICRF heating
conditions.

(3) Density and beta limits. In some experiments the density and beta limits were
approached. Average toroidal beta values of up to 1.6 to 2.0 % were obtained in
pellet-fuelled discharges. The corresponding Troyon factors lie between 1.5 and 2.2.
The Murakami parameters reported range up to 8 to 10.

(4) MHD and sawtooth activities. With regard to sawtooth and MHD activities, as a
result of the high central density and beta values, most of these discharges ended
with disruption. Ballooning and kink modes are suspected to trigger the disruptions.
The 77,--mode may also have become important in some cases. In the currentless He-
liotron discharge, peaked pressure profiles were suspected to trigger the m=l, n=l
interchange mode. In discharges where sawtooth or MHD oscillations were present
prior to pellet injection, they became strongly modulated or completely suppressed
upon pellet injection. Sawteeth were shifted to lower frequencies while their am-
plitudes increased. In large machines where larger temperature perturbation may
be tolerated, pellet injection seems to allow modification and perhaps control of the
current profile and central q-values.

12



Future Devices

F. Engelmann (NET) reviewed the physical characteristics of reactor-grade devices such
as NET, ITER, FER, etc., with particular attention to their particle exhaust and refuel-
ling requirements under various operating conditions. To simulate the working conditions
of the plasma-facing components, such a machine will most likely be operated in a high-
recycling mode characterized by low fractional burn-up and correspondingly high fuel
throughput. Fuelling is viewed not only as means of supplying the necessary particle
fluxes, but also as a method of active density profile control.

The requirements imposed on the density profile by considerations related to different
operational conditions are sometimes conflicting: a peaked profile might be required
during startup to reach good confinement and thus to minimize the power needed to
reach ignition, as well as if steady-state operation at high core density and reduced
edge density proves to be necessery. On the other hand, a flat density profile may be
needed for high-beta operation and is a prerequisite for high-recycling divertor operation.
Flat density profile may also be desirable for minimizing impurity accumulation in the
core of the plasma. For the purpose of active burn control, deliberate degradation of
the confinement characteristics in the plasma core will be necessary. In addition to
replenishing the fuel particles burnt, the fuelling method applied must supply particle
fluxes covering the D,T particles exhausted with the helium ash and, if needed, for profile
control. Hence the number of D,T particles to be injected is considerably larger than
that required for fuelling alone. Hence, as possible areas for the application of pellet
injection in reactor-grade plasmas Engelmann put forward startup scenarios with fast
density ramp-up, the production of peaked density profiles when required, and, under
high-density operation conditions, reduction of the edge density. The full potential of
pellet fuelling will remain uncertain as long as questions of tokamak and pellet physics,
such as the effect of the particle source distribution on the plasma transport properties,
the magnitudes of the ablation rate and pellet penetraton depth in reactor-grade plasmas,
etc., have not been definitely clarified.

Particle and Energy Transport

In transport simulations applied to pellet-fuelled TFTR discharges, the evolution of the
electron density profile could be simulated with an anomalous time-independent diffusion
coefficient of the form D(r) = D(o} + (D(a) — D(o))(r/a)2 supplemented by the neo-
classical Ware pinch term for a remarkably broad range of initial plasma conditions: (a)
peaked density profile with broad pedestals; (b) a hollow density profile corresponding to
incomplete (non-central) pellet penetration and evolving into a peaked profile that after

13



some decay period was finally terminated by sawtooth, oscillations; (c) the post-sawtooth
period of the above profile; (d) NB-heated pellet discharges (with a weak source term,
representing deposited NB particles, added). It is noteworthy that the neoclassical Ware
pinch, term was sufficient for simulating the transition from hollow to peaked profiles.
The range of D(o) values applicable to cases (a) to (d), 0.005 to 0.02 m2/s, is rather low,
whereas the corresponding values of D(a) are 0.4 to 0.7 m2/s.

Similar results were reported also for JET discharges. Two types of pellet-fuelled dischar-
ges with centrally peaking profiles could be distinguished in JET: discharges with long
post-pellet decay times (OH and some ICRH shots) and discharges with auxiliary hea-
ting (ICRH) characterized by rapid central density decay and an ultimately flat density
profile. In the first case, the post-pellet profile evolution could readily be modelled by a
time-independent D(r) profile of the type D « 0.1 m?/s for r/a < 0.5 and D « 0.25 for
r fa > 0.5 (with slightly higher numerical values for the ICRH shots) supplemented by
the neoclassical Ware pinch term. In the second case, the ohmic D(r) profile had to be

1 /^lmultiplied by a temperature function, (1 + const X Te ), which is time-dependent. The
rapid density profile flattening observed in this second case was attributed to the onset
of MHD activities in the plasma centre. Discharges with non-central pellet penetration
in JET could not be modelled with the same transport coefficients as those displaying
an initially peaked density profile.

The fundamental similarities of different discharge types with centrally peaked density
distributions such as pellet-fuelled, ctr-NB-heated and IOC (improved ohmic confine-
ment) discharges were analyzed in a separate presentation (O. Gruber, IPP). All cases
considered were characterized b density-independent ("profile-consistent") temperature
distributions and markedly improved energy confinement characteristics. The results of
local transport analyses applied to these discharges were compared with those corre-
sponding to flat density profiles. It was found that the confinement characteristics of
discharges with both flat and peaked density profiles (ohmic discharges) could be simu-
lated by assuming the same Xe(r) oc l/ne(r] dependence and adjusting the value (i.e.
the radial variation) of Xt- For the cases with peaked density profiles considered, the
value of Xt was found to reduce in the central palsma region to values close to neoclas-
sical ones. In the same region, rj< = d In Ti/d In ni was found to satisfy the condition
T)i < 1 simultaneously, i.e. the rç^-mode became suppressed. It was further found that
with additional heating the impairment of confinement characteristics is primarily due
to the increase of Xe- At the plasma edge, Xe was found to exceed Xi m all discharges
investigated.

The experimental results reported for TEXT provided evidence of the concurrence of the
improvement of the energy confinement and the suppression of the ion- gradient-driven
(77,-) microinstabilities in pellet-fuelled TEXT discharges. The energy confinement cha-
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racteristics and the associated microturbulence fluctuation spectra were recorded and
compared for gas and pellet-fuelled discharges at three average density levels: low, mé-
dium, and high, ne(W19 m~3) = 2, 4, and 8, respectively. In gas-fuelled discharges
at low average densities, TE was observed to increase linearly with ne and the observed
microturbulence (large-amplitude broad-band peak at each wave vector investigated) was
found to propagate in the electron diamagnetic (ED) drift direction. At the medium den-
sity level, where TE was observed to saturate with increasing ne, the density fluctuations
observed to propagate in the ED drift direction were accompanied by a small-amplitude
peak propagating in the ion diamagnetic drift direction, which signalized the onset of
ion modes. At the highest average density tested, a distinct ion mode was observed in
gas-fuelled discharges with amplitudes comparable to those of the electron modes also
present in these discharges, which indicates the relevance of energy losses through ion
channel at the density level considered. Finally, in pellet-fuelled discharges of compa-
rable (high) average density, only the fluctutation component propagating in the ED
drift direction could be detected, the component propagating in the ID drift direction
being absent. These pellet shots were characterized by considerably reduced density
gradient scale lengths in the central plasma region yielding 77; < (l to 2) there, and
an unsaturated TE oc ne proportionality. Time-dependent transport simulations applied
to the gas-fuelled discharges at the different density levels tested could only reproduce
the experimentally observed TE behaviour if the local enhancement of Xi due to the ion-
gradient-driven microinstabilities was taken into account whenever the condition 77,- > 1.5
was fulfilled.

In modelling particle transport in the ICRF-heated JET shot #16211 that displayed
the enhanced confinement characteristics previously discussed, the neoclassical diffusion
and Ware pinch terms were supplemented by an anomalous diffusion term based on the

diffusion coefficients D = 0.08 m2/s for 0 < r/a < 0.4 and 0.2 < D(m2/s) < 0.4 in
the region 0.4 < r/a < 1. Essential was the numerical value of D assumed for the
central plasma region. Analogous expressions were used for the electron and ion heat
fluxes: the neoclassical expressions were supplemented by anomalous electron and ion
heat conduction terms with (xefDe}an = 13/4 and (xi/Xe)an = 1 assumed. With
this set of transport coefficients, the dynamics of the discharge evolution as well as the
magnitudes of all essential parameters of it could be simulated with sufficient accuracy.

The major results presented in this session are summarized as follows:

(1) Particle transport. Centrally peaked density profiles with broad pedestals were pro-
duced by injecting pellets into large machines. In OH discharges, rather long decay
times were associated with the peaked profiles produced. The time evolution of the
electron density distribution following pellet injection was successfully modelled in
such cases by a strongly reduced time-independent and, within the region of large
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density gradients, spatially constant diffusion coefficient value De(< O.lm2/s) with a
sharp increase at the edge of the gradient domain (to 0.3 to 0.4 m2/s), supplemented
by purely neoclassical terms. Neoclassical inward drift (Ware pinch) was found to
suffice to explain the density evolution in the plasma centre even in cases of origi-
nally hollow density profiles associated with incomplete pellet penetration (TFTR).
An anomalous inward drift term had to be postulated in the case of ASDEX.

(2) Energy transport by electrons. In OH discharges of low average plasma densities,
energy losses through the electron channel dominate. In such discharges Xe and TE
were found to change proportionally to n~l for both flat and peaked density profiles.
However, in the case of flat profiles, TE saturates at some medium density level, i.e.
energy losses through the ion channel become dominant. No saturation is observed in
the case of peaked density profiles; the limits for confinement improvement are set in
this case by the density limit. If additional heating is applied, transport simulations
indicate enhanced electron conductivity.

(3) Energy transport by ions. Energy losses through the ion channel gain weight with
increasing average plasma density. In the case of flat density profiles combined with
the usual bell-shaped temperature distributions, ion-density-gradient-driven micro-
turbulence (?7,--mode) appears in the plasma at some intermediate density level that
impairs the energy confinement characteristics. According to the observations and
some systematic measurements (TEXT), the production of peaked density profiles
by pellet injection may lead to the suppression of the r^-mode and may render access
to regimes with improved energy confinement. In the central plasma domain with
peaked density distribution, the ion thermal conductivity Xi was found to approach
the neoclassical value.

Impurity Transport

In ALCATOR-C, improved energy and particle confinements triggered by pellet injection
were always accompanied by impurity accumulation in the plasma centre. Both low (C)
and high (Mo) Z impurities were observed to accumulate, in agreement with neoclassical
transport theory. The same tendency was observed in the case of non-intrinsic (injected)
impurities. The carbon accumulation profile during the post-pellet phase could be de-
scribed by means of inward drift and outward diffusion rates of the order of u,-n fa 10 m/s
and D « 0.03 ra2/s, respectively. Another feature of pellet-fuelled discharges was the
disappearance of sawteeth: their period was found to increase and their amplitude to
diminish upon pellet injection. With the impurity profile being strongly peaked, the
plasma resistivity increases in the centre and the current profile flattens. A hollow cur-
rent profile may result. The central q- value was found to rise, in agreement with the
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observation of sawtooth disappearance, from a value below unity to q(o] = 1. The sup-
pression of sawteeth was usually followed by large-amplitude m=l, n=l oscillations. The
appearence of this mode, possibly a pressure-gradient- driven interchange mode that pe-
riodically drives cold plasma blobs into the plasma centre, was accompanied by an abrupt
stop to further impurity accumulation.

Also in pellet-fuelled OH discharges in ASDEX with weak additional ctr-NB heating,
pellet injection and the associated improved confinement regime were accompanied by
the disappearance of sawtooth oscillations. Simultaneously with the decay of sawteeth,
the radiation power emitted from the plasma centre began to rise steeply in about 100 ms
after the injection of the last pellet, and, after another 100 ms, it exceeded the OH po-
wer input by about 50 %. Both light (G, O) and heavy (Cu) impurities were present,
light impurities being dominant. The central value of Zeff rose from initially 1.6 (ohmic
phase) to about 2.8 during the impurity accumulation phase. The impurity transport was
successfully modelled by a combination of classical, neoclassical, and anomalous terms.
No anomalous inward drift term was necessary for explaining impurity accumulation at
the plasma centre. (However, anomalous terms had to be postulated for the background
plasma.) At the time of sawtooth disappearance, the anomalous impurity diffusion coef-
ficient had to be abruptly reduced to a value (0.05 m2/s) equal to the (reduced) diffusion
coefficient of the background plasma particles over the plasma region r /a < 0.75.

With regard to impurity transport in pellet-fuelled JET discharges, both light and me-
dium Z impurities accumulated at the plasma centre and, in full agreement with neo-
classical particle transport theory, had a profile width considerably narrower than the
electron density. In OH discharges, the decay time of the peaked impurity profiles ex-
tended over several seconds. Sawteeth were suppressed by pellets and only reappeared
after the density profile became fiat again. Good confinement, i.e. peaked density profile
combined with the absence of sawteeth, seems to be a prerequisite for impurity accu-
mulation at the plasma centre. In the course of impurity accumulation, the soft X-ray
emission increased by a factor of 10. The emission profile remained narrow for some time
and than, concurrently with the appearance of MHD activities, rapidly flattened. When
ICRH or NBH was applied, the same initial impurity behaviour was observed as in OH
discharges. However, the accumulation and the subsequent depletion of the impurities
at the discharge axis occurred on a notably shorter time scale than in OH discharges.
Transport analysis applied to OH or otherwise heated JET discharges revealed that impu-
rity transport can be described in terms of a combination of neoclassical and anomalous
transport, the latter being, in general, dominant: Dan « 1 m2/s. Typical neoclassical
diffusion coefficients and drift velocities at the plasma centre are of the order of (0.1 to
0.5) m2/s and (1 to 4) m/s for carbon, and (0.05 to 0.1) m2/s and (1 to 2) m/s for Ni.
Following pellet injection, the anomalous diffusion coefficient assumed for the plasma
core had to be reduced to values of the order of 0.001 m2/s. In the outer region, anoma-
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lous tranport continued to dominate. The low-diffusivity plasma core region initially
extending to ~ a/2 was found to shrink practically to r « o during the post-pellet phase.

In TEXT, pellet-fuelled discharges exhibited considerably higher impurity concentrati-
ons and stronger peaking at the plasma centre than their gas-fuelled counterparts, and
relatively constant impurity densities over the broad pedestals. The impurity peak was
substantially narrower than the associated electron density peak. Since the edge cha-
racteristics showed no significant difference for the two discharge types, the differences
in impurity behaviour in the plasma center were not caused by boundary (source) ef-
fects. The observed impurity distributions were compared with results stemming from
neoclassical theory. Classical Pfirsch-Schlüter and banana-plateau fluxes were taken into
account, thus covering all collisionality regimes. The measured diffusion coefficients and
inward drift velocities, D « 0.15 m 2 / s , Vin « 25 r[m] m/s, were found to be higher
than the neoclassical values, D « 0.02 m2/s and v « 6 r[m] m/s. The discrepancy was
attributed to the existence of an anomalous inward pinch during the time following pellet
injection.

The results presented on impurity transport are summarized as follows:

(1) Impurity accumulation. In agreement with neoclassical transport theory and as a
consequence of improved confinement, both low- and high-Z impurities accumulate in
the plasma centre, substantially increasing the radiation intensity there (by a factor
of 10 to 40).

(2) Impurity profile. Impurities acquire peaked profiles with broad constant-density
pedestals. The impurity peakedness is notably higher than that of the plasma par-
ticles. Comparisons of gas-fuelled and pellet-fuelled discharges (TEXT) with equal
edge conditions indicate that the peakedness is due to transport and not to wall
(source) phenomena. In JET, the decay time of peaked impurity profiles is measu-
red in seconds.

(3) Sawtooth and MHD activities. In all experiments reported, impurity accumulation
and the associated drastic increase of radiation emission from the plasma centre were
concurrent with the disappearance (suppression) of sawteeth oscillations. After the
impurity profile became again flattened , MHD osillations (usually m=l, n=l oscil-
lations; a pressure-gradient-driven interchange mode is suspected in ALCATOR) set
in and eventually sawteeth reappeared (JET). Impurities may be removed from the
plasma centre by the reappearing sawteeth (declining central impurity concentration
was observed in this discharge phase in JET, never radiation collapse).

(4) Transport analyses. The impurity transport could usually be described by a combi-
nation of classical, neoclassical, and anomalous terms (neoclassical description suf-
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ficed in the case of ALCATOR). No anomalous inward drift term was necessary for
interpreting impurity transport observed in ASDEX. The anomalous diffusion coeffi-
cients and inward drift velocities arrived at usually exceeded the neoclassical values:
Dan « O(l m2/s) as compared with Dneo < 0.1 m2/s. During the improved confine-
ment regime, the impurity transport is also drastically reduced in the plasma centre
(Dan - 0.05 m*/s in ASDEX, 0.001 m2/s in JET, the -alue being a function of the
diffusion coefficient inward drift velocity combination anticipated). The anomalous
impurity inward drift velocities reported vary from 1 m/s to 10 m/s.

Pellet Ablation

Results of theoretical and experimental investigations were reported and compared in this
session. A comparison of pellet penetration depths observed in TFTR with computational
results based on the neutral gas plasma shielding (NGPS) ablation model yielded, in the
absence of suprathermal electrons, reasonable agreement for both OH and NB-heated
discharges. In the case of NB-heated discharges, it was found that for the range of
beam energies applied, NB particles have a substantial effect on the ablation rate only
at thermal electron temperatures below 4 keV. Above this temperature, ablation caused
by electrons dominates.

The basic characteristics of the neutral gas plasma shielding (NGPS) ablation model
were reviewed by W.A. Houlberg (ORNL): multi-group treatment of the plasma elec-
trons, allowance for both neutral gas and plasma shielding, option for NB ions as energy
carriers. He compared the velocity scalings of the pellet penetration depth obtained for
two different models: neutral gas shielding and plasma shielding approximations. In the
former case, the semi-analytical expression for the ablation rate can be integrated, yiel-
ding a penetration depth proportional to (vpei}1/3. For the second case, it was assumed
that the ablated particles are funnelled into a flux tube whose radius is equal to the pellet
radius (instantaneous ionization and confinement of the ablated particles). Under this
condition, the ablation rate equation could again be integrated, yielding a penetration
depth that is independent of the pellet injection velocity. Houlberg noted that the ve-
locity range in which the validity of the NGPS ablation model has been experimentally
verified is not sufficiently large.

A self-consistent MHD model has been developed at IPP-Garching for the time evolu-
sion of the ablatant cloud. The model shows that the cloud represents a massive high-/?
disturbance for the background plasma. It may become partially diamagnetic, thus re-
ducing the electron flux affecting the pellet (magnetic shielding). The ionization and
confinement radii of the ablated particles increase with increasing number of particles
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locally deposited. Owing to the slow-down of the ionized particles at the ionization
radius, a shell-structure may result. The magnitude of the confinement radius show si-
gnificant variation, depending upon the tokamak plasma parameter ranges and magnetic
field strengths considered. The spherically symmetric expansion velocity of the initially
neutral pellet particles may considerably exceed the translational velocity of the pellet.
Hence the pellet flies through its own ablatant. The resulting additional shielding may
gain importance for reactor-grade plasmas. Stopping length calculations applied to the
evolving ablatant cloud show that, as soon as the bulk ionization degree of the cloud
exceeds a few per cent, the incident electron energy flux is depleted predominantly by
e-e collisions.

Results were presented on pellet penetration depths and striation structures observed in
TFR discharges. In ohmic discharges, striations were practically always present in the Hß
emission pattern. However, the radial positions of the striations were not reproducible
for otherwise identical discharges, nor could they be related, in a unique manner, to
the positions of rational q-surfaces of reasonably small m and n values. In the case of
ECRH discharges, neither peaks in the Hß emission nor striations in the pellet wake
were observable. In this case, the pellet ablation was always completed in the peripheral
plasma region.

The results presented on ablation phenomena are summarized as follows:

(1) Pellet heating and ablation modelling. As has been known for some time, pellet
ablation in thermal plasmas is primarily due to electrons residing in the high-energy
wing of the electron distribution function. This fact is now taken into account in
the NGPS ablation model (ORNL), in which a multi-energy-group option (up to 20
energy groups) is now available. Computational results show significant differences
in ablation rates depending on whether the single or multi-energy group is used. In
the same ablation model, an option is available for determining the ablation caused
by NB-produced non-thermal ions. Again, the results show that the effect of NB
ions on the local ablation rate may be significant in plasma regions with low and
moderate temperatures. At high electron temperatures, ablation due to electrons
dominates. There is no quantitative model available yet to describe the effect of
suprathermal electrons on the ablation rate.

(2) Ablatant cloud expansion. A model has been developed for calculating the evolution
of the high-density low-temperature cloud surrounding an ablating pellet from the
moment of neutral particle release up to full ionization and radial confinement of the
ablatant. The cloud expansion velocity may significantly exceed the pellet velocity,
thus producing a thermal buffer zone ahead of the pellet. This cloud represents
a temporary high-beta disturbance for the confining magnetic field and the recipi-
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ent plasma and, at the some time, determines the time evolution of the shielding
characteristics affecting the pellet.

(3) Pellet shielding. Two shielding mechanisms are taken into account in the NGPS
ablation model: neutral gas shielding due to particles locally released by the pellet
and shielding by the ionized and magnetically confined fraction of the ablatant. An
essential parameter in this model is the confinement radius of the ionized ablatant
fraction. This radius may be guessed, or calculated by means of the cloud expansion
model. Additional shielding may result from the partial expulsion of the magne-
tic field lines from the ablatant cloud and the associated reduction of the thermal
electron flux.

(4) Penetration depth and velocity scaling. Good correspondence between observed pe-
netration depths and those calculated by means of the NGS model was reported
for low plasma temperatures. Apparently, the neglect of plasma shielding is fully
compensated in this case by the neglect of the high-energy wing effect in the single
electron energy group approximation applied. At medium plasma temperature (AS-
DEX, JET, etc.) the experimentally observed penetration depths can readily be
reproduced by the NGPS if a realistic ablatant ionization radius value is guessed,
and the multi-energy-group option is used for the electrons. The accuracy of the pe-
netration depth calculations performed for reactor-grade plasmas is uncertain. The
range of plasma parameter and particularly pellet velocity variations used in vali-
dation calculations is not sufficiently large. Scaling law considerations applied to
simplified versions of the NGS and NPGS ablation models indicate that the NPGS
model in its present form yields a rather weak dependence, if any, of the penetration
depth on the pellet injection velocity.

(5) Pellet wake structure. The origin of the striations observed in pellet wakes and the
associated peaks in the Ha or Hß emission patterns is not yet fully understood.
They are most likely coupled with fluctuations in the ablation rate. There exist
various hypotheses regarding the origin of the striae: (a) differences in the energy
reservoirs and thus the energy fluxes affecting the pellet at flux surfaces with rational
and irrational q-values; (b) instabilities associated with the ablation and/or radial
confinement processes; and, finally, (c) the slow-down of the ionized material at the
ionization radius and the formation of a shell structure consisting of a cold core and
a hot outer region. The pellet may pass periodically through regions of higher and
lower temperatures and densities thus undergoing modulation of the ablation rate as
well.
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Pellet Injectors

The injectors developed at ORNL can be classified as follows: (a) single-barrel pneumatic
injectors delivering single or multiple pellets, (b) multiple-barrel pneumatic injectors with
single ("pipe gun") or multiple pellets, (c) centrifugal injectors. Typical velocities of the
order of (1 to 2) km/s have been obtained with these devices. The injector installed at
JET is a three-barrel multiple-pellet gun that produces pellet velocities of up to 1.2 to 1.5
km/s. The injectors to be installed at PBX and ATF represent an improved version of the
8-barrel gun operated at TFTR. This latest 8-barrel pipe gun (pellets are formed inside
the gas barrel by direct condensation from the gas phase) is to be capable of delivering
8 pellets of different sizes (l m to 3 mm) in a preprogrammed sequence with velocities
of up to 1.3 km/s. A further device under development is an arc-discharge- supported
pneumatic pellet accelerator of the pipe-gun type in which the rate of pressure rise is
increased from 30 to 100 bar/ms and the corresponding pellet velocity from 1.3 to 2.0
km/s. A two-stage light gas gun is being developed for high pellet velocities. Velocities
of up to 4.5 km/s have already been obtained with plastic pellets. Feasibility tests are
under way with a facility envisaged for T-z pellet injection. It is planned to produce
and accelerate T<z and DT pellets to velocities of ~ 1.5 km/s. In addition to problems
posed by radioactivity (shielding and automation), problems are created by the presence
of 3He in TZ (condensation difficulties). A pipe-gun-type device is used. Pellet velocities
of up to 1.82 km/s have already been obtained with DI pellets, and velocities of up to
1.4 km/s with T% pellets.

Another two-stage high-speed pellet launcher is being developed at JET. With the help of
this gun, plastic pellets 50 mg in weight were accelerated to velocities of up to 4.6 km/s.
The maximum unsupported ice pellet velocity attainable with this launcher is limited
by the pellet strength, friction, and errosion effects to about 3 km/s (velocities of up to
2.7 km/s were actually achieved with pellets 6 mm in dia.). Supporting the pellets with
separable cartridges ("sabots") during the acceleration phase seems to be a practical way
of overcoming this difficulty. (The sabots are separated from their payloads at the end
of the acceleration phase, a process that poses some technical problems.) Obviously, the
mass to be accelerated by this method is much larger than the pellet mass (by a factor
of 6 to 30), which makes the installation large. Sabot-supported ice pellets 5 mm in dia.
have been accelerated to velocities of up to 3.8 km/s. In addition to the two-stage gun,
an advanced launcher is being developed for repetitive injection of high speed pellets into
JET.

Pellet injectors are being developed at Ris0 National Laboratory for the RFX reversed
field pinch experiment at Padova and the FTU upgraded tokamak at Frascati. Both
injectors are of the multi(8)- barrel type, employing pipe guns. HZ and DZ pellets
(1020 to 1021 atoms/pellet) are to be accelerated to velocities of ~ 1.2 km/s. With a
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prototype single pipe gun , velocities of 1.3 km/s (Dz pellets) to 1.5 km/s (H-z pellets)
have already been obtained. As prototype for the 8-barrel gun, a 3-barrel injector has
been built and tested. Velocities of tip to 1.35 km/s have been achieved with H2 pellets.
A rotating disc-type six-pellet injector is being developed for HELIOTRON-E at Kobe
Steel, Ltd. The pellet sizes envisaged are 1.2 mm to 2 mm in diameter. The pellet
velocities (400 m/s to 1.4 km/s) as well as the time delay between two successive pellets
(0 to 100 ms) can be preselected, cycle time of the injector itself is 10 min or longer. An
electromagnetic railgun attached as a booster or second stage to a conventional gas gun
is under development at University of Illinois. A pellet leaving the gas gun barrel (first
stage) enters the railgun through a coupling piece in which the pressure behind the pellet
is reduced to a preselected value. When the pellet enters the railgun, electric breakdown
is produced behind the pellet, which ensures that the plasma arc of the railgun current
triggered at this moment forms behind, and not in front of, the pellet. With this system,
solid hydrogen pellets 3.2 mm in dia. and 4 mm in length were accelerated to velocities
of up to 2.2 km/s (arc voltage and current 10 kV and 18.8 kA, respectively). Velocities of
up to 4 km/s are envisaged, without using sabots, by increasing the length of the railgun
barrel from l m (currently used) to 3 m.

The centrifugal pellet accelerator being developed at ORNL for TORE SUPRA is to
deliver pellets at a frequency of 10 to 30 Hz for a discharge pulse length of 30 s. The
pellet velocities planned are between 0.8 and 1.2 km/s. The pellet dispersion at the
plasma surface should not exceed ± 30 mm. Also the design principles of an electron-
beam-driven rocket-type pellet accelerator to be developed at ORNL were presented.
According to the estimates, the exhaust velocity of the pellet particles leaving the high-
density shielding cloud surrounding the pellet and irradiated by the E-beam is of the
order of 8 x 103m/s. Under this condition, it should be possible to accelerate a pellet
initially 12 mm long (rp = 2 mm) with an intense beam (E = 20 keV, I = 20 A) to
velocities of up to ~ 10 km/s over an acceleration length of ~ 5.5 m within ~ 1.26 ms.
The residual pellet length at this time would be 3 mm. Mass loss from the lateral (radial)
surface has not been estimated by the authors. Keeping a long cylindrical pellet in a
stable position (without tumbling) during the acceleration phase may also pose some
problems. Experimental tests are about to start.

The major performance characteristics of the injector types presented are summarized
as follows:

(1) Pneumatic single-stage accelerators with driver gas pressures of 50 to 100 bar:
JET: ORNL 3-barrel injector, pellets 2.7/4.0/6.0 mm in dia., pellet frequencies
5.0/2.5/1.0 Hz, respectively; pellet velocities of up to 1.5 km/s.
TFTR, PBX, ATF: ORNL 8-shot pellet injectors, pellets 3 to 4 mm in dia., pro-
grammed time sequence, velocities of up to 1.5 km/s.
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RFX, FTU: pellets 1.5 to 3 mm in dia. , with velocities of up to 1.2 km/s.
HELIOTRON-E: revolving disc-type six-pellet injector, pellets 1.2 to 2 mm in dia.,
velocities of up to 1.4 km/s.

(2) Centrifugal accelerators:
TORE SUPRA: pellets 1 to 2 mm in dia. at 10 to 30 Hz, velocities up to 1.2 km/s.

(3) Advanced two-stage pneumatic guns under development:
ORNL: driver gas pressure 55 bar, pumpe tube and gun barrel diameters and lengths
25.4 mm, 4 mm, 1 m, and 1 m, respectively; 35 mg plastic pellets were accelerated
to v ~ 4.5 km/s; (5 to 20) mg HZ and D% pellets envisaged.
JET: driver gas pressure 200 bar, pumpe tube and gun barrel diameters and lengths
35 mm, 6 mm, 1.5 m, and 1 m, respectively; 50 mg plastic pellets were accelerated
to v — 4.6 km/s, 6 mm unsupported HZ pellets to v = 2.7 km/s, and 5 mm sabot
supported pellets to v — 3.8 km/s; pellets velocities in the range of 5 to 10 km/s are
envisaged.

(4) T-i pellet injector installation (ORNL):
In the test runs, D% pellets 4 mm in dia. were accelerated to v = 1.85 km/s, T% (DT)
pellets can be accelerated to velocities of up to 1.4 km/s.

(5) Electromagnetic railgun accelerator (Univ. Illinois):
Pellets 3.2 mm in dia. x 4 mm in length were accelerated to velocities of up to 2.2
km/s, velocities of up to 4 km/s being envisaged.

(6) E-beam-driven rocket-type accelerator (ORNL):
Experiments are planned, envisaged are velocities of up to 10 km/s.
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RESULTS OF PELLET INJECTION
EXPERIMENTS IN JT-60

JT-60 TEAM
(Presented by R. Yoshino)
Department of Large Tokamak Research,
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibaraki-ken,
Japan

Abstract

This paper presents recent experimental results of pellet injection to joule
plasmas and heating experiments of pellet injected plasmas by NB, LHRF, and
ICRF. Especially clear improvement in confinement has been obtained in NB
heating of pellet injected plasma up to 10-15MW in Ip=1.5-1.8MA lower-side
X-point divertor configuration.

1.INTRODUCTION

Control of density profile is one of the method to improve confinement,
and pellet injection is the powerful method to make a peaked density profile.

JT-60 installed a multi-barrel pneumatic H/2 pellet injector in March 19881).
Sizes of the pellets are 2.7mm<t)x2.7mm1 and 3.8mm<i)x3.8mm1, and pellet
velocity is about 1500m/sec. As shown in Fig.l pellets are injected with an angle
of 47 degree from the midplane with off-axis injection, where the chord of
Thomson scattering exists at R=2.95m and two chords of submillimeter
interferometer exist at R=2.53m(U2s) and 3.55m(U6). Pellet ablation profile can
be monitored by multi-channel measurement of Ha light.

Thomson
Scat.

U23 Ue

Fig.l Configuration oflower-sideX-pointdivenorplasma.
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Experiments of pellet injection were started from June 1988, and two
2.7mm pellets and one 3.8mm pellet were successfully injected. Optimization in
pellet injection has been performed for getting a peaked density profile with
joule plasma and 1.8MW NB heated plasma. Then 3.5-17MW NB heating of
pellet injected plasma has been performed in lower-side X-point divertor
configuration. Furthermore ion heating of pellet injected plasma has been
performed with LHRF of 1.0-2.0MW or ICRF of 0.7-3.1MW.

2.PELLET INJECTION TO JOULE PLASMAS

Experiments in pellet injection to joule plasma has been performed to make
a peaked density profile and to get an improved confinement in both of limiter
and lower-side X-point divertor plasma with Ip=1.0-2.0MA.

First of all plasma density just before pellet injection was scanned to find
out the optimum target plasma density for increasing stored energy as shown in
Fig.2, that presents three cases of plasma density in 1.5MA limiter plasma as
follows. (a)Low density; Ablation of pellet occurs at the plasma periphery for the
sake of low plasma density and/or runaway electrons. Increase in line integral
density at U6 chord is high, that locates about 0.66 of minor radius, however
decay time of that is short. Increase in stored energy(WDIA) is only 180 kj.
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Fig.2 Pellei injection 10 joule plasma, (a)high densiiy(E7944), (b)low
densi(y(E7941), (c)medium densily(E7942).

Where WDIA is measured by diamagnetic loop. (b)High density; Passing-
through of pellet occurs for the sake of low plasma temperature. Radiation of
main plasma increased at this moment and plasma becomes disruptive. Therefore
no increase in stored energy is observed. (c)Medium density; Pellet penetrates
near the plasma center, and increase in radiation power is small. The maximum
increase in stored energy of 240 kJ is obtained.These experimental results
suggest control of target plasma density is the key issue to get the optimum
pellet penetration and the large increase in plasma stored energy. Optimum target
plasma density depends on number and time interval of pellets, plasma current,
and the configuration of plasma. Therefore feedback control of plasma density
is adopted to search optimum density and to increase reproducibility of pellet
injection.
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Highly peaked density can be obtained in the case of (a). Figure 3 shows
the density profile 50msec after the last pellets injection ne(0) is about
1.7xl019/m3 and ne(0)/<ne>v is 5.0. This peaking factor decreases to about
3.0-4.0 at the time of maximum stored energy, that is 300-400msec after the last
pellet injection.

In limiter plasma stored energy of pellet injected plasma is almost the same
level with that of gas puffed plasma and improvement in confinement has not
been obtained yet. On the other hand improvement is observed in divertor
plasma, where increase in increases in TE is about 10%.

2.0 E7942

0 0.25 0.5 0.75 1
minor radius ; r im)

Fig.3 Profile of densily and temperature at 50msec after the pellet injection.

3.NB HEATING OF PELLET INJECTED PLASMAS

NB heating of pellet injected plasma has been performed in lower-side X-
point divertor configuration with PNB=l-8-17MW and Ip=1.5,1.8MA.

First of all we have combined pellet injection and low power NB heating
of 1.8MW (1-unit of NBI in JT-60) for getting stable and reproducible pellet
injection. Figure 4(a) shows the plasma stored energy of (i)this combination,
comparing with(ii) pellet injection alone. Stored energy of (i) is lOOkJ higher
than (ii) with almost same increase in stored energy of around 420kJ. Profile of
density and temperature at 300msec after the pellet injection is almost same
between (i) and (ii) as shown Fig.4(b). Therefore power scan of NB heating has
been performed raising NB power up to 17MW at 50msec after the last pellet
injection.

Time evolutions of WDIA after the pellet injection are presented in Fig.5
for each NB power, in the case of l .5MA divertor plasma. At low power level
of 1.8-3.5MW improvement in confinement lasts for about Isec. Then large
sawtooth activity terminates this improvement, the time points of that are
presented by arrows in Fig.5. This improved phase becomes shorter with higher
NB power. In the case of PNB>15MW this improvement terminated at 200msec
after the pellet injection, then plasma enters in the improved divertor
confinement (IDC) phase2) and stored energy increases without saturation.
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Figure 6 (a) shows thé plasma stored energy against total absorbed power
in the case of 1.5MA lower-side X-point divertor plasma. Clear increase in
stored energy can be observed in NB power of <15MW. At Pabs=10MW
confinement time increases around 20% of NBheating alone. Figure 6(b)
shows WDIA of 1.8MA divertor plasma against the absorbed power, and
increase in stored energy by combination of NB heating and pellet injection is
observed with PNB=15MW. This suggests confinement can be improved by
higher NB power at higher plasma current.
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Fig.6 (a) Stored energy of 1.5MA lower-side X-point divenor plasma against
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The increase in stored energy is attributed to a peaked density profile.
Because peaking factor of density profile decreases with higher NB heating
power and increase in stored energy becomes small. The other reason of the
improvement may be increase in density. However density dependence of
stored energy at Pat,s>5MW is small.
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In the combination of NB heating and pellet injection, internal m=l mode
and sawtooth oscillation is frequently observed in Soft X-ray emission. Increase
in stored energy is suppressed by this MHD activity. However extremely
peaked high density profile produced by multi-pellets injection suppresses this
activity and raise the stored energy. Figure 7 shows this phenomena and increase
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Fig.7(b) Soft X-ray emission from the center plasma.
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in stored energy is locked by the occurrence of sawtooth activity and internal
m=l mode in E8005. On the other hand no such MHD activity exists in the case
of E8007 and stored energy increases up to 15% higher without saturation until
the sudden decrease at t=6.2sec, that might be caused by radiation collapse.

The difference between E8007 and E8005 is number of pellets. Three
pellets are injected in E8007 and density at the plasma center is about 40% higher
with slightly lower electron temperature than that of two pellets injection in
E8005. This suggests current profile can be controlled by pellet injection and
improvement in confinement can be obtained by that.

4.LHRF HEATING OF PELLET INJECTED PLASMAS

For getting ion heating by LHRF in the high density regime, combination
of pellet injection and LHRF heating has been performed in lower-side X-point
divertor configuration with PLH = 1-0-2.5MW, f L H = 1 .74GHz,
Ip=lMA,BT=4.5T and hydrogen plasma3). Figure 8 shows the time evolution of
the typical case. Three pellets were injected at 50msec intervals into a low
density plasma. At 80msec after the third pellet injection. RF powers with pulse
length of -0.15sec were injected during the density decay phase. Hard X-ray
emission with an energy of larger than 200KeV is not observed in the first pulse
of RF and seems to increase at the second and third pulse. Ion temperature
measured by charge exchange of neutral particles rises largely in the first pulse.
This suggests the first RF pulse does ion heating.

E6831i——i——i——i——i——i—i——i
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Fig.8 LHRF heating of pellet injected plasma.
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Incremental energy confinement time defined by AWLH/(P;LH+APoH)
increases with line averaged density at high density regime of >4xl019/m3, and
parametric instability is not observed. Peaked density profile with low edge
plasma density produced by pellet injection is preferable for suppressing
parametric instability at plasma periphercy and getting ion heating in the plasma
core.

5. ICRF HEATING OF PELLET INJECTED PLASMAS

ICRF heating of pellet injected plasma has been performed with 0.7-
3.1MW in (0,0)mode4). Increase in Ti(0) is about O.SKeV at ne of
5.6xl019/m3 and tiNc(=AWcorrected b? density/(Pic+APOH) ) is 50msec, that is
almost the same level at low density of l-2xl019/m3.

6. SUMMARY

Pellet experiments started from June in 1988, and peaked density profile
of ne(0)/<ne>v=5.0 with ne(0)=-17xl019/m3 has been obtained in joule plasma
for the sake of the optimization in the target plasma density. Furthermore pellet
injection to low power NB heated(l.SMW) plasma has been performed, and
more increased stability in pellet injection has been obtained.

Power scan of NB heating of pellet injected plasma has been performed in
lower-side X-point divertor configuration with Ip=1.5MA and 1.8MA. Clear
increase in stored energy has been observed at NB power of <10-15MW.
Increase in threshold power for getting improved confinement is observed with
raising plasma current. Suppression of internal m=l mode and sawtooth activity
has been observed in extremely peaked and high density profile with three pellet
injected plasma and confinement has been improved about 15% of two pellet
injected plasma. This suggests current profile can be controlled by pellet
injection improvement in confinement can be obtained by that.

LHRF heating of pellet injected plasma has been performed, and increase
in stored energy without the occurrence of parametric instability and Hard-Xray
emission has been observed. This suggest peaked density profile with low edge
plasma density is preferable for ion heating by LHRF.

ICRF heating of pellet injected plasma has been performed and no decrease
in heating efficiency observed.
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Abstract

Experiments with repetitive pellet injection were performed in ASDEX
divertor discharges under purely Ohmic as well as with NBI and ICRH heating.
The pellets used were of two different sizes each contributing 1 or 3 X
lO-^nf •*, respectively, to the volume averaged plasma density. The
parameter scans concentrated on discharges with B^ = 2.2 T, Ip = 380 kA,
and covered a line-averaged electron density range between ne = 1.4 x
IO^OUT^ (2.6 MW NBI) . Both latter values constitute increases by
approximately ne = 5.5 X lO^m""-* over the respective limits in gas-puff
discharges and correspond to Murakami parameters of neR/B^ = 8 X
lO^ïtT2!"1 and 10.5 X IG19™"2!"1. Additional heating powers
applied so far to these discharges ranged up to 2.6 MW of NBI and 1.3 MW of
ICRH.

Pellet injection is found to give rise to density peaking also inside the
depositon radious of the pellet particles. It leads to a long lasting
increase of n e<0)/ <ne>vo^ from 1.5 to 2.6 which can be explained only
by an increase in the ratio of the inward pinch velocity to the particle
diffusion coefficient - V/D. In Ohmic deuterium discharges, this increase is
typically a factor of 1.5. In addition the diffusive mixing process caused by
sawteeth is normally reduced and sometimes eliminated by pellet injection.
With additional heating the global peaking parameter ne(0)/ <ne>voi ^-s

gradually reduced. Additionally to the transport on the typical diffusive
time scale a fast inward transport of particles on a time scale of <2 ms is
sometimes observed immediately following the pellet deposition.

1. Introduction
In tokamak fusion research the most important objective is to improve the plasma cha-
racteristics to reach the Lawson criterion. In many tokamaks, e.g. JET, TFTR, Dili,
TFR, JT-60, JFT-2M, Alcator-C, PLT, ISX and PDX, pellet injection experiments
have been performed to explore their potential for improving the plasma performance.
It is found in both ohmically and auxiliary heated discharges that pellet injection can
lead to extended operational regimes with respect to the density limit and the global
energy confinement time.
In ASDEX divertor discharges (R = 1.65 m, a = 0.40 m, carbonized walls) experiments
with pellet injection were performed with purely ohmic heating as well as with NBI
and ICR heating. A centrifuge accelerated typically 5 to 30 deuterium or hydrogen
pellets into a single discharge at time intervals of between 30 to 100 ms. The pellets
were of two different sizes, each contributing 1 and 3 • 1019m~3, respectively, to the
volume-averaged plasma density. Penetration depths of half the plasma radius, incre-
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asing with pellet size, were yielded with the injection velocity of « 600 m/s. Injection
of deuterium pellets into deuterium and of hydrogen pellets into hydrogen dischar-
ges was studied. Extensive optimization studies and parameter scans concentrated on
discharges with Bt = 2.2 T, Ip — 380 kA (qa = 2.7) and covered a line-averaged density
range between ne = MO19 and 1.2-1020 (OH) and 1.4-1020m-3 (2.6 MW). Additional
heating power applied so far ranged up to 3 M W of NBI and 1.4 M W of ICRH. These
plasmas are characterized by markedly centrally peaked electron density profiles, high
edge recycling, reduced sawtooth activity, central impurity radiation, enhanced density
limit and improved global energy confinement.
The studies were carried out with two divertor chamber configurations, the more re-
cent one, DV-II [l], having a smaller volume of the immediate divertor chamber, but
larger bypasses to the main discharge chamber.

2. Phenomenology
The plasma performace is substantially improved by injecting small pellets into OH
discharges and large pellets into additionally heated discharges. Pellet injection star-
ted typically in the flat-top phase of the discharge at medium target electron densities.
During the pellet injection phase sufficient gas-puff has to be provided to reach sta-
tionary high-density phases and enhanced energy confinement. The sawtooth dynamic
is strongly reduced and sometimes completely suppressed by the pellets. This is ac-
companied by increased central radiation loss, sometimes to values comparable to the
local power input. The total radiated power increases continuously during the density
build-up but does not exceed 45 % of the total input power. The maximum plasma
energy stored during the L-mode (NBI) is about 100 kJ, which corresponds to a volume-
averaged toroidal beta of ßt — 0.65 % and a Troyon factor of g — 1.5 (according to
ßt=gIp/aBT).
In ohmically heated discharges nearly all the particles of the pellet are detected in
the main plasma, whereas with NBI heating up to 50 % of the injected pellet mass is
missing when the NBI power significantly exceeds the ohmic power level (« 0.5 MW).
The pellet ablation and penetration are monitored by photodiodes with Da/Ha line
filtering and photography. The deduced penetration depths of the two diagnostics
and theoretical calculations (see separate contribution to this workshop by L. Lengyel)
agree well. Sometimes toroidal deflection of the injected pellets in the electron direc-
tion in OH as well as in auxiliary heated discharges is observed.
In a limited number of pellet-refuelled 1C R heated discharges we have observed two
phases of significantly different sawtooth behaviour and energy confinement [2]. In the
first phase, regular sawteeth are visible on Te and ne, whereas during the second phase
a still strong sawtooth on the density signal correponds to only a weak modulation
in the electron temperature. The energy confinement increases about 16 % and 36 %
in relation to that with ICRH alone in the first and second pellet-refuelled phases,
respectively. The timing of the transition seems to be correlated to the closing of the
external gas valve.
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3. Density Limit
Figure 1 demonstrates the beneficial effects of pellet injection into ohmically and
NBI heated L-mode deuterium discharges with respect to the density limit. The
line-averaged density limit increases almost independently of the heating power by
ne « 5.5 • 1019m~3 over the respective limits in gas-puff discharges and corresponds
to Murakami parameters of neR/Bt = 8 (OH) and 10.5 • l019m~2T-1 (2.6 MW NBI).
The density limit ne,DL of the common gas-puff and pellet refuelled discharges can be
described by ne>DL = 7.1 -P&f5 and n^L = 12.7 -P^t [10l9m-s,MW], respectively.
The enhancement of the density limit might be partly due to the decrease of Zeff and
the change of the density profile shape during pellet injection. As shown earlier with
the previous ASDEX divertor, DV-I, pellet injection cannot substitute sufficient recy-
cling at the plasma boundary [3], and so the density limit even with pellet injection is
usually coupled to high radiation at the plasma boundary.
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Fig. 1: Line-averaged density limit ne ver-
sus Ptot of pellet (solid line) and stan-
dard gas-puff (dashed line) D+ dischar-
ges at Ip = 380kA. The density limit
is increased with pellet injection by ne «
5.5 • 1019 m~3 at all heating powers.
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4. MHD Activity and Impurity
Behaviour
In general, strongly increasing central
radiation was observed in all cases of
successful density build-up and peaking
of the density profile. This results from
the high ne (0) and from the accumula-
tion of highly ionized metal impurities. •
The net inward motion of the impuri- <
ties and protons depends sensitively on
the details of the sawtooth dynamics
[4]. For example, the time evolution
of ne,ne(0) and Te(a/2) of a 0.5 MW
NBI heated discharge with five injec-
ted large pellets is shown in fig. 2a.
Figure 2b describes the sawtooth be-
haviour. The radially shifting "saw-
toothing zone" marks the region which
is affected by the sawtooth activity ac-
cording to the chord-integrated soft X-
radiation. This radiation is also used
to estimate the violence of the sawtooth
activity AST- With the start of pellet
injection the inversion radius shrinks
slightly. After the last pellet the saw-
tooth dynamics vanishes for about 0.1 s
and simultaneously there is a dramatic
increase of the central radiation. The
plasma pressure ßp reaches its maxi-
mum during this phase. Parallel to
the rise of the central radiation strong
MHD oscillations are observed around
r « 0.07 m which disappear when the
SX-radiation saturates. At « 1.28 s
sawtooth-like behaviour starts affecting
only the radial region between r «
O.lm and 0.25m, which apparently does
not hinder the accumulation of impu-
rities.
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sawtooth activity A st
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Fig. 2: Figure (a) shows the reconstructed ne-trace and the smoothed ne(0) and Te(a/2]
information vs. time. - Figure (b) indicates the radial zone affected by sawteeth accor-
ding to SX-ray line integrals. The regions of dropping (-) and rising (+) amplitude are
separately marked.- Figure (c) shows the measured (by means of infrared bremsstrah-
lung) and the neoclassically calculated radius-averaged Ze/f and the central radiation
power density Pra.d(Q)-

The time period (fig. 2c) and the radial zone, where the bolometrically measured
radiation increases, coincides well with the central zone of vanishing sawtooth activity
in fig. 2b. Spectroscopic investigations of similar cases revealed the divertor plate
material Cu to be responsible for the central radiation (see separate contribution to
this workshop by G. Fußmann).
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The measured (by means of infrared bremsstrahlung) and the neoclassically calculated
radius-averaged Ze/f agree well and show a continuous increase with time after a
reduction at the start of pellet injection (fig. 2c), the latter being related to the dilution
by the pellets.

5. Particle Transport
Pellet injection is found to lead to strong peaking of the electron density profile also
inside the deposition radius of the pellet particles. Figure 3 presents the peaking factor
ne(0)/(ne) as a function of the total heating power Ptot for ohmically and neutral beam
heated L-mode deuterium discharges. With gas-puffing only and with normal sawtooth
activity, the peaking factor is below 1.5 and depends little on Ptot- When the sawteeth
vanish in ohmic discharges, the peaking factor rises to 2 (only D+ discharges tend
to loose sawteeth). The highest peaking of about 2.6 was reached in sawtooth-free
OH phases after pellet injection. With additional heating, the peaking parameter is
gradually reduced from 2.6 to 1.6 (2.6 MW NBI) if one compares the peaking at the end
of pellet injection; but if the sawtooth dynamics is completely suppressed, a maximum
peaking of about 2.5 is attained after the last pellet also with strong NBI heating. This
increase of the peaking parameter reflects a change of the particle transport properties.
In parallel the electron temperature profile shape is not changed by the pellet injection.
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Fig. 8: Density profile peaking fac-
tor ne(0)/(ne} as a function of
Ptot of pellet and gas-puff-fuelled
D+ discharges. The solid data
point at Ptot = 0.45 MW corre-
sponds to sawtooth-free standard
gas-puff OH discharges.
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If we describe the particle flux by the ansatz Te = -D • Vne + Vin • ne, we consequently
find - during nearly stationary density phases - a change of the ratio of inward velocity
to diffusion coefficient —Vin/D in the inner two-thirds of the plasma. This ratio of
5.4 • r/a2 in pellet-refuelled sawtooth free OH discharges has to be compared with
3.5 • r/a2 in the sawtooth-free gas-puff case. It is still an open question whether |V,-ttj
increases and/or D decreases.
Information about V,-n and D can be separately gained by analyzing dynamic phases.
Numerical simulation of the density evolution over « 0.12 s (fig. 4b) after the last pellet
of discharge #25064 (fig. 2) reveal that the following transport coefficients can explain
the measured density history (fig. 4a) inside r < 3/4o : D(r) = 0.07 • (1 + r/a)m2/s
and Vin(r) = —1.1 • (r/a)m/s. The accuracy of the transport coefficients is estimated
to be « 25%. Similar calculations of OH pellet discharges indicate that both D and
| Vi„ | increase with rising NBI heating power.
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Fig. 4'- Density evolution of discharge # 25064 measured by Thomson scattering (a)
and calculated (b) after pellet injection. The time between each plotted profile is « 17
ms. The electron flux Te deduced from the measured profile evolution is averaged over
the whole time interval of 120 ms. The electron flux FNBI reflects the electron source
due to the NBI.

6. Global Energy Confinement
We have investigated the dependence of the global energy confinement time TE on the
externally controllable parameters ne, Ptott isotope type and fuelling method. Whe-
reas, with purely ohmic heating, density scans for the usual gas-puff-fuelled discharges
with flat density profiles show a saturation of r E at 60 and 85 ms for H+ and D+,
respectively, pellet fuelling allows access to a regime with peaked ne(r) and monotoni-
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Fig. 5: Global energy confinement time re vs. ne of pellet-refuelled (a) and gas-puff-
fuelled (b) L-mode D+ discharges at different NBI heating powers. re and ne of pellet
discharges reach values which are considerably higher than those of the standard gas-
puff case.
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cally increasing TE(ne), reaching values of 110 ms for H+ and 160 ms for D+. Also in
this case, however, confinement deteriorates with heating power, and the gain factor of
TE of these peaked density profile discharges in relation to the conventional gas-fuelled
L-regime cases decreases from nearly 2 at ohmic powers to 1.3 at Ptot — 2.7 MW
(fig. 5) (see separate contribution to this workshop by O. Gruber).

7. Future Aspects
We have demonstrated the advantage of operating in the high-density pellet regime
with its genuinely enhanced confinement characteristics. To improve the flexibility of
the pellet injection experiments a feedback system relating a central density measure-
ment to the pellet centrifuge has been installed which allows the suppression of pellets.
This opens the possibility of stationary operation at high densities for a long time
(» TE)- Additionally, the pellet mass and repetition time can now be varied during
the injection procedure. Figure 6 shows one example of the first density-centrifuge
feedback experiments.

O.B 1 .6 2 .4

T ime (s)

Fig. 6: Time history of ne, density profile peaking factor and central chord-integrated
SX-radiation of a density-centrifuge feedback experiment.
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Abstract

The multiple injection of deuterium pellets into JET plasmas under
various scenarios for limiter and X-point discharges with currents up to
5MA with pure ohmic, neutral beam and RF heating has been undertaken in a
collaborative effort between JET and an USDoE team under the umbrella of
the EURATOM-USDoE (US Department of Energy) Fusion Agreement on Pellet
Injection using an ORNL built 3-barrel, repetitive multi-pellet launcher.
The best plasma performance with pellet injection and additional heating so
far has been obtained by injecting early into 3 MA, 3.1 T pulses while
centrally depositing the pellet mass, with neo initially well in excess of
1020 m~3 . Subsequent central heating of this dense and clean core by ion
cyclotron resonance heating (ICRH) with H and 3He minorities in the 10 MW
range yields TeQ up to 12 keV and Tio up to more than 10 keV, while neo is
decreasing (within up to 1.5s) decaying to 0.6 x 1020 m~3 , suggesting an
enhanced central energy confinement in limiter discharges with only
modestly improved global L-mode confinement. In this plasma core electron
pressures of more than 1 bar with gradients in the order of 4 bar*m-1 have
been reached with the total pressure approaching ballooning stability
limits. The resulting total neutron rate from D-D reactions of up to
it.S^IO15 s"1 so far increases strongly with RF power and can exceed that of
similar non-enhanced shots by factors of 3 to 5. nD(0)*T ̂ (0)*TE(a )
products in the range of 1 to 2*1020 rrf3keVs are obtained but combined
power with neutral beams (up to 28 MW total) generally degrades the
performance though leading to higher neutron rates of up to 7*1 Ols s"1 .

* This work was performed under a collaboration agreement between the JET Joint Undertaking and the
United States Department of Energy.
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5 Max-Planck-Institut für Plasmaphysik, Garching, Fed. Rep. Germany.
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1. INTRODUCTION

Pellet Injection experiments on JET have started since 1986 with single
pellet experiments establishing that peaked density profiles can be
generated and that the central density is not closely tied to the global
density limit experienced in tokamak operation [l]. With the installation
of the multi-pellet injector, jointly built by JET and Oak Ridge National
Laboratory (ORNL) the range of experiments could be enormously widened due
to the flexibility of the injector capable of delivering 2.7, *i and 6 mm
pellets from three independent barrels (i.e. guns can be fired
simultaneously) with up to 1.5 kms"1 speed and up to 5 s"1 repetition
frequency. The number of pellets is at present limited to a maximum of 32
only by the control and monitoring system of the injector. More technical
details are given in [2,3].

The experiments - jointly carried out and evaluated by the JET-US team
- tried initially to probe predominantly ohmic plasmas in preparing the
plasma for subsequent additional heating since it was known that at least
the smaller pellets of the above choice would not penetrate far into very
high temperature plasmas. However, a few experiments of the latter kind
were also performed.

The paper will firstly give a short summary of these probing attempts
and their (preliminary) results - for more information see [^,5] - and then
turn to the more interesting phenomenon of a new confinement regime found
in the plasma core when applying centrally deposited RF heating to
particularly peaked density profiles in the early current flat-top phase.
The very first indications of this effect came as a late entry to the EPS
conference at Dubrovnik [*J,6,7] and the newest results on the now broadened
data base have been given at the recent IAEA conference at Nice [8J.
2. SUMMARY OF PROBING RESULTS

2. 1 2.7 and *J mm deuterium pellets have penetration depths in line with
previous single pellet results, and single pellets as a rule of thumb will
reach the center of JET plasmas with central electron temperatures Tg(0) of
1.5 and 2.5 keV, respectively; according to our experience only then strong
density peaking is to be expected. Fig. 1 shows the normalised peaking
factor n (0)/<n > (central over volume averaged electron density, ratio of
this factor before - usually 1.5 - to that 0.2 s after the pellet event)
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versus penetration depth as derived from the end of the Da~trace (minor
horizontal radii of JET plasmas are a = 1 .15 to 1.25 m). As can be seen
from the figure, pellets in the case of JET must reach the center within
0.3 m before significant peaking will occur.

2.2 Since JET plasmas of ä 3 MA develop usually already higher Tg(0) than
the ones quoted above, pellets are either injected at the beginning of the
pulse into the current ramp or early flat top (these cases will be dealt
with in chapter 4 more extensively) or a string of pellets preeeeding the
one to facilitate the peaking have to be applied to cool the plasma
suitably. An example of the latter case (pulse # 13572) is given in fig.
2 where a 4 mm pellet at 4.5 s controls the temperature such that a close
(ca 10~3 s apart) combination of a 4 and a 2.7 mm pellet at 5.5 s leads to
strong peaking of density, starting with a maximum of 1.3*102 m decaying
slowly in this ohmic shot to 0.9*1020 m3 within 2 s; the well confined core
is still recognisable after 3 s
beyond the timescale of fig. 2.

and sawtooth activity is supressed well

# 13573 (ohmic)
2.5 M A/3 T

c 0.0

2 Pellets R[2.7+4mm]
1 Pellet[4mm]

R[m]
Fig.2

2.3 Multiple pellet injection in the current flat-top, early as well as
late, has in limiter discharges quite often led to the excitation of
quasi-stationary modes (QSM or locked modes) which usually destroy the
density peakedness quite rapidly and can easily lead, in particular with
subsequent heating attempts, to disruptions [9J. No general recipe has yet
been found to avoid QSMs; they seem largely but not uniquely to depend on
the conditioning of walls and limiters. In one of the few attempts to heat
plasmas with RF (16 MW) after flat-top injection of three successive (2
s~M 4 mm pellets the neutron rate (7*1011* s-1 ) came out higher than with
comparable RF shots at that time: a hint for the higher deuterium contents
despite the lack of central pellet deposition in this case.
2.4 Recently some preliminary attempts of fuelling into RF heated (ca
6 MW) limiter discharges have been performed in a quasi-centrifuge mode:
in one case 32 pellets of 2.7 mm at 2.5 s"1 and in another six 4 mm pellets
at 1 s"1 have not created any sign of peaking of the density profile which
has rather exhibited the features of gas fuelled pulses.

2.5 Injection into single and double null X-point discharges can be dealt
with like in limiter discharges: we have achieved strong peaking before
the onset of the additional heating and an H-mode could be created
thereafter. However, the limited penetration of the JET neutral deuterium
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beams cannot heat this central dense core and RF antennae and plasma
geometry in this configuration are incompatible at present. Also small
pellets into an H-mode (without destroying it) and into supershots (with
slightly increasing the highest neutron rate on JET so far) have been
facilitated.
2.6 Most of the above experiments have been performed on plasma currents
close to 3 MA for reasons of higher stability (i.e. higher safety factor
q(a)) and less severe disruptions. The extension of the schemes to be
described in item 4. to plasma currents of 4 and 5 MA proved quite tricky
because it is difficult to control the T (0) appropriate for peaking by a
suitably timed pellet string over the long time to reach the respective
current (e.g. ca 7 s for 5 MA). Scenarios have been developed but until
now there was insufficient time to perform the subsequent heating.
2.7 Suitable plasmas for the injection of 6 mm pellets (Tg(0) = 5-6 keV
and total plasma energy > 5 MJ) have not readily been available and the few
attempts made in marginal conditions have ended in disruptions.
3. EARLY INJECTION AND HEATING - ENHANCED MODE

3.1 The peaked density profiles with peaking factors around 3 (after
0.2 s) with injection into the current ramp and early flat-top can be
facilitated as demonstrated in the two examples given in figs. 3 and 4: a
string of 7 2.7 mm pellets leads to ne(0) = 0.9*1020 m~3 when 8.5 MW of RF
(H minority ICRH) and 5 MW of neutral beam (NB) are applied (# 14550)
raising T (0) to 8 keV; in # 16211 a single 4 mm pellet created an initial
ne(0)=1 .±i*1020 m~3 before 8 MW of RF only (again H minority) boost Te(0)
and Ti(0) up to maximum values of 11 and 8 keV, respectively, while the
central density is decaying towards 0.6*1020 m~3 . Both pulses - Fig. 4,
lower - exhibit after an initially steep and smooth slope of Te(0) some
hesitation in this rise and end the increase in a sudden loss of electron
temperature by several keV (still no sawtoothing present, and for # 16211
analysed to be accompanied by MHD modes, predominantly m=3> n=2). Fig. 14,
upper shows the development of the central safety factor q(0) for both
pulses as derived from Faraday rotation and shows it to be >1 (even through
the crash of T (0) in # 16211) and to be higher for the multiple pellet
shot which may be of advantage if ballooning instability is a problem. In
the last period we concentrated on "single" pellet peaking (and achieved
here the maximum value of ng(0) = 2*1020 m~3) but it will be of interest to
return to the other scheme.

# 16211 (RF Heating)
3 M A/3.1 T

# 14550 (Combined Heating)
3 M A/3 T

t [ s ]

7 Pellets
[2.7mm]

4 R[m]
Fig.4
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3.2 The comparison of a pellet shot (I = # 16211) with a non-peaking
pellet shot (II = # 16206 resembling very much a gas fuelled one) in fig
6 (a to e) clarifies why we speak of enhanced performances: When central
ICRH is applied the rates of electron and ion temperature rise as well as
the obtained maximum values are superior to those of the shot lacking the
density peaking. This is particularly evident from the neutron rate due to
D-D reactions being increased by factors of 3 to 5 and that due to D-T
reactions of the generated tritons being larger by an order of magnitude;
it is important to note that the D-T reaction is maintained steadily
through the Te crash documenting that the tritons are not expelled.

Fig.6(a,b,c,d)

2.45 MeV
-Neutrons

0
16

W

14.1 MeV
Neutrons

4 Time (s) 5

Fig. 6 (c,e)

3.3 Fig. 7a shows a comparison of radial profiles of density from LIDAR
Thomson scattering at the time of pellet injection and 1.2 s thereafter
(the central density peaking still recognisable and shifted to a larger
radius because of 3-effects) for # 177^9, marked (P), in comparison with
the flat non-pellet profiles of # 177^7, marked (NP). Underneath in fig
7b, the comparison is seen for Tgfrom LIDAR and Tjfrom charge exchange
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spectroscopy documenting that the temperatures for the enhanced performance
are tracking each other well concerning the radial profiles and are well
into the reactor relevant range. The resulting electron pressure (1.2 bar
with a gradient of ^ bar*m-1 ) in fig. 7c leads to an plasma pressure
estimate of close to 2 bar and poses the question of stability: Although
this pressure approaches only ^0% of the Troyon limit for idealised
profiles more detailed calculations show that - taking into account the
uncertainty for q(0) - the stability limit is at least approached if not
exceeded (fig. 8); This is one possible explanation for the deterioration
of the enhanced performance. Fig. 9 presents ne = <Sln Te/61n ng values
from LIDAR measurements whereby we assume that n^ = ne at least for the
first 0.75 s because of the proximity of temperature profiles of electrons
and ions and the low Zeff the indications that is below 1.5 for the
central half of the plasma radius may contribute to the enhancement but the
progression of the n(r) curve with time towards the axis would then also
point to the transient nature of this phenomenon. In transport modelling
with a single fluid model the thermal conductivity for the central core had
to be assumed to be 2 to 3 times lower than is compatible with the
modelling of other non-pellet shots (reduction also in xe)[lo]- With
regard to the plasma stored energy and global energy confinement time these
shots are only marginally (20% on average) better than the gross of the RF
heated limiter discharges at the same current (L-mode); this is
understandable since the markeably improved central energy density (by
a factor of 2 to 3) fills only a small (10-20$) part of the total plasma
volume.
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Fig.9

3.4 Fig. 10 shows the peak neutron yields of peaked and non-peaked
profile shots and the strong increase with the RF power. The neutron rate
is usually at maximum before, and in decline when, the temperature maxima
are reached and this is roughly in line with impurity accummulation
encountered in these shots. At the moment of pellet injection global Zeff
from Bremsstrahlung assumes values of 1.3 to 1.5 which increase on the time
scale of about 1 s to values around 3~4 suggesting, supported also by
conventional and charge exchange spectroscopy and neutron diagnostics, that
nD/ne may be of the order of 50% to 80% only at the temperature maximum.
Total radiation is not yet terminal for the total power balance, but it is
certainly a candidate to limit the core performance.

10

11

I
•4— '

0)

0.1

Peaked
Non-peaked

|DDD

Dn
0 5 10 15

RF Input Power (MW)
Fig. 10

3.5 The nß(0) T^(O) TE(a) product rises up to maximum values in the
order of 2-3*1020 m~3keVs for the better ones of these shots but the
correlation with the D-D neutron peak is not unique and more detailed work
has to be carried out to understand the plasma conditions in the central
core.
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3.6 The above shots have in common that the ICRH has to be centrally
deposited (off-axis heating did fail to exhibit the enhancement signature);
most of them have been heated using the H minority scheme but 3He minority
heating can achieve the same effects suggesting that direct deuterium
second harmonic heating does not seem to play a dominant role; also the
choice of antenna configuration (most shots used dipoles, some however
monopoles) does not seem to have a large influence.
3.7 The addition of neutral beams to the RF power does either little to
boost the performance as judged from the Te, TI behaviour (the injected
beam cannot reach the central core of these high density plasmas) or even
deteriorates the performance in relative terms ((e.g. with respect to the
nD(0) Ti(0) TE(a) product). However, with the application of ?8 MW of
combined heating for this type of pulse (half of it RF, half of it NB) the
highest neutron rates 7*1015 s"1 for these kind of shots have so far been
obtained.
i|. CONCLUSIONS

This enhanced regime, though transient on the time-scale of one second,
is interesting because of its potential to permit in-sight into reactor
relevant tokamak and plasma physics, and may provide an operational help of
potentially igniting a tokamak. More work has to be done on the questions
of stability in conjunction with appropriately tailored pellet deposition
and heating profiles in space and time, and on impurity control.

.Also work has to resume on the fuelling aspects of long-pulse high
temperature plasmas, and it is hoped that the use of the 6 mm gun and the
employment of a new high-speed launcher with pellet speeds around 5 kms"1
will allow in the next year to make progress in this field.
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Abstract

In TFTR and JET experiments, pellet fueling has been extended to larger,
higher temperature devices. We will review selected current results in the
light of earlier experiments. Penetration depths are generally in agreement
with modelling when ablation by thermal electrons dominates, but local
deposition may differ from predictions based solely on the prepellet Te
profile. Deposition at the plasma edge can be enhanced. Deposition near the
plasma center may also be altered, particularly in JET. Fueling efficiency is
high, but at present strongly peaked density profiles are obtained only with
pellet penetration approaching or beyond the plasma center. Density achieved
with pellets in ohmic plasmas is greater than that attainable with deuterium
gas puffing in both these large devices as in previous experiments. Locked
modes limit this density in JET but not yet in TFTR. Strong electron
temperature perturbations can be tolerated in these large devices as on
smaller machines allowing modification of the current profile leading to a
change in the time evolution of the central q value and suppression of
existing sawtooth relaxations or delay of their onset. In ohmic discharges
plasma reheating is moderate, typically 1.5 keV. Axial voltage is
maintained. Loss of central density can be extremely slow. Decay rates of
1.5 to 2 sec are observed. With heating, Te > 5 keV is rapidly achieved.
Axial voltages may strongly decrease. Under these conditions central particle
loss rates can be enhanced. Decay rates in JET at 5 - 8 keV are approximately
0.75 s. Energy confinement is observed to improve in TFTR ohmic discharges as
was seen in earlier experiments. With beam heating in TFTR, central energy
confinement was not degraded during the reheat following the pellet
perturbation. However, central power deposition was low in these cases due to
diminished beam penetration. In recent JET experiments, application of
central RF heating following a pellet fueling sequence has shown strong
central electron and ion heating.

1.0 Introduction: In the past 10 or more years, pellet fuelling experiments have been
conducted over a wide range of machine geometry, pellet size and plasma parameters. With
experiments on TFTR, JET and now JT60[1], pellet fuelling has been extended to larger, high
current, high temperature devices. Figure 1 illustrates the range of machine geometry over
which tokamak experiments have been conducted since the first results from Ormak[2] and
ISX-A[3]. The range of minor radius and plasma volume is roughly one and three orders of
magnitude respectively. The increase in plasma volume particularly has permitted use of pellets
up to 4mm in diameter (4 x Kpl D°), with a capabilty for injection of 6mm pellets in place at

* Research supported by the United States Department of Energy under contract
DE-ACO2-76-CHO-3073.

1 Oak Ridge National Laboratory, Oak Ridge, TN, USA.
2 The members of the JET/USDOE Pellet Collaboration are the authors of the paper entitled 'JET multi-

pellet injection experiments' in these proceedings.
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Figure l:Device cross-sections, volume and minor radius of tokamaks employing pellet
fuelling in past and current experiments.

JET. In the large tokamaks, use of these size pellets has extended pellet ablation studies to
electron temperatures approaching 4keV, has produced peaked density profiles at high density,
and has improved plasma performance. In this paper we will discuss pellet experiments in
TFTR and JET, contrasting results in these larger machines with those obtained earlier in
smaller tokamaks. Pellet penetration and mass deposition, average and core density, particle
and energy confinement, and finally high power operation will be discussed.

2.0 Penetration and Mass Deposition: The neutral gas shielding model for
hydrogenic pellet ablation is generally correct in predicting pellet penetration in ohmic plasmas
at moderate electron temperatures (<lkeV) [4]. The large tokamak experiments provide a test
of this model at higher electron temperatures (< 4keV). At these temperatures, the ablation
model in its most recent form [5] remains in general agreement with measurements of pellet
penetration when ablation by thermal electrons dominates [6,7], but local deposition may differ
from predictions based solely on the pre-pellet electron temperature profile. In large machine
geometry the time scale is long for the decay of the density profile established by a pellet during
the ablation process (tdecay>;>tablation)- Details ofthat profile are therefore readily seen using
local density measurements following pellet injection obtained with multi-point Thomson
scattering systems. Fuelling efficiency is high (70%) in ohmic plasmas, but may degrade
during auxiliary heating[7]. Compared to calculations, deposition of mass near the plasma
edge appears to be enhanced. Deposition near the plasma center may also be altered,
particularly in JET.

2.1 Non-Central Deposition: Figures 2.1 and 2.2 illustrates a JET pellet fuelling
event leading to hollow density profiles. Pellet penetration to 3.18m is determined from the
duration and spatial extent of the light present during ablation. Penetration to 3.26m is
predicted by the ablation model. Formation of an inverted density profile is predicted by the
ablation model and is observed. However, the measured density peak occurs at a larger minor
radius than predicted, the two locations differing by some 0.5m. The discrepancy between
measured and calculated profiles indicates that ablation and deposition can be more rapid at
large minor radii than predicted. The agreement as to overall penetration depth implies that this
higher ablation rate is in some way compensated deeper within the plasma. Such deposition
would be consistent with enhanced energy flux to the pellet in the plasma outer region and
diminished flux within the plasma interior. The profile of electron temperature shown gives
some indication of this possibility. The post-pellet temperature profile still reflects in general
terms the measured local pellet mass perturbation but the central value appears to reflect some
additional radial energy flow. Alternatively., a temperature dependence for the ablation process
which is stronger at low tempertures, Te<l to LSkeV, and weaker above this temperature may
be indicated.
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Figure 2: Pellet Deposition in JET. Figure 2.1 ̂ on-Central Deposition-Density Profiles:
a)before pellet injection, b) following pellet injection, calculated from the local ablation rate
dN/dt distributed over a flux surface and added to local target density, c) approximately 20ms
after pellet injection, measured with the LIDAR Thompson Scattering system. Figure 2.2:
Non -Central Deposition -Temperature Profiles: a)before injection, b)calculated following
injection assuming adiabatic deposition, c)measqred approximately 20ms after injection.
Figure 2.3: Central Deposition -Density Profiles: a)early injection limiter plasma, b)Late
injection, x-point plasma, Bp=2.8 and 2. IT. Profiles are measured approximately 20ms after
injection (LIDAR). Target density profiles are similar to figure 2.1.

As the figure indicates, rapid inward flow of significant pellet mass during or
immediately following pellet ablation (t~taDiation) has not yet been observed in TFTR or JET,
even for large pellet perturbations. If such rapid flow, observed in earlier experiments on
Alcator[8] is associated with the pellet perturbation itself, then the time scale for, and potential
speed of, mass flow during or shortly after the ablation process is likely to be similar in large
and small devices. The magnitude of the pellet perturbation relative to the plasma target density
is the same or possibly larger in the large devices; the resulting perturbed electron temperature
and sound speed are therefore similar. The distance to the plasma core, however, has increased
by an order of magnitude from 0.03m to some 0.3 to 0.5m, while mass deposition is possibly
enhanced at large radius. If present, rapid mass flow to the plasma core under these conditions
should be less in the larger devices. If the inward mass flow is associated with a strong
convective flow on a longer time scale[9], such flows have not yet been produced in pellet
fuelling experiments on TFTR and JET.

2.2 Central Penetration: In past experiments, penetration to or beyond the plasma
magnetic axis led to deposition strongly peaked on axis in the region of small volume and
highest pre-pellet temperature. In large tokamaks this effect is also observed. Strong peaking
of the density profile is seen under these conditions in both TFTR (figure 3) and in JET (figure
2.3). However, in JET such strong peaking is not always observed When pellets are injected
late in the current flattop, the deposition peak can shift off axis, although measured penetration
depth remains apparently beyond the magnetic axis. Figure 2.3 illustrates this result,
comparing post-pellet density profiles for three injection events. The early injection event took
place prior to sawtooth onset and the presence of a q=l surface in the plasma[10]. The late
injection events took place long after sawtooth oscillations were present. The location of the
density maximum is near the usual q=l radius and appears to shift outward with lower TF.
This apparent change in deposition between early and late injection may be associated with a
vertical deflection of the pellet trajectory not present early in the discharge. This possibility can
not be eliminated until the trajectory itself is photographed, but a significant deflection would
be required. An alternative explanation may be associated with enhanced ablation at, or just
outside, q=l due to a collapse of energy content within the q=l surface triggered by the pellet
[11]. Such an enhancement in ablation rate near the q=l surface might also be associated with
the formation of the helical structures "snakes" observed on JET following some pellet
events[12].

53



TFTR

oÖ
°b

>
OJ
.M,

, V
H

O.B

0.6

0.4

0.2

0

I p . l . S M A
0-0.7 m

I b l

2.0 2 5 3.0
M A J O R R A D I U S ( m )

3.5

Figure 3: Electron density (a) and temperature (b) profiles following the last pellet of a 3
pellet sequence (TFTR).

Production of highly peaked density profiles has been most easily achieved in TFTR
and JET by pellet penetration to the plasma core early in the discharge using either a single
pellet event (single pellets or multiple pellets closely spaced in time) or a multiple pellet
sequence with peUets timed so as to produce and maintain low central electron temperatures and
central penetration during the pellet sequence.

3.0 Average and Centra! Density: Pellet fuelling as a mechanism to achieve high
density operation has been well established by past experiments. In TFTR and JET density
achieved with pellets in ohmic plasmas is also greater than that attainable with deuterium gas
puffing. Both multiple pellet (5 pellets - TFTR, 32 pellets - JET) and single pellet fuelling
experiments have been conducted. In both machines neRqCyi/B-p=20 has been achieved in
ohmic discharges, extending by roughly a factor of 2 the value attained by gas puffing. In JET
this limit corresponds to that attained with gas fuelling in auxiliary heated discharges and is
associated with the formation of locked modes[13]. As in smaller devices, large perturbations
in central density and electron temperature can be obtained without disruption by direct pellet
fuelling of the plasma core, utilizing a single large pellet or simultaneous injection of multiple
pellets forming a single pellet event. However, these experiments often approach the density
limit. As in earlier experiments on other tokamaks, disruptions can occur with increased
frequency when experimental conditions are not ideal. A central density of 4 x 10^0 m~3 has
been achieved in TFTR (figure 3) and 2 x 1020 nr3 on JET (figure 2.3). Peaking factors,
ne(0)/<ne>vo}, from 2.5 to 4 are attained. Even in these large tokamaks at high current (1.5
to 3MA) central electron temperatures can fall below IkeV immediately following the pellet
event (figure 3). Under these conditions, the MHD behavior of the discharge can be modified.
In particular, as in earlier experiments, sawtooth oscillations can be supressed [14], or when
pellet fuelling is employed prior to the onset of sawtooth oscillations, that onset time can be
signifigantly delayed [10], allowing heating experiments to be conducted during a sawtooth
free period.

4.0 Particle Confinement: Relaxation of the density profile in large devices
following a pellet perturbation occurs on time scales longer than those observed in previous
experiments. Decay times of 100ms in Alcator C[8] are extended to 1 to 2 seconds on TFTR
and JET. The general evolution of the profile shape appears to be similar however. Figure 4
shows the evolution of the density profile and the diffusion coefficient inferred from the
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Figure 4: PDX x-point plasma. 4a) Density profile evolution during 115ms following pellet
injection. 4b) Range of particle diffusivity during period of density evolution inferred from
measured ring/at, computed source term and neoclassical (Ware) pinch.

measured particle fluxes in PDX [15]. Modeling of the profile evolution on TFTR and JET
yields coefficients of similar or lesser magnitude. Figure 5 illustrates the profile evolution for a
TFTR discharge^ 4]. The diffusion coefficient obtained during the density decay, assuming
diffusive flow alone, or including the neoclassical (Ware) pinch, shows a strong radial
dependence with values of approximately O.OSm^s"! obtained within the plasma core. In JET
this radial dependence has been modeled using an abrupt transition from a low value within the
core to a larger edge value, suggesting a separation of the plasma into a weakly anomalous core
region and more strongly anomalous outer region. Figure 6 shows the transport coefficient
inferred from two JET cases, one ohmic, the other with strong core RF heating [16]. In TFTR
this radial variation has been modeled using an (r/a)2 radial dependence[17].

TFTR
2-5|———————I—————————I———————

CO 2.0

1.5

0.5,

Pellet
- 2.0sec

1.6 2.0 2.5 3.0 3.3

Figure 5: TFTR limiter plasma. Evolution of the density profile during 2s period following
pellet fuelling. Persistance of a dense core and formation of broad density pedestal is similar
to smaller devices.
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Figure 6: Radial variation of diffusion coefficient used to model evolution of density profile
following pellet injection on JET during ohmic and RF headed discharges. Neoclassical
(Ware) pinch is incorporated in particle flux calculations.
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High density operation obtained with pellet fuelling reduces Zeff immediately following
pellet injection on TFTR and JET, as in past experiments. Values for Zeff<1.5 have been
obtained[18]. Low anomalous diffusive loss within the plasma core, the presence of strong
density and temperature gradients at low collisionality, and the absence of sawteeth, all serve to
accentuate neoclassical impurity transport effects seen in past experiments [19]. In TFTR and
JET impurity transport is consistent with a neoclassical model incorporating a particle
diffusivity similar to that used to model electron transport [17,20]. In JET, increased core
impurity concentration can occur in both ohmic and auxiliary heated discharges, appearing on a
1 second time scale. In these large, high temperature devices with low Z limiters, such impurity
accumulation leads to dilution rather than radiation collapse.

5.0 Energy Confinement: One of the primary reasons for applying pellet fuelling
on large tokamaks has been in an effort to produce peaked density profiles and improved
energy confinement, as was obtained in earlier experiments[8,21]. Improved confinement has
been obtained following pellet injection for periods greater than 1 second in some cases. In
TFTR ohmic discharges an enhancement from 1.5 to 1.8 times the saturated ohmic level was
found, as illustrated in figure 7[14]. In auxiliary heated discharges, TFTR results (figure 8)
using beam heating showed reduced core thermal diffusivity, although in these discharges
heating power profiles were peaked outside the plasma core due to poor beam penetration at
high density [22]. In more recent JET experiments (figure 9), transport coefficients of similar
magnitude within the plasma core have been obtained even in the presence of strong central RF
heating (O.SMW/m3), high temperatures (TpTe=10keV) and low collisionality \)*i and u*g<
0.1 [10,23,24,25,26]. These values of Xj and %e are roughly 1/2 to 1/3 those obtained later in

TFTR

_ 1 Q -3

fle (10 m )

Figure7:Variation of global confinement with line density in ohmic TFTR discharges.
Saturated ohmic level obtained with gas puffing is roughly I^mode level [25].

TFTR
Pj ,-5.7 MW

; Ip-2.2 MA a-0.8m

0.01
0.2 0.4

Radius ( m )
0.6 0.8

Figure 8:Thennal diffusivity during beam heating in pellet fuelled and gas fuelled TFTR
discharges. The radial variation in %g was obtained assuming an ion thermal diffusivity in the
range from 1 to 3 times the neoclassical value (0.1 to 0.3 nA'l in the region 0.2 to 0.4m).
The range of y^ values shown in each case indicates the variation obtained for a multiplier of
Iand3.
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Figure 9:Thermal diffusivity during on axis RF heating in pellet fuelled JET discharges.
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measured Tj(0). Radial variation similar to XQ is assumed. In this calculation total ion heating
is assumed to be 50% of the RF input power at all times.

the discharge in the presence of broad density but similar heating profiles. When both the
heating and density profiles were strongly peaked within the plasma core, global confinement
1.6x the L-mode[26] value (3MA and 10MW) was obtained. In large, high temperature
devices fast ions can contribute significantly to the plasma energy content, and may have
slowing down times greater than the thermal plasma confinement time, perhaps distorting the
comparison with L-mode scaling. In the high density pellet case however, the thermal plasma
energy content is the dominant global term.

6.0 High Power Operation: At high power, peaked profiles produced by beam
fuelling lead to enhanced performance, which is often terminated by a strong carbon
influx[27j. Pellet fuelling during the heating pulse has recently been used in such discharges,
not to peak the density profile, but to introduce deuterium and delay the onset of high carbon
influx[28]. Neutron rates in this case have been enhanced by a further 20%.

7.0 Summary: In TFTR and JET experiments, pellet fuelling has been extended to
larger, higher temperature devices. Penetration depths are in general agreement with
calculations when ablation by thermal electrons dominates, but local deposition may differ
from predictions. Deposition at the plasma edge can be enhanced. Deposition near the plasma
center may also be altered. Fueling efficiency is high, but at present strongly peaked density
profiles are obtained only with pellet penetration approaching or beyond the plasma center. As
in earlier experiments in smaller devices: density achieved with pellets in ohmic plasmas is
greater than that attainable with deuterium gas puffing, significant electron temperature
perturbations can be tolerated, supression of existing sawtooth relaxations or delay of their
onset is obtained, decay of the density perturbation is slow with density decay times of 1.5 to
2s observed, energy confinement is observed to improve and with core heating Te(0)>5keV is
rapidly achieved. In addition pellet fuelling during low density high power beam heating has
been used to delay onset of high carbon influx, and further enhance plasma performance.

Acknowledgement: The JET pellet experimental program and data evaluation are
conducted under a collaboration agreement between the JET Joint Undertaking and the United
States Department of Energy.
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Abstract

The main object of a pellet injection in JFT-2M is to improve the plasma
March parameters, i.e. to achieve high confinement, high density and high beta
plasmas. Neutral beam (NB) or ion cyclotron range of frequency wave (ICRF)
heated JFT-2M discharges with gas fueling exhibit H-modes in divertor or
limiter configuration. Deuterium pellets (speed: 0 . 7 - 1 km/s) were injected
in the L- or H-mode phase of divertor discharges.

A very high confinement mode was achieved as the large pellet Ane ^
3 - 4.5 X I0l9m~3) was injected in the L-mode phase. The maximum global
energy confinement time (TE = V^/CP^ - dWg/dt)) is 60 - 75 ms in NB
heating and 55 - 60 ms in ICRF heating, which exceed TE in gas fueled
H-mode by a factor of 1.4 - 1.7. In ICRF heating, TE was also improved as
the pellet was injected in the H-mode phase. In this case, pellet penetration
depth is the same as that of injection in the L-mode of NB heating. With a
small pellet (Ane < 1.5 X 1019nr3), large improvement of TE has
not been obtained.

High density plasmas were easily obtained by injection of 4 pellets with
time interval of 30 - 50 ms. Maximum line-averaged electron density was 8 X
10l9m-3 (ane = 5 X 10l9m-3) in Ohmic heated discharges (6 X
1019nT3 for gas fueling) and 9.5 X 1019 m~3 (Ane = 7 X
1019m~3, Murakami factor ^ 9 .7) in NB heated discharges.

These results indicate that pellet injection is useful to improve the
plasma parameters.

T h e g l o b a l e n e r g y c o n f i n e m e n t t i m e w a s r e m a r k a b l y i m p r o v e d
b y i n j e c t i n g p e l l e t s i n t o i n n e r r e g i o n o f t h e p l a s m a o n t h e
a u x i l i a r y h e a t e d d i s c h a r g e s , a n d i t w a s f o u n d t h a t t h e r e w a s n o
r e m a r k a b l e d i f f e r e n c e o f t h e g l o b a l e n e r g y c o n f i n e m e n t t i m e b y
t h e p e l l e t m a t e r i a l s . T h e h i g h d e n s i t y w a s a c h i e v e d b y m u l t i -
p e l l e t s i n j e c t i o n . T h e F u e l i n g b y p e l l e t i n j e c t i o n i s u s e f u l t o
o b t a i n t h e h i g h b e t a v a l u e .

1. I N T R O D U C T I O N

I n j e c t i o n of a solid h y d r o g e n - i s o t o p e pe l le t w i t h h igh
v e l o c i t y i s v e r y p o w e r f u l t e c h n i q u e o f f u e l i n g . H o s t o f
p a r t i c l e s i s d e p o s i t e d i n n e r s ide o f t he p l a s m a c o l u m n , so t he
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2. IMPROVEMENT OF PLASMA PROPERTIES
2.1 Energy confinement

The global energy confinement time ( TT
according to the energy balance equation, i.e

) is calculated

where Ws is a plasma stored energy, P-fotail i s a heating power.
In the Ohmic heated discharges, the im p r o v e m e n t of Z?E was

little. When the additional deuterium was fueled by gas-puffing
in the H2/D2 mixed plasmas (ny/n^ü 40 %) with D-shaped limiter
configuration , £g was increased to 55-60 ms in the region of
2.5-4.5x10^ m"5. Z^rin plasmas with puffing of the H2/D2. mixed gas
was 45- 50 ms. On the other hand, when the 4 D z-pellets with
the time interval of 100 ms was injected into the mixed plasma,
"ZTg increased to 60-70 ms and its values was about 22 % higher
than that in the additional Di~gas fueled discharges. These
results may indicate that the deuterons are well confined inside
the core region when the deuteriums are fueled in the more inner
region .

A very high confinement state was obtained when the large
single-pellet (rise of the line-averaged electron density /iïïê 3-
4.5x10 m) or 3-4 pellets were injected into L-mode phase. The
large pellet can deeply penetrate. Figure 1 shows the parameters
of NB (PMB^0.77 MW) heated discharges ( B t »1.2 T, IP =2 20 kA )
with single-null divertor configuration. Ws increased linearly
until the large HMD oscillation (~5 kHz ) grew, and the plasma
was disrupted. The increment of Ws is due to the increase of
both electron and ion temperatures, which are recovered to the
level before injection for 30-40 ms (Fig. 2). Just before Ws is
burst out, ( ß-f- ) value is about 1.6 % and the Troyon factor g
C ( ßt ) =gIp/(aBt)] is about 2.2. These results agree with the
range of theoretical limits due to kink and ballooning modes
with free boundary. The plasma disruption may be due to the (3 -
limit. Sometimes, ( ßt ) value touched close to the ß -limit
softly, so the discharges were not disrupted but tfs stopped
increasing and ~C^_ decreased to the level of the gas-fueled H -
mode discharges as shown in Figs.l and 3. In both cases, the
m a x i m u m TE is 60-75 ms (Fig. 3). These values were only kept for
about 20 ms. During maintaining high confinement, the radiation
power loss ( Pg ) , and intensities of highly ionized impurity ions
(Fem ,Til0t ,0s* ) and Balmer alpha line (D̂ ) did not increase.
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These facts indicate that impurities do not accumulate into the
plasma core and particle recycling is very little compared with
those in the H-mode discharges. When the pellet was injected
after H-transition of NB heated discharges, the remarkable
improvement was not obtained. It is due to enhancement of
ablation (dash-dotted line in Fig.5) near the peripheral region.

When the sing le-pe1let was injected into the L-mode phase
of the ICRF heated discharges (electron heating mode), the
confinement time was improved (7TE = 55-60 ms) as shown in Fig.4,
and the pellet mainly ablated around ROU£ - R — 0.13 m (R ou-f : m a j o r
radius of outer magnetic surface) and passed through the center
of the plasma column (solid line) as well as in the NB heated
cases (dotted line) as shown in Fig.5. The plasma center was
near Rou£ - R £- 0 . 2 5 m. Also, ~C£ was improved when the large pellet
was injected into the H-mode phase (triangles in Fig.4). In this
case, the ablation profile (broken line in Fig.5) and
penetration depth were similar to those of injection into L-mode
phase.

60

40

20

s o« o

Pellet Injection in H-mode (ICRF)
• Pellet Injection in L-mode CICRF)
o Cfrnic Heated Plasmas (Gas-Fueling)

_J______!______!______1______

Fig.4 G l o b a l s n e r g y c o n f i n e m e n t t i « e v e r s u s
l i n e - a v e r a g e d electron d e n s i t y in ICRF
( P B F =0.6-0.8 MV ) h e a t e d single-
n u l l d i v e r t o r discharges (D*). Single-
pellet (D^)vas injected, « r p e l . l e t
injection into L-«ode phase, A:pellet
injcection into H-«ode phase, O:0hiic
h e a t e d discharges v i t h gas fueling.
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-O.t 0 0.1 0.2 0.3
Rout - R (m)

Fig.5 A b l a t i o n profiles of D^ - p e l l e t . Solid
and broken lines are p r o f i l e s on
pellet injection into L-«ode p h a s e and
H-«ode phase of ICRF heated discharges
in Fig.4. D o t t e d and D a s h - d o t t e d lines
are profiles on pellet injection into
L-«ode phase and H->ode phase of NB
heated discharges in Fig.3.
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Hydrogen-isot ope effect on the global energy confinement
was investigated by the Dz- or H2~pellets injection into L-mode
phase of NB (PNB=1.2-1.6 MW) heated D+- or Hf-plasmas ( Btal.28
T, Ip^280 kA ). In both gas-fueled H*- and D*-discharges with NB
heating, the global energy confinement was nearly equal, e.i.
17-25 ms in the density range of 3,5-8.5x10' nf 3 as shown in
Fig.6. The 3-4 D^-pellets were injected into D+- or H*-plasmas,
and Ha-pellets were injected into H*-plasmas. For all cases,
f g was improved by a factor of 1.4-1.7 compared with that of
gas-fueled discharges when the pellets were deeply penetrated
crossing magnetic axis. However, Z?E was nearly the same value as
that in H-mode discharges (©,+) as shown in Fig.6 when the
pellets ablated near the peripheral region of the plasma. Deep
penetration of the pellet may be key-point to achieve very high
confinement. On the NB heated discharges, it was found from
Fig.6 that there was no remarkable difference of the global
energy confinement time by the pellet materials. Also, it was
difficult to keep the long confinement time for long time.
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Fig.6 Global energy confine»ant time versus
line-averaged electron density on
»ulti-pellets injected single-null
divertor discharges »ith NB heating (PNS=1.2-1.6 »¥). Pellets »ere injected
into L-«ode phase. 0>*iA:large pellets
injection, Tlsiall pellet injection,
©»•{••gas fueling.
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2. 2 High density
On Ohmic heated H +divertor~discharges ( Bt^l.25 T, IP^249

kA ), into which 4 Da-pellets was injected with the time
interval of 30-40 ms, the achieved ïïe was about 8x10I<1 m~2 at
m a x i m u m (n"e before the pellet injection was about 2.6x10° m~3 ),
4ïïe by 4 pellets was 5. 8x10 '̂  m~3 . Murakami factor (ïïeR/Bt)
about 8.7, which is 1.5 times larger than that
discharges under the same discharge condition,
density in Ohmic heated discharges could not be
single-pellet injection (plasma was disrupted).

The line-averaged electron density increased
m~3 by 4 Da-pellets injection with time interval
NB (PNB2i0.72 MW, Co-injection) heated H* -discharges with single-
null divertor configuration (Ane ^ 7 x 1 0 m~̂ ) . Murakami factor is
9.7. In the gas fueled NB (PNB=;0.89 MW) heated discharges, this
factor is 8.9. Also, on the recent D+-discharges injected 4
D.J-pellets simultaneously into^the L-mode phase of NB (-"^1.3 MW)
heated discharges,
factor is about 10.

is
in gas-fueled
Such a high
obtained by

up to 9.5xlOiq

of 30-50 ms in

n a o f 1 0 m w a s o b t a i n e d , a n d t h e M u r a k a m i
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2.3 High beta
In order to improve the beta value, the 3-4 pellets were

injected into single-null divertor H - or D"*" -discharges
(Bt=l.25-1.28 T, Ip=249-280 kA) heated by two neutral beams (PNS
=1.2-1.6 HW). The pellets were delivered at about 10 ms after
the start of the NB (injection into L-mode phase). The line-
averaged electron density increased from 3-4x1 Q'° m"3to 8.5x10^ m .
The MHD oscillation was suppressed to the low level and the
discharges were very quiescent. The increase of radiation power
loss by the pellets injection was little. In these discharges,
( P£ ) is 1.8 % and the normalized beta value, e.i. Troyon
factor g is 2.2-2.3 just before plasma disruption as shown in
Fig.7. They may be within the theoretical limits as well as in
subsection 2.1. Sometimes, ( ß-t ) value may touch close to theß-
limit softly, so the discharges were not disrupted. On the other
hand, the g-factor was less than 2.0 in gas-fueled discharges.
These results indicate that the pellet injection is a useful
method to get the high beta value.
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• ,o : D* — NB — D2- Pellet
û = H*~-NB — D2- Pellet
+ :H*—NB — H2- Pellet
x, • : D*~- NB - Gas Fueling ID2) ? Q

Pellet Injection "^~

,0 +s» Gos Fueling

i . i i i i i i

.
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Fie.7 Normalized voluie-averaged beta v a l u e versus
(P^nl-dUs/dOa/CRSBt). a and R are »inor and
•ajor radii of the plasia, and S ia the area
of the plasma cross-section. • ,O:D,-pellet
injection into D*-plasia, A:D)-pellet injection
into H*-plas«a, + iH^-pellet injection into
H^-plasaa, X.*:D -gas fueling.

3.SUMMARY
The present experimental results are summarized as follows.

(1) The global energy confinement time was improved by a
factor of 1.4-1.7 compared with that of H-mode (gas-
puffing) by the pellet injection into L-mode phase of
both NB and ICRF heated discharges. Also, on the pellet
injection into H-mode phase of ICRF heated discharges,
f E was improved, but on NB heating the remarkable
improvement was not obtained.
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(2) There was no remarkable difference of "Zug by the pellet
materials.

(3) The high density was obtained by the multi-pellets
injection on both Ohmic and NB heated discharges.

(4) High beta value was achieved by multi-pellets injection,
which was larger than that in gas-fueling.
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Abstract

Observation of pellets in-
jected into the ZT-40M Reversed Field Pinch
has allowed a new twist on the usual tokamak
ablation physics modeling. The RFP pro-
vides a strong ohmic heating regime with rel-
atively high electron drift parameter (^drijt ~
0.2), in the presence of a highly sheared mag-
netic field geometry. In situ photos of the
pellet ablation cloud using a gated-intensified
CCD camera, as well as two-view integrated
photos of the pellet trajectory show substan-
tial modification of the original pellet trajec-
tory, in both direction and speed. Depending
on the launch geometry, increases in the ini-
tial 500 m/s pellet speed by 50% have been
observed, and a ski jump deflector plate in
the launch port has been used to counter-
act strong poloidal curvature. In contrast
to the tokamak, the Da light signature is
strongest near the edge, and weaker in the
plasma center. Additional information on ion
temperature response to pellet injection with
20 [isec time resolution has been obtained
using a 5-channel neutral particle analyzer
(NPA). The energy confinement is transiently
degraded while the beta is largely unchanged.
This may be indicative of pellet injection into
a high-beta plasma operating at fixed beta.

INTRODUCTION: Pellet injection refu-
eling of the Reversed Field Pinch (RFP)
is relatively new, and has been reported
in ZT-40M at Los Alamos1'2 and Eta-
Beta II in Padova.3 The study of pel-
let ablation in RFP plasmas provides
an opportunity for new and varied in-
sights into tokamak-pellet experiments

and modeling. The RFP provides a
high-/? plasma with large ohmic heat-
ing power (5-20 MW) at high power den-
sity. The poloidal and toroidal mag-
netic fields are comparable in magnitude,
which when combined with the rather
high electron drift parameter found in
present RFP devices, results in spectac-
ular three-dimensional pellet trajectory
curvature. Due to the coincidence of ab-
lation, transit, particle and energy con-
finement timescales (~ 0.5 msec) how-
ever, the transient phenomena are more
difficult to model. By combining informa-
tion from a variety of diagnostics, we ob-
serve that the electron beta improves with
increasing density, but infer that pellet
injection momentarily degrades both the
global particle and energy confinement as
the pellet flies through the plasma edge
region. A small population of suprather-
mal electrons is sufficient to explain the
unusual ablation time-history and pellet
track curvature, and may influence other
RFP features (resistivity and dynamo) as
well.4

TRAJECTORY CURVATURE: Using a
modified 4-shot gas gun,5 originally from
Alcator C, the first pellets were injected
into ZT-40M (R =1.14 m, a =0.20 m)
along a "normal" midplane radial trajec-
tory, with velocities of 400-700 m/sec,
and a measured pellet content of 5 X
1019 D° atoms. Only 1/3 to at most
1/2 of the pellet could be observed di-
rectly as a density rise in the plasma,
usually with initially hollow density pro-

Culham Laboratory, Abingdon, Oxfordshire, UK.
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files. Top and tangential view time-
integrated photography, as well as infor-
mation from a fanned array of vertically-
viewing tightly collimated Da detectors
(depicted schematically in Fig.l) showed
that the pellets were being strongly de-
flected toroidally and poloidally. Fast
pellets in low density plasmas can reach
the back wall without being fully ab-
lated, while slower pellets were deflected
so strongly that they would miss the axis,
sometimes even hitting the bottom of
the torus, resulting in unsatisfactory dep-
soition profiles.

T o p v i e w c a m e r a

of the Tokamak for the case of high en-
ergy runaway electron induced curvature.

By changing the launch position (port),
and/or angle as denoted in Figure 1,
we have been able to substantially im-
prove the pellet trajectory, essentially us-
ing the curvature itself to pitch the pel-
let closer to the plasma axis. Figure 2

am\

Figure 1: Schematic layout of injection
ports, and location of top viewing still cam-
era, along with bottom D0 chordal array.

Simple rocket effects due to differen-
tial energy deposition (ablation) are suf-
ficient to simulate the multi-dimensional
curvature , when coupled with a model
of the RFP magnetic field directions.2'6
Energy flux asymmetries of 2-3:1 from
the electron side, which can occur for a
small population electron suprathermals
(for example, 2-3% at 4x the electron
thermal speed) or simply from a drifting
Maxwellian with Çdnft ~ 0.2 , recreate
the observed curvatures. We note that
Anderson7 had earlier applied a similar
model to the simpler magnetic topology

Figure 2: High side launch allows pellet to
be deflected downwards near the plasma axis.
Tangential side view using a hemispherical
mirror, with three dark circles corresponding
to the three outside ports.

shows a tangential view of a pellet which
finished its life very close to the plasma
axis. It initially started out +13 cm above
the plasma midplane in the horizontal
high side launch position, and resulted in
peaked plasma density profiles. In gen-
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eral, if a second pellet is launched within
< 0.5 msec of the first, then its trajectory
is straight and the velocity of the pellet
in the plasma remains the same as it was
in the gun. Pellets fired at time inter-
vals of greater than two milliseconds be-
have largely independently, without any
mutual shielding effects. For single pel-
let shots, other plasma parameters also
recover (density, temperature, loop volt-
age, Carbon V emission) on several ms
timescales, although the plasma soft x-
ray emission is suppressed for timescales
of 5-10 msec or longer.

Direct time-resolved imaging of the pel-
lets in flight in the plasma show for mid-
plane launch that the first curving pellet
typically has an absolute speed increase of
30-50%. A small pellet may even double
its initial speed, but measurements from
photos are complicated as it moves out
of the calibration plane (of the camera)
toroidally, such that the measurement be-
comes only a lower bound on the veloc-
ity increase. As predicted by the rocket
model, when a component of the electron
drift direction is along (against) the tra-
jectory of the pellet, the pellet speed in-
creases (decreases). Pellets from the top
barrels in the high side launch position at
+16 cm above the plasma midplane have
been observed to stop dead in their track,
as they encounter (nearly head on) the
(assumed) drifting electrons or suprather-
mals in the purely poloidal magnetic field
at the reversal layer. Due to the largely
poloidal field at 3/4 of the RFP mi-
nor radius, when the pellet is launched
from the midplane, it is first deflected
downwards (for the normal sense of ZT-
40M plasma current and fields) and then
if it survives to the opposite side of the
plasma, it experiences an upward deflec-
tion. This can actually be seen in Fig-
ure 3, where a multiply-gated CCD image
(A 5 //sec exposure every 100 //sec) of the
torus cross section is shown. The first pel-
let is sharply deflected, and fully ablated.
Typical cloud dimensions are measured to
be 1 cm FWHM in light intensity, with a
tendency to be larger in the outside edge
region. The second pellet, shielded by the

Figure 3: Two pellets seen with multiple
exposures from a gated CCD camera, side
view. The second pellet (less deflection)
shows slight upward curvature as it nears the
inner wall.

first, experiences a smaller downward de-
flection (and little change in speed), but
is also seen to begin to curve upwards as
it approaches the inner wall (on the right
side of the photo). This corresponds on
both sides of the poloidal cross section
to electron impact in the counterclock-
wise sense in the photo above. In some
cases a comet-like tail is observed to de-
velop, both poloidally (in the edge) and
toroidally (in the core), apparently corre-
sponding to the local magnetic field di-
rection.8

ABLATION TIME HISTORY: In gen-
eral, the ablation time history observed in
the RFP is in striking contrast to the so-
called "thermal ablation" history seen in
ohmically heated tokamaks with normal
profiles. Figure 4 shows the Da time his-
tory of three successive hydrogen pellets,
monitored by diffuse light reflected from
the back torus wall across the plasma
from the pellet launch port. This re-
producible light signature is character-
ized by a rapid rise to maximum (abla-
tion) rate, and then a gradual fall off.
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Figure 4: Da time history of a three pellet
sequence. Note the rapid rise to peak abla-
tion, followed by a slow decrease in each case.

The same behavior is seen with the CCD
images, where the pellet is typically 3-
4x brighter in the outer edge region
(in the vicinity of 17 —> 13 cm radius),
than in the core. Interestingly, this corre-
sponds to the general region of field re-
versal in the RFP, and may be a clue
to the location of a possible nonthermal
electron population. As a further cross
check, one can sum the response of the
D0 array, and obtain an approximate
time history (corresponding to a hypo-
thetical wide angle D0 detector). This
is done in Figure 5, and the associated
density traces from the two-chord FIR in-
terferometer (the central chord at +4 cm,
and the "edge" chord at +16 cm) are also
shown. In this example, two pellets were
launched from the high side port loca-
tion. The first with an initial speed of
500 m/sec, dropped down vertically to
within ~ 7 cm of the axis while under-
going a 90° deflection toroidally, whereas
the second slower (400 m/sec, 0.9 msec
later) pellet did not curve down nearly as
much...but was still fully ablated in the
plasma. The first pellet experienced a
higher edge ablation rate relative to the
second, and the combination of two pel-
lets maintained a centrally peaked den-
sity for almost two milliseconds. It is evi-
dent from the light time history, that the

Figure 5: Peaked density profile and shield-
ing effects for second pellet.

high edge ablation rate of the successive
pellets is suppressed for short times by
the action of the initial pellet. One may
also speculate that better accountability
of the pellet inventory is possible if the
edge ablation is reduced.

CONFINEMENT: Pellet injection into
a fixed beta plasma may be, in princi-
ple, intrinsically different in its effects on
the plasma, than in the usual present-day
tokamak pellet experiments. Over a wide
range of operating conditions, it is em-
pirically observed that ZT-40M, HBTX
and Eta-Beta II usually have an electron
beta in the range of 5-20%, depending
on the electron density and plasma cur-
rent, and/or the ratio of I/N. For a fixed
current, the electron density and tem-
perature can be traded off against each
other, except as one approaches the high-
est I/N values, where the resistivity es-
calates even though the temperature is
high. A cleaner denser regime of low
I/N can be accessed through pellet in-
jection.9 It is observed with pellet in-
jection that the electron beta improves
marginally with increasing density.6'10

As the pellet is injected, there is a
brief period when the density momen-
tarily decreases in the plasma. Obse-
vations on ZT-40M show an actual de-
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crease in line average density if a small
(poorly formed), poorly penetrating pel-
let disturbs the plasma edge, or for a pe-
riod of 150-200 /usée after a large pel-
let first enters the plasma. During this
time before the pellet begins substantive
refueling of the plasma, the core elec-
tron temperature has dropped, but the
core electron density has not increased.6
Soft x-ray flux in the core drops rapidly
within < 100 /usée of the pellet entering
the plasma edge, while the ion tempera-
ture decay is delayed by ~ 400 /usée (rel-
ative to the soft x-rays). The ion tem-
perature is measured by the neutral par-
ticle analyzer (NPA) 150° toroidally re-
moved from the pellet injector, and low
energy time of flight (TOF) spectrome-
ters. Figure 6 shows the line of sight NPA
ion temperature response (from the slope
of the spectrum) and corresponding elec-
tron density, soft x-ray, and one of the CX
flux energy channels. The cooled electron
temperature on axis at t= 7.00 msec, was
Te(0) = 132±26 eV, (ZT-40 Shot 31219).
A second small pellet at 8.5 msec was re-
sponsible for the long density decay.

In addition, as the density builds, the
plasma toroidal current drops, while the
loop voltage typically increases slightly
(~ 5%). A large increase in input power
to the plasma can occur, not from the re-
sistive input which is nearly constant, but
from a weakening of the magnetic field re-
versal leading to a decrease in the stored
magnetic energy (equivalent to a weak ex-
pansion of the plasma). This magnetic
energy is then presumably available to
heat the plasma, and represents a tran-
sient power increase in the range of 40-
50% for Figure 6, and more generally
is seen to range from 10-100 %, corre-
lated with the magnitude of the density
increase. An increase in resistivity due
to cooler electron temperatures is partly
compensated by a drop in Ze// and/or the
resistive anomaly factor, by up to a factor
of four for multiple pellets.

DISCUSSION: Reheat of the ions is
observed to take place slowly, only on
the timescale of the electron density de-

31219 J

8 10
mi 1 1 isec cmds

12

Figure 6: Response of the electron density,
1 keV neutral particle flux channel, NPA ion
temperature T* , and soft x-ray flux to pellet
injection in a 155 kA plasma.

cay. Because electron-ion equilibration
timescales are long, and in light of the
RFP's anomalous ion heating,4 a beta-
limit is stongly suggested as being respon-
sible for the general balance between den-
sity and temperature. On the other hand,
in the face of the large increase in in-
put power, it appears likely (even in the
absence of temperature profile measure-
ments) that the global energy confine-
ment time is degraded by pellet injection.
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However, "long term" beneficial effects in
the sense of a suppression of the soft x-
ray flux (initially likely due to a drop in
Te, but later perhaps due to a cleaner
plasma and/or a reduction in suprather-
mal electrons), as well as a measure of
density control, lead one to conclude that
pellet injection is both beneficial and de-
sirable in the RFP, although certainly
not painless. Full profile measurements
of the appropriate parameters are needed
for further understanding. The opportu-
nity exists for better pellet code model-
ing, incorporating non-Maxwellian distri-
butions, and real-time energy input to the
plasma during the pellet ablation process.
Assumptions about the pellet velocity in
the plasma should be checked in every
case.
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Abstract

The overall feature of pellet injection experiments on
Heliotron E, which does not need an external plasma current for
plasma confinement in contrast with tokamaks , is described, in-
cluding- study of transport, MHD stability and ablation.

1. INTRODUCTION
Recently, a pellet injection method is widely used for

refueling a plasma in toroidal magnetic confinement devices such
as tokamaks and stellarators/heliotrons.1-5> The results are
successful in most cases from view points of both refueling and
confinement. A pellet injection is being used also for plasma
diagnostics. This paper describes overall feature of pellet in-
jection experiments on Heliotron E, which does not need an exter-
nal plasma current for plasma confinement in contrast with
tokamaks.
2. EXPERIMENTAL SETUP
2.1 Heliotron E

Heliotron E (R = 2.2 m, <ap> = 0.2 m, B ê 2.0 T) is one of
stellarator/heliotron devices, producing a current-free plasma.
As to the winding law, 1 = 2 and m = 19. The cross section of a
Heliotron E plasma is elliptical; the longest minor radius: aa =
0.3 m and the shortest minor radius: as = 0.15 m. The rotational
transform varies from 0.55 in the center to 2.5 at the plasma
boundarj'. Thus, the device has a high shear. The plasma is
produced and heated by ECRH using 53.2 GHz Gyrotrons with up to
650 kW, 100 ms pulse width. For cases of fundamental and second
harmonic resonance heating, B = 1.9 T and 0.94 T are used
respectively. For additional heating, NBI (30 kV, 4 MW and 200
ms) and ICRF (27 MHz, 2 MW, 100 ms) are used. The pellets are
injected in the horizontal direction along the long axis an..
2.2 Pellet Injector

In early experiments, a single pellet injector of disk gun
type63 was used. There were various pellet sizes. It can be
changed by replacing the cryostat head. The nominal pellet size
is 1-2 mmL x 1-2 mm0 . The velocity ranges from 400 m/s to 1000
m/s. The differential pumping system is used for evacuating
propellant gas, which is satisfactory even for a multiple pellet
injector. Recently, a 6-pellet-injector has been installed to
Heliotron E. The detail explanation is given in the separate
paper.
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3. STUDY OF TRANSPORT
3.1 Pellet Injection Into NBI Plasmas

Achieved plasma energy by pellet injection depends on
penetration depth of the pelJet as shown in Fig.l. In This case,
the deeper the penetration is, the more internal energy one can
get. It is found that the mode of operation in which pellets are
injected at relatively low-NBI-power followed by a higer-NBl-
power phase as shown in Fig-. 2 is preferable to that in which pel-
lets are injected during a constant high-power phase.
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The pellet injected plasma is compared with the gas puffed
one. In the central region, Te of the gas puffed case is by 150
eV lower than in the pellet case as shown in Fig.3. The higher
density at the plasma periphery in the gas puffed case causes a
higher power deposition of NBI fast particles near the plasma
boundary. As a result, orbit loss will increase.

Although pellet injection is effective for increasing both
plasma density and energy, radiation loss increases especially in
the central region of the plasma, as shown in Fig.4. This indi-
cates impurity accumulation in case of high density NBI plasmas.
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X

F i g . 3 T- and n. p r o f i l e s IP. the p e l l e t f u e l l e d
discharge ( ' through NBI', solid line) and the solely
gas fuelled discharge (broken line).

I
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Fle 4 Emlsslvity p r o f i l e of the b o l o m e t r l c power in
the case without pellet injection (broken line) and in
the case with pellet injection ('through NBI'. solidline) .
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3.2 Pellet Injection into ECK Plasmas
When a pellet is injected into an ECH plasma, the density

increase is weak as shown in Fig.5a). When the pellet is injected
into the afterglow plasma just after turning off the RF power,
the density increase is apparently larger than the former case as
shown in Fig.Sb). The achieved density profile in case of the
ECH-ON plasma is more flat. Thus, the high energy electrons
produced by the RF power may increase pellet ablation much in the
periphery of the plasma. The production of the high energy
electrons is confirmed, although the quantitative measurement,
remains to be done.
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i n j e c t i o n ( a ) i n t o a n E C K p l a s m a , a n d ( b ) i n t o a n E C H
a f t e r glow p l a s m a .

3.3 High Density Achievement with Carbon Coating
As described in 3.1, the radiation loss is a dominant

problem for obtaining a high density plasma. The dominant im-
purity in this case is identified as Fe. So, the Fe impurity is
reduced by carbon coating on the inner wall of the vacuum cham-
ber. Consequently, a high density plasma of ri e ~ 1.8 x lO14
cni~3, Te ~ 300 eV has been achieved as shown in Fig. 6. It is
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remarkable that the density is kept temporarily constant in con-
trast with no carbon coating case. The plasma energy, however,
does not definitely increase by this pellet injection. The reason
is not clear, but it may be attributed to poor penetration of NBI
beam due to high density.

4. STUDY OF MHD STABILITY
4.1 Instability Induced by Pellet Injection

High ß currentfree plasmas are studied by reducing B to
0.94T. By gas puffing, the plasma density is increased to about 1
x lO14 cm"3. As a result, a plasma with a flat pressure profile
is more stable (Q mode; ß is up to 2 %), while a plasma with a
peaked pressure profile is unstable (S m o d e ; m = 1 / n = 1
fluctuation). A peaked density profile is rather easily produced
by pellet injection. Typical fluctuations of density, soft X ray,
and magnetic probe signal induced by pellet injection"75 are shown
in Fig.7. Because a gas fueled discharge of the similar density
(Q mode) is stable85, the fluctuations are induced due to a
centrally peaked pressure profile, that is, presumably due to
steeper pressure gradient at i =1 (at r = 0.7 a), which can in-
duce the pressure driven interchange mode95.
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4.2 Stabilization by Gas Puffing
Since a flat pressure profile is more favorable for a high

ß plasma, the gas puffing is added to the plasma where the fluc-
tuation is induced by pellet injection. Figure 8a)- c) shows the
temporal behavior of the density : (a) gas fueled target dis-
charge, (b) pellet induced unstable discharge, (c) gas puffing
added discharge to the pellet injected plasma. The effect of ad-
ditional gas puffing is clearly seen in reducing the amplitude of
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density fluctuations with broadening- the density profile. The
density profiles at t = 367.5 ms are shown in Fig.8 d)- f). Thus,
this demonstrates the possibility of stabilization of the fluc-
tuations by broadening- the density profile. Therefore, the fine
tuning- of the density profile by pellet injection will be useful
for hig-h ß experiments.

Fie .8 Suppress ion of f l u c t u a t i o n by addln? gas p u f f
( c . f ) t o t h e p e l l e t I n j e c t e d plasms ( b , e ) .

5. MULTIPLE PELLET INJECTION
Recently, a six-pellet injector has been installed on

Heliotron E, in order to increase flexibility of pellet injection
experiments. Preliminary results in case of B = 1.9 T are shown
in Fig-. 9. The increase of the central chord of FIR is larg-er than
that of the outer chords, which indicates the density profile be-

tf 42O56 = 1.9T

Plasma p a r a m e t e r s I n case o f s i x p e l l e t s
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comes peaked. The electron temperature after the last pellet in-
jection is about 450 ev and it has a very broad profile. It is
remarkable that the bolometer signal decreases just after each
pellet injection while Fe X VI increases after each pellet in-
jection. The signal of the neutral particle analyzer behaves like
the bolometer signal. Thus, the dominant part of the bolometer
signal in this case is probably due to charge exchanged fast
neutral particles.
6. STUDY OF PELLET ABLATION

In case of low-density high-power ECH plasmas, sharp spikes
of Ha signal are observed, which suggests the existence of lo-
calized heat source: high energy electrons. Ha signals in cases
of an ECH plasma and an NBI plasma are compared in Fig.10, which
shows the rapid increase of the ablation rate in the outer region
of the plasma for the ECH case compared to the NBI plasma. The
density increase in the central chord for the ECH case is smaller
than the NBI case, while that of the outer chord is larger than
the NBI case. Thus, the central particle deposition is relatively
difficult for the ECH case as observed also in the other devices
like TFR tokamak10' . The pellet ablation in case of NBI can be
simulated by neutral shielding model including fast ions.

From observation of the trajectory of light emission in
case of NBI plasmas, the trace is found to be curved, which indi-
cates asymmetry of heat flow in the toroidal direction.
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7. CONCLUSION
The pellet injection on Heliotron E carried out so far is

found to be effective for refueling-, and useful for the study of
transport, MUD stability and pellet ablation. The multiple pellet
injection experiments has just started successfully.
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STUDIES ON H2/D2 PELLET INJECTION
IN JIPP-TIIU TOKAMAK
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Abstract

An ice pellet injector has been developed in order to study particle
transport and confinement in the JIPP-TIIU tokamak. The pellet size is 1.0
and 1.4 mm and the speed is from 300 to 950 m/s. From an electron density
perturbation by the pellet injection particle transport has been analyzed.
The density profile factor k, defined as n(r,t) = n(0,t){l - (r/a)2}k̂ ,
changes rapidly by the injection and recovers gradually. Analysis is
carried out in the recovery phase by using the integral form of the particle
diffusion equation, where the source term at this phase is negligible around
r/a ̂  0.5. The values D and v at r/a ̂  0.5 for ohmic plasmas are determined

2with good accuracy as 0.4 m /s and 4 m/s, respectively. In addition, the
particle confinement time is obtained from the measurement by fast neutral
particle analyzers, and the result is consistent with the particle diffu-
sion coefficient.

[1] Introduction
In these years pellet injection studies have been widely performed " '

from the viewpoint of the improvement of confinement and the fueling of
plasmas. On the other hand, the ice pellet injection is also useful for
the study of particle transport and confinement of plasmas.

An ice pellet injector of pneumatic type has been developed and
installed with JIPP-TIIU tokamak in order to study particle transport and
confinement of torus plasmas. From an electron density perturbation by the
pellet injection the particle transport coefficient has been obtained
through the analysis of particle diffusion equation. Also, the particle
confinement time has been analyzed from fast neutral particle measurements,
and the result is consistent with that of the transport coefficient.

[2] The Ho/Dp Pellet Injector
A schematic drawing of the injector head is shown in Fig.l. A disk

type pellet carrier has a hole with the size of 1.0 mm^ x 1.0 mnu/1.4 mmcj> x
1.4 mm£, inside which an ice pellet is produced. The H?/D? gas feeding
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Fig.l. Schematic drawing of the pellet injector head.

system is controlled properly to have a suitable pressure and temperature in
order to introduce the solid pellet into the hole of the disk successively.
This operation has made the system reproducible one.

High speed framing photograph is utilized to measure sizes of pellets
in flight. An example is shown in Fig.2. Actual sizes are usually a little
less than that of the disk hole.

Fig.2. High speed framing photograph of a pellet in flight.

[3] Properties of Plasmas with the Pellet Injection
(1) General

A set of typical results of the experiment is shown in Fig.3. Here,
a pellet is injected at t = 162 ms with the speed of 650 m/s. A loop
voltage rapidly increases with the injection and returns gradually. A total
radiation loss from the plasma starts to increase, and a stored energy from
diamagnetic measurement gradually increases to the level of almost twice as
much as that before the injection. These indicate improvement of the
confinement of the plasma.
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Fig.3. Time evolution of (1) plasma current, (2) one turnvoltage, (3) total radiation, and (4) stored energy bydiamagnetic measurement. The injection is at 162 ms.

A soft X-ray s igna l wh ich looks at the center code of the plasma
exhibi t s a change in period of sawtooth o s c i l l a t i o n from 1 ms to 2.3 ms (to
4 ms in maximum case) as shown in Fig .4 . The ampl i tude of th is s igna l also
increases by a factor of more than two.

0.060
0.053
0.047
0.040

sxr07 r= 0.0

0.027
0.020

150. 158. 165. 173. 180.
Time (ms)

Fig.4. Var ia t ion of the soft X-ray s ignal of center
code measured by a surface barrier diode.

An electron cyclotron emission (ECE) measurement by a polychromator
shows the time evolution of temperature profile after the injection as shown
in Fig.5, where the initial profile is assumed to be a parabolic one. These
characteristics will include the effect of pellet penetration into the
plasma as well as the heat transport effect inside the plasma.
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(2) Transport and Confinement
A particle confinement has

been studied with a hydrogen
pellet injection into a deu-
terium plasma. A neutral hydro-
gen flux is measured by using
the fast neutral analyzer for
the ion temperature measurement.

A time evolution of the
neutral hydrogen flux of the
energy range of 1.1 + 0.05 keV
is shown in Fig.6. Also, the
fluxes of H° [(a), (b), (c)],
D° [(d), (e), (f), (g)] and the
ratio H°/(H°+D°) in the energy
range of 1.0 keV [(h)]are shown
in Fig.7. Two charge exchange
processes just after the injec-
tion are as follows.

pellet plasma
M

H

llet plasma

+ Dpellet plasma

H + Dpellet plasma

where H

(2)

is as a minorityplasma
species in D-plasma. After the
ablating of the pellet, H° from
the pellet exchanges a charge
with H+ (process (1)), the
time scale of which is about 5
ys. This seems to correspond to
©in Fig.6. On the other hand,

72 91 , ,110R(cra)

Fig.5. Time evolution of the spatial distribution
of ECE signals.

0. 75. 150. 225. 300.
time (ms )

Fig.6. Time evolution of the neutral hydrogen
flux in the energy range of 1.1 +_ 0.05 keV.
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the decay time of ©in Fig.6 is of the order of 100 ms. This seems to imply
the particle confinement time, although the flux may exhibit overlapping of
the component from various places in the plasma. Slight differences among
the values in (a), (b) and (c) in Fig.7 also suggest this overlapping. From
these consideration, the decay time of neutral hydrogen flux in high energy
range [i.e., (c) in Fig.7]seems to represent the actual particle confinement
time. Here, the effect of the neutral flux from wall is negligible, since
the value of the ratio H°/(H°+D0) recovers to that before the injection as
shown in Fig.7(h).

Particle transport studies have been done by introducing a small Dp
pellet as a source of an electron density perturbation. Figure 8 shows the
time evolution of the density profile and the profile factor, k, defined by
the fitting of the density as n(r,t) = n(0,t){l-(r/a)2}k̂ , respectively.
The integral form of the particle diffusion equation is written as

M;(r')dv
rvn) (3)

where the source term at the
density relaxation phase is
negligibly small around r/a
= 0.5. The values D and v
have been determined with a
good accuracy by evaluating
the above equation at two
different times t, and t2
in Fig.8; i.e., D = 0.4 m2/s
and v = 4 m/s at r/a = 0.5
for ohmic plasmas.

Using a 1-D transport
code, the time evolution of
the density profile has been
analyzed. The experimental
data just after the pellet

.0
M
CO

( b )

iHi.̂ J/ . %i

7 5 . 1 5 0 . 2 2 5 . 3 0 0
t i» . ( » < )

75 . 150 . 2 2 5 . 100 .
tin» I » » )

Fig07. Time evolutions of neutral fluxes of
H, D and its ratio, (a) H° 1.89 keV, (b) H° 2.84
keV, (c) H° 4.05 keV, (d) 0° 0.49 keV, (e) D" 0.83
keV, (f) D° 1.29 keV, (g) D° 1.86 keV, and
(h) H0 / (H0+D°) IkeV.
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injection have been employed
into the computer code as the
initial density profile. The
diffusion coefficient and the
inward velocity are assumed as

v(r) = v(a)(r/a)n . (4b)

A good agreement with experi-
mental data has been obtained
in the case of n = 3, D(0) =

o
0.5 m /s and v ( a ) = 35 m/s,
which gives the values of D =

9
0.6 m /s and v = 4 m/s at r/a
= 0.5.

pellet

0
0 6 12 18 24

radius(cm)
Fig.8. Time evolution of the density profile

ne(r,t) with a small pellet injection, and
the profile factor, k, defined as
ne=ne
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PROSPECTIVES OF PELLET INJECTION
IN NET-LIKE DEVICES

F. ENGELMANN
NET TEAM,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Abstract

The prospectives of pellet injection in NET-like
devices are discussed in the light of anticipated requirements
for the control of the plasma density.

1. Introduction and Summary
Pellet injection is a means to influence the profile and

the time dependence of the plasma density. In this paper, upon
characterizing NET-like devices, the general operational
requirements of experimental tokamak reactors are summarized on
the basis of Refs.l to 3 mainly in view of displaying the role
of the density profile. The particle fluxes needed for various
functions are analyzed and estimated, and the relations between
them are discussed. The properties of pellet injection are
recalled. It is concluded that pellet injection at moderate
velocity should be included in the concepts of NET-like devices
to enhance their operational flexibility. More detailed
knowledge on tokamak physics and pellet ablation is needed for
a full appreciation of the potential of pellet injection in
NET-like devices.

2. Characteristics of NET-Like Devices
NET-like devices, in the context of the present paper, are

meant to be experimental tokamak reactors with the objective of
demonstrating controlled burn of DT plasma, reliable and safe
operation of the apparatus, and testing of blanket modules and
plasma-facing components. Apart from NET itself, ITER, FER,
OTR, TIBER etc. belong to this category. As far as plasma
operation is concerned, these devices can be considered to be
proto-typical for electricity-producing tokamak reactors.

Typical parameters of NET-like devices are listed in Table
1. The duration of the burn pulse will have to be a few 1000 s
with steady-state operation as an ultimate target. Under such
conditions, the startup of the discharge can be comparatively
slow: reaching burn conditions after 50 to 500 s is
anticipated. Using noninductive current drive to assist current
rampup and to maintain (part of) the current during burn, as
well as for current profile control, is under consideration. It
is important to note that the most promising schemes for these
functions, namely current drive by lower hybrid and/or electron
cyclotron waves, involve the generation of a highly energetic
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Table 1 : Typical Parameters of NET-Like Devices
plasma minor radius a[m]:
plasma major radius R[m] :
aspect ratio A=R/a:
plasma elongation b/a:
magnetic field in plasma B[T]:
average plasma density <n> [1020 m~3]:
peak plasma density n(o) [1020 m~3]:
average plasma temperature <T> [keV] :
peak plasma temperature T(o) [keV]:
fusion power Pf^a [GW] :average neutron wall load Qn [MW/m2]:
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electron population. For ensuring power and helium exhaust,
manageable working conditions of the plasma-facing components
and satisfactory plasma cleanliness, a divertor configuration
with enhanced recycling in front of the divertor target is
anticipated to be necessary.

3. General Operational Requirements
The operation conditions of a NET-like device are strongly

influenced by the plasma profiles and, in particular, by the
density profile. However, at the moment full information on
these relations is not yet available. The following points are
of importance in the present context:
3.1. Energy confinement and burn control

While ensuring good energy confinement is of general
importance to be able to reach ignited burn for plasmas having
the size anticipated, this is particularly important during the
phase of heating to ignition, to minimize the external heating
power needed. Furthermore, to be able to control a burning
plasma and to operate within a range of fusion powers, active
control of confinement is essential; this effectively implies
the necessity of being able to progressively degrade energy
confinement with increasing fusion power. A possible scenario
for this is to provide a more peaked density profile during
heating to ignition than during the burn phase. In addition,
affecting the reactivity during plasma burn by a fast transient
increase of the plasma density may be useful as part of a
control scheme to stabilize the burn temperature if the working
point desired is thermally unstable.
3.2. Avoidance of impurity accumulation in the core plasma

In relation with the necessity of avoiding excessive
radiation losses from and dilution of the core DT plasma, a
sizeable accumulation of impurities and helium in the plasma
core cannot be tolerated. This points to flat density profiles
being preferable, at least during plasma burn.
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3.3. High beta operation
Although definitely conclusive results are still lacking,

it appears that operation at high average beta, or more
appropriate high fusion power density, requires a quite flat
pressure profile [4] such as

p(r) A, [l-(r/a)2]0' with a « 0.7 to 1. (1)
This implies that both the density and the temperature profile
have to be rather flat. Such a situation is consistent with the
additional requirement that also the current profile has to be
comparatively flat although additional current profile control
by noninductive current drive may still be necessary. Note in
this context that in an ignited plasma only control of the
density profile provides a direct way of influencing the
profile of the heating power which is approximately given by

w«(r) « nz(r) T2(r). (2)
This again indicates that globally flat density profiles will
be needed during burn.

3.4. High density operation
Conventional density limits in tokamaks tend to be more

stringent limitations for the accessible working conditions
than beta limits for the parameters of NET-like devices. Since
the density limit rather imposes a bound on the plasma density
at the edge than on the average plasma density, peaked density
profiles are known to allow operation at higher average density
[5] and hence are favourable in enhancing the accessible core
plasma densities. Due to the high heating power present in
tokamak reactors, this may however not be a crucial point if
the density limit is a consequence of the heat flux into the
edge region becoming too small. In fact, if one assumes that up
to 70% of the available heating power can be lost by radiation
from the plasma within the q=2 magnetic surface without the
density limit being reached [2], the latter will not present a
critical constraint for NET-like devices even if the density
profile is rather flat.

3.5. Plasma edge conditions
Optimum helium pumping condition are achieved for high-

recycling conditions in front of the divertor plate, that is
low temperature and high density of the divertor plasma. In
this regime also erosion of the divertor target is minimized
(except if chemical erosion and/or sublimation enhanced by the
impinging particle flux is an issue, as it would be for a
graphite target). To enter well into this regime, the highest
possible edge plasma density is required. Since the average
densities needed (see Table 1) tend to approach the edge
densities compatible with a low temperature (<_ 15 keV) divertor
plasma, flat density profiles (up to beyond the separatrix, if
possible) are optimum from this point of view (see also Fig.l).
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Fig.l: Schematic plot of density profiles corresponding to the
same average fusion power density and related particle
deposition requirements.

Obviously, in this case the DT flux pumped (and to be recycled
back into the discharge via the fuelling system) is rather high
and, equivalently, the fractional burnup is low; this is an
obvious disadvantage of this regime.

These considerations indicate that during the burn pulse a
rather flat density profile will be needed. A peaked density
profile, if it allows to improve energy confinement without
excessive impurity accumulation in the plasma core, could be
useful to ease reaching ignited conditions. For burn
temperature control purposes producing a transient increase of
the plasma density may be useful.

4. Particle Fluxes for Fuelling, Density Profile Control
and Burn Temperature Control

4.1. Steady-state conditions
As there is a simple relation between the fusion power

Pfxis and the rate of helium production, one has for the helium
exhaust flux

( out (1020 - = 3.6 (GW) (3)
The D and T fluxes needed to replace the DT atoms burnt
obviously are

r D < i n ' b > = r\r< i n ' t o> = rM e<o u t> . (4)
These fluxes, hence, just depend on the fusion power.

Quantifying the D and T exhaust for fluxes rD(ou1i> andp^covLt) for a given rH«<out> is much more complex. In fact,these fluxes also depend on the divertor plasma conditions
(which in turn depend on the plasma edge density and the power
exhausted through the divertor) as well as on the configuration
of the divertor and pumping duct and the pumping speed avail-
able. In practice, one expects that under all circumstances
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so that the total DT fuelling fluxes
D, T = p.D, .{An, t») + p < out.

(5)

(6)
that are needed are much larger than rD,T<;Lri'to) . This impliesthat the fuelling requirements effectively are determined by
the exhaust conditions rather than the fusion power.

Density profile control is possible within the constraints
imposed by the exhaust conditions (since these are affected by
the density profile that is adopted, as discussed in Sect.3.6),
the total DT exhaust flux being the sum of the particle fluxes
deposited in the plasma core (rD,T(E)'C!) ), in the outside layersof the hot plasma (rn>,a?<I?'e0 ) and in the scrape-off layer(rD,T<so>), i.e.

. < out) = p0,0? ( jp, a ) D , • •> + rD, (7)
this situation is visualized in Fig.2. Obviously, the highest
density peaking is achieved maximizing rD,a?<E>'a>, while the
flattest density profile possible is obtained for pure edge
fuelling (see Fig.l); while these limits provide absolute
constraints to the range in which the density can, in
principle, be varied, in practice the allowable working
conditions of the divertor target (see Sect. 3.6) strongly
restrict this range.

FLUX INTO
SCRAPE-OFF LAYER

CENTRAL PROFILE CONTROL

Fig.2: Particle
exhaust and
fuelling fluxes
for different
particle
deposition
requirements ;
the variousfluxes are
defined in the
text.

To illustrate the situation, let us consider a device
having a fusion power of P£ue=0.8 GW. Then, rK«<oufe) = rD<:Lri'to>= rT<iri'to) = 3»1020 atoms/s. In a high-recycling divertorregime (i.e., for a comparatively flat density profile) DT
exhaust fluxes rD<out) ~ rT<OXit> of about 5«1021 atoms/s are
expected. On the other hand, for achieving a significant
peaking of the plasma density profile, assuming that the
characteristic time for a particle to travel from the plasma
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centre to the edge is of the order of 10 s and taking into
account that the plasma typically contains 5«1022 D and T ions,
one would need rD,T<E>'°) + rD,T<E>'ei) ~ 5*102:L atoms/s. Thisshows that, even apart from the additional constraints deriving
from the divertor target working conditions, only a limited
amount of profile peaking may be possible for the operation
conditions anticipated (if profile peaking is not increased by
the presence of an enhanced particle "pinch", which is by now
uncertain). Similar constraints are expected to apply to power
reactors.
4.2. Startup

During the startup of the discharge the fuelling flux
needed is mainly determined by the desired density rampup rate.
Since density rampup is anticipated to be on the time scale of
10 s or more, fuelling fluxes rD,T("«̂ > ~ 5«1021 atoms/s will
be the upper limit of what is needed. Again, significant
profile peaking probably requires particle deposition close to
the core of the discharge.
4.3. Burn temperature control

The particle fluxes needed for affecting the reactivity to
suppress a possible thermal instability of the operation point
during burn are appreciably smaller than those needed for
density profile control and rampup.

5. Features of Pellet Injection
Pellet injection can provide a means for the deposition of

high average particle fluxes, of the order of those required
for particle fuelling and density profile control, as well as
density rampup (see Sect.4), beyond the plasma edge region.
However, for reactor-grade temperatures the penetration depth
of pellets is expected to be limited ("shallow particle
deposition") so that density profile steepening (provided there
is no effect on the density profile beyond the penetration
depth of the pellet) can only be achieved in the outside part
of the discharge. This is illustrated in Figs.3 where the
penetration depth is given for various velocities, pellet sizes
and plasma temperatures; two different temperature profiles are
considered and two different ablation models are used [6-8]. In
particular for flat temperature profiles as anticipated for the
burn phase of NET-like devices and power reactors, pellet
penetration exceeding 20% of the minor radius a appears to be
difficult to obtain even if pellet velocities larger than 104
m/s were achievable. A further limitation is that in the
presence of fast electrons, i.e., when current drive by lower
hybrid and/or electron cyclotron waves is used adjacent to the
plasma edge, pellets will not be able to penetrate at all.
Hence, especially for full or partial current drive in the
outer plasma layers by one of these methods during the burn
pulse, sophisticated scenarios (consecutive phases of current
drive and pellet injection) would have to be considered.
Finally, pellet injection tends to generate strong momentary
plasma perturbations. In order to keep these within acceptable
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depth as a function of
the pellet radius for
T(o)=25 keV and a pellet
velocity of 5-103 m/s.

Fig.3: Pellet penetration depth normalized to the horizontal
minor radius a for various conditions; the density profile
is n(r)=n(o) [l-(r/a)2]°-= with n(o)=2«10ao m-3; an
electron temperature profile T(r)=T(o) [l-fr/a)3]01 is
adopted with a=2 ("peaked temperature") and ct=l ("flat
temperature"); two ablation models have been used: model 1
is the NGPS model [6] with a constant shielding cloud
radius of 5 mm, in model 2 this radius is calculated
according to Lengyel [7].
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limits, pellets with a radius smaller that about 4 mm will have
to be used.
6. Overall Conclusions

The preceding discussion shows that pellet injection in
NET-like devices may be useful for achieving a fast density
rampup and a certain degree of plasma density peaking, in
particular during heating to ignition to improve plasma
confinement in this phase. During the burn phase, density
profile peaking, necessarily accompanied with a reduction of
the plasma density in the scrape-off layer, rather appears to
be undesirable. On the other hand, pellet injection could be
useful as part of a burn temperature control scheme. In order
to fully appreciate the potential of pellet injection in NET-
like devices and power reactors, a better knowledge of tokamak
physics is needed, especially on the impact of a varying
particle deposition profile (with emphasis on shallow particle
deposition) on the plasma transport properties [9], as well as
on the pellet ablation process (in particular, the sensivity of
pellet penetration with respect to the pellet velocity). This
information will have to be obtained from experiments on
present tokamaks. A definite conclusion is that pellet
injection into plasmas containing a fast electron population as
generated during current drive by lower hybrid and electron
cyclotron waves, is not possible.

In conceptual designs of NET-like devices pellet injection
should be included to provide additional operational
flexibility. However, on the basis of present knowledge a need
for high pellet velocities (above about 5«103 m/s) achievable
only if a great technical development effort is made, cannot be
justified.
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Abstract

Analysis of electron and ion particle transport in TFTR pellet-fueled
plasmas has been carried out by detailed modeling of time-dependent electron
density profiles and impurity radiation.

TRIUMPH electron transport code results show the entire 1 to 2 seconds of
post-pellet electron density evolution in ohmically heated, pellet-fueled
plasmas to be reasonably well modeled using a time-independent D(r) = D(0) f
[D(a) - D ( 0 ) ] (r /a)2, together with the neoclassical electron particle
flux. The derived D(0) is very low, in the range 50 ~ 200 cm^/s, while
D(a) rises to 1000 ~ 5000 cm^/s. The development of centrally peaked
density profiles on broad pedestals is seen to be the result of edge particle
loss and replacement by edge sources after the pellet deposition. Sawtooth
disruptions can dramatically flatten the central density profile, with
observed re-peaking of the density between sawteeth consistent with the
pre-sawtooth D(r) and neoclassical flux model. In these same ohmic
discharges, MIST impurity transport code modeling of VUV, X-ray, and
bolometric data for injected and intrinsic impurities indicates that adopting
essentially the same D(r) for the impurity ions, together with their
neoclassical flux, is a viable hypothesis. Given the low D(0) for these
models, this results in strong on-axis peaking for the impurity ions.

Similar modeling is currently being used to study the role of a reduced
Ware pinch and enhanced diffusion in producing the density pump-out observed
in similar neutral beam heated plasmas.

INTRODUCTION - Detailed modeling of electron density profile evolution and impurity
behavior in TFTR pellet-fueled plasmas has been carried out in order to develop a
comprehensive picture of particle transport in these plasmas.

Analysis of electron particle transport relies primarily upon modeling of the
time-dependent electron density profile data available from the MIRI 10-chord far-infrared
interferometer. The TRIUMPH 1-dimensional radial electron particle transport code is
initialized with the measured electron density profile immediately after the pellet deposition,
and the post-pellet development of the profile is calculated using specified transport
coefficient and source models. Time-independent anomalous diffusion coefficient profiles
with the parameterized form D(r) = D(0) + [D(a) - D(0)](r/a)2 have been found in a
previous survey of candidate D(r) profiles to be succesful in modeling particle transport in
pellet-fueled plasmas*, and are used in the work presented here. To this anomalous
diffusive flux is added the neoclassical electron particle flux^, of which the Ware pinch is
the most significant term in the present results. While the broader features of the post-pellet
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electron density evolution can be modeled with some success without the neoclassical
flux1, more detailed modeling supports its presence in the electron transport, as will be
shown. An electron particle source rate due to wall-evolved neutrals is determined using a
feedback loop based on tracking the total number of particles in the model versus the
experimental data. The edge particle source radial profile shape is based on a neutral
deposition calculation from the TRANSP code3. For neutral beam-heated plasmas, an
additional source is specified, using now both the absolute rate as well as source profile
shape from the TRANSP beam deposition calculation.

Analysis of the transport of injected and intrinsic impurities relys on modeling of
VUV and X-ray PHA spectroscopic line brightness time evolutions using the MIST
1-dimensional radial impurity transport code4 . Time-dependent Te(r,t) and ne(r,t) profile
data are used by the code in order to correctly model impurity behavior in these evolving
plasmas. Impurity transport modeling is subject to considerably greater uncertainties than
the electron density profile analysis, due in part to uncertainties in the atomic rate
coefficients required. Therefore, the approach here is to begin the impurity transport
analysis assuming the same D(r) as was found for the electrons for the plasma in question,
but now combined with the impurity neoclassical flux^, and seek to test the hypothesis that
the impurity ions are subject to the same anomalous D(r) as the electrons.

The three pellet-fueled plasmas discussed here all have BT~48kG, Ip~1.8MA. The
first is a typical high density ohmic plasma, with a centrally peaked pellet deposition
profile. The next ohmic plasma has more complex dynamics, beginning with a slightly
hollow initial deposition profile, and followed by sawtooth activity. Finally, results for a
neutral beam-heated pellet-fueled plasma are presented.

RESULTS - Pellet-fueled high-density ohmic plasmas are typically characterized by long
central density confinement times, as seen in Figure (1) for shot 25697. Also seen here is
the typical development from an initially centrally peaked deposition profile, to a profile
with a narrower central peak on a broader density pedestal. A model with
D = 50 + 3950(r/a)2 cnrVs plus the electron neoclassical flux is shown as reproducing
these features of the experimental density profile evolution. The feedback model source

2.08+14-

1.06+14-

Flgure 1.

O.Oe+0

Ohmlcally-heated shot 25697 electron density profiles at t =
Model (solid lines) has D = 50 + 3950(r/a)A2 (cm2/s)

i 0, 0.5. 1.0, and 2.0 s after pellet deposition,
plus electron neoclassical flux.
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rate derived by the code compares well with the neutral hydrogen influx calculated from Ha
measurements for this shot. The inset figure demonstrates the role of post-pellet fueling by
this edge source in producing the typical peaked-on-pedestal profile development. Here,
the t=2s model profiles with (S*0) and without (S=0) the edge particle source are
compared. The relatively well confined centrally deposited particles remain peaked at the
center, augmented by the Ware pinch, while the edge profile is determined by refueling and
the relatively higher value of D(a).

Impurity transport in this same plasma was investigated using scandium injection at
2.5s, 0.5s after the pellet deposition. Figure (2) shows the spectroscopic brightness time
evolution for the VUV 279.8Â line from Li-like Sc XIX and the X-ray PHA Ka line at
2.87Â. The model results have D = 100 + 3900(r/a)2 cm^/s plus the impurity neoclassical
flux, showing that a small variation from the nominal electron particle transport D(0) result
succeeds in fitting the data. The two figures have been separately scaled, with the
experimental PHA/VUV line ratio agreeing within a factor of ~2 with that from the model
shown. A similar fit to the data can be achieved with a purely diffusive model using the
electron transport D(r), however for this result the line ratio factor rises to ~5. Within the
usual uncertainties accompanying impurity injection transport analysis, the scandium
transport can be considered consistent with the electron D(r) together with the impurity
neoclassical flux.
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6.08+12-

S: 4.09+12-

2.09+12'

O.Oe+0

So K-alpha (2.87 A)

3
time (s)

Rgure 2(a,b). Scandium Injection Into shot 25697 at 2.5s, 0.5 s aft9f p8ll8t.
Model (solid lines) has D = 100 + 3900(r/a)A2 (cm2/s) plus Impurity neoclassical flux.

In such dynamically evolving plasmas as this, the study of intrinsic impurity
transport is both more complex and potentially more fruitful than is the case for
near-equilibrium plasmas. Figure (3) shows the VUV spectral line brightness time
behavior and modeling for intrinsic nickel in 25697 following the pellet. These spectral
lines are weak and typically not well isolated in the available spectra, hence data quality is a
significant consideration in this analysis. However, the model shown, using the same D =
50 + 3950(r/a)2 cm^/s as found for the electron transport, plus the impurity neoclassical
flux, provides a reasonable fit to the data. The pre-pellet nickel equilibrium is assumed
purely diffusive (flat) with D=1Q4 cm^/s; the results are not particularly sensitive to the
exact pre-pellet equilibrium profile. A constant nickel source rate is assumed at the
pre-pellet equilibrium value. Figures 3(a,b) show that such a continued nickel source is
required in order to reproduce the low nickel charge state NiXVffl behavior, by contrast
with a zero source model (S=0). Figure (3c) shows good agreement for the detailed time
development of the centrally-peaked Be-like Ni XXV, which has the highest-quality data of
the five lines. Data from the adjacent and also centrally peaked Li-like NiXXVI emission
lines show somewhat different time development, while the model predicts similar behavior
to the adjacent NiXXV state. The scandium injection at 2.5s is an obvious source of
contamination in the experimental measurement of these NiXXVI lines, although the effect
on the neoclassical part of the nickel transport itself should be small (AZeff ~ 0.01). The
continually evolving plasma density and temperature at still have a marked effect on the
physics even at 3.5s, with a decreasing nickel neoclassical pinch (lower by a factor of 5
from t=2.5 to 4.0 s), continuing ionization to the He-like state, and decreasing ne(0), all
combining to produce the slow decay in the modeled high nickel charge state brightnesses.
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Perhaps the strongest evidence for the presence of the neoclassical flux here is in the central
to edge charge state line brightness ratios shown in Figure (3f). Plotted are the scale
factors used for each spectral line brightness plot to produce the quantitative agreement at
3.5s seen in figures (3a-e), versus the approximate peak radius for the corresponding
charge state density. Perfect agreement between the model and the experimental data would
have all these scale factors equal; the model shown with the neoclassical flux included
roughly achieves this, while the scale factors for an identical model without the neoclassical
flux show a much larger discrepancy.

An example of more complex electron density profile dynamics is seen in figure (4)
for shot 28970. The initially hollow profile fills in by 0.2s, and approaches the usual
peaked-on-pedestal form by 0.6s. Between 0.6 and 0.61 s, a sawtooth relaxtion is seen to
dramatically re-distribute the central density. This evolution from hollow to peaked profile,
together with the recovery after sawtooth disruptions, provide particularly interesting tests
of the transport. The model shown has D = 200 + 4800(r/a)2 cm2/s, with the neoclassical
flux. In figure (5), the density at four radii is followed after the sawtooth activity has
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Figure 5. Electron density evolution at r = 0,15,30, and 45 cm during sawtooth relaxations for shot 28970

begun. In the code, the density profile is empirically re-distributed at each sawtooth
disruption consistent with the observed form of the post-disruption profile, and the usual
radial transport then continues. The pre-sawtooth transport model works well even after
the sawtooth activity has begun, and in particular the Ware pinch is seen as clearly adequate
to produce the observed profile re-peaking between sawteeth. In contrast, the inset figure
shows how a purely diffusive model cannot re-peak ne(0).
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Particle confinement in neutral beam heated plasmas is an issue of particular interest.
In figure (6) we consider electron particle transport for the beam heated shot 31612,
beginning at the last of three pellets and the coincident start of 10MW of coinjected neutral
beam power. The evolution to the characteristic peaked-on-pedestal form is still apparent,
and can be well reproduced by the D=200+6800(r/a)2 cm^/s plus neoclassical flux model
shown. New features in this neutral beam heated model relative to the previous ohmic
plasmas include the presence of electron sources associated with the neutral beam injection.
In the case shown, while this beam source is over an order of magnitiude smaller in total
particles per second rate than the feedback model calculated edge particle source, it is
nevertheless of some importance due to its relatively deep penetration. It is also interesting
to note that the diminished loop voltage in the hotter neutral beam plasma reduces the Ware
pinch contribution to the particle confinement, although the anomalous diffusive flux also
seems to be increased as well.
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Figure 6. Neutral beam-heated shot 31812 electron density profiles at t = 0, 0.2, 0.5, and 1.0 s after deposition
of third pellet and slart of NB heating. Model (solid lines) has D = 200 * 6800(r/a)/>2 (cm2/s) plus eleclron neoclassical flux.

CONCLUSIONS - The entire 1 to 2 seconds of post-pellet electron density evolution in
these ohmic and neutral beam heated plasmas can be reasonably well modeled using a
time-independent anomalous D(r) = D(0) + [D(a) - D(0)](r/a)2, together with the
neoclassical electron particle flux. The derived D(0) is very low, in the range of 50 to 200
cm^/s, while D(a) rises to the range of 4000 to 7000 cm^/s for the plasmas shown. The
development of centrally peaked profiles on broad density pedestals can be seen as the
result of particle loss and refueling at the plasma edge after the pellet deposition. Sawtooth
disruptions are seen to be capable of dramatically re-distributing the central density;
re-peaking of the profile after the disruption is consistent with the pre-sawtooth anomalous
D(r) and the neoclassical flux. Analysis of injected and intrinsic impurity behavior
indicates that adopting similar anomalous D(r) for all plasma particles, together with the
appropriate neoclassical flux, is a viable hypothesis for these plasmas. For the impurity
ions the neoclassical flux is a major factor in their dynamics, given the low D(0) of these
models, and results in strong on-axis peaking of the impurity ions.
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PARTICLE TRANSPORT ANALYSIS OF
PELLET FUELED JET PLASMAS
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Abstract

The analysis is carried out using a 1 - 1/2 D radial particle transport
code modelling the experimental density evolution for given particle transport
coefficients. These analyses are carried out in ohmic, RF heated, and NBI
heated plasmas in both limiter and X-point configurations. We find that ohmic
cases are generally characterized by hollow radial diffusion coefficients and
can be satisfactorily modelled without any anomalous convective (pinch) term.
Auxiliary heated cases show rapid pump out of density which can be explained
by changes in the transport coefficients. Initial analysis of pellet and
non-pellet fueled H-mode plasmas also can be explained by changes from the
ohmic X-point case. In all cases neoclassical transport diffusion
coefficients are substantially smaller than the determined values.

1. INTRODUCTION

An understanding of the mechanism controlling particle transport in tokamaks is
of crucial importance in projecting the fueling requirements and performance of such
devices. Multiple pellet injection experiments have been carried out on JET to deter-
mine heating and confinement characteristics of pellet fueled plasmas [1,2,3]. We report
in this paper on the analysis of electron particle transport in these multi-pellet fueled
JET plasmas under ohmic heating, ICRF heating, and NBI heating conditions in pri-
marily limiter configurations. The study of particle transport in JET plasmas is based
on measurements by a 6-channel far-infrared interferometer for density profile evolution
and HQ. detectors for edge source magnitude.

Fluctuation induced transport is frequently suggested as the mechanism responsible
for the anomalous particle and heat fluxes observed in tokamaks. As part of our analysis,
we compare the determined electron particle and heat fluxes with fluctuation induced
transport calculations using electron and ion drift wave mechanisms as the dominant
fluctuation spectrum. The Onsager symmetry found in the neoclassical transport theory
of fluctuations [4] can be used to determine a connection between the anomalous electron
particle and heat flux.

1 Present address: JET Joint Undertaking, Abingdon, Oxfordshire, UK.
2 Permanent address: Plasma Physics Laboratory, Princeton University, NJ, USA.
3 The members of the JET/USDOE Pellet Collaboration are the authors of the paper entitled 'JET multi-

pellet injection experiments' in these proceedings.

107



2. ANALYSIS

An interpretive particle transport analysis code (PTRANS) has been written at
JET to analyze particle transport in pellet fueled plasmas. This transport code is used
to compare the measured density evolution with calculations using a number of different
transport models to determine which ones may apply. We also analyze the data using a
version of the QFLUX [5] interpretive code to integrate the continuity equation directly
using the experimentally determined time-dependent density profiles. This analysis
gives a particle balance determination of the diffusion for a given convective flux model.

2.1 PTRANS Particle Transport Code

PTRANS is a 1-1/2 D (non-circular geometry) radial transport code that calcu-
lates the evolution of density by solving the continuity equation for -up to 32 different
particle flux models ( D ( p } , v ( p ) } independently and in parallel [6]. The calculations are
initialized with the experimental profile shortly after the pellet deposition. A finite dif-
ferencing method is used to solve the continuity equation with both implicit and explicit
terms (Crank-Nicholson scheme).

The flux-surfaced-average continuity equation is

where the radial particle flux F is defined by

n(p,Ot;(p,0. (2)

Transport coefficients used in the models may have neoclassical [7] and anomalous parts.
The neoclassical electron particle flux is given by

NC,

where the last term is the Ware pinch whose velocity is given by

2.30

The radial shape of the edge source s(p, t) is obtained from external neutral depo-
sition calculation (QFLUX) using HQ edge measurement to determine the magnitude.
There is optional source feedback built into the code which can adjust the magnitude of
the source profile for each model to keep the number of particles in the plasma the same
as that determined from the experimental density profiles. This is used in ICRF heated
plasmas when the RF is initially turned on since the Ha detectors used to measure the
source magnitude are located away from the antennae and do not see the particle source
from the antennae until a particle confinement time later.
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2.2 Anomalous Transport Calculations

An enhanced version of the time slice interpretive transport code QFLUX [5] has
been developed at JET to perform calculations of anomalous fluctuation driven trans-
port using the neoclassical transport theory of fluctuations [4]. This code is run for a
number of time slices through the discharge and calculates the coefficients of the Onsager
transport matrix and the thermodynamic forces that drive the transport. Assumptions
are made that there is no plasma rotation for non beam heated discharges and that the
ion temperature profile is the same shape as the electron profile (but scaled from central
measurements). Initial calculations have been done using electron and ion drift waves
as the fluctuation mechanisms. In analyzing discharges with this code, we calculate
the fluctuation amplitude needed to explain the anomalous particle flux as determined
from a particle balance calculation. This amplitude is then used to calculate the resul-
tant anomalous electron heat flux from the transport matrix. This fluctuation driven
heat flux is then compared to the anomalous electron heat flux as determined by power
balance calculation.

3. RESULTS

Peaked electron density profiles are generated in JET discharges from pellet injec-
tion with central penetration. These density profiles are frequently found to slowly decay
to a peaked profile on a broad pedestal. The decay of the peaked profile is sometimes
accelerated by the application of ICRF on axis and NBI. In the cases where accelerated
profile decay is seen, a broad flat density profile quickly appears that is characteristic
of auxilliary heated limiter discharges. It is found that the neoclassical pinch velocity
is reduced when the auxilliary heating is applied due to the change in electric field and
collisionality. This reduced pinch appears to play a role in the peaked profile decay.

The period of the peaked density profile in sawtooth free limiter discharges has
been analyzed and the electron profile evolution modeled by the use of a neoclassical
pinch velocity and a time independent diffusion coefficient with a strong increase at
the radial position of the density pedestal formation as shown in Fig.l. The diffusion
model used is more than an order of magnitude larger than the neoclassical value.
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Fig. 1.
Electron diffusion coefficient for ohmic
and ICRF heated cases. Measured (solid)
and calculated (dashed) density at four
radii for ohmic and ICRF heated cases.
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This same transport model is found to be applicable in both ohmic and ICRF "heated
discharges although the heated case shows slightly higher diffusion. Calculations of the
density evolution using the (r/a)2 dependent diffusion coeffient suggested by Hulse [6]
for TFTR ohmic cases does not yield the observed density pedestal on the outer half of
the minor radius.

In cases where the peaked density profile rapidy redistributes to a flat one, the
diffusion coefficient can be modeled as a function of local electron temperature [8] such
that the central diffusion rapidly evolves from the ohmic post pellet case to a diffusion
coefficient profile which is more nearly fiat as shown in Fig.2. This rapid change in
diffusion suggests that another mechanism is present in these discharges that further
accelerates the central electron density decay. In a discharge where a clear transition
from the ohmic like transport to one in which central MHD activity is seen from Soft X--
rays, the profile evolution can be modeled by a transition from the ohmic like diffusion to
the temperature dependent diffusion. The diffusion coefficient determined from particle
balance calculations of the electron flux agree well with the best case diffusive models
used in the discharges that have been modeled.
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Fig. 2.
Measured (solid) and calculated (dashed)
density profiles and evolution for an ICRF
heated discharge using a tempeiature
dependent diffusion coefficient. D is given by
D = D(Ohmic casc){l+T e(eV)1 3 /40000}

A large number of particle transport models have been used to analyze a variety
of JET pellet fueled discharges including a model that has been used to predict CIT
performance [9]. This model uses D = (ne(m-3)/1019)~1 and v = -2Dr/a2. The
results from this model as shown in Fig.3 typically yield peaked density profiles when
the measured profile is seen to remain flat in the center. If these JET results scale down
to smaller ignition machines such as CIT, the currently predicted preformance may be
over estimated.
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Fig. 3.
Experimental (solid) and calculated (dashed)
density profiles for ICRF heated dis-
charge with non central pellet penetration.
The transport model used is D =

1,«, - -2Dr/a2.

Fluctuation induced transport calculations have been performed for over 10 pellet
fueled discharges and have typically shown that electron drift wave driven electrostatic
fluctuations in the quasilinear approximation show some correlation in the determined
anomalous electron particle and heat transport. The power balance heat flux is typically
a factor of 3-10 higher than the calculated fluctuation driven heat transport but shows
a qualitatively similar profile shape.

4. CONCLUSIONS

The analysis done on JET sawtooth free discharges has shown that the density
evolution following peaked profiles from pellet injection can be modeled with a neo-
classical pinch velocity and a diffusion coefficient with a steep gradient at the radius
of the density plateau which is near the q=2 surface. This type of transport model
works in both ohmic and central ICRF heated discharges. Some of the auxiliary heated
cases show rapid central density decay which may be due to MHD related turbulence.
The profile evolution in these discharges can be modeled with a temperature dependent
diffusion coefficient with the neoclassical pinch velocity. Discharges with non-central
pellet penetration show no significant density peaking and cannot be modeled with the
same transport coeffients as the peaked profile cases.

Transport calculations utilizing neoclassical fluctuation theory indicate that elec-
trostatic fluctuations driven with an electron drift wave spectrum are not sufficient alone
to fully explain the resulting anomalous particle and heat transport. Other mechanisms
driving magnetic fluctuations presumably exist in parallel that may contribute more to
the anomalous heat transport.
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Abstract

Radial thermal and particle diffusivities have been measured using
transient methods, yielding x and D simultaneously in the plasma interior
at 0.5^r/a*0.7. xe=2.7±0.4 m2/s and De=0.4±0.1 mz/s have been measured in
OH plasmas, giving xe/De=6.8±2.7. NBI heated H-mode plasmas are
indistinguishable from OH plasmas in respect of xe, De and Xe/De. The ion
thermal diffusivity has also been measured in H-mode plasmas, giving
I<^1(m2/s)<3, simultaneously with xe=3±0.5 m2/s, thus Q.3<xjxe<l. The
large value of xe/De would suggest that micro-magnetic stochasticity,
rather than ExB convection, may be the key mechanism in anomalous
transport.

1. INTRODUCTION
An important objective in tokamak research is to find suitable

descriptions for the measured radial thermal and particle fluxes, and to
identify the underlying mechanism of transport. Many models for transport
in tokamaks have been developed which make specific predictions for
correlations between thermal and particle transport[l]. Correlations
amongst the transport coefficients arise due to mutual interference between
the simultaneously occuring processes in the system, which is described by
some form of Onsager relations. In order to exclude some of the contending
models, accurate measurements of the correlations are required. To reduce
uncertainties arising from shot-to-shot and spatial variations it is
necessary to determine these coefficients simultaneously in the same
spatial region of the plasma. We expect that static experiments involving
steady-state analysis for the determination of correlations between
transport coefficients will be inconclusive, and that transient methods
which do not strongly perturb the plasma are more appropriate.

We present simultaneous measurements of radial thermal and particle
transport coefficients by analysis of inward propagation of temperature and
density perturbations produced when a small pellet is injected into the
plasma. The results are compared with those from other transient techniques
(a) measurements of the velocity and damping of electron temperature and
density pulses propagating outwards following a sawtooth collapse, (b) time
dependent transport analysis applied to non-stationary plasmas. This paper
incorporates results from earlier publications [2], where details of the
applied methods are given. Other transient methods to measure electron
density and thermal transport, by modulating the sources, have been used in
JET[3,4]. However those methods cannot be applied simultaneously.

FOM Instituât voor Plasmafysica Rijnhuizen, Nieuwegein, Netherlands.
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In the following we contrast thermal and particle transport behaviour in
Ohmically heated(OH) deuterium plasmas in the outer-limiter configuration
in the parameter range IA=3MA, 2.8=sB^(T):s3.4, Te(0)s3 keV, T^O^l.S keV
and 1.5sne(1019m~3)*2.7, witn that in H-mode deuterium plasmas limited by a
magnetic separatrix formed during single-null x-point operation, in the
parameter range I^=3MA, B^«3T, Te(0)<ri(0)«5keV, nsSxlO
of NBI heating, in the same spatial region. Table

m'3, and ^8 MW
summarizes the

measurements.

Table I: Some Elements of the Transport Matrix

*e(m2/s)

OH limiter plasma

De(m2/s) Qp(kW/m2) rp(1019/m2.s) r/a

(a) 2.8± 0.3
(b) 2.9± 0.4
(c) 2.5± 0.5

0.4±0.1
0.4±0.2
0.5±0.1 4.3±0.6 1.5±0.2

0.6
0.7
0.7

(a) 3±0.5
bj 3±0.6

W 2(d)

NBI heated H-mode plasma
De(m2/s) *,(m2/s)

0.3-0.6 1-3

0.2-0.3
0.3-0.4

r/a

0.5
0.6
0.5
0.7

where
(s.} Pellet Injection.
f m Analysis of sawtooth density and heat pulse[2,16,17].
(c) Time dependent transport analysis, 'flux-gradient' method[2,7j.

Thermal flux model Q(r) = -x(r)n(rjVT(r) + Q (r)
Particle flux model r (r)= -De(r)vne(r) + r (r)
Assumed T(r) = T (r). Inferred x is for a single fluid plasma.

(d) H-mode at 1 = 2MA, B> = 2T, different from the other data

2. DETERMINATION OF xe, De, AND % BY PELLET INJECTION
Local thermal and particle diffusivities are determined by analysis of

propagation of perturbations of temperature and density. The perturbation
is caused by a small pellet injected in the horizontal mid-plane,
penetrating to a radius rp such that rp/a«0.7, where a is the minor radius.
The propagation is analyzed in the region rc<r<rp, where rc is the
sawtooth inversion radius. Typically, in the investigations reported here,
0.3=;rc/aO.5 for the OH and rc/a*0.35 for the H-mode cases. Previously
we have shown[5,6] that the radial propagation of electron temperature and
density perturbations caused by pellet injection may be representative of
the local transport properties of the target plasma in the region rc<r<rp.

2.1 ELECTRON THERMAL DIFFUSIVITY
xe is determined by comparing the measured

at
temporal evolution of Te(r)

rc<r<rp with a simulation using a diffusive model including sources,

(3/2)ne(r)d(kTe(r))/dt = -divQe + S(r) -1-

where Qe= -xe(r)ne(r)v(kTe(r)), S(r) the thermal source, and k is the
Boltzmann constant. A convective term in the expression for Qe is suggested
by steady-state power balance analysis[7], but is ignored here; a negative
flux term(pinch) will increase the inferred xe, and a positive flux will
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decrease it. The initial condition for solving eq.l, Te(r,t=0) and
ne(r,t=0), the temperature and density profiles instantly after pellet
injection, are determined from measurements of Te(r), ne(r), pellet mass,
ablation rate and penetration depth. Fig.l shows Te(r) and ne(r)
immediately before and after pellet injection. The pellet deposition
profile is calculated using the neutral gas and plasma shielding model of
pellet ablation[8,9l. The model reproduces both the pellet penetration, as
seen by the soft x-ray cameras viewing the pellet trajectory, and the
maximum in the density deposition, as seen in the measurement of ne(r).
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Figure 1: (a) Pre-pellet rad ia l prof i le of the electron dens f ty ( l )
the pe l le t deposit ion prof i l» (3 ) ; «nd the to ta l post-
pel le t dens i ty p r o f i l e ( 2 ) .
(b) Pre-pellet radia l electron temperature p r o f i l e (1)
•nd post-pellet Te prof i le (2 ) .
The prof i l e s («2) «nd (b2) «re the I n i t i a l condi t ions
for the transport c a l c u l a t i o n

During evolution of Te(r) the perturbed density profile is assumed to be
stationary. This is justified because the density perturbation travels much
more slowly than the temperature perturbation, as will become clear in the
following. S(r) is calculated for the equilibrium pre-pellet plasma, and is
assumed to remain stationary thereafter; the pellet injection events
analyzed are such that perturbations in total heating power and in
radiation and charge-exchange losses may be neglected. The modelled
evolution of Te(r) is found to be sensitive only to the local value of x?,
which is iterated until good agreement with the measured Te(r,t) is
obtained. Fig. 2 shows a representative comparison between measured and
modelled Te(r,t) at four radii. #e=2.8±0.3 m/s for the OH plasmas, and
#e=3±0.5 m2/s for the H-mode plasmas are obtained.
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Figure 2. The tenporal evolution of the electron température at
different radi i (r/a) after the Injection of « pe l le t .
The f u l l l ine Is the ECE temperature, and the dashed
l i n e Is the Modelled evolut ion
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2.2 ELECTRON PARTICLE DIFFUSIVITY
De is determined analogously by comparing the temporal evolution of

ne(r) with a simulation using a diffusive model including sources.

dn.(r)/dt = -divre(r) + S.(r)

where re(r)= -Dc(r)Vn^(r) + rp(r), and Se(r) is the electron source. The
diffusion coefficient is represented as De(r)=D0(l+2r2/a2) and the pinching
flux rp(r)=ne(r)Vp(r). This form for De(r) is justified by our previous
measurements of density profile dynamics in JET [3,8,10]. De(r) is
specified for the equilibrium ne(r) and with the appropriate total Se(r),
the pinch velocity Vp(r) is self-consistently calculated. Using these, the
temporal evolution of ne(r) is calculated. D0 is iterated until a match
with the measured ne(r,t) is achieved. For the OH plasmas Dc=0.4±0.1 mz/s,
and for the H-mode plasmas De=0.3-0.6 m2/s. The large uncertainty in De for
the H-mode arises due to uncertainties in determining the particle source.

2.3 ION THERMAL DIFFUSIVITY
*! is similarly determined by analyzing propagation of an ion

temperature perturbation. Since the ion temperature cannot at present
be measured with the required spatial and temporal resolution, we have
employed propagation of perturbations of thermonuclear neutron emission,
as evidenced by a multi-chord neutron camera, viewing a poloidal
cross-section of the plasma from above, to deduce xr In OH plasmas T, is
not high enough to give sufficient neutron flux to the camera for high
quality neutron emission profile analysis. Therefore only the NBI heated
E-mode plasmas have been analyzed for the ^ determination. Fig.3 shows the
temporal evolution of line-integrated neutron emission in five of the
chords viewing the outside half of the plasma cross-section. The pellet is
injected at t=54.8s, which reduces Tl for r^rp. Fig.3 shows that the
neutron emission on the chord passing through the cold plasmaf** 19) also

100 200
Time Imsl

Figure 3: Evolu t ion of Une integrated neutron emission tfter
pellet injection along chords w i t h Mjor ndius
between 3.78«(chord 19) and 3.0Z»(chord 15).
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instantaneously drops, whereas the neutron emission on the chords viewing
the plasma further inside drops more slowly. In fig.3 we observe a neutron
emissivity perturbation due to an ion temperature 'cold' front travelling
diffusively into the plasma. We have modelled this process as follows. The
equilibrium (pre-pellet) deuteron density profile, n,(r), is constructed
from the measured profiles ne(r) and Zeff(r). The pre-pellet deuteron
temperature profile, Tj(r), is assumed to be Gaussian with the measured
peak value Tj(0). The width of the Gaussian is adjusted to match the
thermonuclear part of the measured neutron yield, taking into account the
proportion of beam-plasma and thermonuclear neutron yield which is deduced
from a model calculation of neutral beam dynamics within the TRANSP
codefll]. The model calculation also gives spatial emissivity profiles for
neutrons from each of the two reactions.

After pellet injection the beam-plasma neutron emissivity profile is
assumed to remain unchanged, which is reasonable since the pellet produces
only a small perturbation of the plasma parameters, and the NBI power
remains constant. The observed perturbations in the total neutron yield are
attributed to perturbations of ion temperature and its consequences for the
thermonuclear neutrons. The initial condition for solving the diffusion
equation for x,, analogous to eq.l, is the deuteron density and temperature
profiles immediatly after pellet injection. nj(r,t=0) is deduced as in
sec.2.1, and Tj(r,t=0) is derived by assuming adiabatic response of the ion
temperature. The temporal evolution of T,(r), the corresponding
thermonuclear neutron emissivity, and the total line-integrated neutron
emission observed in each cord of the neutron camera are calculated. The
perturbed nj(r) is assumed to be stationary during evolution of T^r). The
value of *! in the measurement region is iterated until a match is obtained
with the observed temporal evolution of the emission, fig.4. This procedure
yields I<xl(m2/s}<3, simultaneously with *e=3±0.5 m2/s, giving 0.
for the H-mode plasma.

100 200

Time (ms)
400 500

figure 4: Co»paHson of nodelled and Measured te*pora) evolution
of the line Integrated neutron emission for different
values of the assumed X,.

3. CONCLUSIONS
Table I summarizes the observations. Simultaneous direct measurements of

thermal and particle transport yield xe=2.7±0.4 m2/s and De=0.4±0.1 m2/s,
giving xe/De=6.8±2.7 at 0.5sr/a=s0.7 in the OH plasmas. The H-mode plasmas,
with sgMW of NBI heating, are indistinguishable from the OH plasmas in
respect of xe, De, and xe/De. The ion thermal diffusivity has also been
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determined in the specified region for the H-mode plasmas, giving
l<Xj(mz/s)<3, thus 0.3<^1/^:e<l. An aim of our future work is to incorporate
impurity transport into this scheme.

The large value of, xe/De would suggest that micro-magnetic
stochasticity, rather than ExB convection, may be the primary contributing
mechanism in the observed anomalous transport. The above observations are
contrary to those reported from other experiments[12,13], where thermal and
particle diffusivities of equal magnitude are deduced. The measurements
presented here appear to be consistent with expectations of the critical
temperature gradient model of anamolous transport [14,15]. The simililarity
of OH limiter plasmas and NBI heated H-mode plasmas in respect of the
electron thermal and particle transport behaviour in the plasma interior
suggests that the same underlying mechanism of anomalous transport is
operative in the two cases, although they are quite different in respect of
magnetic configuration, temperature range, and density profile shape. The
intrinsically better particle (vs thermal) confinement witnessed here,
which will similarly affect recycled impurities and helium ash, may pose
the more severe barrier to future reactor-oriented tokamak experiments.
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COMPARISON OF LOCAL TRANSPORT STUDIES
WITH THE PROFILE CONSISTENCY CONCEPT FOR
ASDEX PELLET-REFUELLED DISCHARGES
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Abstract

Strongly peaked electron density profiles have been obtained in ASDKX by
different refuelling methods: pellet fuelling, NBI counter-injection and
recently by reduced gas puff fuelling scenarios. These discharges show in
common increased density limits, a canonical electron temperature profile
independent of the density profile and an improvement of the particle and
energy confinement.

Whereas the changes in particle transport are not fully understood, local
transport analyses point out that the improved energy transport can be
explained by reduced ion conduction losses coming close to the neoclassical
ones. The different results for the ion transport with flat and peaked
density profiles are quantitatively consistent with that expected from
nj-driven modes. So all cases showing confinement improvement through
density peaking correspond to n-i (and ne) < 1 over a large part of the
plasma cross-section. With the ion transport behaviour emerging from our
analysis, the saturation of tg with ne for flat density profiles and
the extension of the linear dependence for peaked ones in OH discharges then
fits with a continuing inverse density dependence of the electron thermal
diffusivity \e i-s also in agreement with TE enhancement when going
from D+ to H"*" ions. With additional heating Xe i-s largely responsible
for the confinement degradation in the L-mode and again the improvement at the
H-mode transition. Near the plasma boundary Xe *-s higher than xi in
all cases investigated.

I. Introduction
Strongly peaked electron density profiles have been obtained in ASDEX by different refuelling
methods: pellet fuelling (ohmic and co-injection heating), NBI counter-injection and recently by
reduced gas puff fuelling scenarios. These discharges show in common increased density limits, a
canonical relative electron temperature profile independent of the density profile and an improve-
ment of the particle and energy confinement times 71,2,3,47 with respect to the values in standard
ohmically heated or L-regime discharges at the same line averaged density rTe and total heating
power Pfot. Standard gas puff-fuelled OH discharges with flat density profiles show the roll-over
from the linear dependence TE ~ n^ to a saturated TE regime , whereas ohmically heatecl_dischar-
ges transiting into the peaked density (IOC) regime show an extension of the linear TE( rfe) be-
haviour and are up to 60% above the comparison cases. An even higher gain is shown by the
pellet-fuelled OH-cases, with values of TE = 160 ms (110 ms for H+)/1,3,47 being reached and
sustained for times much longer than TE in the post-pellet phases. With additional heating the
gain in TE di- minishes with increasing power. As the_density peaking is reduced at the same time
from 2.6 to 1.6 747, a further dependence of TE = TE( ne >PtotA) on *ne density peaking factor
ne(0)/<ne> can be inferred from these results. This is illustrated in Fig. 1 showing TE as a function
of the density peaking factor and the heating power for different confinement regimes. With pellet
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Fig.1. Energy confinement time TE versus density peaking factor ne(0)/<ne> as a function of
heating power (ohmic and NBI) for pellet-fuelled (full, dashed and dot-dashed lines,
q=2.8), IOC {crosses, q=2.8) and Ctr-injection (dots, q=2.2) discharges. In the region
right to the wavy lines confinement is dominated by radiation.

injection energy confinement remains enhanced for times longer than Tg after the last pellet (up to
200 ms). Thereby the changes in the particle content are offset by varying temperatures, whereas
the profile shapes are preserved.
Local transport analyses, presented in section II, indicate that the improved energy transport can
be explained by reduced ion conduction losses coming close to the neoclassical ones 151. The
different results for the ion transport with flat and peaked density profiles agree with those expec-
ted from T|j-driven modes. So all cases showing confinement improvement through density peaking
correspond to tij(and Tie)<1 over a large part of the plasma cross-section IM.
Another possible explanation of the global confinement results involves the Te profile consistency
concept - assuming Te(r)/Te(0) to depend only on qa -and a strong correlation of the global
confinement with transport processes in the plasma boundary zone. The roll-over of tg vs. ne in
ohmically-heated GP-fuelled discharges results then from a decrease of Te(0) and the concomi-
tant increase in ohmic heating, whereas the pellet discharges gain in TE owing to a more favour-
able weighting of the fixed Te profile with the peaked density profile. As the analyses of section II
revealed electron transport to be dominating the global energy confinement in the outer plasma
region a statistical investigation of the dependencies of the electron temperature profile was start-
ed and its consequences for the TE scaling will be given in section III /3/.

II. Local analysis of ion and electron thermal transport
The global confinement results suggest that the peaking of the density profile removes the cause
of the TE saturation observed in ohmic discharges and also improves the behaviour of addition-
ally heated plasmas. To improve our understanding of transport processes, we performed detailed
analyses with the TRANSP code /6/ using the measured radial profiles of ne, Te, pracj and 2eff.
The ion energy balance was solved in a predictive form as an equation determining Tj(r) under
different model assumptions for Xj(r), attempting to fit results of active and passive CX-analyzers
and the integral constraints given by ßp_L, ßp

eclu+lj/2 and neutron flux measurements.
For the purely ohmically heated D+ and H+ pellet discharges it can be unequivocally shown that
the ion energy transport in the central plasma region (r/a < 0.5) cannot be enhanced above the
neoclassical one given by Chang and Hinton 171, named XQH in the following, since already this
hypothesis leaves practically no energy to be conducted by the electrons (Fig. 2a). Further con-
clusions suffer from the fact that under many relevant conditions electron and ion energy transport
cannot be sufficiently well separated owing to the error bars in the plasma parameter measure-
ments especially in ohmic discharges. Our analysis can therefore only establish that a uniform
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hypothesis explains qualitatively and quantitatively all ion energy balance features considered:
the conductive ion energy transport is only due to XQ^ and an additional contribution from T\\-
modes/1/.

Fig.2a. Radial dependence of heating power and loss power fluxes resulting from TRANSP
analysis of a post-pellet phase in a Ohmically heated D+ discharge ( qa=2.7).
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X[m 2s- ' ]
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0 1 -
0 5 r /a 1 G

Fig.2b. Profiles of Xe and Xj of pellet- fuelled, ohmically heated discharges in deuterium and
hydrogen . Pellets injected were of the same isotope as the recipient plasma. For more
than 0.15 s the Te and ne profiles develop very similarly except of a 20% higher density
in the D+ discharge.

According to drift wave theory peaked density profiles may lead to reduced anomalous heat trans-
port if the threshold condition of the 'ion temperature gradient' mode is not violated /8,9/. This
threshold is determined by the temperature and density gradients according to r\\ = (Ln)j/(LT)j =
(dlnTj /dr)/(dlnrij /dr)>1. The measured T|e and - as Tj=Te at high densities- T\\ values of the high
confinement discharges indeed decrease to values below 1 over a large part of the plasma radius
(see Fig. 3).

x x x x H mode
——— gas puff/OK
..... - IOC
_——. pellet ohmic
_ —— pellet NBI F
———— c l r -NB! l

05 r /a 10

Fig.3. Tie(r) for different discharge conditions . Profile for the counter-injection case truncated
at small r/a as Te-profile becomes hollow.
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In the discharge phases with T|j<1 of the ohmically heated pellet-fuelled discharges T)j-modes
should be either quenched or make only a small contribution to Xj over the whole plasma cross-
section, so that our model would also predict Xj = XQ]_| in the outer discharge region. Anomalous
electron energy transport has thus to be dominant there and to be of sufficiently large magnitude
even to determine the scaling of global -eg. This conclusion also allows one to reconcile the pre-
dicted increase of Xj= XQH with the square root of the isotope mass Aj and the observation that TE
values in D+ are larger than in H+ pellet discharges. A resulting decrease of the formally defined
electron heat diffusivity Xe= -qe/(kneVTe) with Aj, which here can only be shown to be consistent
with our basic hypothesis (see Fig. 2b), could be clearly established in lower-density discharges
with separable energy balances for ions and electrons. Ohmically heated pellet-fuelled discharges
only allow a test of the threshold conditions of T|J - modes. A similar conclusion can be drawn from
the IOC discharges which again show a reduction of t]e and TJJ to a value close to 1 in parallel to
confinement improvement and Xj= Xç^. The Xj reduction going from a flat to a peaked density pro-
file within a single discharge results in peaking of the Tj profile as observed in IOC discharges 121.

A quantitative comparison of rij-modes with their predicted contribution to Xj can be made for the
flat density profile discharges. To describe the influence of the ion temperature gradient mode on
the ion energy transport in flat density profile discharges, we use the formula

with the Larmor radius ps and the sound speed cs determined by Te and the ion mass. The
switch-on function F is 0 for r\\< TIJ^ and equal to 1 for TIJ > rij^ +0.8. A value of 1 .1 is taken for
Tij^h according to our experimental results and includes an enhanced threshold for regions with a
long density decay length (Ln)j: t|jjtn = max{ 1.1,1 .1 +2((Ln)-/R -0.2)} /9/. As, for measured
ASDEX profiles, different theoretical models for the function G result only in a variation of X —
by a factor of less than 2, we chose in a first step the G expression given by réf. /8/ multiplied by
a factor of 0.5.
An analysis of purely ohmically heated cases in fact show the compatibility of Xj = XQ^ + X _,-
with Tj measurements but cannot -within the error bars and owing to the sensitivity of the electron
ion energy transfer on (Te-Tj) -uniquely discriminate against the assumption Xj = a XQ|_| with
a = 2-4. As the Tj profile is flatter than that of Te, TIJ is somewhat smaller than T\Q (cf. Fig. 2)
and is clamped to values beween 1 and 2. The ion and electron energy balances can, however,
be well separated in NBI-heated discharges at the same electron density. For the L-regime case of
Fig.4 the assumption Xj = XQ^ would clearly give much too high Tj values, whereas our present
hypothesis yields agreement. The average or peak ion temperature could, of course, also be
brought into agreement by enhancing XQH by an appropriate factor, but this theoretically unjusti-
fied procedure would give a worse fit to the profile shape. Enhanced ion energy transport from T\\-
modes are also expected to persist in H-regime discharges still having Ttj>e >1 and in fact our ana-
lysis gives good agreement with the measured Tj profiles.
The improvement in confinement with density profile peaking in additionally Co-beam-heated
pellet-fuelled and Ctr-beam-heated GP discharges is also in agreement with the expected be-
haviour of Tij-modes, although the gain diminishes with increasing power together with the density
peaking (see Fig.1). Correspondingly the region with suppressed rn-modes is limited to the in-
terior zones (see Fig.3) which can explain the failure to recover the full gain - as obtained with
ohmic heating - in global confinement over the corresponding flat density case. In fact, a plot of
Xj(r) as follows from our model (Fig. 5) shows a hump in the outer regions stemming from resi-
dual Tij-activity. The increase in the centre is due to the neoclassical contribution, which becomes
significant there owing to the high peak density. The ion conduction losses are therefore the domi-
nant loss channel up to r=0.8a, which explains the large error bars of Xe in the inner parts of the
plasma minor radius. This neoclassical ion confinement zone shrinks towards the plasma centre
with increasing additional heating as the density peaking is reduced.
These results bring low- and high-density OH results into one consistent picture with a continuing
inverse density dependence of the electron thermal diffusivity, which dominates the power balance
at low densities. At medium densities ( n"e >3-1 01 9 nr3) and with flat density profiles Xj is larger
than Xe and enhanced ion conduction losses cause the t^ saturation. With peaked density profiles
(pellet ,see also /5/, and IOC discharges) Xj is decreased to the neoclassical value and becomes
comparable to Xe in the confinement region. A similar density dependence was also derived for D
and VD from gas oscillation experiments in ohmic discharges with flat density profiles. The iso-
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Fig.4. Profiles of temperatures, r\\ e and heat diffusivities for gas puff-fuelled , flat density
profile L-regime discharge (Co-NBI; qa = 2.5; »ne = 4.2-1019 nr3 ). Tj is obtained by
TRANSP analysis with Xi= 1 CH+ * m and nas to be compared with the passive CX
measurements (o). For comparison the neoclassical X QH values and Tj calculated with
Xj= X QI-J are shown too.
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Fig.5. Radial profiles of Xe and Xj resulting from TRANSP analysis of peaked density profile
NBI(H°)-heated L-regime pellet-fuelled deuterium discharge (Pf^^l.2 MW, q=2.8).

tope dependence of Xe is also in agreement with T^ enhancement when going from D+ to H+ ions.
Comparing Xe of flat and peaked density profile discharges, i.e.Fig.2b and 5, respectively, %e
seems to be reduced in the 'peaked ' discharges, owing either to a dependence of the electron
diffusivity on TIJ or t[e , i.e. predictions of first-principle theoretical models, or to the favourable
scaling with density .

III. Electron temperature profile 'stiffness' and confinement time
The electron temperature profile was statistically investigated by applying the SAS-code to about
1800 time points out of 70 deuterium discharges covering the following parameter range:

0.25 < ne < 1.2 [1020 m'3], 0.3< Pn< 2.6 [MW] at fixed lp=0.38 MA and Bt=2.17 T.
( Pn is the power flowing through the boundary determined as heating minus radiated power). The
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analysis included pellet and non-pellet discharges in different modes of confinement (OH-SOC,
-IOC, L-mode) and with different heating methods (OH, NI-Co, -Ctr, ICRH) /3/. At present the
data set excludes to a large extent hydrogen and low density discharges and H-mode data as well.
If the electron temperature profile is self-similar and 'stiff', respectively, in its relative shape,
the absolute overall temperature is proportional to the boundary temperature. Precisely speaking
it is the temperature at that location in the boundary where 'stiffness' stops, which for practical
reasons was taken at r=35 cm, which means 5 cm inward from the separatrix. At this location
reliable electron temperatures can be obtained from the YAG system. Following results are ob-
tained:
The electron temperature at r=0.35m, called 135, scales like n35~°-4 Ph°-2 and is only weakly
reduced in hydrogen discharges. For simplicity we used ordinary least squares after a logarithmic
transformation. The uncertainty of the exponents is typically ±0.1 and the root mean squared error
(rmse) of the fit is 17%. In the investigated data set, T^ ranges from .1 to .35 keV. The influence
of pellet injection is small, with a T^ being only 10% smaller immediately after injection while
1 0 ms later no significant difference can be found.
The Te profile shape was analysed in the term of the two ratios T(yT2o and "^20^35' where the
reference radius r=20 cm was chosen as it is always outside the sawtooth region. No dependence
on n35 and P^ was found, there exists however a weak inverse dependence on the corresponding
density ratios with an exponent of = 0.2. The relative temperature gradient at the fixed q value is
very 'stiff and its original profile shape is recovered again within a few milliseconds after pellet
injection IM, although the pellet mass is very inhomogeneously deposited around half the minor
radius (see Fig. 6). This holds even for the extended periods of improved confinement after the last
pellet injection. Other investigations on ASDEX confirm the high insensitivity of the relative elec-
tron temperature profile, especially in the outer part.
Taking this Te self-similarity at fixed q together with the assumption Te= 1 .1Tj we can rewrite the
energy confinement time

TE - J1 .9neTe dV/Ph ~ nT T35 J(n35/n)°-2dV/ Pn with nT = JneTedV/|TedV.

With the scaling law for T^ from above one gets ( at fixed q=2.8)

A direct regression analysis with the first three parameters of this scaling yields
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Fig.6. Peak (r=0) and volume averaged (<>) electron density and temperature vs. time for a
ohmic hydrogen pellet discharge. The data points measured by Thomson scattering are
smoothed between adjacent pellet pop times and extrapolated to them.
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The difference can be partly explained by the additional density weighting of the first scaling and
the high correlation of n T and n35 of our database. The tg-values for all the investigated condi-
tions are relatively well described by this scaling law with a rmse of 12% (see figure 7). The im-
provement of energy confinement in pellet and IOC discharges enters via the increased n^-value,
that means through the density peaking.The very unfavourable power dependence is partly a con-
sequence of the assumption Te= 1.1Tj, which systematically tends to underestimate the increase
in energy content with heating power.

200

[ms ]

100 -

4 with Pellets
o without Pellets

100
(T £ ) f j f [ms]

200

Fig.7. Measured t^ versus fitted scaling T£ ~ nT0.6ngg-0.3p^-0.6 for QH, Co- and Ctr-NBI,
ICRH-discharges with and without pellet-refuelling.

IV. Summary
There exist four discharge conditions under which peaked density profiles are obtained on ASDEX:
with pellet refuelling, with ctr-NBI, with reduced GP (IOC) and with spontaneous suppression of
sawtooth activity. All show improved particle and energy confinement, with the latter partly offset
by enhanced radiation.
Local energy transport analyses show that the temperature profile of the ions and their contribu-
tion to energy confinement depend on the density profile shape and can be explained by super-
position of neo-classical and Tij-mode driven ion heat conductivities, the latter being present in all
flat density profile cases (OH,L- and H-mode). The neoclassical ion confinement zone of the
peaked density profile cases with m (and Tie)<1 shrinks towards the plasma centre with increasing
additional heating as the density peaking is reduced. With this ion transport behaviour a continuing
inverse density dependence of Xe in ohmic discharges is found. With additional heating %e is
largely responsible for the confinement degradation in the L-mode and again the improvement at
the H-mode transition. The physical reasons for the confinement improvement in the H-mode and
in the peaked density mode are therefore quite different, coming mainly from reduced electron and
ion losses, respectively.
The global energy confinement remains controlled by electron transport and the discharges are
characterized by a nearly self-similar Te profile. This leads to a picture of a mechanism which
provides temperature profile similarity and correlates the global confinement with transport pro-
cesses in the plasma boundary zone, i.e. the boundary temperature. The additional changes of
global confinement with changing density profiles are then connected to the altered particle trans-
port and a tg scaling fitting discharges from different confinement regimes results.
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Abstract

For high-dens: ty ohmic discharges in the TEXT tokamak, a distinct ion
mode (i.e. density fluctuations propagating in the ion diamagnetic drift
direction) is observed in the microturbulence spectra. The magnitude and
spectral characteristics of the mode are identified A microinstabi1ity based
transport model is used for the purpose of interpreting anomalous confinement
properties. Onset of the ion feature occurs at plasma densities where a clear
saturation is evident in the global energy confinement time T g. When the ion
feature in the fluctuation spectra is strongest, agreement between predictions
from the transport model and experimentally measured values of the global
energy confinement time is only realized when anomalous ion effects due to the
ion—pressure—gradient—driven (TJ ) instability are included By injecting
pellets, a high—density plasma is created in winch the density profile is
sharply peaked. Under these conditions the ion feature in the fluctuation
spectra is suppressed. Possible connection between this experimentally
observed ion mode and the theoretically predicted properties of the rj
instability is explored

Previous measurements on the Texas Experimental Tokamak (TEXT) have shown
that the global energy confinement time (TE) saturates with increasing plasma
density This trend, which has been observed in numerous other
Ohmically—heated tokamaks, has been attributed to the increased dominance of
the ion thermal loss channel over the electron channel at sufficiently high
densities. If the ion losses are taken to be governed by neoclassical
transport, then transport modeling calculations can provide predictions for
the density at which T^. saturates. However, in many discharges refueled by
gas puffing (e.g. DOUBLET-1113, ALCATOR-C4. and ASDEX5), the saturation of TE
is actually observed to occur at densities considerably lower than the ion
neoclassical estimates. As first proposed by Coppi et al. , this "anomalous"
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behaviour could be caused by the onset of enhanced ion thermal transport due
to the excitation of ion—temperature—gradient—driven (77 ) drift
instabilities Using models based on the presence of these modes, recent
transport code calculations have yielded results in reasonable agreement with
the density saturation observed in a large number of tokamak experiments ~
Experimental results from ASDEX have shown significant improvement in the
global energy confinement time for discharges with pellet injection **
neutral-beam counter injection,12 and reduced neutral-gas fueling to recycling
ratio Strongly peaked density profiles are the common feature of all these
operating regimes and transport code calculations indicate the increase in
energy confinement time may be due to stabilization of the r/ mode

The preceding discussion provides ample motivation to search for direct
experimental evidence of ion—pressure-gradient—driven instabilities Along
with anomalous ion thermal transport theoretical analyses make specific
predictions regarding the nature of microturbulence characterizing such modes
If the parameter r)1 [= Ln /LT = dlnl^/dlm^] exceeds a threshold value, (T?J)C
= 1 to 2 then drift—type microinstabi1111 es propagating in the i on
diamagnetic drift direction are predicted to be present with a typical range
of k.ps <C 1 This is essentially the same |k|—space range characteristic of
the usual electron drift wave turbulence with k. being the wave vector of the
density fluctuation in the plane perpendicular to the toroidal magnetic field
and ps being the ion gyroradius times (T /T ) The primary focus of the
present study is to systematically examine the density fluctuation spectra at
various plasma densities in the Ohmically-heated TEXT tokamak A unique
multichannel far-infrared laser scattering system is employed to measure the
entire S(k ,w) « [n(k.,6>)] spectra during a single discharge Implementation
of a heterodyne receiver allows the wave propagation direction of
simultaneously—occuring counter—propagating modes to be resolved In
addition, a profile-consistent microinstability-based model is used in the
BALDUR transport code (time dependent, one dimensional) for the purpose of
interpreting the anomalous confinement properties of the plasma

13The scattering system, which is described in detail by Peebles et al
simultaneously collects the frequency—shifted scattered radiation at six
discrete angles corresponding to 0 $ k. $ 15 cm A twin-frequency laser
source and heterodyne receiver system permits resolution of the wave
propagation direction The portion of the far—infrared laser beam (PQ = 14
iriff, X = 27T/k = 1222 fan, Aw/27T = 1 MHz for the heterodyne receiver) utilized
as the probe beam is weakly focused along a vertical chord to a waist of
radius aQ = 2 cm at the e point of the intensity distribution The measured
wavenumber resolution is independent of wave vector with Ak = ±1 cm (±;2/ao)
The length of the scattering volume (along k_Q) varies as a function of

jf scattered power) at k.wavenumber and ranges from ±11 cm (e point of scattered power) at k^ =12
cm to a chord average as k -» 0

1 o __ OMicroturbulence polo^dal frequency spectra for low (n = 2 x 10 cm ),
medium (ne = 4 x 1013 cnT3) , and high (ng = 8 x 1013 cm~3) density gas-fueled
TEXT discharges are shown in Fig 1 The low density regime corresponds to
conditions where r-r, is linear with varying density while the medium density
discharge represents the transition region to high density where T£ is
saturated Scattering volumes at each kQ are located above the midplane along
a vertical chord at the major radius R = 1m The heterodyne receiver system
permits resolution of the wave propagation direction with negative (positive)
frequency corresponding to the electron (ion) diamagnetic drift direction
For each wave vector examined, there is a distinct large—amp 1 itude
broadband(Ao>/u) =1) peak at negative frequencies which moves to higher (more
negative) frequencies as kQ increases indicating a dispersion for the
fluctuations 14tl in contrast, at low plasma densities [Fig l(a)], only a
low-level contribution to the total scattered power is observed from
microturbulence propagating in the ion diamagnetic drift direction which
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_ Figure 1 Microturbulence poloida] frequency spectra £or kg = 7.9 1
»"*. Ip = 350 kA BT = 2 8 T, and (a) n£ = 2 x 1013 cm"0, (b) nfi = 4 x 101
i . and (c) n_ = 8 x 10 cm Negative (positive) frequency correspondNegative (positive) frequency corresponds

to the electron (ion) diamagnetic drift direction. Vertical axes are in
arbitrary units

appears to peak at approximately zero frequency for all kg However, at
medium plasma densities [Fig l(b)}, a small-amp 11tude non-zero peak is
observed at positive frequencies in addition to the microturbulence
propagating in the electron diamagnetic drift direction Finally, at the
highest plasma densities [Fig l{c)J, microturbulence propagating in the ion
diamagnetic drift direction is seen to exist with magnitude comparable to that
of its negative frequency counterpart and a clear dispersion is observed The
ion feature is observed in the same k̂ - space as the electron drift wave type
fluctuations with 01 $ k̂ /o $ 0 3 Since the fluctuations are measured in
the laboratory frame of reference, it should be noted that plasma rotation
effects resulting from £xß drifts induced by a negative plasma potential serve
to shift the spectra (both the electron and ion features) to more negative
frequencies (i e electron diamagnetic drift direction) Raising the plasma
density acts to broaden n (r) and increase the density scale length in the
confinement zone which ma'y drive 17 above the threshold for instability The
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appearance of
simultaneously

the ion feature in the fluctuation
with the saturation of T,-, and is

ion-temperature-gradient-driven instabi111y.

spectra also
a signature

occurs
of the

possible to obtain
when compared to a
reduces the density

the critical level for
explain the improved11.18

By injecting pellets into the plasma, it is
high-density discharges with sharply peaked n (r)
gas-fueled equivalent as shown in Fig. 2. This in turn
scale length LQ and can potentially drive TJ below
instability Such a scenario has often been invoked to
energy confinement observed for high-density pellet-fueled discharges il'iu TO
be consistent with fluctuation measurements, one would then expect the ion
feature to be significantly reduced for the pellet-fueled case Figures 3 (a)
and (b) show the fluctuation frequency spectra at times before (n = 3 x 10
cm" ) and after (ne = 7 x 10f3 cnT3) pellet injection For each case, the
fluctuations are observed to propagate predominantly in the electron
diamagnetic drift direction suggesting contributions from TJ instability are
small £n contrast, a comparable high—density gas—fueled discharge (n ~ 6 x
10 cm ) contains appreciable levels of the turbulence propagating in both
directions, as shown in Fig 3(c) The largest changes in the density scale
length occur well away from the plasma edge (see Fig. 2) indicating the ion
mode, which is not observed for the pel l et—fuel ed discharge, comes from this
region of the plasma Pellet-fueled discharges on TEXT are characterized by
suppressed sawtooth activity, peaked density profiles, increased radiated

„ 10
r>

É
U

d>
c

(a)

Eo
20

10 20
minor radius (cm)

30

(b)

\-

10 20
minor radius (cm)

30

Figure 2 Comparison of (a) density and (b) density scale length profiles
for high—density gas—fueled and pel l et—fueled discharges. The symbols denote
( ————} gas-fueled, ( ' ) pellet-fueled (+5 ms), and ( - - - — )
pellet-fueled (+50 ms) discharges

(b) (c)
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Figure 3 Microturbulence poloidal frequency spectra for k̂ , = 9 cm'

= 250 kA B- = 2_8 T. and (a) pre-pellet, ne = 3 x 1013 cm"3,
n~e = 7 x 10 cm and (c) high-density gas-fueled equivalent discharge, ne =
6 x 30 cm Negative (positive) frequency corresponds to the electron
(ion) diamagnetic drift direction Vertical axes are in arbitray units.
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power on axis, and improved particle confinement times. These properties are
consistent with pel let—fuel ing experiments on other tokamaks which also report
significant improvements to the measured global energy confinement time. '
However, on TEXT, energy confinement properties for the high—density (i.e. ng
> 7 x 10 cm ) pel let—fueled discharge are not known.

In the preceding discussions, it has been pointed out that the presence
of an ion feature in the measured fluctuation spectrum is consistent with
theoretical predictions for the appearance of ion temperature gradient driven
drift instabilities (r) modes) Moreover, the observed confinement properties
for gas-fueled plasmas appear to exhibit significant degradation when the ion
feature is present. These trends have motivated a systematic simulation study

xemodes
X

of the relevant TEXT discharges using mi croinstabi11ty—based models for the
anomalous
transport
collisionless regimes are represented in xe and, when the
, 1 C > -~_ toroidal ion temperature gradient modes account

electron and
code '

ion
The

thermal di f fusivities ,
trapped-electron in both

in the BALDUR
collisional and

the
For T

parameter r/^ exceeds

choice of
for enhancements to

< "nlc, the ion losses are taken to be only neoclassical. The
TI-IC in the transport model was taken to be 1.5. An exact value is

di f f i c u l t to determine with various theoretical studies indicating a range of
T?IC from 1 to 2. As described in detail in Refs 22 and 23, this model was
calibrated on deuterium plasmas from TFTR and successfully applied to the
simulation of numerous discharges from TFTR, ASDEX, and ALCATOR-C In the
present calculations, which deal with hydrogen plasmas, a scaling factor Ẑ /M
was used in the expression for x'̂ 1 to accommodate the familiar empirical
mass—charge dependence observed in most tokamak experiments which f a l l in the
saturated Ohmic regime Preliminary results from simulations of helium
discharges on TFTR have also yielded good agreement when this empirical factor
was uti l i zed

Results from the transport code simulations for TE' Teo' and Tio («ntralelectron and ion températures ) are compared with corresponding experimental
results displayed in Table I. The entries are representative cases from the
database of Fig. 1 and Ref. 15, where the fluctuation properties in
gas-fueled discharges were investigated At low density, the anomalous ion
thermal transport mechanism in the transport model produces only a minimal
effect on the predicted confinement properties indicating that even though 77
is marginally above the threshold for instability, the ion contribution to the
total heat flux is small. The modeled and measured energy confinement times

Table I Comparison of transport code simulations with TEXT experimental
results.

CASE

4x10 13

BxlO13

SIMULATION EXPERIMENT

ne
(cm~3)

2xl013

• *T1•M eo
switch (keV)

off 1.45

T10
(keV)

0.7

TE Ion
Feature

(ms) Observed9

12 no

Teo
(keV)

1.3

T10
(keV)

0.8

TE
(ms)

10±2
on

off 1.25 1.0 22
on 1.1 0.7 17

off 1.2 1.1 41
on 0.8 0.7 22

weak 1.0 0.8 17±1.5

strong 0.7 0.6 2412

133



are similar producing a picture consistent with fluctuation measurements which
indicate ion pressure gradient driven turbulence is small As the density is
increased to 4 x 10 cm , the energy confinement time from the transport
model without anomalous ion effects is 30% larger than T̂  computed with x^i
Including anomalous ion thermal transport produces better agreement with the
measured confinement time Under these conditions fluctuation measurements
indicate a distinct mode propagating in the ion diamagnetic drift direction
For the high density case, where the ion feature in the fluctuation spectra is
strongest, agreement is possible only if the anomalous x?1 1S turned on in the
simulation, thereby decreasing Tg by a factor of two Hence, in the three
separate tokamak operating regimes examined, transport model predictions are
consistent with fluctuation and transport measurements provided the
ion—pressure—gradi ent—driven instability is included For the high density
pellet fueled case, the transport model estimates 77 to be below the threshold
for instability with TV, increasing to a level equivalent to an unsaturated
linear density dependence This is once again consistent with fluctuation
measurements which do not show a significant ion feature for the high-density
pel let—fueled discharge

In conclusion, a distinct ion mode has been observed in the
microturbulence fluctuation spectra occuring simultaneously with the
high—density saturation of the global energy confinement time The ion
feature is seen in the same kg space as electron drift wave type fluctuations,
possessing the characteristic signatures of ion—pressure—gradient—driven
turbulence At high densities, where the ion feature in the fluctuation
spectra is strongest, agreement between the microinstabi1ity—based transport
model and experimentally measured values of the global energy confinement time
is only realized when anomalous ion effects due to the 77 —mode instability are
included The measured properties of transport and fluctuations appear to be
clearly linked to those theoretically predicted for the TII instability For
high-density pellet-fueled discharges, the density profile is sharply peaked
on axis thereby reducing the density scale length (L ) Under these
conditions, the ion feature in the fluctuation spectra is no longer prominent
demonstrating that the density profile can be actively used to control the
instabi11 ty
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Abstract

The WHIST ll/2-D predictive transport code is used to model the particle and
energy transport in JET plasmas with pellet fueling and ICRF heating. Pellet injection
during the current rise phase was used to produce strong central peaking of the
particle density, followed by central ICRF heating; this led to a transient period of
enhanced confinement [1]. The evolution of the density profile and of the electron and
ion temperature profiles under strong ICRF heating conditions during this period of
enhanced confinement is examined in the context of models for particle and energy
transport.

Because WHIST is a predictive transport code, it requires models for particle and
energy sources and transport coefficients. The analysis procedure thus consists of
modeling the particle source terms (pellets, gas, and recycled neutrals), energy source
terms (Ohmic and ICRF heating), and energy loss terms (primarily radiation) and then
varying the transport models until the best qualitative and quantitative agreement is
obtained between calculated and observed quantities. We find that plasma behavior
during the first second of ICRF heating following pellet injection is well described by
the same transport coefficients that describe the Ohmic plasma. The distinction between
electron and ion thermal losses depends on the relative heating rates of electrons and
ions as determined by the ICRH model and on the radiation losses.

ICRH MODEL

The ICRF heating model is an extension of the PPPL ray-tracing code [2] used as a
subroutine of the WHIST transport code [3]. Input to the model from WHIST consists of
plasma geometry, magnetic field, and plasma densities and temperatures. Typically, 20
rays are launched from the antenna and their propagation is followed using ray-tracing

* Research sponsored in part by the Office of Fusion Energy, United States Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Incorporated.

1 The members of the JET/USDOE Pellet Collaboration are the authors of the paper entitled 'JET multi-
pellet injection experiments' in these proceedings.
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equations for a warm-fluid, multi-species plasma [4]. The initial spatial coordinates, the
mode numbers, and the power content along the antenna are assumed quantities. Wave
damping is calculated using the quasi-linear diffusion operator of Kennel and Engelmann
[5], as each ray propagates through the plasma. Then the distribution function for the
resonant or minority species is evolved using a 1-D Fokker- Planck equation to represent
the collisional transfer of power to the thermal species. This collisional heating is added
to the direct wave damping profiles to obtain the net power deposition profiles for the
electrons and all ionic species, which are then used as input heating source profiles in
WHIST.

TRANSPORT MODEL

The possible variations of transport coefficients are virtually limitless; we decided to
rely on input from interpretive analyses of JET pellet plasmas for the particle transport
and extend these values to energy transport using a simple approximation to theoretical
relationships. The particle transport coefficients are taken from interpretive analysis of
JET for shot 16211 during the enhanced confinement period [6]. To the neoclassical
diffusive and Ware pinch terms, we add an anomalous diffusive term of the form

where D&n = 0.08 m2/s in the core, rises sharply to 0.2 m2/s at p/a = 0.4, and then
increases as p2 to 0.4 m2/s at the plasma edge. The critical features are the low central
value and the sharp rise. The increase in the outer portion of the plasma probably does
not strongly affect the calculations.

The heat fluxes are constructed in the same way; to the neoclassical terms we
add anomalous electron and ion conduction terms. The relationship between the
anomalous electron conductivity and the anomalous particle diffusivity is taken as
Xe"(p) = 13-Dan(p)/4, where the factor 13/4 arises in the neoclassical quasi-linear theory
of fluctuation-induced transport [7]. We retain only the diagonal terms for simplicitj'.
For the anomalous ion contribution we select as a reference %*n = Xe"-

We retain the same values of the anomalous transport coefficients throughout the
Ohmic and heating phases, and both before and after pellet injection.

ANALYSIS OF JET SHOT 16211

JET shot 16211 exhibited the enhanced confinement characteristics and was selected
as a reference shot for anatysis. Figures 1 and 2 show the time history of many of the
experimental discharge characteristics in the time interval from 42 to 44 s. The results
from a WHIST calculation are shown as solid points in the time interval from 42 to
44 s.

The total plasma current (Fig. l(a)) was a programmed input to the WHIST
calculation and reached the 3 MA flattop value at ^43.5 s. The current profile Avas
initialized such that the axial safety factor, g0 (Fig- l ( a ) ) > matched the vahie determined
by the MHD equilibrium code IDENTC at 42 s; both q0 and the loop voltage at the
plasma boundary track well with the experimental values when evolved w i t h neoclassical
resistivity. The internal inductance shown in Fig. l ( b ) is also a measure of the current
profile shape, and the simulation matches the IDENTC result. The 1CRH power.
Fig. l(c), was an input to the ray-tracing calculation; it rises abruptly to 5 M\Y at
43.2 s, then increases approximately linearly to 7 MW at 44 s. The calcula ted Ohmic
power (Fig. l(c)) shows an abrupt rise from 2 to 4 MW at the t ime of pellet injection,
43 s, and then decays exponentially to about 1 MW at 44 s. The Ohmic power from the
magnetic analysis is somewhat smoothed over the pellet transient, but shows essentially
the same behavior.
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JET SHOT No.

FIG. 1. The time evolution of JET discharge characteristics with WHIST simulation
values shown as solid points: (a) plasma current, central safety factor, and loop voltage;
(b) internal inductance; (c) ICRH and Ohmic power; (d) 2eff ; (e) radiative and charge-
exchange power loss; (f) energy confinement time.

JET SHOT No. 16211

_ W,ot(MJ}-
DIAMAGNETIC

42 44

FIG. 2. The time evolution of JET discharge characteristics with WHIST simulation
values shown as solid points: (a) total plasma particle content, (b) axial electron density,
(c) axial electron temperature, (d) axial ion temperature, (e) total plasma kinetic energy,
(f) D-D reaction rate.
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Modeling impurities and radiation with a predictive transport code to match
experimental values of Zc^ and radiation is very difficult. We chose carbon, oxygen,
and nickel in the density ratio 1.0:0.2:0.01 and the magnitude such that Zeff % 2 at 43 s.
Radiation losses were then evaluated with a coronal equilibrium model [8], The impurity
densities were kept constant through the WHIST simulation because no option existed to
program them in time, but this can be remedied for future calculations. When the pellet
is injected, Zeff decreases because of impurity dilution, as shown in Fig. l(d). Both the
visible bremsstrahlung and neoclassical resistivity analyses indicate the dilution effect
but then show Zefi rising, indicating a subsequent buildup of impurities. The bolometer
measurement of radiative and charge-exchange loss (Fig. l(e)) also shows an impurity
increase, and at 44 s the loss calculated by WHIST is low by about 1 MW. Impurity
radiation also affects the assessment of global energy confinement time. The WHIST
simulation shows the energy confinement time rising from a prepellet Ohmic value of
0.3 s to 0.75 s at 43.5 s and then holding there until 44 s. This increase is purely a
geometric effect from the strongly peaked axial ICRF heal ing [9] because there is no
density, temperature, or power scaling in the transport coefficients. On the other hand,
the diamagnetic analysis indicates the confinement time dropping again to about 0.4 s
at 44 s. This results, at least in part, from the increased radiation loss and may be
amplified if that loss is strongly peaked in the plasma center.

The total plasma electron content (Fig. 2(a)) rises in the Ohmic phase even without
gas puffing. We model this in WHIST with 70% direct particle recycle plus a virtual
particle source representing a slow release of the wall particle inventory. The total source
of Ä:1021 s~a in the WHIST simulation is in reasonable agreement with HQ measurements
and exceeds the diffusive ph:s charge-exchange losses. The increase in particle content
at 43 s was modeled with a deuterium pellet with an effective spherical radius rp =
2.23 mm, representing 92% of the ideal mass of a cylinder 4.0 mm in diameter and
4.0 mm long. The initial decay of the particle content after pellet injection is modeled
with the same 70% recycle and virtual source. The saturation at higher density can
be modeled only with increased hydrogenic and impurity sources associated with the
additional plasma heating. Pellet penetration and the resulting particle source profile
were calculated with the neutral and plasma shielding model [10]. In the calculation,
pellet penetration was short of the axis, whereas in the experiment, the pellet penetrated
to the axis. Calculated ablation rates are not very reliable close to the axis because of the
singularity in the plasma volume. The calculated axial density rise was slightly higher
than that given by inversion of the FIR chords (Fig. 2(b)), but the decay was at the same
rate as observed experimentally. The axial electron and ion temperatures show excellent
agreement over the entire time interval from 42 to 44 s (Figs 2(c) and 2(d)). The ICRF
ray-tracing calculation indicated comparable total electron and ion heat ing rates with
an H minority fraction of n^/ne =s 2.5%; since Te0 and T,0 were observed to rise at the
same rate, we chose to use the same anomalous conductivity for both electrons and ions.
The relative ion and electron heating rates are sensitive to the minority f rac t ion , which
is not well known, so definitive conclusions about the split between anomalous electron
and ion losses cannot be made. In simulations extending beyond 44 s, we found that the
temperatures continued to rise. We expect that the experimental saturation is due to
impurity accumulation, through both radiation and reduction in the deuterium fraction
(the deuterium fraction is an important factor in deducing T,o from neutron signals).
Until 43.5 s the calculated total kinetic energy content agrees with the diamagnetic
value (Fig. 2(e)). Increased radiation losses of 1 MW over the next 0.5 s (Fig. l(e)) can
explain the 0.5 MJ difference at 44 s. The neutron signal saturates at 5:43.7 s while
the calculated value continues to rise (Fig. 2(e)); the saturation is probably due to a
reduction in the deuterium content in the core, as discussed earlier.

Axial temperatures and densities and the evolution of the electron temperature
and density profiles from the WHIST simulation are shown in Fig. 3. The bump
in the axial temperatures (Fig. 3(a)) is an artifact of the frequency with which the
ICRH deposition profile is recalculated. Initially the resonance is located exactly at the
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FIG. 3. WHIST simulation of the time evolution of electron density and temperature
with experimental values shown as solid points: (a) axial electron and ion temperatures,
(b) axial electron density, (c) electron temperature profile, (d) electron density profile.
The ion temperature profile is essentially the same as the electron temperature profile.

magnetic axis. This very strong axial heating profile is held for about 0.2 s before being
recalculated. By that time, the outward shift of the axis has increased by %5 cm and
the resonance no longer passes through the axis. The response of the axial density in
the WHIST simulation is slower than that observed (Fig. 3(b)) because the pellet did
not quite reach the axis in the calculation. Once filled in, the axial density overshoots
the experimental value. This could indicate that the calculated deposition profile is
skewed a little too much toward the end of the pellet life. The electron temperature
is very narrow (Fig. 3(c)) because of the central heating and low conductivity in the
core. The ion temperature profile (not shown) has essentially the same shape. The hole
in the center of the density profile from incomplete pellet penetration can be seen in
Fig. 3(d). The profile fills in rapidly and then exhibits the characteristic central hump
of deep pellet fueling with a broad outer shoulder.

CONCLUSIONS

ICRF heating of plasmas with the highly peaked density profiles associated with
deep pellet fueling leads to a period of enhanced confinement. During this period, the
plasma behavior can be modeled with the same transport coefficients t h a t apply in
the Ohmic plasma. The enhanced confinement comes mostly from the geometric effect
associated with strong central heating and begins to deteriorate as impurity radiation
increases.
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Abstract

New regimes of improved energy and particle confinement were found on ASDEX
in gas fuelled ohmic discharges at high density and with neutral beam injection in
counter direction (ctr-NI), respectively. In both cases the improvement in
confinement is closely related to a peaking of the density profile. Peaking of ne(r)
and a gradual rise of the energy content are triggered by a reduction of the external
gas flux. In the improved ohmic confinement regime (IOC) the energy confinement
time TEdoes not saturate with density up to the density limit. With ctr-NI, TE values
up to 50% above the ohmic saturation level are obtained. With peaking of the
density profile, the parameter r|j=Ln/LT. drops to 1 or below. Therefore the
improvement in confinement might be explained by stabilization of the Tij-modes.

Introduction
Particle and energy fluxes seem to be correlated to a large extent in the different
operation regimes of a tokamak. In ohmic discharges the external gas flux required
increases nonlinearly with density in the region where the energy confinement time
saturates with density. In L-mode phases density clamping is encountered without
enhanced gas puffing. In H-phases, on the other hand, the density rises together
with the energy content. Change of the particle fuelling method also induces a
change in energy confinement, as seen in pellet injection experiments.
In ASDEX, the particle fluxes in gas fuelled discharges have been changed
considerably by a reduction of the divertor volume and replacement of titanium by
copper target plates IM. The recycling coefficient increased leading to a reduction of
the gas consumption by a factor of 2. The lower gas flux rates gave access to new
regimes of improved confinement with ohmic and Nl-heating.

The IOC Regime
The linear rise of the energy confinement time with density in ohmic discharges,
TE~"ne • usually saturates at high density and TE then tends to decrease with
increasing ne . In ASDEX, it was found that this degradation is connected with
discharge conditions subject to large gas fluxes: The saturated ohmic confinement
(SOC) prevails at high density in all discharges with fresh carbonized walls,
releasing large amounts of gas. With hydrogen as working gas requiring high gas
fluxes due to poor particle confinement, the energy confinement time always
saturates at high density. With deuterium, TE saturates when ÏÏe is continuously
ramped up by applying large external gas fluxes. In steady state deuterium
discharges, however - either with uncoated stainless steel walls or with carbonized
walls conditioned by He-glow discharges - improvement of the confinement was
found upon reduction of the gas puff rate to low levels 121.
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The transitions between the different ohmic confinement regimes are shown in Fig.1
with a specifically tailored discharge in deuterium. The density is increased in 3
steps with long flattop phases at Tie = 2.5x 1013> ne = 3.9x 1013 and ne = 4.8x 1013

cnr3. The first plateau is chosen near the upper end of the linear ohmic confinement
(LOG) regime in ASDEX where TE ~ rie still holds. During the subsequent ramp-up
phase, ßp remains constant with the density rising. The discharge there passes into
the regime of saturated ohmic confinement (SOC). Upon reduction of the external
gas flux, Ogas, ßp starts to rise and about 300 ms after the transition a new steady
state with improved ohmic confinement (IOC) is established. Further increase of the
density by enhanced gas puffing leads to a decrease in ßp, and the discharge falls
back into the SOC regime. A second transition to the IOC regime with recovery of ßp

is obtained again after reduction of the gas flux. The ohmic heating power POH
drops slightly during the IOC phases. The level of Da emission is reduced in the

Temporal evolution of plasma parameters in a deuterium discharge passing with 3 steps in ne
through different ohmic confinement regimes.The density profile factor QN is derived from
the interferometric line integrals: QN = Ne(0)/Ne(0.75a). Bt=2.17 T, qa=2.75.
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Fig. 2: Energy confinement time TE versus ne for the discharge of Fig. 1.
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IOC regime. Also the particle outflux decreases according to measurements by a
low energy neutral particle analyzer /3/. This indicates an improvement of the
particle confinement. The evolution of the energy confinement time during £he
different phases of the discharge is seen from Fig. 2 where TE is plotted versus ne .
The confinement time improves from TE=88 ms in the SOC regime at ne=3.8x 1013

cnr3toTE=131 ms in the IOC regime at ÏÏe=4.8x 1013cnr3.
The changes in the confinement behaviour correlate closely with variations of the
shape of the density profile. In Fig. 1 the form of ne(r) is monitored by the ratio of
central to peripheral density, as given by the line integrated interferometer signals:
QN=Ne(0)/Ne(0.75a). This parameter QN decreases during the SOC phases and
starts rising with begin of the IOC phases. Flat density profiles therefore are
characteristic for phases of degraded confinement. The transition to improved
confinement correlates with a peaking of the density profile, occuring on the same
long time scale as the improvement of the energy confinement time.
The link between the different ohmic confinement regimes has been further
investigated jn a discharge where first the density J_s ramped up by strong gas
puffing from ne = 2 x 1013 cnr3 in the LOG regime to ne = 4.9 x 1013 crrr3 far in the
SOC regime; then the external gas flux is switched off completely and the_density is
kept decaying to the starting value. The dependence of TE and QN on ne for this
discharge is shown in Fig. 3. During the ramp-up phase TE rolls over at ÏÏe = 3 x
1013 cnr3 ( phase 1 ). Upon switch - off of the gas valve the confinement time starts
rising while the density now begins already to fall ( phase 2 ). In this IOC phase TE

rolls over towards lower densities at the approach of the line TE ne and returns

E
* LU
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n
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ne MO13 cm"3)

Fig. 3: Variation of TE and QN with ne during the discharge #24448 (lp=380 kA,qa=2.75, D2 ).
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along this line to the LOG values ( phase 3 ). A similar hysteresis loop is obtained
for QN as function of ïïe> as shown in Fig. 3 b. The increase in QN, indicating a
peaking of ne(r) during the first IOC phase ( 2 ), correlates with the increase in TE
after the IOC transition. The subsequent decrease of QN with decaying ne in phase
3 takes place in parallel with a decrease of TE. The close correlation between the
energy confinement time and the form of the radial density profile is summarized in
Fig. 4. There both, TE and the ratio of central to volume averaged density,
Qn=ne 0/<ne> , are plotted versus line averaged density ÏÏe. In the LOG regime, TE

and Qn increase linearly with rfe. At densities above 1ne « 3 x 1013 cnr3 both, TE and
Qn show a bifurcation into the SOG and IOC regimes.
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Fig. 4: Energy confinement time TE and density profile factor Qn=ne,o/<ne> versus ne
discharges in the different ohmic confinement regimes.

Counter-Neutral Injection
Improved energy and particle confinement were obtained in ctr-NI heated
discharges, with TE a factor of two above L-mode values in co-NI /4/. Two
discharges with co-Ni and ctr-NI, respectively, into the same target plasma are
compared in Fig. 5. In both discharges the density is feedback controlled until 1.2 s.
Then the gas puff rate is reduced and kept constant at the same low level in both
cases. During the phase of high gas flux, ÏÏe and ßp are similar for co- and ctr-NI.
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With ctr-NI a lower external gas flux is required to maintain the same density as with
co-NI, and also the level of Da emission is lower. This indicates better particle
confinement already during the initial phase of ctr-NI. Upon reduction of the gas
feed, density and ßp start decaying slowly in the case of co-NI. With ctr-NI, ïïe as well
as ßpare rising gradually after reduction of the external gas flux. The Da intensity
remains constant at a level lower than with co-NI. This demonstrates clearly the
better particle and energy confinement with ctr-NI in this phase. Marked differences
between the two discharges are seen in the behaviour of the density profile. With
co-NI, a slight drop in the profile factor QN and therefore a flattening of ne(r) is seen
during the initial phase with stronger gas puffing. Later, QN returns to the ohmic
value. With ctr-NI, the density profile retains the form of the ohmic phase during
feedback controlled gas feed in the beginning. During the phase of reduced gas
flux, ne(r) is gradually peaking, as seen from the continuous rise of QN .
The sawtooth period increases gradually in the course of the density peaking phase
with ctr-NI. From soft X-ray measurements an increase of the sawteeth inversion
radius is seen during this phase. At the same time an increase of the internal
inductance is derived from magnetic measurements and from the electron
temperature profile as measured by laser light scattering. This indicates an
expansion of the q=1 surface and a peaking of the current density profile. The same
behaviour is observed also in ohmic discharges during the IOC transition. After
rearrangement of the current profile, enhanced peaking of the density profile and a
larger rise in ßp may be obtained.
In the ctr-NI heated discharge shown in Fig. 5, sawteeth oscillations disappear
completely at t « 1.4 s. This leads to a strong increase of the radiation losses due to
progressive accumulation of metallic impurities in the plasma center 151. The
resulting drop in the electron temperatures causes the roll over of ßp. The
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Fig. 5: Temporal evolution of plasma parameters in two discharges with co-NI and ctr-NI,
respectively, into the same target plasma: lp=420kA, Bj=2 T,qa=2.26, P^pO-S MW, H°->D+-
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accumulation phase is terminated by a radiation collapse at t « 1.55 s . With
increasing NI-power, the duration of the sawtoothing phase decreases. At high
beam power, sawteeth are completely suppressed during ctr-NI. Therefore the
maximum attainable ßp values are limited by the rapidly rising radiation losses.
Before the roll over of ßp a close correlation between energy confinement time and
the shape of the density profile is seen for the whole range of beam powers applied.
In Fig. 6 , TE is plotted versus the form factor Qn=ne;0/<ne> for ohmic and ctr-NI
heated discharges. In LOG and SOC regimes, Qn' is nearly invariant and no
correlation with TE is seen. In the IOC regime, ne(r) is peaking and TE increases
with Qn . With ctr-NI, a similar correlation between TE and Qn is found in phases not
yet dominated by large central radiation. At low NI - power, energy confinement
times as high as in the IOC regime can be attained.
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3 PN, = 089MW
4 P =

1.2 1.4 1.6 1.8 2.0

Qn = neo 7 <ne>

Energy confinement time t[= versus density profile factor Qn=i"ie,o/'<ne> for OH discharges
(LOC.SOC.IOC: lp=380kA, Bt=2.17T,qa=2.75) and for ctr-NI (lp=420kA, Bt=2 T,qa=2.26).

Discussion
The flux of cold neutral particles across the plasma boundary seems to play a
crucial role in the achievement of the new improved confinement regimes in OH
and Nl-heated discharges. With the modified divertor geometry of ASDEX, the
recycling is enhanced. The resulting lower gas puffing rates appear to be a
prerequisite for the development of improved energy confinement. It also benefits
from the superior particle confinement of deuterium compared with hydrogen
discharges and of ctr-NI compared with co-NI. The transitions to the IOC regime and
to improved confinement with ctr-NI are triggered in both cases by a reduction of the
external gas feed. After an initial drop of the density at the separatrix, the whole
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ne(r) profile is gradually peaking, with the central density rising. The energy
confinement time increases slowly and its temporal evolution is closely correlated
with the changing form of the ne(r)-profile. This has been shown also in the opposite
direction: Raising of the gas puff rate in the improved state leads to a broadening of
the density profile and a degradation of TE . The shape of ne(r) therefore has to be
considered an important parameter determining TE .
With peaked density profiles, the scaling TE~ne is extended up to the density limit in
the IOC regime. With ctr-NI, the L-mode degradation can be avoided, and TE stays
close to the ohmic values. Peaking of the density profile therefore obviously leads to
a suppression of the losses responsible for the confinement degradation in SOC
and L-mode. The hysteresis experiment of Fig. 3 shows that TEand the shape of
ne(r) are closely linked only for densities Tie>3x 1013cnr3 . Between ÏÏe=2x 1013crrr3

and ÏÏe = 3x 1013 crrr3 the confinement time still increases linearly with density while
ne(r) starts already flattening with strong gas puffing. The roll over of TE at higher
densities has been explained with enhanced anomalous ion heat conduction
losses. Peaking of ne(r) has then to suppress these losses in order to restore the
linear scaling seen in the upper branch of the hysteresis curve (phase 3).
An instability sensitive to the observed profile changes is the ion temperature
gradient driven mode. The critical parameter for excitation of this mode is the ratio of
density to ion temperature decay length: T|j=Ln/LT. . In SOC and L-mode, TIJ is well
above 1, and r\\ -modes should be excited. In the IOC regime and with ctr-NI, TIJ
drops to 1 or below, and the TIJ -modes should then become stabilized. In transport
code calculations, the degraded confinement regimes of SOC and L-mode can be
well described by adding an anomalous ion heat diffusivity as given by TJJ -mode
theory to the neoclassical term /5/. The improved regimes of IOC and ctr-NI are then
consistently modelled by dropping only the anomalous term owing to rjj -modes.

Conclusions
Improvement of the energy confinement is achieved with ohmic and ctr-NI heating
by reducing the gas fuelling rate. The observed peaking of the density profile results
in a drop of the parameter r|j=Ln/LTi to the stability limit of T|J -modes. The same
behaviour is also obtained with pellet injection /6/. All these three regimes therefore
seem to belong to the same class of plasma states with peaked density
profiles.They are markedly different from the H-mode where pedestals are formed at
the edge with the profiles remaining flat inside. With peaked profiles the
improvement in confinement may be attributed to the suppression of r\\ -modes.

References

IM Niedermeyer, H., et al., 15th Europ. Conf. on Contr. Fusion and Plasma Physics, Dubrovnik,
1988, to be published in Plasma Phys. and Contr. Fusion.

121 Söldner, F.X., et al., Phys. Rev. Lett. 61,1105 (1988).
/3/ Verbeek, H., et al., 8th Int. Conf. on Plasma Surface Interactions, Jülich (1988).
/4/ Gehre, O., et al., Phys. Rev. Lett. 60,1502 (1988).
/5/ Fußmann, G., et al., 12th Int. Conf. on Plasma Physics and Controlled Nuclear Fusion Research,

Nice, IAEA-CN-50/A-3-1 (1988).
/6/ Kaufmann, M., et al., Nucl. Fusion 28,827 (1988).

149



IV. IMPURITY TRANSPORT

Next page(s) left blank



CURRENT PROFILE MODIFICATION AND MHD ACTIVITY
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Abstract

Pellet fueling experiments on Alcator C focussed on the regime of improved energy
and particle confinement, where it was observed that transport for the ionic species was
reasonably well described by neo-classical theory [1,2]. Ion energy transport dropped and
particle confinement, particularly for impurity species increased dramatically. These ef-
fects have been ascribed to the suppression of ion temperature gradient driven modes (T/{)
by the peaked density profile set up by pellet injection [3,4]. Although radiation by high
Z ions was unimportant hi these discharges, the accumulation of low Z impurities, princi-
pally carbon, had a profound effect on the discharge by peaking the resistivity profile and
reducing the current density near the plasma center. One result of this was a modification
of sawtooth activity; a lengthening of the period between sawteeth and ultimately their
complete suppression. After suppression of the sawteeth, very large amplitude m = l, n =
1 oscillations were often observed. The appearance of this mode was often correlated with
saturation of impurity confinement. We speculate that this mode is a form of the m = 1
ideal mode that has been held responsible for the sawtooth crash [refj.

Impurity Accumulation

The clearest sign of the improved confinement regime in Alcator C pellet fueled dis-
charges, is the dramatic peaking of the soft x-ray profiles. Figure 1 shows the amplitude
and width of the x-ray emission profile vs time, where a single hydrogen pellet has been
injected at .345 seconds. This behavior is due to the accumulation of both low and high Z
impurities and correlates well with the improvement in ion energy and bulk particle con-
finement. The accumulation of carbon and molybdenum, the dominant plasma impurities,
can be well modelled by neoclassical theory [1,6]. The impurity profiles are deduced from
spectral analysis of soft x-ray emissions. Figure 2a. shows the evolution of the carbon pro-
file after injection of a pellet. Analysis of these profiles during the accumulating phase of
the discharge indicates that the diffusion coefficient and inward convective velocity for car-
bon are about 300 cm2/sec and 1000 cm/sec respectively. These observations are generally
confirmed by measuring the confinement of injected impurities during the "steady state"
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Soft x-ray profile width vs time after a pellet,
which has been injected at .345 sec.
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Results of simulation of impurity and plasma current diffusion, a. shows the evolution
of the carbon density profile, b. Zeff profiles, c. current density profiles, d. q profiles.

part of the discharge (after .4 sec in figure 1). The confinement of high Z, non-intrinsic,
non-recycling impurities is seen to increase by more than an order of magnitude following
injection. This increase is not quantitatively consistent with the transport coefficients cal-
culated during the transient phase and indicates some residual anomaly. Accumulation of
impurities has been seen to be a general feature of pellet injection experiments [7,8,9] and
for other improved confinement regimes as well [10].
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MHD Behavior

Another regular feature of the improved confinement regime can also be seen in figure
1. The periodic fluctuations in the x-ray width before the pellet injection are ordinary
sawtooth oscillations. After injection the sawtooth period increases, their amplitude di-
minishes and eventually they disappear entirely usually within 30 - 50 msec after injection.
The suppression of sawteeth is essential if good confinement is to be maintained. Each
sawtooth crash partially flattens the density profile and discharges in which they are not
completely eliminated, will eventually revert to the normal saturated ohmic confinement
mode.

With the suppression of the sawteeth often comes a different MHD phenomenon,
large amplitude m = l, n = 1 oscillations which can be seen in figure 3 and 4 [11]. These
oscillations are non-rotating, suggesting the rapid and repetitive growth of an m = 1 mode
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FIG.4.

Tomographie reconstruction of one oscillation cycle.

155



rather than the rotation of a steady state island. As can be seen in figure 1, the appearance
of this mode was often correlated with an abrupt halt to the impurity accumulation. These
data and the observations of impurity injection suggest that the mode is correlated with
and may be responsible for some residual anomalous transport, perhaps through a change
in the radial electric field.

Evolution of the Current Profiles

Even in the absence of significant radiation, the accumulation of low Z impurities can
have a profound effect on the plasma. Figure 2 b shows the evolution of the Zeff profile
that is implied by measured carbon densities. The effect on the plasma current profile can
be seen by considering the equation for the evolution of the poloidal field.

&rBp c2 [ d fldrBp

dt 47R7- [ &r \r or / \2 T dr Z dr ) or

where we have used Spitzer conductivity ~ T3/2/Zeff. The first term is diffusive and
tends to flatten the current profile. The second and third terms are convective and lead to
growth or damping depending on their relative sizes. Ordinarily, the term proportional to
temperature gradient will dominate and give rise to the thermal instability which drives
the sawteeth. However, after injection, with impurity densities becoming strongly peaked,
the third term can dominate, flatten the current profile, raise q(0), and suppress the
sawteeth. The results of a simulation of the field diffusion are shown in figures 2c and 2d.
In this simulation, density and temperature profiles are taken from the experiment; the
transport coefficients are adjusted to give impurity profile evolution which is consistent
with measurements. The poloidal field diffuses classically. The current profile begins to
flatten immediately, eventually becoming hollow. The q profile also flattens with q(0)
rising from its assumed intial value of .9 to 1.0 in about .025 seconds. This is consistent
with the observations of sawtooth suppression.

Connection to Theories of the Sawtooth Crash

There are several questions about these observations that we would like to answer.
The model we have proposed for sawtooth suppression suggests that the q = 1 surface has
been eliminated from the plasma. This seems at odds with the presence of the strong m
= l, n = 1 oscillations. Secondly we would like to understand this behavior in the context
of recent work which attributes the sawtooth crash to an ideal m = 1 "quasi-interchange"
mode. This mode is driven by the pressure gradient and is unstable in the presence of very
low shear [5,12]. The low shear has two effects; the mode is destabilized even at very low
beta and its radial eigenmode is transformed from a rigid shift of the plasma core into a
convective cell which brings a cold plasma "bubble" into the plasma center.
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The reconstruction of our x-ray profiles yields a mode structure which is very similar
to those seen on JET during the sawtooth crash JET [13]. The principle difference between
those observations and our own are in the amplitude and radial extent of the perturbation.
The interchange that is associated with the sawtooth crash is seen to extend over the
entire core of the plasma, while the oscillations that we are considering here are smaller
in amplitude and are limited in radial extent. Figures 5a-c show the structure of the
interchange mode for several classes of q profile. The perturbation can have a non-zero
derivative only near the q = 1 surface. Sawteeth have been attributed to the profiles and
eigenmode of figure 5a and 5b. The first corresponds to the rigid shift of the Kadomtsev
sawtooth model and the second to the model of Wesson and his co-workers. We speculate
that the m = 1 mode that we have seen following pellet injection is due to the eigenmode
of figure 5c. As we have seen in our modelling, the actual q profiles, as they evolve under
the influence of accumulating impurities can look very much like they do in this figure.
There is ample drive for the instability, as a result of the improved energy confinement the
plasma ßp can increase by a factor of 2 to 3 reaching ßp ~ 1 by the time the mode is seen.

FIG.5.

Three trial q profiles and the unstable eigenmode for each.

Finally we would like to understand the repetitive nature of the oscillation. The
tomographic reconstructions show it growing and decaying about once per msec. The
oscillations do not cause measurable changes in temperature or density profiles nor do they
seem to alter profiles in any way that would cause them to rapidly damp out. In contrast,
the sawtooth crash even if due to an ideal mode must be accompanied by substantial
dissipation. The crash modifies plasma profiles sufficiently to stabilize the interchange
mode. This does not seem to occur in our case. The difference may lie in the non-linear
behavior of the sawtooth interchange. Perhaps the smaller oscillations that we observe are
almost completely reversible. Computer simulations for JET have also shown the mode
to oscillate [14]. It is however often (although not universally) observed that the mode
is correlated with the saturation of impurity accumulation and this suggests some small
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dissipation in the mode. Still, it cannot be ruled out that the observed MHD modes are
parasitic and that an underlying and so far invisible phenomenon is responsible for the
residual anomaly in impurity confinement.

Summary

The accumulation of low Z impurities is seen to accompany the improved confinement
regime following pellet injection. This can, in turn, flatten the current density profile by
peaking the resistivity profile. MHD activity, which is very sensitive to the q profile is
altered as the sawteeth are suppressed and are replaced by non-rotating m = l, n = 1
oscillation. Both may be manifestations of the the same ideal mode, differing primarily in
amplitude and radial extent. This difference can be understood in terms of the evolution of
the current profile under the influence of the accumulating impurities. The oscillations may
be responsible for some residual anomalous transport which limits further accumulation of
impurities.
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Abstract

Pellet injection into ASDEX discharges allows considerable improvement of
the confinement properties. Simultaneously with this improvement a strong
accumulation of metallic impurities is observed, which leads to intolerable
cooling of the plasma core region. We discuss the experimental phenomena
and the underlying transport changes associated with the accumulation.

INTRODUCTION
Repetitive injection of pellets has been successfully applied in ASDEX to
improve substantially the energy confinement in ohmically and NI-heated
plasmas /1/. A characteristic feature of the high confinement phase is the
pronounced peaking of the electron density profile. Similar steep profiles
have also been found under the improved conditions of ohmic confinement
(IOC) and counter injection heating /2/. It is therefore reasonable to
assume that the underlying physical mechanism which causes the change in
transport is the same in all three cases. This is to be distinguished from
the H-mode, where the improvement of energy confinement is mainly a result
of broadening of the density profile. In the so-called quiescent H-mode
(without ELMs) with excellent energy confinement we noticed for the first
time distinct coupling between energy and particle confinement /3/. Such a
correlation that links the transport properties of energy, background
plasma particles, impurities, and - as seen more recently - also angular
momentum /2/ seems to be a rather fundamental relation: it pertains in all
four regimes mentioned above.
The detrimental consequences of this coupling relation with respect to
density control and impurity accumulation has already been discussed in
/4/. A matter of the utmost concern is the accumulation of metals because
of the large central radiation losses that are easily produced. In the case
of the quiescent H-phase, concentrations of about 1$ Fe could build up
within -0.1 s owing to the enhancement of the global impurity confinement
in connection with relatively large Fe influxes from the boundary region
/5/. The situation for the three other regimes with peaked density profiles
seems even more aggravated because of strongly increased neoclassical in-
ward fluxes as a consequence of the steep pressure gradients in the inner
plasma region. For this reason the suppression of the Fe fluxes by means of
carbonization is a necessary prerequisite for successful operation. Never-
theless, the residual fluxes of copper from the divertor target plates can
lead to severe radiation problems. In this respect the pellet discharges
with extreme peaking (ne(o) ne ;> 2.0) and very high axial densities (ne(o)
= 1.H * 1Q1^ cm~3) are most delicate. In the following we give some de-
tailed information on experimental observations made in such discharges.
Furthermore, the background and results of transport simulation directed at
a conclusive description of the accumulation processes are outlined.
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IMPURITY ACCUMULATION PHENOMENA

Impurity accumulation is observed for pellet injection into pure ohmic dis-
charges and with moderate additional NI heating (Pf j j . < 1.3 M W ) . Here we
will concentrate on a well-analysed discharge where 0.5 MW co-NI (D° •* D"1")
was applied. This relatively small neutral injection power was added mainly
for the purpose of CXR spectroscopy of light impurities (PQH = 0 . 4 M W ) . The
resulting small rotation velocity of v ^ C o ) < 0.5 * 105 m/s is believed to
be insignificant with regard to accumulation.

The measured line-averaged and axial densities ne and n e (o) as well as the
central radiation P r a (j(o) and the soft X-ray emission along a central chord
(SX) are shown in Fig. 1 as functions of time. The central radiation is
seen to rise drastically about 100 ms after the injection of the last pel-
let. Simultaneously, the electron density profile starts peaking and the
sawtooth activity disappears. After about 200 ms central radiation losses
of 0.3 W/cm3 are reached, this being already larger than the input power
density of Pi n (o) * POH(°) = °-2 W/cm3. The radiation profiles as deter-
mined from bolometer and SX-array measurements strongly peak on axis for
t > 1.3 s.
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Fig. 1 Temporal development of line-averaged density ne and peak density
n e(o) for a pellet-refuelled discharge (t = 1.05 - 1.20 s) w i t h a
small amount of neutral injection heating. The traces of the cen-
tral radiat ion density P r a c j (o) and the chord-integrated soft X-rays
are also shown.

VUV spectra (100-320 A) taken at time intervals of 20 ms show line emis-
sion of only three elements: C, 0 and Cu. During the accumulation phase the
spectra change only in the lower wavelength range X è 130 A, where some so
far unidentified strong lines (132.85 A, 1 1 0 . 4 A), and numerous weak ones
appear. In particular, the intensity of CVI and CIV lines, which are
indicative of the inf lux of light impurit ies, stay nearly constant. For the
discharge considered, where the Te changes are marginal, no significant
changes in the prominent line emission of CuXVIII (235 A) and CuXIX (274 ,
304 A) are observed either. However, these lines from Mg- and Na-like ions
are also emitted relatively far out ( r /a = 0.75) and are thus again more
representative of the Cu influx than its central concentration. In the core
region Cu is predicted to be in the 0 to Ne-like states, comprising a com-
plex and not well-known line pattern in the range 10 - 100 A which is not
accessible to survey spectrospoy in ASDEX.
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For the above reasons the Cu density on axis must be determined from bolo-
meter measurement via Pra(j = ncu ' ne LCu> with the radiation rate coeffi-
cient LQU(Te) being obtained from code calculations. In a similar way the
soft X-ray emission density ESX can be treated by applying the proper Be-
filter absorption function in the code calculations. From Prad(°) = °-3
W/cm3, measured at t = 1.*) s, we deduce a Cu concentration of 8.5 * 10"1*
for the core region. This Cu density is fairly consistent with calculated
(0.10 W/cm3) and measured (0.13 W/cm3) values of esx(°)- The contribution
of 0.08$ Cu to Zeff amounts to 0.3 only. Corrections arising from C and 0
bremsstrahlung are of the order of 10? and are thus small in comparison
with the uncertainty in the calculation of Lcu, which is certainly in the
range of ± 3055.

Information on the important question whether light impurities also accu-
mulate is obtained from 16-channel Zeff bremsstrahlung measurements /6/.
Radial Zeff profiles determined from these measurements are shown in Fig.
2a for the ohmic phase and in Fig. 2b for the fully developed accumulation
period. The bolometrically determined profiles of Pracj and reduced radi-
ation profiles Prad/ne are also plotted for the purpose of demonstrating
the accumulation. The quantity (Zeff - 1), which is representative of the
(C + 0) concentration is seen to increase only moderately from Q.H to 0.6
at half minor radius. Even for the plasma centre the changes are not
pronounced: subtracting the Cu contribution of 0.3, we notice growth from
0.6 to 1.1 for (Zeff - 1). The resulting concentrations during the
accumulation phase amount to 2% carbon and 0.8% oxygen if we assume a ratio
of the elements as measured in the boundary region.
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Fig. 2 Profiles of Zeff determined from breinsstrahlung measurement,
and reduced radiation density Pracj/ne for the ohmic phase (2a) and
the impurity accumulation phase (2 t> ) .

IMPURITY TRANSPORT ANALYSIS

As outlined in /4/ , we tentatively describe the transport of impurities by
adding collisional (classical +• neoclassical) and anomalous fluxes. For the
latter we allow only a diffusive part ran = Dan 3nz/9r since additional
anomalous inward drifts of the order of van = Danr/2a2 would yield already
appreciably peaked impurity profiles under low confinement conditions,
which are not observed in the experiments. On the other hand, anomalous
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convective terms have to be postulated for the background plasma. These can
be understood in terms of favourable phase relations between density per-
turbations and poloidal electric field fluctuations. However, such a phase
relation can be different or absent (as is assumed here) for the impurities
because of marked up-down assymetries or other reasons.
The collisional transport is based on the formulation worked out by
Hirshmann and Sigmar /?/ and is used in the specialized form presented in
/8/ and /4/. The neoclassical banana-plateau fluxes taken therein apply
particularly for the case that both impurities and background ions are in
the plateau regime. To demonstrate that this assumption is justified, we
have plotted the collisionalities for carbon-carbon (v£c) and deuteron-
deuteron (vfj) in Fig. 3 versus radius for the discharge under discussion
at t = 1.4 s. The background ions are seen to be in the plateau regime in
the core and boundary regions and are in the collisionless banana regime
around half minor radius. In this middle zone our treatment is not strictly
applicable. However, the corrections to be made are small and result pri-
marily in a minor reduction of the temperature gradient term. Because of
the scaling v£z = vfi ' Z^nz/n^ for the self-collisionality, metals (Cu)with Z = 20 but with concentrations as low as 10"1* are generally found in
the plateau regime, too. These considerations apply particularly to the
important BP fluxes driven by the self-viscosity of the various ions. A
complete theory, which would also have to take into account the mixed
viscosity terms, is still missing. A correct treatment of the multi-
impurity case is therefore not possible at present. Consequently, any C-Cu
interaction has been omitted in our calculations, which, in any case, are a
reasonable approximation as long as the collision strength a = Z2nz/ni =
Zeff-1 for carbon is less than unity. Finally, we show in Figs. Ma and 4bthe various collisional contributions to the diffusion coefficient and
drift velocity for carbon as a function of the radius.

#25064 r,= 1 OKeV n0=O.UE+15 cm'3 A,= 12

0.1

0.001

Imp.—concentr.= 1.00 7,
3.00 B0= 2.20 T )

Tons ( A,= 2 )

0.1 0.2 0.3
Radiua [mj

0.4 Û.S

Fig. 3

Collisionality of deuterons ( v f i
and carbon impurity ions (v* z ) as
a function of radius. The banana
plateau limit v* - 1 and the
Pfirsch-Schluter limit v* =
(R0 /r)3/2 are also plotted.

162



#25064 PELLETS T,- LOKeV ry0.1AE-t-1S cm" A.

"E 6oo .

400 .

200 .

Fig. Ha

200

-200

g -400

-600

#25064 T,- 1 OKeV n,=0.1 4.E+15 cm'1 A.-12

O.l 0.2
Radius [m]

Fig. i)b
Collisional diffusion coefficient
(ta} and drift velocity (4b) for
carbon vs. radius. The various con-
tributions from neoclassical ( B P ) ,
classical, and Pfirsch-Schlüter
(PS) type terms are Indicated.

To compare experiment and theory, further assumptions must be made which
have a more or less sensitive influence on the results assumed:

1. Constant influxes from the boundary.
2. Reduction of Dan takes place at t ime t = to = 1.2 s when the sawteeth

disappear.
3. The reduction occurs only wi th in the inner zone r S 0.75 a.
M . Within this zone the residual anomalous d i f fus ion coefficient is kept

constant at a level of Dan = 0.05 m2/s, as is measured for the central
diffusion coefficient of the background plasma /!/.

Whereas assumptions 1 to 3 are relatively uncritical, the residual value of
D~n must of course be chosen small enough in comparison with DCOJ_J = 0.1
m<vs to obtain sufficient impurity peaking. The influence of this parameter
is demonstrated in Fig. 5 where the measured SX profile at t = 1 . M s is

0,2 0,3 rtal 0,4

Fig. 5 Comparison of a measured soft X-ray profile during the accumulation
phase with simulations for Cu. The sensit ivi ty of the calculations
with respect to the reduction of Dan from 0.8 m2/s (unchanged) to 0
(ful ly colllsional) is demonstrated.
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compared wi th Cu simulations. As seen from the figure, the narrowness of
the measured profile postulates a reduction of Dan from 0.8 m2/s down to
<0.1 m2/s. The above model can also fa i r ly describe the temporal evolution
of the SX traces. In comparison wi th this good consistency found for Cu,
the situation is less satisfying for carbon since so far no reliable CXRS
measurements could be obtained. The comparison can only be made via Z eff as
it is shown in Fig. 6 for three different times during the accumulation
period. In these calculations oxygen is not distinguished from carbon. We
notice that apart from the region r > a/2, where the measured profiles tend
to increase again, the agreement between experiment and calculation is
fa i r ly good.

Zeff-PRQFILES ASDEX #25064

Fig. 6 Comparison of measured (***) and calculated Zeff profiles at three
di f fe ren t times during the accumulation phase. In the calculation
only contributions from carbon are taken into account.

DISCUSSION

In pellet-refuelled discharges considerable improvement of the energy con-
finement can be achieved. The effect is correlated with a marked peaking of
the plasma density. Concomitant with this improvement, a highly unfavour-
able accumualation of metallic impurities in the plasma centre is observed.
Light impurities such as carbon and oxygen also show the tendency to accu-
mulate, but without critical consequences for the plasma performance and
with still tolerable dilution effects of less than 2055.

Our simulation calculations corroborate the basic concept according to
which the accumulation process results from a reduction of the anomalous
diffusive terms (assumed to be associated with turbulence), which normally
compensate for the large neoclassical inward drifts of the impurities. In
addition, the effect is significantly amplified by the large central pres-
sure gradients occurring in these discharges. Applying this model, we ob-
tain a satisfying description for copper, whereas for carbon the agreement
is not as concincing. There are still several parameters undefined in such
simulations, which can change the outcome to a certain extent. Thus, the
residual value of the anomalous diffusion coefficient can be chosen within
a range of zero to about 0.1 m2/s. Furthermore, the extent of the radial
zone where the reduction takes place is rather uncertain. In fact, the
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accumulation would still be dangerous if this region of improved
confinement is only about 1/3 of the cross-section. In this case a marginal
improvement of the global energy confinement is to be paid for with grave
radiation loss problems induced by accumulation in the core zone. Two ways
of overcoming this shortcoming are conceivable. Firstly, a reduction of all
metals to concentrations of 2 10~5 under normal confinement conditions
would presumably suffice and seem to be attainable in a fully carbonized
machine. Secondly, any method that allows continuation of the sawtooth
activity might help as well. As discussed in M,9/ , sawteeth are found to
have a cleaning effect in the central region and their disappearance is
probably caused by the decreasing conductivity during the accumulation
phase. This lowering of the conductivity is in turn produced by increased
impurity fluxes into the central regions that tend to raise Zeff and, in
addition, cool the plasma. If cooling is dominant for the reduction of
conductivity, HF heating in the core region should help to overcome the
problems.
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Abstract

Centrally peaked electron density profiles lasting for several seconds
are obtained by injection of one to several pellets into JET OH discharges.
Subsequent ICRH and neutral beam heating result in high electron and ion
temperatures on axis and narrow temperature profiles. Sawteeth are
suppressed and only observed after final profile flattening. During post-
pellet phases with and without additional heating, impurities accumulate on
axis, as demonstrated by VUV and charge-exchange spectroscopy, as well as
bolometer and soft X-ray radiation. Both light and medium-Z impurities
develop profiles narrower than ne in the plasma core region. The outer
plasma zones continue to be dominated by anomalous transport. Impurity
behaviour is well described by model calculations based on neoclassical
transport, assuming reduced anomalous diffusion in the plasma interior.
During additional heating, the existence of grad T^ driving forces is
confirmed by the experiment. The zone with reduced transport appears to
extend to half minor radius initially, and to shrink later, leading to a
reduction and the eventual disappearance of n0 peaking and accumulation."

1. INTRODUCTION
In magnetically confined plasmas, impurity accumulation is to be

expected from the very nature of electrical forces, resulting in impurity
ion profiles, n-j-(r), much more strongly peaked on axis than the plasma
deuterons, because of their higher charge Z. Only moderately peaked n-j-
profiles are usually observed in tokamaks, probably because of overlaid
anomalous diffusion leading to a reduction of density gradients . Impurity
accumulation has been observed occasionally, particularly in high energy
confinement regimes like H-mode or after pellet injection/1-4/. It appears
to be correlated with peaked electron density profiles and the absence of
sawtooth oscillations. High Z impurity accumulation tends to lead to high
radiation losses from the plasma centre and to a temperature collapse.

Pellet injection into JET plasmas has often resulted in peaked
electron density profiles lasting for several seconds even if ion cyclotron
heating (ICRH) or neutral beams (NB) were applied (see/5,6/ for an overview
of JET pellet results). Under these circumstances, clear evidence of
impurity accumulation has been obtained, which is based on the central
peaking of soft X-ray (SX) and bolometer profiles, on the results of
charge-exchange recombination spectroscopy (CXRS) and on the steep increase
of radiation from high ionisation stages of metals as compared to a rather
constant radiation from low ionisation stages at the plasma periphery.

1 Euratom-IPP Association, Max-Planck-Institut für Plasmaphysik, Garching, Federal Republic of
Germany.
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Because of the high electron temperatures and low metal concentrations,
impurity accumulation has never led to a radiation collapse of JET plasmas,
instead, accumulation signatures were observed to disappear again after a
few seconds. Respective experimental results will be presented below, with
particular emphasis on the similar behaviour of light and medium-Z
impurities, and on the influence of sawteeth. Subsequently, neoclassical
impurity transport calculations will be applied to the JET cases and
compared with the experimental data.

2. EXPERIMENTAL RESULTS
In JET discharges with ohmic heating (OH), strongly peaked electron

density profiles were obtained by injection of several 4 mm diam. pellets
eventually penetrating to the magnetic axis of the plasma/5/. An example
is given in Fig.1, where the second pellet led to strong ne peaking lastingfor several seconds, as shown by the top traces of ne(0) and ne(3/4 a)taken from Abel-inverted interferometer profiles (a = minor radius). The
onset of sawteeth was delayed until after the third pellet at t = 9.5 s.
The electron temperature on axis, Te(0) (from electron cyclotron emission),dropped from = 2.7 keV to = 0.7 keV and recovered only slowly to its
previous value. Te profiles were fairly flat during the early phases ofthis recovery and peaked up later to their usual shape.

Fig. 1 : Plasma parameters and
spectroscopic signals after pellet
Injection into JET OH plasmas.

During the slow decay of the rie profile after the second pellet, astrongly peaked nickel ion density profile developed, as demonstrated in
Fig.1 by the line intensities of Ni XI, Ni XXIV and Ni XXVI. Ni XI is
always at the plasma periphery, while Ni XXIV is representative of the
plasma centre below = 1.4 keV and Ni XXVI below = 2.5 keV. From a
comparison of line ratios at 8 s and at 5 s, where Te(0) is very similar,it is obvious that the Ni XXVI radiation has increased relatively to Ni XI
by much more than the respective electron densities, ie. = factor 20. The
emission lines of 0 VIII and 0 VII in Fig.1 also suggest a peaking of the
oxygen density profile, but this is no conclusive evidence, since 0 VIII
will not be very deep in the plasma interior. The light impurity behaviour
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can rather be derived from SX profiles, because, as demonstrated by
pulse-height analysis and other spectroscopic results, metal contributions
to the SX radiation are very small, and it essentially reflects carbon and
oxygen bremsstrahlung (energy cut-off = 2 keV). In the pulse of Fig.1, the
SX profiles shrank to a narrow 40 cm full half width within = 1 s after the
second pellet, and the radiation on axis increased to = 10 times the
pre-pellet value of 0.9 kW/m3. These profiles are considerably narrower
than n? in the core region. After maximum emission at about 8 s, the SX
intensity decreased (see Fig.3), while the narrow profile was still
maintained until = 9 s, When the profile rapidly flattened accompanied by
strong MHD activity but no sawteeth. During the accumulation phase, the
bolometer profiles developed a narrow peaked core resembling the SX
emission, but with = 45 kW/m3 maximum radiation in addition to the usual
edge shells (=15 kW/m3). It is worth noting that these edge shells, as
well as spectroscopic carbon and oxygen signals, show that the influx of
carbon and oxygen was essentially constant during the whole period.

ICRH was applied to a pulse similar to that in Fig.1. It was ramped
up to = 3 MW within 1.5 s, starting at the time of the second pellet
injection, and led to T (0) « 4 keV. In that case, the initial impurity
behaviour was very similar to the one just described except that the rate
of rise of all signals was steeper by a factor 2. However, after about 1.5
s the ne profile reverted to its normal, flat shape and, simultaneously,impurity accumulation disappeared. About 100 ms later the usual large-
amplitude sawteeth were observed on the electron temperature.

4 mm pellets were also injected during the ohmic current ramp phase of
JET pulses, and the plasmas were subsequently heated by ICRH or a
combination of NB and ICRH. In these cases, electron density profiles were
very peaked initially, but decayed at a much faster rate than in OH

10

Fig. 2: Plasma parameters and
impurity radiation during
additional heating of pellets.

Fig 3: Measured and calculated
impurity radiation as a function
of time for the pulse in Fig. 1.
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plasmas, as shown by the ne traces in Fig.2. Electron temperatures on axis
increased from a few 100 eV to over 10 keV with ion temperatures following
closely, and both Te and Ti profiles became very peaked on axis/5/. This
phase often ended abruptly in a crash of TQ(0) and ne(0) caused by strongm=3, n=2 MHD activity /5/. Due to the large Te excursions, it is moredifficult here to analyse the metal impurity behaviour from spectral line
emission. Fig.2 shows time traces of Ni XXVII, close to the plasma centre
(excitation energy 7.8 keV), as well as Ni XXV and Ni XVIII line radiation,
the latter being representative for the outer plasma regions at the high
temperatures. By correcting for the temperature dependence and, in
particular, by investigating the temperature crash, it is concluded that
the radial ion density profile must be strongly peaked also in this case.

Information on the light impurity behaviour can again be obtained from
SX radiation, line integrals of which are also plotted in Fig.2. The
intensity of the Ni K-a line shows that metals contribute less than 10$ to
the integral SX emission (due to narrower profiles they actually contribute
= 20% on axis). SX profiles again became very narrow within about 0.5 s
and their peak emission increased by = factor 40 to about 20 kW/m3, only
partly due to the higher Te(0). An example of these profiles will be shown
later in Fig.-4. The SX profiles remained peaked and their intensity was
rather constant for =1 s up to the crash in Te and ne. Bolometer profiles
showed values of radiated power on axis similar to the SX emission and, in
addition, edge shells of comparable magnitude. CXRS measurements of the
carbon density, nc> showed a peaked nc profile during the post-pellet phasesimilar in width to the SX profiles, but on a pedestal roughly half the
centre value. The carbon concentration on axis was =5$. At the crash, ncflattened and the centre value reduced by = factor 2.

-08 -04 00 04 08
horizontal coordinate (m)

Fig 4: Soft X-ray profiles
for the pulse in Fig. 2 and
calculations with and withoutgrad 1 terms.

During the later phases of pulses with additional heating, both ne andimpurity profiles were commonly observed to peak up again to some extent, a
behaviour, which can be seen in Fig.2 at t « 6.5 s, but which was often
more pronounced. This second period of modified transport terminated with
some MHD activity and was usually followed by the onset of sawteeth.
3. CODE SIMULATIONS

The observed time traces of impurity radiation and the SX profiles
have been modelled using the impurity transport code STRAHL/7/ and neo-
classical transport coefficients. The calculations are based on the
assumption that neoclassical transport is always present, but is usually
masked by a strong anomalous diffusion coefficient D * 1 m2/s. It has been
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verified that this does not lead to discrepancies in former JET results,
particularly during so-called monster sawteeth/8/, where strong grad Tidriving forces are expected (see below). It is assumed that D drops to a
small value in the plasma core region during the post-pellet phases with
peaked ne profiles, while the outer plasma zones continue to be dominatedby anomalous transport. The latter conclusion is supported by the follow-
ing observations: i) continuing impurity influxes result in the usual edge
radiation and no impurity build-up is observed, ii) the lower nickel
ionisation stages and carbon CXRS measurements indicate flat impurity pro-
files outside the core region, and iii) the electron density profiles also
consist of a peaked core region and a flat outer part, which can be
modelled on the same transport assumption/5/. The region of reduced trans-
port roughly extends to a/2, but it probably varies and shrinks as a
function of time in the JET pulses considered, leading to a decrease and
the eventual disappearance of peaked ne profiles and impurity accumulation.In the modelling, D was reduced linearly from 1 m2/s to 0.001 m2/s over a
10 cm radius interval centred at half minor radius or further-in.

Neoclassical transport coefficients have been used for impurities in
the Pfirsch-Schlüter (PS) or plateau regimes, and for plasma ions in the
plateau or banana regimes, depending on collisionality. They are based on
results by Hirshman and Sigmar/9/, and have been evaluated for the actual
conditions by Fussmann et al./2/. In the PS regime, which applies to
higher Z impurities near the plasma periphery, temperature screening is
predicted, which, however, could not be investigated due to the anomalous
plasma behaviour in this region. In the plasma interior, all impurity ions
are in the plateau regime and plasma ions are in the plateau or banana
regimes. In these cases ion temperature gradients are expected to lead to
strong or moderate inward driving forces even in the absence of deuteron
density gradients.

Two impurity species have been used in the simulations, namely, carbon
as the typical light impurity (carbon/oxygen ratio = 3-1 ) and nickel as the
main metal impurity. Metal concentrations were always low in the cases
concerned (nNi/ng = 1 - 3.10~"), contributing little to the total SXradiation and even less to Z ff. The friction between the two impurities
has been taken into account in an iterative way by prescribing a nickel
density profile for the carbon transport calculation and vice versa. The
plasma deuteron density has been calculated from the measured ne profilesusing quasi-neutrality. Typical neoclassical diffusion coefficients and
drift velocities near the plasma centre are 0.1-0.5 m2/s and 1-4 m/s for
fully stripped carbon in OH and heated cases, respectively; 0.05-0.1 m2/s
and 1-2 m/s result for He-like nickel.

The calculations predict a rearrangement of the plasma impurity
content within one to many seconds, depending on plasma parameters and size
of the low diffusivity zone. The subsequent behaviour is determined by the
respective impurity influxes, which have been modelled as to reproduce the
observed intensities of low ionisation stages (Ni XI, Ni XVIII and C VI).
Their influence is small on the relevant time scales of OH plasmas; during
additional heating, impurity densities on axis are expected to be rather
constant after = 1 s reflecting the constant influxes. For actual JET
simulations, the time period of interest has been subdivided into typically
seven intervals, during which the plasma parameters were assumed to be
constant and equal to the measured profiles at the end of the respective
intervals. T, profiles were assumed to be proportional to Te with slightlylower axis values.

In Fig.3, calculated results are compared with measured plasma
radiation during the post-pellet phase of the JET OH pulse in Fig.1. D was
assumed to be very small in the plasma core region within r = a/2 after
pellet injection at 5.5 s, and this zone was gradually reduced to r = a/4
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at 9 s. Thus, the time evolution of the line-integral SX radiation is very
well reproduced by carbon continuum radiation and plasma bremsstrahlung, as
demonstrated in Fig.3. The calculated SX profiles also agree very well
with the measurements, in particular, the intensity decrease between 8 and
9 s with roughly constant profile width confirms the model of a shrinking
confinement region rather than increased diffusivity in the plasma core. A
combination of nc/ne « 5% and nQ/ne = 2% is required to explain theabsolute radiation levels. The calculated time evolution of the Ni
ionisation stages Ni XXIV and Ni XXVI is in fair agreement with the
experimental results. Ni XXVI is infact expected to increase more steeply
and Ni XXIV to decrease earlier than observed. This could be due to an
overestimate of the relevant electron temperatures or to other problems in
the nickel ionisation balance. On the other hand, the simulations may
predict too fast a shrinking of the nickel ion profiles reflected in these
lines. The maximum intensity during accumulation is well reproduced.

Simulations of plasmas with additional heating resulted in equally
good agreement of measured and calculated SX profiles and in an even better
description of the nickel line intensities, now relying more on the He-like
Ni XXVII. It is particularly interesting that the calculations predict
accumulation to persist throughout the heated phase of those pulses, even
though electron density profiles were almost flat. This is due to the
theoretical grad T^ drift velocity resulting from the peaked T^ profiles.
The observation of peaked SX profiles during the later phases of heated
plasmas may therefore be considered experimental proof of these driving
terms. As demonstrated in Fig.4, the SX profiles in this pulse with ICRH
and NB heating are well described by neoclassical calculations including
grad Ti terms, while they would be predicted much wider without.
4. SUMMARY

After pellet injection into JET plasmas with and without additional
heating, impurities have been observed to accumulate on axis whenever newas peaked for a time period of 1 s or more. Both light and medium-Z
impurities develop a density profile more centrally peaked than ru, as
expected from neoclassical theory in the absence of anomalous diffusion.
Anomalous transport continues to dominate the outer plasma regions, leading
to a flat pedestal outside the core region and the usual edge radiation.
The region with reduced diffusivity appears to extend roughly to r = a/2,
but it varies with plasma conditions and shrinks as a function of time,
reducing the central impurity density and radiation peak. Accumulation
eventually disappears completely, but some peaking-up of n and impurity
densities is observed in many pulses after additional heating. Sawteeth
are only observed after the final flattening of all density profiles.

The impurity behaviour has been modelled using neoclassical transport
and overlaid anomalous diffusion (D = 1 mVs). During the post-pellet
phases with accumulation, D has been reduced to 0.001 m2/s in the plasma
core region which has been assumed to extend to r = a/2 initially, and to
shrink eventually to r = 0. Results of these calculations are in good
agreement with measured SX profiles and impurity line radiation. In
particular, SX profiles during additional heating are well explained by the
predicted inward drift due to ion temperature gradients.
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Abstract

Light impurity density profiles following hydrogen pellet fueling have
been obtained via charge exchange recombination spectroscopy on TEXT.
C*6 and O+& peak much more strongly on axis than the electron density
following hydrogen pellet fueling, in contrast to gas puff fueled discharges.
The peaked pellet impurity profile shapes are described by neoclassical theory
while measured transport coefficients are larger than neoclassical values.

I. INTRODUCTION
Pellet fueling of tokamaks has been accompanied by an increase in particle

confinement and a peaking of the electron density profile[1]. An accumulation of
impurities in the center of the plasma was found by Petrasso, et al [2] using broad
band X-ray emissions. They found evidence for impurity peaking for both heavy
and light impurities, and the data is suggestive that the transport of both is
neoclassical. Such impurity behavior has severe implications for fusion reactors;
buildup of light impurities or helium ash could have disastrous consequences for
plasma confinement, leading to depletion of the working ions from the hot core,
high radiation levels, and subsequent disruptions. The measurements presented
here provide the first spectroscopic evidence of fully stripped, low-Z impurities
peaking on axis following pellet injection.
II. RESULTS

The experiments were carried out on the TEXT tokamak [3] which has a major
radius of 1.0 m, 0.26 m minor radius and a full poloidal TiC-coated graphite limiter.
For these studies, the operating parameters were a B0= 2.8 T, U =250 kA , an
initial line averaged density of 3 x 101^m"^ and fueling with two hydrogen pellets
[radius 1 mm] fired one ms apart at t=300 ms. Line averaged density at the time of
measurements was typically 6 x 101^m"3. The electron density profile was
measured using a nine channel interferometer that could be scanned from shot to
shot. For comparison purposes, we will also present results from a sawtoothing
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gas puff fueled discharge which starts from the same initial conditions and rises to
a final density of 5x10^"m~3, near the density limit. In figure 1 we show the central
soft x-ray signal for a pellet fueled discharge and the comparison gas fueled
discharge. The exact nature of the soft X ray signal following the pellet injection
is somewhat unpredictable; a wandering of the x-ray signal is often accompanied
by minor disruptions.
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Figure 1. Central soft x-ray signals
from (a) pellet fueled discharge,
and (b) gas puff fueled discharge.
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Charge exchange recombination spectroscopy (CXRS) provides a powerful
means for measuring local fully stripped low-Z impurity concentrations across the
entire plasma cross section and hence their transport properties [4,5].
Uncertainties in electron density profile shape and electron temperature profile
shape and amplitude introduce little error in impurity density profile measurements.
There is no uncertainty of the Z of the impurity in question. Profiles were measured
using a hydrogen diagnostic neutral beam injected vertically into TEXT with an
injection energy in the range of 30-45 keV and an ion extraction current of 3-5 A
and a vacuum ultraviolet monochromater, the Texas SIDS (Spatial Imaging
Detector System) [6]. The SIDS simultaneously views 20 chords in a vertical
plane, allowing for measurements of impurity concentrations over half of the
plasma cross section on a single shot. The monochromater is mounted to view the
entire width of the DNB (FWHM ~ 50 mm) with a radial spatial resolution of
approximately 15 mm. Complications of multigenerational halos are minimized in
this geometry. CXRS signal levels are proportional to beam density and impurity
concentration nz; thus, beam attenuation must be modeled to obtain nz(r). We
used the attenuation code BMDEP [7], augmented by a multistep ionization
process mean free path treatment [8]. This treatment takes into account ionization
from excited states of neutral hydrogen.

The C+6 profiles were obtained by observing the 521À n=4-3 line of C+^
following charge exchange with beam neutrals, while O+^ profiles were obtained
by viewing the n=6-5 line at 1165Â of O+7 We ignored any mixing of high lying /
levels. Emission cross sections were derived from published n, I level cross
sections [9,10] and the Monte Carlo treatment of Olson [11]. Errors in the atomic
physics of charge exchange directly affect inferred absolute densities of measured
impurities, but have little effect on profile shapes. Typical CXRS profile
measurements of C+6 and O+^ are shown in figure 2 for the gas-puff fueled and
the pellet fueled case. Profiles are taken during pellet fueling by integrating the
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Figure 2. (upper)CXRS profiles of
C+6 for gas puff and pellet fueled
plasma, (lower) CXRS profiles of
O+^ for gas puff and pellet fueled
plasma.

CXRS signals from 60 to 80 ms after pellet injection. CXRS profiles for gas puff
fueling were taken 60-100 ms after the puff. The pellet-fueled plasma results in
impurity profiles that exhibit consistently larger impurity concentrations in the
central region than the gas puff fueled case, and are characterized by strong
central peaking followed by a relatively constant density plateau out to the
scrapeoff layer for both C+° and O"1"8. The C+6 plateau is consistently higher
relative to the central concentration than is the O+°, probably due a degeneracy
with the 4f-3d transtion of O+^ resulting from a charge exchange with O*6. This
does not affect the measurements on the interior portion of the profile, where O+6

is burned out, but may contribute to measured C+^ for r > 20 cm since the total
abundance of oxygen is of the same order as that of carbon.

A comparison of the impurity profiles with the electron density profiles clearly
demonstrates impurity peaking on axis as is shown in figure 3. The scale length of
a quantity q is defined to be Lq=q/(9q/3r).We can characterize the changes
between impurity and electron transport using the ratio of scale lengths, pz=L_e/Lz,
where Le is the electron scale length, and l_z is the scale length associated with
the completely ionized impurity profile of charge z. For the gas puff case, average
values of Pg and Pg are typically < 1.5 over the plasma cross section. However for
the pellet case in the central region of the plasma, Pg= 2.5-3 and PQ~ 3-4. O+8 is
consistently more peaked than C+^. Outside the central core, Pg and Pg are
nearly zero due the the flatness of the C"1"̂  and O4"8 profiles. These observations
lead to the conclusion that although the electron density is more peaked for the
pellet case than the gas puff case, the light impurities are peaked even more
strongly. They are not merely following the electrons. Additional data indicates
that heavy impurities, predominantly titanium, also peak on axis, but we cannot
quantify this statement with available data. Edge temperature, density, and
particle flux measurements made with Langmuir probes show no significant
difference between puff and pellet discharges. Thus changes in central impurity
concentrations or profile behavior are not due to a change in impurity source at the
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Figure 3. (upper) Normalized
electron density and C+6 profiles,
(lower) Normalized electron density
and O+3 profiles.
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wall. However, changes in total impurity content may be a reflection of different
amounts of impurities introduced in the different fueling techniques, or in changes
in asymmetric edge conditions that might affect the overall impurity profile [12].

A word about beam attenuation uncertainties and their influence on the
derived profiles is in order. For profiles obtained after pellet fueling, it is
impossible to choose a beam attenuation cross section such that the resultant
impurity profiles are less peaked than the electron density profile in the central
region. Even under the assumption that there is no attenuation, the resultant
impurity profiles are still steeper than the electron density profile throughout the
central region.

We can compare these profiles with neoclassical theory. Measurements
suggest that the impurity profiles presented here are steady state. That is, we did
not observe significant changes in the profiles from 30-80 ms after the pellet
injection. For the bulk of the plasma (r < 0.2 m) the source and sink of C+b and
O+8 are small. In steady state in a source free region, the flux is zero. In this
region, we can express the scale length as a ratio between the diffusion coefficient
and convective volocity, D/V = nz/(3nz/8r). The collisionality of C+6 and O+0 in the
central region on TEXT is such that the use of the asymptotic classical
Pfirsch-Schluter fluxes in conjunction with the banana plateau fluxes (valid for all
collisionality regimes) provides for an accurate neoclassical treatment over the
entire cross section of the plasma[13j. Ion temperature profiles were measured
from the center to r = 0.18 m using an active charge exchange neutral particle
analyzer and measured ne profiles. Transport due to impurity-impurity collisions is
ignored, but the effects of impurity concentration as it effects the proton density
gradient are included. Total measured central light impurity concentrations are on
the order of 2 % of the electron density, corresponding to a proton deficit of
10-15%. The role of titanium, the most prevalent high Z impurity on TEXT, in
enhancing this deficit has not been ascertained; however titanium is usually
present in concentrations on the order of 0.1% during other TEXT discharges.
Assuming this fractional concentration , the contribution of titanium to the proton
deficit is small. Neoclassical predictions are strongly peaked on axis, as are
measurements, and are shown in figure 4. The neoclassical predictions offer
evidence of the observed plateau outside the central region.
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Figure 4. (upper) CXRS data and
neoclassical predictions of C*6

profiles following pellet injection,
(lower) CXRS data and
neoclassical predictions of O+8

profiles following pellet injection
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Observation of the dynamics of impurity behavior is needed to measure the
transport coefficients. Non periodic minor disruptions, sometimes present after
pellet injection, allow for the observations of changing impurity profiles. Knowing
that 9n2/9t=-V-Fz in the source free region and measuring scale times and lengths
of the impurity profiles at two times following the disruption enables D and V to be
estimated separately. Assuming a constant D and V=V0r/a, measurements give
D=(0.15±0.05)m2/s and V=(25±9)r[m] m/sec. Measured values of D and V are
higher than the neoclassical predictions of D = 0.022 m2/s and V = 6r[m] m/s. While
the measured transport coefficients are consistent with measured equilibration
times, the neoclassical values imply equilibration times that are much longer than
meaured. This discrepancy may be due to the presence of an inward pinch after
the pellet injection or disruption that is larger than the steady state neoclassical
inward convection velocity.
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Abstract

High speed lithium pellets have been injected into Alcator C tokamak plasmas in order to measure the
internal magnetic field, and thus current density profiles. In the pellet ablation cloud, intense visible
line radiation from the Li+ ion (A ss 5485 A, Is2s 3S — Is2p 3P) is polarized due to the Zeeman
effect, and measurement of the polarization angle yields the direction of the total local magnetic field.
A "snap shof'of the q profile is obtained as the pellet penetrates from the edge into the center of the
discharge, in a time of K 300 /is. The spatial resolution of the measurement is about 1 cm. At a toroidal
field of By = 10 Tesla, the emission in the unshifted it component of the Zeeman triplet is more than
90% polarized, and q profiles have been obtained. The pellets are perturbative ((ATie)/{ne} « 1), but
the total pellet penetration time is at least a factor of 1000 smaller than the classical skin time. It can
thus be anticipated that the current density profile should not be perturbed significantly during the time
of the measurement. The pellets also fuel the plasma, and essentially every phenomenon observed with
deuterium pellet fueling of Alcator C has also been seen with lithium pellets. These include increased
energy confinement time, enhancement of the global D-D fusion reaction rate, and peaking of the density
profiles. The replacement of lithium by deuterium as the discharge evolves following the injection of a
single lithium pellet has also been measured. A new two shot pellet injector has been built in order to
continue these experiments on the TFTR tokamak at Princeton. It is capable of injecting lithium and
carbon pellets, with velocities up to l.lxlO5 cm/s. An improved polarimeter/spectrometer system has
also been constructed and tested.

Introduction
One of the most important characteristics of a tokamak discharge, and at the same tune one
of the most difficult to measure, is the current density profile. Several experimental techniques
have been brought to bear on this problem. These include Zeeman polarimetry utilizing lithium
beams1'2 and intrinsic impurities3, Faraday rotation of FIR laser beams4, Thomson scattering
from cyclotron resonances6, and the imaging of Ha trails from ablating hydrogen pellets6'7. In
this paper we describe a new method, which takes advantage of the polarization of line emission
due to the Zeeman effect, but rather than using an atomic beam to provide the source for
the radiation, a lithium pellet has been employed instead. In the ablation cloud surrounding
a pellet as it penetrates into a tokamak discharge, the atoms and ions of the pellet material
radiate intensely. In general, the line radiation will be polarized, due to the Zeeman effect, and
measurement of the direction of polarization yields the direction of the local magnetic field. Since
the fields due to the external coils (primarily toroidal) are known, this measurement allows the
deduction of the field due to currents flowing in the plasma, and therefore the q profile as well.
Experiments have been performed on the Alcator C tokamak8, using a lithium pellet injector,
to investigate this idea. Polarization measurements show that the emission from the helium-like
lithium ion, near A = 5485 A, is almost completely split into three polarized components, and
the direction of polarization, as a function of minor radius hi the plasma, has been measured.
This in turn has allowed for the construction of q profiles for a few discharges.

A second interesting aspect of the injection of impurity pellets into tokamak discharges is
the resulting perturbation to the electron density profile. The phenomena which are observed
following lithium pellet injection closely resemble those which have been observed hi experiments
on hydrogen pellet fueling. These include peaking of density profiles, and an increase in energy
confinement. In addition, it is possible to follow the evolution of the injected species spectro-
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scopically, opening up new opportunities for the investigation of particle transport. Li pellets
penetrate farther into a tokamak discharge, than will hydrogen pellets with the same speed and
total number of electrons. Because of this, it should be possible to fuel plasmas with smaller
perturbations to n^, and to test the relative effects of penetration and density perturbation on
changes in transport. The penetration of impurity pellets can provide tests of theories related
to pellet ablation, since the properties of these room temperature solids are so different from
those of cryogenic hydrogen. In addition, impurity pellets will probably find application to other
tokamak diagnostic problems, including the detection of fast a particles in reacting plasmas.

The Alcator C Lithium Pellet Injector
In order to carry out the experimental investigations, a pneumatic pellet injector was de-

signed and constructed at MIT. A cartoon of the gun design is shown in figure 1. A ribbon of
isotopically natural Li is placed into the feeder track, and the feeder rod is advanced, pushing
the Li into the slot in the shearing block. The ribbon, in this design, has a square cross section,
0.7 mm on a side. The length of the pellets is variable, with the maximum being 0.75 mm.
The largest pellets correspond, on Alcator C, to a volume averaged electron density increase of
1.5 X 1014cm~3. After the Li has been pushed into the slot, the shearing block is used to slice
off the cubic pellet, and transport it to the beginning of the barrel. A fast valve is then used
to expose the pellet to helium or hydrogen pusher gas, at pressures up to 30 atmospheres. The
barrel is 25 cm long, and pellet velocities up to 1000 m/s are achieved. The velocity is measured
by two diodes, spaced by 10 cm, which are eclipsed as the pellet passes in front of them.

Vtlvi

FIG. 1.

Cartoon of the Alcator C lithium pellet injector.
The pelleta are cubic in shape, 0.7 mm on a side. Pellet
velocities up to 1000 m/s were achieved with Ha driver
gas at 30 Atmospheres.

Polarization Measurements
The setup used to measure the angle of polarization of the line radiation from the pellet

ablation cloud is shown schematically in figure 2. The intensity of separate components of
polarization must be measured simultaneously in order to deduce the direction of polarization.
Since the emission is viewed perpendicular to the magnetic field, the TT components are linearly
polarized parallel to the field, and the a components perpendicular to the field. In the Alcator
C experiments, it was only possible to measure two perpendicular components on one shot. The
first task is to determine that indeed there is polarized light to measure. This was accomplished
by measuring the vertical and horizontal components of polarization, as functions of wavelength,
on a shot by shot basis. A 0.5 m monochromator was used to select wavelength, and the output
from the instrument was split, using polarizing films and a beam splitter, to direct the signals
to 2 photomultipliers.
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16 Channel Photodiode Aroy

Schematic of the «et up used to measure the po-
larization of line emission from the Li pelleta on Alca-
tor C. The wavelength was (elected using a 0.5 meter
Ebert monochromator, with resolution of 0.4 A.

Shown in figure 3 are the results of a scan of the multiplet, near 5485 A, from the Li+
ion. The two components of polarization which were measured are the vertical and horizontal
(toroidal). The quantity plotted is the normalized difference of the two signals: +1 corresponds
to light which is purely linearly polarized in the horizontal direction; —1 to light which is polar-
ized in the vertical direction. The experimental points are shown as squares; solid squares denote
the maximum polarization seen over the course of one ablation event, and the open squares show
the minimum that was observed for the same pellet. The solid curve is theoretical, for He-like
6Li, with the linewidth as a free parameter. The theory has been derived by analogy with a
calculation for He-like carbon9, and assumes that the various upper levels are populated statis-
tically. The main result is that the emission in the unshifted component is almost completely
polarized. These measurements were taken with a toroidal field on axis of 10 T. It then remains
to measure the deviation of the polarization direction from toroidal, as a function of position
in the plasma. The position is inferred from the time history of the polarization measurement,
coupled with the information from an imaging camera which views the pellet ablation from
below the torus (see figure 2), yielding pellet location as a function of time.

FIG. 3.

Polarization versus wavelength measured on a series
of pellet shots. The toroidal magnetic field was 10
T for these discharges. A value of +1 corresponds
to light which is completely polarised in the toroidal
direction.

Letting the angle that the total field makes with the toroidal be 6, and defining a to be
the unpolarized component of the total emission at the center of the TT feature, the relative
horizontal and vertical intensities are given by

I*=\ + (l-a)cos20, Jv = | + (l-a)sin20.

Since 0 « 1 over the entire cross section (it will never be more than about 5 degrees or
.1 radian), the measurements of figure 3 depend primarily on a. In order to determine 0,
it is necessary to measure at least one more component of polarization. In the experiment,
components at ±45° from the toroidal are measured, and denoted by /} and J2 respectively.
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The intensity is most sensitive to 6 at these angles, for small Q. The relative intensities for these
components are given by

f ( + 0), J2 = _ a) cos2( - 0).

For 9 « 1, and ignoring toroidal corrections:

/1-/2

-Î1+/2

or, assuming a is constant, j(r)

____ f 2(1 - a)
5BTr f 27rr'dr'j(r'},

Jo

- 2cr)
(f/r +df/dr) and q0 « (2-2a)

In general, for low ßp circular plasmas, such as those studied here on Alcator C, g=r/(R tan 8} ,
so measuring d(r) leads directly to the q profile.

One such profile is shown in figure 4. The plasma parameters in this case were: Br = 10T,
Tie = 2.5 X 1014cm-3, Ip = 550 kA, ^ = 4.1. The two solid Unes correspond to the pellet's
penetrating first from the outside (R > ÄQ) and then going beyond the center of the plasma
(R < RO). The dashed curve shows the q profile which would result from q0 — 0.9 and the
current density proportional to T^2. The data do not go all the way into the center of the
discharge, because the pellet was slightly above the midplane, and so did not sample the exact
center of the plasma. One indication of the uncertainty of the measurements is given by the
difference between the inner and outer curves, about ±20%. The largest contributor to this
uncertainty is the uncertainty in a, mainly due to the fact that, since only 2 components could
be measured for a given pellet, Q is deduced from one shot, and then 6 from another.
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FIG. 4

The inferred profile of q, the safety factor, using
the ablation signala from the pellet on both aides of
the magnetic axis.
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The pellet penetration time, of the order of SOO^s on Alcator C, is very short compared to
the classical skin tune. Therefore, changes in the current density profile as the pellet penetrates
into the plasma are not expected. Nevertheless, the pellet is very perturbing (A{ne)/(ne) » 1)
and current diffusion is by no means always classical in tokamak plasmas. It is encouraging, in
this regard, that the inner and outer curves of figure 4 are in good agreement: if the pellet were
perturbing the poloidal field significantly as it penetrated, this result would not obtain. Another
test, which has not yet been performed, would be to inject a second pellet, very soon after the
first, to see if the results are consistent.

To investigate the applicability of the technique to lower field devices, and specifically with
an eye toward planned experiments at TFTR, polarization measurements were also performed at
By = 5 Tesla. Since the Zeeman splitting is smaller at the lower field, and the system is farther
from the high field Paschen-Bach limit, coupled with finite une broadening due primarily to
the Doppler effect (Tf « 10eV for these ions), the emission is less polarized. Nevertheless, it
is sufficiently polarized (« 50%) so that accurate measurements of 8 should be possible. Since
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variations in a become increasingly important for larger a, simultaneous measurement of at
least 3 components is necessary to achieve meaningful results. A system to do just that has
been assembled, and is shown schematically in figure 5. A set of four optical fibers views the
pellet ablation. Each fiber has a polarizer at the front, and these are oriented, as shown in
the figure, to measure the vertical, horizontal, and ±45° components. A diffuser is placed
between the polarizers and the fibers. This is necessary to smooth out differences in the relative
sensitivities of the fibers as the light source (the pellet) moves within their field of view. This
new polarimeter/spectrometer system, along with a two-shot pellet injector, will be used to
continue these experiments at the TFTR tokamak hi Princeton.

Di f fuair

Or i e n t o t i on of
the 4 PoI or i z« r 3

FIG. 5.

Schematic for the new pol «ri met er setup. The
fibers carry signals from different component» of linrar
polariss-don which are selected by means of polarizers
oriented as shown in the bottom of the figure.

Electron Fueling and Changes in Transport
It is of interest to compare the fueling effects of impurity pellets with those observed after

injection of hydrogen (or deuterium) pellets into tokamak discharges. Figure 6 shows the time
histories of a set of plasma parameters for an Alcator C deuterium discharge into which a lithium
pellet was injected. Included are the plasma current, global neutron production rate, central
chord soft x-ray and visible continuum brightnesses, Une average density, resistive voltage, ohmic
input power, and the central Te from ECE measurements. For comparison, figure 7 shows many
of the same parameters for a deuterium discharge into which a hydrogen pellet was injected.10

In both cases, it is noteworthy that the neutron production rate increases dramatically following
the reheat after the pellet is injected. In neither case did the pellet have any deuterium in it. The
neutron rates increase for three reasons: the deuteron density profile is more strongly peaked
after the pellet, due to particle transport changes, leading to a much larger on axis deuteron
density hi the hottest part of the discharge; the ion temperature increases slightly, because of
better coupling to the electrons at the higher density; as lithium, (and presumably hydrogen in
the second case) leaves the plasma, it is replaced by deuterium from the walls and limiter. This
last point is inferred from the time history of the Ze/^ of the plasma following Li pellet injection,
which is measured using the visible continuum diagnostic. 2>eff before Li injection is about 1.4.
It rises to about 2.6, and then decays back to 1.5 in about 50 ms after the injection. At this tune
(330 ms ha figure 6) the electron density is still high, and nearly constant, while the neutron rate
is still near its peak. This confirms that the Li is indeed being replaced by deuterium, while the
electron and deuteron density profiles remain more peaked than those found for the gas fueled
case. Comparisons of soft x-ray profiles for the two cases show that the strong peaking of the
soft x-ray emission seen with hydrogen pellets is also duplicated after Li pellet injection. While
explicit impurity transport studies were not performed during these Li pellet experiments, the
evidence that exists points to the fact that trace impurities behave similarly in the two cases:
strong peaking of the trace impurity profiles and long trace impurity particle confinement tunes
can be expected. Further experimentation into these phenomena is warranted.
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FIG. 6.

Time histories of pluma parameter» for a deu-
terium discharge with a Li pellet injected at 280 ma.
It is of particular note that the neutron rate increases
by about a factor of 5, even though it is a là pellet
that has been injected.

FIG. 7.

Time histories of plasma parameters for a deu-
terium discharge with a hydrogen pellet injected at
400 ms. As with the Li pellet caae, there is a strong
enhancement of the neutron production rate.

Concerning the effects of Li pellets on global energy confinement, figure 8 shows comparisons
of TE obtained under ohmic conditions on Alcator C with 3 fueling techniques: gas puffing;
hydrogen pellet fueling10; and Li pellet fueling. While the Li pellet data set is very limited,
these initial results indicate that the Li pellet fueling is about the same as the best of the
gas fueled shots, and the worst of the hydrogen pellet fueled shots. In other words, Li pellets
appear to fall right in between the other two cases. Clearly this is another area where further
investigation is required.
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FIG. 8.

Comparison of global energy confinement times
for ohmically heated Alcator C discharges with gas
fueling, hydrogenic pellet fueling and Li pellet fuel-
ing. The figure comes from reference 10, with the
Li points added.
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Conclusions
The technique of Zeeman polarimetry to measure the internal magnetic field using lithium

pellets has been demonstrated. While the pellets are perturbative, it appears that the measure-
ment technique is valid, and with some relatively straightforward modifications and refinements,
precision approaching 10% for the measurement of q near the axis should be achievable. The
technique is viable, using Li, as long as the toroidal field is > 4 Tesla. Electron density profile
modification can be accomplished with impurity pellets, and most of the phenomena observed
with hydrogen pellet fueling have also been seen with the lithium pellets. These include peaking
of the density profiles, enhancement of the neutron production, and modest improvement in the
global energy confinement properties of the plasma.
This research is supported by the United States Department of Energy.
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Abstract

Single and multiple deuterium pellets have been injected into a variety
of TFTR plasmas, including ohmically heated plasmas with a range of initial
electron temperatures, neutral beam heated plasmas at several NBI powers and
high Te, post NBI plasmas. Pellet penetration into these plasmas was
determined by measuring the pellet speed and duration of the Ha light
emission during pellet ablation in the plasma. These penetration measurements
are compared to the predicted penetration computed using the ablation model
developed by Oak Ridge National Laboratory. Provided super- thermal electrons
are not present in the target plasma, reasonable agreement is found between
the model and measurements of the penetration for a particular choice of the
free parameter in the model. Neutral beam particles have a substantial effect
on the ablation rate of pellets in low Te plasmas (Te < 4 keV) while in
high Te plasmas the electron driven ablation dominates. A more detailed
examination of the fuel deposition profile will be presented as well as a
preliminary discussion of the electron temperature profile evolution.

1. INTRODUCTION
Single and multiple deuterium pellets have been injected into a variety of TFTR plasmas,

including ohmically heated plasmas with a wide range of electron temperatures, neutral beam
heated plasmas at several NBI powers and high Te, post NBI plasmas. Pellet penetration into
these plasmas was determined by measuring the pellet speed and duration of the Ha/Da light
emission during pellet ablation in the plasma. These penetration measurements are compared to
the predicted penetration computed using the ablation model developed by Oak Ridge National
Laboratory [1]. The plasma density profiles before and after pellet injection are used to estimate
the number of particles deposited in the plasma. The plasma particle increase compared to the
estimated number of atoms in the pellet yields a measure of the fueling efficiency of pellets in
TFTR. The ablation cloud parameters are discussed based on polychromater measurements of
the Ha/Da line emission from the neutral cloud surrounding the pellet. The electron temperature
profile evolution after pellet injection is examined for the case of multiple pellet injection into an
ohmically heated plasma.

These experiments were carried out using the Deuterium Pellet Injector (DPI) developed
and fabricated by the Oak Ridge National Laboratory. The DPI has eight single shot barrels.

*Research supported by U.S. Department of Energy contract No. DE-AC02-76-CHO-3073.
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There are three 3 mm diameter, three 3.5 mm, and two 4.0 mm diameter barrels which fire
cylindrical pellets 3.4 mm long at speeds of up to 1.5 km/s for deuterium pellets. The 4.0 mm
diameter pellets contain approximately 3 x 1021 particles resulting in a typical increase in
plasma particles of AN/N ~ 3.

The ORNL pellet ablation code was used to compare measured pellet penetration depths
with a theoretical model. The measured input parameters to the model are the electron density
and temperature profiles, the neutral beam heating profile, the neutral density profile, the pellet
size, pellet speed and pellet composition. The free parameter in the model is the thickness of the
neutral cloud surrounding the pellet. This parameter is adjusted to arrive at a reasonable
agreement between measured and calculated pellet penetration depths. The output of the model
which is directly comparable to experiment is the calculated ablation rate. It is assumed that the
broad-band H /D emission is proportional to the ablation rate. It is certainly true that the
termination of me broad-band emission marks the maximum penetration depth of the pellet.

2. PELLET PENETRATION STUDIES
The penetration of deuterium pellets into TFTR plasmas is determined from the termination

time of the D emission from the ablating pellet. This time combined with the measured pellet
speed, firing time, and machine geometry yields the absolute penetration depth of the pellet into
the plasma. Three cases have been investigated so far: 3.0 and 3.5 mm pellets into ohmically
heated plasmas and 4.0 mm pellets into neutral beam heated plasmas. In each case, the
penetration depth was calculated with the ORNL ablation model using profiles which were
either measured or calculated with the SNAP [2] one-dimensional, time independent analysis
code.

The results of this survey are shown in Fig. 1 for the three cases. The neutral cloud
thickness was adjusted to 0.5 mm to give reasonable agreement between measured and
calculated penetration depths for the 3.0 mm pellets into ohmically heated plasmas. This value
was then used for all subsequent penetration calculations. The 3.0 mm pellets were chosen as
the base line case for determining the neutral cloud thickness as this situation best represented
the assumptions in the ORNL model used. These pellets did not penetrate deeply into the
plasma and hence did not cross any low-q rational flux surfaces. An example of this shallow
penetration ohmic case is shown in Fig. 2. The measured broad-band Da emission is plotted
along with the calculated ablation rate in arbitrary units. The termination point of both curves is
in good agreement though the detailed agreement between the two curves is perhaps poorer.
The discrepancy between the measured and calculated ablation in the outer region of the plasma
is typical.
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Figure 1 : Calculated pellet penetration from
the ORNL pellet code plotted against the
measured penetration for 3.0, 3.5, and
4.0 mm diameter pellets. The neutral cloud
thickness was 0.5 mm to match the 3.0 mm
pellet data.

Figure 2: Comparision of measured
broad-band emission and calculated ablation
rate for a 3.0 mm pellet. Radius units are
10cm.
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The 3.5 mm pellets penetrated much deeper into the ohmically heated plasmas in TFTR
because larger pellets penetrate deeper and with the DPI, larger pellets tend to be faster. It can
be seen from Fig. 1 that the agreement between calculated and measured penetration for the 3.5
mm pellets is poor. A typical example of calculated and measured ablation is shown in Fig. 3
for these larger pellets. In contrast to the 3.0 mm pellets, there is considerable structure in the
emission from the 3.5 mm pellets. Sawteeth were present in both cases during pellet injection.
There is a strong decrease in emission at the plasma center and at a radius near the q=l surface.
The ORNL ablation code does not model rational q surfaces though the limited volume of the
plasma center is taken into account. For these deep penetration cases where the pellet ablation
decreases at rational q surfaces, good agreement between theory and experiment is not to be
expected. However, the model does predict that the pellet will penetrate well into the plasma,
insuring central fueling. Note that there is still a discrepancy in the outer plasma between the
modelled and measured ablation rate.
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Figure 3: Comparision of
measured broad-band emission and
calculated ablation rate for a 3.5 mm
pellet. Radius units are 0.1 m.

R
PLASMA

EDGE
PLASMA
CENTER

The agreement between measured and calculated penetration depths for the NBI cases is
also poor. The model reproduces the general features of the observed Da emission such as
increased emission in the outer plasma region but overestimates the observed ablation rate.
However, high energy ion ablation is important both in the model and in the experiments.
Simulating the ablation without including the high energy ion ablation leads to much too deep
pellet penetration. That high energy ion ablation is experimentally important is seen in Fig. 4.

: A

R

Figure 4A: Broad band emission from a
3.5 mm pellet injected into the ohmic portion of
shot 29615. The central electron temperature
was 3.2 keV

Figure 4B: Broad-band emission from a
4.0 mm pellet injected into the NBI portion of
shot 29615. NB power was 5 MW and the
central electron temperature 2.0 keV

Pellet speed: 1.48 km/s Plasma radius: 0.8 m
Radius units: 0.1 m

PLASMA
CEOTER

Shown in Fig. 4(a) is the broad-band emission from a 3.5 mm pellet injected at 2.4 s into an
ohmically heated plasma with Te(0) = 3.2 keV. Sawteeth are present in the plasma at this
time. The pellet penetrates well past the center of the plasma. In Fig. 4(b) is the emission from
a 4.0 mm pellet injected at 3.0 s into the same discharge as in Fig. 4(a), but with 5 MW of
neutral beam heating and T" (0) = 2.0 keV. Sawteeth are no longer present, having been
supressed by the first pellet. Both pellets had a speed of 1.48 km/s. If high energy ion ablation
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were not important, the second pellet, being larger and in a lower temperature plasma, would
have penetrated much deeper than the first pellet and would probably not have been completely
ablated in the plasma.

3. PELLET FUELING STUDIES

For a number of the cases shown in Fig. 1, it was possible to determine the particle content
of the plasma before and after pellet injection. The fueling efficiency, defined as the increase in
the particle content of the plasma divided by the number of particles in an ideal pellet, is shown
in Fig. 5 for these cases plotted against measured penetration depth. It should be noted that
photographs of pellets do not show the pellets to have an ideal cylindrical shape but rather to be
somewhat rounded at the ends. The definition of fueling efficiency used here will overestimate
the number of particles in the pellet and hence systematically underestimate the fueling
efficiency.
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Figure 5: The fueling
efficiency of 3.5 mm pellets into
ohmically heated plasmas and 4.0 mm
pellets into NBI heated plasmas.

It can be seen from Fig. 5 that there is an increase in fueling efficiency with penetration
depth for the 3.5 mm pellets injected into ohmically heated plasmas. This effect is real and not a
result of variability of nominal pellet size. If a pellet were larger than expected it would
penetrate farther into the plasma and appear to fuel more efficiently, having more particles than
the average pellet. In fact, the differences in pellet penetration depth are due to differences in
target electron temperature and pellet speed. Pending a better assessment of the actual number
of particles in a pellet, the absolute fueling efficiency cannot be determined but it is at least 50%
increasing to 75% with penetration depth.

The fueling efficiency for the 4.0 mm pellets injected into neutral beam heated plasmas
appears to be worse than for the ohmic case. The beam power was approximately 10 MW for
the pellets which penetrated to 0.65 m and 5 MW for the pellet which penetrated to 0.8 m. The
5 MW case is the same as shown in Fig. 4. Due to the limited amount of data, it is not possible
to discern any systematic trend in the NBI fueling efficiency data other than that the efficiency
is less than for ohmic heating only.

A clear example of the lower fueling efficiency in NBI heated plasmas is shown in Fig. 6
which is a plot of the increase in plasma density from pellet fueling plotted vs major radius. In
this example a 3 mm pellet was injected into an ohmically heated and an NBI (Pj^ = 10 MW)
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Figure 6: The density rise from pellet
fueling in an ohmically heated (solid) and NBI
heated plasma (dashed). In both cases the pellets
were 3.0 mm, the pellet speed was 1.05 km/s,
the electron temperature was about 3.2 keV, and
the plasma radius = 0.8m.
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heated plasma having approximately the same electron temperature and density. The smaller
plasma density increase in the NBI case is not due to reduced pellet mass as then the pellet
would not penetrate as deeply as it did. At present, there is no satisfactory explanation for the
reduced fueling efficiency in NBI heated plasmas.

4. SPECTROSCOPIC MEASUREMENTS OF PELLET ABLATION

An eight channel polychromater has been used on TFTR to observe the Da line emission
from the luminous cloud surrounding the ablating pellet. The polychromater spans the spectral
range from 630 nm to 665 nm. The measured spectra were analyzed to determine the electron
density in the cloud from the Stark broadening of the D line and the electron temperature from
the line-to-continuum ratio. Typically, Te = 1.6 ± 0.3 ev in the luminous cloud throughout the
ablation process.

The observed spectrum has structure which yields information on the properties of the
cloud. Channels near the line center have lower than expected intensity which is explained by
self-absorption in the luminous cloud. Analysis indicates that the luminous cloud is a few
millimeters thick.

Figure 7 shows the electron density and radiated power from the Da line during the
ablation of a pellet in TFTR. Figure 8 is a comparison of the broad-band emission from a three
pellet sequence with the integrated D emission normalized at the peak intensity. There is good
agreement between the line and broad-band emission, lending support to the use of broad-band
emission as a measure of Da line emission. To the extent that Da line emission is proportional
to the ablation rate, so is broad-band pellet emission.
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Figure 7: Electron density and
radiated power from the luminous
cloud surrounding an ablating pellet.

Figure 8: The power radiated in the D a line
compared to the broad-band radiation.
Squares — line radiation
Solid - broad-band radiation

5. Te PROFILE EVOLUTION

A series of pellets were injected into an ohmically heated, Ip = 2.2 MA, qc j = 3
discharge [3]. The last pellet in the series fueled the center of the plasma and supressed
sawteeth. Between 0.5 - 0.7 s after the last pellet, an intense central radiation loss develops
due to brehmsstrahlung from the dense central plasma. During this time, the central radiation
power density becomes a significant fraction of the ohmic input power while the electron
temperature profile becomes hollow.

The density profile for r/a > 0.4, evolves from a peaked profile just after injection to a
profile which is broader than the profile just before injection of the last pellet:
nft(0.4)/ne(0.8) = 1.72 before injection and ne(0.4)/n (0.8) = 1.54 at 0.7 s after injection,

broader. Figure 9 shows the time evolution of the density profile normalized to the
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density at r/a = 0.5. The curve at 2.6 s is the target density for the last pellet in the series which
was injected at 2.74 s. The profile evolves significantly during the entire period shown.
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Figure 9: Evolution of the normalized
density profile from a pellet injected at
2.74 s. The pellet penetrates to the
plasma center.
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After injection of the last pellet, the electron temperature for r/a > 0.4 initially broadens
from Te(0.4)/T (0.8) = 3.07 at 2.6 s just before pellet injection to Te(0.4)/Te(0.8) = 2.65 at
2.9 s, 160 ms after pellet injection, a broadening of 15%. The profile shape rapidly evolves
back to its pre-injection value so that 350 ms after pellet injection Te(0.4)/T (0.8) is within 5%
of the pre-injection value. Figure 10 shows the electron temperature profile evolution. For
r/a > 0.4, there is little evolution of the profile shape even though the density and radiation
profiles are still evolving significantly.
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Figure 10: Normalized electron
temperarure profile for the same situation
as in Figure 9.

6. CONCLUSIONS

Measured pellet penetration into ohmically and NBI heated plasmas in TFTR have been
compared to calculations using the ORNL pellet ablation code. In shallow pellet penetration in
ohmic plasmas, the calculated pellet lifetime is in reasonable agreement with observations,
though the calculated ablation appears too large in the outer region of the plasma. In deep pellet
penetration in ohmic plasmas with sawteeth present, the calculated pellet lifetime is too short. A
strong decrease in observed pellet ablation at the q=l surface is not modelled. For pellet
penetration into NBI heated plasmas where sawteeth were supressed by a previous pellet, the
calculated pellet lifetime is too short. High energy ion ablation is important though, both
experimentally and computationally.

Pellet fueling efficiency increases with increasing pellet penetration for deep penetration in
ohmically heated plasmas, reaching values of 75% or more. The data for pellet fueling in NBI
heated plasmas is not conclusive, but the fueling efficiency appears to be less than for the
ohmic case.

The electron temperature profile evolves to its pre-pellet shape on a ~300 ms time scale.
The shape of the outer half of the profile is largely unchanged by pellet injection even though
the density and radiation profiles are still evolving and the central Te profile is hollow.
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Abstract

The striations observed on the Ha or Hß emission signal of
ablated pellets are not presently well understood. A limitation of the
ablation process due to the lesser amount of energy available on
resonant magnetic surfaces would be an attractive explanation. In
order to evaluate the ability of the latter to produce the observed
features, we developed a model which takes into account the maxwellian
distribution of electrons, the proportion of trapped particles, the
geometrical effects linked to the shear and the finite lifetime of the
filaments. In tokamaks, it is found that our model is unable to
reproduce the observed striations for smooth q profiles but that the
general shape of the Ha (or Hß] signal can be fitted by introducing
small flattenings (e.g. small magnetic islands] around resonant
surfaces. In low-shear stellarators, striations (rather shallow] due
to rational q values can exist in the absence of magnetic islands but
require the presence of a suprathermal electron tail.

1) INTRODUCTION:

Striations during pellet ablation have been observed for
several years in a number of machines [l-s]. A first interpretation of
these fluctuations is to relate them to resonant magnetic surfaces
[2,9-ll] but their poor reproductibility in macroscopically identical
discharges and the observation of identical features in the low-shear
stellarator W-VIIA [SJ were taken as arguments against this. However,
it is clear that their inclination is strongly correlated to the
magnetic field since it was shown that a careful analysis of the angle
between a striation and the toroidal direction led to an experimental
determination of the local q value [7,12]. It is therefore tempting to
investigate the possible correlation between the striations location
and depth and the magnetic structure of the discharge.

2] BASIC MODEL FOR STRIATIONS:

2-a] Fundamental process:

We start from the idea that dark striations correspond to
locations where ablation is lower than average, i.e. that the
available electron energy is lower than at other radii. For electrons
of parallel velocity- VII. this can be understood as follows: the
pellet, surrounded by its neutral cloud (of effective diameter 4>p
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perpendicularly to the magnetic field) moves across the discharge with
a velocity Vp . It interacts during a time interval 5t=$p/Vp with every
toroidal shell of infinitesimal thickness. Therefore, all the
electrons located at a distance smaller than St.VII from the pellet
[following the field line] are intercepted by the neutral cloud. If
the pellet is on a resonant magnetic surface (q=m/n at minor radius r)
the field lines have a finite length:

L(m,n)=2ir.(R.m r . n ] 2lt . R. m (l)

where R is the major radius of the discharge. For L (m , n) < VII . ôt , the
energy flux on the neutral cloud vanishes after a time interval
St ' =L(m ,n] /Vll , leading to a limitation of the local ablation rate in
the proportion:

, , 5t ' L(m,n) . Vpa(m'n] = oF = v»i. ftp [2]

a(m,n) is averaged over the electron distribution function in the next
Section. For a given VII, the above limitation is effective on every
magnetic surface for which 5t'<5t, i.e. itum with:

2-b) Shape of the striations:

A first estimation of the half radial width of the zone inside
which the energy flux vanishes after a time interval 5t ' can be found
by noticing that the influence of a resonant surface [located at
radius r~* vanishes at the radius [r+5r ) such that the poloidal
rotation difference O0=m. 5( 2ir/q) after m toroidal turns reaches the
angular sector sustained by the neutral cloud: <tp/r. That is when or
is such that:

. |50(5 = 2lt.r.m.
Ôq

dr

5r
[4]

The shape of the striation is mainly determined by the
relative sizes of the ablation cloud ($p) and of the zone of reduced
ablation [25r ] around each resonant surface. Since we have generally
25r <$p , the real profile of the striation is given by the average of
the local attenuation over the whole ablation cloud section:

a(6r,m,n] * 1 - [l-a(m.n)]. E [5]

where E is the proportion of the neutral cloud section inside which
the energy flux is reduced. The total width' of the striation is then
25r +$p . The smoothing due to this effect is of considerable
importance in tokamaks.

2-c) Limits of the model:

For this model to be valid, the thermal diffusion must be
small enough not to refill the thermal content of a flux line during
its interaction with the pellet. This leads to two additional
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relations, one for parallel and one for transverse diffusion:

L(m,n) < Tc. VI! for m < mo0 5
2ör +$p > Ar = a . f ——— 1o o L Vp . Te J

(6)

where Tc is the collision time and Ar is the minimum str'iation width
compatible with the mean transverse diffusion. An undervalue of which
can be calculated from the confinement time Te and minor radius a. For
TFR , one obtains Ar 3:0.3cm (see [ll]). However, it must be underlined
that fast heat transport as observed during pellet injection
experiments in TFR [7] is not taken into account. Our model gives
therefore only an upper limit of the depth and width of the striations
related to resonant magnetic surfaces.

The presence of trapped electrons should also be taken into
account, but in TFR, their number is very small and they can be
neglected. In the general case, due to their very low toroidal drift
velocity, only a very small fraction contributes to the pellet
ablation and their effect is only a diminution of the effective
density.

An implicit assumption of the above calculation is that
<tp<r. (2ir/q) . This condition is fulfilled for all reasonable values of
$p. Indeed, it was measured on TEXT that the ablation cloud diameter
is about 1cm [l4J and an extensive analysis of pellet injection
experiments in JET [l5] showed that the measured penetrations could be
modelled with $p=2. (Rp+lmm) , where Rp is the pellet radius. In the
numerical applications presented in this paper, we use this latter
expression of $p (which is the only free parameter of the model).

3) IMPLEMENTATION OF THE MODEL:

The quantity to be calculated is the material deposition
profile :

-"•"«- dt Vp '
where r| is the pellet ice density. The ablation rate dRp/dt is
computed in [l3] and can be written:

dRp = 5.71 10~9 Rp"°-66 . Ne°-33 . E1-64 . dt (8)

Using the fact that dRp is an additive function of the local electron
density Ne and only depends on their velocity, one can average over
the distribution function f(E) leading to:

dRp = 5.71 Id'9 Rp"0-66 . Ne°-33 . [Jf(E).£4-92.dt3.dE]°• " (9]

One can then introduce the effect of resonant magnetic
surfaces (i.e. that the interaction time 6t' of the electrons with the
neutral cloud depends on their energy) by combining eqs. (5) and (9);
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thus obtaining:

dRp/dt = 5.71 10"9 Rp"°-66 .Ne°-33 0 33 (10)

where Inf(a) is the lowest of the a(5r,m,n]'s over all the resonant
surfaces within 5r -t-$p/2 of the radius r.

The available experimental signal is the Hß (Dß) emission of
the ablation cloud which is assumed to be roughly proportional to
AM[r] [l5,16J. However, one has to take into account the lifetime of
the emission of a filament which is about 6-7|j.s [7,12]. This
corresponds to a characteristic time Tv~2 . 5|ls for the decrease of the
line emission. This effect results in a smoothing of the Hß signal
measured as a function of time which is then given by:

t
Hß(t=(a-r)/Vp+to) = Cv . J AM(t-x).exp(-x/Tv).dx [ll]

o
where t is the time at which the pellet penetrates into the discharge
and Cv is a constant characterizing the probability that an atom of
the neutral cloud emits a photon in the considered line (~2''C for Ha
and 0.04''. for Hß, see [4]). For simplicity, we chose to normalize
Hß ( t) to 1 at its maximum value. In this paper, numerical applications
are done for TFR shot #94346, the main parameters of which are listed
in the following table:

Major radius
Minor radius
Toroidal Field
Plasma current
Central density
Central temperature

Pellet equivalent radius
Pellet velocity
Pellet penetration

R:
a :
B.
Ip:
Ne :
Te0:0
RvVp:
Lp:

98 cm
19 cm
4.5 T
184 kA
6 1013
1 .6 keV

0 . 4 mm
563 m/s
11. 1±1.

- 3cm

5 cm

4) RESULTS AND DISCUSSION:

4-a] Smooth q profile:

Figure 1 displays the computed signal Hß(t} for a parabolic q
profile drawn between q = 4 . 5 for r=a=19cm and q=l for r=5cm. The only
visible striation corresponds to q=2 (one sees marginally those
corresponding to q = 3 and 5/2). Varying $p up to 2.(Rp+3mm) and TV
until values as short as l[is do not change the general shape of the
signal. There are two possible explanations for this absence of
striations: a too small value of m and/or a too low ratio 2or /$p. It
can be shown that, for tokamaks, the latter is essentially responsible
for the smooth computed signal. This is not the case for stellarators:
in these machines indeed, the q profile is flat enough for m.2or to
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Figure 1: Computed Hß[t) signal for a smooth q profile The only

visible striation corresponds to q=2 (those ielated to q=3
and 5/2 are also present, but considerably shallower)

be much larger than $p in the major part of the discharge
(m.25r /$p~10 for r/a~0.5 from the values given in [8] for W-VIIA].
The number and depth of computed striations are then limited by the
value of m . In this precise case, it is possible to increase the
number of striations by introducing a' population of suprathermal
electrons [for which m is large due to their large VII). One must
however notice that there is no strong experimental evidence of their
presence in this machine and that the computed striations remain
rather shallow. Moreover, the presence of a suprathermal electron tail
does not increase the number of striations in tokamaks since the
latter is limited by 26r /<E>p [which does not depend on VU) and not by
m . One must therefore conclude that, if the q profile is smooth, then
resonant magnetic surfaces do not explain observed striations

4-b) Influence local q flattenings.

The presence of a local q flattening on a resonant surface,
due for instance to a magnetic islands increases the width and depth
of the corresponding striation Indeed, the shear is small enough
inside the island for the poloidal distance covered by the electrons
after m toroidal turns to be smaller than $p In these conditions, the
whole island appears as a zone of reduced ablation which results in an
increase of the striation width and depth [one can find a schematic
description of this effect in [l7]) An example is shoun on Figure 2:
for the computation of this signal (thick line), we introduced local
flattenings [2mm) on every resonant surface verifying mill and n^l .
The former is compared on the same figure with the measured Hß signal
during shot #94346 [thin line). One can notice the good agreement of
the general shapes of the two signals, but the detail of the
striations is not well reproduced. A much better agreement could be
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j.a.

0,00 0,10 0,20

t (ms)

Figure 2 : Comparison between a computed H ß ( t l s igna l wi th local
f la t tenings ( th ick l ine) and the expe r imen ta l Hß
measurement dur ing TFR shot #94346 ( t h i n l i n e ) The
lat ter is n o r m a l i z e d in a such uay t h a t the areas under
the two curves are equa l

obtained by depart ing f r o m the parabol ic suppor t of the q p r o f i l e , but
this would requi re the i den t i f i c a t i on of the individual s tr iat ions in
term of m and n numbers which cannot be done unambiguous ly in the
present state of the model .
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GENERAL REMARKS CONCERNING THE ABLATION
OF A FUELLING PELLET

C.T. CHANG
Euratom-Ris0 Association,
Ris0 National Laboratory,
Roskilde, Denmark

Abstract

According to the general accepted view, the main shielding effect of a
hydrogen (or its isotopes) pellet subjected to the impact of plasma electrons
is due to the presence of a highly dense cloud around the pellet.

Assuming the stopping power process is valied for particles of any
species "j" and using dimensional reasoning, the particle ablation rate of a
pellet subjected to the impact of particle beam of species "j" at the energy
E and number density n can be shown, is given by

where m is the molecular weight of the pellet material, A* is the energy
flux attenuation cross section of the incident particle of species "j" with
respect to the target particle of the "ith constituent" of the ablatant.

When most energy of the incident particle is effectively abosrbed in a
spherical shell around the pellet, the ablation rate N_ can be simplified to

(2)'m' •""•"'

Generalization to a multi-species ablatant does not change the scaling
law of the pellet ablation rate. Finally, the ablation rate of a pellet
subjected to the impact of particles of known energy distribution can be
obtained by taking the proper moment of Eq. (2).

The possible existence of an effective spherical energy absorbing region
of the gas-shielding model for the pellet ablation is examined by considering
the ablatant as composed of our species. H2, H, H+ and e~. The ablated
cloud expands spherically if the local collisional mean free path of the cold
ablated electrons is much less than the local electron Larmor radius. Results
of the analysis showed that for magnetic field strength prevailing in most of
the present tokamaks such a region exists at a distance of about 2rp where
approximately 80% of the incoming electron energy flux is absorbed.

One of the main concerns of pellet injection experiments in tokamaks is the
particle ablation rate Np with respect to the type of the incident particles
(electrons, ions, alpha particles, etc.) and their energy distribution. Furthermore,
on account of the variation of plasma temperature and density in the device, we
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need to know how Np scales with the local plasma parameters and the
instantaneous pellet radius as it travels in the device.

Considering the conservation of energy at the pellet surface, we have

A = ̂  (1)
P Ha

where qjp is the energy flux of the incident particles of type "j" received at the
pellet surface with an effective area Ap and Ha is the heat of ablation per ablated
particle. Neglecting the kinetic and thermal energy of the ablatant just leaving
the pellet surface, we may take Ha approximately as the sublimation energy.
The remaining problem then is to find the relation between qjp and the ambient
energy flux, qj0 .

According to the commonly accepted point of view, the dominating shielding
effect is due to the presence of a highly dense cloud around the pellet which acts as
a stopping medium for the incident particles, [1 - 8 ], qjp then can be related to qj0

by applying the stopping power concept, thus

.
as m J

LJ(E) (2b)
ds m E. <cos9>j

where
L(E)

A.(E) = o.(E). .
J s E.<cos9>

is a coordinate along the trajectory of the incident particles.

o(E) is the total scattering cross section (elastic collisions) and L(E) is the loss
function, i.e. L(E)/E is the cross section of the corresponding inelastic collisions.
<cos6> is the average pitch angle between the particle trajectories and the the
magnetic field lines. p(s) is the local mass density of the ablatant. On account of
this variation of the density of the stopping medium, the problem differs from the
classical stopping power in solids. To relate qjp to Oj0, we have to study the
gasdynamics of the expanding ablated cloud. When the elastic scattering process
is neglected, (o = 0), from Eqs. (2a) and (2b), we obtain

q. E. fo\_*IP _ _JP (3)
q. ~ E.

JO JO

The knowledge of qjp thus can be inferred from that of Ejp, [4 ].
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Considering the ablatant as a nondissipiative ideal gas, the expansion and
heating of the ablated cloud are described by the three conservation laws, thus

V- (pu) = 0

pu- Vu = -Vp

2
V- [pu(h+— +e)] = Q.(r)

2s J

In the above, h is the specific enthalpy, e is the energy of phase change, Qj(r) is
the volumetric heat source due to the incident particles of type "j". One basic
assumption of the prevailing ablation models is to take

*f^T <5>
J ds

The gasdynamics of expansion and heating of the cloud thus is coupled to the
stopping process of the incident particles. As a matter of expediency, the
interaction between the gasdynamics of the expanding cloud and the stopping
process of the incident particles can be decoupled when appropriate volume
average of < Q(r) > is taken, [4]. However, by doing so, the details of the energy
deposition of the incident particles inside the cloud (the stopping medium) is lost.
Speaking explicitly, as a result of this approximation, one has no knowledge
where most energy of the incident particles is deposited. Taking the dominant
shielding effect as that due to the stopping power process, the ablation rate Np

can be expressed as
N p-« m -v q j - A j ' p ) (6a)

where m is the molecular mass of the pellet material, e.g. mn2, mu2 etc., rp is the
equivalent spherical radius of a pellet which has the same volume to surface area
ratio as that of a sphere, ß is the ratio of the magnetic pressure to the gas
pressure of the ablatant at some appropriate location in the ablated cloud. Since
the basic concept of the stoping power process is that the degradation of the
incoming particle energy is due to the presence of a highly dense, but low
temperature, medium, for the shielding process to be effective, there must exists
an energy absorbing region where the ablatant pressure is sufficiently high, or ß
> 1. The main effect of the magnetic field is to modify the area Ap intercepted by
the pellet as appeared in Eq. (1). Eq. (6a) then reduces to

N p =fXm,r p > q . ,A. ) <6>

Taking the dimensions of [q] = MT~3, [m] = M and [r] = L as the three basic
units, we obtain

A.

207



Substituting [qj] = [nj(E3j /mj)t/2] into the above expression, we obtain

=P \m/ \ m. l J \ A.J J
When most of the incoming particle energy is absorbedin a spherical shell around
the pellet, [10], it can be shown that Np « rp

w . Eq.(7) then reduces to , [11],

(7a!
m \ m. P A2/3

J

Recalling that for a fixed target particle, Aj is a function of the incoming particle
energy Ej only, Eq. (7a) thus takes the form

/ n. s i/3 / i \ 1/6 /0.
N = fj.\ (I.) r«3„EJ (8)

P \mJ \rn.J P JJ
A generalization towards incident particles having an energy distribution g (Ej )
can then be obtained by taking the moment of Eq. (8), [12].Thus far, we have
considered the ablatant as consisting of a single species only, e.g. a H2 or D2 gas.

When dissociation and ionization effects are present, we have to generalize Aj by
Aj', where the superscrip "i" denotes the type of species present in the ablatant,
e.g. H2 , H, H+, e~ etc. Specifically, the stopping power equation, eq. (2b), now
becomes , [9]

dE. i fr.\
- - - 'ds i

Similar generalization should be made regarding the energy flux attenuation,
dqj/ds of Eq. (2a).

Finally, the ablation of a pellet subjected to the impact of incident particles of
various type "j" present simultaneously may be obtained by summing over the
contributions of various type "j", provided their effects are simply additive and do
not interfer with each other.
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ON THE EFFECTIVE ENERGY ABSORBING REGION OF
THE GAS-SHIELDING ABLATION MODEL

Injection of frozen deuterium or hydrogen pellets presently are actively studied in
many tokamaks among the fusion communities. Resonable agreements between the
experimentally observed pellet penetration depths and those predicted by the
neutral-gas-shielding (NGS) model [1,2], or their modifications [3-8], were reported
in Ohmic discharges and with RF or neutral beam heating at moderate power levels
[9-14].

Whereas various versions of the models differ in their analytical treatments and in
the additional shielding effects, e.g. the influence of the magnetic field [4-7], or of
the ablatant composition [3,8 ] etc., a common feature of these models is that there
exits a spherical shell of extremely dense but rather cold ablated gas enveloping the
pellet. A characteristic feature of the NGS model is that as the incident electron
travels through the ablated cloud, its energy drops suddenly once it approches the
sonic radius of the expanding cloud (see dashed curve of Fig.l). Computational
results based on the single-species (H2-gas) ablatant model of Parks and Turnbull
[1] showed that in a wide range of plasma electron temperature ( 102 < Te < 2X104

eV ) the sonic radius, rs, occurs approximately at 1.6 rp. The energy flux qs at rs is
about 63% of its ambient value, q0. Whereas at an expansion radius, r = 5rp (or =
3rs),q/q0>90%.

2.0

1.5

1.0

0.5

0.0

• p„./

PH IP

10

8

6
v/v.

10 20 30 50 10 20 30 50
r/rp r/rD

FIG. 1.
Variation of the nblatrml state with Ute normalized expansion radius,
r/r,,, r,, is the pullet radius. Plasma sUitc and pellet, radius: Tc = 1.216
keV. nc = S.45xlOt13 cm.Jrp = 0.972 nun. The dashed curves represent
the corresponding abtatant state of a single- species fluid. The
normalisation parameters of the 4-spccies and the l-spccics ablatant are
respectively: tj,. 1.21X107 (4), 1.24x10? (I) w/cm ; E* 2.0 (4). 2.021 (!)
kcV ;T^.1.04 ( 4 ) . 2 . 6 G ( l ) c V - ; v , . l . 1 7 X 1 0 6 ( 4 ) . 1.34X lOf-UJcm/s.
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As long as the ablatant is weakly ionized, the corresponding electric conductivity a
is low; the ablated cloud will expand spherically. Such cases have been observed
experimentally as in earlier Ormak experiments, (spherical pellet), where the pellet
penetrations are limited to the plasma edge region [15] and as in most DANTE
experiments (cylindrical pellet) where the central electron temperature is rather
low (Tc(0) < 300 eV), (see Fig. 2). In present large tokamaks with higher central
plasma temperature (Te(0) > 1 keV), and higher pellet injection speed (Up > 1
km/s), once the pellet enters the hot core region of the device, ionization of the
ablatant could become appreciable. Eventually, the ablated material must flow
along the magnetic field lines to form a hose [6-7]. On the other hand, if the
shielding effect is caused mainly by the stopping-power process, one should expect
the existence of a highly dense ablated layer where the ablatant pressure is
sufficiently high to form a spherical shell around the pellet.

5 cm

LLJ
ol m §
o

FIG. 2

Image picture showing the nearly spherical cloud of the ablatant;
exposure time 20 us at an interval of 100 us. The picture is taken in the
direction of the major radius with the Polaroid 107 film without any
filter plasma state:Tc(0) 200 eV. nc = 2.0X10'3 cm-3, BT = 0.8T. Pellet
dimensions: length = dia. = 0.4 mm.
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The objective of the present paper is to show the existence of such a spherical region
and to investigate the amount of the incident electron energy being absorbed in this
region. For this purpose we have adopted an approach similar to that of Felber et al.
[3] by considering the ablatant to be a mixture of four species; H2, H, H+ and e~.
Besides the basic assumptions used in the single-species ablatant model of Parks
and Turnbull [l], we further assume that the ablatant is in a. local thermodynamic
equilibrium state. The relative concentrations of the ablatant species, consequently,
are determined by the local temperature and pressure in the ablated cloud, (a
detailed account of the model is given in [8]). A typical example of the ablatant state
and the attenuation of the incoming electron energy, E, and the energy flux, q, in
the ablated cloud, based on such a model, is shown in Fig.l. For comparison, similar
variations of an ablatant of a single species H2- gas are shown by the dashed curves.
One notices that although the structure of the cloud depends a great deal on the
composition of the ablatant, the attenuation of the energy and of the energy flux of
the incoming electrons in the cloud behave essentially similar, irrespective of the
ablatant composition,namely, a steep degradation occurs in a thin layer near the
pellet.

To evaluate the effect of the ambient magnetic field, B0, Parks has introduced an
interaction number, Ns, at the sonic radius, rs, defined as [4]

Q.V.B; (1)

where quantities with the subscript "s" corresponding to the ablatant state at the
sonic radius, rs. RMS is the magnetic Reynolds number, ßs is the ablation "beta".
When NS < 1, the ablation flow near the pellet deviates only slightly from that in
the absence of the magnetic field, or a spherical region of the expanding cloud, at
least, exits near the pellet. When dissociation and ionization effects are present, the
governing equations of the ablated flow, in the present 4-species ablatant model,
become singular at an expansion radius, r. within the sonic radius, rs, [8]. The
sonic radius varies with the ambient plasma temperature T0 and density, ne and
the instantaneous pellet radius, rp. In the range of plasma parameters and pellet
radius of practical interest, rs < 2 rp.

A Sonic radius here and thereafter refers to the cloud radius
where "local frozen sound speed" is reached.
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Once the ablatant composition is known, the evaluation of the interaction number,
Ns, in principle, can be done. Instead of such a tedious task, we argue that the
ablated cloud should expand spherically when the local collisional mean free path,
A.ej of the cold electrons of the ablatant is much less than the Larmor radius, pe of
the electrons corresponding to the local field, B0 of the ambient plasma [16] (e.g.the
local tordial field in a tokmak). A critical field strength, Bc then can be defined by
taking Ae, = pe, thus

B (tesla) = 1.65X10~17(£nA)n (cm~3)T~h5(eV)c ea e

where nea and Tea are the local density and temperature of the ablated cold
electrons, In A is the Coulomb logarithm. Spherical expansion of the ablated cloud
exists in the region where B0 < Bc. Taking InA — 5, using the 4-species ablatant
model [8], we have computated the electron density nea and the temperature Tea of
the ablatant at an expansion radius of 2rp and the corresponding critical field, Bc.
The results are shown in Table I for combinations of plasma state and pellet radius
of current interest. In the table, M» is the Mach number at the singular radius, r,, rs

is the sonic radius. The dissociation radius, r^ is defined where the mass
concentration ratio, pH/p attains a maximum, the ionization radius, rj, where PH+/P
= 0.995.

In the last row of the table, we have also listed the result of a thermonuclear
plasma, nea and Tea of the ablatant in this case are taken at the ionization radius,
ri. The relatively high value of Bc is the result of the extremely high ablated electron
density, nea at the ionization radius. In this particular case, one notices that n is
quite close to r2, the critical radius of Parks [4].

In summary, judging from the field strength prevailing in most of the present
tokamaks, and the fact that in a tokamak, a smaller pellet near the plasma core is
associated with higher Te, ne and stronger field, B0, wheras an initial larger pellet
near the plasma edge is associated with lower Te, ne and the weaker field, B0, we
conclude that from the result shown in Table I an effective spherical region of ~ 2rp

does seem to exist where approximately 80% of the incident electron energy is
absorbed.
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JET PELLET ABLATION STUDIES AND
PROJECTIONS FOR CIT AND ITER*
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JET Joint Undertaking,
Abingdon, Oxfordshire,
United Kingdom

Abstract

Pellet penetration in JET under a wide variety of plasma conditions is
analyzed and compared with the predictions of the neutral and plasma shielding
(NGPS) model for pellet ablation. Specific issues addressed in the context of
the WGPS model that impact pellet ablation are the effective ionization radius
of the ablatant normal to the magnetic field and the role of non-Maxwellian
ions and electrons in the ablation process. The model is then used to
evaluate pellet penetration in CIT and TTER.

Nearly all non-ohmic heating techniques produce small populations of
energetic electrons or ions. Slowing-down distributions of hydrogenic and
helium ions can be used to evaluate thresholds for neutral beam injection and
fusion alpha enhanced ablation respectively. Pellet ablation in neutral beam
heated plasmas agrees with the fast ion treatment in the NGPS model.
Classical, local thermalization of alphas from thermal reactions is shown to
lead to no significant pellet ablation enhancement. Energetic distributions
without a sharp energy cutoff, as produced with RF heating or runaway
discharges, are far more difficult to analyze with simplifying approximations.

Projections for CIT and ITER show that active fueling of the outer half
of the plasma volume is most probable for the pellet sizes and velocities
considered. Penetration to the plasma center is highly unlikely at the
nominal design operating conditions. Thus, it is important to understand
transient particle transport under conditions of partial pellet penetration.

1. INTRODUCTION

Pellet penetration in JET is analyzed and compared with predictions of the neutral
gas and plasma shielding (NGPS) model for pellet ablation [1]. The model is then used to
evaluate pellet penetration in CIT [2] and ITER [3]. A simplified scaling law is derived
for pellet penetration when the shielding is dominated by the cold ablatant plasma.
Comparison with a similarly derived scaling law for the original neutral gas shielding
(NGS) model shows that pellet size and plasma electron temperature dependences are
similar, but velocity scaling is reduced or completely absent in the NGPS model. We

* Research sponsored in part by the Office of Fusion Energy, United States Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Incorporated.

1 The members of the JET/USDOE Pellet Collaboration are the authors of the paper entitled 'JET multi-
pellet injection experiments' in these proceedings.
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show that projected penetration for higher-velocity pellets may be erroneous with the
NGPS model. If the neutral gas shield dominates, as it probably does if the neutral gas
shield is elongated along the magnetic field, pellet penetration in JET, CIT, and ITER
can be significantly enhanced with higher pellet velocities.

2. THE NEUTRAL GAS AND PLASMA SHIELDING MODEL

The NGPS model for pellet ablation [1] was developed to extend the physics of
the original NGS model [4,5]. The original adaptations of the NGS model treated the
plasma electrons as monoenergetic; therefore, we began by considering a distribution of
electron energies incident on the neutral gas cloud from the background plasma. This
extension to a multiple-energy-group formalism also allowed fast ions and alphas to
be included in the model. Because of the l/Ee falloff of the stopping cross sections
above about 1 keV, we found that electrons in the tail of the distribution contribute
disproportionately to the ablation process. To stop these electrons, the neutral gas
shield must be thicker than that given in the original model, which leads to enhanced
ablation. Comparison with experimental results showed that the model was unduly
pessimistic, so additional shielding mechanisms were sought. It was argued that, at some
point in the expansion, the ablatant becomes ionized, is trapped by the magnetic field,
and could provide the necessary additional shielding. This approach was similar to that
of Kaufmann et al. [6], except that, instead of conduction, we considered convection of
electron energy through the cold plasma shield. Attempts to derive a simple expression
for the effective ionization radius normal to the magnetic field failed, so the ionization
radius was left as an empirical parameter. The net result of treating the full electron
distribution and the extra shielding was a slight increase in the ablation rate over the
original NGS model. These results are discussed more fully in the next section.

Agreement between JET pellet penetration data and the NGPS model may be
fortuitous. The additional shielding required to match experimental results may also
be provided by an elongated neutral gas shield as described by Kuteev et al. in analysis
of T-10 pellet injection data [7]. They also found that electrons with energies of 6-
8 keV are primarily responsible for ablation when a full Maxwellian distribution is used,
which leads to low projections for the penetration. It was argued t h a t an asymmetry
in the neutral gas shield arises naturally from the nonuniform i l luminat ion of the pellet
because incident electrons are constrained by the magnetic field. To illustrate why
either an elongated neutral gas shield or an extended cold plasma shield can lead to
agreement with experimental results, we can derive scaling laws for the ablation rates
and penetration depths.

A simple scaling law for pellet ablation from the NGS model is given by [8]

ne \x)Te (x)
2/3

where x = r/a is the dimensionless plasma radius at the location of the pellet.
Because time, pellet position, and pellet velocity are related by dt — —adx/vp, the
above equation can be integrated over pellet radius (rp0 < rp < 0) and position
(1 > x > A/a) to relate the pellet penetration depth, A, to pellet and plasma parameters.
If the plasma electron density and temperature profiles are approximated as linear [i.e.,
ne(x) = ne0 (1 - x) and Te(x) = Te0 (1 - *)], then

5/3 \ */3
T 11 A~pO VP \

, ,7,5/3 1/3NGS \aTe{ ne'0 ;

where the exponent 1/3 varies somewhat with the assumed profile shape [9].
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A scaling law can be derived for pure plasma shielding for comparison. The line-
integrated cold plasma density required to stop hot plasma electrons is given by [1]

where nc is the cold plasma shield density. The line-integrated density can also be
related to the ablation rate, N, the time it takes the pellet to pass through a flux tube
bound by its size, tp = 2rp/up, and the cross section of the tube by

where the relation N oc —r^Tf has been used. Thus the ablation rate is given by

r oc --

Converting time and integrating over pellet size and a linear temperature profile yields

A\ =(_&.y"
° /PS \aTcO/

The scalings with pellet radius and electron temperature are similar to the NGS model,
and the weak density dependence has been lost altogether. In both rases the pellet
radius scaling comes from the exposed surface area of the pellet and the temperature
dependence comes from the stopping cross sections, which are essentially the same for
a gas or cold plasma [1]. The major difference is a lack of velocity scaling in the plasma
shielding model. For a physical interpretation of this result, note tha t the line density
in the cold plasma shield is also independent of velocity (i.e., enough mass must be left
behind in each tube to stop the hot plasma electrons regardless of the pellet speed).
At low enough pellet velocities, the assiimption that the cold ablatant plasma and
the hot electrons remain separate becomes invalid, thermal mixing occurs, and energy
conduction to the pellet surface should dominate.

As Kuteev noted [7] and we concurred [1], elongation of the neutral gas shield along
the magnetic field could also provide the extra shielding required to bring the NGS
model into agreement with experimental results when a full electron distribution is
used. Both neutral shield elongation and plasma shielding are probably present.

3. JET PELLET PENETRATION

Pellet penetration in JET is measured by arrays of soft X-ray diodes that view both
horizontally and vertically. For some pellets from the ORNL injector, penetration is also
determined by the duration of the signal from an HQ monitor combined with the pellet
velocity as determined from two light diodes. Penetration depths have been calculated
for several hundred pellets under a wide variety of plasma conditions by using the
NGPS model (with an ionization radius 1 mm greater than the effective spherical pellet
radius), and these depths have been compared with the experimental values as shown
in Fig. 1 [10,11]. Electron temperature profiles from second-harmonic ECE data and
density profiles from an array of FIR chords, as well as plasma geometry from IDENTC,
were used as input to the calculations. Average pellet masses were used for the 3.6- and
4.6-mm cylindrical pellets from the single-shot Garching injector [10]. A pellet-by-pellet
mass correction was used in the calculations for the 2.7- and 4.0-mm cylindrical pellets
from the multi-shot ORNL injector based on data from the microwave cavities [11]. No
noticeable deviations occurred with either neutral beam or ICRF heating, even though
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(a) JET SINGLE-SHOT INJECTOR (b) JET MULTI-SHOT INJECTOR

A 2.7-mm CYLINDER
* 4.0-mm CYLINDER

0.5 1.0 1.5 0 0.5
MEASURED PENETRATION (m)

1.0

FIG. 1. P diet penetration depths calculated with the NGPS model for a wide range of
JET plasma conditions agree with measured penetration depths for pellets from (a) the
single-shot Garching injector and (b) the multi-shot ORNL injector.

fast ion effects were ignored in the calculations—indicating that such effects are not
significant in JET. The only noticeable disagreement has been for pellets injected into
the current ramp phase of some discharges where runaway electrons were important. In
these cases (not shown), the measured penetration was as much as 30--10 cm short of
the calculated values.

The XGPS model contains both neulra l gas and plasma shields. Because of
the similarity in scaling with pellet radius and electron temperature , agreement with
experimental penetration data would be insensit ive to the relative contr ibut ions from
neutral gas and plasma shielding as discussed earlier. Lengyel has recent ly calculated
ablatant cloud parameters for JET [12] by using a t ime-depcmieni model for the
expansion of a cold, high-density particle cloud in a magnetical ly confined plasma [13].
He found that the self-consistently calculated ionization radius was in agreement with
the empirical one used to model the JET data. However, the cloud radii calculated for
ASDEX and NET were notably different from the radius applicable to JET, calling into
question the reliability of the simple empirical constraint on ionizat ion radius derived
from the JET results. Any applications to other parameter regimes, stich as those
considered in the next section for CIT and ITER, must then be viewed with caution.

4. CIT AND ITER PROJECTIONS

Machine parameters for CIT and ITER—both physics (ITER-P) and technology
(ITER-T) phases—are shown in Table I and compared with JET parameters typical of
most of the pellet injection data to date. The nominal particle contents of both CIT
and ITER are expected to be much larger than typical JET conditions—in CIT because
of the high magnetic field and in ITER because of the large volume.

Table II shows a selection of pellet sizes and the fractional particle content they
represent for each of the devices. The CIT and ITER pellets were chosen to represent
nominal 10%, 20%, and 30% density perturbations. The JET pellets represent the
selection from the multi-pellet injector. Figure 2 shows the results of pellet penetration
calculations for ITER-P. A very weak dependence on velocity indicates that the model
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TABLE I. MACHINE PARAMETERS
Parameters
Ro (m)
a0 (m)
K.
8
BT(T}
/„ (MA)
Vp (m3)
(ne) (1020m-3)d

Ne (1020)

JET0

2.96
1.15
1.5
0.0
3.0
3
120
0.3
36

CIT
2.10
0.65
2.0
0.4
10.0
11
35
0.4
140

ITER-P6

5.80-
2.20
1.9
0.4
5.0
22
1050
1.0
1050

ITER-TC

5.50
1.80
1.9
0.4
5.3
18
670
1.0
670

0Typical of pellet-injected plasmas.
Design parameters for physics phase.

c Design parameters for technology phase.
Nominal target density.

TABLE II. PELLET SIZES AND FRACTION OF
NOMINAL TARGET PARTICLE CONTENT

Spherical radius (mm)/Particle fraction (%)

JET CIT ITER-P ITER-T
1.4/19
2.1/65
3.1/225

1.7/9
2.2/19
2.5/28

3.4/9
4.3/19
4.9/28

2.9/9
3.7/19
4.2/28

1.0

CO
2
O
<o:

0.5

O
I-og

0.2

1.0

(a) ITER-P
Te (0) = 20 keV

Vp (km/s)

l l I l l l

l l l l l l l

10
0.2

rp (mm) (km/s)

o<a;
0.5

O

0.2

-5/9

(c) ITER-P
4.3mm

l l i l I

UJ

2.0

(d) ITER-P
rp = 4.3mm
v. (km/s)

o 2
o 5
A 10
+ 20

l l l l I
10

Te(0) ( keV)
30 10

Te (0) (keV)
30

FIG. 2. Pellet penetration calculated with the NGPS model for the ITER-P parameters
showing fractional radius penetrated as a function of (a) rp, (b) vp, and (c) Te(0); and
(d) fractional volume penetrated as a function of Te(0).~ Also shown is the simplified
scaling of the NS model.
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is dominated by the cold plasma shield. Very similar results are obtained, both
qualitatively and quantitatively, for CIT and ITER-T by using the pellet selection of
Table II. It is apparent from the lack of velocity scaling in these calculations that the
NGPS model predicts that ablation is dominated by the plasma shield Only at, the
highest velocities does the penetration begin to improve because the pellet starts U>
outrun the plasma shield and become influenced by the neutral gas shield. The. velocity
projections for JET have also been examined with the NGPS model and show the same
behavior.

For reference, curves showing the simple NGS scaling are also shown in Fig. 2. With
Vp scaling from a nominal 1-km/s pellet, penetration projections for ITER, CIT, and
JET are greatly improved with injection velocities of 5 km/s.

Controlled experiments with fixed pellet size and plasma condi t ions could be used
to examine velocity scaling and determine the relative importance of the, neutral gas
and plasma shields. Experiments to date have concentrated on runn ing injectors at
near-maximum velocity, so databases normally cover a very narrow velocity range. An
exception is the ASDEX data that cover vp — 0.-4-1.0 km/s. Velocity scaling was not
examined as a separate parameter, but Biichl noted a correlation between penetration
and the lumped parameter Z = r L '>/"to ^io L^l-

5. CONCLUSIONS

The NGPS model for pellet ablation shows agreement with JET penetration data
for a range of pellet sizes and plasma conditions. However, in the scaling with these
parameters no distinction is expected between plasma or neutral gas shielding. The
velocity range of the data is small, so the very weak velocity dependence of the NGPS
model has not been tested; it should be tested experimentally before relying on velocity
projections of the NGPS model. If a velocity dependence is observed in experiments, it
would lend support to a model that relies on enhanced shielding from an oblate neutral
gas cloud. The ionization radius normal to the magnetic field determines the relative
importance of neutral gas shielding and plasma shielding in the NGPS model and has
been chosen empirically. It is sensitive to asymmetries in pellet ablation produced by
the anisotropic energy flux from the plasma and to local high beta (magnetic shielding)
effects that cause the magnetic field lines to bend around the pellet cloud. Ionization
closer to the pellet surface and magnetic shielding cause the ablatant to be restricted to
a smaller-diameter flux tube and to be more effective at shielding energetic plasma
electrons. Model development is needed for a fully self-consistent treatment of an
asymmetric neutral gas shield, a plasma shield, and magnetic shielding.
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STATUS OF PELLET-PLASMA INTERACTION
STUDIES AT GARCHING

L.L. LENGYEL, PJ. LALOUSIS1

Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Abstract

Massive neutral particle sources, such as pellets injected into tokamaks,
may notably affect both the local state parameters of the target plasma and
the equilibrium state of the discharge at large. Indeed, since the energy
influx affecting the neutral mass locally deposited is defined by the thermal
or directed velocities of the energy carriers in the hot background plasma
(thermal electrons, etc.) , and the energy eff lux from the source region is
defined by the hydrodynamic (convective) velocity of the cold particles
heated, the deposited mass may serve as a transient energy accumulator that
deplates the energy of the rest of the energy reservoir ( f lux tube) affected,
and may have state parameters much different from those of the background
plasma. The local disturbance amplitudes caused by ablating pellets in
tokamaks can be computed by means of a hydrodynamic model supplemented by
the neutral-gas-plasma-shielding ablation model . The model computes, for a
given local particle deposition rate, the time histories of the ablatant cloud
parameters such as cloud radius, cloud length, electron density, temperature,
cloud beta, etc. at a succession of magnetic f lux surfaces. Computations have
been performed for a number of tokamaks with different plasma parameter ranges
(TFR, T-10, ASDEX, JET, NET, etc.) and the results are compared with the
experimental data available (PLT, TFTR, ISX-B, TFR, and TEXT). The feedback
between the local plasma parameter disturbances and the ablation rates
calculated as well as the problems associated with predictive calculations are
discussed.

Recently, a time-dependent MHD model was presented that allows one to compute the
temporal evolution of particle clouds surrounding ablating pellets in tokamak plasmas
[l]. These clouds initially consist of neutral particles that are continuously heated by
the incident plasma particles. Once the particles become ionized, they interact with the
applied magnetic field and are confined to magnetic flux tubes with radii proportional
to the ionization radius. The ionization and confinement radii, on the other hand, are
functions of a number of parameters: the total number of particles locally deposited, the '
energy flux affecting the cloud, and the strength of the magnetic field applied. The radius
of the cloud surrounding the pellet affects the density of the confined plasma slug and
hence the effectiveness of the shielding of the pellet against the incident plasma particles.
Calculation of the shielding cloud evolution may be repeated at a sequence of magnetic
flux surfaces in a tokamak, thus providing information on the radial distribution of the
disturbance amplitudes caused by a pellet injected into a tokamak.

1 The NET Team, Max-Planck-Institut fur Plasmaphysik, Garching, Federal Republic of Germany.
On leave from Research Centre of Crete, Heraklion, Greece.
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I. Magnitude of disturbance amplitudes

In the majority of calculations presented here, measured electron temperature and den-
sity profiles were fed to the NGPS ablation model [2], which was coupled to the cloud
expansion model [l]. Moreover, since the radius of the shielding cloud is an open parame-
ter in the ablation model, cloud radius feedback (Rci feedback) was established between
the cloud expansion and ablation models. Some representative results obtained for an
ohmic ASDEX discharge are described in this section. For further results pertaining to
discharges in TFR, T-10, ASDEX, TFTR, and TEXT, and to pellet injection scenarios
in JET and NET the reader is referred to [l].

The electron temperature and electron density profiles prevailing in ASDEX discharge
24269 just before injection of the second pellet are reproduced in Fig. 1 (results based on
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Figure 1: ASDEX ohmic discharge (shot no. 24269), measured electron temperature,
electron density, and Ha emission profiles. The limits of the estimated pellet
ablation length (penetration depth) are shown under the Ha curve.
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HCN interferometry and Thompson scattering involving a YAG laser). The H& emission
curve shown in this figure may be used to estimate the pellet lifetime or, alternatively, for
a given (constant) pellet velocity the pellet penetration depth. In the given case, a Z?2
pellet with an effective radius of 0.75 mm (accounting for the fact that only 80 % of the
original pellet mass was recoverd in the plasma) was injected at a velocity of 570 m/s.
As can be seen, the penetration depth is between 20 and 26 cm. The measured ne and
Te profiles were put into the ablation code and, by using the 10-electron energy group
option provided in [2], the ablation rate was computed at a sequence of flux surfaces.
The ablation rates were transferred to the cloud expansion model, and the corresponding
radial distributions of various cloud characteristics were computed. Figure 2 shows the
resulting distributions of the local shielding cloud radius Rci, the length of the cloud at

ci (mm) cl (m)

o.oo o oa o . i B 0.2-1 o 32 0.40 o on o.oa o.is o 21 o 32 o
P l a s m a R a d i u s R ( r a ) P l a s m a R a d i u s R i m )

10"

0.00 0.00 0 16 0.24 0 ,32 fl 10 0 , 00 C . 0 6 0 16 0 .21 0 32 0.
Plasma Radius R!m) Plasma Radius Rfm)

0. 16 0 21 0. 32
P l a s m a R a d i u s R ( m )

0 .00
0.10 0.00 0 16 0.21 0 .32 0 -

P I a s m a R a d l u s R ( m )

Figure 2: Ablation cloud characteristics computed for ASDEX shot no. 24269 (see
Fig. 1): quasi-equilibrium cloud radius Acj, cloud length when full ionization
is reached Zt, ablation rate NM, local electron density maximum nfmax, local
beta maximum ßmar, and relative perturbation amplitude of the magnetic
field AB/B.
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the moment when a bulk ionization degree of « 1 (0.995) is reached, the ablation rate,
the local ne spike value, ßmax, and the relative amplitude of the m.f. disturbance AB/B.
In all these calculations the Rci feedback to the ablation model was active. As can be
seen, the local disturbances, which are of a spike nature (fj,s time scale), are rather large.
The pellet penetration depth associated with the computed pellet lifetime is 24.9 cm,
which is in reasonable agreement with the Ha emission trace.

II. Ablation rate - shielding radius relation

Two options are available in the NGPS ablation code [2]: constant shielding cloud radius
during the ablation, i.e. Rci — const, or a shielding cloud radius that is proportional to
the pellet radius (minimum cloud radius and thus maximum shielding at the end of the
pellet lifetime): Rc\ — rp + const. In a set of JET validation calculations, reasonable
agreement with measured penetration depths was obtained by assuming Rci = 3.5 mm
[3]. The best fit was obtained by assuming Rci = rp + 1 mm [3]. On the other hand,
Gouge et al. reported that, in order to reproduce pellet penetration depths measured in
different tokamaks, the (assumed) shielding cloud radius had to be varied by a factor of
10 [4].

The effect of the assumed shielding cloud radius on the ablation rate and the cloud
characteristics is shown in Fig. 3. Here the ablation rate and the beta peak distributions
are shown for the ASDEX discharge of Figs. 1 and 2 (shot 24269) but are now computed
in three different approximations: (a) Rci = rp +1 mm, (b) Rci = 3.5 mm, (c) Rci = Rci
(feedback). Obviously, in case "a" a much too small cloud radius has been assumed:
owing to increased shielding the pellet penetrates almost up to the plasma centre. The
3.5 mm average cloud thickness assumed in case "b" seems to be a better assumption
(but still somewhat optimistic). The actual cloud radius varies betwen ~2.5 mm at the
plasma edge and ~4.8 mm in the region of intense ablation (see Fig. 2). The penetration
depth limits deduced from the Ha emission trace are indicated by horizontal bars under
the ablation curves.

The results of calculations reported here and elsewhere [l] show that, in general, the
cloud radius increases with the total number of cold particles locally deposited (i.e. with
the local ablation rate). Hence the two options "a" and "b" offered in [2] and [3] for
approximating the cloud radius may be supplemented by a third one:

where ci and cj are "constants" to be determined by fitting calculated penetration depths
to measured ones. In reality, ci and c^ are functions of at least three major parameters:
pellet size, applied magnetic field strength, and energy flux affecting the cloud.

III. Stopping length calculations

To afford a better understanding of the pellet heating and ablation processes stopping
length calculations were performed for the dynamic expansion phase of the shielding
cloud. In the given case, only thermal electrons moving along the magnetic field lines
were considered. Results pertaining to ASDEX shot # 24269 can be summarized as
follows (a flux tube of Ar = a/50 is considered at r ja — 0.58; pellet residence time: 14
jjLs}: (l) Decay lengths for electron energy ("ee" and "ea" collisions): 2 x 10""1 m (ee)
and 9 x 10~4 m (ea), respectively, at a time instant when the bulk ionization degree a is
~ 10~4; and 4x 10~4 m (ee) and 6x 10-1 m (ea) when a approaches unity. The two decay
lengths become equal at a bulk ionization degree of ~ 2 %, "ee" collisions being dominant
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Figure 3: Ablation rates and maximum beta values computed for the ASDEX discharge
of Figs. 1 and 2 in three different approximations:
(a)shielding cloud radius proportional to pellet radius: Rci = rp 4-1 mm;
(b) constant shielding cloud radius: Rci = 3.5 mm;
(c) shielding cloud radius computed by means of the cloud expansion model
(Rci feedback active).
The limits of the measured pellet penetration depth are shown by horizontal
(error) bars under the ablation curves.

afterwards. (2) The energy flux decay length has its first maximum (~ 9 x 10~4 m) when
a « 2 %, decreases to about 4 X 10~4 m when full ionization is reached, and increases
again, reaching about 10~3 m by the end of the residence time (volumetric dilution
effect). The ratio of the energy flux decay length to cloud length reaches its maximum
(« 0.3) when a becomes ~ 2 % and continuously decreases afterwards. At the end of
the residence time, this ratio becomes ~ 10~3, i.e. during this time the cloud length
increases faster than the energy decay length. (3) During the entire residence time of the
pellet in the flux tube considered (not counting the first contact with the plasma), the
pellet is heated by the cloud electrons. Their energy deposition depth in the pellet does
not exceed ~ 2 x 10~8 m during the first 14 //s of the cloud expansion time.
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IV. Particle deposition with allowance for neutral cloud expansion effects

Since the initial expansion velocity of the neutral cloud may considerably exceed the flight
velocity of the pellet (I04m/s compared with typically 103m/s), the pellet particles may
become ionized and confined to magnetic flux surfaces at some distance from the pellet
location. Since cloud expansion transports particles in both the forward and backward
directions, its effect usually cancels in the bulk of the plasma. (Notable differences
may, however, remain at the edges of the deposition zone.) However, since cold neutral
particles are being continuously deposited ahead of the flying pellet, the pellet moves all
the time in an atmosphere notably different from the background plasma. This effect
may have to be taken into account in ablation rate calculations.

V. Summary

(1) The disturbance amplitudes caused by ablating pellets are rather large: nemax =
0(1024 m~3), Te (ngmax] = 0(2 to 4 eV), AB/B = 0(0.3 to 1). The additional shiel-
ding caused by the magnetic field perturbation (formation of a diamagnetic bubble)
may be substantial.

(2) The magnitude of the shielding cloud radius Rci oc const/( const + rp) notably affects
the ablation rate. Rci should be calculated in predictive pellet injection scenarios.

(3) The stopping length calculations indicate that "ee" collisions dominate if the bulk
ionization degree of the cloud exceeds a few per cent. The pellet is exposed primarily
to the electrons of the shielding cloud. Hence the state parameters of the cloud are
of primary importance in ablation rate calculations.

(4) Non-local particle deposition does not substantially change the mass deposition curve.
However, since the cold ablated particles precede the pellet, additional shielding re-
sults, a fact that may gain importance for reactor-grade plasmas.
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Abstract

Frozen ̂  and 02 pellets were injected into ohmically and
additionally electron cyclotron resonance heated (ECRH) plasmas of the
FONTENAY-AUX-ROSES tokamak TFR. Without ECR heating the pellets penetrate
deeply into the plasma and the ablation clouds are striated. The ablation
rate is higher than predicted by the neutral shielding model. Pellet
injection during ECRH leads to enhanced ablation in the outer plasma
region. The position of the ECR layer has practically no influence on the
penetration depth which is reduced to a few centimeters. On the
photographs the ablation clouds show no particular structure when ECRH is
applied. Only 2/3 of the pellet mass is found as ionized matter in the
plasma, compared to the ohmic case. Radial electron density profiles have
been simulated and compared with the measured ones. Broad quantitative
agreement is obtained when one assumes that in the presence of ECR waves
a low-density, hot electron group causes enhanced ablation in the plasma
periphery and the limiter shadow.

INTRODUCTION
The injection of high-speed frozen hydrogen and hydrogen isotope

pellets into magnetically confined plasmas in tokamaks and stellarators
is a powerful tool to maintain or to increase the plasma density, to act
on the radial density profile and to improve the plasma performances in
general, see e.g. [1-10]. It is in particular important that this
fuelling mechanism is maintained during additional heating of the plasma
and induction-less current drive in tokamaks. A reduction of pellet
penetration during high-power neutral beam heating (NBH) has been
observed (DOUBLET III [4, 11], ASDEX [12, 13], HELIOTRON [14]), whereas
low-power NBH has virtually no influence on penetration (HELIOTRON [14],
JFT-2M [15], TFR [16]). Considerable reduction of penetration during ECRH
was observed in the W VII-A stellarator [8] and TFR [17], no such
reduction was found in DOUBLET III [11] although increased pellet
ablation occured during lower hybrid resonance heating [18], see also
[11]. For JET plasmas, no additional ablation processes associated with
the application of ion cyclotron resonance heating and NBH have been
identified at the relative low-power levels which were applied [18].

Owing to this situation further refined experimental data are
useful and numerical simulations are desirable in order to understand the
underlying physical processes causing enhanced ablation. The present
paper summarizes the TFR results.
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EXPERIMENTAL SET-UP
Single undoped solid H2 and

plasmas (major radius RO = 0.98 m
D2 pellets were
plasma radius a

injected into TFR
= 0.18 - 0.20 m ;

radius of chamber rQ = 0.26 m) using a pneumatic pellet injector. The
pellets were injected radially with a velocity of v„ = 700 m/s (+ 10 %).
The pellet trajectory and the ablation cloud were photographed under an
oblique angle of ~ 45° with respect to the injection plane. The Hg (Dg)emission was measured with a fast acquisition device.

\>ec = 60 GHz) were launchedThe ECR waves (ordinary mode, frequency
by three wave guide antennas placed at a torus port nearly opposite to
the pellet injection port. The experiments were carried out at B0 = 2.1 -
2.4 T, Ip = 110 - 120 kA. Without ECRH, the plasma parameters were
Te(0) = 1 keV, <ne> = 1.7.1019 tn-3, ohmic power = 150 kW. With ECRH (At =
100 ms) and according to the number of gyrotrons (1, 2 ou 3), the plasma
absorbed between ~ 150 to 450 kW when the resonance layer was situated at
r = 0. The position of the resonance layer was changed by changing B0.

Abel-inverted radial electron density profiles n
e(r) were

calculated from 8 chord-integrated IR laser interferogrammes measured in
temporal distances of At - 400 us. The radial electron temperature
profiles Tg(r) were measured using Thomson scattering and EC emission at
twice the resonance frequency.

EXPERIMENTAL RESULTS
1. Injection into ohmically heated plasmas

Figure 1 show ng(r) before and shortly after injection of an ̂
pellet. Also shown in the intensity I(Hg) of Hg emitted during the
penetration of the pellet into the plasma. It is placed at the correct
radial position by means of the photography. Prior to injection the
plasma already shows an inward displacement relative to the center of the
chamber. In the present series of experiments an average pellet
penetration depth of Lp ~ 10 - 12 cm was measured. The pellets did not
reach the q = 1 surface situated at appr. r = 4.5 cm from the plasma
center.

neWVI

-30 -20 -10 0 10 .20 30
r[cm]

Figure 1 : Radial profiles of
ne(r) before and after pellet
injection and Hg line inten-
sity I(Hg). Ohmically heated
plasma.
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For identical discharges, the radial positions of the striations
were not reproductible. The time interval between two successive bright
(or dark) zones gets smaller with increasing penetration depth, as if
this interval depends on the ablation rate or on the pellet dimension. It
was not possible to place either all bright or dark zones at values of
the safety factor q = m/n for which both mode numbers m and n are
reasonably small.

Figure 3 shows the measured Tp(r) profiles.

2. Injection into ECR heated plasmas
Figure 2 shows the ne(r) profiles before and shortly (i.e. between400 and 800 ys) after pellet injection and the emitted Ho intensity.

There is no exception from the two radial H„ intensities shown. The
ablation takes place in the outer region of the plasma and in the limiter
shadow. Only 2/3 of the pellet mass is found as ionized matter, compared
to injection into ohmically heated plasmas. Wo striations can be seen on
the photographs ; the visible emission extends in toroidal direction over
the whole region seen by the optical device (appr. 25 cm), with a sharp
luminous border in radial direction. There is no exception from this
feature.

0 L

-30 -ÎQ ' -lb ' ft
r[cmp——

10 20 30
-Resonance at-0.96 cm

Figure 2 : Radial profiles of
ne(r) before and after pellet
injection and Hg line inten-
sity I(H0). Additionally ECR
heated plasma (2 gyrotrons,
~ 300 kW absorbed HF power).

The photomultiplier signals exhibit virtually no fluctuating
ablation, with the exception of only a few cases showing a very weak
modulation of light emission (a few per cent) during the beginning of the
ablation process.

The Te(r) profiles for ECRH with one, two and three gyrotrons are
given in Figure 3. The EC measurements are not very reliable, they may
rather be considered as an indication that high-energy electrons are
present.

Figure 4 gives the radial position of the emission maxima of Hg as
a function of the radial position of the ECR layer for all exploited
experiments. There is virtually no influence of the position of the
resonance layer and of the number gyrotrons applied on the position of
the emission maxima.
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Figure 3 : Radial profiles of
ne(r) for ohmlcally and addi-
tionally ECR heated plasmas.
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NUMERICAL SIMULATION, INTERPRETATION
1. Ohmically heated plasmas

The particle deposition profile can be reproduced (without the
fluctuations) by the Parks and Turnbull formula [20] (cm, cm-3, eV, rp =
pellet radius in cm)

dt
Q -2/3 a 1.64

= co 10 rp ne Te cm/s (1)

with Co = 1.72 for H2 pellets and a lying between 0.360 and 0.370. The
initial pellet radius has been calculated from the deposited electron
density assuming spherical pellets. The original value [20] of ct = 1/3
gives too a deep penetration.

2. ECR Heated plasmas
Applying Eq. (1) to the ECR heated plasmas with the ng(r) and Te(r)

profiles measured just before injection (see e.g. Figs. 2 and 3) does not
permit describing the Hg intensity and the ne(r) profiles after
injection, since the ablation rate is too weak between r = 26 and 20 cm
(limiter shadow) and in the plasma periphery. To increase the ablation
rate we have assumed that ECRH favours the existence of a "hot" electron
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group which extends to the walls. The pellet is then simultaneously
submitted to the bulk plasma electrons (measured profiles ne(r)= ne(D(r), Te(r) = Ted)(r)) and a second electron group of low density
ne(2) and high temperature Te(2). The choice of ne(2̂ , Te(2) is arbitra-ry ; but once ne(2' is fixed, the choice of Te^ is very limited because
of the Te1-64 dependence in Eq. (1). In the following we chose ne(2) =1.5.1016 m~3. Both groups ablate simultaneously according to Eq. (1).

We will assume that the ̂  pellet enters the chamber at time
t0 = 0. The pellet mass is the same as for ohmically heated plasmas. Theablation is terminated at t = to'. From the number of atoms deposited perunit path length, dNa/dr, follows the ne(r) profile at to' assuming rapid
ionization and redistribution of matter on the magnetic surfaces and no
appreciable radial diffusion during this short time interval. Figure 5
shows ne(r) profiles calculated in this way for three Te(2) values.

» 111 254

V. = 660 m/s _

r (o)= 0 4 mm

»? = 15 I016m3 J

10 20 26
r [cm] —

Figure 5 : Radial profils ne(r)
before and after pellet injec-
tion. Assumption of two groups
of electrons.

The ne(r) profile at to' is then taken as initial profile in the
transport code MAKOKOT [21]. ne has been constrained to fall linearly
from <ne> = 1.7.1019 m-3 at t = t0' to <ne> = 1.3.1019 m-3 at t = tor +
0.5 ms, in agreement with the measurement at t = tQ + (0.4 - 0.8) ms. The
evolution of the ne(r) profiles has been calculated for different
anomalous radial convection velocities v^.

Figure 6 shows the temporal evolution of ne(r) for the initial pro-file with Te(2) = 1.4 keV in Fig. 5 and putting v« - 40 m/s. Broad agree-ment between the measured profile at t = to + (0.4 - 0.8) ms and the cal-culated one at t = tQ' + 0.5 ms is obtained. Also the position of the Hgintensity peak is well reproduced with these values for ng(2) and Te(2).
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Figure 6 : Temporal evolution
of electron density profiles
n g ( r ) . Comparison of calcula-
ted with measured profiles.
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Other values of ne^', Te^' will lead to the same results.
Physical arguments support the values assumed in the present simulations
rather than electron energies in the 10 keV to 30 keV range. The
important fact is that only the assumption of two electron groups brings
the simulation in agreement with the experiments.
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Abstract

Advanced pneumatic-injector-based pellet fueling systems are under development at
Oak Ridge National Laboratory (ORNL) for fueling magnetically confined plasmas. The general
approach is that of producing and accelerating frozen hydrogen isotope pellets at speeds in the
range from 1 to 2 km/s and higher. Recently, ORNL provided pneumatic-based pellet fueling
systems for the Tokamak Fusion Test Reactor (TFTR) and the Joint European Torus (JET), and a
new simplified eight-shot injector has been developed for use on the Princeton Beta Experiment
(PBX) and the Advanced Toroidal Facility (ATF). These long-pulse devices operate reliably at up
to 1.5 km/s with pellet sizes ranging between 1 and 6 mm. In addition to these activities, ORNL is
pursuing advanced technologies such as the electrothermal gun and the two-stage light-gas gun
to achieve pellet velocities significantly in excess of 2 km/s and is carrying out a tritium proof-of-
principle (TPOP) experiment in which the fabrication and acceleration of tritium pellets to
1.4 km/s were recently demonstrated.

1. INTRODUCTION
Oak Ridge National Laboratory (ORNL) has been developing pellet injectors for several

years [1-15]. These devices produce frozen hydrogen isotope pellets and then accelerate them to
speeds in the range of 1 to 2 km/s by either pneumatic (light-gas gun) or mechanical (centrifugal
force) techniques. The designs developed include single-shot guns [2, 4, 7,11,15], multiple-shot
(four- and eight-pellet) guns [3, 8, 12], machine-gun (single- and multiple-barrel) types [5, 6, 9,
10], and centrifugal accelerators [14]. These injectors have been used to inject hydrogen and
deuterium pellets into plasmas on numerous tokamak experiments [16-21]. Recently, ORNL
provided pellet fueling systems for the Tokamak Fusion Test Reactor (TFTR) and the Joint
European Torus (JET). The TFTR eight-shot pneumatic injector is described in Ref. [8]. The
three-barrel repeating pneumatic injector [9, 10], which is briefly described here, is the central
ingredient in the collaboration between the U.S. Department of Energy (DOE) and the European
Atomic Energy Community (EURATOM) on plasma fueling. This injector, installed on JET in
1987, has been used in experiments during the last year. A new version of the centrifuge pellet
injector for the Tore Supra tokamak is nearing completion. It will be featured in a collaboration
with the Commissariat à l'Energie Atomique (CEA). In the ORNL-CEA collaboration, long-
pulse, reactor-relevant tokamak discharges with simultaneous plasma fueling and exhaust
capabilities will be studied. Here we describe the pneumatic injector research activities at ORNL.
The status of the centrifuge injector and a unique ultrahigh-velocity concept based on an electron
beam-driven thruster are described in a companion paper by C. A. Foster et al. [22].

2. CONVENTIONAL PNEUMATIC PELLET INJECTORS
2.1. Three-barrel repeating pneumatic injector for JET

For plasma fueling applications on JET, a pellet injector based on the prototype repeating
pneumatic design [5,6] was developed. The original repeating pneumatic injector used in the
initial pellet fueling experiments on TFTR [20] is described in Ref. [23]. In this gun-like device, a
cryogenic extruder supplies a continuous stream of deuterium ice to the gun section where

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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individual pellets are repetitively formed, chambered, and accelerated. The new device (Fig. 1)
[9, 10] consists of three independent machine-gun-like mechanisms in a common vacuum
enclosure and features three nominal pellet sizes (2.7-, 4.0-, and 6.0-mm-diam) and repetitive
operation (5, 2.5, and 1 Hz, respectively) for quasi-steady-state conditions (>10 s). The pulse
length is limited only by the capacity of the solid hydrogen extruder. Pellet speeds are typically
1.2 to 1.5 km/s with deuterium pellets. An example of recent pellet injector performance on JET
is shown in Fig. 2, where the line-averaged plasma density is plotted as a function of time for
3-MA discharges with 6 MW of ICRF heating and fueling sequences consisting of 4-mm pellets
injected at 1 Hz and 2.7-mm pellets injected at 4 Hz.

motor/screw-press
drive unit for

solid deuterium extruder

cryogenic
blocks

- hydrogen
propellent

valve '—pellet chambering
mechanism

FIG. 1. Three-barrel repeating pneumatic pellet injector for JET.
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HG. 2. Density evolution in 3-MA, 6-MW ICRF-heated JET discharges.
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2.2. Simplified eight-shot pneumatic pellet injector
A simplified eight-shot pneumatic pellet injector [12] developed at ORNL is the basis for

plasma fueling systems for the Princeton Beta Experiment (PBX) and the Advanced Toroidal
Facility (ATF). This injector is based on the so-called "pipe-gun" concept, in which deuterium
and hydrogen pellets are formed by direct condensation in a one-piece, stainless steel gun barrel,
a segment of which is held below the hydrogen triple-point temperature by contact with a liquid-
helium-cooled block. Pellet length is controlled both by regulating the gas fill pressure and by
establishing temperature gradients along the barrel tube with auxiliary heating collars. This
injector (Fig. 3) features eight independent gun barrel assemblies (Fig. 4) mounted around the
perimeter of a single cold block, each coupled to an ORNL-designed fast propellant valve [13].

BELLOWS

PRESSURE
TRANSDUCER

PROPELLANT FILL-

-GUN POSITIONING
PLATFORM

FIG. 3. Schematic of PBX eight-shot pipe-gun injector.

—VCR FITTING

- BARREL MOUNTINGBRACKET

FIG. 4. Gun barrel assembly details for the PBX eight-shot pipe-gun injector.
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The injector can inject up to eight pellets of sizes ranging from 1 to 3 mm in diameter in
arbitrarily programmable firing sequences at speeds up to ==1.3 km/s. Each gun is equipped with
breech-side and muzzle-side deuterium fill valves. The entire pellet mass range from 1 to
30 torr-L is accessible merely by varying the fill conditions and the choice of pellet sizes.

3. HIGH-VELOCITY PNEUMATIC PELLET INJECTOR RESEARCH
3.1. Hydrogen electrothermal accelerator

A prototype accelerator [24], consisting of a vortex-stabilized arc discharge plasma
generator coupled to the breech tube of a "pipe-gun" pneumatic pellet injector, has been developed
and operated. The arc chamber is designed for arc initiation at pressures of 1 to 4 bar. Electrical
power is supplied to the arc from a capacitor bank supply and from an LC-line pulse transformer
supply, which can produce 1-ms pulses at 5-kA currents into 0.1-Q loads. The arc is triggered as
hydrogen gas is admitted into the arc chamber; the Ohmic dissipation increases the rate of rise of
the gun breech pressure from 30 bar/ms to > 100 bar/ms. Muzzle velocities increase from 1.3 to
2.0 km/s for 10-mg hydrogen pellets; these increases represent a 5 to 10% conversion of
electrically dissipated energy to projectile kinetic energy. The electrothermal gun performance
agrees with an ideal gas gun code calculation that assumes a propellant gas temperature of
2000 K. This suggests that substantial propellant heating has resulted in the desired increase in
propellant sound speed.

3.2. Two-stage light-gas gun
ORNL is developing a two-stage light-gas gun [25] to accelerate pellets to high speeds.

Two other research groups [26, 27] are also developing this technique. In the initial
configuration of the two-stage device (Fig. 5), a 2.2-L volume (pressure ^ 55 bar) provides the gas
to accelerate a 25.4-mm-diam piston in a 1-m-longpump tube; a burst disk or a fast valve initiates
the acceleration process in the first stage. As the piston travels the length of the pump tube, the
downstream gas (initially at < 1 bar) is compressed adiabatically. The typical pressure pulse
shown in Fig. 6 was obtained with a peak piston speed near 400 m/s. Temperatures above 7000 K
are inferred from an isentropic compression calculation. The increased sound speed resulting
from the high temperature provides an effective way to overcome the basic limitation of the
single-stage light-gas gun. In preliminary tests that used helium as the driver in both stages,
35-mg plastic pellets were accelerated to speeds as high as 4.5 km/s in a 1-m-long gun barrel. As
soon as the gun design and operating parameters are optimized, projectiles composed of hydrogen
ice with masses in the range of 5 to 20 mg (p = 0.087, 0.20, and 0.32 g/cm3 for frozen hydrogen
isotopes) will be accelerated. The hardware is being designed to accommodate repetitive
operation as a natural extension of the repeating pneumatic injector technology already
developed at ORNL.
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FIG. 5. Schematic of ORNL two-stage light-gas gun.
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FIG. 6. Pressure pulse developed by the apparatus shown in Fig. 5. Piston diameter = 2.54 cm. piston mass =
22 g, first-stage pressure = 55 bar, second-stage initial pressure = 0.8 bar.

A Lagrangian two-stage ballistics code was obtained from the Arnold Engineering
Development Center and modified to model both single- and two-stage gas guns. The code can
model either real (variable specific heat) or ideal gases and includes parasitic losses such as piston
friction, heat transfer, and smooth-wall or constant-friction factor viscous losses.

When the code was used in the single-stage pneumatic mode to model single-stage injector
data, the best agreement was obtained with the ideal gas equation of state and smooth-wall gas
friction. With the two-stage version of the code, gas friction is the dominant nonideal effect; heat
transfer and piston friction accounting for only 10% of the energy loss due to smooth-wall gas
friction. The results of initial modeling of the two-stage experiments using both 25.4-mm-diam
and 51-mm-diam pump tubes agree with the measured data within 10 to 15%. This agreement
was obtained with a model using ideal helium gas, Reynold's analogy heat transfer losses, piston
friction, and gas friction based on actual surface roughness measurements of the 4-mm-diam
barrel. The code is particularly useful in predicting the effect of parameter changes on gun
performance.

4. TRITIUM PELLET INJECTOR EXPERIMENT
The properties of tritium, especially its radioactive decay, are quite different from those of

the other hydrogen isotopes. Decay heating, the production of He and its effect on the physical
properties of solid tritium, the need for tritium-compatible materials of construction, and use of
double containment to prevent tritium release are all problems unique to tritium.

A fully instrumented and automated pipe-gun-based injector has been developed for the
tritium proof-of-principle (TPOP) experiment (Fig. 7) [11, 15]. The objective of the TPOP is to
demonstrate the feasibility of forming and accelerating 4-mm T2 and DT pellets to speeds of

FIG. 7. Schematic of the tritium proof-of-principle (TPOP) injector.
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l 5 km/s The pipe gun is ideal for tritium service because there are no moving parts inside the
gun and no excess tritium is required in the pellet production process A schematic of the TPOP
cryostat is shown in Fig 8. A cryogenic separator inside the vacuum housing removes 3He from
tritium to prevent blocking of the cryopuming action by the noncondensible gas In tests at
ORNL, the device accelerated unity-aspect-ratio 4-mm D2 pellets (47 torr-L) to 1 85 km/s, it has
since been installed and operated with tritium in the Tritium Systems Test Assembly at Los
Alamos National Laboratory. Although this experiment is still in its preliminary stages, we have
already shown that T2 and equilibrium DT (T2 = D2 = 25%, DT=50%) pellets can be formed and
accelerated to 1 4 km/s. Figure 9 is a photograph of a T2 pellet at the muzzle of the gun; Fig. 10
shows velocities for both deuterium and tritium pellets as a function of prope liant gas pressure.
The tritium velocities are lower because of the higher mass density of tritium ice.
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FIG. 8. TPOP cryostat details.
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FIG. 9. Photograph of tritium pellet.
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HG. 10. Measured velocities in deuterium and ffitium from the TPOP experiment

The presence of 3He in the T2 fuel has proven to be the largest obstacle to the production of
pellets of good consistency. The condensation process in the pipe gun is generally inhibited at 3He
concentrations above 0.05%. Also, a higher fill pressure (60 torr versus 20 torr) is required to
form T2 pellets of the same size as the D2 pellets for the same cryostat temperature (10 K). This
may result from internal decay heating (1 W/cm3) or from a lower-than-expected thermal
conductivity of the T2 ice.
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THE JET MULTI-PELLET INJECTOR
AND ITS FUTURE UPGRADES
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Abstract

The present multi-pellet injector operating on JET is equipped with
three repetitive pneumatic guns for three different pellet sizes capable of
pellet speeds to 1 .5 kms"1 . It has now been operated for more than one
year according to its specification, satisfactorily and successfully, and
only minor improvements have been made during that time. The best plasma
performance in its application has so far been achieved with pellet
deposition near the magnetic axis now possible only with relatively cold
plasmas [l]. For a given plasma the pellet speed is the only free
parameter with regard to the penetration depth, since the pellet size
determines the number of particles delivered to the plasma. In order to
enable the central deposition also at higher plasma temperatures JET plans
to employ an advanced gun system following the principles of hot pneumatics
by adiabatic compression in two-stage guns capable of launching initially
single, and in a later version multiple, pellets with velocities towards
the 5 to 10 kms"1 range. We will describe here the present injector -
concentrating on the launcher-machine interface and its upgrading - the
development programme directed to make a single-pellet high-speed launcher
possible and the planning of the implementation of this prototype launcher,
as well as briefly outline the preparations for a future multi-pellet
launcher system following from the prototype.

1. THE JET MULTI-PELLET INJECTOR

The presently installed injector has been jointly built by JET and the
Oak Ridge National Laboratory (ORNL) under a collaborative agreement
between the Joint European Torus and the United States Department of Energy
which also covers the joint experimental programme for two operational
periods from 1987 until 1990. A three-barrel repetitive (up to 5 s"1)
pneumatic pellet launcher for nominal pellet sizes of 2.7,^ and 6mm (length
and diameter) - built by ORNL - is attached to a JET launcher-machine
interface (Pellet Interface) which provides all services to the launcher
and its immediate control system and, in particular, provides the
differential pumping to match the pneumatic gun to the vacuum pressure and
flow requirements of the plasma boundary. The launcher, forming its
pellets by punching them with the barrel breech out of an extruded ice
ribbon, is capable of accelerating pellets of hydrogen or deuterium, in
numbers more than sufficient for JET (up to 32 per tokamak pulse and
barrel), with speeds up to 1.5 kms"1; more details can be found in [2].
With its internal gas feed system the three guns can simultaneously operate
only with pellets of one sort of fuel and with a common driver gas
pressure; no provision could be made to make the launcher compatible with
the requirements of tritium operation and remote handling for the active
phase of JET.
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The Pellet Interface was from the start conceived to match the ORNL
Launcher to the JET machine as well as to allow - with a minimum of
upgrading - any future launcher and, in particular, two-stage guns to be
installed. The current project plan foresees that a simple single-pellet
high-speed gun of this type will be employed to assess its merits already
in 1989, overlapping with the scheduled operation of the ORNL Launcher.
The main components of the Pellet Interface are: vacuum interface
comprising also the structural elements for mechanical support; liquid
helium (LHe) supply and LHe intermediate storage for launchers; primary
fuel and propellant gas supply; specific in-flight pellet diagnostics and
signal acquisition; injector control and data acquisition interfacing to
the launcher controls but expandable in their own rights for future
launchers; interactive unit (PLPS) to protect the machine from undesirable
pellet shots during a plasma pulse. The Pellet Interface is described in
some detail in [3] and in the following only those details are highlighted
which are of particular interest for the future upgrading.

1.1 THE PELLET INTERFACE - DISCUSSION OF COMPONENTS

CP(detail)

JET HORIZONTAL
PORT OCTANT 2

P1B PELLET INJECTOR BOX
TV TORUS VALVE
TB BELLOWS
Fl FRONTINSERTÜNSERTABLE TARGET)
FT FLOW RESTRAINER TUBES
RI REAR INSERT(M-WAVE DIAGNOSTICS)
CP CRYOPUMP
VV INDIVIDUAL GUN VALVES
OC OPTICAL CUBE (DIAGNOSTICS)
V8 VALVE BOX
GM GAS MANIFOLD

3m

Fig 1: JET Multi-Pellet Injector Schematic - At Present

Fig. 1 shows a schematic of the pellet injector in plan view featuring
the ORNL Launcher with its three barrels arranged in a plane 1.9° above the
midplane of JET aiming onto a common focal point in the machine horizontal
port within a horizontal cone of °̂ full angle; underneath the ORNL lines
mirrored by the midplane there is room for another three lines, the outer
two suitable for the prototype. Pellets are launched (from right to left)
and travel in free flight (i.e. without guide tubes) with a ± 0.5°
divergence allowance through differential vacuum and specific pellet
diagnostics (microwave interferometer to measure pellet mass and speed,
pellet photography and off-line target for aiming) into the plasma.

The differential pumping is facilitated by a cryo-condensation pump of
ca 8*106As~1 pumping speed for hydrogen in the 3.5 m long, 7 m high and 1.5
to 2.5 m wide pellet injector box (PIB) of 50 m3 volume separated from the
torus vacuum (reaching into the duct) by flow restrainer tubes of nominally
60 JLs"1 conductance. Under worst conditions the 3 bar*£ per pellet of the
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Fig 2: JET Pellet Injector

ORNL 6 mm gun driver gas surge is pumped away with a time constant of ca 7
milliseconds, delivering a theoretical maximum of less than 2*10~2 mbar*£
of hydrogen to the plasma (corresponding to 1.5*10~7 mbar torus filling
pressure); since this surge is not being delivered in an instant the actual
fraction into the torus is estimated to be considerably less and has indeed
never been detected by any plasma diagnostic, even when more than one
restrainer tube was open to the torus. For a two-stage gun estimates of
the corresponding driver gas surges (2nd stage only) go as high as 20
bar*£. However, it is believed that the pellet divergence of such guns can
be held to about ± 0.1°, decreasing the diameter of the flow restrainer
tubes accordingly; optionally a fast muzzle valve can be installed (anyway
of possible advantage to solve the piston survival problem in the two-stage
gun) and/or a diaphragm, partitioning a small fraction of the cryopump, can
be inserted to introduce an additional differential pump stage. The low
ultimate base vacuum of the cryopump and its high pumping speed ensure that
successive pellets (say more than 50 milliseconds apart) will always see
less than the 10~2 mbar of foreland pressure believed to be not harmful to
pellets in supersonic flight.

The capacity of the cryopump, which is to be regenerated before the
safety limit against an hydrogen explosion in the presence of an arbitrary
amount of air in the PIB is reached, is currently set at 1000 bar*£. This
was sufficient in the past experiments for two experimenting days on
average, despite the fact that the PIB was also pumping the complete fuel
extrudate of the ORNL Launcher (usually 70% of the accumulated gas). The
PIB, initially designed as a pure vacuum vessel for the JET neutral beam
injectors, is now being converted into a pressure vessel for 3-5 bar abs.
permitting then safely a capacity of 2500 bar*A (the cryopump itself is
estimated to pump up to 5000 bar*£ and is proven to have a capacity of more
than 3000 bar*£). On the basis of 100 bar*£ per tokamak pulse on average,
i.e. three large pellet shots at highest speed, and negligible amounts of
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gas from the pellet formation (thought to be facilitated by cryo-condensa-
tion) this will then allow operation for at least a full day, and regenera-
tion of the cryopump can easily be performed overnight (ca 6 hours for a
complete cycle). Under the above assumptions the differential pumping
system will be adequate for the prototype launcher already now, and for an
advanced repetitive launcher system in the near future.

Concerning the in-flight diagnostics, the microwave interferometer and
the pellet photography are compatible with high pellet speeds as well as
with the active phase requirements (in the latter case electronic compon-
ents like microwave diodes and CCDs have still to be transferred to the JET
basement in a known manner). The target for ultrasonic detection of pellet
impact in off-line aiming, however, will not function for pellet speeds
exceeding the sound velocities of any solid material (and this may be the
case already for the prototype). We are pursuing the idea of an in-flight,
on-line target where the pellet traverses orthogonal light curtains of
spectrally dispersed light: the missing colour is the measure for the
pellet trajectory cross point; for off-line testing a dump target with
limited life-time will have to be provided. The description of the latter
idea as well as that of the present diagnostics can be found in

1.2 HIGH-SPEED GUN - MECHANICAL LAY-OUT

Fig. 3 shows an artist's view and Fig. 4 a schematic of the injector
lay-out modified for the acceptance of two-stage guns whereby the
mechanical requirements for the prototype and the advanced gun system turn
out to be very similar: the main features being their lengths (for reasons
of limited torus hall space the maximum length which can be made available
for barrel and pump tube combined is in the order of 10 m and that may well
be needed) and the impact of the piston with energies of >100 kj which is
reflected in a millisecond or so, leading to impact forces in the order of
several hundred tons. The prototype as well as later guns will be mounted
on a large steel beam the rear end of which is suspended from the torus
hall wall by a massive structure deeply anchored into the concrete. The
beam inclusive of its launchers can be tilted into a vertical position in
the manner of a drawbridge to make way for the movements of large equipment
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Fig lJ: JET Injector Schematic - Future Upgrade

around the machine; the trunnion bearings are also to take a large fraction
of the piston reversal momentum. Currently the beam is under detailed
design and the wall suspension is out for manufacture and will be mounted
in about 2 months time.

2. DEVELOPMENT PROGRAMME

JET established closely monitored development contracts with major
European laboratories to investigate the principles for building a
high-speed gun, adopting the principle of "hot" pneumatics in the belief
that none of the more exotic principles of pellet acceleration (like
electromagnetic or rocket propulsion) can be made to work within the
limited lifetime of the project. The basic philosophy of JET's approach
has been outlined in [5].

Ernst-Mach-Institut (EMI), Freiburg FRG, developed in conjunction with
JET the first small version of the two-stage gun with encouraging results
(1985 to 1987): Using a 1.5 m long barrel of 6 mm I.D., a 1 m long
cylinder (often referred to as pump tube) of 3-5 cm I.D. and a light
piston of ca 0.1 kg driven by ca 200 bar into ca 5 bar of hydrogen, plastic
pellets of 50 mg could be accelerated up to 4.6 kms"1; using a pellet
formation cryostat developed by CENG this experimental set-up produced a
maximum pellet speed of unsupported 6 mm pellets of 2.7 kms"1 , limited by
erosion effects, and of sabot supported 5 mm pellets of 3-8 kms"1 [6].

Centre d'Etudes Nuclaires de Grenoble (CENG) of the CEA, F,
complemented the endeavour by developing suitable cryogenics for the pellet
formation by cryo-condensation and established a data base for the
formation of pellets as well as their mechanical behaviour during the
acceleration (since 1985). A new 300 bar fast-valve was developed and 6 mm
deuterium pellets were accelerated to 2.1 kms"1 with conventional
pneumatics [7,8]. Recently a repetitive (within minutes) cryostat was
developed and successfully tested which allows to cryo-condense pellets
into sabots in a position outside the barrel, to compact them if needed and
to finally load them into the gun breech; a second cryostat of this type
was delivered to JET.

An alternative approach was followed by Riso National Laboratory, DK,
who undertook to investigate an electrical arc gun (1984 to 1988): The
initially promising results were finally not competitive, the major
difficulties being low electrical arc efficiency, ineffective arc fuelling
and impurities .
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2.1 PROTOTYPE DEVELOPMENT STATUS

In 1987 JET took the decision to prepare a prototype high-speed gun
for a proof-of-principle experiment; this gun should be capable, in its
lifetime, of delivering a few pellets to the plasma but preferably should
be ready for one shot into each tokamak pulse with a minimum of maintenance
(say once a week). JET has built a testbed to integrate the above
mentioned resulting elements with the aim - after some intermediate steps -
to build and test a gun ready to be transferred into the torus hall where
implementation preparation would proceed in parallel.

The principle difficulties lie mainly in three areas:
1) The mechanical weakness of the ice (0.5 MPa) of unsupported pellets
limits the possible acceleration to ca 5*106 ms~2 (and makes them
vulnerable to shocks from bursting discs or similar fast valves) and the
maximum attainable speed to less than 3 km"1 due to a velocity dependent
erosion effect [o]. The technique of supporting the pellets by sabots
(cartridges) has so far proven the remedy to both limitations.
2) The penalty for this measure are larger masses (factors of 6 to 30) to
be accelerated requiring proportionally higher driver energies and the
requirement to safely remove the sabot so that only the ice enters the
plasma. Employing pump tubes of 6 and 8 cm I.D. and by 3 m long, the
previous speeds have been attained with the greater mass. First attempts
of sabot removal have been successful, separating the pellet from the sabot
by gas pressure, either by now deliberately using erosion effect (slotted
sabot), or by using the driving pressure to pressurize the rear part of a
split sabot [9]; another option is the application of eddy current heating
on a thin metal film inside the sabot. The resulting pressure exerts a
transverse momentum to the sabot sections causing them to part. Sabot
stripping is achieved in the PIB using a cone a few meters downstream from
the muzzle.
3) Even for a modest repetition requirement the pump tube piston has to
survive the impact at the barrel nozzle and the tailoring of the cushion of
gas not immediately leaving through the barrel is of high importance. In
our guns teflon and metal pistons with teflon piston rings were already
reusable for some 20 times. Cleaner solutions employing metal to metal and
to ceramic low-friction partners are currently under investigation.

At present preparations are in hand for probably the final round of
intermediate experiments before finalizing the design of the version to be
installed on the torus after extensive testing on the testbed. The main
issues are the areas listed above, as well as the soundness of conception
and proof of reliability of the CENG cryostat for two-stage gun operation.
We are optimistic that the prototype can operate on JET in 1989-

2.2 ADVANCED LAUNCHER PREPARATIONS

Meanwhile CENG in conjunction with CEN Saclay are concentrating their
efforts to design and test a truly "repetitive" gun for several pellets per
tokomak pulse approaching 1 Hz. The present phase is devoted to working
out the principles and establishing the design elements. The main issues
here are high-speed movements within the cryostat for re-arming the breech
and the fast handling of the pump tube first and second stage gas loads.
The final design, however, has to take into account the tritium and remote
handling requirements, even if tritium pellets were not being employed.
The latter option is still being considered. At the end of this
contractual phase in the middle of 1989 the CEA hopes, in close
collaboration with JET, to present a conceptual design for the advanced
launcher and shows some interest in taking responsibility for its
procurement provided the prototype can prove its value.
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A MULTISHOT PELLET INJECTOR DESIGN

H. S0RENSEN
Euratom-Ris0 Association,
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Roskilde, Denmark

Abstract

A multibarrel pellet injector to inject a number of Ü2 or D£ pellets in succession is
under development x>. It is planned for use at RFX in Padova and FTU in
Frascati. The design is based on the use of pipe guns, where the pellet is formed
by condensation from the gas phase inside the gun barrel, and thereafter blown
out with a pulse of high pressure H2 driver gas by means of a fast valve. Up to 8
pipe guns are built together in parallel; they are loaded simultaneously and
thereafter fired successively. The pellets are transferred to the experiment
through a guide tube system while the driver gas is removed by differential
pumping.

x) Patents applied for.

1. INTRODUCTION

Multishot pellet injectors, i.e. injectors that allow successive injection of a
number of pellets within the duration of the plasma, have now been in use for 5-6
years and are in demand for a number of experiments.

At Ris0 National Laboratory we are designing multishot pellet injectors for two
new large experiments in Italy1), the reversed field pinch RFX in Padova and the
upgraded tokamak FTU in Frascati. Both Ü2 and 02 pellets should be available
with sizes between 102° and 1021 atoms/pellet and velocities of up to 1200 m/s or
more; there should be around 25 successive pellets with around 10 ms time
interval for the RFX experiment and 8 successive pellets with 100-200 ms time
interval for FTU.

The multishot injector design consists of a number of independent pipe guns built
together in parallel to form a multishot unit. For practical reasons the number of
guns in a unit is limited to 8 and we thus need 3 units to get 24 pellet for RFX.
The design involves a number of new constructions and a prototype is built first.

In the first section we discuss the need for injectors. In the second section we
describe the pipe gun used. In the third we discuss the assembly and operation of
a multishot unit and thereafter the transfer of pellets to the experiment. In the
final section we present results obtained with a 3 shot-unit.

2. THE DEMAND FOR PELLETS

The use of pellets in tokamaks is well documented and shall not be discussed here.

Pellet injection in reversed field pinches have been made at ZT-40 in Los Alamos
and at Eta Beta H in Padova2).

Deuterium pellets with mass above 1020 atoms/pellet and velocities around 100
m/s were injected in Eta Beta ÏÏ. With these slow pellets the plasma density was
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Figure 1.
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Density in Eta Beta II during a discharge with a pellet injected at
the beginning.

kept above 1020 per m3 during the entire pulse duration of 2 ms. Appearently the
velocity was slow enough for the pellet to be well inside the plasma for most of the
time and the mass was large enough to provide an ablation rate sufficient to
balance the particle loss, figure 1. During the discharge the values of ß were
sustained at about ßee ^ 6% and low resistance anomaly factors were observed.

It is thus considered important to have pellet injection from the first operation for
RFX. The expected data for RFX are: peak electron temperature 1-2 keV, particle
confinement time around 10 ms and a pulse length around 250 ms. At present the
specifications for the new injector are: mass of 5.1020 atoms/pellet, velocity
around 800 m/s and repetition rate of 5-10 ms.

3. THE PIPE GUN

The pipe gun used is the latest version of the simplfied pipe gun described
earlierS). The pipe gun should be simple in construction and the consumption of
driver gas should be small. The amount entering one of the above mentioned
experiments should not exceed 5% of the amount of gas in the pellets injected. It
should also be very reliable in function, since all pellets should be good and with
same velocities and sizes when a multishot gun is fired. A schematic drawing is
shown in figure 2.

The freezing cell is a part of the barrel held at a temperature of 6-8 K through
thermal coupling to a liquid helium cryostat while two outer segments are held
at somewhat higher temperatures, say 40 K, to give strong temperature
gradients outside the freezing cell. When pellet gas, H2 or D2, is let into the barrel
through the muzzle, it will condense to form a pellet in the freezing cell. The
pellet will extend outside the freezing cell to end where the temperatures are so
that the vapour pressure corresponds to the feeding pressure. Ü2 has a lower
vapour pressure than Ü2, and Ü2 pellets will therefore have the longer length.

The pellet may hereafter be blown out from the barrel with a burst of high-
pressure H2 driver gas from a fast valve. There are two reservoirs for high-
pressure driver gas in our fast valve and reservoir 2 is isolated from the high
pressure gas supply with a safety valve (not shown). The valve is opened when a
500-V pulse of short duration is applied to the magnet coil so that the plunger is
thrown backwards. Reservoir 1 is hereby partially emptied and the valve will be
closed quickly by the pressure difference that appears between the two reservoirs.

256



Outer segments

Valve house
Reservoir 1 Reservoir 2

Pellet

Freezing cell

Plug Gun barrel
Gate valve closed

Pellet gas inlet 25mm

ON 25 KF Oliver gas inlet

Magnet coil
Plunger with seal

Figure 2. Schematic drawing of a pipe gun with fast valve.

For a magnet current of 0.8 ms duration and a driver gas pressure of 50 bar the
consumption of driver gas is only around 75 bar.cm 3

The pressure pulse should be transported to the pellet with little distortion. That
is obtained partly by keeping a short distance between the valve aperture and the
pellet position, and partly by shaping the connecting tube so that frictional losses
are minimised.

With this gun design we have made and accelerated pellets of both H2 and Ü2 in a
barrel of 2.1 mm inside diameter. For pellets of 3.5-4 mm length we obtained
velocities up to 1300 m/s for deuterium and 1500 m/s for hydrogen using driver
gas pressures up to 56 bar. The scatter in velocity for a group of pellets with the
same driver gas pressure is normally less than 2%. The distance between the
valve aperture and the pellet position was 70 mm, and the length of the gun
barrel was 270 mm measured from the pellet position.

The operation of the pipe gun is controlled with a PLC and is divided in successive
steps with activation of a number of electromagnetic valves and electric heaters.

The steps are:

Preparation and formation of pellet.
Storage until firing asked for.
Firing.
Recovery, i.e. evacuation of barrel, cooling of barrel.

The preparation for firing, i.e. formation and storage will last at least 50 seconds
while 80 seconds are needed for recovery after firing.Both H£ and Ü2 pellets are
made at around 8.5 K. The H£ pellets are held at the same temperature until
firing, while the D2 are held at around 10 K until firing.

4. THE MULTISHOT INJECTOR

In a multishot injector unit, up to 8 pipe guns are built together as shown in
figure 3. The guns are placed on a flange around a flow cryostat. The barrels are
curved and become parallel when leaving the vacuum chamber so that the pellet
trajectories will be parallel and close together. The barrels are cooled by thermal
couplings to the flow cryostat and the cold parts are surrounded by a radiation
shield. A gate valve is placed in front of the barrels and the guns are loaded
simultaneously through the gate valve and the muzzles as for the 1-shot gun in
figure 2. The guns may hereafter be fired by successive activation of the fast
valves.
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The heating of a barrel by the driver gas will result in a heating of unfîred barrels
because of the thermal interaction between barrels, and this heating of an
unfired barrel may affect the later firing. In a given set-up the heat input to
barrel number n will roughly be proportional to n2 and to the time interval
between shots. The flow cryostat and thermal couplings to it should thus be made
in such a manner that there is little mutual interaction, especially when large
time intervals are wanted.

The operation follow the same scheme as that of a 1-shot gun, the only difference
being that n heaters and n safety valves should be activated simultaneously, and
that n fast valves should be activated successively with constant or varying time
intervals.

The pellet size can be varied only slightly for a given multishot unit and one
should thus have multishot units for each pellet size required.

One way to dispose of most of the driver gas is to remove it by differential
pumping just outside the gun barrels. Figure 4 shows how a multishot unit is
built together with a chamber of 400 1 volume. The pellets are fired across a 100-
mm tube leading down to the volume and thereafter continue into a guide tube
system. In figure 5 is shown how the guide tube system may connect the

Radiation shield^ /
_100jnm__ plow cryostat-^

Figure 3. Schematic drawing of an 8-shot unit.

Gate valve—\ Pump ,— Multishot unit

Û.Guide tube

400 I chamber

3J
1 m

Figure 4. Schematic drawing of an 8-shot unit built together with a
differential pumping chamber.
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Multishot unit
Gate valve-

Time of flight
-Guide tube-
r-Gate valve

Pump Pump

Experiment

Figured. Schematic drawing of injector with guide tube system.

multishot unit and the experiment. During the successive firing, the pressure in
the chamber will increase stepwise up to a few mbar; after that the chamber will
be pumped down to around 10-3 mbar within 40-60 s with a Roots pump. The flow
of driver gas to the experiment will thus continue after firing and it may be
desirable to stop or reduce the flow with a small gate valve, not shown.

For diagnostics, i. e. time of flight, two optical detectors will be placed along the
guide tube system.

The circumscribed circle for the barrels is 13 mm. The pellets can then be
transported to the experiment through a rectilinear guide tube system starting
with 14-15 mm inside diameter. The guide tube system will probably have to pass
through a differential pumping system at the entrance port to the experiment,
and it may also be necessary to let the guide tube system continue after the
entrance port since the distance between the port and plasma edge will be quite
large, l m or more.

The guide tube must be interrupted and increased in diameter when passing the
optical detectors, the differential pumping system, the gate valve etc.

5.THE3-SHOTUNIT

A number of technical problems are foreseen and should be solved before an 8-
shot unit operates satisfactorily. For simplicity we have started with a unit with
only 3 pipe guns before building a prototype of an 8-shot unit.

In a first test of a 3-shot unit we obtained 1350 m/s for H2 pellets with 55 bar
driver gas pressure. The individual velocities for the barrels deviated less than
20%, while the pellet sizes deviated only 7%. It was later seen that it was possible
to make adjustments so that velocities agreed within 7%. The firing delay, i.e. the
time between a trigger pulse and the appearance of a pellet at the first optical
detector was between 1.9 and 2.1 ms for each barrel. For each individual barrel
velocities and firing delays scatttered below ± 2% from shot to shot.

With a distance of 5 m from a pipe gun to the plasma edge, the flight time will be
3.5 to 5 ms with a scatter of a few per cent. It may therefore be possible to go down
to time intervals of 1 ms between pellets.
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The time constant for thermal interaction between barrels was increased by
inserting pieces of Pb in the thermal connections between center segments and
the cryostat. Pb has a heat capacity much higher than that of Cu at low
temperature. With this improvement no thermal interaction between barrels was
seen for time intervals between shots up to 1000 ms.
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Abstract

A pneumatic six-pellet injector has been developed for plasma f u e l i n g applications
for HELIOTRON E. The cryogenic mechanism consists of two cryogenic housings cooled
by l i q u i d h e l i u m and a pe l l e t p r o d u c t i o n d i s k w i t h s ix holes and the s h a f t
assembly. Frozen hydrogen pel lets are formed in the d i sk holes. The d isk is
rotated from the pellet production zone to the shooting position. The pellets are
propelled by high pressure hydrogen or h e l i u m gas (at pressures of up to 100 bars)
from 0.52 m gun barrels. Pellet velocity and f i r i n g intervals are variable for each
shot. Pellet size can be changed by replacing the pe l le t production disk and the
gun barrels. One example of a combinat ion of six pel le t holes is three groups of
two pe l le t s , each group h a v i n g a d iamete r of 1.2 mm, 1.5 mm or 2.0 mm and all
pellets hav ing a thickness of 1 mm. Pe l l e t veloci ty ranges from 400 m/s to 1400
m/s. The time interval between each pellet f i r ing can be changed from 0 ms to more
than 100 ms. More than 90% of the pellet shots are successful in operation. One
cycle p re sen t ly lasts 10 m i n u t e s . Recen t ly , a s i x - p e l l e t i n j e c t o r has been
insta l led on HELIOTRON E.

1. INTRODUCTION
At present, one of the most promis ing methods of plasma re fue l ing in plasma f u s i o n
devices is frozen pellet injection. This method is sui table for o p t i m i z i n g plasma
d e n s i t y d i s t r i b u t i o n by a l l o w i n g free choice o f p e l l e t s ize and v e l o c i t y .
T h e r e f o r e j p e l l e t i n j e c t i o n 0 ' Z ) h a s been adopted f o r m a n y p lasma f u e l i n g
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applications. Most recently, a pneumatic six-pellet injector has been developed by
Kobe Steel, Ltd. in collaboration w i t h Kyoto Univers i ty , and instal led on HELIOTRON
E for advanced pellet in jec t ion experiments. In this paper, we w i l l present the
con f igu ra t i on of the injector and its i n s t a l l a t i o n on HELIOTRON E. Pre l iminary
injector operation tests on the injector are also described.

2. THE INJECTOR CONFIGURATION
The injector is i l l u s t r a t e d in F ig . l . The cryogenic mechanism, w h i c h freezes
hydrogen gas i n t o pe l l e t s , is housed in a h i g h vacuum vessel , and t h e r m a l l y
insu la ted by an enclosure cooled by f l o w i n g l i q u i d n i t rogen . The cryogenic
mechanism, as shown in Fig.2, consists of the main cryogenic housing, sha f t
assembly, gun barrel housing and pel let production disk.

MAIN CRYOGENIC HOUSING
rP£LLET
[-SEAL PACKING

GUN BARREL HOUSING
•SPACES

BARREL

DOUBLE BELLOWS

INNER SHAFT

FIG 2 CRYOGENIC MECHANISM

The m a i n cryogenic housing is made of OFHC copper, and cooled by l i q u i d h e l i u m
f l o w i n g through a pipe inserted spiral ly . Six stainless steel nozzle blocks are
inserted in the hous ing, and each of the blocks has two passages for gaseous
hydrogen and pressurized propellant gas. Each block is separated from the housing
by 1 mm, and brazed only at one end. The purposes of this design are :
1) to prevent the n e i g h b o r i n g pe l le t s f r o m m e l t i n g due to the hea t of the
propellant gas, and
2) to prevent the hydrogen gas from over-cooling, because pellets frozen too soon
would block the passage.
The s h a f t assembly is f ixed to the m a i n cryogenic h o u s i n g . Two ceramic b a l l
bearings, mounted on the outer shaf t , a l l ow smooth rotat ion and axial movement of
the pellet production disk, and axial movement of the gun barrel housing. The
axial movement is driven by pressurized h e l i u m gas introduced in to a double bellows.
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FIG 3 PELLET PRODUCTION DISK
IAS VIEWED FROM THE BREECH SIDE OF INJECTOR)

The gun barrel housing is also made of OFHC copper, and cooled by liquid helium.
It is equipped with six sets of stainless steel gun barrels and OFHC copper seal
plugs.
The pellet production disk is sandwiched and cooled between the main cryogenic
housing and the gun barrel housing during pellet forming and firing. The disk is
made of stainless steel and, as illustrated in Fig.3, is divided into six leaves
with a pellet forming chamber sealed by two specially designed packings mounted in
the grooves on both housings. The production disk is rotated by two weights of 8
kg each, which are linked to the disk rotation arms, and aligned with the precise
position by a mechanical disk stopper.

3. INJECTOR OPERATION
Hydrogen gas, for forming the pellets, is supplied at a pressure of 0.7-1.1 bars,
and cooled by liquid nitrogen during transfer to the pellet production disk. The
pressure of the propellant hydrogen gas can be independently adjusted for the firing
of each of the six pellets. Liquid helium for cooling the cryogenic mechanism is
supplied at 1.5-1.7 bars, and tranferred through a 3.0 m long line with an inner
diameter of 3.0 mm. Helium gas for driving the double bellows is supplied at 20
bars, and cooled by liquid nitrogen during transfer to the double bellows. Helium
and nitrogen gas consumed in the injector are vented through a hot water tank.
The first step of operation is the pre-cooling of the cryogenic section with
liquid nitrogen. Then, it is cooled down to 6-8 K with liquid helium. The time
required to cool down the cryogenic section, which weighs about 40 kg, is 1-L5
hours for the nitrogen phase and 3-4 hours for the liquid helium phase. Forming and
firing of the hydrogen pellets are performed according to the sequence illustrated
in Fig.4.
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4. INSTALLATION OF THE INJECTOR ON HELIOTRON E
The pellets fired from the injector travel 5.2 m from the gun muzzle to the center
of the plasma target through the guide line system, as shown in Fig.5. The purpose
of this system is to help prevent propellant gas from flowing into the torus vacuum
vessel, and to guide the pellets to the target plasma in the torus.
These functions can be understood by examining the schematic diagram of the system
illustrated in Fig.6. Six guide tubes are furnished for each gun barrel, and each
tube is divided into four sections.
Each guide tube of the first section is bent3) at an angle of 1.1 degrees to the
center of the plasma target, and is equipped hith a fast valve whose closing time
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AND COOLED
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FIG 4 PELLET FORMING AND FIRING SEQUENCE
(HOLES IN THE DISK ALIGNED WITH EACH PASSAGE OF
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FIG 5 PELLET INJECTOR INSTALLATION ON H E L I O T R O N E
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ranges f r o m 15 to 30 ms. To measure p e l l e t ve loc i ty and to take pic tures of the
pe l le t s in f l i g h t , two d iagnos t ic s ta t ions are ins ta l l ed a f t e r the gun muzz les and
a f t e r the f o u r t h stage guide tubes.

5. INJECTOR P E R F O M N C E
The pe r fo rmance of the i n j e c t o r is s u m m a r i z e d in Table 1. Sure shot p r o b a b i l i t y
was obta ined by e x a m i n i n g the results of f i r i n g 120 pel le ts . The j e s u l t s of each
were conf i rmed by pene t ra t ion holes and large ho l lows on the a l u m i n u m f o i l located
af ter the f o u r t h stage guide tubes. An example of our experimental velociy data is
presented in F ig .7 . M a x i m u m pe l l e t ve loc i ty is measured at 1400 m/s. The m i n i m u m
cycle t i m e needed to repeat the nex t six shots is, at p resen t , 10 m i n u t e s . A
decrease in p e l l e t v e l o c i t y w h i l e t r a v e l l i n g through the g u i d e l i n e system has
observed at 50-70 m/s.

Guide tube size
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FIG 6 SCHEMATIC Of GUIDE LINE SYSTEM AND OIACNOSTIC STATION

Table 1 Injector Performance

Sure shot probability
P e l l e t velocity
Angular dispersion
Propellant gas consumption
Gas contamination in the torus
Coolant consumption

Liquid he 11 um
Liquid nitrogen

Cool ing time
Warming time
Cycle time

91 X
1400 m/s MAX
less than 1 degree (half angle)
(H N! /I shot
2.4x10 ' Torr-l /6 shots

15 1/h
8 1/h
less than 6 h
less than 20 h
10 minutes HIN

1600-

; I4OO-
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3
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FIG 7 PELLET VELOCITY DATA FOR
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6. CONCLUSIONS
The injector has successful ly sa t i s f ied the or iginal spec i f ica t ions required for
use on HELIOTRON E. It operates at speeds ranging f rom 400 m/s to 1400 m/s.
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ELECTROMAGNETIC RAILGUN HYDROGEN PELLET
INJECTOR - PROGRESS AND PROSPECT

K. KIM
Fusion Technology and Charged Particle

Research Laboratory,
University of Illinois,
Urbana, Illinois,
United States of America

Abstract

A two-stage, fuseless, plasma-arc-driven electromagnetic railgun system suitable for
hydrogen pellet acceleration has been developed and successfully tested. The first stage is a
combination of a hydrogen pellet generator and a gas gun, which is responsible for injecting
a medium-velocity hydrogen pellet into the second-stage railgun through a coupling piece.
As the pellet enters the railgun, a specially designed arc-initiation scheme electrically breaks
down the propellant gas which has followed the pellet from the gas gun into the railgun, thus
forming a conducting plasma-arc armature immediately behind the pellet. This arc formation
event coincides with the triggering of the main railgun current and allows the plasma-arc
armature to subsequently propel the hydrogen pellet to a high velocity. Using this two-stage
acceleration scheme with a 1-m-long railgun barrel, solid hydrogen pellet velocities in excess
of 2.2 km/s have been achieved for a pellet 3.2 mm in diameter and 4 mm in length. The
objectives of this paper are two-fold: first, a critical review of the achievements thus far on
the railgun hydrogen-pellet injector and second, a description of the most recent
technological developments and their implications for future work, in particular, the prospect
of employing a railgun pellet injector for future large devices.

TWO-STAGE ELECTROMAGNETIC-RAILGUN HYDROGEN
PELLET INJECTOR

Since its prototype version was first successfully tested for acceleration of a
hydrogen pellet in 1985,^2 the two-stage, fuseless, plasma-arc-driven railgun system has
gone through numerous improvements and design changes, not only to make it more reliable
but to make it more suitable for high-current, high-voltage operation.3'6 With the most
recent system which has a 1-m-long railgun barrel and a 3.2-mm-diameter bore, the highest
hydrogen pellet velocity achieved to date is in excess of 2.2 km/s. A general description of
this system will first be presented. The arc-initiation scheme that ensures formation of a
plasma-arc armature behind, not in front of, the pellet is the most critical element to the
successful operation of a two-stage railgun system, and will be described in more detail.
Hydrogen pellet acceleration results obtained most recently are then briefly reviewed. Based
on the performance of the present system one can make predictions on the realistically
possible hydrogen pellet velocities that may be achievable on an upgrade system. Such
predictions are presented at the end as part of the concluding statements.

I. GENERAL DESCRIPTION

A schematic of the two-stage railgun system including the first-stage hydrogen pellet
generator, the second-stage railgun, a coupling piece in between, the arc-initiation circuitry,
the pulse-shaping network for the main rail current and the principal diagnostics is shown in
Fig. 1. The hydrogen pellet generator serves a dual function: it fabricates a solid hydrogen
pellet and injects it into the railgun through a coupling piece. The coupling piece helps form
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an uninterrupted pellet pathway from the gas gun to the railgun, but, more importantly, it
serves as a pressure-relieving mechanism for the high-pressure propellant gas so that it does
not follow the pellet into the railgun. By adjusting the number of perforations in the
coupling piece, the amount of gas that can leak into the vacuum chamber that houses the
coupling piece can be controlled. As a result, the pressure profile inside the railgun bore can
be controlled so as to suppress spurious arcing during the railgun operation. The diagnostics
are to measure the pellet velocities at the railgun breech and muzzle, to monitor the temporal
behavior of the plasma-arc armature (and therefore the pellet in front of it) inside the railgun,
to determine the pellet integrity and momentum, and to detect the currents through a few
important circuits.

II. ARC-INITIATION SCHEME

The arc-initiation scheme that is responsible for creating a plasma-arc armature
immediately behind the pellet is effected by a one-stage pulse-shaping network, one end of
which is a sharp tungsten needle mounted just inside the railgun at the breech. The pulse
shaping network is capable of delivering 220 A at 5 kV for a FWHM pulse width of 8 fiS,
and produces a very localized, high-charge-density plasma right behind the pellet. The idea
is to create a lower-resistance path behind the pellet than the region in front of it so that when
voltage is applied to the rails, the plasma-arc armature will form in the low-resistance region
behind the pellet. All this is necessary because, in general, the gas pressure behind the pellet
is higher and thus farther from the Paschen minimum than the pressure in front of the pellet
and, as a result, an electrical breakdown is more favored in front of the pellet, not behind it.

The scheme described above that ensures formation of a plasma-arc armature behind
the pellet works very well at low voltages. However, as the voltage is increased (which is
necessary to achieve higher current) above a certain threshold voltage, it eventually stops
working since the effectiveness of the arc-initiation scheme continuously weakens as voltage
increases, whereas the tendency for natural breakdown in the region ahead of the pellet
increases. For the 3.2-mm-diameter railgun this threshold voltage turned out to be
approximately 2 kV when the propellant gas pressure at the gas gun was 600 psi.

To resolve this problem, and thereby to enable high-current operation of the railgun,
a perforated coupling piece housed in a separate vacuum chamber was used to reduce the gas
pressure behind the pellet so that natural breakdown is equally favorable everywhere inside
the railgun prior to turning on the arc-initiation scheme. The size and number of the
perforations were chosen to reduce the gas pressure behind the pellet to a desired level.
Using the perforated coupling piece the railgun system could be operated, without incurring
spurious arcing, at voltages and currents as high as 10 kV and 23.5 kA, respectively —— an
operating condition that will probably allow one to determine the critical railgun current over
which the solid hydrogen pellet may fracture due to its limited yield strength.

III. HYDROGEN PELLET ACCELERATION RESULTS AND
PROJECTIONS FOR LONGER-RAILGUN SYSTEMS

Using the two-stage railgun system illustrated by Fig. 1, pellet acceleration studies
have been performed on solid hydrogen pellets, 3.2 mm in diameter and 4 to 6 mm in length.
Output pellet velocities in excess of 2.2 km/s were achieved using an effective railgun length
of 1 m, at a helium propellant gas pressure of 800 psi and railgun currents as high as 18.8
kA. The highest acceleration recorded was 2.92 x 1CK> m/s2. Presented in Fig. 2 is a set of
hydrogen pellet acceleration data corresponding to a single experimental sequence in which
the railgun current was raised from 9.4 to 18.8 kA while the current pulse length, and
therefore the pellet acceleration time, was held at 438 (is. The vertical and horizontal axes,
respectively, represent the pellet velocity increment and the railgun current. The scatter in the
data is mainly due to the variations in the pellet size and in the initial distance between the
pellet and the plasma-arc armature, which could not be controlled accurately. According to
this plot it appears that there is a parabolic relationship between the velocity increase and the
rail current
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Figure 2. Increase in solid hydrogen pellet velocity plotted against railgun current. The solid hydrogen
pellets were 3.2 mm in diameter and 4 to 6 mm in length and the pellet acceleration time on
the railgun was 438 Jls. The scatter in the data was due to the variations in the pellet size and
in the initial distance between the pellet and the plasma-arc armature.

Table I. Predicted final velocities of a solid hydrogen pellet, 3.2 mm in
diameter and 6 mm in length, accelerated by a 3.2-mm-diameter
two-stage railgun of various lengths.

^~~~-~^^^ Le n g t h
Parameter~^~^^^

vjm/s)

1 (kA)

a (m/s2)

vou((km/s)

t (ms)

t p (ms)

Ci GiF)

Zo(Q)

l/V (A/V)

V (kV)

2.0 M

1000

18.8

2.00x10? (a)
(2.92x1 Cfyb)

3.00
(3.56)

1.000
(0.877)

1.000

500x3

0.173

2.35

8.00

3.0 M

1000

18.8

2.00X106

(2.92X106)
3.61

(4.30)

(!:?§§)
1.305

500x5

0.237

2.11

8.91

4.0 M

1000

18.8

2.00x1 tf
(2.92x1 06)

4.12
(4.94)

1.560
(1.350)

1.600

1 000 x 5

0.146

3.43

5.47

5.0 M

1000

18.8

2.00x1 06

(2. 92x1 06)
4.58

(5.50)

1.790
(1.541)

1.800

1 000 x 5

0.164

3.05

6.16

t: pellet acceleration time
tp : current pulse length

Note: Using a longer gas gun barrel and hydrogen gas as the
propellant, higher input velocities (thus higher output
velocities) should be possible.

(a) Average acceleration
(b) Best acceleration to date
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Based on these experimental results one can make predictions on the performance of
a railgun with a longer gun barrel under the similar operating conditions. The predictions are
listed in Table I for railguns of different lengths. The empirical acceleration values used for
the calculation are the average and highest-to-date (parenthesized) values, respectively.
From Table I, it is seen that a hydrogen pellet velocity on the order of 4 km/s will be possible
using a 3-m-long railgun.

Since with the railgun one has the advantage of being able to exert a uniform
acceleration force to a pellet, it should be possible to achieve very high hydrogen pellet
velocities without resorting to a sabot to protect the pellet. Another advantage of a railgun
injector is its unique capability to serve as a booster-accelerator. Since plasma-arc-armature
velocities higher than 14 km/s are routinely possible, it should be a boon to attach a railgun
to an existing pellet injector to further increase the output velocity. We are currently in the
process of utilizing and exploring such advantages of a railgun to their fullest extent.
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THE ORNL/TORE SUPRA PELLET INJECTOR AND
THE E-BEAM ROCKET PELLET ACCELERATOR*

C.A. FOSTER, C.C. TSAI, D.E. SCHECHTER,
M.J. GOUGE, S.L. MILORA, S.K. COMBS,
F.E. GETHERS, D.W. SIMMONS, C.W. SOHNS,
B.E. ARGO, G.C. BARBER
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

Abstract

A pellet injector capable of firing up to 80 pellets of frozen deuterium
at a speed of 1.2 km/s is being prepared for experiments on the Tore Supra
superconducting tokamak as part of a U.S. Department of Energy and French CEA
collaboration. The pellets are accelerated in a 1.5 m graphite composite
rotor which turns at 8.000 rpra. Deuterium ice is made by freezing gas onto a
liquid-helium cooled rotating disk. Pellets are punched from the rim of the
disk and inected into the centrifuge. By varying the position of the punch
with respect to the rim, pellets can be produced in a range of sizes from 1.5
mm to 3 mm. A computer system based on Multibus-1 hardware with software
developed by CEA is used to control the operatiion of the injector.

CENTRIFUGE INJECTOR FOR TORE SUPRA

For the application on the Tore Supra tokamak, a centrifuge-type injector design was
chosen; the design is based on an earlier mechanical device [1] that provided the first-time quasi-
steady-state fueling on Doublet-Ill tokamak in 1984 [2] . The centrifuge injector is a mechanical
device that uses centrifugal forces to accelerate pellets constrained to move in a track on a high-
speed rotating arbor. Two inherent advantages of this technique are steady-state capability and
high pellet feed rates. Thus, it can provide a flexible fuel source for long-pulse tokamaks. The
performance goals for the new injector include (1) the capability of delivering 10—30 hydrogen or
deuterium pellets per second for a 30-s pulse, (2) variable pellet size (1-10 torr-L/pellet), (3) pellet
speeds in the range of 0.8-1.2 km/s, and (4) pellet dispersion at the plasma surface within
±30 mm. The injector system is primarily divided into three subsystems: (1) the vacuum
containment "spin tank," (2) the pellet fabrication system or "Zamboni machine," and (3) the
high-speed mechanical accelerator.

Vacuum containment is provided by a 2-m-diam dome-shaped spin tank, which houses the
accelerator and supports the pellet fabrication system. The Zamboni machine replaces the
conventional extruder assembly as the pellet fabrication mechanism. This device freezes a rim of
solid hydrogen ice on a rotating disk, which is cooled with liquid helium. On command, a
quantity of pellets of variable sizes can be punched. The voids formed on the rim after punching a
pellet sequence are replenished as the liquid-helium-cooled disk rotates and gas fills through the
injection calipers. The accelerator is a 1.5-m-diam, snowshoe-shaped graphite composite hoop
that is coupled to a high-strength aluminum hub and is driven with an induction motor. A
recessed area in the aluminum hub accepts the pellets from the Zamboni and guides them into a
V-shaped groove in the composite hoop, where centrifugal forces accelerate the pellets to twice the
peripheral speed of the rotor (tested at up to 127 Hz). The pellets will be shot through a guide tube
injection line to the plasma. After satisfactory operation of the injector is established at ORNL, it
will be delivered to Tore Supra for installation and checkout.

•Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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ELECTRON-BEAM ROCKET ACCELERATION OF A SOLID DEUTERIUM-TRITIUM FUEL
PELLET

A method is proposed to accelerate solid deuterium-tritium fuel pellets to high velocity for
the purpose of fueling toroidal magnetic confinement fusion reactors. An electron beam [3] will
be employed to ablate a portion of the fuel pellet, thereby accelerating the remaining pellet. The
use of pellets to fuel tokamaks has a relatively long history [4]. Two techniques are now used on
experimental machines: the pneumatic gun and the centrifuge. The present capabilities of these
devices are 2 km/s and 0.8 km/s, respectively. Both methods are being refined, and they have a
potential useful speed of approximately 4 km/s. The present goal of the pellet fueling program is
to be able to continuously fuel a burning fusion reactor. This will require a fueling rate of
approximately 3-10 pellets/s, a pellet diameter of 3-6 mm, and speed that should be as high
as practical given the constraints of economics. As the pellet speed is raised, the penetration into
the plasma increases. Present models indicate that pellet penetration scales as the cube root of
the pellet velocity. With pellet speeds in the range of 1-2 km/s the fuel deposition will occur in the
outer half of a burning core reactor plasma. As an alternative to gas fueling, with which the fuel
would be deposited in the outermost edge of a reactor, pellet fueling at 1-2 km/s has great
potential advantages. Many phenomena such as charge-exchange recycling, impurity influx,
neutral beam power deposition, and fuel throughput may be strongly affected by fueling the
plasma inside the scrape-off region. Some positive aspects of pellet fueling, however, may require
deeper penetration. Penetration to or near the plasma center [2, 5] has provided the best
confinement results, producing highly peaked density profiles and fusion reaction rates a factor
of 4 to 10 times greater than gas-fueled discharges at equivalent power levels. However,
extending the penetration by a factor of 2 in a reactor environment will require increases in pellet
speed of a factor of 10 or an increase in kinetic energy of a factor of 100. Clearly, the complexity of
any such pellet fueling device would be substantially greater than that of injectors operating at
2 km/s, but if the performance of the reactor is improved such an effort could easily be justified.

Several aspects of any technique of achieving an ultrahigh-velocity pellet injector are
common and are essentially determined by the energy levels required and the inherently weak
properties of solidified deuterium and tritium. For example, a 6-mm-diam deuterium pellet at a
speed of 20 km/s has a kinetic energy of 5.6 k J. Accelerating it over a path length of 20 min 2 ms
would require a pulsed power of 2.8 MW. Assuming an efficiency of 20%, a power of 14 MW would
be required. An average power of 280 kW could accelerate 10 pellets per second.

In order to attain these very high velocities, it is clear that the acceleration path of the
pellet must be extended. Solid hydrogen and its isotopes are very weak solids and are, therefore,
easily shattered. Both the pneumatic and centrifuge techniques are now near the limit of pellet
integrity. Therefore, the acceleration path of any ultrahigh-speed technique should be a
minimum of l m and should be scalable to 10-100 m. A 20-m path at 20 km/s would allow a 2-ms
acceleration time. Assuming a constant acceleration force over a 20-m path, a 6-mm pellet would
have an acceleration pressure of 10 MPa (100 atm), which is the pressure now being applied to
accelerate pellets to 1-2 km/s in the pneumatic guns and the centrifuge.

Many techniques have been proposed to accelerate pellets to higher velocity including
electrostatics, rail guns, laser-rocket, etc. We are proposing a method of utilizing an intense
electron beam to accelerate pellets by the rocket effect. There are several advantages of both a
practical nature and the bask physics understanding of the electron-beam/solid-hydrogen
interactions which make this an interesting concept. The equation for the velocity of a rocket is

u = v in ml Mr e

where the velocity of the rocket ur is proportional to the velocity of the exhaust ue gas times the log
of the mass ratio. The key to this method will be the ability to raise the exhaust velocity. Since
solid hydrogen has a vapor pressure of 1 atm at 20k the exhaust velocity is only 250 m/s. The
ablation rate to the pellet is locked by the required acceleration time, so raising the exhaust
temperature by increasing the surface temperature is not feasible. However, our understanding
of pellet ablation in tokamak experiments is that while the surface temperature is pinned to
cryogenic values, the ablation cloud, which screens the pellet from the incident plasma electrons,
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is rapidly heated by the intense electron power flux. This heating occurs in a region within one
pellet radius from the surface of the pellet. Electron-beam rocket effects are probably the cause of
the distinct curves in the trajectories of pellets injected into tokamak and RFP plasmas.

The neutral shielding ablation model can be used to determine the acceleration of the
e-beam rocket. At the surface of the pellet the power flux from the e-beam is balanced by the
evaporation rate of the pellet.

f r
o

= nr p v,HP b vE - n(r)L (E) dx

where rp is the rocket radius uj, is the propellant burn velocity, Hv is the heat of vaporization, p is
the solid density of the pellet, L(E) is the electron loss function for electrons in molecular
hydrogen, n{r) is the density of the ablation cloud, / is the electron current, and E is the electron
beam voltage.

For high power fluxes, the pellet ablates at a rate such that the screening term dominates,
reducing the power flux to the surface. This is the reason that the heat of vaporization does not
appear in the neutral shielding models.

The density required to produce an opaque cloud is derived. By definition ofL(E),

dE - nL(E)dx

for electron energies above 1 keV L(E) can be approximated by

L(E] = a/E

where a = 2 X lO-1^ V2 m2.

Assuming a spherical expansion at constant velocity, the electron loss to the surface of the
pellet is

F2/0 — n n rCi t£t — i t - u r0 p

where TIQ is the density at the pellet surface.

Given the ablation density and the sonic velocity, the burn velocity of the solid pellet is
determined by conservation of mass flux,

n v = n u,0 s s 6

where ns is the solid density. The burn velocity is then

u E2ms
V-^^7

where m is the mass of molecular hydrogen

ForE = 2 X 103 V, r = 2 X 10-3 m, us = 300 m/s, p = 70kg/m3,m = 3.3 X 10-27 kg,

v. — 1 m/so

The burn rate is determined by the pellet size and electron energy; the electron current is
then chosen to provide the power flux required to raise the temperature of the exhaust gas. If a
fraction /"of the incident power is converted into directed exhaust velocity, then

fIE= l/2nr2u.pu2
6r e
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FIG.1. Experimental setup of electron beam rocket pellet accelerator.
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For an initial length of 12 mm, the accelerating distance and speeds are as follows:

Time
(X 10-3 s)

0.00
0.13
0.511
0.88
1.26

Position Speed Final projectile length
(meters) (X103 m/s) (XlQ-3m)_____

0.00 0.00 12.0
0.04 0.62 11.1
0.68 2.85 8.4
2.31 5.95 5.7
5.43 11.10 3.0

278



The apparatus being constructed to test the feasibility of accelerating pellets with an
intense electron beam is shown in Fig. 1. The long pellet/propellant sticks of solid hydrogen are
produced in a pipe gun and launched into the accelerator at a speed of 60 m/s using a mechanical
piston/plunger. Pellets of hydrogen and deuterium 4 mm in diameter by 12 mm long have been
produced and launched down a guide rail. The pellet is transported into the accelerator through a
guide tube. A ramp/funnel guide tube section loads the pellet from an off-axis trajectory into the
accelerator rails. The pellet is constrained to travel down a set of three graphite guide rails, 0.6 m
long. The acceleration column is in the center of a l T axial field that compresses and contains the
intense electron beam. The electron beam is formed in the throat of the solenoid at a field of
833 G. The electron gun is a diode with a radiatively heated lanthanum hexaboride single-crystal
cathode. Three 6-mm crystals are cemented in a close-packed mosaic 1.2 cm in diameter. The 12
to 1 compression ratio of the coil magnetic field compresses the beam to 3.5 mm. Beams of up to
25 A and 20 keV have been extracted, and a beam of 14 keV, and 11 A has been compressed and
transported through the solenoid, burning a 3.5-mm hole through a piece of graphite paper
located in the middle of the solenoid. Preparations are now being made to start pellet acceleration
tests.
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INJECTOR DEVELOPMENT — SUMMARY AND REVIEW

P. KUPSCHUS
JET Joint Undertaking,
Abingdon, Oxfordshire,
United Kingdom

Abstract

The paper reviews the results presented at the meeting on injector development.

Since the main goal of this meeting was to review and discuss the
method of pellet injection and its effects on plasma confinement there has
only been a short session of six papers on the development of pellet
injectors at this workshop and therefore the subject was not covered quite
comprehensively. The presentations also contained many elements of what I
would call "status of work report" which I will not go into in the
following because they elaborate on applications of well-known and already
proven technology. I will undertake to summarise and review only those
developments which have shown some advances since the last two reviews at
similar workshops [1,2] and are of interest for the application of pellet
injection to plasmas of increasing fusion relevance; but I will also
"include the situation in the field from the view of of the speaker" (terms
of references as given by the workshop organisers). I want to apologize in
case anything fulfilling these criteria has slipped my attention.
1. SUMMARY OF PAPERS (concerning advanced elements)

S. Milora high-lighted three development areas in his report on pellet
injector activities at ORNL: Electrothermal gun, two-stage light gas gun,
and tritium pellet production. This was complemented in a second paper by
C. Foster, also from ORNL, on centrifuge and e-beam rocket accelerators: -
Post-acceleration of initially pneumatically driven pellets with hot gas
from an vortex-stabilised arc leading to a velocity increase from 1.3 to
about 2 kms-3- with an electrical efficiency of 5 - 10 I on the pellet
kinetic energy had already been reported earlier [2] and this seems still
to be the status. - In initial two-stage gun experiments 0.035 g plastic
pellets were accelerated to 4.5 kms-3- in a 1 m long barrel matching similar
results at Milano and at JET; the gun is said to soon be equipped with a
pipe gun cryostat to accelerate deuterium pellets. - With the "Tritium-
Proof-Of-Principle" (TPOP) experiment ORNL has succeeded in forming A mm
tritium (T) and DT mixture (50/50 I) pellets and in accelerating them to
1.4 kms-3- at the Los Alamos NL's Tritium Systems Test Assembly (TSTA). This
is an important demonstration silencing earlier doubts that the formation
of these pellets due to the radioactive properties of T will be prevented.
The threshold concentration of 3He beyond which ice with acceptable
mechanical properties could not be formed was assessed to be 0.05 % and is
smaller than expected. - Although centrifuge-type injectors have success-
fully been applied for quite some time the injector built by ORNL to be
employed on the TORE Supra tokamak has several features interesting for the
next generation of experiments and beyond: it is to deliver pellets of
variable size (up to ca 2.5 mm cylindrical diameter/length equivalent, but
particularly shaped due to the formation/punching geometry) with repetition
rates of up to 30 pellets/second for a 30 s pulse at a speed in the range
of .8 to 1.2 kms-3-. These specification have been announced earlier but the
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device was now said to be in its final commissioning stage at ORNL; the
pellet fabrication system is working and the 1.5m diameter rotor with the
accelerating hoop has been spun up to 127 s-3-. - The e-beam rocket pellet
accelerator is one of the few devices which in principle would permit to
achieve pellet velocties in excess of 10 kms-1. First principles were
discussed in [1] (the principles are extensively discussed in this paper)
and experimental proposals and preparations for a first test in [2]. The e-
beam gun - a gyratron technology spin-off - has delivered an e-beam through
the guiding magnet, the pellet formation was tested, and preparations are
now being made to start pellet acceleration.

K. Kim of University of Illinois gave a report on the progress of the
electromagnetic railgun development, another scheme principally capable of
accelerating pellets to more than 10 kms-1. In this approach pneumatically
pre-accelerated bare hydrogen pellets are post-accelerated by an arc gas
armature along aim long rail system to slightly more than 2.2 kms-1. A
number of technical and procedural improvements have been made since the
last workshop [2], However, one of the most important problems seems not
being resolved. The achieved accelerations are with 2-3*10e ms~2 signifi-
cantly less than is to be expected from the electro-magnetic pressure and
even if this were acceptable (but makes it much harder to achieve a speed
of more than 10 kms-3-) the question remains: On which principles should the
scaling-up of the present device be based?

The report on the JET injector and its preparation for implementing a
single-shot light-gas two-stage gun as a prototype to probe the benefits
on plasma performance of pellets at speeds around 4 kms-1 was given by P.
Kupschus. Since [2] work has concentrated on technical issues of the two-
stage gun - in order to make it managable for immediate employment on JET
- rather than on achieving higher pellet speeds. JET in collaboration with
the Ernst-Mach-Institut and CEN Grenoble have previously reported a
velocity dependent erosion effect which lets bare deuterium pellets suffer
from in interaction with the barrel wall limiting reasonably achievable
speed to around 3 kms-1. For higher speeds therefore pellets have to be
accelerated in sabots which have to be removed before the pellet can be
delivered to the plasma and which require larger guns to account for the
higher total mass to be accelerated. A testbed with two of such guns has
been built at JET and advances in two of the major technical problem areas
have been made: The lateral drift of split sabot halves caused by internal
gas pressure form the pellet or the residual driving pressure behind the
pellet when it leaves the barrel seems now sufficient to warrant their
reliable removal, and the piston lifetime could be increased to more than
40 shots without maintenance so far (marginally already sufficient to
ensure ca 1 week of tokamak operation on JET). From the collaboration with
CEN Grenoble, JET has now received and is commissioning a pellet forming
cryostat which permits in principle remote loading and filling of sabots
with ice and charging the breech once for every tokamak pulse. JET plans to
install on the torus by late 89 a gun of this type; for its adaption a
considerable effort is being undertaken as given in the paper. In parallel,
in a collaborative effort CEN Grenoble attempts to expand the prototype
into a truly repetitive high-speed gun with rates approaching 1 s-1, speeds
in excess of 5 kms-1 and together we have to work out the principles to
make this gun tritium and remote handling compatible.

Just for completeness I want to mention the two remaining papers on
pneumatic injectors at Riso NL for employment at Italian laboratories by H.
Sorensen. and at Kobe Steel Ltd for HELIOTRON E by M. Kanno; these as well
as omitted elements of the ORNL and JET reportsare considered to be within
the state-of the art technology. I should also mention here that we missed
reports of the CNR-CNPM/Polytecnico di Milano/ENEA Frascati (cf [1])
collaboration on two-stage gun development and the activities at Leningrad
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on similar and arc heated guns; I would assume that for application on JT
60 similar Japanese activities will emerge soon.

2. REVIEW of STATUS

2.1 General Remarks
Let me now list the different injector types from which we are or

hopefully will be able to choose and list their advantages and disadvanta-
ges as they appear to me at this moment in time, set against a rather vague
background of requirements from the present day experiments onward to
reactor scale devices. I like to distinguish in the following between the
injector as a system and the launcher/gun as the accelerator.

Generally as it stands, the pellet size seems to be the parameter
which can most easily be adapted to any demand: The pellet diameter is
unlikely to ever exceed 10 mm and 6 mm are already experimentally available
(JET). ¥ith regard to the fuel, i.e. hydogen isotopes or mixtures thereof,
there seems now with the successful TPOP experiment (ORNL) no principle
obstacle in a rather free choice. The repetition frequency and the total
number of pellets for an experimental cycle (e.g. tokamak pulse) are either
sufficient or the technology is at hand in principle to cover any likely
extension of these parameters (though for some of the advanced gun schemes
the technical effort might actually be quite demanding).

However, present injector pellet velocities of up to 2 kms"1 will not
let us reach the center of high temperature plasmas of much larger than 5
keV even not with the largest pellets (cf summary paper by W. Houlberg);
and even if those would be accepted without disruptive termination of the
plasma they may not be desirable because of the large sudden increase in
plasma density and the mixing cooling effect linked to this (e.g. to bring
the particle contents in a 6 mm D2 pellet to 5 keV on average ca 22 MJ are
required). The scientific community is today still divided whether fuelling
just beyond the recycling layer or central deposition are the methods to
solve the problems of ash and impurity removal and to generate the particle
sources within the plasma for the generation of profile effects. In order
to meet the task of getting suitably sized pellets sufficiently deep into
the plasma the only free parameter (i.e. without direct effect on the
plasma) to solve the problem is the pellet velocity; increasing this in
view of the uncertain, but in any case expectedly weak scaling of
penetration depth with speed is a somewhat risky (because of the unknown
outcome) and demanding task involving considerable technical effort. The
justification for it to be carried out stems from the need for this tool to
the plasma for which other solutions are not (yet?) available; accordingly
a major part in the development is devoted to the subject of high speed.

2.2 Conventional Pellet Launchers

2.2.1 Centrifuge
Devices have been proven to work in experiments (ASDEX, D III) with

pellet speeds in the .6 to .8 kms-1 range; rotors have spun up close to
expected design limits (equivalent pellet speeds of 1.5 kms-3-); but pellet
sizes were so far limited to 2 mm (ca 2.5 mm in preparation) and speeds of
.8 kms-1 have not been exceeded in routine operation. Development is needed
with regard to the feeding of pellets into the rotor, their acceleration
guiding without loss of their mechanical integrity and the dynami-
cal/mechanical stability of the rotor (the latter two items are more
difficult to achieve for even larger pellets). But the ability to vary
pellet sizes during a plasma pulse and to arbitrarily (modulo revolutions
of the rotor) fire pellets are being implemented. Advantages: very high
repitition rate (like 30 s-1); total number of pellets per experimental
pulse very large and quasi-continuous mode can be imagined; simple vacuum
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interface to the experiment; high variability in terms of programmable
pellet sequence (pellets > 2.5 mm possible?); feed-back pellet request by
plasma controll can be imagined (dead time @ reciprocal rotor frequency;
typically 10~2 s). Disadvantages: large aiming divergence (can be compen-
sated for in this speed range by guide tubes), and relatively low speed.
2.2.2 Pneumatic single-stage launcher

Here, the gun equation limits the maximum speed roughly to 1.5 times
the sound velocity of the driver gas; hence, for hydrogen the speed limit
is slightly exceeding 2 kms"1. Pellet sizes of .5 to 6 mm have been
employed, but the small sizes have not been tested to the highest speeds.
So far, the ORNL built JET launcher is probably the most flexible device
combining three highly repetitive guns for differing sizes to deliver
sufficient numbers of pellets (provided by cutting out of a continously
extruded ice ribbon) in a randomly programmed fashion within the limits of
repitition rate (cf also the RPI injector previously used on TFTR).
Advantages: high repitition rate (up to 5 s-3-); high total number of
pellets - quasi-continous operation; plasma feed-back can be imagined (dead
time for single pellet ca 5*1Q-3 s, for repetitive pellets ca .2 s);
relatively high speed; as with all of the following launcher schemes
employing guided pellets, aiming is very good (+. .4°) and expected to even
improve with higher velocities. Disadvantages: vacuum interface with large
gas handling capability ( e.g. 6 mm pellet may be driven by 2-3 barl of
hydrogen) needed for differential pumping (which can be met with cryogenic
pumping, though for a price); pellet variability limited - different pellet
sizes during an experimental pulse require multi-barrel approach.

2.3 High-velocity Launchers

2.3.1 Two-stage Light-gas Gun
This is actually a pneumatic launcher in which the pellet driving gas

(2nd stage) is heated to several 1000° K by adiabatic compression of a
piston being accelerated itself by gas pressure (1st stage): The heated
driver gas features a higher sound velocity (=V^T), permitting perhaps
pellet speeds up to 10 kms-1, and the functional dependence of the driving
pressure with time can also be partially taylored (pressure ramping up to
several 1000 bar) to compensate for the decline of the atual driving
pressure at the pellet because the gas is expanding (transformation of
internal energy in to energy of motion). The driving pressure at the pellet
should ideally be constant and at the limit set by the mechanical
properties of the pellet. For bare deuterium pellets this leads to maximum
tolerable accelerations of 5-10*10e ms~2, an order of magnitude lower than
those applied in the military applications of the last 25 years or so in
which close to 10 kms-3- have been reached for far heavier loads, however on
a much shorter time frame. On the according longer time frame JET found
already below 5 Ions-3- indications of the influence of heat transfer to the
barrel when comparing carbon and stainless steel barrel material. Also
JET/EMI/CENG encountered the above mentioned erosion effect which is
believed by them to be a boundary layer phenomenon effecting the perfor-
mance of all guided pellet schemes above 3 kms"1. As a consequence sabot
techniques have to be employed. So far, only testbed work can be reported
(as is true for the remainder of the concepts) though an application is now
planned on JET. The JET/EMI/CENG collaboration, CNR-CNPM/Milano/Frascati
and ORNL have accelerated in trials 3 to 6 mm plastic pellets to 4.5 - 5
Ions-1 with relevant parameters for the acceleration of bare deuterium
pellets; the first two groups have actually fired bare pellets with 2.7 and
2.9 kms-3- of maximum speed with already degraded pellet integrity and JET
has brought 5 mm sabot-supported deuterium pellets to 3.8 kms-1 with good
integrity. Using the sabot technique the erosion problem is virtually
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eliminated and it is expected that the maximum acceleration tolerated by
the deuterium ice can again be increased. As mentioned, sabot removal
techniques and the piston lifetime issues have successfully been tackled
but the compatability of the hot high-pressure surge with the requirements
of the pellet forming cryogenic breech environment (though no problem for a
single-shot launcher) have still to be solved for a repetitive version,
together with the piston cycle timing (the piston can only be expected in
the starting position for a new shot when its energy of the order of 100 kJ
gained in the previous shot has safely been dissipated). Despite of
considerable effort still needed to turn it into an experimental viable and
reliable device the two-stage gun is certainly the first contender to be
picked if and when higher velocities are desirable and/or necessary.
Advantages: higher speed compared to conventional pneumatics. Disad-
vantages: Even higher gas loads to be expected (up to 30 barl which still
can be managed by cryopumping); due to the longer firing cycle (likely to
require close to 1 s) and the trigger delay (piston needs some .05 s to
compress gas) a reduced variability will also result from this; shock and
vibration problems, particularly when carried into the pellet cryostat.

2.3.2 Electrothermal (Arc) Gun
This uses the same principle as the two-stage gun, namely hot

pneumatics, but the generation of the hot gas is to be facilitated by an
electrical arc. The hope was that such a gun would be less bulky, free from
impact problems and that the desired pressure surge could be more easily
programmed in time by electrical rather than mechanical means. The scale of
the problem can be appreciated when considering that a good deal of the
piston energy of the above gun, say 50 kJ, have to be converted in the
pellet acceleration time of typically 10~3 s, leading to a peak power
requirement in the order of 50 MW or even higher; this power is now to be
fed in electrical form to a gas in a volume of only a few cm~3 (with no
dead volume allowance) which then is to flow out through a few mm diameter
barrel while assuming near sonic velocity . Arc physics and technology are
here outside of known experience and the attempts made so far have
despite of some advances - not been able to convincingly overcome the
problems of lacking of electrical coupling efficiency on the whole and with
regard to the desired shape in time of the produced pressure surges, of
electrode erosion and impurity production and of insufficient gas feed into
the arc chamber (arc fuelling). As far as I understand the ORNL effort has
now ceased; and JET terminated their contract with Riso NL because for
those reasons the arc concept did not look competitive on the timescale of
the experiments on JET.

2.3.3 Rail Gun
This is an electromagnetic accelerator in which the field build-up

between the rails behind a sliding connector bar (arc armature) provides
the pressure to drive the pellet in front of the bar (provided the bar does
not overtake the pellet). For constant current I the force F = .5*L'*I2 (L*
= inductance per unit length) should be constant which is very desirable
for a constant acceleration as required for mechanically weak pellets. So
far, at the U. of Illinois' work the expected acceleration was apparently
not reached and I suspect that the gun is actually some kind of
electrothermal gun with as yet unknown potential. If a rail gun can be made
to work then two major advantages were obvious: there is no basic upper
limitation in velocity for our purpose (barrel length would simply scale
with the square of the speed) except the one imposed by pellet-barrel
interaction (as found on bare pellets by JET and certainly to be expected
with sabots - hopefully at very much higher speeds); in constant current
mode with approximately constant voltage the power supply would be much
simpler. However, the fact that this type of gun needs a pre-accelerator to
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avoid arc spot problems and therefore requires a complex interface with
critical arc triggering and well-matched acceleration take-over will
require a high technical development effort. Of possible advantage could be
that the gas load is likely to be small, but I suspect that sabot
acceleration has to be used as well and it is far to early to speculate on
the suitable removal technique.

2.3.4 E-Beam Rocket Accelerator
The idea is to couple the power of an electron beam into the surface

subjected to gas (or indirect magnetic) pressure in the preceeding schemes
like in a solid fuel rocket - and ideas have been tossed around to

facilitate the same with either ion beams or lasers. It is hoped that the
ORNL experiments will answer principal questions of power coupling in the
correct pellet ablation zone and of electron beam generation and guidance
in the presence of high gas loads from the rocket exhaust (by measuring
suitably acceleration and "burn" rate of the pellet of which the largest
fraction has to be "sacrificed"). Like in the rail gun case no inherent
maximum limit in speed should exist but again it looks like sabots will be
needed to maintain integrity of the pay-load and the erosion effect might
also lead to trouble with the rocket fuel part; there might also be a
control problem to keep the power input in line with the decreasing pellet
mass. Again I think it is to early to go further into systems implications
at this stage; but potentially the gas load to the plasma can be lower by
perhaps a factor of 10 than that of the two-stage gun at the same speed.
4. CONCLUSIONS

So, in my view, the main effort of next-phase development is needed in
the field of two-stage guns (particularly to make them reliable, long
lasting and repetitive, inclusive of an adequate repetitive cryogenic
breech part which I did not have the time to cover) to asses the benefits
of higher speeds; in addition the systematic consolidation and refinement
of technology, available in principle, is the other major task to arrive at
injectors with satisfactory specifications to serve the experiments, in
particular the ones of the next generation. It seems that some progress has
been made but with regard to the high speed feature it is slow and the
number of professionals and the means they have available seems rather
marginal to hope for a fast arrival of a universal tool to answer the
fuelling questions posed by the fusion experiments of today and those of
the next generation.
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PELLET ABLATION AND ABLATION MODEL DEVELOPMENT

W.A. HOULBERG
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

Abstract

The results presented at the meeting on ablation phenomena is given and
which includes pellet heating and ablation modelling, ablatant cloud
expansion, pellet shielding, penetration depth and velocity scaling, pellet
wake structure. The survey is based mainly on the comparison of the existing
theoretical models with various experimental observations.

INTRODUCTION

A broad survey of pellet ablation is given, based primarily on information presented at
this meeting. The implications of various experimental observations for ablation theory are
derived from qualitative arguments of the physics involved. The major elements of a more
complete ablation theory are then outlined in terms of these observations. This is followed
by a few suggestions on improving the connections between theory and experimental results
through examination of ablation data. Although this is a rather aggressive undertaking
for such a brief (and undoubtedly incomplete) assessment, some of the discussion may help
us advance the understanding of pellet ablation.

Engelmann presented a summary of pellet fueling issues in future devices [1]. The
issue most closely connected with pellet ablation is that of peilet penetration. Partial
pellet penetration and deep penetration have different implications for technology devel-
opment. Getting beyond the scrape-off layer and the poorly confined edge region is a fairly
straightforward task and can be accomplished with present technology. This can be used
to improve on the fueling efficiency of gas injection. Deep penetration, as seen in many
experimental results, provides added control over the plasma density profile and access
to improved confinement regimes. ASDEX results indicate that partial pellet penetration
gives some confinement benefits [2], but JET results seem to indicate that the maximum
benefits are gained with central fueling [3]. The relationship between pellet penetration
and confinement is still a fairly open question, covered in the summary by Lackner [4].
We may not have any conclusive answers on the relationships between fueling profiles and
confinement, however, until we better understand the basic plasma transport processes.

The means of improving pellet penetration are pellet size and pellet velocity. The
pellet size is limited by physics — by how large a mass increase the plasma can tolerate.
The pellet velocity is limited by technology [5j. So these two parameters must be played
off against each other to reach optimal fueling conditions, but one involves physics and
the other, technology. To quantify the trade-offs between pellet size and velocity, a better
understanding of the ablation process is needed. We would like to be able to predict pellet
penetration and particle source profiles in planned experiments and to provide guidance
for technology development. So the basic question we come down to is how pellet ablation
and penetration scale with pellet size and velocity.

EXPERIMENTAL OBSERVATIONS AND IMPLICATIONS

Various experimental observations can be used to provide clues to the important con-
siderations in pellet ablation physics. Many of these features are widely observed. Some
have widely accepted explanations, while others have several possible interpretations, lu
many cases, quantified comparison between theory and experiment is not yet possible.

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.

289



Curved Pellet Trajectories

One of the earliest observations was that pellets do not necessarily travel in a straight
line. The explanation for this was given many years ago and is now used as the basis for
electron beam acceleration of pellets [6]: asymmetric illumination of the pellet causes a
rocket effect. When the incident fluxes to the pellet co and counter to the magnetic field
are unbalanced, the nonuniform evaporation of the pellet surface accelerates the pellet in
the direction of the imbalance of the forces. It is less of an effect in large tokamaks than
small tokamaks because of a combination of larger pellet sizes and smaller perturbation
of the electron distribution by the applied electric field. The effect is most notable in the
ZT-40M reversed field pinch, where reorientation of the injector was required to improve
control over the mass deposition |7j. The importance of the magnetic field and plasma
distribution functions is implied by this observation. It emphasizes that pellet ablation
models must consider nonuniform illumination and anisotropic distribution effects. Neutral
shielding models take into account the restriction of the incident electron flux to the cloud
by using 27rr^ for the exposed surface area rather than the 47rrj; of a sphere. Otherwise, a
uniform spherical expansion of the cloud is generally assumed — appropriate for uniform
illumination and expansion into a vacuum.

Reduction of Ha at Magnetic Axis

ISX-B experiments were the first in which pellets penetrated to magnetic axis, where
a very large dip was seen in the ablation rate. The effect has been seen in many other
experiments since then. The obvious explanation is that there is a geometric singularity
at the magnetic axis which limits the amount of plasma energy available in the ablation
process. The implication is that the magnetic geometry is very important in the ablation
process — specifically, that the plasma cannot always be treated as an infinite medium.
Ablation models that account for finite plasma volume are said to include self-limiting
ablation effects, because as ablation proceeds the temperature of the remaining plasma is
reduced and further ablation is restricted.

Ha Fluctuations'•a

The explanation of the large dip in Ha signals at the magnetic axis has been extended
to cover small fluctuations in Htt signals by arguing that the plasma volume connected to
the pellet is restricted at rational flux surfaces. The argument has been largely qualitative
because of the difficulty in including all the proper geometry and kinetics. Because of the
large number of fluctuations, relatively high-order rational surfaces must be considered.
Pégourié [8] has recently developed a comprehensive model of the effect of rational surfaces,
including the lack of depletion of trapped electrons because of toroidal drift, and concludes
that the magnitude of the dips at rational surfaces can only be explained if there is a
flattening of the q profile in the vicinity of each rational surface. In reality, the effect
may be even more complicated. All experiments use cylindrical pellets, which tumble
as they pass through the plasma. Because the illumination of the pellet is pr imari ly on
surfaces normal to the magnetic field, the pellet exposes a fluctuating cross-sectional area
to the plasma. The magnitude of the usual HQ fluctuations is generally consistent with
the different cross-sectional areas exposed to the plasma by a tumbling cylinder. Another
possibility that has long been recognized is that there may be hydrodynamic instabilities
in the neutral or ionized clouds. Lengyel has recently developed a t ime-dependent, single-
cell Lagrangian model for the expansion of the cold ablatant plasma t h a t may be used
to address compressive oscillations as a possible source of the f luctuat ions [9]. It is likely
that some combination of these effects is necessary to explain the oscillations: rational
flux surfaces and tumbling introduce a time-dependent source and pellet cross-section that
cause oscillations in the hydrodynamic solution, which may fail to reach a true steady
state and appear largely random in magnitude. The very large dips seen in the H0 signals
may still be associated with islands or very low order rational surfaces. Passing through
an X-point or the center of a rotating island would make the magnitude of the dip vary
considerably from shot to shot and appear irreproducible.
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In apparent contradiction to the rational flux surface argument are the fluctuations
observed in the Wendelstein VII-A stellarator, where there is very little shear. However,
the high energy electrons produced by ECRF heating in that experiment make higher-order
rational flux surfaces more important, if the high energy electrons are constrained to flux
surfaces on the ablation timescale. The tumbling pellet argument still holds in shearless
plasmas. Would a spherical pellet exhibit fluctuations? Are the fluctuations from highly
elongated pellets more pronounced? Do the fluctuations generally get smaller as the mass
is eroded and the pellet presumably becomes more spherical? There is probably not much
promise in developing more detailed models for this; the net effect of the fluctuations is
possibly some small net reduction in the ablation rate. Nonetheless, the fluctuations pose
interesting physics questions about the ablation process.

Striations

It is generally observed that visible light from pellet ablation is extended along the
magnetic field. Viewed instantaneously, the light is constrained to a long narrow tube. The
pitch of the tube has been used in TFR to measure the local components of the magnetic
field [10]. Time exposure normal to the pellet path and magnetic field shows very narrow
striations aligned with the magnetic field that are apparently correlated with the observed
fluctuations in the Ha signal. The ablatant must be ionized very close to the pellet surface
to be so well constrained by the magnetic field, or the striations would be washed out. The
visible light means that this ablatant plasma must be highly susceptible to recombination
followed by immediate re-ionization — it is a cold, dense plasma. This observation is
consistent with the addition of a plasma shield to the basic neutral shielding model, and
the shield may be further enhanced if the initial neutral ablatant is preferentially emitted
along the magnetic field, which follows from non-uniform illumination of the pellet [11, 12].
The implication of these observations, of course, is that the total shield is non-spherical,
possibly in both the neutral and plasma shields.

Lack of Ha Fluctuations

After all the attention to HQ fluctuations it must be pointed out that there are instances
in which no significant H0 fluctuations exist. These cases may tell us as much about
the cause of the fluctuations as anything else if a reasonable physical connection can be
made between the observations. Generally, it appears that the lack of Ha fluctuations is
associated with the presence of a high-energy electron population, as in the TFR ECRF
heating experiments [13], where the ablation rate is extremely high. An explanation of
this observation could be that the energetic particles are less constrained to flux surfaces,
are not significantly impeded by the neutral and plasma shields, and therefore provide a
more uniform illumination of the pellet regardless of plasma geometry and shield details.
But how do the observed fluctuations in W VII-A fit into this argument? The impl icat ion
of a lack of fluctuations is that a hydrodynamic instability is not the sole cause of the
fluctuations.

Broad HQ Profilei

The usual observation in ohmic plasmas is that the HQ signal rises more or less contin-
uously (except for fluctuations] until near the end of the pellet life. Often under auxiliary
heating conditions, however, the signal rises very rapidly as the pellet enters the plasma
and remains nearly constant over much of the pellet lifetime. These atypical HQ signals
are usually associated with enhanced ablation effects from neutral beam injection [14] or
ECRF heating [13, 15]. Also connected with these enhanced ablation profiles is a lack of
mass accountability. These observations can be explained by the influence of nonthermal
distributions on the ablation process. The shield, which is largely sustained by the ther-
mal electrons, is relatively weak in the plasma edge. Nonthermal electrons or ions may
penetrate the shield and ablate more mass than can be ionized in a compact shield by the
thermal electrons. The mass accountability could be associated with a significant neutral
and charge-exchange loss of particles not otherwise observed when the shield is compact.
The implication of this is that the distribution functions of plasma electrons and ions are
important. The compatibility of pellet fueling with various heating schemes needs to be
evaluated. It points to the possibility that fast alphas in fusion plasmas could present a
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problem with enhanced ablation, but if fast alphas are reasonably constrained to their birth
surfaces while thermalizing, they may not exist in sufficient quantity to enhance ablation
in the outer plasma where the pellets are most vulnerable [16].

Tc Profile Response During Ablation

One final observation that seems to defy adequate explanation is that in some instances
ECE signals indicate a precooling of the electrons significantly ahead of the pellet during
the ablation process. This was noted in Alcator-C, TFR, and ASDEX experiments where
a drop in Te(0) appeared soon after the pellet entered the plasma but significantly before it
reached the axis. In JET the precooling on axis did not appear until the pellet penetrated
beyond the 9=1 surface. Neutrals from the pellet could penetrate to the plasma center on
this time scale, but they would affect the ions — the electrons would see this cooling on a
rci time scale, which is too long to explain the observation. Another possible explanation
is that a macroscopic transport process is induced by addition of the pellet mass to the
plasma. It might be expected that a major loss of energy from the plasma would be
involved — something that is not observed. Somehow, then, the effect is contained within
the plasma, as a sawtooth or other internal disruption (i.e., not extended to the limiter or
walls), but apparently affecting only the electron temperature profile and not the density
profile.

ABLATION MODEL DEVELOPMENT

What do these observations mean in terms of ablation model and code development?
What are the key elements that need to be included for a more complete picture of the
ablation process? The elements of a complete model include starting with the basic neutral
gas shielding model, because of its general success in both qualitative, and quant i ta t ive
agreement with observed ablation rates.

The energy distribution of electrons and fast ions incident on the pellets must also be
included. Approximating thermal electrons as monoenergetic is generally not adequate
for plasma temperatures above a few hundred eV [16]. Detailed treatment of the atomic
physics of the cloud is required, including all neutral and ionisation stales, to make quan-
titative contact with HQ measurements and improve the hydrodynamic calculations in the
cloud [17]. Non-thermal electron distr ibutions from ECRF and LH heating schemes and
from runaway electrons have been shown to be important, but quantified comparison with
experimental results is very difficult because of inadequate knowledge of the distribution
funct ion . Qualitative agreement is possible [13]. Fast-ion-enhanced ablation from neutral
beam injection can be evaluated quantitatively because of better knowledge of the energy
distr ibut ion of these ions [14].

Both conduction and convection of energy through the shield need to be evaluated far
detailed assessment of the cloud features and shielding effectiveness [17]. This generally
tends to require a kinetic treatment of beginning far from the pellet with a Maxwellian
distribution of electrons, moving through the outer portions of the cloud where mixing of
the cold and hot electrons occurs and the total electron distribution is non-Maxwellian
(the collision mean free path of the most energetic electrons is longer than the gradient
scale length), and continuing into the very dense cold cloud where a cold electron fluid
can be considered. This is a very complex kinetic problem that has only been solved with
limiting approximations to conductive and convective flow of energy.

Asymmetry in the ablation parallel and perpendicular to the magnetic field is impor-
tant. It may elongate the neutral shield in the direction of the magnetic field [11, 12].
Perhaps this implies that a cylindrical model should be considered for the neutral shield
as well as for the plasma shield [9] — rather than using a spherical approximation for the
neutral shield with a correction for the exposed surface area. A cylindrical model would
simplify hydrodynamic calculations by removing the singularity at the critical radius and
give some insight into various physical processes of both the neutral gas cloud and the
plasma shield.

A possible additional shielding effect that has not received much attention is magnetic
shielding. The large amount of energy that the electrons deposit in the vicinity of the pellet
leads to a low-temperature, high-density plasma cloud. In higher-temperature plasmas,
the kinetic pressure in this cloud may expand the magnetic field around the pellet and
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reduce the incident flux by reducing the upstream cross-section of the plasma tube that
maps onto the pellet and its cloud [9].

The geometric reduction of plasma near the magnetic axis is significant, but perhaps
not that important in assessing details of pellet requirements; if the pellets reach the
magnetic axis, the major problems of pellet penetration have already been overcome. The
reduction in ablation at the axis is an interesting one from a physics standpoint, however.

Perturbations to the background plasma that occur on the ablation time scale should
be addressed. Local self-limiting ablation has been modeled by considering various collision
and mixing time scales of the plasma electrons [16]. Generally, in larger, hotter plasmas this
tends to be less important. In smaller experiments where the plasmas are more collisional,
propagation of the ablatant mass around the torus and mixing with the hot plasma may
need to be considered. This appears to be particularly important in ZT-40M [7j.

Another type of perturbation to the background plasma is nonlocal deposition of the
pellet mass over the ablation zone. Generally, models that evaluate the ablation locally
use strictly local deposition. In large, hot plasmas, where the scale of the ablation zone is
very small compared to the plasma dimension, local deposition is appropriate. But what
about global perturbations to the plasma, separate from deposition, as indicated by the
ECE measurements showing a Te response far ahead of the pellet?

The effect of fluctuations in the ablation process as evidenced by the HQ signals may
have to be included in some general way if they significantly alter net ablation rate. To be
able to model this in detail may be more difficult than can be justified. As stated earlier,
it is an interesting physics problem.

Many of these effects have been included in various extensions of the neutral shielding
model. Most of them have not been included in any single computational model. Future
development will generally concentrate on bringing the various pieces together in more
comprehensive, complete models. To guide this effort and to highl ight the most impor tant
features of these models, further analysis of experimental ablation data is indica ted .

ABLATION DATA ANALYSIS

From the physics included in basic ablation models we need to develop scaling laws
for pellet ablation and penetration and suggest tests against experimental data. Are there
key features of the physics of ablation that change, for example, the scaling of penetration
with velocity and pellet size? Are there other relatively simple experimental tests of the
basic elements of a given theory that can be proposed?

Detailed comparisons with experimental data are needed. It has been shown that many
cases are needed to develop a statistical analysis because of scatter associated with the
absolute measurement and penetration depths [11]. Similar uncertainties exist in the pellet
mass measurements and plasma properties. We should not only compare the penetration
depths with experimental results, but also try to determine whether the shapes of the
deposition profiles are in agreement with experimental results.

Tests of ablation and penetration scaling should be done under controlled conditions.
Only plasmas with thermal electron distributions and no notable fast ion effects from neu-
tral beam injection or ICRF should be included in analysis of the basic electron ablation.
Auxiliary heating conditions must be considered in extending the temperature range of the
data, but the results should not be clouded with the effects of non-Maxwellian distribu-
tions. Fast ion effects from neutral beam injection in TFTR dramatically change the Ha
trace [14]; changes in the H„ signal may then be used as an indication of fast ion effects. No
such fast ion effects have been noted in JET ICRF or neutrai-beam-heated plasmas [11].
Separate analysis of the effects of runaway electrons and ECH heating is needed. Also,
cases with large anomalies due to plasma singularities, e.g., pellets that penetrate too near
the magnetic axis, need to be analyzed separately. Most simple scaling arguments break
down close to the magnetic axis because geometric effects and lack of approximate linear
rise of the temperature profiles.

Cases with very large dips in the Ha signal (presumably from very low order rational
surfaces or islands) and cases that produce snakes (crossing the q = 1 surface) likely
indicate geometric restrictions in the plasma. The JET results show a high correlation
between the presence of these large dips in the Ha signal and deeper pellet penetration
than in similar cases with more normal signals.
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Applying these constraints, we can use statistical analysis of pellet injection data to ad-
dress the following relationships that arise in evaluating ablation models. The diagnostics
required are generally available: a wide-angle Ha monitor, a time-of-flight determination of
vp, a relative mass measurement of individual pellets with a microwave cavity, penetration
depth determined.from time of flight or soft X-rays, and plasma electron temperature and
density profiles.

HQ and N

One question of long standing is how are Ha and the pellet erosion rate N related? We
assume that they are linearly related at all temperatures and plasma densities so that the
shape of the HQ trace indicates the fueling profile and can be compared wi th calculated
ablation rates. The total integral of the HQ signal plotted versus pellet mas? for various
pellet sizes, velocities, and experimental conditions should exhibit a l inear relationship
with small scatter.

Penetration and rp

How does penetration depth scale with pellet size? A wide selection of pellet sizes is
available on the JET injector. The ASDEX centrifuge can generate various pellet sizes.
Natural variation in pellet sizes also occurs. Individual mass measurement of each pellet is
required. A velocity window could be selected to remove any velocity variations. Controlled
plasma conditions are needed to remove temperature and density effects.

Penetration and vp

How does penetration depth scale with pellet velocity? This question arises in assess-
ing the differences in scaling between a neutral shield and a plasma shield. A scan of lower
pellet velocities with present injectors under controlled plasma target conditions should be
possible. Velocity and mass measurements are needed for each pellet. The mass measure-
ment removes any clouding of the results by a correlation between pellet size and velocity.
The plasma has to be under fairly controlled target conditions so that plasma temperature
and density effects can be removed. Another alternative is to probe the plasma with higher
velocity test pellets. This high-velocity pellet program is planned, but more immediate
experiments can be done at lower velocity.

Penetration and B

Another question that has not been addressed is how penetration depth scales with
the magnetic field. The idea here is to see if magnetic shielding is playing a role. Con-
trolled experiments with the magnetic field as an independent parameter while everything
else is constant are not done very easily, but perhaps something could be tried to see if
any interesting information is gained. Temperature, velocity and size effects need to be
eliminated. Statistical analysis could be a means of systematically eliminating the other
effects in the same way that global confinement is analyzed.

N and rp

How does the local ablation rate vary with the pellet size? Klaus Buchl has made some
observations on ASDEX that show the initial rise of the HQ signal to be independent of
pellet size in identical plasma discharges. Is this a general phenomenon? If so, it may
indicate that the ablation is restricted by a mass erosion rate — that N is independent
of rp — a result contrary to our present ablation models that show N oc rp. (This
presumes a linear relationship between Ha and the ablation rate.) Another possibility is
that a finite time is required to establish quasi-equilibrium in the pellet cloud and that our
hydrodynamic equilibrium models are not applicable in the plasma edge. Individual mass
and velocity measurements on pellets of different sizes under controlled plasma conditions
are required. A detailed comparison of the initial rise of the HQ traces should be sufficient
to answer this question, once the above constraints are met.
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SUMMARY

Much physical insight into the rich detail of pellet ablation physics has been gained over
the past decade. Understanding the complexity of the large local perturbations introduced
by pellets requires insight into a wide variety of plasma physics issues. Progress has been
made in the development of computational models that include much of the observed
detail. More guidance from analysis is needed, however, to gather the most important
pieces of the puzzle together and solidify the projections of pellet needs for future large,
hot plasmas.
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TRANSPORT MODIFICATION THROUGH PELLET INJECTION

K. LACKNER
Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Abstract

Highlights from the theoretical papers presented at the IAEA Technical
Committee Meeting on Pellet injection and Toroidal Confinement on transport
modification in discharges with pellets are summrized: Energy transport by
electrons and ions and particle transport are discussed with emphasis on
experimentally observed features produced by injecting pellets into the large
tokamaks.

1. Introduction

Improvement in the energy confinement time has been demonstrated in recent years under
different sets of conditions having as a common feature strongly peaked density profiles. Means
of achieving this were pellet injection (Greenwald et al., 1984), NBI injection in the
counter-direction (Gehre et al., 1988), but also particular scenarios for density build-up by
conventional means: supershots (Hawryluk et al., 1987) and the IOC regime (Söldner et al.,
1988a). The confinement improvement mechanism seems to be qualitatively different from that
in the H-regime (Wagner et al., 1982), leaving hope for possible further improvement by
superposing the two effects.

The following discussion is limited to the modifications in energy and electron particle
transport. Obviously, impurity and poloidal field (toroidal current density) transport are also
affected, and all four types of transport will in general interact with each other, as
schematically shown in Fig. 1.

fuelling
electron particle transport

heating • ion & electron heat
conduction - > T. (r), T (r)

impurity particle transport
->nz(r)

poloidal field diffusion

Fig.1: Schematic view of interrelation of different transport processes.
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Here thick arrows indicate influences which (in our opinion) are always of a dominating order,
whereas connections shown by thin lines are large and determining only under particular
circumstances. The latter is the case with, for example, the effects of impurities, which will
have a strong influence on temperature (through radiation) and current density profiles
(through Zeff) only when present in sufficient amount.

Some of the above classifications are open to discussion: theoretical models of rigorous profile
consistency would, for example, always make current density profiles - through MHD - a
determining factor for the temperature profiles. For some time observations also indicated a
strong correlation of peaked density profiles with sawtooth suppression: situations have been
identified in the meantime which break this correlation (notably in the IOC regime) but
sawteeth may still play an important role in forbidding or allowing access to peaked profiles
under marginal conditions. In general, however, a situation like that in Fig. 1 would justify a
perturbation approach in which the influence of temperature and hydrogen ion density profiles
on impurity and poloidal magnetic field transport are assumed to be of lower order than the
reverse effects.

Energy and electron particle transport, on the other hand, seem to mutually influence each other
already to lowest order. We can affect both the energy confinement by changes in the particle
refuelling (e.g. through pellet injection - Greenwald et al., 1984) and the particle confinement
through energy input (viz. acceleration in the post-pellet density decay on JET following
application of ICRH - Schmidt et al., 1988). It is therefore expected that a combined treatment
of the two transport processes will ultimately be necessary, particularly in order to understand
the transition between the two regimes of energy and particle confinement time (r^ and rP>
respectively) at given values of the line-averaged density ("n^) and heating power (Ptot)
through minor changes in the externally controllable parameters (Söldner et al., 1988a). A
separate discussion of particle and energy transport, like in the following, is nevertheless
justified since (1) we do have a plausible theoretical explanation for a causal link in one
direction, and (2) pellet injection provides a reproducible means of imposing a large change in
density profiles on a time scale more than two orders of magnitude shorter than r p (so that, at
least in principle, we can impose starting density profiles independently of any transport).

The question also arises whether driving forces and transport processes additional to those
indicated in Fig. 1 have to be considered simultaneously to understand the phenomena
accompanying and causing density profile peaking. That this must indeed be the case is shown by
comparison between co- and counter-injection experiments on ASDEX (Gehre et al., 1988), the
differences between which cannot be accounted for simply by the variation in particle and
energy deposition profiles. The origin of the effect is suspected to lie in the different sign of the
radial electric field arising from the displacement of the fast ion orbits with respect to the flux
surface on which the ions were born and from the different rates of ion-orbit losses. No detailed
modelling studies of this effect have yet been carried out for tokamaks, although theories of
anomalous transport do exist, which predict an influence of radial electric fields (Gallen,1977,
Shaing, 1988).
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2. Electron Density Profiles and Particle Transport

In papers presented at this meeting the particle transport is analyzed by interpretative and
simulation codes for discharge conditions leading to density profile peaking. The electron
particle flux Tp can be formally described by an ansatz

r p = - Dp • (a ne / a r ) + vr • ne

where the drift term vr • ne may stand for either the neoclassical Ware pinch or an
anomalous inward drift, in the stationary case and over a source-free region encompassing the
magnetic axis F p is identically zero, and the ne-profiles depend only on the ratio of vr/D, but
not on the separate magnitudes of the two terms. To establish the necessity of an anomalous
contribution to vr, these studies therefore concentrated on transient phases. Even without
detailed analysis two qualitatively different paths to peaked density profiles seem to emerge,
which are exemplified by the pellet injection results of TFTR and JET on the one hand and those
of ASDEX or Alcator C on the other. Schematic representations of the different profile time
developments are given in Figs. 2 and 3.

Fig. 2a Fig 2b

Fig.2: Schematic view of two types of time development of density profiles after injection of a
pellet in a large device.

In the two large machines, either the attainment of peaked profiles requires penetration of the
pellet to the plasma centre (2a) or they are obtained only during the general decay of the
profiles (2b). In both cases (2a and 2b) there is never any substantial net inward flow of
electrons up a density gradient.

On ASDEX, on the other hand, pellets generally penetrate only to about half the minor plasma
radius. After termination of a string of pellets, the central density continues to rise in a form
requiring substantial net plasma flow up a density gradient (Fig. 3a). This is even more
pronounced in the transition between purely gas-puff-refuelled discharges of the SOC and IOC
types, where a reduction in the gas-puff rate triggers an increase in the central plasma density
and a transition to more peaked ne-profiles (Fig. 3b). Peaking of density profiles has also been
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observed on ASDEX following the injection of very slow pellets (300m/s - Kaufmann et al.,
1988a). These pellets with shallow penetration thus seem to constitute a link between the two
situations depicted in Figs. 3a and 3b.

Fig. 3a Fig. 3b
Fig.3: Schematic view of time developments of density in ASDEX leading to peaked profiles:
3a...after non-central pellet deposition, 3b...transition from SOC to IOC regime.

In accordance with these different observations, it was not necessary in the modelling efforts
for TFTR and JET (Baylor et al.,1988), (Houlberg et al., 1988) to enhance the value of vr

beyond that predicted by neoclassical theory. On ASDEX, on the other hand, an enhancement of vr

by a factor of the order 3 over vyyare (Mertens, 1988) in the central plasma region seems
necessary to explain the plasma inward flow during the peaking phase. A large enhancement of

vr over vware- but restricted primarily to the outer plasma regions, had already been
established in a number of devices, including JET (Gondhalekar et al., 1985), in density
build-up experiments with gas fuelling, which did not lead to strong profile peaking. It is
obvious that the conclusiveness of the evidence for and against an enhanced pinch velocity in the
plasma interior will have to be re-examined. It is quite possible, however, that both modelling
conclusions are right, reflecting a basic difference between medium and large-size devices.

All analyses for JET (Baylor et al.,1988, Houlberg et al., 1988), TFTR (Hülse et al., 1988)

and ASDEX (Mertens, 1988) do agree, however, in the conclusion that two regimes of electron
particle transport exist in the central plasma region. They also concur that the reduced
post-pellet decay rate of the density in the favourable cases on JET (such as the ohmically
heated cases and the ICR heated cases exemplified by shot nr. #16211) and the density peaking
on ASDEX following pellet injection or the transition to the IOC regime are a consequence of a
reduction in Dp rather than an increase of vr. For the case of the transition from SOC to IOC
even direct evidence for this conclusion is given by the results of gas oscillation experiments
(Söldner et al., 1988b). The reduction of Dp and the extent of strong density peaking are found,
however, to be strictly limited (Fig. 4 shows the radial profile of Dp used in the JET
simulations of Baylor et al.,1988 and Houlberg et al., 1988) to a region over which a
reduction in heat and impurity particle diffusivities is also observed.
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One possible conclusion would thus be that in the interior regions of the plasma two regimes of
transport exist, of which the one is distinguished by reduced values of all diffusivities. For
unchanged inward drift velocities this regime would necessarily exhibit peaked electron density
profiles, accompanied by peaking of the impurity densities and improved energy confinement
over the affected region. The physical mechanism for this sudden reduction in the anomalous
diffusivities would remain unexplained, although we do know some empirical recipes how to
trigger it.

A less symmetric point of view is suggested by the theory of so-called T\j-modes, which should
be excited if the value of T\ j = (d log T(r) / d log n(r)) exceeds a certain threshold value in the
range of 1 to 2. According to the current view, the quenching of these modes following peaking
of the density profile would account for an improvement in energy confinement. No consistent
explanation has yet been given, however, for the spontaneous peaking of the density profiles in
regions not reached by refuelling (the situations in Figs. 3a, b). In the interior, weakly
collisional regions, T\ j-mode turbulence would give rise to an outward drift of electrons (Lee
and Diamond, 1986). The persistence of steep density gradients in regions where they have been
directly produced by pellet deposition could thus be explained by the following scenario: the
usual flat density profiles are due to a competition between the T\i-mode driven outward drift
and an additional inward drift due to a different mechanism. The former would then be quenched
by the steepening of ne(r) due to the particles deposited by the pellet. However no modelling
calculations have been reported so far substantiating this suggestion, which anyway could
seemingly not explain situations where peaking proceeds to the inside of the deposition zone.

0,0 0,2

r/a

Fig.4 : Radial profile of electron particle diffusivity used in JET simulation calculations
(Bayior et al.,1988), (Houlberg et a!., 1988) to describe slow density decay alter pellet
injection.

301



A further consequence of pellet injection possibly linked to the particle transport in the plasma
interior is the observed increase in the operational limit for the line- or volume-averaged
electron density (n^ and <ne>, respectively). The most straightforward explanation for this
would be that the density limit usually observed is in fact a limit to the density in the near
boundary zone, which obviously would then correspond to higher values of n^ and <ne> in the
peaked-density cases. Although this suggestion has so far hardly been contested, it has, on the
other hand, not yet been substantiated by quantitative analyses either.

3. Energy Transport

Under a variety of conditions it has been observed that the global energy confinement rjr
increases following pellet injection and/or peaking of the electron density profiles. This was
first explicitly shown on Alcator C (Greenwald et al., 1984), where pellet injection led to
higher values of TE (ri^) in the regime of usually saturated ohmic confinement. It seems
plausible, however, that previous discrepancies between the results for r£(n^) of conventional
gas-fuelled discharges on FT (Alladio et al., 1982) and Alcator C (Fairfax et al., 1980) in the
corresponding density regime were already due to systematic, but uncontrollable differences in
the density profiles of the two machines (DeMarco et al., 1986). The existence of two such
regimes in gas-fuelled discharges (labelled SOC and IOC for saturated and improved ohmic
confinement, respectively) together with a reproducible prescription for initiating the
transition between them was demonstrated on ASDEX (Söldner et al., 1988a). Improvement in
the energy confinement at given heating power P^ under conditions leading to peaked density
profiles (preceding IOC-phase or pellet injection or counter-nbi) has also been observed with
neutral beam injection in the L-regime (Fussmann et al., 1988, Gruber et al., 1988). On JET,
a regime was found in which application of centrally deposited ICRH following pellet injection
and density peaking led to no deterioration in heat diffusivity and - through the change in the
deposition and density profiles - even to an enhancement of global confinement compared with
the ohmic phase (Schmidt et al., 1988). First reports have also been given of r^ enhancement
through pellet injection into H-regime discharges (Kasai et al., 1988). Finally, although not
discussed at this conference, also the supershot-regime discovered on TFTR is distinguished by
peaked density profiles.

3.1. Ion Energy Transport

The analyses presented for ASDEX and JET concur in that they both find a reduction of ion heat
conductivity over the region of peaked density profiles. TRANSP analyses for ASDEX under these
conditions (Gruber et al., 1988) showed conclusively that Xi has to be quite close to the
neoclassical value in the interior plasma regions, because otherwise either practically no
energy flux would remain to be transported by the electrons or the measured ion and electron
temperature profiles could not be explained within the error bars. Whist code simulations
(Houlberg et al., 1988) of the JET case #16211 employed Xi = Xi.an + Xi,neo> witn Xi.an =
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Xe.an = 13 Dp/4 and the Dp -profile shown in Fig.4. This still implies an enhancement of Xj
over the neoclassical value, but nevertheless a very strong reduction over the region of strongly
peaked densities. At odds with the findings of Gruber et al. (1988) is the fact that the same
values for Xi,an(r). Xe.an (r) and Dp(r) ' including the dip in the region r/a < 0.4 - could
be used and also gave a good fit to results for the ohmic phase before injection of the last pellet,
although the authors made no statement about the sensitivity of the results to this point. The
observed improvement in energy confinement following ICRH could thus be explained purely by
the changes in the power deposition profile h(r) and the density profile, as can be understood
from the formula

_
T~J ——— ̂  ( J h (p) p dp / J h (p) p dp ) ) r dr

which can be obtained through partial integration from the definition of r E and the heat flux
equation and which is valid in the above form for Te = Tj (and T\ = T\e = T|J) and X= Xe= Xi-

This reduction of Xi over the peaked density region, first found on Alcator C, is strongly
indicative of a role being played by T\j-modes. Even some more detailed and quantitative features
of the theory of T\ j-mode driven turbulence have been verified in experiments. In particular,
measurements of the density fluctuation spectrum on TEXT (Brower et al. ,1988) showed the
predicted existence of waves travelling in the ion diamagnetic direction for flat density profiles,
which disappeared following pellet injection and peaking of ne(r) . Results of this experiment
with gas-puff and pellet-fuelled discharges were also in good agreement with simulation
calculations combining TI [-mode-driven ion heat conductivity with an ^e-mode\ of drift and
trapped particle modes constrained to satisfy a profile consistency condition (Tang et al.,
1986). It was also found on ASDEX (Gruber et al., 1988) that the magnitude of Xi deduced by
TRANSP analysis for ohmic or L-regime conditions and flat density profiles agrees well with
the quantitative predictions of the Xi"model of Lee and Diamond. One obvious difference in the
findings of JET (strong temperature profile peaking in the peaked density region and
persistence of Xj > Xhneo) anc' ASDEX (nearly invariant temperature profiles, but a reduction
of Xi to its neoclassical value) can probably be well explained by the relative magnitudes of
Xhneo> tne different heating power distributions and the scales of the machines. Following
peaking of ne and quenching of the T\ j-mode the temperature profiles would tend to steepen in
both machines: for the power fluxes on ASDEX one soon hits, however, the neoclassical Xi.
which has also increased owing to the rise in density. On JET, on the other hand, this limit is
farther away and the Tj-profile can steepen till it ultimately again arrives at the threshold
î^ j = T\j jC r jt, albeit now at much larger values of V Tj and V Tj /Tj.

There still exist a number of further, as yet qualitative points of agreement with T\ j-mode
theory. For example, the H-mode is distinguished by rather flat ne-profiles in the interior, and
indeed the confinement improvement found in this region is restricted to the electron channel,
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with Xi being enhanced over the neoclassical value by approximately the same factor as in the
standard L-regime.

One critical point in the comparison with theory concerns the predicted isotope dependence of
the energy transport. Transport due to "Hj-modes, like that due to other drift -mode-related
turbulence or to neoclassical effects, is supposed to increase with isotope mass, in contrast to
the general observation for the global r 5 (Murmann et al., 1988), which increases when
changing from H to D. At present it is not clear, however, whether the latter observation also
holds separately for the ion channel. As T\j-driven transport has a threshold behaviour, the
explicit isotope dependence appearing in the Xi expression could in fact also be rather easily
masked by small, systematic differences in the density profiles, as in fact seem to exist (Gehre
et al., 1986).

3.2. Electron Energy Transport

It is obviously of great interest whether the electron energy confinement also improves in the
presence of peaked density profiles, and whether this improvement can also be accounted for by
theoretical models. Analysis of the ohmically heated pellet injection or IOC discharges on ASDEX
indeed shows a significant reduction of Xe> which, however, can - within present error bars -
probably be simply described as a consequence of the increase in density, and a manifestation of
the general 1/ne behaviour of Xe found in ohmic discharges (Gruber et al., 1988).

An improvement of Xe in tne peaked density regions is also found, however, in discharges with
additional heating, such as the ICR-heated shot #16211 on JET analyzed by Houlberg et al.
(1988) and the counter-injection experiments on ASDEX (Gruber et al., 1988), in a regime in
which electron energy confinement is usually claimed to be density-independent. This
improvement runs counter to the predicted behaviour of drift and trapped-particle mode driven
electron heat transport (see compendium by Ross et al. (1987)), which should be enhanced by
steeper density gradients. In the trapped electron regime, relevant to situations with additional
heating, T\j-modes should, however, also make a contribution to Xe> which - apart from the
common threshold behaviour - scales differently from Xi. but can become large under
appropriate conditions (Lee and Diamond, 1986). A comparison with these predictions would of
course be of great importance to our theoretical understanding.

An alternative - non-local - approach to the question of energy transport is given by the
so-called profile consistency concept (Coppi, 1980, Lackner, 1987), according to which the
shape of the Te(r)-profile is determined by macroscopic constraints. The absolute magnitude of
Te is then further assumed to be either fixed by the volume-averaged entropy production due to
other, local, transport-inducing instabilities (drift and trapped-particle modes in the case of
Tang et al. (1986)), or by conventional, purely local transport in a limited region close to the
plasma boundary (Furth, 1986). Evidently, such a concept is compatible with the observations
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on ASDEX (Kaufmann et al., 1988b), where Te-profiles, in the absence of centrally
dominating radiative losses, indeed show very small variations with changes in other discharge
conditions except qa. The significant changes in d tog Te / d r observed with pellet injection and
ICRH in the 16211-like discharges on JET, on the other hand, rather suggest a strongly
nonlinear dependence of the heat flux on VTe leading to a stiffening of the Te-profiles. As a
by-product, such a nonlinear, but local heat conductivity law would also lead to enhancement of
the value of Xe as determined from heat pulse propagation studies over that given by the
stationary energy balance. Temperature profiles, following adiabatic cooling by pellet
deposition, would also be restored on a faster time scale, although a quantitative comparison of
this feature with the observed re-arrangement of Te(r) on a time scale of a few ms in ASDEX
(Kaufmann et al., 1988b) is missing. (Still faster profile arrangements, as reported from TFR
by Drawin and Geraud(1988), are probably a different phenomenon altogether, having little
connection with usual transport phenomena). Global energy confinement scalings of the off-set
linear type are equivalent to local transport laws with a sharp increase of Xe for VTe >
VT6|Crjt. As such laws lead to d log q /d log \ VTe | » 1, they yield profile resilience with
respect to heat deposition profiles and an enhancement of Xe during non-stationary phases. In
their present form, (like the Rebut-Lallia law in the form given in Rebut et al., 1988), they
cannot yet explain, however, the favourable consequences of an increase in d log n / d r|.

4. Summary and Conclusions

The confinement improvement accompanying density profile peaking gives an important boost to
our confidence that the r5 enhancement factors of magnitude < 2 above ordinary L-mode
behaviour needed for most ignition device or reactor proposals can indeed be realized. Such
experiments - similarly to H-mode shots without ELMs - have generally been hampered by a
secular growth of impurity effects ascribed to a parallel improvement in their confinement.
Results of IOC regime shots - where persistent sawtooth activity avoided lethal growth of the
impurity levels, in spite of a large increase in energy confinement - suggest, however, the
possibility of finding a remedy for such situations as well. A balanced strategy would thus be to

try to maximize the Xe and Xi" reduction by density profile peaking (like we attempt also, and
hope ultimately to do even in parallel, by H-mode operation) but to require a rather large
reserve when utilizing these results in reactor designs. This "safety factor" in confinement will
then be available to allow for the deterioration in the X's expected to accompany measures to
control impurity effects, to be developed in the meantime. It is to be expected, that the outcome
of such a strategy will still be a net improvement of the ignition probability in relation to
conventional L-mode operation.

At the same time, transport modifications accompanying density profile changes offer important
clues for our general understanding of confinement. The papers presented and the discussions at
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this conference suggest, in particular, a number of short-term goals for further experimental
studies, analyses of the results and further development of theories:

- More detailed assessment of the electron heat conductivity changes following ne-peaking: Are
the changes in the ohmic regime also quantitatively consistent with continuous Xe ~ 1/ne
behaviour? How large are the required changes in Xe in tne cases with additional heating and
how do they compare with the T\\- mode predictions?

- Existence of an enhanced inward drift in the central plasma regions: What are the
uncertainties in the analyses coming to the differing conclusions? Or are there indeed two
different regimes, corresponding at the same time to success or failure of peripheral pellet
refuelling?

- Isotope dependence of Xi: Can we make definitive statements about it on the basis of the
experimental data, and can we discriminate between an explicit dependence of Xj on H,D and a
possible merely implicit one brought about by differing ne-profiles.

- T[ j- mode theory and electron particle and impurity transport: Can we build a quantitative
model of density peaking based on the different predictions of Ttj-mode theory for particle
transport in the collisional and collisionless regimes (boundary and central zones)? What are

the predictions of Tij-mode theory for impurity transport?

- Effects of co- versus counter-injection: What is the detailed physical mechanism causing
electron density peaking in counter-injection discharges?

- Dynamics of spontaneous transitions: What form of dependences of Dp or vr on dT/dr and of
X|, Xe on dn/dr do we need to 9et two stationary solutions (at given We ), corresponding to the
SOC and IOC regimes? Can the transitions be explained by existing Tij-mode theory, or do they
require some additional mechanisms, or a completely new theory?

Ultimately, however, of greatest practical importance, but also a key element for our
theoretical understanding of confinement is the compatibility of peaked density profiles with the
H-regime and the possibility of superposing their associated confinement improvements.
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CHANGES IN IMPURITY PARTICLE TRANSPORT
FOLLOWING THE INJECTION OF FUELING PELLETS
INTO TOKAMAK DISCHARGES

E.S. MARMAR
Plasma Fusion Center,
Massachusetts Institute of Technology,
Cambridge, Massachusetts,
United States of America

Abstract

Improvements in the energy confinement properties of tokamaks have been achieved by

means of central fueling with solid hydrogen pellets. Evidence from laser scattering

experiments indicates that the reduced anomalous transport may be due to the sup-

pression of rji driven modes. These changes in energy transport, which appear to be

primarily in the ion channel, are accompanied by changes in majority species and im-

purity transport. In particular, for discharges showing enhanced confinement, electron

density profiles remain peaked for long periods following the injection of even a single

pellet, and impurity accumulation on axis is observed. Other enhanced confinement

modes also show similar changes in particle and impurity transport; similarities with,

and differences from, the pellet induced changes are discussed.

Introduction

This paper summarizes the results presented at this conference concerning impurity

transport following the injection of fueling pellets into tokamak plasma discharges.

The primary result is the strong correlation between increased impurity confinement

and regimes of improved energy confinement. Results from Alcator C[l,2], TEXT[3],

ASDEX[4], TFTR[5] and JET[6] all show similar phenomena: in cases where energy

transport through the ion channel is suppressed and electron density profiles peak,

impurity species are found to accumulate on axis, showing very strongly peaked pro-

files. Similar effects were also reported from the Heliotron-E, current free stellarator

device[7]. A number of improved confinement regimes have been discovered in toka-

maks. In addition to the pellet fueling cases, these include H-mode[8], Improved Ohmic
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Confinement[9], counter neutral beam injection[10],and supennode[ll]. While there are

important differences among these different regimes, certain features are common; in

particular, with the possible exception of the supermode, the improvement in energy

confinement is due to a reduction of transport in the ion channel which is positively

correlated with increased impurity particle confinement times. In many cases, the re-

sulting central radiation limits the improvement which can be achieved, and in extreme

cases, a complete collapse of the discharge ensues.

Post-Pellet Impurity Transport Phenomena

Results on the post-pellet impurity peaking in ohmic discharges are typified by data from

Alcator C. Figure 1 shows the normalized profiles of tomographically reconstructed soft

x-ray emission before and after the injection of a single pellet into a typical discharge. [1]

The extreme peaking of the soft x-ray profile is due primarily to a combination of two

effects: 1) the density profile has become more peaked; 2) the impurity density profiles

have become much more peaked. There is essentially no change in the temperature

profile, once the recovery from the initial perturbation due to the rapid density increase

30 msec After
Injection

Limiter Radius

Figure 1.

Normalized profiles of soft x-ray emission before and after the injection of a deu-

terium pellet into an Alcator C tokamak discharge.
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is complete. Figure 2 shows post pellet profiles of molybdenum and carbon, inferred

from differentially filtered soft x-ray arrays[l,12]. Model predictions, based on the as-

sumption that the impurity transport is due entirely to collisional neoclassical effects,

are shown for comparison. The experimental profile data are, within the uncertainties,

consistent with the neoclassical predictions, at least over this central portion of the

discharge where the strong peaking is seen to occur. However, the fact that the experi-

mental profiles, particularly for the molybdenum, appear to be somewhat broader than

those predicted from the modelling, may be evidence of the presence of some residual

anomalous transport. Corroboration for this view comes from trace vanadium trans-

port studies on similar discharges. Figure 3 shows results from these experiments in

which trace amounts of vanadium were injected, by the laser blow-off technique, into a

series of discharges.[1] Shown are the central chord line integrals of V+2° line brightness,

comparing the pellet and gas fueled cases. Again, the dramatic change in impurity par-

ticle transport is apparent. However, the vanadium transport in the pellet case is not

consistent with the predictions assuming neoclassical theory alone; a modest amount of

anomalous transport is still required, although it is much reduced from that which is

needed to explain the gas fueled results.

0.2

2 3 4 5

minor radius (cm)

Figure 2.

Profiles of carbon and molybdenum inferred from x-ray data for a post pellet Alca-

tor C discharge. The dashed curves show the results of model predictions assuming

that the transport is due entirely to neo-classical effects.
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Figure 3.

Decays of central chord line emission from V+2°. The dashed curve shows the

results when vanadium was injected into a gas fueled Alcator C discharge. The

solid curve is from a pellet fueled shot which showed strong peaking of electron and

impurity density profiles.

Concerning this last point, the work reported from ASDEX[4] is particularly rele-

vant. The basic results look essentially identical to those of Alcator C. For the ASDEX

data, detailed modelling indicates that, at least for r /a < 0.75, in comparison to the gas

fueled case, the anomalous diffusion coefficient decreases by about one order of magni-

tude for pellet fueling; it does not disappear entirely. This model explains both the soft

x-ray profiles (influenced mainly by copper impurities) and the Zeff profiles derived

from visible continuum measurements. Those comparisons can be seen graphically in

figures 5 and 6 of the paper by Fussmann et al. in these proceedings [4]. Calculations

for TFTR[5] and JET[6] have led to similar conclusions.

Concerning the peaking of low Z impurities in the pellet fueled, enhanced confine-

ment mode, there has in the past been some controversy. However, where careful direct

profile measurements have been made, particularly those utilizing the charge exchange

recombination technique, it has been found that the low Z impurities do unambiguously

peak up, usually to about the same degree as is found for the high Z impurities. Results

from the TEXT tokamak[3] show clearly that both oxygen and carbon density profiles

are strongly peaked in the core of the discharge.
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The Role of Sawteeth

Yet another clear correlation is the one between sawtooth behaviour and the post pellet

transport regime: in discharges which continue to sawtooth normally after pellet in-

jection, there is no significant peaking of the impurity or electron density profiles, nor

is there any substantial change in the ion energy transport; discharges in which the

sawtooth period increases substantially, or where the sawteeth are suppressed entirely,

do exhibit the characteristic changes in transport. Two competing points of view have

been developed to explain this correlation. In one, it is assumed that the sawteeth

themselves play the dominant role: the absence of sawteeth reduces the average central

impurity transport, in turn allowing for the on-axis density and impurity build-up; the

return, or continuation of sawtoothing activity reverses or prevents the accumulation.

There is no question that the sawtooth crash does cause particle and impurity trans-

port[13]. However, in the second model, the dominant cause and effect are assumed

to be just reversed: the build-up of impurities (particularly low Z) causes an increase

in the on-axis Ze// and therefore resistivity, which in turn prevents the j profile from

peaking, suppressing the sawtooth instability; when the impurity transport returns to

normal, the resistivity drops, j can peak and the sawtoothing resumes. This second

model, as expounded in [1] to explain the evolution of Alcator C post pellet discharges,

is corroborated by results from JET[6j. In at least one JET discharge, the sawtooth-free

period with peaked profiles lasted for more than 1 second. As with other experiments,

the impurity peaking is found only in the central region of the discharge; in the outer

part, the profiles are relatively flat. Toward the end of this time, the region of impu-

rity accumulation shrinks toward the axis. Finally, the enhanced impurity and energy

confinement is completely lost, and only then does the sawtoothing reappear.

Relation to Other Enhanced Confinement Regimes and rji Modes

As mentioned in the introduction, several enhanced confinement regimes, in addition

to that induced by pellet fueling, have been observed in tokamaks. A common thread,

which ties most of these results together, is the fact that impurity particle confine-

ment is increased along with energy confinement. An exception is the supermode from

TFTR[11], where initial studies indicate that Zeff profiles remain relatively fiat, and

the transport of injected trace germanium is essentially unchanged in supermode, when

compared to either ohmic or L-mode discharges [14]. The improved ohmic confinement
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mode, seen on ASDEX[9], is achieved by sharply decreasing the gas puffing after the

desired density is achieved; the plasma is maintained by recycling from, the divertor

thereafter. In these cases, all the signatures common to the pellet mode are found:

peaking of the density profile; increase of trace impurity confinement time by a factor of

3; accumulation of light and heavy intrinsic impurities; and a sharp decrease in energy

loss through the ion thermal transport channel. In addition, the sawtooth behaviour

also changes drastically: the period increases by about a factor of 2 and the tempera-

ture modulation is reduced by about 30%. For the improvement with counter neutral

beam injection, the story is again very similar[10]: particle and impurity confinement

times increase, density profiles peak, and the sawtooth period increases, or sawteeth are

entirely suppressed[15j. For typical cases on ASDEX, after about 0.5 seconds into the

beam heating pulse, the sawteeth disappear, and ß starts to decrease, as the plasma suc-

cumbs to central impurity radiation, with the discharge finally terminating in a major

disruption. The situation in H-Mode discharges is somewhat different. While impurity

confinement does increase, it appears that the transport changes occur primarily at the

edge of the plasma, rather than in the core. Finally, it is of note that a steady-state

H-Mode, with continuous low level ELMS has been achieved on DIII-D[16]. In this

case, the ELM activity provides sufficient impurity transport to avoid a catastrophic

accumulation of impurities, even while the energy confinement is significantly improved.

It has been suspected for some time that it is the suppression of 77,- driven modes[17,18]

which leads to the reduced transport in discharges with peaked density profiles. Direct

evidence for this comes from the FIR laser scattering measurements on TEXT which

were reported at this meeting[19]. In this experiment, the propagation direction of

density fluctuations has been measured during gas fueled and pellet fueled discharges.

For the high density, saturated confinement gas fueled cases, two clear features are seen

in the scattered spectrum, one propagating in the ion diamagnetic drift direction, the

other in the electron direction. However, after the injection of pellets peaks the density

profile, and particle and impurity diffusion are reduced, the ion drift feature is greatly

diminished. While not constituting proof that TU modes are in fact responsible for the

particle or energy transport, these results are certainly incriminating.
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Summary and Conclusions

Experiments from numerous tokamaks, and at least one stellarator, Have shown im-

proved confinement regimes brought about by central fueling with pellets. The im-

provement appears to be due to a reduction of anomalous energy transport through the

ion channel, possibly due to a suppression of TH modes. The transport changes can lead

to new quasi-steady state profiles, wherein the electron density remains strongly peaked

long after the injection of even a single pellet. Accompanying these changes in ion en-

ergy and majority species transport are drastic reductions in the anomalous diffusive

impurity transport, leading to nearly neo-classical-like transport and strong impurity

accumulation. Similar dynamics appear to be at work in other enhanced confinement

modes, including Improved Ohmic Confinement, and Counter-Neutral-Beam injection.

While impurity accumulation accumulation also usually occurs in H-Mode discharges

as well, the main changes in transport appear to occur near the boundary of the plasma

in this case, in contrast to the changes over the central 2/3 of the discharges which are

seen in the other regimes.
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