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Abstract — A cryogenic pellet injector (PI) and tracer encapsulated solid pellet (TESPEL) injec-
tor system has been operated in combination on the stellarator TJ-II. This unique arrangement
has been created by piggy-backing a TESPEL injector onto the backend of a pipe-gun—type PI.
The combined injector provides a powerful new tool for comparing ablation and penetration of
polystyrene TESPEL pellets and solid hydrogen pellets, as well as for contrasting subsequent pel-
let particle deposition and plasma perturbation under analogous plasma conditions. For instance,
a significantly larger increase in plasma line-averaged electron density, and electron content, is
observed after a TESPEL pellet injection compared with an equivalent cryogenic pellet injec-
tion. Moreover, for these injections from the low-magnetic-field side of the plasma cross-section,
TESPEL pellets deposit electrons deeper into the plasma core than cryogenic pellets. Finally,
the physics behind these observations and possible implications for pellet injection studies are

discussed.

Copyright © EPLA, 2018

Introduction. — Cryogenic pellet injection is a widely
used fuelling technique for many medium- and large-sized
magnetically confined plasma devices [1,2]. The idea was
first proposed in 1954 [3] as a means for transporting fuel
across the confining magnetic fields to the plasma core.
Over the last few decades the technology has become ma-
ture and cryogenic pellet injection is now the prime can-
didate for core fuelling of the ITER reactor [4]. In the
intervening time, the injection of solid, non-cryogenic, pel-
lets has been used as a method to study impurity trans-
port, among other topics [5,6]. One such technique is the
tracer encapsulated solid pellet (TESPEL) method [7]. It
involves injecting a tracer-loaded polystyrene capsule so
that the impurity element it contains is deposited directly
in the plasma core, thereby eliminating inward diffusion
from the physics [8]. Although the raison d’étre of these
injection methods is distinct, both types should undergo
the same, or similar, physical processes along their flight
paths towards the plasma centre. Subsequently, particles

(2)E-mail: kieran.mccarthy@ciemat.es

in the partially ionized cloud that surrounds an ablat-
ing pellet should experience the same physical force(s)
hence they should undergo similar drift and diffusion pro-
cesses. However, to the authors’ knowledge, there is no
systematic comparison of both processes. One reason is
the limited number of devices equipped with both cryo-
genic and impurity pellet injection systems [9-11]. Even if
both are available, they tend to have different injection ge-
ometries or to be located in different machine sectors. In
the stellarator TJ-II [12], a TESPEL injector was recently
piggy-backed onto the backend of a pipe-gun—type cryo-
genic pellet injector [13]. This makes it unique as both
pellet types can be injected along adjoining guide tubes
into the same toroidal sector of this stellarator, albeit not
simultaneously, from the low-field side (LFS) of the mag-
netic axis. Moreover, the same local plasma diagnostics
can be used to evaluate ablation and penetration depth
whilst other diagnostics provide information on plasma
perturbation as well as pellet particle transport and de-
position [14]. In order to facilitate comparison studies,
cryogenic and TESPEL pellets with similar penetration
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Fig. 1: (Colour online) Sketch of the cross-section of the TJ-II and the cryogenic pellet injector with the TESPEL piggy-backed
onto its upstream end of Line-4. Pellets accelerated along a guide tube. The predicted flight path to, and through, the plasma
is also indicated (the closed magnetic flux surfaces for the standard configuration are shown). The relative locations of Lines-1
through -4, with respect to the rear end of the PI, are highlighted.

depths are considered. The only significant technical dif-
ference is the slower TESPEL velocity, typically from 250
to 450 ms~—!, as compared to 800-1200ms~'. However, it
is considered that its effect on, for instance, the ablation
rate is minimal [15,16].

In this paper a comparative study is made of ablation,
penetration depth, plasma response and particle deposi-
tion after injections of both pellet types into magnetically
confined plasmas in the stellarator TJ-II. For these, pel-
lets are injected into reproducible plasma discharges. In
the first instance, the experimental penetration depth is
compared for each pellet type with predictions obtained
using several simple analytic formulas (scalings) devel-
oped by Sergeev et al. for inter-machine comparisons with
a large range of pellet types [17]. These scalings con-
sider three mechanisms that contribute to shielding, al-
beit to different degrees, i.e., neutral gas shielding (NGS),
plasma shielding and electrostatic shielding. In the sec-
ond instance, a significantly higher increase in plasma
line-averaged electron density after a TESPEL injection,
as compared to a cryogenic pellet with a similar electron
population, is reported. It is found that the fraction of de-
posited pellet particles is at least x2 greater for TESPEL
than that for solid hydrogen. In addition, from radial den-
sity profiles, the deposited electron density profile is signif-
icantly closer to the plasma core for TESPEL. In order to
understand these observations an E x B induced outward
directed acceleration of the partially ionized cloud (plas-
moid) that surrounds an ablating pellet is considered [2].
In particular it is discussed how these observations demon-
strate experimentally the influence that pellet atom mass
has on plasmoid drift as well as on pellet fuelling efficiency.

Experimental set-up. — TJ-II stellarator. The TJ-11
is a low magnetic shear stellarator of the heliac type with
a major radius of 1.5 m. Its magnetic fields are generated
by a system of poloidal, toroidal and vertical field coils.
The resultant cross-sections of its magnetic flux surfaces
are bean shaped with a central magnetic field, By, < 1.1T,
and average minor radius, a, of < 0.22m [12]. The plasmas

considered here use hydrogen as the working gas. They
are created and maintained using electron cyclotron res-
onance heating (ECRH) from two gyrotrons operated at
53.2 GHz, i.e., the 2nd harmonic of the electron cyclotron
resonance frequency (< 500kW). With ECRH, central
electron densities and temperatures up to 1.7 x 10 m—3
and 1.5keV, respectively, are achieved while the central
majority ion temperature is < 100eV [18].

Cryogenic pellet injection. A pipe-gun—type cryogenic
pellet injector (PI) is operating on the TJ-IT [19]. Tt is
equipped with a cryogenic refrigerator for in situ hydrogen
pellet formation, fast propellant valves for pellet accelera-
tion (800-1200ms~1!), in-line diagnostics for determining
pellet velocity and mass [20], plus straight delivery lines,
called Line-1 to Line-4. See fig. 1. In this work, Line-
1 and Line-4 are used since their flight paths cross the
plasma centre [21]. They are equipped with a light emit-
ting/sensitive diode combination and a shared microwave
resonance cavity. The former provides a timing signal only
while the latter provides a timing signal whose amplitude
is mass dependent. For TJ-II, small pellets are required
for experiments since the electron density must not rise
above the gyrotron cut-off limit (~1.7 x 10 m~3).

TESPEL on TJ-II. Recently, a TESPEL injector,
loaned to Ciemat by the National Institute for Fusion Sci-
ence in Toki, Japan, was piggy-backed onto the up-stream
end of Line-4 [13]. For injections into ECRH plasmas
on TJ-II, < 320 um diameter polystyrene polymer pellets,
(-CH(CgHs) CHs-)y, are used so that the post-injection
central electron density is < 1.7 x 10 m~3. When under-
taking impurity studies the core is drilled out and the pel-
let is loaded with microscopic pieces of tracer [22]. Here,
unloaded complete polystyrene pellets are considered in
order to avoid complications due to additional impuri-
ties. Thus, for instance, a 320 um TESPEL pellet contains
~T7.9 x 10*" H atoms (with ~7.9 x 10'7 electrons) and an
equal number of C atoms (with ~4.74 x 10'® electrons).

Ablation diagnostics. A significant advantage of the T.J-
IT PI set-up is the optical access to the pellet path through
the plasma, i.e., via viewports located above (TOP) and
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Fig. 2: (Colour online) Bird’s eye view sketch of the stellara-
tor TJ-IT showing the toroidal locations of the pellet injec-
tor/TESPEL system, plus relevant diagnostics.

behind (SIDE) the pellet flight paths. See fig. 1. In or-
der to collect the light emitted by the neutral, or partially
ionized, cloud (plasmoid) that surrounds an ablating pel-
let, amplified silicon diodes fitted with interference filters
centred at 660 + 2nm, are located outside these viewports
(digitized at 1 MHz). By processing this light, and know-
ing the pellet velocity and the pellet into plasma entry
time, a Balmer H, (at 656.3nm) emission profile (pho-
tons per second emitted by the plasmoid) is created from
which a pellet/TESPEL penetration length can be estab-
lished [19]. Although it is recognized that the emission
profile provides an estimate of the ablation rate, assuming
that the latter is related to pellet mass loss [23], it is cur-
rently the best indicator of the ablation rate that can be
made given that plasmoid temperature, density and size
are not determined in TJ-II.

Plasma diagnostics. TJ-II is equipped with a wide
range of plasma diagnostics [14]. Those of particular rel-
evance here include a single laser pulse (< 40ns) per dis-
charge Thomson scattering (TS) system that provides a
set of electron density and temperature profiles [24], a
microwave interferometer, and a 12-channel Electron Cy-
clotron Emission system (the microwave-based diagnos-
tics have 10 us temporal resolution). The latter follow the
line-integrated electron density and electron temperature
evolution at different radii, respectively, and are located
at 180°, 67.5°, and 123.75° toroidally, respectively, from
the PT (see fig. 2). In the case of the TS, its laser chord
traverses completely the plasma. However, due to viewing
geometry and signal intensity considerations, profiles are
limited to p <~ 0.8, where p is normalized radius, i.e., r/a.

Results. — FEzperiment.  For this comparison, a
~600 pm diameter solid hydrogen pellet and a 320 mm di-
ameter TESPEL pellet are injected into plasmas created
using the standard magnetic configuration with 1.56 <
t/2m < 1.64 (¢ is the rotational transform), By = 0.98 T,
and a magnetic field gradient of 0.9T/m (see fig. 3).
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Fig. 3: (Colour online) Magnetic-field strength (77), magnetic
cross-field gradient scale-length, Lg' (m™'), and inverted ma-
jor radius (m™!) ws. distance from the outer plasma edge for
flight paths of pellets injected from guide tubes Line-1 and
Line-4 when using configuration 100-44-64.

In order to determine pellet electron deposition across the
plasma minor radius, and the subsequent radial evolution
with time, the shot-to-shot technique is employed. For
this, pellets are injected into reproducible plasmas so that
single T'S measurements can be made before, during and at
several instances after pellet injection. Then, estimating
the initial pellet particle content from its mass (obtained
with the calibrated PI microwave cavity), the percent-
age of pellet particles that is deposited in the plasma
is determined from the increase in plasma electron con-
tent. For cryogenic pellets, the former is obtained know-
ing the hydrogen atom mass (1.673 x 10727 kg), assuming
that the solid hydrogen density is 88kg/m? and that
the pellet mass loss between the microwave cavity and
the plasma edge is negligible due to the relatively short
length (~1.1m) of the straight guide tube. In this way
its mass was determined to be 10.3 + 0.5 ug from the
microwave cavity signal (containing 6.2 4 0.3 x 108 hy-
drogen atoms and electrons). For TESPEL, the pellet
particle content can be estimated assuming a polystyrene
density of 1050 kg/m? [25]. Here, using this density value,
a TESPEL pellet mass of 18.27 4+ 0.3 ug (equivalent to
8 £ 0.1 x 107 of both H (with 8 £ 0.1 x 107 electrons)
and C (with 4.81 & 0.08 x 10'® electrons) atoms, provid-
ing 5.61 £ 0.1 x 10'® electrons in total) was determined
from the microwave cavity measurement. This measured
mass value is in close agreement with that expected for
a 320 um diameter TESPEL pellet, i.e., 18 ug. The dif-
ference in the pellet mass error bars is due to noise levels
on the microwave signal. Next, the fraction of pellet par-
ticles deposited in the plasma is obtained by integrating
the TS electron density profiles, before and after injection,
over the plasma volume, assuming that electron density is
flux-surface constant. A plasma volume of 27 R x ma? is
considered, where the major radius, R, is 1.5m is and
the average plasma minor radius, a, is 0.1925m. This is a
reasonable approximation as pellet ablation occurs mainly
inside p = 0.7, a radial position within which flux surfaces
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Fig. 4: (Colour online) Balmer H, light emission profiles, ob-
tained from TOP photodiode signals, for the distance into the
plasma/normalized plasma radius for (a) Type-2 pellet injected
along Line-1 and (b) 320 um diameter unloaded TESPL in-
jected along Line-4. In both cases the plasma is created and
heated using ECRH and the target plasma line-averaged elec-
tron density is ~4.2 x 10'®* m 3. Also shown are ablation rates
estimated using scaling laws where (Ap = 0) is eq. (1) (red
dashed line), (uni) is eq. (2) (green dotted line) and (intm ¢)
is eq. (3) (orange dot-dashed line) with H atom/s for (a) and
CH molecule/s for (b). Also, p is normalized plasma radius,
i.e., p=r/a, a being the plasma minor radius.

tend towards being circular [21]. When compared with a
rigorous integration that considers flux surface shapes, the
resultant error is small, i.e., no more than a few percent.
As a cross calibration check, the line-averaged density is
estimated from a pre-injection TS electron density pro-
file and compared with the corresponding measured mi-
crowave interferometer value.

Ezperimental findings. In order to facilitate these stud-
ies, injections with both pellet types into similar target
plasmas have been selected. In the case of TESPEL,
only a few injections could be made with unloaded pel-
lets into plasmas created with the standard configuration
due to a limited number of experiment days on TJ-II and
to the priority being given to impurity-loaded pellet in-
jections. Thus, a cryogenic pellet injection, with a simi-
lar penetration depth to a successful TESPEL injection,
has been selected in order to make comparative studies
(see fig. 4). By successful, the authors consider that an

15

#43236 320 pm TESPEL
#44806 6.2x10'8 H

-t
o

I R ]

(6]
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'\WP =234
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Electron temperature (x0.1 keV)

0 5 10 15 20 25
Time after pellet entry into plasma (ms)

Fig. 5: (Colour online) Temporal evolution of the line-averaged
electron density, core electron temperature (p = 0.16), and
stored plasma energy before and after injection of a hydrogen
pellet (6.2 x 10" H) and a 320 um diameter TESPEL pellet
(unloaded) into similar discharges, #44806 (red) and #43236
(blue), respectively. The discharges were created and heated
using ECRH.

unbroken TESPEL is deposited in the plasma (as deter-
mined from the microwave cavity and TOP signal). From
fig. 4, the penetration depth is considered as the distance
from the plasma edge at which the H, signal returns to
zero, i.e., it has been determined experimentally that, in
ECRH plasmas, pellets are accelerated neither radially nor
toroidally [26].

For the same discharges, the evolution of the main
plasma parameters, before and after the injections, is plot-
ted in fig. 5. In the first instance, for line-averaged elec-
tron density, N, it is seen that after an initial abrupt
jump in N, just after an injection, its evolution is sig-
nificantly slower after the TESPEL injection, while the
relative increase in plasma density is significantly higher
for the same. This latter point is confirmed by TS pro-
files recorded after pellet entry (see fig. 6). Furthermore,
after analysis, it is determined that the fractions of pellet
electrons deposited in the plasma core a few milliseconds
after injection are ~27 4+ 10% for the cryogenic pellet and
~80 + 5% for TESPEL. Note: the larger error bars for
the former arise from largest uncertainties in determining
cryogenic pellet mass using the microwave cavity diagnos-
tic [20]. Indeed, from refs. [21,27], the efficiency for cryo-
genic pellets is always < 40% for injections into ECRH
plasmas in TJ-II. Hence, the > x2 increase in deposited
pellet electron population observed for TESPEL pellets
needs to be understood, more so given that values closer
to 100% were obtained for some tracer-loaded pellet in-
jections (made under different target plasma conditions).
Moreover, in the same figure, it is observed that the cryo-
genic pellet electron deposition profile is rather flat while,
for TESPEL, it peaks close to the plasma centre.

Discussion. — Penetration depth. H, radial emission
profiles are presented in fig. 4 for the two pellet types
injected into similar target plasmas. Although their H,,
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Fig. 6: (Colour online) Thomson scattering electron temper-
ature (dashed) and density (continuous) profiles obtained be-
fore (Target, red) and several milliseconds after the injection
(blue) of (a) a solid hydrogen pellet injected along Line-1, and
(b) a 320 um diameter TESPEL injected along Line-4. For
both cases, plasma is created and maintained by ECRH and the
target plasma line-averaged electron density is ~4.2x 108 m~3.
0Ne (green) is the difference between pre- and post-injection
density profiles. HPI2 (orange) is the deposition profile, simu-
lated using the HPI2 code, for the cryogenic pellet.

emissions profiles do not directly reflect ablation, the
profiles allow penetration depths to be established for com-
parison with scalings. Before proceeding to discuss this it
should be noted that, in fig. 4(b), the large jump in the
H, emission near the end of the ablation process can be
attributed to the enhanced light emission stimulated by a
small population of suprathermal electrons residing in the
plasma core, between p = 0.2 and 0.34 in these off-axis
heated plasmas, and/or to light emission associated with
back drifting plasmoid [26]. Some enhanced light emission
may also be present in the H,, profile of fig. 4(a). However,
the contribution of this small population to overall pellet
ablation is considered minor [26]. An edge suprathermal
electron population, which would be more critical for ab-
lation rates, is not observed in these profiles.

Ablation rate curves, determined using three sim-
ple analytic formulas (scalings) [17], are also plotted
in fig. 4. The first scaling considered, from eq. (20)
of [17], reflects strong NGS while assuming no potential
drop, A¢ =0, at the neutral cloud/surrounding plasma
boundary, NGS(A¢ = 0). Strong signifies that cloud

shielding is dominant, i.e., § < 1, where J, the shielding
factor, is the ratio of heat flux passing through the cloud
and reaching the pellet surface to the primary heat flux in
the surrounding plasma. This scaling, with pellet-type pa-
rameters included, gives the ablation rate (particles/s) as

N (particle/s) = 1.94 x 10 - N5 (cm™3) - T272 (eV)
. 7“1'44 (cm) '6_0'16 (eV)~A;0'28 (amu)-Zp_O'56 . (’7 _ 1)0.28.

(1)

Here N, and T are the local electron density and temper-
ature, respectively, r, is the pellet radius, ¢ is the subli-
mation energy, A, is the atomic mass, Z, is the nuclear
charge number and + is gas adiabatic index. For hydro-
gen, ¢ = 0.0053eV, A, =1, Z, =1, and v = 7/5, while
for CH molecules, ¢ = 0.0625¢V, A, = 6.5, Z, = 3.5,
and v = 8/6 [17]. The second scaling, eq. (15) of [17], is
a unified strong NGS scaling law designed for any pellet
material, NGS(uni). It is given by

Ny (particle/s) = 4 x 10" N33 (cm™3) - 7183 (eV) -

~7"11)'33 (cm) - A;O'?’S (amu) - Z;O'GG. (2)

Finally, the third scaling considered, NGS(intm ¢), is
eq. (25) of [17]. It uses the mean of two limiting cases,
i.e., d — 0 and § — 1, and is estimated as

Nj(particle/s) = Ny - Ny/(Ny + Ny). (3)

Here Ny is eq. (1) while Ny, eq. (26) of [17], assumes a
completely unshielded electron heat flux with 6 = 1 and
is given by

Ny =5.25x 10" - N, (ecm™3) - T} (eV) - rg (cm)/e (eV).
(4)

Here, eq. (4) is similar to the scaling developed by
Khlopenkov and Sudo for TESPEL [16], albeit a fixed ¢
value was not used therein, rather a range of values was
considered.

When these scalings are applied for H and CgHg pel-
lets into the TJ-II target plasmas of interest, it is found
that penetration depths are best predicted by scaling Ny
for both types, although for the H pellet the scaling N,
also gives good agreement. In contrast, for both pellets,
N3 predicts significantly deeper penetrations. This coin-
cides with ref. [17] when the authors studied a CgHg pellet
injection into the stellarator LHD, i.e., the N1 model pro-
vided the most reliable prediction of penetration depth
while eq. (3) significantly overestimated the same. These
findings provide additional confidence for use of the lat-
ter scaling for other devices, for instance for the planned
TESPEL system on the stellarator W7-X [10].

Particle deposition. The observations in figs. 5 and 6,
showing plasma evolution and pellet material deposition,
can be understood by considering several physics aspects
that occur during and after an injection. In the first in-
stance, complete cryogenic pellet ablation occurs within
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150 us after pellet entry into the plasma. Hydrogen atoms
in the plasmoid that surrounds the cryogenic pellet be-
come ionized rapidly (the ionization time is ~6.7 us for
plasma electron density and temperature of 5 x 108 m—3
and 500eV, respectively) [28]. Subsequently, rapid out-
wards acceleration and deceleration of this plasmoid oc-
curs (this will be discussed in more detail later). The
ionized particles that remain in the plasma diffuse more
slowly around the plasma volume, i.e., complete particle
distribution, which is reflected in part by the line-averaged
density, is achieved within a couple of milliseconds in
the TJ-II [21]. Next, the electron density shows an ap-
proximated exponential decay back to the pre-injection
level. In parallel, plasma cooling during and after injec-
tion occurs due to ablation, dissociation and ionization
processes (36.4eV loss per ion pair [29]) plus the addi-
tion of cold electrons to the plasma. Indeed, the ini-
tial plasma stored energy loss (Fp,) of 23 + 10J due to
the injection, as measured with a diamagnetic loop [14],
agrees well with the predicted loss, 18 J, where Ey, (J) =
(N1 /2) x 36.4 x 1.6 x 10719, It is assumed that radiation
losses are < 1eV/H atom [21].

In contrast, complete TESPEL pellet ablation requires
> 300 ps during which the polystyrene molecules undergo
an initial ionization process (8.4eV per CgHg), multiple
dissociations (assuming 4.3eV, 3.6 eV and 6.3eV per C-H,
C-C and C=C bonds, respectively [30]) plus subsequent
ionizations. For the latter, the first ionization of carbon
(11.3eV/C atom) occurs in ~1.7 us while further ioniza-
tions (24.4, 47.9, 64.5, 392 and 490eV/C ion) to higher
states, i.e., C*2 through to C*5, require ~6.7 us, ~22 us,
~67 pus, ~0.9ms, and ~3.3ms, respectively [28]. Hence,
the initial rapid jump in plasma line-averaged density of
fig. 5 is followed by a slow rise to density maximum, ~5 ms.
Moreover, these multiple processes result in a much larger
plasma stored energy drop, 132 £20J. A simple summa-
tion of all of these processes, in which carbon ionization
dominates, predicts a 137 J stored energy loss.

The differences between the post-injection line-averaged
electron densities of fig. 5 and the electron density profiles
of fig. 6 can be understood by considering the previously
inferred £ x B induced acceleration of the partially ion-
ized plasmoid that surrounds an ablating pellet [2]. The
development of this drift is used to explain the well-known
outward displacement of pellet material in magnetically
confined plasma devices, in particular for LFS injections
of hydrogen pellets [2,21]. It arises due to the interaction
between the background magnetic field, By, and an elec-
tric field, E, that results from charge separation across
the plasmoid. During the initial short drift phase, accel-
eration of the plasmoid, in opposite directions for elec-
trons and ions, is induced. The time evolution of its drift
velocity can be written, for non-axisymmetric devices, as
0Va/dt = —2(po — pso)V 1 Boo/nomiBs [31], where p is
the pressure, n is the density, m; is the ion mass, and
the subscripts 0 and oo refer to cloud and background
plasma, respectively. For the TJ-II, the cross-field gradient

scale-length, Ly = By, /V 1 Bw, is close to 1m~"! on the
LF'S of the plasma centre, thus Vg is directed towards the
plasma outer edge (see fig. 3). It should be noted that Lg
is much larger than 1/R, hence the drift in TJ-II will be
large compared to an equivalent aspect ratio tokamak (see
fig. 3). In contrast, several mechanisms lead to decelera-
tion of the pellet cloud motion [2]. It is considered that the
most efficient for non-axisymmetric devices is Rozhansky’s
effect. It is accounted for by adding the drift-dampening
factor, A[Lg], to the 6Vy/dt term [31,32]. The combined
PI/TESPEL experimental set-up means that the cross-
field gradient scale-lengths, Ly = B /V | By, are almost
identical for flight paths through the plasma. Thus, as-
suming that the background plasma and cloud pressures
are equal, or similar, for both, and that A[Lo] is indepen-
dent of the pellet type [31], then the ion mass (m; = 1 amu
for a hydrogen atom and 12 amu for a carbon atom) is the
only parameter that can explain differences in plasmoid
drift and hence deposition profiles and efficiency. Hence,
this significantly larger TESPEL ion mass during the ini-
tial stage of plasmoid acceleration may explain both the
significant difference in deposited pellet electrons and the
radial positions of the deposition profiles.

Plasmoid drift is considered in the Hydrogen Pellet In-
jection code, HPI2, which was recently adapted for TJ-
IT [26,33]. A simulation, made using the TJ-II version, for
a LF'S injection of a cryogenic pellet generates an electron
deposition profile, A Nypro, which is similar in magnitude
to the difference between the pre- and post-injection elec-
tron density profiles, AN, of fig. 6. It should be noted
that post-ablation radial transport is not considered in the
model. However, the higher core AN, in fig. 6, with re-
spect to ANypro, is explained in a previous work on TJ-11
in which it is described how core AN, evolves for several
milliseconds (5 to 6 ms) after particle deposition, i.e., core
and edge electron densities rise and fall, respectively [21],
this evolution being due to a partial inward transport of
pellet electrons [26]. In contrast, the particle confine-
ment time for TJ-II plasmas is between 5 and 15 ms, being
~10 £+ 3ms when the line-averaged density goes above a
critical density, i.e., ~6 x 1018 m=3, for ECRH [34,35].

A similar simulation cannot be made at present for
TESPEL pellets as HPI2 is not prepared for heavier
atomic elements or complicated molecules. However, sim-
ple calculations can be made, based on HPI2 results for hy-
drogen, to obtain a prediction for the fraction of TESPEL
particles that remain within the last closed flux surface
(LCFS). In the cryogenic case, average outwards radial
drift velocities and drift times are obtained for H clouds
originating at different radial positions, p, along the pel-
let flight path [26]. These range from 380 to ~1200m/s
for plasmoids originating from p between 0.85 and 0.3, re-
spectively, while increasing rapidly inside p = 0.3 to reach
~12km/s at p = 0.17. From the same H simulation, by
considering only those plasmoids that remain within the
plasma, i.e., material ablated between 0.5 > p > 0.22, an
upper limit of ~140 us for radial drift time is established.
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Next, returning to TESPEL and assuming that CgHsg
molecules dissociate to H and C ions, as a first approxima-
tion it is reasonable to suppose that H should achieve ra-
dial drift velocities as above while, from the mass scaling in
dVa/dt, C should reach average velocities that are 12 times
lower (friction between the two species is not considered).
Hence, for a 140 us drift time limit, no C ions should reach
the LCFS since Vg(p) x 140 us is shorter than the plasmoid
origin to LCFS distances, e.g., this is 0.08 m for p = 0.2,
where Vg(p) = 6900/12m/s. In such a situation, all the C
plus 27% of the H (from the cryogenic case) should con-
tribute to deposition, i.e., 6/7 4+ 0.27/7 x 100% = 89.6%.
This is in reasonable agreement with the experimental
value obtained for the 320 um TESPEL pellet, ~80 & 5%,
given the simplicity of the model. However, because of the
large differences in H and C drift velocities, it is reasonable
to consider that their clouds should separate thereby re-
sulting in lower plasmoid pressures, pg, and hence reduced
5Vd/(5t.

The findings reported here have several implications
for pellet injection experiments in magnetically confined
plasma devices. In the first instance they highlight the im-
portance of considering the pellet electron content when
designing TESPEL, or other solid pellet, injection experi-
ments for plasma devices. Such considerations should also
be considered for impurity transport experiments made us-
ing pellets since nearly 100% of the tracer population may
be deposited within the LCF'S of the plasma. The findings
may also have implications for dust injection experiments
on such devices, in particular for heavy-Z elements. Fi-
nally, in the future TESPEL experiments it would be to
informative to view ablating TESPEL pellets with a fast-
frame camera simultaneously equipped with bandpass fil-
ters centred on H and C emission lines in order to study
the radial drifting of the H and C clouds.
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