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P.B. Parks et al. RADIAL DISPLACEMENT OF PELLET ABLATION MATERIAL
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ABSTRACT

During pellet injection in tokamaks, a rapid movement of pellet ablation substance
towards the low-field or outward major radius R direction is observed, favoring pellet
injection from the high-field-side in order to promote deeper fuel penetration. The motion
has been attributed to a vertical curvature and VB drift current induced inside the ionized
ablated material by the 1/Rtoroidal field variation. The uncompensated vertical drift current
inside the weakly diamagnetic ( < 0.1) ablation cloud will cause charge separation at the
boundary. The resulting electrostatic field induces the E x B drift to the large-R side of the
torus. The caculated fuel penetration depth is consistent with inside launched pellet
experiments on the DI11-D tokamak [J.L. Luxon and L.G. Davis, Fusion Technol. 8, 441
(1985)]. The dependence of the penetration depth with plasma parameters suggests that
low-velocity inside launched pellets may provide a unique solution to the refueling problem
in larger and hotter machines of the future.
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1. INTRODUCTION

Fueling the central region of a tokamak plasma by hydrogen pellet injection seems to
provide favorable conditions for accessing enhanced confinement regimes in present day
tokamaks. Core fueling in future burning plasmas could be advantageous because it would
maximize tritium burnup and achieve greater fusion power by with high central densities.
Normally, pellets are injected from the outside wall or low magnetic field side (LFS) of a
tokamak, where exceedingly high velocities >10 km/s will be needed to achieve deep
penetration in alarge fusion plasma.

Recently, Lang et al. drew attention to the possibility of enhancing fuel penetration by
injecting D2 pellets from the inside wall or high-field-side (HFS) of the Axisymmetric
Divertor Experiment, Upgrade (ASDEX-U).1 The ablated and ionized pellet substance
apparently driftsin the direction of the magjor radius R, and thus HFS péllet injection favors
deeper fuel penetration compared with standard LFS pdlet injection. Since then,
experiments in DIHI-D tokamak verify that inside launched pellets injected a an angle of
45 deg above the equatoria plane deposit fuel closer to the plasma core and well beyond
the pellet range of throw.2

This movement of pellet ablation materia in the large-R direction can be attributed to
the 1/R variation of the toroidal magnetic field, B. Curvature and VB-induced charged
particle drifts produce a charge separation layer inside the ionized part of the pellet ablation
cloud, as shown in Fig. 1. This part of the cloud is a mildly diamagnetic plasmoid, with a
magnetic beta B = p/(B2/2) < 0.1, where p is the pressure. Nevertheless, the 8 value is
amost always higher than the surrounding plasma beta ... The excess beta leads to an
uncompensated curvature and VB drift current given by

_2p
Jop = —— 1
VB = &g ()

Under open circuit conditions, this current is balanced by an upwards ion polarization
current,

p dE

J, =L =
P~ B2 dt

(2)
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Fig. 1. Physical mechanisms of large-R pellet cloud drift.

A

where p isthe mass density, and E is the charge induced electric field. Hencethe Ex B drift
velocity of the cloud is given by

& _2p @
pR

where the accderation points in the direction of the mgor radius. Initially, the cloud

accelerates at ~108 ms—2 and reaches a velocity far exceeding the pellet velocity on a very

fast time scale ~100 us. Since the 3 of the ionized part of the ablation cloud is initidly very

low, it moves across the B-field without significantly distorting the B-field.

Thissimple physical picture isincomplete because, first of al, expansion of the cloud
along the magnetic field lines at its own sound speed causes pressure relaxation, and the
relaxation rate requires the specification of initid cloud conditions. In Section Il we begin
by characterizing the dimensions and plasma parameters of the ionized ablation channel
using a simple one-dimensiona (1-D) steady-state flow model. A pellet cloud instability,
considered responsible for the observed pellet cloud striations, periodically separates this
part of the cloud from the pellet forming aweakly diamagnetic (3 < 0.1) detached cloudlet.
We make the ad hoc assumption that theinitial conditions of the cloudlet are inherited from
the ionized ablation channel a the moment of separation. Section Il describes the
subsequent expansion of the cloudlet along the magnetic field linesusing a Lagrangian fluid
simulation code. The cross-field accel eration ceases when equilibrium with the background
plasma pressure is attained, i.e., V|p = 0 dong the field lines. In Section IV, we solve for
the electrostatic potential inside and outside the moving cloudlet and find its ExB drift
velocity. We consider charge layer depletion by paralel current flows associated with the
emission of Alfvén waves.3-6 This leads to a drag on the cloud, causing it to stop shortly
after arriving at pressure equilibrium. Assuming uniform plasma profiles, we can obtain
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scaling laws for the stopping, or penetration, distance in the outward major radius direction
(Section V). The calculated fuel penetration distance ~30 cm appears to be consistent with
HFS pellet injection experiments in DIII-D.2 The scaling laws illustrate that deeper

penetration will result for larger pellets and higher temperature and density plasmas. We
conclude our discussion in Section V1.
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2. INITIAL CONDITIONS

2.1. LOW-B IONIZED ABLATION CHANNEL

In the immediate vicinity of the pellet the surrounding ablation cloud is a cold, dense
neutral gas. The ablation flow starts out moving a subsonic velocities and then accelerates
to mildly supersonic velocities by the heating resulting from the absorption of the paralle
heat flux carried by incident plasma electrons. The transition from subsonic to supersonic
motion occurs at the sonic radius rx+ =1.6r, where Mo istheradius of the pellet. It is useful
to characterize the magnitude of the ablation  and temperature T in this inner flow domain
by their respective values at the sonic radius: -2

W 1/3
B =43x10% ————— | 1238,
Neoofp N Agn

W 1/3
T = 1.88><10_9(—J (NewlpINAgn)?/3 (4)
Teoo

where W is the pellet atom mass in amu, Te, and ne,,, are respectively the electron
temperature and density of the surrounding plasma, Aen= 2Te./7.5, and €V-cm units are
used. For example, the experimenta parameters for inside launched Dy pdlets in DIII-D
ae B =3T, Te.,= 13keV, neg.= 7 x 101383 cm=3 and rp = 0.05cm, which gives
B., = 0008, B = 019, and T.. = 0.16 eV. For partid penetration of DT pellets in
fusion grade plasmas: B = 57T, Te., = 5keV, ne, =104 cm=3 and r, = 0.3 cm, we
find B = 0.016, B« = 0.46, and T+ = 0.54 eV. Although these cloud s are nearly of
order unity, one finds that even under fusion plasma conditions the inner flow domain near
the pelet is unaffected by the magnetic field because the gas is unionized and
nonconducting at these temperatures and pressures.

The cloud pressure and 3 decay rapidly with distance from the pellet due to radial
expansion. Simultaneoudly, the cloud becomes more ionized and conducting with distance
until & some point the magnetic field force brakes the transverse motion and funnels the
flow into alow-f ionized “ablation channel.”
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2.2. CLOUDLET FORMATION — STRIATIONS

The dynamics of the outer flow domain are complicated by the occurrence of irregular
structures and periodicity. Time-integrated photographs show a striated ablation trail,
consisting of pattern of alternating rows of light-dark zones aligned with the B-field.10 This
pattern correlates with oscillationsin the D, line emission intensity. There appearsto be no
unambiguous correlation of the minimain the Dy, signal with the pellet crossing a sequence
of rational g-surfaces!1,12 (q = safety factor), which might drain part of the plasma energy
content of a closed flux tube. Recently, more detailed experimental evidence indicates that
the striations are the result of the ionized ablation channel being periodically separated from
the pellet.12.13 The underlying mechanism is thought to be an E x B rotationaly driven
magnetic interchange instability,14 because these modes explain many features of the
observed striations.12 The linear theory finds that the fastest growing mode, the m= 1
shift mode, grows exponentialy on the time scale yEiB = (0.025 Te., /eBrf)_l, where
ri ~ 10r, is the channel radius. Usually, 7E>1<B Is comparable to the time scale for
buildup of the ablation channel ~10-30 us. The absence of magnetic shear on the loca
scale of the ablation channel means that these modes can completely interchange flux tubes,
converting a shielding channel into a “detached cloudlet,” Fig. 2. Subsequently, the
cloudlet expands along the field lines while drifting as a whole across the magnetic field.
Rapid expansion causes the density to drop and heating increases the ionization level. Both
effects reduce the light emission so that cloudlet formation corresponds to a dark zone. A
new ablation channel isformed on about the same time scale forming a bright zone and the

Process repeats.
e

Pellet

“Attached”
shielding

---->Vp (Pellet veloci
channel g Y

Cloud “disruption”
causedbym=10 U U

shift instability
Cloudlet v
“Detached” “Races ahead -
cloudlet e iy
of pellet to
large R side

Fig. 2. The m= 1 shift mode separates the ablation channel from
the pellet forming a discrete “cloudlet.” Subsequently the cloudlet
drifts to the right.

These periodic “cloud disruptions’ breed a sequence of N = 7jfe YEiB ~ 20 or more
discrete cloudlets along the trgjectory of the pellet, where 1jfe is the pellet lifetime. Each
cloudlet carries off the ablated mass contained in the ablation channel at the moment of its
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birth. We propose that the initially detached cloudiet possesses a cylindrical shape with
radius and length equal to that of the ablation channel. In addition, we imagine that the
paralld flow profiles of the newly formed cloudlet are inherited from the pardlde flow
profiles of the ablation channel.

2.3. PARALLEL FLOW MODEL FOR THE ATTACHED ABLATION CHANNEL

The ablation channel resembles a “flexible magnetic nozzle” with cross-sectional area
A(s) varying slowly with axial distance s paralld to the magnetic field. Combining the
transverse force balance equation p(s)+ Bz(s)/ 2=p, + B2/2=~ Bfo /2, with the
magnetic flux conservation equation B(sS)A(s)= const, one obtains A(s)/ Ay =
N (@-Bo) [1-Bop(s) ! po], where the subscript “0” denotes a variable a the channel
entrance, s= 0. Asmentioned, the entrance B issmall, we will show that 3y < 0.1, and
hence the contraction of the channel cross-section from entrance to exit amounts to less than
5%. We therefore assume constant area circular cross-section A(s)=7rrf, and borrow
standard 1-D duct flow expressions that relate the flow variables at one location with Mach
number M = v/ cg to their corresponding values at the sonic M = 1 location downstream,
denoted by the unprimed asterisk:

p_ l+y T _ _(@+9)°M? n _ _ 1+9M2

po 1+M2T T = 0= @+mM?)? " ne =YW= (y +)M?

h @+ M2+ (y-DM?]

T T @ M) ©

where tota specific stagnation enthalpy is h = cé/(y—1)+v2/2, y=5/3, and
Cs =+ 2yT I my, with m; being the ion mass. In the pellet frame of reference, the toroidal
drift effect causes the shielding channel to bend gradually with distance s in the direction of
the major radius.1> The axial distance where the centroid of the channel has shifted by an
amount equal to itsradius denotes the effective shielding length s= L, ~(r R)ll 2 At that
point, the ablation flow field is no longer magnetically entrained and “spills’ into the
background plasma while spreading freely along the magnetic field lines in both directions.
This point is analogous to the exit point of ajet issuing from a circular pipe into an ambient
medium with latera spreading downstream. Internal heating supplied by the deposition of
the incident plasma el ectrons drives the Mach number towards unity. When the pressure of
the ambient medium is below the exit pressure — the under-expanded jet — the system is
choked with M =1 at the pipe exit. The same kind of sonic exit condition applies here
because f.. isusualy lower than the exit beta S+, which has alower bound By / (1+ 7),
according to Eq. (5).
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Cloud heating is based on a kinetic treatment for the deposition of energy by plasma
electrons incident on the cloud with a half-space Maxwellian distribution of temperature
Tew » T. In passing through a column density 1'=J nds, the energy flux carried by the
incident electrons, q, is attenuated by the amount!6 n=q/q.. = 0.5uK,(u*?), in which
u=r1/1., roo(cm_z) = 2.24><1012T§0<,(eV)/InAee Is the characteristic range of
penetration for Maxwellian electrons, K, is a standard modified Bessel function, and
G = (2/ 7mg)Y2 1 T3/ 2exp[-AD/T,.], with the shesth potential dropl4 a the
channel-plasma interface being A®=18T,,. The energy baance equation
o —gq=(G/2A)(h+« —h), with o =0, and G= pelet mass ablation rate, gives
n(M;Mg,n9) = 1-(1-ng)d-H)/(A-Hp). Combining this expresson with the
channel dendity in Eq. (5), and using a more convenient three parameter fitting function
n=nsie = exp—of (u+0)”* —0”] wecanobtain M(x) from dM / dx=2q F(M; Mg, 70),
where x=s/ L., Zp= nglL./ 7., isthe normalized cloud opacity,

. oh (1— HOJ 1+mM?)%y
Ay +2*Yo\ 1-10 ) M3~ M?)(@* —a Liny)H A7

(6)

and @ = 0.3, A = 0.7, U = 0.56. Given the two channd entrance properties, Mg and
ng(or Xg), aconsistency condition

i
So= [Flam 7
Mo

uniquely determinesthe total channel attenuation coefficient ng. Hence, the Mach number
and al the other flow profiles in the shielding channel are now known. From mass
conservation: G =2r rfn] NoMoCso, and the known scaling laws for G, we can infer ng,
and hence X, and By/p..:

L 13x100ng 3T lE -
0 M0K§W1/3csor§/3(lnAen)2/3
1/2 2 1/

s 582R Neoo INA ge
0= 3/2, 1/3 (INAg)?"3 )

Mok, W ¢y Teoorp

56 2/3
Bo 406c T, W
- > (10)
B., Mok . nemrplnAen
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where k¢ =1 /1. Thescaling of this parameter is not yet resolved since it depends on the
details of the 2-D ablation flow in the transition region between the channel entrance and
the M > 1 spherically symmetric flow domain near the pellet. One approach is to consider
the conservation of energy flow across a control surface enclosing the entire ablation cloud,
namely

27 20, (1 ) = G(47T + Ejon + £diss)/ M (1)
which then yields
1.54x 1041/ 6
K¢ & 175 (47T + Eion + Eqiss)™ 2 (12)

(1- #E)ll 2w 6(neoorp INAgn)

whereg;on, = 13.6 eV/ion is the latent energy of ionization, g4 = 2.2€V/ion is the
dissociation energy, and ug isthe heat-flux attenuation coefficient for Maxwellian electron
passing through the entire length of the ablation cloud (g = 1 means no attenuation). In
Ref. 14, Eq. (18) defines its counterpart u asthe particle flux attenuation coefficient, and
itis afunction of radius from the axis of the cloud where pdllet occlusion makes u = 0.
Here, ug represents an appropriately averaged value over the cloud cross-section. The
strength of the magnetic field, which would seem to matter, is concealed in this scaling
law. The reason is that retarding magnetic force is proportional to B2 x (eectrica
conductivity), which varies strongly with temperature at the onset of ionization. Hence, the
cloud exit temperature T« appearing in Eq. (12) has only a weak dependence on the
magnitude of the B-field because it is essentialy pinned a ~2 eV. If we teke ug = 0.5
then the scaling law seems to be consistent with cloud width measurements during D2 pdllet
injection experiments,10 and alimited number of 2-D numerical simulations.®

The value of Mg appearing in Egs. (8) and (9) is also not yet clear, however, we
note that a shock front must exist in the transition region, where the upper bound on the
preshock Mach number is? (5/ y)ll 2= 3Y2 |t follows from the Hugoniot relations that
the post-shock Mach number, and hence M is restricted to the range [(3/7)12, 1]. In
Fig. 3 is shown the flow profiles for £, = 5 and 15, with M;=0.7.

For typica plasma and pellet parameters of interest, k¢~ 10 and By/B.. ~ 5.
Therefore, theionized ablation channel and cloudlet are weskly diamagnetic objects, By <
0.1, which was to be shown. The parameters Xp and By/B.. are the two key
dimensionless quantities that influence the parallel expansion dynamics treated in the next
section.
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Fig. 3. 1-D ablation channel flow profiles.
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3. PARALLEL EXPANSION DYNAMICS FOR A DISCRETE CLOUDLET

A fully ionized single-temperature 1-D Lagrangian fluid model is well suited to
describe the temporal expansion of the cloudlet along the magnetic field lines using the axia
profilesin Section Il asinitial conditions. The independent coordinates are zp and t, where
Zp identifiestheinitial axia position of aLagrangian fluid element in therange0< zg < L,
and z(z,t)denotes its subsequent position at time t > 0. At the cloudlet-plasma interface,
the cloudlet pressureis equa to the plasma pressure a al times. We only follow the early
time evolution of the cloudlet up until the pressure in each fluid eement has equilibrated
with the background plasma pressure. This period islessthan the ~1 ms time scde for the
homogenization of the density with the background plasma. During this time, the cloud
temperature is increasing but still remains well below the background plasma temperature
so that the heat flux attenuation model described in the previous section till holds.

_ Using .rescdled variabless X~ 20/2'-0, t=tl(le/C) &=z/Le P=plpy
n=n/ng T=T/To V=V/C ang % =%0'7 the mass, |-momentum, and energy
conservation equations become:

N(x,t) -1 9[p(xt)+I(x1)
K& A(x0) X

ab(x,f)_(a@(x,f)w—l)n i(x.f)
F fi(x,©) F

fi(x,t)dE = A(x,0)dx

= (¥ - DA(X,1)Q(x) (13)

where |1 is the von Neuman artificia viscosity introduced to handle shocks. The heat
deposition per unit mass consists of the right-going (+) and left-going (-) eectron fluxes,
and it depends only on the column density, which is constant in time for a given fluid
dement, namely Q(X)=QZo{G[ut (X)]+G[u"(X)}, where G(u)=-KyuY?)/2 +
uY2[K(uY?) + Kg(uV?)] /8, and

X 1
ut(x)=ZoT + 2o [A(X,0)dX" u (x) =X [A(X,0)dx”
0 X
1
7 = [A(x’,0)dx’
0
G=—F_ (14)
MNoCo
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Therma heat conduction, radiation loss, and viscous entrainment of the external
background plasma along with the flow are not significant processes during the early
expansion period. Returning to Eg. (11), we can replace the particle source rate G/m; with
the particle exit rate men*cs* to obtain the value of the “hesating quotient” Q

Q= 2y3/2(1+)/|\/|o)( (8ion+8di$)@0) (15)

Mo(1+7)? 4o

In view of the mild assumptions about the inlet Mach number Mg, the numerical value for
Q is relatively constant, Q 5. Hence, Eq. (13) depends on only two dimensionless
parameters. X and the pressure, or beta, ratio By/ .. derived in Section|l. Figure 4
displays the pressure profiles for different times with 2o = 5and B/ B.. = 5. Initidly,
the background pressure counteracts the expansion. This sends a shock wave propagating
from the boundary of the cloud into the interior, dightly elevating the midplane pressure
above itsinitia value, po. Later the profile relaxes and eventualy becomes homogeneous
within the cloud at the value of the background pressure. Figure 5 shows the temperature
profile for different times using the same parameters as in Fig. 4. Note that at the time
t =14.2 the maximum cloud temperature has reached only T ~ 25Tg= 50 eV, 0 it is
clear that pressure equilibration surrounding plasma takes place well before temperature
equilibration. Figure 6 plots the cloudlet half-length as a function of time for nominal
values of g and By / B...

Fig. 4. Axial pressure profile in cloudlet at different
sound times  =t/(L¢ /Ty).
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Fig. 5. Axial temperature profiles in cloudlet at different
sound times  =t/(L¢ /Ty).
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Fig. 6. Cloudlet half-length versus time.
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4. CROSS-FIELD DRIFT DYNAMICS FOR A SINGLE CLOUDLET

The problem isto find the perturbed electrostatic potentia in the system consisting of
an axialy non-uniform cloudet superimposed on an axialy uniform plasma. We use a
cylindrical coordinate system attached to the cloudlet at time t. The z-axis is pardld to the
applied magnetic field, with z = 0O locating the midplane of the system at that time. The
potential ¢(r,¥},t) is constant along magnetic field lines. Hence, the transverse cloud
motion

A

vV, = E X V(p (16)
B
can be decoupled from the previoudly treated parald expansion dynamics. For simplicity,

we ignore the rotational transform effect, which isonly valid if, during the drift, the length
of the cloudlet remains smaller than the connection length ~q 7 R.

The transverse one-fluid momentum balance equation is

pDTVtL:JxB—VJ_p+2—RE)>A( (17)
where D/ Dt=d/dt+v, -V is the convective derivative. The last teem in Eq. (17)
simulates the effect of magnetic curvature, which is often employed when the magnetic
field is otherwise treated as being uniform. The unit vector X = cos® — dsind points in
the direction of the mgjor radius. Taking the cross product of Eq. (17) with Z gives the
current density

j, =2xVP_2pg p DVig (18)

The first component is the usual ¢ -directed diagmagnetic current, which confines the
cloud radially, the second term is the vertical curvature and V B drift current, and the last
term is the polarization drift current. The charge continuity equation V- J = 0 then yields

2sin® Jp(r.zt) p DVig _ 0

I'N""BR o B2 Dt

(19)

2
where in getting the last term we used the identity V. -DV, /Dt _DVie/Dt
recognizing ¥ V1 =0,
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By symmetry, the paralel current density must be be zero a z=0, so that an
integration of Eq. (19) over the half-length of the cloud, 0 < z < Z(t) yields

7 2
2sin® fop(r,zt) .. Zp DVio
3(ze) - dz- 6 2Y18 g
%)~ gr { o B Dt (20)

where = J pdz is the half-length column density. The paralld current emitted from the
end of the cloudlet Jj(z) must match the parallel current carried by an Alfvén wave
propagating out into the plasma Jj = —,ualviA“, where A is the wave magnetic vector
potential. Since the parallel eectric field By = —ikj +iwA = 0 in the background plasma,
and o/ k isequal to the Alfvén velocity, ca., = B/(ugm ni,,o)llz, Eq. (20) reduces to an
equation for the electrostatic potential:

z 2 2 ing %
%p DVig N BVie __2sind i 8p(r,z,t)dZ 1)

It should be noted that the parallel wavelength of the Alfvén wave is ~ca.r; /v, which
being on order of tens of meters greatly exceeds the cloud length by a factor of at least an
order of magnitude. Hence, the cloud appearsto act like disc source — its detailed parallel
structure has little influence on the outgoing waves.

To smplify the source term in Eq. (21) we next assume a sharp boundary pressure
profile:  dp/ dr =—p(zt) — p.]o(r —r ). Then both inside and outside the cloud the
potential satisfies Vi(p = 0, with the boundary condition that electric field vanish far away
from the cloud since we can ignore the finite extent of the plasma (r; « plasma minor
radius). Because ¢ is continuous at the boundary r =r | , the solutions in each region are

Qin=Crsnd ,  @gp =CH)rrtsiny (22)

The uniform electric field inside the cloud leads to motion of the cloudlet as a whole in the
X direction. The externa fringe field allows plasma convection around the cloud as if it
were a solid body. To obtain the time dependence C(t), we rewrite Eq. (21) in the form of
adivergence

V, -T=2Rsino¥t)s(r-r,) (23)

where the “flux” is given by

B Dt HoCA ¢ (24)
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and the cloudlet acceleration functionis

=) 10 [ & B

= [|p(zt)- =pole | == [bx,t c"’]dx 25

O[ Pz = pole J ey | D) (25)
By integrating Eq (23) over the volume of an infinitesmally thin annular layer, with inner
radius r=r; —e and outer radius r=r; +¢, the divergence theorem yields the
discontinuity in the flux acrossthe layer

(Fyar, e — Tyor, ) F = Rsino¥(t) (26)

Substituting Egs. (22) and (24) into Eq. (26) determines the constant C(t), and leads us
finally to the equation for the velocity of the cloudlet in the major radius direction
dvy ZBZVX

2
=— +—Y(t 27
Pt o TR0 (27)

Here, T, = Zi/;‘ +22“t = m[NgTL¢ + Niwz:(t)] which remains essentialy equal to the
constant mass per area of the cloud mny7l. because the initid ion cloudlet density ng
typically exceeds the plasma ion density Nj.. by about four orders of magnitude. Outward
acceleration persists until the toroida acceleration function W(t) succumbs to parale
pressure relaxation. The power carried off by the Alfvén waves leads to an energy drain on
the transverse motion of the cloud. The rudiments of this picture bear resemblance to an
MHD generator, where the eectromechanica load taps the kinetic energy of the polarized
plasma stream moving across the magnetic field.

The fuel penetration depth can be found assuming uniform plasma profiles by a
simple integration of Eq. (27) fromv, =+tv,att=0tov, =0att =, giving

AR= 058kt A= () + 0,258, ~P |1, A (29)
o%c'p % 0 % C %

where the +(-) sign corresponds to inside(outside) pellet launch, and vp is the pellet
velocity. Typically v, /Ty « 1 so that the second term on the right side of this expression
can be neglected. Thetoroidal driveintegral is defined as

~ L ~ . l}/
Py= PO , PE)=—— (29)
)= 70 =0

Figure 7 displays the dimensionless acceleration function P(f) versus f, for different
values of By/B., and g =7. Figure8 shows the dependence of the toroidal drive
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integral (¥) with S/ f.. for some nomina values of £,. Forfy/f.. < 10 it can be
approximated by a power law function

2.64
() = 0.0362%)'1(5—0—1) (30)

(o]
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Fig. 8. Toroidal drive integral <‘P> versus S/ B...
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5. PENETRATION DEPTH SCALING, COMPARISON WITH HFS PELLET
INJECTION IN DIII-D, AND PROJECTIONS

In DII-D pellets were injected from the high-field-side of the torus a an angle of
45deg above the equatorial plane. The fuel deposition profile was determined
experimentally by measuring the change in the density profile Ane immediately after
injection of the pellet. The density profile change was observed to be much deeper than the
caculated and measured penetration depth of the pellet deduced from Dy, line emission
recordings. The measured fuel penetration depth AR can be defined as the distance in major
radius between the peak in the Ang profile and the peak in the pdlet ablation rate which
occurs near the end of the pellet trajectory. Referring to Fig. 4 in Ref. 2 we see that AR =
20 cm. To calculate AR from Eq. (28), we use loca pellet and plasma parameters at peak
pellet ablation: rp = 0.05 cm, Ne,, = 7 x 101383 cm=3, Te,, = 1.3keV, B= 3T, R =
107 cm. Wefind that ca., = 5.5 x 108 cm/s, B =0.0081, and k. =12.6. Then taking
Mo= 0.8 and To= 2eV, we get o/ f.. =477, o= 5.16, and ¢y =1.4x10° cm/s,
which gives (‘i‘) = 7, and findly AR= 34cm. This result is consistent with the
experimental value. The higher calculated value could be expected since we did not take
into account plasma profile effects. For this example, Fig. 7 shows that the toroida
accderation persists for ~10 sound times for which the cloud length has increased by 50
times, asindicated by Fig. 6. The cloud length isthus2 x 50 x Lo = 8.2m, whichis
just dightly less than the connection length qzR ~10m. However, it should be noted that
when red profile effects are included the cloud length will be substantialy reduced as the
plasma back-pressure .. steady increases during the inward drift. The inclusion of redl
profile effects will aso reduce the cloudlet acceleration [EqQ. (25)] and AR from that
assuming uniform plasma profiles.

Hence, Eq. (28) should be regarded as an upper limit to the penetration depth for
HFS pellet injection. A more convenient AR scaling formulais given by

1/3 11/6 1/6
O ( W ) @
MokcB (InAen)?’3 | Ne

(31)

whereBisintesa

Taking account EqQ. (12), we find that AR~ rpZ/ 3Te§£3néf°68_1(‘i'>. Since
Bo!Bo ~ Te{iz, and g ~ RV anoﬁﬁréJSInAeeTe:f‘/ 12 the penetration depth increases
strongly with values of the plasma temperature, density and pellet radius near the end of the
pellet trgjectory.
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In alarge fusion device, with 6 m major radius, the pellet radius near burnout will be
~0.17 cm, assuming a pelet veocity of 500 m/s and partid penetration to plasma
parameters Tew ~ 2 KEV, New ~ 1014 cm=3, R~ 400cm, B ~5T. Our scaling formula

gives AR = 400 cm. Of course, this is an over estimate because of the lack of profile
effects, as mentioned.
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6. CONCLUSIONS

An ablation ingtability (striation oscillations) periodically separates pellet ablation
material into discrete field-aligned cloudlets with initially high density and low temperature
~2 eV. Although the initia beta of the cloudletsis quite small (< 0.1), itistypicaly ~3 to
6 times the local background plasma beta along the pellet trgectory. Owing to the 1/R
variation of the toroidal magnetic field the excess beta generates an uncompensated
curvature and VB drift current inside the cloud. The induced polarization éectric field
inside the cloud causes rapid cross-field penetration of the cloudlets in the outward major
radius direction, thus favoring HFS pellet injection. We formulated the problem by first
treating the paralld expansion dynamics to obtain the rate of pressure relaxation in the
cloud. This result was then coupled into the model for the eectrostatic potential
surrounding the moving cloudlet so that we could obtain a simple expression for the ExB
drift velocity and the penetration depth on the equatorial plane, assuming cloud penetration
into auniform plasma.

In view of the favorable scaling of the fuel penetration distance with plasma
temperature, density and pellet radius suggested by Eq. (31), the prospect for deep fueling
using HFS pellet injection in larger and hotter fusion devices appears promising. However
to make realistic predictions future work needsto solve for the drift motion, Eq. (27), with
redlistic plasma profiles. This entails allowing for non-steady heat flux and background
plasma pressure (B-) in the parale expansion dynamics. In addition, it is important to
develop 2-D and 3-D pdlet ablation models to refine the estimate of the ablation channel
parameters. The hdlica winding of the magnetic field will become important when the
cloud length has become larger than g # R. Not only is the cloud stretched due to
magnetic shear when expanding aong the magnetic field, but it aso becomes deformed
because different segments of the cloud are located at different poloidal angles, and thus
drift to different flux surfaces and different flux tubes. In that event the parald dynamics
cannot be decoupled from the cross-field motion. Accordingly, it may be necessary to
pursue a 3-D cloud drift model, asin Ref. 17.
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