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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 of ASDEX-U [1]. Since then, new
experimental findings on DI1I-D confirm that inside launched pellets deposit fuel closer to the
interior of the plasma, and well beyond the pellet range of throw [2]. This apparent movement
of the ablated and ionized pellet substance towards the low- B-field or large- R side of the
tokamak can be attributed to uncompensated [1B and curvature drifts induced by the 1/ R
variation in the toroidal field strength. Compared to the surrounding plasma medium, the
ionized part of the pellet ablation cloud is a mildly diamagnetic object with a higher internal
magnetic $ and guiding center dnft current density. The charactenstlc [3 on the sonic surface
r=r. =16ry, is B =4.3x10 ,BOO(WT I Nggol p INA ) s , where rp, isthe pellet radius,
W is the pellet atom mass in amu, Tew, New, ,Boo are respectlvely the electron temperature,
electron density, and S of the surrounding plasma, Agy=2Tg, / 7.5, and eV-cm units are
used. For example, the experimental parameters for insi de Iaunched deuterium pellets in
DIII-D are: B = 30kG, Tg, = 1.3keV, Ng, = 7x1013 cm=3 and rp = 0.05 cm, which gives
B = 0.008, and B, = 0.19. The cloud pressure and B decays by radial expansion.
Simultaneously, the cloud becomes ionized and conducting with distance until at some point
the magnetic field force impedes the transverse motion and funnels the outflow into a long
ionized “shielding channel.” Inasmuch as the ionized channel 3 falls considerably below S,
but still remains higher than S, a polarization electric field appears inside, causing this part
to move across the B field ahead of the pellet.

The observed pellet oscillation-striations, driven by arotation instability [3], separate the
shielding channel from the pellet, and breed a sequence of typically 20 or more “detached
cloudlets” along the pellet trajectory. We assume each cloudlet carries off the ablated mass
contained in the shielding channel at the moment of its birth, and inherits the dimensions and
parallel flow profiles of the shielding channel. Subsequently, the cloudlet expands along the
field lineswhile drifting as a whole across the magnetic field.

Parallel Flow Model for the Attached Shielding Channel

We assume constant area cross section A(Ss)= nr%, and borrow standard 1-D duct flow

expressions that relate the flow variables at one location with Mach number M =v; /¢ to
their corresponding values at the sonic M =1 channel-plasma interfaceface, s= L. 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 mgjor radius [4]. The axial distance where the
centroid of the channel has shifted by an amount equal to its radius sets the effective shielding
length L, ~ (rgR)Y2.
0

Internal heating |s based on a kinetic treatment for the deposition of energy by plasma
electrons incident on the cloud with a half-space Maxwellian distribution. In passi ng through
acolumn density 1 = J’ nds, the energy flux carried by the incident electrons, g, is attenuated
by the amount N =q/ 0, =0.5uK (u1/2), in which u=r1/1,, Te(cm l/—
2.24 x 107 Teoo(eV)/ INNge, Ko is a Bessel function, and q, =(2/mm.)
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neong’(fo2 exp[—A®P / Tew ], With the sheath potential drop [3] at the channel-plasma interface
being A® [018Tg,. All theflow profilesin the shielding channel are uniquely determined by
specifying only two channel entrance properties, Mg and ng. From mass conservation: G =
21rmngMgCsg, and the known scaling laws for the ablation rate G, we can infer ng

107x103WY30 2/3T11/3 "
1o 3k MBS (KG)Bo(INAen)?

The scaling of the normalized channel radius k, =r / ry isnot yet resolved, but experiments
[5] and theory [6] are in reasonable agreement, suggest that k. ~ 10 to 20. The value of Mg
is also not yet clear, however, we note that a shock front must exist in the transition region
between the sonic surface and the channel_entrance and hence Mg is restricted to the range
[(3/7)1/2, 1]. The “heating quotient” Q = qoo/m noco with entrance sound speed

=(2Tqy/ m) , can be obtained from global enthalpy balance considerations, including

the latent energy of ionization, |; = 13.6 eV/ion, and assuming that ionization is nearly
complete at the channel entrance, so that Tp ~ 2 eV
§=2y32 @+ MG 0 G30 D @

M0(1+ y) H- 4yT0

In view of the mild assumptions about the inlet Mach number Mg, the numerical value for Q
is relatively constant; we take Q=5 in subsequent calculations. The inlet channel S,
initializes the cloudlet B at the midplane, and it can be estimated by eliminating ngy between
Eg. (1) and the value of the heating quotient from Eq. (2).

Parallel Flow Model for the Detached Cloudlet

A 1-D Lagrangian fluid model is used to describe the cloudlet expansion along the
magnetic field lines. The boundary condition at the cloudlet-plasma interface is that the
pressure in the last Lagrangian cell is equal to the plasma pressure. We only follow the early
time evolution of the cloudlet up until the pressure in each fluid element has relaxed to the
background plasma pressure. During this time the cloud temperature is increasing but
typically remains well below the background plasma temperature so that the Fokker-Planck
based heat attenuation model of the previous section remains valid.

The flow dynamics depend on only two dimnsionless parameters: the “normalized
absorption coefficient” Zg= ngl¢/ T, and the initial cloud-to-plasma pressure ratio at the
midplane pg/ P =Bp/ B Figure 1 displays the pressure profiles for different times.
Initially the expansion is counteracted by the background pressure causing a slight elevation
of the interior pressure above its initial value. Later the profile relaxes and eventually
becomes homogeneous within the cloud at the value of the background pressure. Figure 2 isa
plot of the dimensionless cloud length z(t) / Loversustime £ =t/(Lc/Cp).

Cross-Field Drift Dynamicsfor the Detached Cloudlet

Having quantified the pressure relaxation process in the expanding cloudlet, we turn now
to the motion of the cloudlet as a whole across the magnetic field. In response to the induced
electric field inside the cloud it drifts acrof oss the magnetic field at the velocity
v = zx[¢/B where Z is the unit vector in the direction the magnetic field. The problem is
to calculate the perturbed electrostatic potential ¢(r,3,t) inside and outside the moving
cloudlet. We use a cylindrical coordinate system attached to the cloudlet at time t, with z=0
locating the midplane of the system at that time. The potential variation in the z-direction is
neglected because of finite parallel conductivity. Hence the transverse cloud motion can be
decoupled from the previously treated parallel expansion dynamics. The transverse one-fluid
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Fig. 1. Axia pressure profiles in detached
cloudlet at different sound times:

t=t/(Le/ ).

momentum balance equation is

Fig. 2. Cloudlet half-length versus time.
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where D/ Dt =9/ dt + v [ isthe convective derivative. The last term in Eq. (3) simulates
the effect of magnetic curvature, which is sometimes employed when the magnetic field is
otherwise treated as being uniform, and the unit vector X = rcosd —Jsind pointsin the
direction of the major radius. Taking the cross product of Eq. (3) with Z gives the transverse
current density, and charge continuity equation [J[J = 0 then yields

2sind op(r,zt)  p D2 ¢
BR or B2 Dt

By symmetry, the parallel current density must be zero at z=0, so that an integration of
Eq. (4) over the half-length of the cloud, O< z< z.(t) yields

Oy 9y - @

28|nz92°dp(r 21),,_ Zp DUAY _

J - 5

”( ) or B2 Dt ®)
where % pdz. The parallel current density emitted from the end of the cl oudlet (z)
must ma{():h at carried by the Alfven wave sent out into the plasma J = -Uo DD A gmce

B = —|ﬁ¢ + |wA“ =0, in the background plasma, where w ~2mvp /g, and w/ K 1s equal
to the Alfvén velocity Vae = B/(/,lomnoo) , EQ. (5) reduces to an equation for the
electrostatic potential

2, DOAp , BOAY __2sind op(rzt)
B Dt [,lovAoo R 0 or
To simplify the source term in Eq. (6) we next assume a sharp boundary pressure profile:
op/or = gp(z t) — P ]O(r —r). Then both inside and outside the cloud the potential
satisfies [F¢ = 0, with the boundary condition that electric field vanish far away from the
cloud since we can ignore the finite extent of the plasma (ro<< plasma minor radius).
Continuity of ¢ at the boundary r = r, gives the solutionsin each region: ¢;, = A(t)rsind,
and ¢qyt = A(t)rDr “1sing . The uniform electric field inside the cloud leads to motion of the

(6)
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cloudlet as awhole in the X direction. The jump conditions across the radius r admits A(t),
and hence the velocity of the cloudlet in the major radius direction is given by

2
s dvy _ 2By +ZpOLC $(1) 7)

Pdt T HVaw R

where we have employed the definitions.
. ze(t)/ L
b(f) = J’[p(ét) Be | Boldg, TRT= jw(t)dt , ®)

&=zl p=p(zt)/ py, ad Z{o = Z'” +Z/ﬁ,’“t =M [Ny TLe + Mo Z(1)] DMngTL. Integrating
Eq. (7) givesthe drift distance of the cloudletlnthe direction of increasing R

AR = 0.5B0Kclp Vﬁﬁ WO . )

Figure 3 displays W(t) versus t, varying the two key dimensionless parameters in the
parallel dynamics, By / B and Zq. Figure 4 shows the dependence of [WOwith By / B, for
different values of Z. Using DIII-D inside launch experimental parameters, we find that
Vaew =5.5100 m/s, and Kk =20 from a modlflcatlon of the channel radius model of Ref. [6],
Bo =0.024, By /! Bw = 30 29=15 ¢y =15x10% m/s, and thus (W= 4, and finally AR =
17 cm. This result compares well with the shift in the fuel deposition profile towards the
magnetic axis measured <1 ms after inside launch pellet injection [2]. The strong scaling of
AR with By, and the larger B,: and thus [y expected for pellet clouds in hotter fusion grade
plasmas, suggests that low-velocity inside launched pellets may provide a unique solution to
refueling problem in fusion reactors. Future work will include the helical effect of the

magnetic field on the cloudlet expansion and drift dynamics.
Thisis areport of work supported by the U.S. Department of Energy under Grant No. DE-FGO03-
95ER543009.
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Fig. 3. W(f) versus T. Fig. 4. [Wlversus Bo / B
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