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Pellets of frozen material traveling into a magnetically confined fusion plasma are accelerated by the
so-called pellet rocket effect. The nonuniform plasma heats the pellet ablation cloud asymmetrically,
producing pressure-driven, rocketlike propulsion of the pellet. We present a semianalytical model of this
process by perturbing a spherically symmetric ablation model. Predicted pellet accelerations match
experimental estimates in current tokamaks (~10° m/s?). Projections for ITER high-confinement

scenarios (~10° m/s?) indicate significantly shorter pellet penetration than expected without this effect,
which could limit the effectiveness of disruption mitigation.

DOI: 10.1103/PhysRevLett.134.035101

Injection of pellets of frozen material is a primary
actuator for density profile control in magnetic confinement
fusion (MCF) plasmas. It is regularly used for refueling,
controlling edge localized modes, and mitigating disrup-
tions [1]. Although pellet modeling often assumes uniform
linear pellet motion, experimental observations suggest that
pellets injected into MCF plasmas are toroidally deflected
and significantly accelerated toward the low-field side,
which affects the fueling efficiency and material deposition
profile [2]. While the complete physics of this pellet
acceleration is not fully understood, it is commonly
attributed to the pellet rocket effect.

Asymmetries in the heat flux onto the pellet surface
enhance the ablation on one side of the pellet and lead to
asymmetric heating of the pellet ablation cloud. Con-
sequently, the pellet is pushed, similarly to a rocket, in
the opposite direction to the ejected material, modifying the
pellet’s trajectory [2,3]. Even though several studies indi-
cate that the pellet rocket effect might become significant in
reactor-scale devices [4,5], it is still mostly neglected in
state-of-the-art pellet modeling, and computationally in-
expensive models from first principles are lacking.

The material deposition profile hinges on both the pellet
trajectory through the plasma and the rate of ablation. The
ablation rate of pellets has been studied extensively [1].
Good agreement with experiments [6—9] has been achieved
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by one of the earliest ablation models, the neutral gas
shielding (NGS) model by Parks and Turnbull [10]. In this
model, the energy flux from the plasma onto the pellet is
taken to be equal to that of a monoenergetic beam of hot
electrons. The resulting ablated material is assumed to form
a dense neutral gas cloud that undergoes transonic radial
expansion and shields the pellet from most of the energy
flux of incoming plasma electrons (and ions). More
sophisticated models are not found to yield significantly
higher accuracy [1], and the NGS model is widely used for
its low computational complexity.

There have been a limited number of theoretical studies
of the pellet rocket effect. The study by Andersen [11]
connected toroidal pellet deflection to the asymmetry
stemming from the plasma current. Senichenkov et al
[12] assumed the ablation cloud to be homogeneous and
attributed the acceleration purely to an enhanced ablation
rate on one side of the pellet. Szepesi et al. [13] proposed a
semiempirical model, in which the pressure asymmetry is
the driving factor of the acceleration but must be given as
a model parameter in addition to the NGS model scal-
ing laws.

Here, we develop a semianalytical theory of the rocket
effect for hydrogenic pellets, with the asymmetry self-
consistently calculated. The basis of our model is the NGS
model with the asymmetry treated as a perturbation. This
leads to a linear connection between the asymmetric
heating of the neutral cloud and the pressure asymmetry
at the pellet surface, which can be used to compute the
pellet rocket acceleration.

Consider a spherical pellet of radius r, surrounded
by ablated material in the form of a charge-neutral gas.
As we shall see below, the ablated material travels radially

Published by the American Physical Society
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FIG. 1. A pellet (gray) and its surrounding ablation cloud
(neutral gas in red, ionized in purple) are heated by hot electrons
from the background plasma. The ablated material undergoes
a near-spherical, accelerated outflow, surpassing the speed of
sound at radius r, and becoming ionized much further away at
radius r; > r,. The electron heat flux, incoming along the
magnetic field lines, increases in the Z direction. For example,
Z could be the direction of the background plasma temperature
gradient. The electron path through the neutral cloud will be
approximated by an equivalent radial path (dotted line).

outward with a velocity that increases monotonically with
radius and reaches the sound velocity at a certain radius.
Mathematically, the problem is similar to the one of the
solar wind, where the flow velocity is found by solving
the fluid equations with gravity. Physically, the force on the
pellet arises from the combination of ablated particles
leaving the pellet surface and the gas pressure pushing
on the pellet surface.

To calculate this force, we choose spherical coordinates
{r,0, ¢}, as illustrated in Fig. 1, so that r is the radial
distance from the pellet center and ¢ is the azimuthal angle.
The polar axis is aligned with Z, the direction along which
the external heat flux, incoming along magnetic field
lines, increases. The rocket force is defined along the —Z2
direction, that is, a positive force pushes the pellet away
from the region of higher heat flux. The force can be written
as an integral over the pellet surface S,

Fz—@ﬁzr%//@vr(v,cosﬁ—i— vpsind) + pcos ] dQ,
s

with differential solid angle dQ2 = sindfd¢, where the
neutral gas is described by its flow velocity v = v, +
v,g@ + v,(, pressure p and mass density p. The asymmetry
is taken as a perturbation to the otherwise spherically
symmetric dynamics. Expanding the perturbed variables of
the neutral cloud in the Legendre polynomials, P;(cos®),
allows computation of F using only the / = 1 component.
That is, without loss of generality, we may write a quantity

y€{p,p.T,v,q,.E} as
y(r,0) = yo(r) + y1(r) cos o, (1)

where T =mp/p is the neutral cloud temperature in
units of energy, with m the mass of the neutral particles,

g the incident electron energy flux, and E the average
energy of those electrons. The only exception is the flow
velocity, which we take as v = P[vy(r) + vy ,(r) cos ] —
v, ¢(r) sin . With these definitions, the pellet rocket force
becomes

F= (47”’%/3) [Pl”(z) + 2povo(v1,, — V1) + Pl],:,P- (2)

The first two terms in Eq. (2) describe the force arising from
asymmetric ablation. The term pvyv; 4 describes a force
from mass flowing around the pellet surface, and the last
term p; describes the gas pressure asymmetry.

Based on the spherically symmetric NGS model for y,
a set of equations determining the r dependence of the
asymmetric perturbation variables y,; can be derived from
the ideal gas law and steady state mass, momentum and
energy conservation as

T%Pl = m(PlTo - P0T1)7 (3)

”21}1,rar;00 +P0[ar(”2vl,r) - 2”711,9]
+ rzvoarpl + ar(rzv())pl = 0’ (4)

PoV00 V1, + (Pov1, + Vop1)0,00 = —=0,p1,  (5)
rpove0,v1 9 + Pololie = —P1, (6)

[P?01,0, +0,(r*vy ) = 2rv; 6](0.5p9v5 + Y po)
+ [rP090, + 9,(r*10))(0.5p, 05 + povovy,, + Tpy)
= Qarqh (7)

where T =y/(y — 1), and y denotes the adiabatic index
of the gas. The heating source on the right-hand side of
Eq. (7) is taken to be a fraction Q of the local loss of

electron energy flux —ﬁ -g~0d,q along an equivalent
radial path of the electrons (see Fig. 1). Q is estimated
to be 60%—70% [14]. (The remainder is mainly lost through
Bremsstrahlung radiation and backscattered electrons.)

The radial variation of the electron energy flux and the
average electron energy are described by

ma,q; = (P1q0 + Poq1)A(Eo) + poqoE19pAp—g,»  (8)
md,Ey = 2p,L(Eo) + 2p0E19xL | pp,. 9)

with the effective energy flux cross section A(E) =
67(E) +2L(E)/E. We use the empirical energy loss
function, L(E), derived by Miles er al. [15] and the
effective backscattering cross section, 67(E), given by
Parks et al. [16] derived from experimentally measured
values by Maecker et al. [17]. These expressions are valid
for electron scattering in a molecular hydrogen gas.
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The low sublimation energy of hydrogen implies that
the pellet is almost fully shielded by its ablation cloud,
which is reflected by the imposed boundary condition
q(r,) =0 =T(r,). Additionally, we assume vy(r,) =0
and p(r - c0) =0. A convenient way to quantify the
degree of asymmetry in the external heat source is by
defining gre1 = Goc1/qoco and Ere) = Epci/ Epeo, Where the
quantities ¢, and E,,. are the angularly dependent heating
boundary conditions for r — oo, expanded according to
Eq. (1). The perturbation assumption requires |g.| < 1
and |E| < 1.

Before solving Eqgs. (3) to (9) numerically under these
boundary conditions, all quantities are conveniently nor-
malized to reduce the number of free parameters.
Spherically symmetric quantities y, are normalized by
their values, y, = y(ry), at the radial location r, where
the flow velocity reaches the sound speed. The perturbation
quantities y, are also normalized to those values multiplied
by ¢,.- The normalized solutions are then fully determined
by providing the adiabatic index y, the spherically sym-
metric component of the incoming electron energy Ey,
and the degree of asymmetry in the external heat source as
E..1/q.- The physical solution can later be inferred by
additionally providing rp,, Guco, and Gy

Figure 2 illustrates the obtained ablation cloud behavior,
with details of the radial profiles of all variables in the
cloud, as well as overviews of the 2D structure of the
pressure p and electron energy flux g. The cross sections
show the 2D spatial variation of the spherically symmetric
dynamics (on the left) and the asymmetric perturbation

Do b1

a1 |

VL, — E T

+1

Yy *yqlr el J

-1

-2 t —t—t——F—
05 10 15 20 25 3.0

/Ty

FIG. 2. Spatial dependence of the perturbative ablation dynam-
ics. The line plots on the left show the radial dependence of the
NGS solution (top) and the perturbation solution (bottom). To the
right, the full spatial dependence is visualized for the pressure
(top) and electron energy flux (bottom) for both the NGS model
(left half) and perturbation (right half). The dashed circle marks
the sonic radius. The parameters are y = 7/5, E,.o = 4 keV,
and Erel/qrel = 2/3

(on the right). The quantities are presented through a varia-
tion in color, where darker values mean higher absolute
values. For the perturbation quantities, red denotes an
increase and blue denotes a decrease compared to the NGS
model. Note that the figure shows all quantities as their
normalized version—the physical perturbations are much
smaller than their spherically symmetric values. The pellet
is visualized by the gray circle in the middle, and the
dashed line around it indicates the sonic radius r. Only the
region close to the pellet is shown, and ionization occurs at
much larger radii. The heating of the neutral gas from the
incoming energy flux mostly takes place close to the pellet,
where g and E drop rapidly. Interestingly, the temperature
perturbation 7'; is negative, which means that the temper-
ature is higher on the side opposite to the stronger heating.
This can be understood by noticing that the enhanced
ablation produces a positive density perturbation p;, which
increases the thermal capacity of the ablation cloud.

Figure 2 shows one specific normalized solution
(y =17/5, Epey = 4 keV, E./qre = 2/3), which is repre-
sentative of the example tokamak predictions presented
at the end of this paper. Quantitative analysis of many
solutions over physically interesting ranges of the param-
eters ¥, Epqo, and E. /g, [18] has shown that the pressure
asymmetry p,(r,) is the dominant term in Eq. (2). Adding
the other terms changes the rocket force only in the third or
fourth significant figure, i.e.,

Fx (4ﬂr12,/3)p1(rp). (10)

Furthermore, the qualitative dynamics barely change
with y and Ey, but the dependence on E. /¢, is mostly
linear. This is illustrated for the relevant quantity
P1(rp)/ PxGre in Fig. 3. We find the simple relationship

pl(rp) :ap*(Erel_erel)’ (11)

where the linear regression parameters a ~ 2.0 to 2.9 and
b=~ —1.21 to —1.17 depend weakly on y and E\, as shown
in Fig. 4. The pressure at the sonic radius is given by the
NGS model as

30 T — T T
100
20 B
p1(rp)
P 10 Ebco (keV)
10 ———
—=17/5 ] 1
—— =9 /T
0 ——f——f—

4 6 8 10
E.a / Qrel

o 4

FIG. 3. Linear dependence of the normalized pressure asym-
metry at the pellet surface on the parameter E.; /.. The color of
the lines denote y, while the brightness denotes Ejg.
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FIG. 4. Weak energy dependence of the quantities f,, a, b,
and a,. f), and a, in Eq. (12) are calculated by reproducing NGS
model solutions [10]. a and b in Eq. (11) are calculated through
linear regression on p;(7,)/ P4y scanned over E. /g, for six
values of Ey, and three values of y (marked by dots), as shown in
Fig. 3. The lines for @ and b represent polynomial fits.

_ <(rp/”*)(7— 1)2> 13 |:m<Qch())2:| v (@) e
o 4 4(Clbco/q*)2 Ay Tp eV ’

fp (Ebc0~7)

(12)

with the definitions A, =p,ryA(E,)/m and a, =
(Eveo/eV)'TA(E,) [10,18]. It was already recognized
(in a slightly different form) by Parks and Turnbull [10]
that the quantities f, ~0.15 and a, ~ 1.1 x 107'® m? are
nearly constant over the E,, range of interest, as shown in
Fig. 4, making it possible to derive fairly simple scaling
laws. Overall, Eqgs. (10)~(12) in combination with the
values shown in Fig. 4 suffice for predicting the pellet
rocket force for a given heating source (Eycos Erels Gpcos Grel)
and pellet radius r,. The analysis assumed a spherical
pellet, but the results found here also apply to pellets with
small deviations from spherical symmetry: upon expanding
the pellet surface shape and the hydrodynamic quantities in
spherical harmonics, the net force on the pellet, Eq. (2),
acquires an additional contribution that is linear in the
[ =1, m =0 harmonic of its surface shape. As this
component corresponds to a uniform shift of the surface,
the corresponding net force must vanish.

The asymmetry in the incoming energy flux that pro-
duces the rocket force originates from the fact that the
plasma surrounding the pellet is nonuniform. Not only are
there gradients in the background plasma density and
temperature, but in addition, the curvature of the magnetic
field causes newly ionized ablated material to drift across
field lines and create a nonuniform shielding plasmoid

distribution around the neutral cloud [19-21]. The latter
effect was considered by Senichenkov et al. [12] as the pri-
mary source of heat flux asymmetry, enhancing the ablation
on one side of the pellet. We find that even the small asym-
metry due to the background temperature and density
gradients across the pellet is sufficient to produce signifi-
cant acceleration. This can be understood by noticing that
the pressure at the pellet surface reaches around 100 atm, of
which a small relative perturbation can lead to large enough
absolute force values.

As a first demonstration of our model, we consider only
this effect of asymmetry induced by the background plasma
electron density ny,, and temperature Tp,. Adding the effect
of the drifting plasmoid will further increase the magnitude
of the rocket acceleration, which will be discussed in a
future study [22]. In a typical MCF plasma, the gradients
are perpendicular to the magnetic field lines. The corre-
sponding rocket force points in the direction of decreasing
temperature and density, i.e., outward along the minor
radius of a tokamak. Referring to Fig. 1, we thus let the
gradients point in the positive Z direction, with z =0
marking the field line passing through the pellet center.
The local effective electron energy and energy flux can be
expressed in terms of the background plasma parameters as

Ech = 2Tbg and qbc0 = 2nbg1 / ng/(27[me> [14] To first

order, the heating asymmetry without plasmoid shielding
then becomes

Eq = 5r[(aszg)/Tbg] and (13)

Grel = 5r[3(0szg)/2Tbg + (aznbg)/"bg]’ (14)

where or is an effective radius of the heat deposition,
defined by the variational parameter 0z = ércos@. The
dominant heating close to the pellet (within the sonic radius
ry & 1.5r, [10]), combined with the radial electron path
mapping (see Fig. 1), suggests r, < ér < 1.5r,,.

We are now in a position to apply our self-consistent
semianalytical model for the pellet rocket force to example
cases. The injected pellets are assumed to consist of
pure deuterium. This makes the neutral cloud around the
pellet a mostly diatomic gas of D, molecules, which
suggests the adiabatic index y = 7/5 and the gas particle
mass m = 4 u. Furthermore, we choose Q = 0.65 and
or = rp. Assuming spherical pellets, the pellet rocket force
F leads to an expression for the pellet rocket acceleration as
o = F/(§xrip,), where p, ~ 204 kg/m? [12] is the typical
density of cryogenic deuterium pellets.

For given pellet radii and various local background plasma
parameter combinations representative of the ASDEX
Upgrade (AUG) tokamak [23], the predicted rocket decel-
eration values are listed in Table I. The examples include both
pedestal relevant large gradients and plasma core relevant
values. Pellet injection experiments by Miiller et al. [24,25]
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TABLE 1. Predictions of the pellet rocket acceleration @, for
example parameter combinations representative of AUG.

Tp Tbg az Tbg Npg az Npg D
(mm) (keV) (keV/m) (10"°/m?) (10"/m*) (10° m/s?)
1.0 0.3 10.0 3.0 80.0 1.0

1.0 1.5 3.0 5.0 0.0 0.7

0.5 2.0 5.0 9.0 0.0 2.7

in AUG give measured average rocket acceleration values of
~4 x 10° m/s?. Our predictions are of the same order of
magnitude, but somewhat lower, likely resulting from the
neglect of plasmoid shielding effects [18,22].

To provide estimates for the impact of the rocket effect
on pellet penetration on ITER, we numerically calculate
simplified pellet trajectories through prescribed back-
ground plasma parameter profiles. The pellet is assumed
to be injected horizontally from the low-field side and
travels into the plasma along a straight line. In this
calculation, we include the pellet ablation according to
the NGS model [10] and the deceleration according to our
model. Any other dynamics, such as the influence of the
ablated material on the background plasma or the plasmoid
shielding, are neglected for simplicity.

We consider two commonly used ITER scenarios pro-
duced by the CORSICA workflow [26,27]: DTHmode24,
a high-confinement mode (H-mode) D-T plasma with a
core temperature of 22.6 keV and electron density of
83 x 10" m3; and H26, a low-confinement mode
(L-mode) hydrogen plasma with a core temperature of
5.1 keV and electron density of 5.2 x 10! m=3. ITER
pellets will cover a range of sizes ~1 mm to 10 mm and
injection speeds ~100 m/s to 1000 m/s. As a test case, we
estimate how far a spherical pellet of 3 mm radius injected
at 500 m/s can travel into the plasma. At constant velocity,
such a pellet would be fully ablated after 76 cm in the
L-mode scenario and after 12 cm in the H-mode scenario.
Including the rocket effect, our model predicts a time-
averaged deceleration of only 6.2 x 10* m/s?> in the
L-mode scenario, while 2.7 x 10° m/s? in the H-mode
scenario. The L-mode pellet trajectory would be barely
affected (3 cm shorter). However, the pellet in the H-mode
scenario would be reflected before being fully disintegrated
and would reach only 5 cm into the plasma, which is 47%
of the penetration depth without deceleration. Other test
cases indicate that larger or slower pellets are generally
even more affected by the rocket effect, while smaller or
faster pellets are less affected.

A more accurate analysis of the rocket effect, including
plasmoid shielding effects on the heating asymmetry of the
ablation cloud, will be discussed in [22]. We note though,
that while profile gradients induce a rocket force outward
in the minor radius, thus counteracting penetration of the
pellet (in all toroidal magnetic confinement schemes),

shielding induced asymmetries tend to accelerate pellets
against the field line curvature vector. In tokamaks this
results in motion toward the low magnetic field side,
making the shielding contribution beneficial for high field
side injection, while in stellarator magnetic confinement
configurations the picture is more complex, owing to the
strong toroidal variation of the curvature vector.

In summary, we have formulated a closed expression for
the rocket acceleration experienced by a pellet of frozen
material traveling through a hot MCF plasma. We identify
the pressure asymmetry as the dominant contribution to the
force on the ablating pellet, and provide a simple expres-
sion for it that is linear in both the asymmetry of the heat
flux and that of the representative electron energy reaching
the neutral cloud. While plasmoid shielding effects have
been expected to play a significant role, retaining only the
asymmetry produced by the background plasma gradients
leads to rocket acceleration predictions comparable with
experimental measurements. Projections for ITER indicate
that H-mode plasmas could slow down pellets injected
from the low-field side enough to significantly reduce the
fueling efficiency. Taking into account the pellet rocket
effect will therefore be crucial to ensure accurate predic-
tions of the pellet ablation profiles in ITER.
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