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A two-dimensional hydrodynamic simulation code CAP has been developed in order to investigate
the dynamics of hydrogenic pellet ablation in magnetized plasmas throughout their temporal
evolution. One of the properties of the code is that it treats the solid-to-gas phase change at the pellet
surface without imposing artificial boundary conditions there, as done in previous ablation models.
The simulation includes multispecies atomic processes, mainly molecular dissociation and thermal
ionization in the ablation flow beyond the pellet, with a kinetic heat flux model. It was found that
ionization causes the formation of a quasistationary shock front in the supersonic region of the
ablation flow, followed by a “second” sonic surface farther out. Anisotropic heating, due to the
directionality of the magnetic field, contributes to a nonuniform ablatiogcoil) pressure
distribution over the pellet surface. Since the shear stress can exceed the yield strength of the solid
for a sufficiently high heat flux, the solid pellet can be fluidized and flattened into a “pancake” shape
while the pellet is ablating and losing mass. The effect of pellet deformation can shorten the pellet
lifetime almost X from that assuming the pellet remains rigid and stationary during ablation.

© 2004 American Institute of PhysicgDOI: 10.1063/1.1769376

I. INTRODUCTION steady transonic-flow(TF) ablation modél several exten-

Fueling tokamaks by pellet injection has achieved no.Sions and modifications have been made over the years. In

table success in the last two decad@ellet penetration well the T.F model the actual Maxwellian distributiqn function of

inside the separatrix has enabled the plasma to surpass t 1 .|nC|dent plasma e[ectrpn; was approxmated by an
empirical density limi€ which is clearly of importance for equivalent mqnoenerge_tlc distribution having the same heat
next step devices such as the International Tokamak Exper\cl-ux and particle density. The model used an equivalent

mental Reacto(ITER).3 Additionally, peaking the density SPherically symmetric, or isotropic, heat source to approxi-
profile with strong central fueling by pellet injection signifi- mate the electronic energy deposition. However, the incident

cantly improves the energy confinement tireand in- plasma electrons are constrained to follow the straight mag-
creases the fusion power density at fixgl and B.” Con- netic field lines in tight helices, so that spherical symmetry is

ventional gas puffing has also been successful in building uproken. Pellet ablation therefore involves at least a two-
the plasma density, however in stellarator devices such as tifimensional2D) geometry, as sketched in Figal, while in
large helical devicé,the particle source from gas puffing is Fig- 1(b) we display the 1D geometry used in the construc-
strongly localized at the plasma surface. In a large fusiorion of the isotropic heating approximation. Both the mo-
reactor using tritium rich fuel, gas puffing has to be replaced’0€nergetic and spherically symmetric approximations were

by pellet injection simply to avoid high edge recycling and Partially removed by Kutee) who used the actual Max-
excessive tritium retention in the plasma facing wellian distribution for the incident electrons, and attempted

components. to account for the heating asymmetry imposed by the mag-

There are many important physics processes in connedetic field. Although the ablation flow itself was forced to be
tion with pellet fueling, not the least in the prediction of the Spherically symmetric, and everywhere sofach number
pellet ablation rate and penetration distance in the plasma:1), the pellet ablation rate was nevertheless in very good
Pellets ablating in hot plasma are surrounded by a coldagreement with MacAulay’s 2D numerical simulation of pel-
dense neutral ablation cloud which expands in all directiondet ablation, where these geometrical effects were tredted.
near the pellet, and then after the flow ionizes and lose8oth investigators found that the scaling of the ablation rate
pressure it becomes constrained to follow the magnetic linewith the plasma parameters and pellet size agreed fairly well
of force. The inner “inertially dominated” region, where with TF scaling, but the ablation rate was systematically
magnetic forces are negligible, largely controls the ablation~2X higher. Note that the TF model is well supported by
rate: being a few pellet radii thick it provides most of the experimentally measured pellet lifetimes, but this is partly
shielding of the pellet from the incident plasma electronsthe result of a fortuitous cancellation between the two ap-
which supply the heat flux driving ablation. From the quasi-proximations which tend to act in opposite directidhs!
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(a) r tions contributed by other published papers, and it includes
A q an order unity multiplier to eliminate the small discrepancy
< e— with the experimental ablation rate inferred from the multi-
\ machine International Pellet Ablation Datab&$@ADBASE)
< of measured pellet lifetime's. Pellet injectors usually pro-

duce cubic or cylindrical pellets. Such pellets are likely to
become nearly spherical early on because passage through
< the guide tube and/or ablation in the plasma quickly

/ smoothes out irregularities such as edges and corners. In
modeling ablation, the usual practice is to use the radius of
an equivalent equal-mass spherical pellet, i.e,

(b) 0= 2 =(3/16)°D is used in the case of a right circular cylinder

pellet with lengthL equal to diameteD. This adjusted defi-

nition of r, is understood for the pellet data archived in

q
<_
— F\ — IPADBASE. To convert fromG _to dN/dt (atoms/s) one can
f usedN/dt=N,G/A, whereN, is Avogadro’s number.
\
4_

A definitive identification of other important effects on
the ablation rate is still incomplete. For example, all of the
above models have assumed that the pellet remains rigid and
nearly spherical during ablation. Deviations from this as-
sumption can arise because the heat flux and the areal abla-
FIG. 1. (Color online. (a) Cylindrical axisymmetric coordinate system tion rate are larger on pellet surface elements normal to the
(r.2) used to study anisotropic heating by incident plasma electrons tied tgnagnetic field lines than those that are tangential. As pointed
the magnetig fieIcB_= Bz (b) Spheric_ally _sym_metri_c coordinate syste_rm out by KuteevEG the peIIet would become progressively more
used for the isotropic heating approximation, in which the heat deposition af)blate or “lentil” shaped. The heat flux asymmetry also im-
parts a nonuniform ablation recoil pressure at the pellet sur-
face (rocket effect. Under high heat flux conditions, this
Jpressure variation can exert a shear stress on the pellet which
is larger than the yield strength. The solid pellet will then be
fluidized and flattened on the surfaces facing the heatflux.

To gain a fuller understanding of these two-dimensional
effects, we developed a time-dependent code CAP in order to
rigorously treat the dynamical coupling between interior pel-
let motions and the exterior ablation flow. The 2D axisym-

—>
—

anyr is the same as the heat deposition along the polar 8xi6,

The question is then why do the improved models of Kutee
and MacAulay have a factor 2 discrepancy with experi-
ments?

One possibility is due to the electrostatic shielding pro-
vided by the negatively charged pellet cloud, which would
effectively reduce the incident electron density, and heat
flux (~nNe.) by the Boltzmann factoe™ ®#/Te=, whereT,,, is

the plasma electron temperature, and the normalized pote _ﬁtrgAgF:aoTjetry of theEprlopIem IS |IIustrr]aged 'g F'%f)l bi
tial drop>!3 across the cold cloud/hot plasma interface is. '© code uses an Eulerian approach based on the cubic-

ed/T,.=1.8—2. Hence the “flux-limiter’f appropriate for interpolated pseudopartick€IP) method'”*® The CIP nu-
pellete?ablation ise 1810 e~2 or 0.135-0.165. The Boltz- merical scheme has two important features. One is that it is

mann correction to the density and heat flux is only relevangeS'QPEdtto taccuratelythr es.oltvef fme-sc?Ie ten:pere(ljt.ure a?d
for a Maxwellian distribution for which the normalized en- 9€NSIY structure near-the intertace between two disparate

ergy distribution function isiot altered by a potential drop. regions, for example, a shock surface. The other is that it can

Since the ablation rate scales Wiﬂi’s the ablation rate treat the nebulous boundary layer where the solid undergoes
would simply be reduced by “E’l factore™ ©%/3Tex transformation to a gas and the pellet surface recedes. In that

~0.51-0.55, which could alone explain the factor o2 sense, the _CIP_ methpd is pqrticularl_y suitable for the study of

discrepancy. Similarly, the pellet surface pressura? pellet ablation involving .the interaction betwe_en a compress-

would be reduced bg2¢#3Te==0.26—0.30. A direct exten- ible phasdabated materialand an incompressible phashe
cold pelle}. This numerical scheme can simultaneously treat

sion of the TF model, including incident Maxwellian elec- th regions in one proaram. and therefore avoids having t
trons, the geometrical effect of their heat deposition, and th oth reglons in onhe program, ar erefore avoids having to
Join solutions in two distinct regions by the use of boundary

above electrostatic correction, predicts for a pellet of radiu . . .
P P conditions at the interface of separation.

o the mass ablation rte The code has been first benchmarked with the results of

1.36x 10 BAZ3 20T LU0 the previous 2D codéand good agreement was obtained for
= [IN(2T, /1, )12 als, the ablation rateés. Dissociation and ionization in the abla-
ex tion flow can also be treated by using the assumption of local

whereA is the atom mass in amwAE 2.014 for deuterium  thermodynamic equilibriuniLTE) as in Felberet al.*® who

pellety, I, =7.5eV is the mean excitation energy of hydro- included atomic processes in the original TF model. In keep-
genic atoms,T.,. and n., are the plasma parameters, anding with Ref. 19, the CAP code finds that the energy sinks
cgseV units are used. The numerical value of the ablatiomade available by the latent heats of dissociation and ioniza-
constant represents a synthesis of refinements and modificéen lead to only fractionally lowef~10%) ablation rates.
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The present work confirms the Mach number depression nedime scales of collisional excitation and deexcitation are
the point in the supersonic region of the flow where ioniza-much shorter than the characteristic ablation flow time scale,
tion is nearly complete! Reference 19 also found that the LTE condition is assumed to hold at all points in the
when the pellet is subjected to high heat fluxes, the Mactablatant. In contrast, the hot collisionless plasma electrons
number can dip below unity, i.e., the flow becomes singulathat penetrate the ablatant must be considered as part of a
preventing a continuation of the exterior flow solution be-separate “suprathermal distribution” with temperat(rg, .
yond that point. We have found that the Mach number nevemhese electrons have very long-mean-free paths proportional
dips below unity. Instead, the ablation flow evolves towardso energy squared so that the energy transported by these
a quasistationary “double-transonic” flow solution with a electrons must be calculated by solving the Fokker—Planck
shock discontinuity, and thus the flow singularity encoun-equation. Other than providing the heat source that drives
tered in Ref. 19 is resolved. Then, the CAP code reinforcegblation, the external plasma otherwise has minimal effect on
the validity of the quasisteady approach pertaining to theablation. Electromagnetic effects are ignored in the present
inertially dominated part of the flow domain. study: the only effect of the magnetic field is to provide
Because the pellet behaves as almost a hydraulic fluidirectionality to the incident electron heat fl¢see Fig. 1
under high shear stress, it can deform into a pancake shap@, general, the dynamics in the ablation cloud as well as the
flattened in the direction of the magnetic field and elongatedolid (pelled region are given by the following fluid equa-
in the perpendicular direction. As we shall see, such 2D detions of mass, momentum, and energy conservations:

formations can cut the pellet lifetime by3—4Xx compared dp

with the lifetime of a spherical pellet that remains rigid, and ~ — = —,v.y, (1a)
~1.5-2x compared with a pellet ablated by an equivalent dt
spherically symmetrigisotropig heat source. This large in- dv _
crease in the ablation rate is much greater than was previ- Pai= -V-P, (1b)
ously predicted by an analytical modél.

Our final goal is to rigorously simulate the smooth 2D de - .
transition from the inner nearly isotropic flow region to the qi- _PVv-Vveq, (10

outer field-aligned, or channel flow, region by including the
magneticJX B force in the CAP code. The buildup of an whered/dt= dlat+v-V is the advective time derivative,is
extended “plasma shield?® can provide additional shielding the total specific internal energy, agds the heat flux due to
against the plasma heat flux directed along the lines of forcghe incident plasma electrons. The pressure teRsi de-
The effectiveness of the plasma shield on reducing the ablacomposed into a scalar pressyseand a stress tensd,
tion rate needs to be fully quantified and compared withnamely,P=pl+S wherel is a unit tensor. Notice that these
other shielding mechanisms. The physical variables of thequations are written in nonconservative form, which makes
plasma shield are also needed to accurately model the fagtpossible to treat incompressible and compressible regions
EX B advection of the ionized pellet fuel across the plasmasimultaneously by use of the CIP method outlined in Sec. IIl.
column?:?2 and its homogenization within a magnetic flux When a solid is heated, it is transformed to da®l-
shell?®> We have not yet included such hydromagnetic ef- ecules by absorbing the sublimation energy,(0.01eV).
fects. One of the main purposes here is to demonstrate tt®ubsequently, the molecules are transformed to atoms by ab-
reliability of the CAP code, and compare ablation rates andorbing the dissociation energy=4.48 eV), and the atoms
fluid profiles against results from other models which haveare transformed to ions and electrons by absorbing the ion-
also neglected hydromagnetic effects. ization energye;=(1/2)m(c/1377=13.6eV. In the one-

In Sec. Il, basic fluid equations used in the code aréfluid model,p ande are given by
presented, and a semianalytic kinetic heat flux model is also

- - - ka

descn_bed. In Sec. lll, details of the CIP numerical scheme p=(1—fJpo+ fd+f ' (2a)
used in the code are presented. In Sec. IV, we make the 1D m
spherically symmetric approximation for the heat flux depo-

. . . S_fd fd+fi kT 1 kES
sition in order to isolate 1D and 2D effects. The full two- e=(1—fg)ey+ + 4§ =

, . . . : S0 2(ym—1) -1/m 2°m
dimensional effects are treated in Sec. V, with special em- ¥m Y
phasis on deformation of soft pellets by the nonuniform 1 keg  Ke
surface pressure distribution, including Kuteev’s lentil effect. + §fd_ +fi—, (2b)

' . ’ m m
Conclusions and summary are given in Sec. VI.
where y,, and y are specific heat ratios for molecules and

Il. BASIC EQUATIONS atoms, respectivelyk is the Boltzmann constantn is the

mass of the atonfion), p, is the pressure of the solid pellet

phase, and the specific internal energy of the solid pkgse
Due to the high collisionality in the cold, dense ablationis negligibly small. Fractions for sublimatidi(T,p), disso-

cloud, all species: molecules, atoms, ions, and electrons caation f4(T,p), and ionizationf;(T,p) are defined by

A. One-fluid multispecies conservation equations

be treated as one fluid with common temperatlirefluid fo=(2ng+n,+n)/n (33
velocity v, and mass density. Because of the dominance of s b
the collisions over the radiative rates, and the fact that the fy=(n,+n;)/n;, (3b)
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fi=n,/n,, (3¢ negligible. Hence, the pressure on the pellet side of the layer
_ _ Posur Will be the same as the pressure on the ideal gas side of
in which ni=2n¢+2ny+n,+n;=p/m stands for the total the layerp;, .
number density ofuclei andng, ng, n,, andn; denote, Pellet surface pressures cannot be easily measured, or
respectively, the number densities of solig olecules, gas  indirectly inferred from experimental data. However, from
D, molecules, D atoms, and Dions. These three equations theoretical predictiortd surface pressure magnitudes of in-
constitute a complete set of algebraic equations for the numerest lie within the rang@gs,,~0.2—20 MPa. The upper
ber densities of the four species, givemndp. Note that the  yalue here corresponds to plasma temperattréskeV for
ideal gas equation of stat&OS is assumed for all phases pellet sizes and plasma densities expected in ITER: pellets

except the solid phase, which we justify shortly. usually cannot penetrate to distances in the plasma where the
The fractional ionization can be found from the Sahatemperature is much higher than 6 keV. Now the real gas
equilibrium formul&* EOS for hydrogen at cryogenic temperatures can be written
2 1812 . asp=ZpkT/(2m), where the compressibility factat is a
L _3.0x10°— ex;{ — _'), (4)  measure of the departure from the ideal gas EOS, where
1-f; Ny T =1. By restricting ourselves to this pressure range, approxi-

in eV its. Th h lati . fnate idfaal gas behav_ior will be valid far>~60K. This
in eV (cgy units e Saha relation assumes a mixture Ocan be illustrated in Fig.(2), where we used the hydrogen

atoms and ions coexisting in equilibrium without the pres- : :
ence of molecules. This is actually the case here since sullJE-.O.S dgta tablés tq plpt Z for a family of |sotherm§. The
itial dip below unity is due to the van der Waals intermo-

limation and dissociation processes are usually complete'fﬁ1 | ttraction f At still high the “hard
well before ionization beginsf(=1,f;=1) so thatn,=n, ecular atiraction forces. AL Still igher pressures, the hard-

+n; wheneverf, becomes appreciable. Moreover, the Sahasore repulsive forces begin to dominate aAdises sharply

equation terminates the electronic partition function summaEibove unity forp=>10 MPa. The minimum temperature indi-

tion at the ground state level and thus overestimates the fra(?—ated on the plot is just slightly abov_e_ the cr!tlcal point tem-
tional ionization slightly. However, the resulting overesti- perature for hydrogen. Above the critical point temperature,

mate ine coming from terms involvingd; is compensated by unique liquid and gas phases do not exist for any pressure,

the lack of terms ire contributed by the electronic excitation t[hf?retlls only ct)ne F/)(f;\a;se_—aazs?g\e/rzcrltlcg ! Ill{[lg _Wgh ;’:m

energy. The excitation level cutoff corresponds to the ided” _ei: lon pgm (ﬁp J.T_( P IZTt_h ;. F.e Czn_l_'ﬁa

that the electron “prefers” to be removed from an atom point on ap—p phase diagram as sketened in 16) 5 €
critical point parameters for deuteriuthydrogen are?® T,

rather than occupy an excited level; particularly so in the™ -
case of a highly dense ablation plasma which effectively lim- 38.3(33.2) K, angh.=1.66(1.315) MPa. Often pellet ab-

its the actual number of excited levéfsThe dissociation Iat'(i_n I'%St'n the surﬁ)ercnttlcal rfglmpO_Sli{prc;tonce agtam, .
fraction is expressed in analogy to the ionization fraction,no Iquid-to-gas phase transition exists for temperature in-

namely!92* creases along a supercritical isobar, as illustrated by the
' complementaryp—T phase diagram in Fig. (. In that
fg ., 0.327 €q case, one can ask how the sublimation enefgis defined,

1 f, 1.55x 107 n exp{ - 7)- (5  and how is the solid-to-fluid phase transition captured com-

putationally if we confine ourselves to the ideal gas approxi-

. . N ) mation outside the solid phase?

B. The cryogenic solid-gas transition region near the To address these questions, we first note that the transi-

pellet surface tion layer is very thin compared with the radius of the pellet.
We propose a somewhatl hocfunction for the subli- This is because the temperature on the fluid side of the layer

mation fractionfg, but before we do so, some discussionwhere ideal gas behavior is vali@ij;~60 K=0.0052 eV, is

involving the properties of the hydrogens at low tempera-much less than the temperatirg~ 1 eV at the soni¢Mach

tures and moderately high pressures near the pellet surfacensmberM = 1) surface of the ablation flow, which lies more

needed to justify our approach. THgfunction is used sim- than one-half pellet radii away from the pellet surfacé.

ply for computational convenience: it dictates at what tem-Assuming that temperature in the transition layer changes

perature the incompressible solid is supposed to be convertadhile the pressure remains constant, as depicted in koy. 2

to the compressible ideal gas phase, and it does this bipe p(T) dependence within the layer can be determined

mocking up a continuously smooth transition function whichfrom the real gas EOS. It then follows that the specific inter-

joins the two regions, in similitude with thi; andf; func-  nal energy of the supercritical fluid phase, expressed as

tions. In a thin transition layer between the two regiohs, € T,p], becomes a function of temperature only,

varies from zerdgall solid phase, with no gago unity (all e[ T,p(T)]. Hence, we can define the heat of transition or

gas phase, with no soldOf coursefy andf; are both zero effective energy of sublimation per moleculgas

in the layer. So the relative contribution of the pressure in the . T

Igyer coming from the gas phase anc_i the solid phase is quan- 2_5 = j 0o(TYdT+heyst e Tig,p(Tig)]

tified by the local value of 5. In actuality, however, the layer m-J1,

often consists of a real gas or supercritical fluid, neither ideal e T p(To)]

gas or solid. Nevertheless, we will now show that this does il moPL T mds

not matter because the pressure difference across the layenidere 6§, is the heat capacity of the solid phase. The precise
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6l (@) 36 K deuteriun?® Employing the SESAME EOS tablé3we ob-
- tain es~1260J/mol, or 0.013 eV/molecule for deuterium.
5] Rande of ,?T=47.1 K Interestingl_y enough, these supercritical transi_tion _energies
<pellet gurface—» are esse_ntlally the same as the energy of sgbllmatlon at the
7 4 pressures triple point where the corresponding deuterium pressure is
19 much lower, p;,=0.017 MPa. Thuses~0.013eV may be
3] 1;T=672K treated as @onstant for all parameters of interest
;S Motivated by our simple heuristic discussion on the
2] S T=115K solid-to-gas phase transition, we suggest the mock-up model
1 1 T-T
1 - Sl SREES f5=§+§tam‘(% . (6)

To ensure thats doesnot reach unitybefore TreachesTq,

we shall arbitrarily seT,,,~58.7 K andAT=1.163K. The
solid—gas interfacépellet surfack movement can be traced
by obtaining the recession velocity, or velocity of the abla-
tion frontu= — (dTyan/ )|V Tiranl-

To justify that a nearly constant pressure exist within the
transition region 8<f4<<1, we consider solutions of the con-
servation equation@l) in plane geometry with local outward
normal coordinate. All quantities are assumed time inde-
pendent in the frame moving with the ablation front. Trans-
forming to the coordinaté=x—ut, such that=0 coincides
with the T=T,,,, surface, we have

ap (9V_
(V—U)&—gJFPa—E—O, (7a)
N ap
P(V—U)a—§+a—§=0, (7b)

de dq v
p(v_u)a_§+a_g+pa_§_
As noted earlier, the solid pellet phase is assumed to be in-
compressible. Because of the high sound speed in solid deu-
terium, c,o=1700 m/s, pressures above 40 MPa are needed
to cause significant>10%) density compressiorfS. Addi-
tionally, the ablation front advances inside the pellet at sub-
sonic velocities §/cqo~ 10 3-10 2), hence the solid phase
remains at rest, except for slow internal motions associated
with deformation, which have no consequence in what fol-
lows. Accordingly, we may integrate Eq§.a and(7b) from
&=—o with boundary conditions, «0, p—pg, and p
— Posur t0 €=¢, and obtain a pressure-density relation within

0. (70

(€)™

D= —>

the layer
T— Y
FIG. 2. (Color online. (a) The compressibility factoZ =[2mp/(pkT)] for Posur= p+p0u2( @— 1) . (8)
hydrogen as a function of pressure for a family of isotherms above, but near P

to the critical temperatur@.=33.2 K. (b) A sketch of thep-p phase dia- . .
gram for a family of isotherms near the critical point, which is marked by aIn the language of shock physics ufwere the shock veloc-

circle. (c) A sketch of thep-T phase diagram for a family of isobars near the ity, this relation would correspond to the Rayleigh line. Re-
critical point. The dashed curve is the boundary of the two-phase liquidferring to Fig. Zc) again, we see that on thermodynamic
vapor coexistence region, and the notatiens, +, indicate a value below, grounds 8p/ﬁT| <0 for a real gas fluid. Hence. the transi-
at, and above the critical. SR P . T

tion is accompanied by a fluid expansion, since the tempera-

ture has to be continuously increasing away from the pellet

surface,dT/dx>0. Furthermore, the fluid never gets com-
distinction between the solid and the fluid phase still remaingressed to a density higher than the solid density even at high
at our typical ablation pressures, i.e., a melt line exists withpressure; the high compressibility factérensures this, the
T, being the melting temperature. The heat of fusion assoideal gas law does not, and for this reason it can easily fail in
ciated with crossing the melt line iB;,s~200J/mol for the transition region. It then follows that the last term in Eq.
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(8) is positive, so thatdp/dx<0 at any moment within the the high-gradient region near the pellet surface in order to
layer. We note parenthetically that pellet ablation in toka-accurately resolve the structure of the transition layer. More
maks is quite different from the radiation driven ablation will be said about the computational aspects of the problem
problem connected with inertial confinement fusion. In thisin Sec. Ill, and the pellet deformation problem will be dis-
situation, the piston action of ablation drives a shock frontcussed in detail in Sec. V.

ahead of itsel?” An analogous model put forward by

Lengyel?® in which the ablation layer is accompanied by a

shock frc_)nt fp/dx>0) is .the_refore not rellevant for_ pellet C. Electronic heat flux model

ablation in plasmas. Continuing, we substitute the ideal gas o

parameters on the opposite side of the transition lafer, The heat source-V-g comes from energy deposition
=1, p=pig, andp=pjg=pigkTig/2m, into Eq.(8) and find by hot, long-mean-free path, plasma electrons streaming into
two solutions for the dens|ty ratio across the lapgy/po.  the ablation cloud from both sides along the magnetic field
Introducing the notatiorc3= pgsyr/po, and c? s=KTg/2m  lines. For this reason the CAP simulation uses a cylindrical
=1.24x 10° m?/?, the physical solution can be ertten as axisymmetric coordinate systenr,g), with origin at the

pig/pPo= Co/C|g u?/ci+ u2/c,g, and thus the pressure drop center of the pellet and axis parallel to the magnetic field

across the layeA p=pos,— Pig is given by (see Fig. 2 The parallel heat flux moment can be written as
q=0q,z—q_z where the subscript +” (—) refers to the
Ap u2 c,2g right (left)-going plasma electrons. The heat source can thus
pOsur 2\ 2 (9 be calculated field line by field line. Assuming incident Max-

wellian electrons, a kinetic treatment using a Bethe-like col-

in which we have assumed thaﬁ/cg<c§/ci2g. For example, lisional stopping power formula leads to the “Bessel func-
taking r,=2mm, po=200kg/nt (deuterium, n, tion”heat flux momert (see the Appendix for derivation

=10F"m ‘é) andT.,=3 keV, Eqgs (2) and(3) of Ref. 14 give

_q 1 v2)
u=-7.83 m/s Posur=7.47 MPa,c3=3.73x 10 m?/s?, and 9 =0 2u-Ka(uz (1)
thereforeA p/pgs,r=0.0038. This example verifies that the whereK, is a standard modified Bessel function, and
pressure within the layer hardly changes, as stated above.
Accordingly, we can integrate the energy equation, #g), — 2 Moo (K Ty )32 (12)
across the layer while holding pressure fixed, and use the ” e
boundary conditiong—e, p—po, andq—0 até—=», g he heat flux incident on the jet from “infinity.” The argu-

ande—e;y, p— pig andq— g, on the other side, withys,

e g = mentu.=r7. /7, is a dimensionless opacity, where
signifying theattenuatecklectronic heat flux incident on the

layer. Then if we use our earlier definition for the sublima- (r,z)= JZ (r,2')dZ
tion energy per unit massej;—e;=Ke/2m=3.11 ’ _ ' ’
X 10° m?/<’, the energy equation can be expressed in the B (13
familiar “ablation-rate” form r,(r,z)=J nd(r,z")dz',
z
lu|= Gsur —. (100 are the respective line-integrated densities penetrated by
polkes/2m+(cig—cp) ] right-going, left-going electrons arriving at the point,%)

Here, the second term in the denominator represents the spfrom infinity. Note thatr(r,z)=7_(r,~2) on account of

cific work done by expanding the pellet gas/fluid matenal;eflectlon symmetry. The projected range in thelirection

; . or Maxwellian electrons with temperatufie,, is given by
against the pressure force. Using our above example, we see
that this term is smaller than the sublimation energy per unit T2 1 92x 1012T2w (eV)
mass:cj, — c5==8.65x 10 m?/s’. Since both specific energy Too= A cm 2. (14
reservoirs are small, as well gs,,, the details of the phys- gme' InA
ics within the transition layer are of little consequence.The projected range is exactly 1/2 the total “path length”
Hence, any nonideal gas behavior in the thin layer, in contraveled by a gyrating electron with initial energy,. as it
junction with the use of our artificial sublimation function slows down to restneglecting the weak energy dependence
fs(T) cannot have any significant effect on the surface recoiln the Coulomb logarithm I).
pressurepgs,, that develops by heating and expanding the A composite Coulomb logarithm is used to take into ac-
ablated material, or the surface recession mtevhich is  count slowing down interactions involving both fré and
determined by the ablated mass flow through some surfadseound(b) electrons in the ablation cloud
enclosing the pellet, and not directly by E40).

The fact that the surface transition details are somewhat " A=filnAert(1=T)InAep (15)
immaterial for pellet ablation under relevant plasma condiin which  Ag,=E/l,, 1,=75eV, A =0.E/fwy,,
tions is reinforced by the fact that arbitrarily changing thez=Planck’s constant, andwpe (47n.e?my)Y? is the
sublimation energy by factors of order 2 or more has virtu-plasma frequency. The density-effect correction due to polar-
ally no effect on the ablation rate computed by the CAPization of the plasma medium by the incident electron is
code. Hence, there is no need for clustering the grid points imcluded inA.;. We suppress the energy dependence in the
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Coulomb logarithms by substitutirig=2.52T .., which rep- Recently, the CIP method was extended by Yabe in order
resents an averaged energy-flux-weighted value, so in et solve incompressible and compressible regions
(cg9units, we have simultaneously?® The key point is that the pressure is deter-
olor mined by using the following equation instead of the EOS
f:1.35>< 107 Te. (163 [that is, p= pkT/(2m) if ideal] in the nonadvection phase
T (fing??
1 pn+l_ p*
2.516T,.. 16b V. p—*VP”H = 57 T
eb= 7 g - 2 2 TH
7.5 (At)7| pco+ pCVT)
Finally, taking Eqs(11)—(16) together, we arrive & p2 .
TH
— 0=ny(r,2) ( H —
—V-g="———[g(u;)+g(u-)] (17 pCvT v
o P2 * + At ’ (18)
. . T / 2 TH
in which g(u)=uK;(u*?/4. At| pc+ oCuT

wherec?=(dp/dp)+ is the isothermal sound speed squared,
IIl. NUMERICAL SCHEME Pru=T(dp/dT), is the effective pressure that is reduced to

i i ) i the conventional pressure in an ideal flui,= (de/dT), is
The ablation cloud is a compressible material, becausg,, specific heat at constant volumé=—V -q is the en-

the expansion velocity may exceed the sound speed. On thgqy source, andit is a time increment. This equation is
other hand, the pellet behaves like an incompressible mateqrived by combining Eqs1b) and (1¢) with the total dif-

rial. If the ablation pressure exerted on the pellet surfacgg antial dp=(dp/dp)dp+ (dp/dT),dT, and making use
varies by more than6the yield strength for solid deuterium, & ihe ahove thermodynamic definitions. The essence of Eq.
few tenths of a I\/_IPé, then the behavior of the pellet is like (1g) js that it can automatically distinguish between incom-
that of a hydraulic fluid. Otherwise, the pellet remains rigid pressible and compressible regions by introducing a sound

while its surface recedes. We do not consider the materiagpeed_ In order to verify this feature, E4.8) is considered
fvhenH=0 for simplicity, namely, the second term on the

behavior in the transition through the yield point because o
the uncertain nature of the viscoelastic-plastic behavior Ofight-hand side is zero. In an incompressible region, each
the solid. Now in general the numerical scheme for a comigrm in Eq.(18) has the following ordering:

pressible fluid must be treated differently than one for an

incompressible fluid, although their equations of motion are  (v/w)?~ (v/c)?+viw, (19

the same. In the present work, the CIP method is used that ) ) o )

can treat compressible and incompressible fluids simultalVNerew=Ax/At, with Ax being the grid width in the code,

- — 2 — _
neously without employing any special boundary conditions2nd We used the orderingp~v*, andV ~1/Ax (steep gra
at the pellet surface as done in the previous steady-state afi€Nt near pellet surfageSimultaneously, the speeds satisfy
lation models. the inequality ww<c because the sound speed is regarded

Originally, the CIP method is one of the numerical 5 infinity, and the Courant—Friedrichs—LeW@FL) stabil-

schemes used to solve hyperbolic equations, such as WaU,eY condition'should be satisfied. Then, thg first term on the
equationd” The set of hyperbolic Eqg1) can be separated rlght-hand side of Eq(19) becomes negligible compared
into an advection phase and a nonadvection phase by usifjth nt+hle other terms. Thus, Eq(18 becomes V
time splitting. In the advection phase, the spatial profile of (YP" /p*)=V-v*/At. Substituting the equation of mo-
some hydrodynamic quantity is interpolated within each t|on_:]rl£he nonadvection phase into that equatlcr)]rl,lwe obtain
grid with a cubic polynomial shifted in space according to ¥ "V _101 In other words, Eq(18) determinesp””* such

the purely advection term in the hydrodynamic equation. IHhatV V"~ becomes zero, namely, the incompressible con-
that way,f is updated from time step labelto a provisional ~ dition is satisfied. , o _

time step labeF. In the nonadvection phase, a conventional ~ ©On the other hand, in the compressible ideal region, the
explicit method is used to updatdrom * to n+1, with the ~ ordering of Eq.(18) tends to

“source” terms bei_ng the te_rms on the righ_t-hand side of (cIw)2~1+Vviw, (20)
Egs.(1). In determining the interpolated profile, bottand

its spatial derivative graflare used. The key feature of the since p/p~c~ in the compressible ideal gas region. Now
CIP method is that the hydrodynamic equations fatre  taking into account the CFL conditioo~v<w, the left-
solved simultaneously with the corresponding equations fohand side of Eq(20) becomes negligible compared with the
gradf. Thus, not only function values but also their spatial other terms. Especially, since the first term on the right-hand
derivative are known at each grid point. In that way, over-side of Eq.(18) becomes §""1—p*)/[ yp* (At)?] in an
shooting during interpolation can be minimized for any hy-ideal fluid, Eq.(18) is reduced to temporal evolution for
drodynamic variable possessing a steep gradient. The Clfressure in the nonadvection phagf:l—p*=—yp*V
method has already been successfully employed in problems/* At. This corresponds to an equation derived by substi-
dealing with steep gradients, such as in situations whertauting an ideal EOS into an energy equation with=0. In
shock wave phenomena is expected. other wordsp"*! is determined such that the ideal gas EOS

2
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is satisfied in the compressible region. As a result, (&8)
can treat the entire region without calculating individually
incompressible and compressible regions.

rad_7040_gnu3_x1_011.text (a)

IV. PELLET ABLATION IN THE ONE-DIMENSIONAL
SPHERICALLY SYMMETRIC HEATING
APPROXIMATION

Normalized Variables

The utility of the CIP method is demonstrated by com-
paring numerical predictions with known solutions of pellet
ablation models in dimension&lD) spherically symmetric
geometry, as shown in Fig(d). Thus, Eqs(1) are written in
spherically symmetric form with radial coordinateand the
origin coincides with the center of the pellet. We also replace
—V.q by the equivalent 1D approximation, namely,
—dg/dr.

In the first test of the CAP code, we compared the abla-
tion rate and fluid profiles with the original TF modeFor
that comparison we used the monoenergetic heat source in-
stead of the Maxwellian heat source. We also neglect disso-
ciation and ionization by settinfy=f;=0, and takey=7/5
appropriate for a molecular gas. After a few microseconds OFIG. 3. (Color onling. Normalized fluid profiles at 1@s in 1D spherical
exposure to a constant heat flux, the ablation flow becomeymmetry of (a) ablation without atomic processesda@3with atomic
fully developed, and the ablation rate settles down to egrocesses' Herep =2 mm, To.=2 keV, andne, =10"cm®. The solid,

. . ashed, and dot-dashed lines Btep/p, , andT/T, as functions of/r .,
steady state just as predicted by the TF model. We choose gpectively. Dotted lines itb) showf, andf, profiles.
deuterium pellet with initial radiugs,=2 mm, plasma elec-
tron temperatureT.,=2 keV, and number densityn,
=10"cm 3. In all the cases in this papé€F,., andn,,. are  and Mach numbel as functions of normalized radingr, ,
assumed to be constant throughout the temporal evolutiomvherep, , T,, andr, are the pressure, temperature, and
For this example, the steady-state ablation rate was found t@dius, respectively, at the first sonidMME 1) point. The
be G=41g/s by simulation. Remarkably, the simulation re-pressure decreases, and the temperature and Mach number
produces the TF resus'F=41.27 g/s given by Eq:31) of increase in the radial direction outside the pellet because the
Ref. 9 withQ=1. The CAP code also reproduced identical ablation cloud expands while heated. On the other hand, the
dimensionless fluid profiles. pressure is constant inside the pellet because the pellet is

Using the same pellet/plasma parameters, the ablationgid (for a spherically symmetric pressure distribudi@nd
rate increased from 41 g/s to 113 g/s when the Maxwelliarincompressible. Figure(B) showsp/p,, T/T,, M, frac-
heat source was employed in the simulation. This significantional dissociatiorf,, and ionizatiorf; as functions of /r .
increase was expected, since most of the heat flux transtis clear that the ablation phenomena is changed by includ-
ported through the dense ablation cloud comes from théng the atomic processes. The fact that radial profile in Fig.
long-range suprathermal electrons in the Maxwellian3(b) has a jump structure is the most essential point. There
distribution® the ablation cloud density and thicknesss  are two features in that fact. The first feature is that the flow
much larger for the Maxwellian heat source than the mois supersonic ahead of the jump structure and subsonic
noenergetic one. As a result, the energy deposited per partictlownstream. This means that the jump structure obviously
ablated is less, and the temperature and flow velocity becomepresents a shock. The stationary shock front is found in the
uniformly lowered. For example, at the radius 0.5cm, the  region where ionization is nearly completéd-1, and it is
temperature of the cloud with the monoenergetic heat sourcgue to the removal of the ionization energy sink which tends
is 8.2 eV, but it is only 3.5 eV for the Maxwellian heat to cause a rollover in the Mach number profile, possibly
source. driving the Mach number below unity in some cases. How-

Next we included the effect of atomic processes in theever, the Mach number never dips below unity which would
ablation cloud and used the Maxwellian heat source. Only &ad to a flow singularity as in Felbet al;'® instead, the
small ~6.2% reduction in the ablation rate, from 113 g/s toablation flow develops a stationary shock front, across which
106 g/s, was found. The most significant effect of atomicthe fluid undergoes the transition from supersonic to sub-
processes was the lowering of the ablation temperature. Adonic state. Farther downstream, a “second” sonic surface
the first sonic surfacel, dropped from 3.44 eV to 1.11 eV. appears. The second feature lies in the difference between
Such large~3X temperature drops were also noted in Ref.the effects of dissociation and ionization on the structure of
18 using the monoenergetic heat flux approximation. Figurethe Mach number profile. Note that a stationary shock front
3(a) and 3b) show radial profiles of various quantities at 10 does not appear in the region where dissociation is dominant
us without and with atomic processes, respectively. Figurd0<f,<1) because dissociation is always completed in the
3(a) shows normalized pressu@p, , temperaturel/T, , subsonic region of the flow. Figure 4 displays the temporal

'rad_7050_gnu3_x1_011text  (b)
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FIG. 4. (Color). Radial profiles of Mach number every Q. up to 3us. §, """""""" -,
g1} . Vo
k: Pellet  S°NC
evolution of the Mach number profile during the initial tran- ) OO - g/ Shock ]
sient period (0.&2t=3 us). At t=0.2us, we see a local

depression in the Mach number near the pellet surface, but 0
no shock. This is because during that moment the flow is
fairly supersonic when the energy sink associated with the
latent heat of dissociation has “dried up.” However, the g 5. peliet, sonic, and shock surface radii as a function of timeajor
Mach number profile is becoming less supersonic in timeablation without atomic processes affy) with atomic processes. Pellet,
which contributes to the formation of a definite shock frontsonic, and shock surface radii are shown by solid, dashed, and dot-dashed
at t=0.4 and 0.6us in the region near the pellet where 'S respectively.
dissociation is completed. Farther out, in the region where
ionization is completed, the Mach number experiences only
small depressions because the Mach number is still welbnger,~10 us. Since the shock front associated with disso-
above unity during those times. However, the shock structureiation is erased early on, it does not appear on the long time
associated with dissociation becomes gradually flattened bgcale of Fig. 5. The shock front induced by ionization re-
the sound wave since the region where dissociation domimains almost stationary. It is not carried inwards while the
nates is becoming more and more subsonic in time. On thpellet shrinks, like the first sonic surface is, because its in-
other hand, the shock formed by ionization has been mainward motion is compensated by an increase in the velocity of
tained because in the approach to steady state the flow ahe upstream flow disappearing into the shock. Interestingly,
ways remains supersonic whefg~1. Therefore, the abla- a new dissociation shock appears near the end of the pellet’s
tion cloud has two sonic surfaces and one shock front in théife at ~80 us. This is because the dissociation dominant
case with atomic processes, though it has one sonic surfacegion is crossed by the first sonic surface as it follows the
in the case without atomic processes. It is not clear to us whinward progression of the pellet surface. The crossing results
the simulations in Ref. 11 with atomic processes revealed nfom the fact that the ablation temperature at the first sonic
shocklike structure in the flow parameters. Also E&) in  surface is becoming cooler as the pellet shrinks consistent
Ref. 11, which is a fit to the numerical results fiby without  with the TF scaling laws.Hence, the region where dissocia-
atomic processes, seems to predict unrealistically high vakion occurs has to move up the temperature gradient, i.e., it
ues, casting doubt on the results when these effects are ihas to expand into the supersonic region. Consequently,
cluded. when the dissociation energy sink is removeg; 1, a shock
Using the same pellet/plasma parameters as in Fig. 3, wigont may appear. A new sonic surface induced by dissocia-
display in Fig. 5 the i(,t) behavior of the pellet, sonic, and tion approaches zero as the pellet surface radius approaches
shock surface radii over the long time scale of the pellezero similar to one in the case without atomic processes
lifetime. Figure %a) shows the case without atomic pro- shown in Fig. %a).
cesses, and Fig.(5) shows the case with atomic processes. As anticipated, the double-transonic flow solution with a
Note that the pellet lifetime in the case with atomic processeshock discontinuity avoids the flow singularity often encoun-
is slightly longer in proportion to the 6.2% reduction in the tered in Ref. 19, and generalizes the validity of the quasi-
ablation rate. The ablation cloud without atomic processes isteady assumption under a wider set of plasma-pellet param-
fully developed after-2 us, and subsequently, the pellet and eters. We carried out simulations over a nominal parameter
sonic surface radii are reduced by the surface recession. It ignge in order to compare the ablation rates between the
clear that the flow structure shown in Fig(aB changes cases without G!“°) and with G/'") atomic processes.
slowly, i.e., the ablation flow is quasi-steady-state. HoweverQur results, displayed in Table I, show that the difference is
with atomic processes, the time to fully develop the flow andconsistently less than 10%. Feltetral *° found that atomic
establish the first sonic, shock, and second sonic surfaces [socesses can extend pellet lifetimes by 10%—-20%. This dis-

Time (us)
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TABLE |. Parameters used in the simulatian,., Te., andne. are pellet radius, electron temperature, and
density in the bulk plasmeG!”® and G/ are ablation rates without and with atomic processes. Cases are
corresponding to numbers, respectively, in Figs. 3 and 11.

Case r,(cm) Te. (keV) ne. (cm®)  GYo(gls) GlUih(gls)  (GNO—GIMIM/GMO (%)

[S]e] IS0 I1SO Iso Iso
1 0.2 3.0 3.0x 10%° 154.80 152.52 1.5
2 0.2 1.0 3.0x 10" 24.997 23.961 4.1
3 0.2 5.0 3.0x 10" 338.24 328.47 2.9
4 0.2 3.0 1.0x 10t 106.56 103.30 3.1
5 0.2 3.0 1.0 10% 233.64 215.97 7.6
6 0.1 3.0 3.0x 10%° 56.746 54.780 3.5
7 0.4 3.0 3.0x 10" 407.15 385.24 5.4

crepancy is presumably due to the use of the monoenergetioom Macaulay’s simulation is systematically a factor-e2
heating approximation in Ref. 19, which, as noted earlierhigher than that given by the modified TF model. The abla-
uniformly heightens the ablation temperature. Thus, the iontion rate from the CAP simulation lies in between those. By
ization and dissociation heat sinks are moved closer to theomparing the ablation rates for cases 1-7 displayed in Fig.
pellet surface where the influence on the ablation rate bes with the ablation rates displayed in Table | for the isotropic
comes stronge. The most important effect of the atomic heating model, we find that the ratios of the ablation rates are
processes combined with the Maxwellian heat source is thdtirly consistent, namely,

the ablation temperature at the first sonic radius is consis-
tently reduced by about a factor 3. Using the parameters

in Fig. 3 again, we find that without atomic processes the
temperature at the sonic surfaceTig=3.44 eV, and with
atomic processe3, =1.11eV. This leads to a significant
reduction in the electrical conductivity of the ablation cloud,
and would clearly influence how the ablation flow is influ-
enced by the induction currents generated by the component
of the flow across the magnetic field. This is a problem left
for a future study.

Ablation Rate (g/s)

cip_5590-7080-7090_G

V. ABLATION WITH ANISOTROPIC HEATING 10° Temperature (eV) 10*

In this section, we examine 2D effects resulting from 10°
anisotropic heating imposed by the magnetic field. We use
the cylindrical axisymmetric coordinate systemz), and
again we use the Maxwellian heat source model in this ge-
ometry as described in Sec. Il C. Again, the readers are re-
minded that no effect of the magnetic field, except for setting
the direction of the electron heat flux, is included in our
present simulations. The first set of simulations is designed
to isolate just the geometrical effect of anisotropic heating on
the ablation ratevithout including the effect of pellet defor- 10" ] 3 10™
mation. This is accomplished by arbitrarily increasing the Density (cm )
density of the solid pellet by a factor of 100 so that the 10%
ablation cloud can evolve to a steady-state ablation rate after (c)
a few microseconds, while the pellet remains effectively
rigid or “hard.” Obviously, this artificial density increase has
no effect on the ablation rate or the ablation flow quantities
since they have no density dependehteFigure 6 com-
pares the ablation rates between the CAP code simulation
and the 2D simulation by MacAuldy.Figure 6 also shows
the modified TF formul¥ given in the Introduction, which is ]
consistent with the experiments. In Figga)s-6(c), the de- 10— 0
pendencies of the ablation rate on plasma temperature, den- 10 Radius (cm) 10
sity, and pellet radius, respectively, are separated. All results . _
have essentially the same TF scaling behavior. However, thgC: 8: @ Tex. () ne.., and(c) r,, dependences of ablation rates in 2D

R . h . cylindrical axisymmetric geometry. The circles with numbered labels corre-
multiplicative constant in the ablation rate differs a-mongspond to simulation results listed in Table I. The solid lines are results from
those results. As noted in the Introduction, the ablation ratehe modified TF model of Ref. 14. The dashed lines are results from Ref. 11.
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G. . FIG. 8. (Color onling. Normalized fluid profiles at Zs for ablation in the
M~0_51_0.57, (21) 2D cylindrical axisymmetric geometry. Solid, dashed, and dot-dashed lines
Giso areM, p/p, , andT/T, as functions ofa) z/z, and(b) r/r, , respectively.

. . Dotted lines showfy andf; profiles.
where G5, and G,pisonarg Stand for the ablation rates in ¢ P

isotropic heating and anisotropic heating with a hard pellet,

respectively. The nearly factor of 2 reduction in the ablationa|0ng ther direction (equatorial midplane at=0) at 2 us.
rate caused by anisotropic heating arises because shieldingff o temperature at the sonic point alonglirection isT,
the pellet is primarily due to the high-density layers of the _ 1 14 eV, very close to the previous value of 1.11 eV for
cloud adjacent to the pellet. For a detailed explanation seg,q isotropic heating case, as expected. Howevey,
Ref. 14. The main idea is that the effective area intercepting- 1 51 ev on the equatorial midplane; it is higher because

the electron heat flux, i.e., the projected area of the pellefyere s less shieldingine-integrated density and also be-
normal to theB field is the main factor that determines the ., se the incident plasma electrons are approaching from
ablation rateé”**“For a spherical pellet, the projected areay, i directions outside the “shadow” of the pellet. We see in
is half the surface area of the pellet, hence the factor of %ig 9 that the pellet surface pressyrg,, at the two poles

. u

reductipn. A different’ regult, faptor 0f0.68 rqduction, Was  |aheled byz, andz_ is afactor of 2higher than the pressure
found in MacAulays’s simulatio®* although it should be at the two equatorial points, andr_. The absolute pole
mentioned that the simulation in 1@sotropic heatingwas

not possible. To study these geometrical effects on the abla-

tion rate systematically, MacAulay simulated 2D ablation Z+ r+ - r- Z+
with the monoenergetic heat flux mogeind compared the l l l i l
simulation result with the original THsotropic heatingab- 14

lation rate expressiohThe reduction factor stated in Ref. 11
was systematically 0.52. However, a more careful compari-
son with Eq.(31) of Ref. 9 indicates that the reduction factor
is closer to~0.68 (see also Ref. 14

In the remaining simulations, we use the actual mass
density of solid deuteriumpy= 0.2 g/cnt in order to include
pellet interior flows and deformation during the ablation pro-
cess, and we also include atomic processes. Figure 7 shows
the isodensity contours in the,g) plane at 2us, using the
pellet/plasma parameters of Fig. 3. The central slat)
region represents the pellet. The contour lines surrounding
the pellet identify the oval-shaped first and second sonic sur- Angle (rad/2m)
faces, and the shock front nested in between those. FIgur?—?G. 9. Angular variation of pressure on the pellet surfpgg,, at 2 us. The

8(a? anc_i 8b) shows, respeCtive_lM the fluid profiles along the pressure peaks at the two polar positians, andz—, and the pressure is a
z direction (parallel to polar axis and through=r/2) and  minimum at the two equatorial positioms- andr —.
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o
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FIG. 11. (a) Pressure at the pellet surface as a function of time. Solid and
dashed lines arp, at pointA andpg at pointB, respectively. Point& and
B are marked in Fig. 12.

dius is shrinking, sinc&xr°. Since the density is increas-
ing with the increasing ablation rate, the fluid velocity and
the temperature must decrease. However, the sound speed
~T2 decays more slowly than the velocity. Eventually, the
subsonic region has expanded to such an extent that the first
sonic surface with the adjacent shock front no longer exist in
FIG. 10. (Color). (a) Isodensity contours anh) isopressure contours on the the flow domain. However, the second sonic surface still
r-z plane in the 2D cylindrical axisymmetric coordinate system. Frames . sl .
correspond to the time at 10, 20, 30, 40, 50, andu80Black lines in(a) _SurVIVeS’ but it lies beyond the image qu as Sh(_)Wﬂ by_ the
indicate first sonic, shock, and second sonic surfaces. image at 40us. Later, however, the ablation rate is coming
down along with the cloud density. This in turn uniformly
increases the temperature causing the reemergence of the
pressure is 12 MPa. Taking into account the correction due téirst sonic surface and shock front. All three surfaces start to
electrostatic shielding mentioned in the Introduction, the accollapse towards the pellet, and we see their reappearance in
tual pressure becomes &22=3.6 MPa. This result is in the image box at 6Qs.
close agreement with E@R) of Ref. 14. The surface pressure Figure 11 shows the temporal behavior of pressure at the
differential is of course due to the fact that the heat fluxpellet surface, wherp, is defined on the equatérandpg is
following magnetic field lines intercepting the pellet near thedefined at the poinB where projection on the plane with
polar axis is entirely blocked by the pellet and thus fully =0 corresponds to poir@ which is located at half radius of
absorbed, while the heat flux following field lines just graz-the equator as shown in Fig. 12. Here we have included
ing the pellet surface is partially transmitted across the equaatomic processes. Initially, the differencAp=pg—pa
torial midplane, so there is less absorption at the equatoriakaches 11 MPa; adjusting for electrostatic shieldiag,
points. Since the areal ablation rate is more enhanced at the3.3 MPa. This difference is somewhat greater than the
poles than at the equatorial points, the ablation cloud beyield stress of solid deuterium~0.5 MPaZ® Hence, pellets
comes thicker in the polar direction than it is along the radialith r,~0.2 cm should become fluidized, and will begin to
coordinate in the equatorial midplane. This leads to the ovalflatten out wherT.,.=2 keV andn,.,=10*cm 3. Figure 13
shaped density contousdongated in the polar directioas  shows the time evolution of the major equatorial radius
shown in Fig. 10a) at different times: 10, 20, 30, 40, 50, and r¢)i¢;, and half thicknesg ¢, of the disklike pellet shape
60 us. The contour of the pellet densitwhich is uniform  of the pellet. Herey ¢ ¢ COrresponds to the equatorial ra-
inside the pellét has the opposite shape. The anisotropicdius OA in Fig. 12, while z,¢,¢; corresponds to the line
pressure distribution deforms the pellet into an oval shapsegmentCB defined in Fig. 12 instead dDF since pellet
flattened in the polar direction arelongated in the radial erosion alongOF is completed sooner. As we see, pellet
direction After a longer time, the pellet becomes flatteneddeformation promotes the increases jge; at first, but later
into a thin pancake while losing mass by ablation. The iso-on mass erosion intensifies at the edges of the disk, causing
pressure contours corresponding to these time frames arge . to rapidly fall off. Apparently, the motion of ¢ is
shown in Fig. 10b). determined by a balance between the pellet deformation and
Figure 1@a) also illustrates the temporal evolution of the the surface recession due to ablation. The rollover,ife
sonic and shock surfaces, whose shape can be understoodbegjins when the changing pellet shape starts to lgingnd
follows. As we shall see below, when the pellet is allowed topg closer together, which in turn lessens the shear stress
deform, the ablation rate actuallgcreases at firstThis is  causing deformation. On the other hand, the thickizgss.
contrary to what the conventional ablation models indicatecontinually decreases due to ablatigentil effect®). Figures
namely, that the ablation rate shoulécreasewnhile its ra-  14(a) and 14b) show the ¢,t) and (,t) trajectories, respec-

rad_7280_pre_031
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FIG. 12. Sketch of the deformed pellet and surrounding ablation cloud. é 15 7a ‘|‘ E
Solid, dashed, and dot-dashed ovals are the pellet, sonic, and shock surfaces, 5 1pF .
respectivelyO is the center pointA, D, H, andJ are points on the equators _g TN L oy 1st Sonic (OD) 2
of the pellet, first sonic, shock, and second sonic surfaces, respectively. & S~ A
PointC marks the half radius of the pellet equat@@®=CA). B is a point 0 . . Fl'ellet ((?A) . —

on the pellet surface whose projection on the0 plane corresponds to 0 10 20 30 40 50 60 70
point C. PointE, G, andl mark the intersections of the line extending from
CB to the first sonic, shock, and second sonic surfaces. Fomarks the
intersection between the pellet surface andzfais.

Time (us)

FIG. 14. (a) Half thicknessezye|iet(CB), Z15((CE), Zshoek(CG), and
Zonq (Cl) as a function of time indicated by solid, dashed, dot-dashed, and
. . .. dashed lines, respectivelyb) Equatorial radiirpee (OA), ris (OD),
tively, of the pellet, sonic, and shock surfaces. The solid lines, .. (OH), andr 4 (0J) as a function of time indicated by solid, dashed,

are plots of the pellet surface chordg,.(CB) and  dot-dashed, and dashed lines, respectively.

Ipellet(OA). The dotted lines mark the first sonic surface

chords,z; (CE) andr 5 (OD), and the second sonic sur- . ] ) ]
face chordszonq(CI1) andrng(0J). The dot-dashed lines €*Panding motion of the cloud is unaffected by the magnetic
mark the corresponding chords for the shock surfacelild even if the pellet is deformed. Of course, these resullts,
Zehock(CG) andr gpock(OH). Itis found that the dimensions N par_tlcglar, are I_|kely to_be mgch different when th& B

of all three surfaces increase at first, and decrease later on.fRrce is included in our simulation.

is clear that the shock surface in thelirection disappears Figure 15 plots the time dependence of the volume and
sooner than one in thedirection. That is due to the fact that area of the pellet projected normal to the magnetic field lines
the temperature in thedirection is higher than it is in the 7' peler 1-€., the effective area which absorbs the incoming
direction, as we mentioned above. Then, because the suB€at flux. Although the volume decreases monotonically with
sonic length inr direction is longer than the length in tize time due to surface recession, the area increases at first,
direction, the shock surface in the direction disappears eaches a peak, and then falls to zero later on.

sooner. Regarding the cloud thicknesgssy— Zpeiiet (B1) One of the key results of our study is that pellet defor-
andr ,ng— I perier(AJ) as the distance between the pellet sur-mation can shorten the life span of a pellet. Figure 16 reveals
face and second sonic surface, it is clearly understood thdf€ essential dynamics of 2D pellet ablation. First, it is seen

those thicknesses are comparable. This is due to the fact thiat the 2D ablation rate versus time CU(WCkZSOHd ling)

becomes similar to the effective area curweg ., after
6
40 e S o

£ 5 35 Volume rad_7280_vra 250
% ) ,;g o “==-., Area 1200 >
i el 1150 $
& o 20F 4 b=
:° S 15 \ 11003,
= 3 _ Il El
& 5\\ Zpeliet (CB) _ o 12 9 .l“ I

0 ‘I.’ \‘I_-‘-I-'——-L — L 0 L I L L , teg 0
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Time (us) Time (us)

FIG. 13. Solid and dashed lines indicate, respectively, the equator radiFIG. 15. Pellet volumgsolid line) and area of pellet projected onto the
I'peiet (OA) and half thicknesg,e e (CB) as a function of time. equatorial planédashed lingas a function of time.
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FIG. 16. Time dependence of the pellet ablation rate for a constant heat flux

over the lifetime of the pellet. The solid curve pertains to 2D cylindrical FIG. 17. Comparison of the pellet lifetimes. Numbers correspond to cases in
axisymmetric geometry and the dashed curve is for the 1D spherically symTable I, respectively. 1D simulation with atomic processescles, 2D soft
metric geometry. The thin solid line is the ablation rate from the transonic-Pellets without atomic processescrossey MacAulay's simulation

flow model with the well-known scaling la@or7°. (squarel and the modified TF modétriangles.

~10 us as shown in Fig. 15, because the total heating powelearly the modified TF lifetime is intermediate between the
available for driving ablation is simply proportional to this soft and hard pellets’ lifetimes. This might suggest that the
area. The dashed line in Fig. 16 plots the ablation rate for thgellet undergoes deformation only in the beginning of abla-
1D spherically symmetric isotropic heating model used intion, when the surface pressure variatidp is at a maxi-

the simulation. After the sharp rise to the peak value of 113num(see Fig. 11, andAp>o. Later onAp diminishes due

g/s mentioned in Sec. IV, whereupon the ablation flow beto the deformation, until at some poidtp<o. Thereafter,
comes fully developed, the ablation rate steadily decreases the pellet would ablate as a rigid body, and consequently the
accordance with the monotonically decreasing pellet sizdifetime would be extended. We might also add that experi-
We can compare this ablation rate curve with the correspondnental determination d&(t) and pellet lifetime(or penetra-

ing analytical resultthin solid line obtained by a simple tion distancgis done in plasmas with realistic plasma pro-

integration of the TF ablation rate formula, files such thatT. and ne,. are varying with time in the
a5 reference frame of the pellet. The experimental curves for
G(t)=GO< 1— S_Got , (22) G(t) always fall off much more sharply at the end of the
9My pellet’s life than ablation curves calculated by all spherical-

where M, is the pellet massG, is the ablation rate at pellet :_Jlblaf[ion models. The abrupt decline in the _2D ablation
=0, and the pellet lifetime ig,=(9/5M/Gy. The two curve in Fig. 16 as compared with the 1D_sphenca]|y sym-
curves match remarkably well, adding again to the validityMmetric curve strongly suggests an explanation that lies in the
of the code. changing pellet shape during ablation.

Notice that the pellet lifetime for the 1D isotropic heat-  Finally, we notice that the 2D ablation rate curve in Fig.
ing simulation is 103us. The corresponding pellet lifetime 16 forms a pedestal at aboutx. The ablation rate at the
predicted by the modified TF mod&lis 309 us (G, pedestgl is foynd to be about one h'alf the value of that for 1D
=39g/s). As noted in the Introduction, the modified TF ISOtropic heating since the pellet still keeps a spherical shape
model is consistent with IPADBASE. However, the 2D in the beginning as the ablation flow becomes fully devel-

model predicts a pellet lifetime of 7@s; a factor of 4 oped(see Fig. 7. However, when a pellet starts to deform,
smaller than the modified TF model. Now according to Eq.the ablation rate is enhanced due to increase of effective area

(21), the 2D simulation of the “hard pellet” that is not al- absorbing the heat flux, which results in the shorter lifetime.

lowed to make a deformation, would predict a pellet lifetime !N order to investigate the pellet lifetimes more system-
of ~103(0.54=191 pus. Hence, there is a large atically, several runs are carried out for plasma/pellet param-

difference—a factor of 2.7—in the lifetimes between hard€t€rs shown in Table I. The results presented in Fig. 17 are
and “soft” pellets! An obvious consideration is that we did "ot readjusted for electrostatic shielding. The abscissa of the
not take into account electrostatic shielding. As noted in thé!0t corresponds to the lifetimes predicted by the 1D simu-
Introduction, electrostatic shielding cuts the ablation rate byation without atomic processes for the various case num-
a factor of 0.51—0.55. If we choose 0.53, the readjusted pepers. The ordinate indicates the corresponding lifetimes of

let lifetimes for the three simulation cases become the other models: 1D simulation with atomic processes
<o (circles, 2D soft pellets without atomic process@Esosses
t,"=191 us, MacAulay's simulation (squares and the modified TF

model (triangles. It is clear that the lifetime for the 2D soft

taniso’hard:360 s, \
P K pellet is always lower than the MacAulay and TF models,

t;”iSdSOf‘: 132 us, however, the initial ablation rate for the hard pellet always
TF lies in between the MacAulay and TF modésee Fig. 6.
t, =309 us. Our present simulations do not include viscosity and
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elastic-plastic effect in the pellet. Therefore, calculation byinto plasmas with realistic profiles could be done with the
an advanced code including those effects should be requirddAP code. One must, however, take into consideration that
in order to obtain more detailed information about the deforthe pellet has both soft and hard features that depend on the
mation. relation between the surface pressure asymmetry at any
given moment along the trajectory and the yield strength of
the solid. Future penetration predictions for next-step fusion
experiments will include the influence of plasma profile ef-
A high-resolution hydrodynamic code CAP has been defects on pressure driven pellet deformations. We also intend
veloped to investigate the pellet ablation problem. The codé¢o use the CAP code to study the formation and structure of
uses the CIP numerical scheme, which can accurately captutke extended field-aligned plasma shield caused by the noz-
the solid to gas phase change without having to impose sp&ling effect of the magnetic field in order to better quantify
cial boundary conditions at the pellet surface. For nominalts ability to shield the pellet and reduce the ablation rate.
surface ablation pressures, the use of the ideal gas EOS was
found to be a valid approximation near the pellet surface
where the solid is transformed to a dense supercritical fluidACKNOWLEDGMENTS
It is _shown that a statlonary_ shock wave 1s formed in the One of us(R.l.) acknowledges fruitful discussions with
ablation flow where thermal |on|zat|pn is n_early Completed_'Professor K. Itoh.
The shock wave resolves the flow singularity encountered in This is a report of work supported in part by the U.S.

previous steady-state ablation models, and thus allows thﬁepartment of Energy under Grant No. DE-FGO3-
flow to reach a quasi-steady-state early on. No shock front i,§5ER54309, and in part by grant-in-aid from the Ministry of

associated with molecular dissociation process because d'l%’ducation Culture, Sports, Science and Technology, Japan
sociation is completed in the subsonic flow region, except ’ ' ’ ’ '

near the end of the pellet’s life when a small shock appears.
The ablation rate is reduced only by a few percent by thexppeNDIX: DERIVATION OF SEMIANALYTIC KINETIC
energy sinks made available by the latent heats of ionizatioplEAT FLUX EXPRESSION

and dissociation. However, these atomic processes can re-

duce the Spitzer electrical conductivity of the cloud by a  In this appendix, we give an explicit derivation of the
factor of ~5 which would have significant impact on the Semianalytical kinetic formula for the transport of electron
magnetohydrodynamic forces acting on the flow, a problenenergy flux through the ablation cloud, namely, the normal-
left for future study. ized energy flux used in Eq67) and(13) in Ref. 22. Attenu-

We have shown that the ablation processes quickly reac@ition of the heat flux by friction with the cloud electrons is
quasi-steady-state for isotropic 1D heating and for anisoMainly due to electron slowing down on free and bound
tropic 2D heating, if the pellet does not deform. An initially €lectrons. In either case, the slowing down force for an en-
spherical pellet can deform into a pancake shape, elongatédgetic electron with energf has the Bethe-like form,
in the direction perpendicular to tH field, due to the un- dE/ds=(27ne*E)In A(E), where ds is the differential
even surface ablation pressure, when the pressure variatioRth length andy, is the number density of nuclei, and the
exceed the yield strength of solid deuterium by a few timesCoulomb logarithm is defined in E¢L5) for a partially ion-

In light of the surface pressure scalipgs,~nZ°TL%, this  ized hydrogenic gas. The derivation begins by neglecting
study concludes that the threshold condition for such deforPitch-angle scattering; each electron is assumed to retain its
mations are obtained for millimeter sized pellets only if Ofiginal cosine pitch anglg while it slows down. Since the
(Nex/10M9 2T /10%)154>3; for example, whenT,,  One way electron distribution function is a half-space Max-
=2 keV andne,=10"“cm™3. Thus, it is likely that ablation wellian, and thus isotropic over the interyak (0,1) to begin
pressure driven deformation is not significantly affecting theWwith, the diffusion of pitch angles within and out of this
pellet lifetime and penetration distance in present-day delnterval will not affect the energy flux to any great extent
vices. We also found that for constant plasma conditions, &ecause the energy flux moment involves a convolution of
quasi-steady-state for such soft pellets does not exist. IRver this interval. A further approximation, especially for
stead, the ablation rate has to be determined at each mométtergetic electrons witk>300-500eV, is to neglect the

in order to predict the pellet lifetime. Furthermore, the defor-Weak energy dependence in the Coulomb logarithm. The so-
mation is self-healing: the pressure variatibp weakens in lution of the kinetic equation for the distribution function of
time. At some point, it is likely that p will drop below the ~ €lectrons traveling in the right z (left —2) directions that
yield strength, stopping further deformation. In the case oha\gezg%%netrated a line-integrated density(7_) is given
pellet injection into a fusion device with a high edge “ped- BY

estal” temperature>4 keV, such deformations can become 12

worrisome. We find under constant plasma conditions that fi(E,M,T¢)=fma>e(E’)(§) : (A1)

the lifetime of a soft pellet is shortened by a factor of 2.7

from that of a hard pellet, and its lifetime is shortened by awhere
factor of 2.3 compared with that predicted by the modified

TF model!* which is in agreement with experiments. E'—E
Though not explored in this study, the penetration of pellets

VI. CONCLUSIONS

;o Ue=—y, (A2)
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z In the thin cloud limit 4<1), we see thag(u)— —1/4.
u(r,z)zﬁxnt(z’,r)dz’, This is the limit that corresponds to the situation where a
cold Maxwellian plasma is being heated up by an intermin-
o gling hot Maxwellian plasma with temperatufe,.>T, and
7-(r,2)= L n(z',r)dz’, uniform densityn,... Then, Eq.(A11) reduces to a similar
result obtained by Spitz&
) ) (A3)
Te 1.92x10%T, (eV) T T
A A A (em™*), T (in limit u<1), (A12)

and  faE)=(Ne/2) (7 Te) ¥EV2exp(-E/Ts) is the where to, is Spitzer's temperature equilibration time for
Maxwellian distribution. Using the normalized energy vari- T.,,>T,
ablex=E/T.., the normalized energy fluxes can be written

as B 3m; Te.| ¥
teq= —— == (A13)
q 1 " 8(2m) " Ne," INA | Me
g = 2 _ 211/
q. 4=~ fo '“d'“jo X® expl —X[1+u. /(2pux*)]¥7]dx, Obviously, the reason that the factor of 1/2 appears in Eq.

(A4)  (Al2) and not in Ref. 32 is because the energy deposited on
the cold electrons is shared with an equal number of cold
ions having the same temperatdrelt should be mentioned
that the reduction to the Spitzer-like heating rate in the small
[ Py u limit was obtained for a fully ionized plasma. However,
+= fo MdML (2= &)y exp(—y)dy, (A5)  our expression foW - q is still valid for the partially ionized
case, provided the “composite” Coulomb logarithm given by
where ¢=(u./2u)Y2 To carry out the integral ovey, we  Eq. (15) is used.
consider the auxiliary integrdl(a,&), which is a standard The last step is to replace tlessumedsotropic distri-

whereq,. = (2/7mg) ¥n,.. T>2is the incident heat flux. Mak-
ing a variable changg= (x*>+ £2)'2 gives

integral! bution in pitch angle with an equivale@function distribu-
" £ tion, ie., we replace du in Eq. (Al0) by o(u
|(a'§)5f (y?2— &) exp —ay)dy= =K (a¢), (A6) —w)du/(2n). Hence, the approximate deposition formula
¢ a becomes

with K, being a modified Bessel function of orderThen by dg 1 o -
differentiating both forms of (a,£) with respect toa, and g(W=-g,= 8——(u/2,u)1’2K1[(u/2,u)1/2]. (A14)
settinga=1, it follows that H

Requiring this to match the exag{u) in the smallu limit

1 . — . .
q(u)= f (u2u) Ko (u2p) ) pd p, (A7)  Yieldsu=1/2. Thus for allu an appropriate expression fgr
0 becomes

whereq=q. andu=u-. dg 1 . s

The angle integration in E¢A7) cannot be done ana- g(u)=— g =7y Kalu™). (A15)
lytically, nevertheless, we can supply a justification for a ) ) ) )
simple approximate form having great accuracy. Consideltegrating Eq.(A15) gives the corresponding normalized

first the heat deposition rate per unit volume in the case of ngnergy flux

pitch-angle scattering\S). This is simply 9= uK,(u?) (Al6)
R N [ da N dg- (A8) given by Eq.(11).
T | du du /’ The Bessel function form can also be found from Eg.
. . (12) of Ref. 29 after settingp=1 andZ,=0 (zero pitch-
Making use of the relation angle scattering Note also that Ref. 29 used &function
o o 1/ distribution for w to evaluate the heat flux, but no justifica-
ax XK ] = = 5 x K (x ), (A9) " tion for choosingu=1/2 was provided, as done in this ap-
] pendix. The Bessel function heat flux formula is in remark-
we obtain able agreement with the heat flux moment of the electron

dq 111 distribution function obtained by a numerical solution of the
o= g.=-7 f (U2p) YK [ (u/2w)Y?]dw. (A10)  Fokker—Planck calculation which included pitch-angle
0 scattering'! The reason for the agreement is that the cumu-
When the ablation cloud is fully ionized and has no bulklative effect of pitch-angle scattering on the energy flux mo-
motion, the heating rate given by E@.c) and the definition ~ment is very weak for lowZ hydrogen, as supported by the
of ein Eq. (2b) is given by rather small value of reflectivity coefficient<05g<< g max
NS =8%2! Here, the reflectivity is defined as the ratio of the
ﬂz —V—q (A11) backscattered energy flux to the forward energy flux at the
ot 3ng surface of the cloud, and it can be taken into account in our
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formulas by simply replacing the incident heat flgx with
the net flux g..(1—Jg). The maximum reflectivitySg max

occurs for infinitely thick targets, e.g., on field lines inter- 4
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