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The ablation rate of a hydrogen isotopic spherical pellet G,, due to the impact of energetic
ions of the respective isotopes and its scaling law are obtained using the transsonic neutral-
shielding model, where subscript s might refer to either hydrogen or deuterium. Numerical
results show thatif E,, /E 2, > 1.5, G, /G, »20%, where E,, and E,, are the energy of
undisturbed ion and electron, respectively, and G, is the ablation rate of a pellet due to the
impact of electrons. Hence, under the NBI heating, the effect of the impact of energeticions
ori the pellet ablation should be taken into consideration. This result also gives an
explanation of the observed enhancement of pellet ablation during NBIH.

1. INTRODUCTION

The injection of a hydrogen-isotope solid-target pellet into the fusion reactor is commonly
recognized as one method of adding reactor fuel.' In addition, the target pellet injection can
also be considered as a diagnostic tool to measure the various parameters of the plasma, to
determine the transport coefficients for the main elements and impurities in the plasma,” and to
improve the macroscopic stability of the plasma.? Therefore, scientists in many countries have
in recent years performed many extensive theoretical and experimental studies of the ablation of |
the target pellets in the plasma and have tried to determine the speed of injected target needed
for the experiments.

When a target pellet is injected into the plasma, its surface is bombarded by neutrons,
alpha particles, ions, and electrons, etc. This causes surface heating and ablation. The ablated
material forms a dense layer surrounding the target pellet. The shielded target can also be
bombarded by high energy particles. In the past, it has been recognized that the ablation of the
target comes mainly from the electrons in the plasma.’ However, experiments in recent years
have shown that in many annular fusion reactor setups, when neutral particles were used for
target heating, the ablations of the target pellets were increased. The same experiments also
revealed that the energy exhibited by the plasma was far higher than the high-energy ions or the
electrons. The results are shown in Table I. The reason for this occurrence could be due to the

TABLE I. The ion and electron energy data in some
fusion experimental setups.”

Name of setup PDX TFTR
neutral-particle, MW 1.1 33.5
high- -energy | sg 120
ion energy, keVD, D+t T N
.. electron energy at, :
center of plasma, keV &Y z.2 8.5
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bombardment, which strengthened the ablation of the target pellets. Therefore, the effects of the
target bombardment by high energy ions on the ablation of the target pellets need to be studied
further.

Since the deuterium-deuterium reaction is one of the more interesting practical fusion
reactions besides performing the calculations on the hydrogen target pellet ablation coefficient
under bombardment by high energy ions and determining the laws for the target ablation, this
paper also calculates the ablation for deuterium target pellets and makes comparisons with the
ablation by bombardment with electrons.

Il. EQUATIONS AND BOUNDARY CONDITIONS

From Ref. 5 it is known that the dissociation and the jonization of the ablation gas have
very little effect on the ablation rate of a target pellet. Therefore, we use the transsonic neutral
gas shielding model of Ref. 5. The ablation gas current can then be described using the gas state
equations and the conservation equation as follows: :

p—_-ﬁ—T, ' (1
G d . . '
S ._ar,(rzpu)____o, (2)
d o
ou _711-'— i‘b =0, (3
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where p, p, T, and u are the pressure, density, temperature, and velocity of the ablation gas,
respectively; ¥ and m are the specific heat ratio and molecular mass of the ablation gas, respec-
tively; 7 is the radial distance from the origin, which is taken to be the center of the target pellet.

The target pellet ablation rate is G = 417r2pu = constant, (! is the volume energy source, whlch'
is supplied by the m]ected high-energy ions; that is

Q=4 3 ©

g in the equation denotes the energy current of the injected ions.

"The energy current g of the ions is related to its energy by the following equation

iy o ' ‘ 6)
== E, (6)
Here we also have
87 \%
E=2T,, ' (8)

where #;, v;,, m;, and T, are the number dens1ty, velocity, mass, and temperature of the ions,
respectlvely The subscript */ * denotes ion.

When the ions interact with the ab]atlon gas current, the equatlons for E and ¢ are respec-
tively given below:

mcost>’ : ‘
;,dq__P_A(E)q o (10)
dr ~m i s
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where {(cos@) is the average value of the cosine of the angle between the injected ion beam
direction and the magnetic field direction. When the ion beam is isotropic, we have

Ceosd> m-; (11)

The ion-energy current-attenuation total cross section A(E) is determined by the energy loss
function L, (E) and the total elastic backscattering cross section ¢(E) of the ions

AE) =¥n(E) | op), (12)

In this way, Eqs. (1)-(5) and Eqgs. (9} and (10) combined to form a set of ablation
equations that can be used to describe the ablation of hydrogen isotope spherical target pellets
under the bombardment by the high energy ions. In this paper, while the energy is given in eV
units, all other quantities are expressed in international units.

In order to solve the above set of equations, it is necessary to know L, (E) and o(E).
Generally speaking, these functions depend on the elements. Therefore, the ablation equations
are expected to be different because the forms of Egs. (9) and (10) are different. However, from
the Appendix, it is known that when the hydrogen or deuterium gas molecules collide with the
corresponding ions, o, (E) can be taken to be zero and their attenuation functions are, given.
below as

0.9424X 10" %5 &V . m?, (E>500eV)
LmH(E)={ (13)
2.107x10°% eV . m? (E<500eV)
0,1187 X 10 1*E°.® eV . m®, (E>>500eV)
Lap(E) -_-{ . (14)
. “2.6548x 1071 eV.m? (E<500eV)

respectively.

It can bé seen that as far as hydrogen and deuterium are concerned, L, (E) and A, (B)
differ only by a constant factor, that is

mD(E) AD(E)
Lau(E) ™ Au(E)
In this way, their ablations can also be described by the same set of equations. In the

discussion to follow, the subscript s can be either H or D, which denotes hydrogen or deuterium,
respectively.

=1.26, (15)

Since the energy of the injected ions is very high, the majority of the energy of the ions is
deposited within the distance of the acoustic radius » = #,.. Therefore, it can be assumed that
the energy of the hydrogen isotope in this location is E*s>500 eV. The subscript in this paper
denotes the ablation gas current and the transsonic parameter of the ablation gas current. After
the calculations and the normalization of the set of equations to obtain dimensionless guantities
for the corresponding quantities at #= r,, we next obtain the dimensionless set of equations
that can be used to describe the hydrogen-isotope spherical-target pellet ablation

dp' K, ___iT_ ] q;AgpgT 2,5: 16

Pre Bt (v ) o

d_T___ = (y— ) idBs

g =mAprt +- B2 (L ), "
,dq'=,1 A .
dr 844404, (18)
Esf‘-"‘ﬂ'a, ‘ (19)
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- {q-s'u'ﬁ’ (E.}SOOeV)

A, = (20)
0.2236X 10°g3 ' E33°. (E.<{500eV)
The “ — ” symbol above letters denotes dimensionless quantities. For simplicity, unless it is
absolutely necessary, the subscript “s” will be dropped from here on.
The dimensionless parameter A, is
2 Oulis
. # 21
* 'V_ 1 q* ] ) ( )
or :
A= Lxdure (21a)
m
At the target-pellet surface 7 = 7,, energy-conservation requirement leads to
. -1 e :
QV=pv“vh\r( 1+y2 M: A=) (22)
v

where M and 4 are the Mach number and enthalpy of the ablation gas, respectively; the sub- -
script “v”* denotes the value of the parameter for the ablation gas current and ions at the target-
pellet surface.

The surface process during the target-pellet ablation lacks experimental observation; how-
ever, based on the temperature and density relation of the hydrogen isotopes, the surface tem-

“perature is at least equal to the corresponding critical temperature. Therefore, we let

T,u=33K, T, p=38K, (23)
Hence, the corresponding energies £, needed for sublimation are: ‘

en=0,475% 10°]/kg, | . (24a)
ep=0,760% 10°]/kg, (24b)

Most experiments have shown that the ablation gas current can effectively shield the target
pellets and as a result, we have '

2,0, Mimo, @25)
Considering Egs. (24a), (24b), and (25), the dimensionless equation obtained from Eq.
(22) is o
2
Ty %5, _ (26)

qv‘ *»

We further analyze the ablation-gas current energy equation and it is not difficult to obtain

7, <1, _ 27
i ‘
Finally, the boundary conditions at the target pellet surface at 7 =7, can be written
Q\' -> 0 » TV < 1 L] . ( 28 )
I~

Downstream from the ablation gas current, that is, at the location where the injected ions
have not been disturbed, the current motion tends toward a subsonic state.® Here the boundary
conditions for 7— «, can be written as

.a.
7 q: . (29)
E-SE,
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where the “A” above some symbols denotes the downstream subsonic state value of the abla-
tion gas current and ions.

. EQUATIONS AND THE ABLATION LAWS

From the preceding sections it is obvious that the target-pellet ablation problem does not
have a fixed boundary characteristic value A, solution. A trial solution is commonly needed to
obtain a solution. Figure 1 shows the distribution of the dimensionless parameters as functions
of 7 for the hydrogen-isotope target pellet ablation gas current when the unperturbed energy of
the ions is B, = 194.81 keV. The values of A, and 7, are

Ag=0,0460, (30)
prO . 6366.

Since the attenuation function L, (E) for the hydrogen isotope is not a smooth function,
the value 4, changes as K, changes. The calculated results are shown in Table II.

The determination of the target-pellet ablation law is one of the main goals in the study of
target-pellet ablation. Based on the definition of ablation rate, we have

GIS"C(F;Q)—ZN'A*(EO) « (rimgp)t® . EG0 . mist, (31}
It can be seen from Table II that when E, > 30 keV, we can assume

(P2g)Y %% . A(E,)=1,28=const., (32)

FIG. 1. The distribution of the dimensionless quanti-
ties for ablation gas current and ions as functions of 7,
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TABLE II. The calculated results for different E,.

Ey keV 4 31,10 ) 77.88 165,80 194,81 233,78
A 0.9405 L 0.9445 0.9455 0,9460 0.9460
o | 0.6380 b 0,8870 0,6367 0.6368 ' 0.6366
i=E 1.5550 1,5575 1.5580 t.5585 1,6685
(Fapg) 1y 1.2761 1.2828 1,2847 . 1.2854 1.2854
We then obtain the ablation law
1.5528%10* :
Gia = VL5020 (rdngg) - B3 - mil?, (33)

CZIS

The error in Eq. (33) is less than 1%. For different elements, L. (E) are different. There-
fore, for H, ~H *, Cy =1 and for D, -D *, C, = 1.26.,

Finally, we obtain

Giu=0.8978% 107%(rin;)"® E0f*, (34)
Gip=1,0884% 10" (rinn)® Ei5%, (35)

If r,, np, and E,, are all the same, then
Gip/Giu=1,212, (36)

From Ref. 6, we know that in the temperature range of fusion-reaction interest, the various
parameters of ablation for the hydrogen-isotope spherical-target pellets under plasma ion-elec-
tron bombardment are

Fp==0,62—0, 64,
Ag=0_025—0,98,
Qeml.ﬁﬁ,

Ape=0.4453% 1072 E;17%,

From here we obtain the ablation ratio of the hydrogen-isotope target pellets for the corre-
sponding ion and electron bombardments as follows:

G nan(r )" )™
g:’; =9, 250("“’” ) Ege )D'm . (38)

The subscript “e “¢” denotes the quantity related to the case when the target pellet is under the
bombardment by the electrons.

If neutral particles are used for bombardment and heating, the ratio of the density of the
high-energy ions to that of the electrons are

Miss _yo-1, (39)

“fge

Under this kind of number density, the energy ratio, Eqs. (37) and (38} can be used to
obtain the relation between the energy ratio coefficient
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FIG. 2. G./G,, as a function of the energy ratio coef-
ficient 1.

st/Ges 3

as shown in Fig. 2.

4, CONCLUSIONS

1. It can be seen from Eqgs. (37) and (38) that the influence of E,, on G,, is greater than -
the influence of &, on G,,. The reason is that the change of A, as a function of E, is much
greater than the change of A, as a function of E_;

2. The ablation rate of a deuterium-target pellet is greater than that of a hydrogen target
pellet; that is

Gip>Gin,
~ However, the relative target-pellet ablation rates for electron bombardment are just the
opposite; that is

(c2) /(G )=0.11.

3. It can be seen from Fig. 2 that when I.>1.5, G./G,>20%. When there is neutral-
particle bombardment, it is commonly true that 7,»1.5. Therefore, it is necessary to consider
the effect of the high-energy ion bombardment on the target pellet ablation.

This work was funded by the European Community Consortium and the European Atomic
Energy Joint Study Institute. It was performed at the Denmark RISg National Laboratory. The
authors would like to express their deep thanks to their sponsors for their supports and encour-
agement.

5. APPENDIX
The energy attenuation function £, (£) and the total elastic backscattering cross section
o(£) when a high-energy hydrogen-isotope ion collides with the corresponding gas
molecule

When a high-energy hydrogen isotope ion collides with the corresponding gas molecule
L, (E) and o(E) can be obtained in general from the charge-carrying particles and the L, (E)
and o, (E} of the corresponding gaseous atoms by multiplying them with the number of atoms
contained in the molecule.” When the ion with a velocity v; collides with a stationery atom, we
have : '
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La(E)=Lo(E)+Li(E), 4D

where L, (E) is the electron-velocity moderation loss function, L, (E) is the nuclear-velocity
moderation loss function. They can be determined from the reduced mass y,,, the Lindhard
parameter £, , the shielding radius ¢,, and the velocity moderation loss function §, (£). That is

L(E) =" g g, (A2)

%)
The subscript x = e or n. ¥,, is determined below:

ya =—-~—(fﬂ'f+'_”’,;‘), . : (A.3)

where m, is the ion mass; m, is the atom mass. When the energy of the charge-carrying particle
reaches 10-100 eV, the Lindhard parameter becomes

32,53X 10°m,
= 7 (mF me ) (ZA P Z,308)1 0" (A4)
oL==0.8853a( Z;$ A+ Z,3/3)"1/1. _ (A.5)

The simplified electron-velocity moderation loss function is

Se(E)=Kvreth3, | (A.6)
and the simplified nuclear-velocity moderation loss function is

—1n(1+eL) (A 7y
Su(E)= sL+D 10718eL0-3544 *
since
KL = 0.0703Z;3 322 ”(mi'l'ma)s & , (A. 8)

(Z; aa’s+z.:!3)aum‘aumaa 71
where Z, and Z,_, are the charge number and atomic number respectively; and &, is the Bohr
radius, @, = 5.2918x 10~ "'m

In order to determine the total elastic backscattering cross section o(E), we want to use
the differential elastic-scattering cross section derived by Lindhard et al®

,f(f“) (A.9)

do= =at th”

where t =& (T,./T,, ). The maximum energy transition 7, and the minimum energy transi-
tion T, correspond to

Ta=yal, : (A.10)

Tre —% (A.11)

The function f(t 1“2} can be obtained from Ref. 8.

Since Eq. (A.9) is suitable for both single and multiple scatterings, it can be integrated
from T, to T, to obtain a(F).
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