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CHARGE STATE OF SPUTTERED IMPURITY IONS NEAR

A LIHITER OK DIVERTO* IN A TOKAMAK

C. D. Boley, J. N. Brooks, and Y.-K. Kim

Fusion Power Program
Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

Many impurity atoms sputtered from a limiter or divertor

plate are ionized in the scrapeoff zone and return to the sput-

tering surface because of friction with incoming plasma ions. The

final charge state attained by such impurities has been calculated

for a variety of plasma edge conditions. The surface materials

considered are tungsten, beryllium, beryllium oxide, and carbon.

Estimates of the successive ionization cross sections for tungsten

are developed. In all cases examined, returning impurity ions are

found to be multiply ionized. This implies a significant energy

gain in the sheath region, with important implications for self-

sputtering of redeposited surface material.



INTRODUCTION

Limiters and divertors have been proposed as impurity control devices for

future tokamak fusion reactors. A critical issue with these devices is the

surface erosion caused by sputtering. Typically, atoms sputtered from the

impurity control system will be ionized within the scrapeoff region and will

then flow back to the surface, where they can stick and/or self-sputter. This

redeposition process has been found to be critical in determining the lifetime

of these devices and the impurity content in the plasma.'*' The charge state

of redeposited impurity ions is important because it determines the energy

acquired in the sheath region, thus affecting the self-sputtering coeffi-

cients. Also of concern is the energy acquired, through collisions, prior to

the sheath. The charge state is important for all surface materials but Is

particularly so for high-Z materials such as tungsten or tantalum, for which

the final impact energy of returning ions must be limited to about 700 eV, in

order to hold the self-sputtering coefficient to values less than unity. If

these materials are employed, therefore, the charge state has a direct bearing

on the maximum permissible plasma edge temperature.

The charge state of sputtered atoms, ionized in the scrape-off zone, was

computed for a variety of possible plasma edge conditions, using models for

sputtering, ionization, and momentum transfer with the incoming plasma. The

materials considered were tungsten (typical of high-Z materials) and the low-Z

coatings of beryllium, beryllium oxide, and carbon. It was found that sput-

tered atoms of all these materials become multiply charged before returning to

the surface. This has important implications for sputtering calculations.

MODEL

In the model used here, a newly ionized impurity particle acquires

momentum from the incoming D-T ions and from the possible presence of a pre-

sheath electric field. The resulting particle trajectory is followed, along

with the solution of a series of rate equations giving the instantaneous

charge state. When the impurity ion hits the surface its final charge state

is noted. An average over many trajectories is taken. Figure 1 shows the

model geometry. For most reactor designs the magnetic field intersects the
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Fig. 1. Model geometry (top view). The neutral is sputtered
into a polar angle 9 with respect to the normal from
the plate, and the magnetic field intercepts the
plate with a polar angle 6i>.

impurity control surface at a very shallow angle « 5 deg), in order to spread

the heat load. The sheath region is small compared to the distance traveled

by the sputtered impurities.

In the sputtering event under consideration, a neutral is emitted from

the surface into a given angle, and travels a given distance before ioniza-

tion. After ionization, which is assumed to involve negligible momentum

transfer, the ion executes a spiral motion along the local magnetic field

line. The initial parallel velocity can be in either direction, depending on

the angle of emission. The model for the parallel motion is

-v(t)[v,(t) - v D T]
n

-4-



where Z(t) is Che Instantaneous mean charge state, m Is the mass of the

impurity, v D T * (Te/mDT) , v is the Braginskii 90-deg collision frequency,

v(t)
4(2TT)1 / 2 n^e1* An A mDT

n(m

1/2 _
Z2(t) ,

and Z2(t) is the mean squared charge state. The D-T ions stream from the

field line toward the plate, and the resulting friction tends to slow down an

impurity initially moving away from the plate. Perpendicular equilibration

has been ignored, since in this problem it occurs much more slowly than

parallel equilibration.

The time-dependent distribution of charge states is calculated from the

coronal rate equations,

dn.
* -v,n., + VJ Itij_« , (i > 1, VQ " 0) ,

dt x x x~ 1 ~~

where n̂  is the population of the i-th ionization state and u, is the rate

coefficient for ionization from charge state i to charge state (i + 1). For

the temperatures of interest, ionization occurs almost exclusively via

electron impact, and so one has

vi = n e < a i v >

-E/Te
d E E e e o^CE) ,

where the indicated average over an electron distribution function with tem-

perature Tg has been taken, and E is the electron impact energy. Recombina-

tion is unimportant at the relatively low charge states encountered here. For

beryllium, carbon, and oxygen, the ionization cross sections were taken from

Ref. 2. For tungsten, cross sections described in Appendix A were employed.

The dependence on Tp of the first several Maxwellian-averaged tungsten cross

sections is shown in Fig. 2.
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Fig. 2. Maxwellian averaged ionization rate coefficients for tungsten.
The cross sections were calculated according to the prescription
in Appendix A.



At any time the mean charge state and the mean squared charge state are

given by

ni

In practice, there is negligible difference between (Z)^ and Z^.

The instantaneous charge state affects not only the parallel friction and

the coupling to the electric field but also the. Larmor radius, since as Z

increases, the spiral becomes more tightly wound. For the lighter elements,

the Larmor frequency is sufficiently high so that one can consider the tra-

jectory as defining a cylinder of gradually decreasing radius. For heavier

elements such as tungsten the corkscrew motion must be followed in detail.

Some details of the kinematics are noted in Appendix B.

A computer code has been written to solve for the motion of the impur-

ity. The code records the change state and kinetic energy at the moment of

impact with the surface, and then takes an average over sputtering energies,

solid angles of emission, and ionization distances. In the examples con-

sidered here, the sputtering energies were distributed according to a random

collision cascade model

F(E) ~
(E + U o )

3

where UQ is the suface binding energy. Ten energies were sampled. The solid

angles, which were weighted by the cosine with respect to the normal, were

taken from the 08 discrete-ordinates package commonly used in neutronics cal-

culations. The average over ionization distances was accomplished by a five-

point Gauss-Laguerre integration scheme. In the case of the lighter elements

some trajectories involved relatively long excursions along the field line, on

the order of tens of meters. A cutoff distance of 10 m was defined, beyond

which a trajectory was considered lost to the plasma and was not included in

the averages.



RESULTS

Table 1 shows the final charge state Zf and kinetic energy Kf for several

elements and for a selection of edge conditions. These edge conditions range

over "low" (20 eV), "medium" (100 eV), and "high" (700 eV) edge temperature

Table 1. Final Charge State Zf and Final Kinetic Energy Ef

(Prior to the Sheath; Attained by Sputtered Atoms,
for Various Plasma Edge Conditions

For comparison, the coronal-equilibrium value of the charge state (from
Ref. 5) at the given electron temperature is listed as Z . In all
cases, Bt - 5 T, Bp - 0.5 T, and the angle between Bp and the surface is
15 deg. A dash signifies that all sputtered ions were lost to the plasma.

Te

(eV)

ne

(m-3) zcor

Eg - 100 V/m

Zf

Kf

(eV)

Ell "°

zf

Kf

(eV)

E( - -100 V/m

zf

Kf

(ev)

20
100
700

100
700

100
700

100
700

Beryllium (Up - 3.4 eV)

2.5 x 1019

9.26 x 1019

5.0 x 1018

9.26 x 1019

5.0 x 1018

9.26 x 1019

5.0 x 1018

9.26 x 1019

5.0 x 1018

2.24
3.98
4.

1.
1.
1.

74
92
90

47.1
33.0
195.9

1.
1.
2.

79
95
76

33.
26.
22.

2
8
4

1
2
-

.85

.01

Beryllium (Up - 6.1 eV)

3.98
4.

5.29
6.

6.02
8.

1.94
1.96

50.0
264.3

1.98
2.82

Carbon (Up - 7.4 eV)

2.66
2.56

68.2
261.4

2.74
3.61

Oxygen (Un - 6.1 eV)

3.05
3.06

80.2
301.2

3.14
4.52

41.7
37.0

59.3
44.6

68.7
45.0

2.03

2.84

3.26

aEstimated by linear interpolation between the value at Tg - 80 eV
(lowest temperature available in Ref. 5) and the vanishing value

22.0
20.8

33.8

50.6

57.5

20
50
50

2.
2.
5.

5
5
0

x 1019

x 1019

x 10*9

Tungsten (Uo "11

2.42a

6.06a

6.06a

2.
3.
3.

88
95
83

96.
92.
77.

.1 eV)

5
4
3

2.
4.
3.

91
03
85

90.
85.
74.

7
4
9

2.
4.
3.

95
12
89

84.
78.
72.

9
4
4

at TL 0.



regions currently thought to be obtainable in a tokamak reactor (see, for

example, Ref- 4). Since the value of the parallel electric field is not well

established, the values E • 0 and E - ±100 v/m were surveyed. Two binding

energies were considered for beryllium, corresponding to pure beryllium (Uo -

3.4 eV) and beryllium oxide (Uo - 6.1 eV). The following points can be noted:

(1) As the electric field increases, the final charge state decreases and

the final kinetic energy increases, as would be expected.

(2) The final energy (prior to the sheath) is, in all cases, considerably

less than the value m/mDT (T/2) which would be attained for full

equilibration of impurities and D-T ions in the parallel direction.

Thus the time for sputtered atoms ionized in the scrapeoff zone to

return to the surface is short compared to the equilibration time.

Nevertheless, all elements became multiply charged, although this

charge is about one-half of the coronal equilibrium value at the

respective edge temperature.

(3) For tungsten at 50 eV, as the electron density increases from 2.5

x 1013 nf3 to 5.0 x 1019 m~3, the final charge state is nearly con-

stant. The reason is chat the increase in higher ionization frequen-

cies offsets the decrease in the neutral mean free path. While the

charge states do vary with edge temperature, this variation is not

very large, in the context of other uncertainties related to sput-

tering, edge physics, etc. Thus, for the purpose of sputtering

calculations, one can use typical charge-state values of Zf * 2 for

beryllium, Zf « 3 for carbon, Zf * 3 for oxygen, and Zf - 3-4 for

tungsten.

To test the sensitivity of the results to the ionization cross sections,

some additional runs were made with the cross sections divided by two and

other runs were made with the cross sections multiplied by two. The charge

states changed only slightly under these conditions, decreasing by less than

10% in the former case and increasing by about the same amount in the latter

case. The explanation for this insensitivity is similar to that noted above

— if the cross sections are decreased, the neutral travels further from the

plate before being ionized, and so the ion is allowed to travel a longer dis-

tance; and vice versa if the cross sections are increased. (Note that scaling

the cross sections is not quite equivalent to scaling the density, since the



plasma collision frequency is affected only in the latter case.) The final

energy changed more substantially under these variations. When the cross sec-

tions were halved, Kf increased by amounts ranging from 10% to 50%, depending

on the particular case, and it decreased correspondingly when the cross sec-

tions were doubled. This sensitivity, however, is not too important since Kf

is always smaller than the energy 3 ZfTe acquired in the sheath.

The effect of perpendicular diffusion was also considered. This was done

by replacing a single incoming particle trajectory by three trajectories

spread in the perpendicular direction. These were weighted by a Gaussian dis-

tribution based on a diffusion coefficient of 1.0 m2/s. The resulting charge

states showed only small changes from the no-diffusion cases. This is so for

two reasons: (1) the diffusion lengths are fairly small due to the short

times involved; and (2) the effect of particles diffusing towards the surface

and away from the surface tend to cancel each other.

10



APPENDIX A

Ionlzatlon Cross Sections of Tungsten Ions

No theoretical or experimental estimate of cross sections for the

electron-impact lonization of tungsten ions is available in the literature.

To provide order of magnitude estimates, cross sections were determined in the

following manner.

For convenience, the electron-impact ionization cross section, o^on, is

written as a function of the incident energy E in unit of the lowest

ionization potential I, x = E/I:

a. = [A Jin x + B(l - 1/x) + C £n x/(l + x) ] , (A-l)
I*x

where

a0 - 0.529 A

R = 13.6 eV

A,B,C = adjustable constants.

Equation (A-l) has the advantage that o±on vanishes at the threshold (x * 1),

and a^on can be evaluated quickly at any incident energy. Furthermore, Eq.

(A-l) reduces to the correct asymptotic form

ion ~ T2x~ [A ̂  X + ̂  * <A"2)

when x » 1.

To determine the adjustable constants, we used a guideline relating the

maximum ionization cross section omax with the geometrical cross section ir<r >omax

of the valence shell:

<w
where

11



f2/3 for a closed shell,

1/2 for an open shell, and

1/3 for one electron outside a closed shell.

(A-4)

The values of D listed above reflect experience with smaller ions for which

ionization cross sections are known.

The values of 1 were chosen from experimental and theoretical values.

The theoretical values were calculated from relativistic Hartree-Fock wave-

functions with average configurations. The shell sizes, <r^>, were also

calculated from the relativistic Hartree-Fock wavefunctions. After the values

of I and <r^> were chosen, the constants A, B, and C in Eq. (A-l) were

adjusted to have o i o n reach its maximum, o m a x, near x • 3-4. The higher the

ionicity, the sooner the maximum is reached, i.e., at a smaller value of x.

The values of 1, oraax, A, B, and C are listed in Table A-l. The cross

sections derived from the constants in Table A-l should be used with a

philosophy that a crude estimate is better than nothing. We do not expect,

for instance, oir estimate to shed any light on the complicated autoionization

of inner-shell excited states near the threshold that could overwhelm the

threshold region. Deviations of 200-300% from reality should not be ruled out

in using the cross sections presented in Table A-l.

Table A-l. Cross-Section Constants for Tungsten Ions
to be Used with Eq. (A-l)

Ion

W

W+

tf2+

w 3 +

tf4+

W5+

W6+

W7+

K8+

W9*

W1O+

I
(eV)

7.13

14.2

25.3

37.2

50.1

64.0

121.4

139.4

158.0

177.1

208.1

°max(*2)

8.1

3.3

2.4

1.6

1.4

0.85

1.0

0.72

0.70

0.45

0.78

A

1.26

3.1

6.5

10

16

16

68

65

80

66

150

B

4

3.4

4

3

3

3

6

6

6

5

6

C

-8

-10

-10

-10

-12

-13

-40

-40

-40

-40

-48

12



APPENDIX B

Kinematics

Consider a neutral atom sputtered with energy E o into the solid angle

(6,$), with 6 measured from the vertical and 4 measured from the line on the

plate beneath the incoming magnetic field line [cf. Fig. 1. The magnetic

field is taken to intersect the plate from above, and so its solid angle is

(IT - 9g, -IT). Suppose the neutral travels a distance I before ionization. At

the point of ionization (a distance I cos 6 above the plate), define a coordi-

nate system such that the z-axis is parallel to S, the x-axis lies in the

direction of n x z, with n the normal from the plate, and of course y • z x x»

Then the gyromotion of the ion takes place in the x-y plane and is given by:

x(t) - ^ + i- fvv(0) sin fl t - v (0) cos fit]
ft n x y

V X ( 0 ) 1 r
y(t) = - — + - [v (0) sin ft t + v (0) cos ft t] ,

a a y x

with ft = ZeB/m. (Note that the frequency is here treated as a constant, since

it changes negligibly during a gyroperiod.) The first term on the right-hand

side gives the location of the gyrocenter. The initial velocity of the ion,

which is assumed to be the same as the velocity of the neutral, has the

components:

vx(0) = -vo sin 9 sin $,

vy(0) - vo(cos 8 cos 6j, - sin 0 sin 9B cos $),

v (0) » -vo(cos 0 sin 0g + sin 0 cos 6B cos $) ,

1/9

where vo * (2 EQ/m) . I f vz(0) < 0 the gyrocenter initially moves up the

field line, away from the plate.

The distance along the field line from the point of ionization to the

plate is ZQ - I cos 6/sin 0]j. Because of the ion's gyromation, the actual net

parallel distance z(tQ) which the ion travels, in the time t0 required to

-13-



strike the plate, differs somewhat froa this. In fact, the criterion for

striking the plate is simply

) cot 8JJ .

The second term, which gives the effect due to gyromotion, can have either

sign.

If ft(t())to > 1, many gyrations occur before the ion hits the plate. In

this case it is simpler to consider the orbit as defining a funnel, and to

calculate the point at which the funnel intercepts the plate. Then the cri-

terion is simply

[v2(0) + v2(0)]
1/2 + v (0)

«(t0) - «o -— z — cot eB ,
ft

and of course the ion srikes the plate before it travels the full distance

along the field line.

-14-
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