
INTERIM REPORT ON DIVERTOR AND 

GAS BLANKET IMPURITY CONTROL STUDY
*

by

Z. El Derini and W. M. Stacey, Jr* 
School of Nuclear Engineering 

Georgia Institute of Technology 
Atlanta, Georgia 30332

------------------------------- NOTICE--------------------------------
This report was prepared as an account of work 
sponsored by the United States Government. Neither the 
United States nor the United States Department of 
Energy, nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned rights.

A
Work supported by U.S. Department of Energy under Contract No. ET-78-S-05-5683 
with Georgia Institute of Technology.

• j.TCrr

t



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.



DIVERTOR AND GAS BLANKET PERFORMANCE STUDY

Abstract

A simple calculational model for the transport of particles across 

the "scrape off" region betx^een the plasma and the wall in the presence 

of a divertor or a gas blanket has been developed. The model departs 

from previous work in including: a) the entire impurity transport as well 

as its effect on the energy balance equations; b) the recycling neutrals 

from the divertor, and c) the reflected neutrals from the wall.

Results obtained with this model show how the steady state impurity 

level in the plasma depends on the divertor parameters such as the 

neutral backflow from the divertor, the particle residence time and the 

"scrape off" thickness; and on the gas blanket parameters such as the 

neutral source strength and the gas blanket thickness. The variation 

of the divertor or gas blanket performance as a function of the heat and 

particle fluxes escaping from the plasma, the wall material and the 

cross field diffusion is examined and numerical examples are given.

This work contributes to an understanding of the divertor and gas 

blanket parameters that are required in order to efficiently shield the 

plasma and it also helps to indicate new methods for improving the 

effectiveness of divertors and gas blankets.



Introduction

Active impurity control may be necessary in tokamak reactors 

(e.g. Refs. 1-4) since the presence of impurities will affect the 

operation of fusion reactors as follows: a) impurities enhance 

radiation losses; b) reduce the ion density, and this will, in turn, 

result in a decrease of thermonuclear reaction rate and an increase 

in ignition temperature; c) shift the Lawson and ignition criteria 

towards higher temperature; d) increase the requirement on neutral 

beam energy for penetration; and f) possibly cause some instability 

due to edge cooling.

Various methods have been proposed to control the impurity con-
(5-9)

centration in the plasma. Among these are divertors and neutral

gas blankets.

Theoretical studies on both divertors and gas blankets have 

previously been performed by several authors. These studies followed 

different approaches. For example, in the case of the divertor:

1) a neoclassical treatment with the assumption of hot ions and cold 

electrons was given by Hinton, ^^et al.; 2) two fluid Braginskii 

equations with warm electrons and cold ions were used by Boozer/^"^

3) others developed a model'' where the diffusion parallel to the

magnetic field was approximated in the particle continuity equation by

an absorption term equal to I I
L(r)

, where L(r) is an average distance

traveled along a field line to fhe collector plate, and Fj ^ is the 

particle flux along the magnetic field line. The particle flux, F^ ^ , 

was assumed to be ambipolar and an electrostatic field would be

established which would enhance the electron parallel heat flux, ^ .

(18-20)In this model. the charge exchange neutrals were included.
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but both impurities and recycled neutrals from the wall were neglected. 

Most of the studies on gas blanket, did not take impurity into

consideration and neglected radiation losses as well as recombination.

In this paper, a semi-analytical model to describe both divertor 

and gas blanket is formulated and written into a computer program 

capable of predicting the performance of a divertor or a gas blanket.

The model involves the solution of the space dependent (ion and impurity) 

continuity equations and the energy conservation equations self-consis- 

tently with the neutral transport equation. The model includes an 

entire impurity transport calculation as well as its effect on the 

energy balance equations. The recycled neutrals from the divertor, 

as well as those reflected from the first wall, are treated. In 

Section II, the model used to describe the particle and energy trans­

port in the "scrape off" region between the plasma and the wall is

discussed. A study of the sensitivity of divertor and gas blanket 

performance to the particle and heat fluxes escaping from the plasma, 

the reflection coefficient, the external neutral source, the cross­

field diffusion coefficient and the residence time is presented in 

Section III. This study outlines the different phenomena that deter­

mine the effectiveness of a divertor or a gas blanket and provides the 

range of divertor or gas blanket parameters that are required to achieve 

a given level of impurity control. Conclusions drawn from this study 

are summarized in Section IV.

II. Model description

We represent the divertor "scrape off" region or the gas blanket 

by a slab model extending from the plasma interface (separatrix for a
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divertor) located at x = 0 to the first wall located at x = 6 . The
s

particle, and heat, Q , fluxes escaping from the plasma define the

boundary conditions at x = 0, and the reflection and sputtering properties

of the wall are used to define the boundary at x = 5 . Another boundary
s

condition is obtained by specifying either the ion density or the ion 

flux at the wall to be zero. The plasma ion density at the plasma 

boundary is determined by the calculations. We treat the cross field 

transport of neutral and ionized particles of the main plasma and of the 

wall sputtered impurity species, the cross field transport of heat, the 

loss of energy due to radiative and other atomic processes, and the 

transport of particles and energy along field lines into the divertor 

chamber in our model of the scrape off region/gas blanket.

In order to model the parallel loss in the "scrape-off" region, 

we postulate that the residence time, T.., for an ion is given by
Tf| 0 . "

T| = with t.j given. This choice is motivated by the physical model

L| I
T.t = ------ , where L is the mean distance traveled along the magnetic
Ml v I I

field line to the collector plate and v^ is the ion flow velocity. This 

situation holds for divertors where the divertor chamber and the field 

null are located on the outside of the torus. Since the electron velocity 

is much larger than the ion velocity, an electrostatic sheath will be 

formed at the collector which impedes the parallel diffusion of the electrons 

so that the net electrical current vanishes at the collector. This potential 

is included to obtain an electron energy loss enhancement factor:

Y = 1 + In e 2 n. /T.ra 1 
A { 1 e 
n \ T m. e \ e i.

+
zn

n

J. m z e
m T 

. z e
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where n, T, m, and z are the density, temperature, mass, and charge, 

and the subscripts i, e, z stand for ion, electron, and impurity, 

respectively. Including this enhancement factor, the electron heat flux 

to the divertor can be written as

n = 2kT y f,,!e e e 1|e

where F is the electron flux along the field line.
I i e

The cross field diffusion is taken to be Bohm diffusion with a 

variable coefficient. This choice implies the presence of low frequency 

turbulence in the boundary region which can arise due to steep gradients.

The ion density satisfies

d
dx - D

dn. 
a

dx

n,

[ ii
---- n n

e . c,
<av>.

1 iSl
+ n n. <av> = 0 

e i R (1)

F kT0
where D = ■ > , F is a variable coefficient, T . is the ion

1 16eB Mi

residence time (the second term in the equation is zero in the case of a

static neutral gas blanket), n , n., n , and n, are the electron, ion,e i c h

cold and hot neutral densities respectively, <av>. and <crv> are thex R

electron impact ionization rate and recombination rate.

One of the major categories where input information is required for 

the plasma model described above is atomic physics characterizing the 

ionization and charge exchange cross section. Atomic cross section, 

are available for charge exchange for D-T neutrals with D-T ions and 

collisional ionization for D-T neutrals by electrons and D-T ions. The 

ionization and charge exchange rates used in this work are taken from 

reference 25.
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Neglecting recombination compared to the losses along the field

line in the case of a divertor, the ion continuity equation can be 

written as:

d2n.
■ ---£ + k2(x) n. (x) = 0, 

dx'1 i (2)

where k2(x) may be negative at x = 0 then increases to zero at x = b 

where b is defined by k2(b) = 0, and it is the location where the ioni­

zation term is equal to the loss along the field line. Equation (2) has 

the approximate solution

n
il

(x) = A exp + B exp

x
r

kdx'
^o J o < x < b (3)

n.„(x) = C cosi2
kdx'J + D sin kdx’ b < x < 6 (4)

where A, B, C, and D are determined by using the following boundary 

conditions:

a) continuous particle flux at the plasma boundary,

b) continuous particle flux at x = b,

c) continuous particle density at x = b,

d) and 1.(6 ) or n.(6 ) = 0 at the wall.is i s

In case where k2(x) is a slowly varying function of x, Eq. (2) has been
/o/r OQN

solved using the WKBV approximation. This yields the following

analytical solution:

n., (x) = -±
11 /T

^C1

2 sin <j) e

b
{ kdx

4 + COS 4*

COS

X

f
bJ kdx

° £ X £ b (5)

b < x < 6 (6)
— — s
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(7)

where =
ri(x=o)

f kdx [ kdx1
<——— a qJ qj

D vk(o) \ 2 sin e - cos <[> e
1

and 4> is determined from the boundary condition at the first wall,

we also have two options, either F.(6 ) = 0 or n.(6 ) = 0. The resultsis is

in the scrape off region have been found not to be generally sensitive 

to the boundary condition at the wall.

For a neutral gas blanket, the recombination term cannot be neglected, 

and the ion continuity equation can be written as

d2n. n:

dx2 " x2-

D
where y2 =

D

ri<ctv>r n, <av>.,R. + n <av>. R, h ih 1 c ic 1

(8)

and R„ 
i

n
e

n.i

The solution is expressed as 

n

n
/

dn.

(n. -£)+c 
ii o

-VF fo'

dx
Y

where £ = "f (J)2

(9)

The solution is an elliptic function where the constants c and n are
o o

determined from the following boundary conditions: a) total plasma flux 

across the separatrix has to equal the total loss of confined plasma,and 

b) zero ion density at the first wall.
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Ions and electrons diffusing from the plasma interact with the

limiter. This can give rise to desorption and backstreaming of neutrals

as well as evaporation and sputtering at the limiter. Likewise, charge

exchange neutrals interact with the vacuum chamber liner or first wall and

cause reflection of hydrogenic neutrals. These cold neutral atoms are

assumed to come off the wall isotropically. As they proceed across the

boundary, many get ionized by electrons and ions, or charge exchange with

ions to form neutral atoms x^ith energies corresponding to the plasma energy.

Therefore, the cold neutrals experience ionization and charge exchange,

which are equivalent to capture and scattering with cold neutral, respectively,

in neutron transport theory. Therefore, the problem of penetration and

interaction of neutrals with plasma is solved here using a one group neutron 

. (29) .transport equation given by

V + 1 (10)

where F is the neutral angular flux, y is the cosine of the angle

between the neutral velocity and the x axis, E and £ are the total
t s

and scattering cross section, <J) is the neutral flux given by

<{>(x)
J F(x,y)dy ,

and s is the neutral source.

Equation (10) is solved by the discrete ordinates method subject to 

the following boundary conditions:

/



F. n+1 0 for vu<0

b) F. i = 0 for )J.>o
X j J- X

where n+1 and 1 refer to the wall and the separatrix, respectively. 

These boundary conditions imply that no returning neutral flux from the 

wall and no cold neutrals come from the plasma to the boundary region at 

x = 0. Boundary condition (b) is always true since at the separatrix 

the neutral density is small and the absorption cross section is much 

higher than the scattering cross section. The cold neutral source, s, 

is assumed to be isotropic and of magnitude proportional to

R.
1 n.dxi

Tli
+ R + r ) + r(rw cxw w ex

where R, is the backflow fraction from the divertor, R is the wall 
d w

reflection coefficient, F is the flux of charge exchange neutrals
cx

incident upon the wall.

F = a cx cx

6
s
n n 
i o

<ov> dx, cx (ID

F is the plasma flux incident on the wall, and F is due to gas puffing, w ex

In Eq. (11),<ov> is the charge exchange rate and a is the probability
CX

that a charge exchange neutral strikes the wall. A two generations estimate

of a is cx

1 / , 1 a = — I 1 + — 
cx 2 I 2 <0 v*>

1 + <a v>cxi

(12)
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The hot neutral profile has also been calculated, in the case of 

a neutral gas blanket, by solving the one group transport equation by 

discrete ordinates subject to the following boundary conditions:

a) F , = 0 for y <o, i.e. no return from the wall,
i,n+l i

b) , = KF.7T1i1 . , for y.<o, i.e. reflective boundary at
NP,1 NP+l-i,l i

x = 0

with albedo equal K,

where NP is half the number of discrete angle and K is a constant less 

than or equal to unity.

Sputtering of the first wall due to charge exchange neutrals was

w (25)calculated using sputtering yield, y , as a function of the ion energy.

This sputtering yield has been obtained by averaging the monoenergetic

sputter yields over a Maxwellian distribution of incident particle energies

and then interpolated as a function of ion energy. Impurity atoms are

assumed to come off the wall isotropically. Since no data are available

on the energy spectrum of the sputtered impurity atoms, this energy is

taken to be equal to 1 eV. The inwards neutral impurity atoms, yWr ,
cx

is attenuated by ionization according to

n v = yWr E 
nz nz cx 1

r&s

J,

<av>
(zn + n. ) z x

ze dx' (13)
nz

where <ov>e is the impurity ionization rate and the subscript nz and z 

refer to impurity atoms and ions, respectively. The impurity ions satisfy

d_
dx

dn \ n
D ) H---- -— = n n <ov> = S
j z dx / t e nz ze z (14)
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The solution to Eq. (14) is constructed using the Green’s function for

a unit source at x = x . This Green's function satisfies
o

- D
d2<J> (x,x ) <{> (x,x )

z o + z o
dx^ 0-

I Iz

The appropriate boundary conditions follow from the fact that the impurity

ion density vanishes at ,the wall because of electronic recombination at

the surface, and from assuming a reflecting boundary condition at the

plasma boundary, which is based on the assumption of zero net impurity
dn (o)

flux across the interface in equilibrium. Thus,n (6 ) = 0 and —------- = 0
n , Z S Q.Xd4>

lead to <b (<5 ,x ) and -r-^- (o,x ) = 0. Since <f> (x,x ) is the Green's 
z s o dx o z o

function for a unit source located at x = x , it must also satisfy theo

source condition

Lin
e-K)

x + e 
o

✓

x -e o

dK = 1-

The Green’s functions which satisfy these boundary conditions are given 

by:

4- (x.x^ -
cosh K (6 -x ) cosh K x 

z s o z
D K cosh (K 6 ) lz z z s

cosh K (6 -x ) cosh K x sinh K (5 -x) 
z s o z o z s
D K cosh (K 6 ) sinh K (6 -x ) lz z z s z s o

<J>+ (x, x ) = 
o
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The impurity ion profile can be written as

n (x) = 
z

r cosh K (6 -x ) cosh (K x ) sinh K (5 -x) S (x ) dx z s o z o z s z o o

Jo D. K cosh (K 6 ) sinh K (6 -x ) ±Z z zs zso

/■S cosh K (6 -x ) cosh (K x) S (x ) dx 
*s zso zzoo

-'x
D K cosh (K 6 ) 

J^Z z z s
(16)

where K = (D t ) z ±z ,|Z

The previous equation is valid only in the presence of a divertor, 

a static gas blanket the impurity ion profile is

For

n (x) = z

x* -1
r S dyz dx’ -

Xf f Szdyl
D

0 lz -1 l J D_ J° lz
dxT (17)

n
This equation is obtained by solving Eq. (14) with ------ equal to zero

Tl Iz

and subject to the following conditions of a) n (6 ) =0, and 
dn

b) j = °.
dx 1x=o

The heat flow equations for ions and electrons are:

dQ y n T, — + e - e + W , + EL - c n n ( )= 0,

dx t , , rad 1 i e \ T ^ / (18)

dQ. n.T.
i . ii

T. - T 
i e+ 2 n.n <ov> a (1 - a ) T. + c n.n I "k,3/ = 0, (19)

dx t.. 10 cxcx ei 1 1 e \ T ^2 /II e '

11



line and recombination processes, a is the energy reflection coefficiente

of the wall, and EL is the total energy loss due to ionization and 

exitation. In the model the radiative power loss, P , is computed as

where Q is the heat flux, W ^ is the radiated power by bremstrahlung,

P = n n L , 
z e z z

where L is computed from the polynomial fit of D. E. Post 
z

(32)Bremstrahlung radiation is also included and equals to

et al. (31)

' Brem = 1.5 x 10
-32 :effn2 (

Te(ev))\ ^ w/cm^.

Therefore, the total radiated power, W ^ = ^grem + ^z* t*ie case a

neutral gas blanket, an additional term, which represents the heat loss

by elastic collision with neutrals, is incorporated into the heat

equation. This term is equal to (T. - T ) m.'V. f. , where v. is the
i n x m in in

collision frequency of ions with neutrals , f. represents the fraction
in

of heat being lost by elastic collision, T, and T are the ion and neutral
i n

temperature, respectively. Equations (18) and (19) are integrated

over the boundary region, assuming average temperature T and T_^ for

the entire zone and that Q(6 ) vanishes at the wall, and then solved fors

the average temperatures in the boundary region.

III. Analysis

The model described in the previous section was used to study the 

performance of the "scrape off" region as a function of the plasma,

"scrape off" region and wall parameters. The principal plasma parameters 

considered are the heat and particle fluxes out of the plasma. For the

12



"scrape off" region, the magnetic field, the physical thickness, the 

residence time and the backflow from the divertor are the main parameters. 

The wall material, the reflection coefficient from the wall and the 

external neutral source are the major wall parameters. For the purpose 

of this analysis, the main scrape off/gas blanket and wall parameters are 

taken to be: toroidal magnetic field, 30 KG; reflected neutral temperature, 

1 eV; impurity temperature, 4 eV; and carbon liner or stainless steel 

first wall. In Fig. 1 we plotted the ion, cold neutral and impurity 

profiles for a typical divertor case as a function of the depth in the 

"scrape off" region, x. Figure 2 slums the ion, cold and hot neutral, 

and impurity profile for a neutral gas blanket as a function of x.

In order to display examples of the performance of a divertor, we chose 

the following parameters:

Qv
1. is the fraction of the heat energy flowing from the

P

2.

3.

plasma into the "scrape off" region that subsequently reaches 

the first wall either as radiative energy or by charge exchange 

neutrals.

is the ratio of the sum of the particle fluxes

which hits the wall as charge exchange neutral, F , and ions,cxw

F. , to the ion flux, P , escaping from the plasma, 
iw p

n (o) is the impurity concentration at the plasma boundary,
Z n (o)

2
x = o. Thus, — — provides a relative measure of the impurity

P
concentration in the plasma, normalized to the magnitude of the 

particle flux out of the plasma.

4. The unload efficiency, qU, for the divertor - a small r|U implies 

that a large fraction of the plasma flux will hit the wall.
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5. The ionization probability, or P1, defined as the probability

that a neutral coining from the wall will be ionized before 

reaching the separatrix; subscript DT and z refer to deuterium- 

tritium and impurity, respectively.

6. P^ is the probability that an impurity ion in the "scrape off" 

region is swept into the divertor and is defined as

Pd
divr z

5 s
oJ Sjdx

div
where T is the impurity flux to the divertor and is the z I

impurity source strength in the "scrape off" region.

For a neutral gas blanket, the parameters w r + rcxw iw| , and

n (o)
are used. The results for the divertor and gas blanket are

discussed next using the parameters just defined.

A. Divertor

1. Heat flow out of the plasma

Tables 1 and 2 show the variation in the divertor performance 

parameters with the heat flux, Q^, out of the plasma. The results in 

Table 1 are for graphite liner, while those in Table 2 are for stain­

less steel first wall. The explanation of the results in Tables 1 and 

2 follows:

a. The fraction of heat energy flowing from the plasma. w into

the "scrape off" region that subsequently reaches the first 

wall is small, therefore the major heat loss in the boundary 

region is by transport to the divertor.
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c.

d.

e.

f.

The radiated power, Q ,, is small for carbon and large forrad

iron. As the heat flow out of the plasma, Q , is reduced,
P

the average temperature of the "scrape off" region decreases

and the radiation losses increase since W , peaks at low
rad

electron temperature. This explains why

iron as Q increases.
P

For the same particle flux, F , out of the plasma as Q
P P

increases, the average temperature increases as does the 

cross field diffusion coefficient and this will lower the ion 

density in the "scrape off" region.

As Q is increased, the particle flux that hits the first 
P

wall reaches a maximum and then decreases. This behavior

is due to the fact that both the particle flux to the divertor,

F.j. 5and the'ionization rate increase and then decrease due xdxv

to the variation in the particle density and the average 

temperature of the "scrape off" region.

The impurity concentration, n (o), at the separatrix decreases
z

as Q increases. This is mainly due to the fact that the ion 
P

particle density decreases, which in turn will decrease the 

ionization probability and consequently the impurity source.

The unload efficiency, r|U, has a minimum for both carbon and 

iron walL It follows the opposite trend of the particle flux 

to the wall.

These two sets of parameters in Tables 1 and 2 represent a

good example for high ionization probability, p1. Note that
z

P1 decreases as Q increases because of the decrease in the ion 
P

particle density.

w decreases for

15



h. Steady state solution exists only for Q > 3.0 x 10^ w/m2
P “

for carbon and greater than 1.0 x 105 w/m2 for iron.

Physically this lower boundary comes from the fact that 

the heat flux out of the plasma is insufficient to sustain 

the losses due to radiation, charge exchange and transport 

to the divertor zone.

k. For a given heat flux out of the plasma, the electron

temperature drops faster than the ion temperature in the

"scrape off" region. The difference (T - T ) in the divertor

zone is caused by a) the sheath potential at the collector

which leads to preferential collection of high energy electrons,

b) radiation losses and c) is due to the fact that the ion-

electron equilibration is small due to the low particle density

in the "scrape off" region. For most of the following examples,

Q is taken to be .16 Mw/m2 and these results are more appro- 
P

priate for present and next generation tokamaks.

2. Particle flux out of the plasma

The effect of the particle flux out of the plasma, F , on the
P

divertor performance is summarized in Tables 3 and 4. As the particle 

flux decreases the particle density in the "scrape off" region decreases 

and these conclusions follow:

a, the heat and particle fluxes to the wall decrease; the initial
Qw

increase of ——' for carbon is due to the fact that for the same Q ,
% P

the heat loss to divertor decreases;

b, the impurity concentration in the plasma decreases, as does the 

ionization probability;
c, the unload efficiency, nU, increases;

d, the average temperature in the "scrape off" region increases, 

i.e. temperature drops slowly.
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3. Cross field diffusion

Reducing causes the ion density to drop faster in the boundary 

region for a given particle flux, T , from the plasma. It also 

produces higher separatrix densities. Tables 5.A and 5.B show the 

divertor parameters for different values of . .We notice, from 

Table 5.B, that the impurity level in the plasma and the unload efficiency 

increase as is reduced and that the ionization probability does not 

change significantly with . Therefore, for low neutral backflow,

R^,, and reflection, Rw, coefficients, the cross field diffusion should 

be enhanced in order to shield the plasma core efficiently. This pro-

03)cedure was suggested by W. Engelhardt. However, if R is unity,w

the impurity level is almost constant, independent of the cross field

diffusion coefficient, as indicated in Table 5.A. From Table 6 we

w r + rxw cxwnotice that by keeping ------ constant, the parameters ,
Jd Qp p

U X zn , ari<3 remains unchanged, but low impurity concentration

corresponds to high values of both 6 and D .
s

4. Residence time, x.

Table 7 summarizes the divertor parameters obtained for carbon for 

different residence time, Tj|. A few remarks on this table are: as 

x j j increases, less particles will go to the divertor and the particle 

density in the "scrape off" region increases, this will lead to an increase 

in the particle and heat fluxes to the wall, in the impurity density, 

and in the ionization probability, and also will decrease the unload 

efficiency. From this table we can conclude that for a given flux the 

higher the residence time, the better the ionization probability.

Therefore, one possibility for improving the ionization probability in

17



the "scrape off" region is to increase the geometric path length, L, 

into the divertor. However, we notice also that by increasing L, the 

impurities will penetrate the "scrape-off" region more readily.

t j j is chosen to be one order of magnitude higher for carbon than
for iron. This choice is due to the fact that the "scrape off" thickness

is taken to be the same for both carbon and iron. In other words, the

ion residence time in the divertor should be lower for iron than carbon

for the same scrape off thickness. Table 8 shows that the divertor
6

c*parameters are not very sensitive to 6 or t . . if the ratio --- iss I I t , .

kept constant.

5. Scrape off thickness

Tables 9 and 10 show the variation of the boundary region character­

istics as a function of the "scrape off" thickness. Table 9 is for 

carbon and 10 for iron. Some remarks on these tables are as follows:

1. The heat flux to the wall reaches a maximum and then decreases 

as 6^ increases. This can be explained by the fact that the 

average temperature of the boundary region decreases as <5^ 

increases, while the charge exchange flux and the particle 

density increases.

2. The particle flux to the wall has the same behavior as the heat

flux to the wall, because the particle flux and the ionization

rate increases as 6 increases.s

3. The unload efficiency follows an inverse behavior of F. .iw

4. As 6 increases, the ion density increases, as does the ioni-
s

zation probability.
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The "scrape off" thickness is one of the most important parameters

which controls the performance of the divertor. As mentioned previously,

in order to shield the plasma efficiently we have to increase 6 as
s

increases.

6. Neutral return from the divertor

A fraction, R.., of the plasma ions that are collected by the divertor d

is recycled back to the plasma as cold molecules. The effect of the

reflection coefficient, R , on the divertor performance is shown in Table
d

11.

As the reflection coefficient decreases, the particle density in 

the scrape off region decreases. This will decrease both the heat and 

particle fluxes to the wall and the impurity concentration in the plasma 

and increase the unload efficiency. The ionization probability is almost 

unaffected. Therefore, efficient divertor operation requires that only 

a small fraction of the neutrals generated in the divertor should return 

to the plasma.

7. External neutral source

In Fig. 3 the ion profile in the boundary has been drawn for two

different values of external cold neutral source, S , for carbon.ex

The solid line shows the profile in the absence of an external neutral

-2 -1
source, while the dotted one is for S equal to 1E20 m secex

Higher S provides a relatively wide plasma profile which would shield

the plasma core relatively well from the neutral impurity. The increase

in S will broaden the ion profile. This is due to the fact that the 
ex

ionization rate increases. Therefore, it is clear from Fig. 3 that the

particle density increases as S increases; this explains the behavior
ex
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of the particle and heat fluxes, the impurity density, and the ionization
n (o)

probability of Table 12. For iron, —-— has a minimum for a neutral
17 —2 —1 ^

source equal to 1 x 101' m sec , this is due to the fact that the

ion flux to the divertor has a maximum at S = 1 x 10^ m 2 sec It
ex

turns out that a small amount of gas puffing in the edge region will decrease

the iron impurity in the plasma.

9. Wall reflection coefficient

A fraction, R , of the particles that hit the first wall will w
return back to the plasma as cold neutrals. The effect of both R andw

R, on the diverter parameters are shown in Tables 14 and 15 for carbon 
d

liner and stainless steel first wall, respectively. As R and R, increase,
w d

the neutral flux coming into the "scrape off" region from the wall and 

the divertor increases. This will raise the charge exchange flux, the 

heat flux to the wall, the impurity concentration and the ionization 

probability.

It is clear from the previous discussion that the divertor is capable 

of strongly lessening the impurity concentration in the plasma since 

it reduces the particle flux hitting the reactor first wall. Furthermore, 

part of the incoming impurity atoms are ionized in the "scrape off" 

layer and swept into the divertor zone.

Another method to suppress the sputtering and shield the hot plasma 

core against the influx of impurity is to inject a cold neutral gas. 

Next we will summarize the similarities and differences in our model 

between divertors and gas blankets.

a. Recombination rates have been neglected in the presence of a 

divertor, but included for a gas blanket where the temperature
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of the boundary region is low.

b. In the case of a divertor, the energetic particles bombarding 

the wall are primarily charge exchange neutral particles. The 

flux of hot neutrals is calculated from Eq.(lf) for a divertor 

and by solving the hot neutral one group transport equation 

for a neutral gas blanket.

c. In the case of a gas blanket, the heat loss from the plasma 

to the cold neutrals, as well as the recombination losses, 

are included in the heat equation.

d. In the case of a divertor, a steady state solution can be 

found for particle and heat fluxes out of the plasma character­

istic of a near term fusion reactor. However, in order to get 

a steady state solution for a gas blanket, the particle flux 

has to be increased by almost one order of magnitude and the 

heat flux has to be decreased. A solution can be obtained for 

reactor-type heat fluxes (lC6w/m2) provided that the thickness 

of the neutral gas blanket is more than 1 m or provided that 

one to two orders of magnitude higher particle flux out of the 

plasma is present. Therefore, one can conclude that the neutral 

gas blanket is a convenient impurity control mechanism for low 

heat and high particle fluxes out of the plasma but that a steady 

state gas blanket is an unlikely impurity control mechanism for

a reactor.

Since the general performance of the blanket would not change as

Q increases, we choose the following parameters for the study of the 
P

performance of the gas blanket which will be presented in the next section
97 -2 -1

ion flux out of the plasma, .846 x lO^1 m sec ; impurity temperature.
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4 eV; neutral temperature, 1 eV; and heat flux out of the plasma - 10^ w/m2. 

B. Neutral gas blanket

1. Heat flov; out of the plasma, Q
E.

Tables 16 and 17 show the neutral gas blanket parameters as a function

of Q for first-wall surfaces of carbon and iron, respectively.
P

Charge exchange heat with cold neutrals is the dominant heat loss 

mechanism. From column 2 of Tables 16 and 17 we notice that a large 

fraction of heat will reach the first wall through radiative energy or 

by the charge exchange neutrals. Other losses due to ionization, 

excitation, and heating the cold neutrals are of the order of 20%. We
r. + r

notice also from column 3 that - — ------ is greater than 1, this is
P

due to charge exchange recycling in the gas blanket. The average 

temperature for this set of parameters is 400 eV for carbon and 700 eV 

for iron.

Similar to the divertor core, no steady state solution exists for 

Qp < 1.9 x 10s* w/m2 for carbon and 5.2 x 10^ w/m2 for iron. This is due 

to the fact that the energy out of the plasma is insufficient to cover

for the losses due to charge exchange, radiation, ionization, and heating 

the cold neutrals. A similar result has also been obtained by Lehnert.

The impurity density decreases as Q increases for carbon and it 

is almost constant for iron, for this set of parameters. The sputtering 

coefficient decreases for carbon and is almost constant for iron in
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this case, this explains the behavior of the impurity concentration

in the plasma. The ionization probability is high and almost 1 for the

neutral impurity and cold molecules. Unlike the case of a divertor,

the electron temperature is comparable to the ion temperature for carbon,

and T is less than T for Fe where radiation losses are high, e x

For a fixed external cold neutral source, S , particle flux out
62C

of the plasma, F , and neutral gas blanket thickness, 6 , there is a 
P s

minimum heat flux, 0 , below which no steady state solution exists.
P

In Fig. 4 ve clotted the minimum heat flux, Q , as a function of 6 ,
p s

for an external neutral source equal to 4 x 102^ #/m2sec and a carbon 

liner. From this figure one can draw some qualitative conclusions 

rather easily:

a. For a given heat flux, Q , and external neutral density, S ,
p ex

the gas blanket thickness, 6 , should be chosen such that the
s

design point lies in region I and as close to the curve as 

possible in order to have the lowest blanket temperature.

b. The higher Q , the wider must be the neutral gas blanket thick-
P

ness, 6 , for comparable blanket effectiveness, s

2, Particle flux out of the plasma

Tables 18 and 19 show the effect of decreasing the particle flux

out of the plasma, F , on the boundary region parameters for both wall
P

materials. Some remarks on these tables follow. The heat flux to

the wall increases as F increases for iron. This is due to the increase
P

in the radiated power. For carbon, the heat flux is almost constant.

As F increases, the particle density decreases and so does the impurity
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concentration in the plasma. For a fixed Q , S , and 6 , the possible
p ex s

range of variation of T in order to get a steady state solution is
P

small. In other words, x <F < y, the lower boundary comes from the
P

fact that the particle density is low so that the ion electron equili­

bration term is insufficient to exchange the available large energy 

between electrons and ions; steady state solution probably exists with

sufficiently high T , but this would not be a realistic cool gas blanket;e

the upper boundary comes from the fact that the heat flow out of the 

plasma can't sustain the losses. These bounds depend mainly on the 

heat flux out of the plasma. They are also sensitive to the gas blanket": 

thickness and the cross field diffusion coefficient.

3. Gross field diffusion coefficient

As the cross field diffusion coefficient, D^, decreases, the ion

density in the blanket region increases by almost a constant factor.

This increase is due mainly to the low temperature of the boundary region

and high ionization rate, and due to the fact that the particle flux

out of the plasma is constant. Therefore, in order to lower the particle

density at the edge of the plasma, D has to increase or 5 decrease.
X s

The heat and particle fluxes to the wall follow the same behavior as the

divertor case. As D decreases, the impurity concentration increases as
1

a result of high particle density, i.e. high ionization probability.

These conclusions are deduced from Tables 20 and 21. For iron

ixity.

(r)

increases as D decreases;this is mainly due to the increase in the
1

radiation losses.
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4. External neutral source

external neutral source, S . For this case, the heat flux to the
ex

wall is almost constant, the impurity concentration increases as S 

increases because of the increase in the particle density of the 

boundary region.

In Fig. 5 we plotted the average temperature of the boundary

region as a function of S ^ for three different gas blanket thickness

6 , for carbon. Figure 5 shows that the temperature is almost constant 
s

for low neutral source and then drops sharply as S increases. Theex

flat portion of the curve is due to the fact that S is stillex

negligible compared to the reflected neutral from the wall due to ion 

bombardment.

Figure 6 shows the neutral source that is required to achieve a

given blanket temperature as a function of the gas blanket thickness,

6 , for a constant heat and particle flux escaping from the plasma, 
s

The conclusions which can be drawn from Fig. 6 are :

a. the higher the neutral source at the wall, the lower will be 

the average temperature of the boundary region;

b. for a given T, the neutral source decreases as 5 increases;
s

c. there is a maximum neutral source shown by curve (a) above 

which no steady state solution exists.

In Fig. 7 Q is plotted as a function of the maximum external neutral 
P

source, S _ for a gas blanket which equals 30 cm thickness. The

curve gives the maximum S above which no steady state solution exists.
ex

The maximum neutral source given by curve a of Fig. 6 for a given Q and
P

Tables 22 and 23 present the blanket parameters for different
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6 is determined by the same physics as the minimum Q for a given 
s p

5 and 6 .
ex s

5. Reflection coefficient

The behavior of the blankets parameters as a function of the

reflection coefficient is similar to the divertor and can be summarized

by the following: As R decreases, the particle density in the boundary
w

region decreases, this will decrease the heat and particle fluxes to the 

wall as well as the level of the impurity ions in the plasma.

6. Gas blanket thickness

Table 24 shows that the impurity concentration decreases as 6 s

increases for a carbon wall. For an iron wall, n (o) reaches a maximum atz

6 = 25 cm as shown in Table 25. This behavior is due to the variation 
s

of the recombination and ionization rate as a function of temperature.

Figure 5 indicates that for a given S and Q , the wider the ° ex p

scrape off thickness, the lower will be the average temperature. Once 

the particle and heat fluxes are out of the plasma, and the external 

neutral source is specified, a curve similar to the one in Fig. 4 can 

be generated and the gas blanket thickness can be easily determined.

IV. Summary and Conclusions

We have modeled the divertor/gas blanket in terms of plasma, wall

and divertor/gas blanket parameters. The principal plasma parameters

considered in this paper are the heat and particle fluxes escaping from

the plasma. The wall material and reflection coefficient are the

major wall parameters. The neutral gas blanket is characterized by the

physical thickness and its neutral concentration, while the divertor

is characterized by the "scrape off" thickness, the backflow coefficient
9ft



from the divertor and the particle residence time along the field line. 

Within the divertor/gas blanket region, we solved a coupled set of 

transport equations for D-T ions, impurity ions, D-T neutral and impurity 

atoms self consistently with the ion and electron energy transport 

equations. We have carried out a study using this model to examine the 

effect of the particle and heat fluxes out of the plasma on the perfor­

mance of the divertor/gas blanket. A combination of divertor backflow, 

wall reflection, and gas puffing at the wall are examined. Various 

residence times and cross field diffusion coefficients were considered. 

The conclusions drawn from this study are the following:

1» Divertor

a. In order to obtain a low impurity concentration in the plasma

it is necessary to keep the neutral (H^ molecules) flux coming

from the wall as low as possible. Furthermore, for efficient

divertor operation it is required that only a small fraction

of the neutral generated in the divertor should return to the

plasma, i.e. high divertor chamber pumping speed. In addition,

for low R and R , the impurity level can be decreased by d w

enhancing the cross field diffusion coefficient, which may be 

achieved by destroying the magnetic surfaces with resonant 

helical xtfindings.

b. The optimum divertor is the one with unload efficiency close

to 1 and ionization probability between .5 and 1, i.e. the

impurity concentration in the plasma is lower for a divertor

with r|U ^ 1 and P1 a, . 5 and 1 than for a divertor with a.11 'u .5 
z

and 1 and P1 = 1.
z

c. The major heat loss is by transport to the divertor. Therefore,
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the collector plates and the exhaust channels of the divertor 

should be able to withstand high energy fluxes.

d. The thickness of the "scrape off" region that is required to 

provide a certain impurity level is determined by both the 

cross field diffusion coefficient and the particle residence 

time.

e. As expected, the higher the cross field diffusion, the wider

should be the "scrape off." thickness. This study shows that 
6

by keeping constant the divertor parameters remain un-
Vd

changed.

f. We find, as expected, that for a given particle and heat flux 

escaping from the plasma, the ionization probability, P1, can

be improved by increasing the particle residence time. Further­

more, P1 increases as the neutral source coming from the edge 

(reflected neutral from the wall, backflow from the divertor 

or gas puffing) increases. Finally, in order to reduce the 

ionization length in the "scrape off" region, the electron 

density should be kept as high as possible. This can be 

achieved by increasing either the particle flux out of the 

plasma or the "scrape off" thickness.

g. The heavier the impurity, the higher is the ionization 

probability of the "scrape off" region and the smaller should 

be the residence time.

h. Injection of small cold neutral source at the wall is found 

to be beneficial for high z impurity control.

i. The electron temperature drops faster in the "scrape off" region 

than the ion temperature, this is due to the sheath formation

os
and radiation losses.



3 •

Some of

a.

b.

c.

d.

e.

j-.

g-

h.

k.

1.

In

The plasma ion density attenuates faster for low ion residence 

time in the scrape off region, 

the conclusions concerning the neutral gas blanket are:

The contamination of the plasma may be reduced in the presence 

of a neutral gas blanket by enhancing the cross field diffusion 

coefficient.

The decrease of the neutral reflection coefficient, R_, fromd

the wall will reduce the impurity level in the plasma.

A large fraction of heat will reach the first wall through 

radiation and charge exchange neutrals.

The major heat loss is by charge exchange with cold neutrals.

The average electron temperature, T , is comparable to the

ion temperature for low z impurity, and T becomes smaller
e

than T. for high z impurity where radiation losses increase.

For a given external neutral source, a higher heat flux out 

of the plasma requires wider blanket thickness.

The blanket temperature drops as the external neutral source 

increases.

For a given average gas blanket temperature, the neutral 

source required to cool the boundary region decreases as the 

gas blanket thickness increases.

For a given heat and particle flux escaping from the plasma 

and a given blanket thickness, there is a maximum neutral source 

above which no steady state solution exists.

The ionization probability of the neutral impurity by the gas 

blanket is unity.

conclusion both divertor and gas blanket can decrease the level
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of impurity in the plasma provided they are properly designed.

The divertor works efficiently when it operates in the unload 

mode with an ionization probability for the neutral impurity of the 

order of 50% or more. High pumping speed in the divertor region is 

required for efficient divertor operation. The impurity level in the 

plasma decreases as the wall reflection coefficient decreases.

The gas blanket is a good means for impurity control only for 

low heat and high particle fluxes out of the plasma. For a fixed F ,
P

as Q increases the thickness of the gas blanket should increases to a 
P

point where it becomes practically impossible to be included in a 

fusion reactor. More of a point - the thicknesses required to handle 

reactor level heat fluxes > 1 m, which is impractical.
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Table 1

(F = 2.2 x 102® m-2sec-1, R “-2, R, = 1 5 = 30 cm, t.. = . 2 x 10 2sec, 
p ’ w d ’ ’ll

D. = D , Carbon)
JL B 

Divertor parameters as a function of heat flux out of the plasma

Q (v/m2)
P

Qw

Qp

r + r
cxw xw

n (o) 
z un 4 P1

z
Pqr

p
r

p

.1 x 105 no steady state solution

.32 x 105 .05 .45 .59 x 10"3 .65 1 1 .77

.16 x 106 .14 .SI .58 x 10“3 .32 .995 1 .38

.32 x 106 .27 1.1 .15 x 10-3 .10 .72 .93 .11

.16 x 107 .16 .94 .57 x 10“5 .13 .29 .73 .05

Table 2

Divertor
(P = 2.2 

P
D = D_, 
1 3*

parameters as 
x 10m ^sec

Iron)

a function of heat flux out
~1, R, =.2, R = 1,S = 30 

d w s

of the
Cm’ Til

plasma 
= .61 x 10 3sec,

Q r + r n (o)
Qp(w/m2) w

Q
cxw xw

r
z
r

u
n pdt P1

z
Pq

P p p

,16 x 105 no steady state solution

.32 x 105 .11 .09 .82 x 10“3 .95 .99 1 .77

.16 x 106 .04 .38 .28 x 10~3 .69 .98 1 .70

.32 x 106 .03 .28 .25 x 10“3 .78 .96 1 .53

.16 x 107 .028 .28 .18 x lO-3 .78 .98 1 .47
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Table 3

(Q = .16 x 106 w/m2, R = .2, R =1,6 =30 cm, D = D , carbon wall)
p^d w s b

Divertor parameters as a function of particle flux out of the plasma

Q r + r n (o)
F (m 2sec 1) w cxw xw z un P1 Pq

P Q r r dt z
P p p

2.2 x 1020 .14 .91 .58 X 10~3 .32 .995 1 .38

1.1 x 1020 .15 .87 .27 X 10“3 .39 .85 .96 .15

5.5 x 10B • .11 .82 .24 X 10-4 .36 .36 .78 .09

Table 4

Divertor parameters as a function of particle flux out of the plasma
(Q = .16 x 105 w/m2, R =.2, R =1,6=30 cm, D. = D_, Iron wall) 

p d w 1 B

F (m 2sec -1)
P

0W r + r.
cxw xw

n (o) 
z u i i Pq

QP V
"p

r
p

n Pdt P z r

2.2 x 1020 .04 .38 .28 x 10“3 .69 • V
O 00 1 .70

1.1 x 1020 .02 .13 .18 x 10~3 .91 .81 1 .50
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Table 5.A

Divertor parameters as a function of cross field diffusion coefficient
(Q = .16 x 106 w/m2, F = 2.2 x 1020 m-2sec-1, R, = .2, R = 1, 

p p d w
S =0, carbon) ex 

D
qp

r + r
ext-; iw n (o) z u

n 4 P1
z

d•DXr
P

r
p

eb .14 .91 .58 x 10“3 .32 .99 1 .38

V1-5 .11 .70 .58 x 10“3 .48 .99 1 .51

V2 .08 .56 .58 x 10”3 .41 .99 1 .52

Table 5.B R = R = .01 
d w

db .2 x 10"2 .42 .2 x 10~5

C
O

to• .992 .998 .29

V2 .15 x 10"2 .20 .98 x 10'*5 .81 .999 1 .47

V3 .13 x i0“2 .11 .11 x 10“4 .90 .999 1 .65
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Table 6

Divertor

r =2.2
P

parameters as a function of 6 and D .
s

x 1020 m_2sec_1, R = .2, R = 1, S
d w ex

%■

= o.

.16 x 106

carbon)

r\
w/m ,

6 constant
i* r + rcxw iw n (o) z u Tji pi pd

/5I % r
p

r
p

n Pdt z P

6 = 40 D1 =1.3 Db .14 .91 .42 x 10“3 .32 .996 i .31

6 = 30 D1 ■ db .14 .91 .58 x 10~3 .32 .995 i .38

6 = 20 Dl:
db

2.25
.14 .91 .85 x 10-3 .32 .994 i .65

5 = 15 Dl:
db

4
.15 .94 1.1 x 10"3 .29 .994 i .51
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Table 7

F = 2.2 x 1020 m_2sec~1, R, = R = .01, S = 0, D, = D_Y 
p d w ex 1 B

Divertor parameters as a function of ion resident time (Q = .16 w/m2, 
carbon)

x j j (sec) %
r + r.cxw IW

n (o)
2 u

n P1
z

pd
r

p
r
p

23 x 10-2 .2 x 10“2 .42 .7 x 10“5 .58 .99 .99 .29

29 x 1CT3 .1 x 10"2 .15 .1 x 10"5 .86 .70 .93 .39

29 x 10“4 .1 x 10“3 .02 .2 X 10“7 .98 .14 .68 .41

Table 8

6'Divertor parameters as a function of ------ = constant (Q = .6 x 106 w/m2,
T I i w

T = 2.2 x 1020 in 2sec-1 , Rj = .2, R = 1 , S = 0. , D. = D„, carbon)
p* d’ w* ex* 1 B

6

Til
= constant

1

Qw
Qp

r + r
cxw iw

r
p

nz(o)

r
. p

un Pdt
P1

z

6 = 30 Tj j = .23 x 10 2 .14 .91 .58 x 10-3 .32 .995 1 .38

<S = 20 Tn =-15 x 10“2 .12 .82 .39 x 10“3 .36 .99 1 .36
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Table 9

Divertor parameters as a function of "scrape off" thickness (Q = .16 x
w

10^ w/m2, F = 2.2 x 1020 m-2sec_1> R = .2, R - 1, S =0,0 = 0,, carbon 
p d w ex ■ 1

6 (cm) %
r + r

cxw iw nz(o) uh dt
P1

2
pdr

p
r
p

15 .30 i. .2 x 10-4 .06 .33 .72 .04

20 .31 i.i .84 x 10"4 .05 .51 .85 .08

25 .20 1.0S .58 x 10~3 .14 .98 .998 .28

30 .14 .91 .58 x 10“3 .32 .995 1 .38

Table 10

Divertor parameters as a function of " scrape off" thickness % = .i6 x
106 w/m2. F = 2.2 x 1020 m-2sec~l, R, 

P d = .2, R = 1, w S = 0ex » = db> Iron

6 (cm)
r + r. n (o)CX'w 1WT z u 4 P1

z pd
% r rp p

0

20 .06 .66 .46 x 10"3 .42 .96 1 .11

25 .05 .50 .38 x 10“3 .58 .978 1 .35

30 .04 .38 .28 x 10“3 .69 .98 1 .70
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Table 11

(Q = .16 x 106 w/m2, F = 2.2 x 1020 m 2sec ^ R =1, 
w p w

S = 0, D ,= , carbon)ex ’1 B

Divertor parameters as a function of backflow coefficient

Rd
qP

r + r.CXt7 iw Vo) u
n dt

P1-
zr

p
r

p

1 .16 i.i 1 x 10"3 .27 .999 1 .54

.8 .155 1.03 .87 x 10“3 .28 .999 1 .30

.6 .144 .95 .77 x 10"3 .32 .998 1 .29

.4 .14 .91 .64 x 10“3 .33 .997 1 .22

.2 .14 .91 .58 x 10“3 .32 .995 1 .38
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Table 12

Divertor parameters as a function of external neutral source
(Q = .16 w
1 ■ V

x 106 w/m2, 1
P

carbon)

= 2.2 x 1020 ~2 —1 m ^sec 19 Rd = .2, R = 
w 1,

S (m 2sec 
ex QP

r + r.ckw iw
n (o) z un Pdt P1

z
Pd

r
p

r
p

0 .14 .91 • Ln 00 M H o 1

. u>
i

.32 .995 1 .38

5 x 1017 .14 .91 .57 x 10-3 .32 .995 1 .38

5 x 1018 .14 .91 .58 x 10-3 .32 .996 1 .37

1 x 10B ^ .14 .91 . 60 x 10~3 .32 .997 1 .36

1 x 1020 .15 1.0 .89 x 10“3 .29 .999 1 .31

Table 13

Divertor parameters as a function of external neutral source
(Q = .16 x 105 w/n2, F = 2.2 x 1020 m^sec-1, R, = .2, R = 1, 

w p d w
D^ = Dg, Iron)

S (m 2sec J) 
ex

%

%

r + r
cxw iw

n>)
un 4 P1

z
Pd

r
P

r
P

0 .04 .38 .28 x 10“3 .69 .98 1 .70

1 x 1017 .04 .38 .27 x 10“3 .69 .98 1 .74

5 x 1017 .043 .39 .28 x 10“3 .69 .98 1 .62

1 x 1018 .05 .50 .31 x 10“3 .58 .984 1 .55
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Table 14

Divertor parameters as a function of R, and R (Q = .16 x 106w/m-,
d w p

2.2 x 1020 m'n 2sec S - 0, 5= 30, D = D„, carbon) 
ex 1 B

Rd I!

l ^ Q r + r.V CXW IW
n (o) z u

n p1 pd
Q r

p p
r

p
Pdt Pz r

1 .16 1.1 1. x 10“3 .27 .999 1 .54

■ 9 .15 .99 .81 x 10”3 .32 .998 1 .36

• 8 .15 .90 .70 x 10-3 .33 .998 1 .35

Table 15

Divertor parameters as

F = 2.2 x iO20 m-2sec" 
P

a function of
'1, s' = 0, 6

ex

R + R 
d w

- 30’ Ra

(Q = .16
P

= .2, D^

x 106w/m2,

= Db> iron)

R
w

Q r + r.w cxw iw n (o)2 u
n Pi

z
pd

Q r
P ?

r
p

1 .04 .38 .28 x 10~3 .69 .98 1 .70

.9 .036 .32 .25 x 10-3 .73 .98 1 .57

.8 .036 .32 .24 x 10“3 .74 .98 1 .54
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Table 16

Gas blanket parameters as a function of heat flow
out of the plasma (F = .846 x 102* m“2sec_^,

p
1, 6 = 30 cm, D = D,, , S = 1 x IO20 m-2Sec“1).

s jl B ex

Q F + F. n (o)
o w CXW IW z

p CL F F
(w/m2) p P P

1 x 105 no steady state solution

2 x 105 « C
O 1.43 .35 X 10 4

25 x 105 .81 1.42 .34 X (-
■ o 1 •c

-

4 x 105 o00• 1.41 .29 X 10"4

Table 17

Gas blanket parameters as a function of heat flow
out of the plasma (F = .846 x 1021 m“2sec-1,

P

\ - ^ o = 30cm, 
s ^i = DTi » S =B ex

1 x 1017 m 2sec ^).

%
QV
Q_

F + Fcxw iW
F

n (o) 
z
F

(w/m2) p P P

.53 x 105 no steady state solution

.70 x 105 .81 1.42 .68 x 10“4

.85 x 105 .96 1.42 .69 x 10“4
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Table 18

Gas blanket parameters as a function of particle flux 
out of ,the plasma (Q = .25 x:105 w/m2. R = 1,

p _ w
6 =30 cm> . = S = 1 x IO20 m_2sec 1; Carbon’wall)
s 1 E ’ ex

r r + r.
cxxv IW

n (o) 
z

p
(#/mzSec)

% r
p

r
p

.63 x 1021 .81 1.43 .38 x 10-l>

.846 x 1021 .81 1.42 .34 x IO-4

Table 19

Gas blanket parameters as a function of particle flux
out of the plasma (Q = .7 x 105 w/m2, R =1,

p w

5 =s 3'3cm, D ( = Dg , S = 1 x 1017
ex

m 2sec Iron wall)

r QWT r + r
cxs.j ixsr n (o)2

p Qn r r
( #/mzsec) p p p

.63 x 1021 .79 1.41 .77 x IO-4

.846 x 1021 .81 1.42 .68 x IO-4
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Table 20

Blanket parameters as a function of crossfield diffusion D
(Q = . 25 x 105 w/m^, F *» .846 x 10zlm ^sec 1,R = 1, 6 = 30cm,

p p ' w s
,21

S = 1 x 1020m_2Sec~1,Carbon wall) 
ex

D
1

w
r + rcxtj iw n (o) 

z

Di - db .81 1.42 .34 x 10'

77 1.419 .4 x 10-4

D ,“b
U 2 .72 1.41 .48 x 10-4

D
1

Table 21

Blanket parameters as a function of cross field diffusion,

(Q = .7 x 10 w/m2, F = .846 x 1021 m“2sec-1, R =1,
p p w

S = 1 x 10^2 m“2sec-1, <5 =30, Iron wall)
ex s

r . + r.cxw iw
r

p

.81 1.42

.83 1.418

n (o) 
z
r

p

.68 X 10

.82 x 10
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Table 22

Blanket parameters as a function of the external neutral source
for carbon wall (Q = .25 x 105 w/m2. F

P P
= .84 x 102* m 2sec

R =1,6 = 30cm)
w s

S (m-2sec *) 
ex

r + r.cxw IW

r
p

n (o) 
2

r
p

5 x 1019 .805 1.40 .32 X IO"4

7.5 x 1019 .806 1.41 .33 X 10" 4

1 X IO20 .806 1.42 .34 X

-3
“

1!OH

2.5 x IO20 .795 1.49 .39 X 10" 4

Table 23

Blanket parameters as a function of the external neutral source 
for Iron wail (Q = .7 x 105 w/m2, F = .846 x 1021 nf^sec-1.

R = 1, 6
P= 30 cm)

S (nr2sec J) 
ex

F + F
CXW iw

r
p

n (o) z
F

P

1 x 1019 .81 

1 x 1020 .81 

5 x IO20 .81 

1 x 1021 .81 

1 x 1022 .82

1.42

CO• x 10“4

1.42 .68 X 10"4

1.45 .71 X io-4

1.43 .69 X IO"4

1.48 .75 X 10~4
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Table 24

(Q = .25 x 105 w/m2, T - .846 x IO21 m~2sec-i, R = 
P P w

carbon xjall) 

Blanket parameters as a function of blanket thickness
1,

6 (cm) 
s

rcxw + r.
IW

r
p

n (o) 
z
r

p

20

C
O

C
O• 1.44 .37 x 10“4

25 .813 1.43 .35 x 10-4

30 .806 1.42 .34 x IO-4

35 . 806 1.41 .33 x IO"4

Table 25

Blanket parameters as a function of blanket thickness
(0 = .7 x 105 w/m2, F = .846 x IO2-1 m-2sec-1, R = 1

’p p w
Iron wall)

(cm)
s

w
Qp

r + r.cxw iw n (o) z
r

p
r

p

20 • 79 1.42 .64 X 10“4

25

oC
O 1.43 .69 x 10-4

35 .81 1.42 .68 x 10-4

>
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Fig. 1 Particle densities as a function of the depth

boundary region
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Fig. 2 Particle densities as a function of the depth of the gas 
blanket.
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