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DIVERTOR AND GAS BLANKET PERFOR}UlliCE STUDY 

Abstract 

A simple calculational model for the transport of particles across 

the "scrape off" region bet·t-Teen the plasma and the "t~Tall 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 \vall. 

Results obtained with this model shm,r ho'" 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 \~Tall material and the 

cross field diffusion is examined and numerical examples are given. 

This work c·ontributes 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 ne~" me.thods for improving the 

effcctivcnc33 of divcrtoro nnd gao blankcto. 
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Intro.duction 

Active impurity control may be necessary in tokamak reactors 

(e.g. Refs. l-4)·sincethe presence of impurities will affect the 

operation of fusion reactors as follows: a) impurities enhance 

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

result in a decrease of thermon~clear 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

centration in the plasma. Among these are divertors(S-9) and.neutral 

bl k t 
(10-15) gas an e s. 

Theoretical studies on both divertors and gas blankets have 

previously been perfor~ed 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 

1 ·. b H" (l6) 1 2) fl "d B . k" e ectrons 't.ras g1.ven y 1.nton, et a • ; t'tvO u1. rag1.ns l.i 

equations 'tvith "tvarm electrons and cold ions were used by Boozer,(l7) 

. (18-20) 
3) others developed a model where the diffusion parallel to the 

magnetic field 'tvas 

an absorption term 

approximated in 

r II 
equal to. L(r) , 

the particle continuity equation by 

where L(r) is an average distance 

traveled along a field line to the collector plate, and r
1 1 

is the 

particle flux along the magnetic field line. The particle flux, r
11

, 

was assumed to be ambipolar and an electrostatic field 'tvould be 

e established 'tvhich 'tWuld enhance the electron parallel heat flux, Q
11 

• 

. . (18-20) 
In th1.s model, · the charge exchange neutrals were included, 
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but both impurities and recycled neutrals from the \.Jall were neglected. 

. . . (10-15) 
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 intoa 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-corisis-

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 .t:r;eated. In 

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

port in the "scrape off" region between the plasma. and the \vall is 

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

perforaance 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 dra~~ 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 = o ~ The 
s 

particle, r ' and heat, Q ' fluxes escaping from the plasma define the 
. p . p . . 

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

of the wall are used to define the boundary at ·X = 6 
s 

Another boundary 

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

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

boundary is determined by the calculations. \ve 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 ~odel of the scrape off region/gas blanket. 

.we 

T 
II 

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

postulate that the residence time, <
11

, for an ion is given by 
-rO . 0 . . 

= # with -r II given. This choice is motivated by. the physical model. 

Lll 
:r II - , where L

1 1 
·is the mean distance traveled along the magnetic 

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

·.situation holds for diver tors \llhere 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 + -
2
1 ln 

e 
( 

" 1 . . . ) n. (T .m ) ~2 --z~--(~)~ .. 
1 1 e z z e -- ---- + --- ----

n T m. n m T 
e e 1 e z e· 



'· 

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 

Q = 2kT y r 
11e e e lie 

where r . is the electron flux along the field line. 
lie 

The cross field diffusion is taken to be ·Bohm diffusion \-lith a 

variable coefficient. This choice implies the presence of low frequency 

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

d 
dx 

The ion density satisfies 

( 
dni) - D-

1 dx 

Ii. 
+ ___ J.._- n 

T IIi e 
n 

1~1 
<ov> 

i 1~1 
+ n n. <av> 

e 1. R 
= 0 

where D 
l 

F kT 
e 

= 16 B ' F 
e 

is a variable coefficient, is the ion 
. T IIi 

(1) 

residence time (the second term in the equati9n is zero in the case of a 

static neutral gas blanket), n , -n., n , and nh are the electron, ion, 
e 1. c 

cold and hot neutral densities respectively, <ov> and <ov> are the 
i . 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 ato~ic physics characterizing the 

ionization and charge exchange cross section. Atomic cross section, (21- 24) 

are available for charge exchange for D-T neutrals \-lith 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 \Wrk are taken from 

reference 25. 
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Negiecting recombination compared to-the losses along the field 

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

written as: 

(x) = 0, (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 

0 < X < b 

b < X < 0 
- s 

(3) 

(4) 

where A, B, C, and D are determined by using the follo\ling 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 r.(o) or n.(o) =. 0 at the wall. ]. s ]. s 

In case where k2 (x) is a slm.rly. varying function of x, Eq. (2) has been 

(26-28) solved using the w~B . approximation. This yields the following 

analytical solution: 
b -(kdx) ( kdx 

nil (x) = cl (2 sin 4> e 
·x 

+ cos cf> 
. X . 
e . 

rk 
X 

.)] ni2(x) = 
201 [cos( J kdx _.:!!..+ 

.rk 4 

0 < X < b (5) 

b < X < 0 (6)' 
.- s 
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where c
1 = 

ri(x=O) 

/k(o) ~ sin$ 

'b .-J\dj J kdx 
D 

0 (7) e - cos 4> 
1 

and cp is determined from the boundary condition at the first wall, 

we also have two options, either r. (o ) = 0 or n:. (o ) = 0. The results 
l. s l. s 

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 -,;rritten as 

D . 
where y 2 = ~--=1-­R <av> ' 

1 R 

n 
·and R

1 
= _g_ 

n. 
l. 

d 2 2 n. ni .n. 
l. - l. d;T-yz-i2" 

D 
= ---=i:-'-·--
~ <av> i.hRl + nc <av>icRl 

The solution is expressed as 

n 
0 

3 y 2 
where f; = 2 (i) 

The· solution is an elliptic function \"here the constants c and n are 
0 0 

(8) 

(9) 

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 atQms are 

·assumed to come off thewall isotropically. As.they proceed across the 

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

ions to form neutral atoms \vith 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) . b transport equatl.on gJ..ven y 

where F is the neutral angular flux, 1.1 is the cosine of the angle 

between the. neutral velocity and the x axis, r and r -are the total 
t s 

and scattering cross section, $ is the neutral flux given by 

. . 1 

· ~(x) = J F(x,l.l)dl.l , 
-1 

and s is the neutral source. 

{10) 

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

the following boundary conditions: 
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F~ 
.l.' n+1 = 0 

b) F. 1 = 0 
l., 

for J.li<o 

for J.l.>o 
l. 

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

. These boundary conditions imply that no returni~g neutral flux from the 

wall and no cold neutrals come f~om the plasma to the boundary region at 

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

the neutral density is s~~ll 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 magnit~de proportional to 

n.dx 
l. 

T II 
+ R (r + r ) + rex' w cm-1 w 

where Rd is the backflm.; fraction from the divertor; R\-1 is the wall 

reflection coefficient, r is the.flux of charge exchange neutrals 
ex 

incident upon the wali. 

r ex 

0 

a J 8 

n.n <ov> dx, ex 1. o ex 
0 

(11) 

r is the plasma flux incident on the \vall, and r is due to gas puffing. 
w . ex 

In Eq. (11) <av> ·is the charge exchange rate and a is the probability · ' ex · ex 

that a charge exchange neutral strikes the tvall. A tHo generations estimat.e 

of a is ex 

8 
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The hot neutral profile has also been calculate~ 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. +l = 0 1,n 
for·p~<o, i.e. no return from the wall, 

1 

b) FN~,l = KFN~+l-i,l for p.<o, i.e. reflective boundary at 
1 . 

. ·····. . .. 
X- 0 

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 exchangeneutrals was 

calculated us~ng sputtering yield, Yw, as a function of the ion energy. (
25

) 

·This sputtering yield has been obtained by·averaging the monoenergetic 

sp~tter yields over a ~fuxwellian 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. 
·w 

The inwards neutral impurity atoms, y r , 
. ex 

is attenuated by ionization according to 

<(JV> 
ze 

v. 
1lZ 

(13) 

where <aV> is the impurity ionization rate and the subscript nz and z 
ze 

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

8/79 

d 
.dx (- dn) n z z 

D!z dx + -T-- = 
. II z 

9 

nn 
e nz 

<av> 
ze = s 

z 
(14} 



..... ,. 

,. 

The solution to Eq. (14) is constructed using the Green's function for 

a unit source at x = x • This Green's function satisfies: 
0 

~2$ (x,x.) · $ (x,x) 
., -D · z .o + z o 

.. ; ·· •· ·· 1 z dx2 . 't 
... ·. ·. ·.. .liz 

= 0-. :-·. 

... ~ .. 
·.·.·: ... 

':·.: 
... ·. :-

. ··.··<,:Th.~ appropriate .boundary ·~ondition:s· follow from the fact that .the impurity. 
... . ... ··:: . . . . . . . ~ . . ... ·-:· ...... .'' . ;• . . .. . .. ... . . . 

. . ·: .ion density vani'shes at. tli~ wal(becaus~:·of electronic recombination at 
.. ·, .: . ·.· .. · .;· ···-,, 

condition at ·the . -..·:. the surface, ~u1d. fro~'· kssuming a' teflecti~g boundary 

.. • plasma .bounda~~·~·:;~~~~h·~·:is~based on t~e.·assumption of ze:z::o net· impurity 
· · ,· · · dn (o) 

·. fiux across. ~h~.'.i~te~f~ce: j_~ ~quilibrl~~ .·Thus, n (o ) = 0 and · z . 
, · . · . . d$ ·. · · . · . ·. · z. s . dx 

· 'iead to .$z(. <Ss,xo·) ·a~d .·dxz· ·(o~x ) == 0. ·. Since ·~ (x,'x ) is the ·creen.'s 
. 0 ... · . z 0. 

= 0 

·fUnction for·. ~::unit source l~~ated a~ x =· x , it must also satisfy the 
0 ~ 

source condition .. 

:. ·. 
. •' .· .. 

dx ·= 1 . 

. .. ·· .. ·· .. 

. -~-~~. • ... : 
. The Green's functions which satisfy these boundary conditions are given 

by: 

sinh K (o -x ) cosh K x 
- ) z s 0 z $ (x,x = ----~~=-~~--~~~ 

o D K .: cosh (K 6 ) 
lz·Z zs 

. ·cosh K x sinh K (IS -x) + ·- z 0 z s $ (x,x ) = ~--------~----~~~------~~~---
0 D K cosh (K o ) 

lz z z s 
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The· impurity ion profile can be wri.tten as 

( · . :. ·. ;- cosh . (K x ) sinh K ( 6 -x) S (x ) dx 

. n z (x) = Jo --....,-:---. ...,..._ .. -.. -,. D-1-z-~-·z-· c...,.o_s_h-=(:-K..::::...,...o.,..s-=-) _,...._....;z~. s --.-•. .,;;;z;......_.~...;;~--o-
· .... 

. . : .. . . '.': ·. 
' · .. : .. ·-.·: ... . 

. + r~.s sinh Kz(o~~x0) cosh (Kzx) 

. . . · .·.: . · D K cosh (K 6 ) 
. ':.·\ :_._ ..... :·.: . :'<· . . . . . . .,I, z z . z s 

~. . . . . . . 

S (x ·) dx 
z 0 0 (16) 

:·.:'::~.-~: . ·.· - '• . : :. ·- _: . ;.~ . 
,. . : . . : -~ . . . . . 

.. '.. ·. . :· -~ .... 
. ·. . .. where .K' = (D . · . T ... . ) • 
. .. <_.-:;i_ ·:-.,,.·.·. z .. ·• .!z_.: q.:z_ 

.. ·. ... ! '·-:-. . .:· __ .. :.· 

·.·.The previous ~qua~ion is valid only .in th~ presence_.of a divertor. 

:·~. 

. .::-:;. 
·- .... 

.-:·. __ ·:··i. 
. : . . . . ., ~. ·.·_·-. 

For 
.. -· . . . . 

. ·:::-.:8 static gas .blanket the._imp~rity io~ prof:tl~ is 
. . . . . ' . ·. . :.•. -~ ~ -·· ... : ...... · .. _ . : 

-· .. 
. .... ·:·::.: ···. ····-

·':• 

1:·~·· [rx' s_ dy]· = s .. _z_ d, 
... · D; .. X 

; 0 ·. 0 , !Z .... · 
-f[( -· ... 

Szdy] 
D .. 
!Z 

· .. f: ' 
.. ri (x) . z . dx' ~ 

. _,·::",·.:. --~ ... 
-~, . ' 

(17) 

· .. 
. . ;" · .. ~ ..... . ..,·. . .. 

.-· .. ·· ·. ·.···. .. n . 
··_This ·equation is _obtained _by solving Eq~ (14) with --L equal to zero 

-· ···· ·.·. ~--~liz 

... _-.;~~d .. ~ubjec.t to·.-~~~ .foll~wing conditions 
·· · ... dn -

. ·:.·':b) dx z lx=o = 0 • 
. .... ·. . .... 

.. · .· 

of a) n (o ) = 0~ and 
z s 

The heat flow equations for ions and electrons are: 

dQ y .n T. 
- ~ + e e e + T.T + EL - n 

d w d c1 .n 
x T II · ra 1 e 

dQi n.T. 
- -·- + ~ + 2 n. n <aV> 

dx T II 1. o ex 

"11 

8/79 

-·· 

(18) 
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where Q is the heat flux, tvrad is the radiated power by bremstrahlung, 

line and recombination processes, a is the energy reflection coefficient 
e 

of the \vall,· and EL is the total energy loss due to ionization and 

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

P =nnL,· 
z e z ·z 

where L is computed from 
z 

the polynomial fit o.f D. E. Post et al. (Jl) 

B h• <32) ~. . . 1 . 1 d d d . 1 remstra ~ung ra~~at~on ~s a so ~nc u e an equa s to 

p 
Brem 

Therefore,. the _total radiated power, W · = P + P • In the case of a · rad · Brem . z 

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

by el.astic collision with neutrals, is incorporated into the heat 

equation. This term is equal to (T. - T ) m~ ·v. f. , where v is the 
~ n ~ ~n ~n in 

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

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

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

over the boundary region, assuming average temperature T and T. for 
e ~ 

the entire zone and that Q(o ) vanishes at the wall, and then solved for 
s 

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.pla.sm<l, 

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

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

12 



"scr~pe 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 par~meters are 

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

1 eV; impurity temperature, 4 eV; and c~rbon liner or stainless steel 

first tvall. In Fig. 1 tve plotted t.he ion, cold neutral and impurity 

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

"scr~pe off" region, :<, Figure 2 shows 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 follmdng parameters: 

1. 
Qw 

Qp 
. is the fraction of the heat energy flowing from the 

plasma into the "scrape off" region that subsequently reaches 

the first Hall either as radiative energy or by charge exchange. 

n;::a:s; iw) 
2. r is the ratio of the sum of the particle fluxes 

p 

which h~ts the wall as charge exchange neutral, r ~ and 
CX\-1 

r. , to the ion flux, r , escaping from the plasma. 
~ p . 

3. n (o) is the impurity concentration at the plasma boundary, z . . 

ions, 

· n (o) 
.x = o. Thus, ~ provides a relative measure of the impurity. 

p 

concentration infue plasma, normalized to the magnitude of the 

particle flux out of the plasma. 

4. The unload efficiency, nu, for the divertor- a small nu implies 

that a large fraction of the plasma flux will hit the wall. 
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n (o) 
z 
r 

p 

5. The ionization probability, P~T or P!, defined as the probabiiity 

that a neutral coming from the vmll tdll be ionized before 

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

tritium and impurity, respectively. 

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

region is swept into the divertor and is defined as 

For 

div 
r 

= .re-
J s·. S dx 

o ... I 

div 
where rz is the impurity flux to the divertor and s

1 
is the 

:m::::::l •:::c:l:::::~t:h:n p:::m~::::P~: o:t•(:::. r 17, and 
are used. ':fhe 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 shmv the variation in the divertor performance 

parameter~ with the heat flux, Q , out of the plasma. The results in 
p 

Table 1 are for graphite liner, tvhile those in Table 2 are for stain-

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

2 follmvs: 

a. 
Q 

The fraction of heat energy flowing from the plasma, -R , into 
Qp 

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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b. The radiated power, Q ·d, is small for carbon and large for 
ra 

. inm. 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 lv d peaks at lm..r 
· . ra 

electron temperature. This explains why(~) decreases for 

iron as Q increases. 
. p 

c. For the same particle flux, r , out of the plasma as Q 
. p p 

increase~ the average temperature increases as does the · 

cross field diffusion coefficient and this will lower the ion 

density in the "scrape off" region. 

d. 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,. 

ridiv' and the ionization rate increase and then decrease due 

to the variation in the particle density and the average 

temperatur~ of the "scrape off" region. 

e. The i~purity 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 \-Till decrease the 

ionization probability and consequently the impurity source. 

f. The unload efficiency, Du, has a minimum for both carbon and 

iron ,;..ralL It follows the opposite trend of the particle flux 

to the wall. 

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

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

i P decreases as Q increases because of the decrease in the ion 
p 

particle density. 
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h. Steady state.solution exists only for Qp > 3.0 x 10~ w/m2 

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

Physically this lower bou~dary 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 plas~a, the electron 

temperature drops faster than the ion temperature in the 

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

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, 

Qp is taken to be .16 Hw/m2 and these results are more appro­

priate for present and next generation tokamaks. 

2. Parti·cle flux out of the plasma 

The t:!fft:!ct of the particle flux out of'the plasma, r, on the 
. . p 

divertor performance is sumn~rized in Tables 3 and 4. As the particle 

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

and these conclusions follm.:: 

a. the heat and particle fluxes to the lvall decrease; the initial 
Q 

increase of Q'ftT for carbon is due to the fact that for the same Qp, 

the heat losspto 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 n
1 

c~uses the ion density to drop faster in the boundary 

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

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

divertor parameters for different vall1es of 11. • .lve notice, from 

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

increase as D ·is reduced and that· the ionization probability does not 
1 

change significantly tvith n
1

. Therefore, for low neutral backflmV', 

. Rd, and reflection, P'W, coefficients, the cross field diffusion should 

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

cedure was. suggested by H. Engelhardt. <33) 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 lV'e 

0 . ~ r iw + r czy 
-- constant, the parameters Q ' r 
/]) p p 

notice that by keeping 

.u pi d Pz · h d b 1 · · t · n , · dt.' an dt rema1ns unc ange , ut ow 1mpur1_y concentrat1on 

corresponds to high values of both o and D • 
s 

4. Res:idence_time, -r
11 

., 

Table 7 summarizes the divertor parameters obtained for carbon for 

different residence time, -r
1 1

• A few remarks on this table are: as 

-r
11 

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

density in the "scrape off" region increases, this l-lill 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 
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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 penetrc:tte the "scrape-off" region more readily. 

Til is chosen to be one order of magnitude higher for carbon than 

for iron. This choice is due to the fact that.the "scrape bff" thickness· 

·is taken to be the same for both carbon .and ircin. In other twrds, the· 

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

for the same scrape off thickness. 

para~eters are not very sensitive 

kept constant. 

5. Scrape off thickness 

Table 8 shows that the divertor 
<5 

to os or Til if the ratio __ s_ is 
T I I 

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 t.;all reaches a maximum and then decreases 

as <5 increases. This can be explained by the fact that the 
s 

average temperature of the boundary region decreases as o 
s 

increases, while the charge exchange flux and the particle 

density increases. 

2. The particle flux to the t-lall has the same behavior as the heat 

flux to. the t-lp.ll, because the particle flux and the ionization 

rate increases as o increases. 
s 

3. The unload. efficiency follm-1s an inverse behavior of r .. l.\-1. 

4. As o 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 o as 
s 

n
1 

increases. 

6. Neutral· return from.the divertor 

A fraction, Rd, of the plasma ;ions that are collected by the divertor 

is recycled back to the plasma as cold H
2 

molecules. The effect of the 

reflection coefficient, Rd, on the divertor performan·ce is shown in Table 

. 11.· 

As the reflection coefficient·decreases, the particle density in 

the scrape off region decreases •. Thiswill decrease both th~ 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 tt.ro 

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

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

source, while the dotted one is for S 
ex 

-2 -1 
equal to 1E20 m · sec 

Higher S provides a relatively ~olidc plasma profile toJhich would shield 
· ex 

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, z has a minimum for a neutral r ·p 
1 X 1017 -2· -1 source equal to m sec this is due -to the fact that the 

ion flux to the divertor has a maximum at S = 1 x 1017 m-2 sec-1. It 
ex 

turns out that a small amount ofgas puffing in.the .edge region will decrease 

the iron impurity in the plasma. 

9. · ·lvall reflect-ion coefficient 

A fraction, R , of the parti.cles that hit the first wall will 
w 

return back to the plasoa as cold neutrals. The effect of both R and ,., 
Rd on the divertor parameters are shown in Tables 14 and 15 for carbon 

liner and stainless steel first wall, respectively. As Rw and Rd increase, 

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 l·dll surrnnarize 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 \vhere the temperature 
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of the boundary region is lmv. 

b. In the case of a dive.rtor, the energetic particles bombarding 

the wall are primarily charge exchange neutral particles. The 

. flux of hot neutrals is calculated from Eq.(ll) 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 lvell 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. Howev~r, 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 .(1C.6w/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 

QP increases, lve choose the ·follmving parameters for the study of the 

performance of the gas blanket which lvill be presented in the next section: 

. 21 -2 _l 
ion flux out of the plasma, .846 x 10 m sec ; impurity temperature, 
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4 eV; neutral temperature, 1 eV; and heat flux out of the plasma == 104 w/m2 •. 

B. Neutral gas blanket 

1. Heat flow out of the plasma, Q 

Tables. i6 and 17 show the neutral gas blanket parameters as a·function 

of Q for first-wcill surfaces of ca'rbon 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 lV'ill 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 1W CXW is greater .than 1, this is r 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. 

S~~lar to the divertor core, no steady state solution exists for 

Q < 1.9 x 104 w/m2 for carbon and 5.2 x 104 w/m'L for iron •. This is due 
p 

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. 
(11) A similar result has also been obtained by Lehnert. 

The impurity density decreases as Q increases for carbon and it 
. p 

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 H
2 

molecules. Unlike the .case of a divertor, 

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

and Te is less than Ti for Fe where radiation losses are high. 

For a fixed external cold neutralsource, S , particle flux out 
. · ex · . · 

of the plasma, r , and neutral gas blanket thickness, 0 , there is a 
p . s . 

minimum heat flux, Q , b~low which no steady state solution exists • 
. p 

In .Fig. 4 we plotted the minim.um heat flux, Q , as a. function of o , p . . s 

for an external neutral source equal to 4 x 1020 #/m2sec a~d a carbon 

liner. . From this figure one can dratv some qualitative conclusions 

rather easily: 

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

the gas blaa~et thickness, o , 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, ~ , 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, r , on the boundary region parameters for both lvall 
p . . . 

· materials. Some remarks on these tables tollm-r ~ The heat tlux to 

the wall increases as f increases for iron. This is due to the increase p 

in the rad~ated power. For carbon, the heat flux is almost constant. 

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

range of variation of r in order to get a steady state solution is . p 

· small. In other words, x <f < y, the lo•..rer 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. Cross field diffusion coefficient 

As the cross field diffusion coefficient, D; decreases,.the ion 
. l 

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. plasll'.a, n
1 

has to increase or o decrease • 
. S 

The heat and particle fluxes to the. l..rall follot..r 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 ( ~w) 
p 

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

radiation losses. 
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4. Ex~ernal neutral source 

Tables 22 and 23 present the blanket parameters for different 

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

wall is almost constant, the impurity concentration increases as S ex 

increases because of the increase in the particle density of the 

boundary region. 

I~ Fig. 5 we plotted the average temperature of the.boundary 

region as a function of S for three -different.gas blanket thickness 
ex· 

<5 · for carbon •. Figure 5 shmvs that the temperature is almost constant 
s' 

for lmo~ neutral source and then drops sharpiy ·as S increases. The 
ex 

flat portion of the curve 
. . 

is due to the fact that S is still 
ex 

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, 

· <5 for a constant heat a·nd particle flux escaping from the plasma. 
··. s~ 

The conclusions 'ivhich 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 s.hotvn 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 ex· for a gas blanket 'ivhich equals 30 em thickness. The 

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

The maximum neutral source given by curve a of ~ig. 6 for a given Qp and 
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c5 is determined by the same physics as the minimum Q for a given 
s p 

S and c5 • 
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 summariz_ed 

by the following: As R decreases, the particle. density in the boundary 
l-1 . 

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

wall as well as.the level of the i~purity ions in·the plasma. 

6. Gas blanket thickness 

Table 24 shows that the impurity concentration decreases as c5 
s 

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

c5 = 25 em as shmm in Table 25. This behavior is due to the variation 
s 

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

Figure 5 indic.~tes. 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 

l-le have modeled the di.vertor/gas blanket in terms of plasma, tmll 

and divertor/gas blanket parameters. The principal pla.sma parameters 

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

the plasma. The wall material and reflection coefficient are the 

~ajar t.fall parameters.· The neutral gas blanket is characterized by the 

physical thickness and its neutral concentration, t-Thile the divertor 

is characterized by the "scrape off" thickness, the backflot-T coefficient 
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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 backflo•-1, 

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 follm·ling: 

1. ·nivertor 

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

it is necessary to keep the .neutral (H
2 

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 loi-1 R d and Rw, the impurity level can be decreased by 

enhancing the cross field diffusion coefficient, which may be 

achieved by destroying the magnetic surfaces with resonant 

h 1 . 1 . d' (33) e 1.ca w1.n 1.ngs. 

b. The optimum divertor is the one w·ith unload efficiency close 

to 1 and ionization probability bet1:-1een • 5 and 1, i.e. the 

·impurity concentration in the plasma is lm-1er for a divertor 

u i u 
with n "' 1 and P "' .5 and '! than for a divertor •·rith n "' .5 

7. 

and 1 and Pi = 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 

e. 

provide a certain impurity level is determined by both the 

cross field diffusion coefficient and the par~icle residence 

time. 

As expected~ the higher the cross field. ~liffusion, the tdder 

· should be the "scrape off" thickness. This study· shm-Ts that 
6 . s 

. by keeping Vn constant. the divertor parameters remain un-

changed. 

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

es~aping from the plasma, the ionization probability, Pi, can 

be improved·by increasing the particle residence time. Further-

pi . th 1 . f h d more,. . ~ncreases as e neutra source com1ng rom t e e ge 

(reflected neutral from the wall, backflow from the divertor 

~r 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 

and radiation losses. 
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j. The plasma ion density attenuates faster for low ion residence 

time in the scrape off region. 

Some of the conclusions concerning the neutral gas blanket are: 

a. The contamination of the plasma may be reduced in the presence 

of a neutral gas blanket by enhancing the cross field.diffusion 

coefficient. 

b. The decrease of the neutral reflection coefficient~ Rd, from 

the "tvall will ·reduce the impurity level in the plasma. 

c •. A large fraction of heat "tdll reach the first wall through 

·radiation and charge exchange neutrfils. 

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

e. The· average electron temperature, T , is comparable to· the 
e 

ion temperature for low 'Z impurity, and T becomes smaller . e 

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

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

of· the plasma: requires "t..rider blanket thickness. 

g. The blanket temperature drops as the external neutral source 

increases. 

h. For a given average gas blanket temperature, the neutral 

source requii:ed to cool the boundary region decreases as the 

gas blanket thickness increases. 

k. For a given heat and particle flux escaping from the plasma 

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

above t..rhich 110 steady state solution exists. 

1. The ionization probability of the neutral impurity by the gas 

blanket is unity. 

In conclusion both divertor and gas blanket can decrease the level 
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w~:,--. ,.., ...... ~ ....... •~ .... 

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 sp~ed 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 

lm-1 heat and high particle fluxes out of the plasma·. For a fixed r :t 
p 

as Q incre~ses the thickness of the gas blanket should increases to a 
p 

point where it becomes practically impossible to be .included in a 

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

reactor level heat fluxes > 1 m, which is impractical. 
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.1 X 105 

.32 X io5 

.16 X 106 

.32 X 10~ 

.16 X 107 

.16 X 105 

.32 X 105 

.16 X 106 

.32 X 106 

.16 X 107 

Table 1 

Divertor parameters as a function of heat flux out of the plasma 
(rp = 2~2 x 1020 m- 2sec- 1 , R,., =.2, Rd = 1, ~ = 30 em, -r

1
·
1 

= .2 x 10-2sec, 

1j_ = DB,- Carbon) 

r ·+ r. 
eXl-7 1W 

r 
p 

no 

.05 .45 

•. 14 .91 

.27 1.1 

.16 .94 

n (o) 
z ---r 

p 

steady state 

.59 .. x 10-3 

.58 x lo-3 

.15 X -10-:-3 

.57 xlo-:-5 

Table 2 · 

u 
n 

solution 

..• 65 

.32 

.10 

•. 13 

1 

.995 

.72 

.29 . 

1 .77 

-1 .• 38 

.93 .11 

.73 .05 

Divertor parameters as a function of heat flux out of the plasma 
(rp = 2.2 x 1020 m-2sec- 1 , Rd =.2, Rw = 1, ~s = 30 em, -r

11 
=.61 x l0-3sec, 

D = DB, Iron) 

r + r 
cxw h.r 

·r 
p 

.11 .09 

.04 .38 

.03 • 28 

.028 .28 

no 

· n (o) . z 
r 

p 

steady state 

.82 :X 10-3 

.28 X 10-3 

.25 X 10-3 

.18 x Io- 3 
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u 
n 

solution 

.95 

• 69 

.78 

• 78 

.99 

.98 . 

.96 

.98 

1 .77 

1 .70 

1 .53 

1 .47 



2.2 X 1020 

Table 3 

Divertor parameters as a function of particle flux out of the plasma 
(Q = .16 x 106 w/rn2 , Rd = ~2 R = 1 o = 30 em D = DB, carbon '"all) 

r +r. 
cxr"' 1\v 

r 
p 

.14 .91 

, '" , s , 

.58 

n (o) 
z 
r 

p 

x. 10-3 

u 
n 

.32 .995 1 .38 

·1.1 · ·· ·2o · 
x··lO .. '> .15 .87 .27 X 10-3 • 39 .85 .• 96 .15 

5.5 x·1o 19 

2.2 X 1Q20 

1.1 X 1020 

.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 106 t.v/m2 , Rd = .2, ~ = 1, c5 = 30 em, 11 = DB, Irort wall) 

r + r 
C21.\J iw 

r 
p 

.04 • 38 

.02 .13 

n (o) 
z 
r 

p 

32 

u 
n 

.69 

.91 

.98 

.81 

i p 
z 

1 

1 

.70 

.• so 



D 

DB 

Dll.5 

DB/.2 

DB 

DB/2 

DB/3 

Table 5.A 

Divertor parameters as a function of cross field diffusion coefficient 
(QP = .16 x 106 w/m2,.rp = 2.2 x 102 0 m-2sec- 1 , Rd = .2, Rw = 1, 

S = 0, carbon) . ex 

r + r · 
cxw iw 

r 
p 

.14 .91 

~11 ~70 

.08 .56 

Table 

.2 X 10-2 .42 

.15 X 10-2 .20 

.13 X 10-2 .11 

.58 

.58 

.58 

S.B 

n · (o) 
z 
r 

p 

X 10-3 

X 10-3 

x·1o-3 

R = R = d w 

.2 X 10~5 

.98 x 10-5 

.11 X 10-4 
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u n· 

.32 

.48 

.41 

.01 

.58 

.81 

.90 

.99 1 

.99 1 

0 99 1 

.992 .998 

.999 1 

.999 1 

d 
p 

.38 

.5],. 

.52 

.29 

.47 

.65 



Table 6 

Divertor parameters as a function·ofo and D 1 (Q = .16 x 106 w/m2 , 

x 1020 m-2sec-1 , 
s p 

r = 2.2 Rd = • 2, R = 1 s = 0, carbon) 
w ' ex 

0 Qw r + r. n (o) 
pi pi d· constant cxw .l.W z u = n p 

~ Qp r r dt z p p 

0 = 40 Dl = 1.8 DB .14 .91 .42 X 10-3 .32 .996 1 .31 

0 = 30 D1 = DB .14 .91 .58 X 10-3 .32 .995 1 .38 

·D 
xl0-3 

0 
B .14 .• 91 .85 .32 .994 1 .65 = 20 D1= 2.25 

0 = 15 
. DB 

D1= 4 .15 .94 l.lx Io-3 .29 .994 1 .51 
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· Table 7 

Divertor parameters as a function of ion resident time (Q = .16 w/m2 , 
r = 2.2 x 1020 m-2sec- 1 -R == R == .01 · S = 0, Dl = DB'; carbon) ' ~ w , ex 

r + r. 
CXW 1W 

r 
p 

.2 x 10-2 .42 

.1 X 10.,..2 .15 

.1 x lo- 3 .02 

n (o) 
z 
r 

p 

.7 X 10..:. 5 

.1 x 10-5 

.. 2 X 10-7 

Table 8 

u 
n 

.58 

.86 

.98 

.99 

.70 

.14 

. i p . z 

.99 

.93 

.68 

.29 

.39 

.41 

Divertor parameters as a. function of ~ == constant (o_ = .6 x 106 w/m2, 
-r: II "'w 

r = 2~2 x 1020 m- 2sec-l , Rd == .2, Rw = 1, Sex= 0., ~- =DB, carbon) 

r + r . . 0 
-- = constant CX"J it-7 

r 
n (o) 

z 
r 

u ·n 
"[II 

o = 30 -r 11 = • 23 x 10-2 .14 .91 .32 .995 1 .38 

o = 20 -r 
11 

= .15 x 10-2 .12 .82 .39 X 10-·3 .36 .99 1 .36 
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c5 (em) 

15 

20 

25 

30 

c5 (em) 

20 

i 25 
I 
I 
I 

I 30 
! 
I 
I 
I 
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I 
I 
I 
I 
I 
I 

I 
1 

I 
i 
I . 

Table 9 

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

.16 X 

106·w/m2, r = 2.2 x 1020 m-2sec-l, Rd = .2, R = 1 s = 0, D = Dl' carbon p w ' ex 

Qw r + r. n (o) 
pi pi pd cxw 1W z u 

Q r r n dt z 
.P p p 

.• 30 1. .2 X 10-4 .06 .33 .72 .04 

• 31 1.1. .84 X 10-4 .05 .51 .85 .08 

.20 1.08 .58 x 10-3 .14 .98 .998 .28 

.14 .91 .58 x 1o-3 .32 .995 1 .38 

Table 10 

Divertor para!I!Cters as a function of "scrape off" .thickness (~ = .16 x 

106 w/~, r = 2.2 x 1020 ~-2sec-l, Rd = .2, R = 1, s ·= 0 D =DB, Iron 
. · w ex ' ·l 

r + r. 
C'iav 1W 

r 
p 

.06 .66 

.05 .50 

.04 .38 

n (o) 
z 
r 

p 

.46 X 10-3 

.38 X 10-3 

.28 X 10-3 

36 

u 
n 

.42 

.58 

.69 

.96 

.978 

.98 

1 .11 

1 .35 

1 .70 



Table 11 

Divertor parameters as a· funct_ion. of backflo~v coefficient 
(Q = .16 x 106 w/m2 , r = 2.2 x. 1020 m-2sec-1, R = 1, 

w p w 
s = 0, D l = DB' carbon) 

ex 

Q r + r. n (o) .i pi d __R C:lav l.W z u 
Rd n pdt 

p 
Qp r r z 

p p 

1 .16 1.1 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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s 
ex 

5 

5 

1 

1 

Table 12 

Divertor parameters as a function of external neutral source 
(Q ~ .16 X 106 w/m2 , f = 2.2 x 1020 m- 2sec-1, R = .2, R = 1, w p d w 
D = DB, carbon) 
l 

Qw r + r. n (o) . i . pi (m-2sec-1) cktv · 1W z u 

Qp. r r n pdt z p p 

0 .14 .91 .58 X 10-3 .32 .995 1 

~ 1017 .14 .91 .57 xlo-3 .32 .995 1 

X 1018 .14 .91 .58 X 10-3 .32 .996 1 

X 10 19 ' .14 .91 .60 X lQ-:-3 .32 .997 1 

X 1020 .15 1.0 • 89 X 10- 3 .29 .999 1 

Table 13 

Divertor parameters as a function of external neutra1.source 
(Q = .16 x 106 w/m2 , r = 2.2 x 1020 m-2sec-l R . = .2, R = 1, 

w p '4 \v 

D l = DB, Iron) ____ ;______. 

r + r 
c>a11 iw 

r 
p 

0 .04 .38 

1 X 1017 .04 • 38 

5 1c 1ol? .043 .39 

.05 .50 

n (o) 
z 
r 

p 

38 

u 
n 

.69 

.69 

.69 

.50 

.98 1 

.98 1 

.98 1 

• 984 1 

pd 

.38 

.38 

.37 

.36 

.31 

.70 

.74 

.:62• 

.55 



Table 14 

Divert or parameters as a function of Rd and Rw (Qp = .16 X 106tv/m2 » 

r = 2.2 x 1020 m- 2sec-l s = 0» 0 = 30, D = ·n carbon) 
p 

, 
ex 1 B' 

Q r + r. n (o) 
pi pi pd R = R ...1!!.. CXW l.W z . . u 

Qp r r n d . w dt z 
p p 

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 

Diver tor parameters as a function of R + R (Q = ·.16 x 106w/m2 » 

x 1020 m- 2sec-1 » 
d w p 

r = 2.2 s = 0 0 = 30» Rd = .2» D ::: DB» iron) 
p ex » 1 

Qw r + r. n (o) i. pi pd R CXT# J.T,/ z u 

Q r r n pdt w z 
p p 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 0 24 X 10~ 3 .74 .98 1 .54 
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Table 16 

Gas blanket parameters as 
out of the plasma (f 

p 

a function of heat flow 
.846 x 1021 m-2sec-l, 

R ~ 1, o = 30 em, D = DB , 
w s l 

S = 1 x 1020 m- 2sec-1). ex . 

.1 x.l05 

• 2 X 10 5 

.25 X 10 5 

.4 X 105 

r + r. 
CXtv 1W 

r 
p 

no steady state 

·• 78 1.43 

.81 1.42 

.80 1.41 

Table 17 

solution 

• 35 

.34 

.29 

n (o) 
z 
r 
·.P 

-ij· . 
X 10 .. 

X 10:-lt 

X 10-.lt 

Gas blanket parameters as a function of heat flow 
o.ut of the plasma (f = .846 x 1021 m~2sec-1, 

p 

·R =l,o =30cm,D1 =DB, s =lx1o17m-2sec-l) •. 
w s ~ 

.53 X 105 

.70 X 105 

.85 X 105 

Q 
_Ji 
Q 

p 

.81 

.96 

fC:ll..\v + f iw . 
r 

p 

no steady state solution 

1.42 

1.42 

40 

n (o) 
z 
r 

P. 

.68 X 10-lj. 

.69 X 10..:..4 



Table 18 

Gas blanket parameters as a function of particle flux 
out of ,the plasma (Q = .25 x:.l05 l-l/m2, R = l, 

p . w 
1\ = 30 em, D 1 = DE. • ·Sex = l x 1020 m-2sec -1:. Carbon· .'·\vall) . 

r 
. p . 

(li/m2sec) 

.• 63 .x io21 :· .81 

. • 846 X 1021 .81 

r + r . 
.-£XW ilv 

r 
p 

1.43 

1.42 

· ).'able .19 ; 

n (o) 
z 
r 

p 

-4 
.38 X 10 

_;lj. . 
.34 X 10 

Gas blanket parameters as a function of particle· flux 
out of the plasoa (0..., = • 7 x 105 l'l/m2, R = 1, . 

.1:' \-1 . 

~ s = ·30cm·, D 
1 

= DB ~ Sex = 1 x 1017 . m-2sec -1, Iron wall) 

r 
P, . 

· ( 11/m~ sec) 

• 63 X 1021 

.• 846 X 1021 

Q\v 
Q . 

p 

.79 

.81 

r + r _cXlv . i,.,. 
r p 

1.41 

1.42 

41 

n (o) 
z 
r 

p 

• 7J X 10-lf. . 

.68 X 10-lt 



D! 

D! 

D! 

D 
! 

Table 20 

Blanket parameters. as a function of crossfield diffusion D
1 

{Q = .25 X 105 \-l/m
2

, f = .846 X 1021 m-2sec-l R = 1, o = 30cm, 
p p ·' w s 

s = 1 x l020m-2sec-1 , Carbon \vall) 
ex 

Q r + r. n (o) 
D _li cxw ~l-1 z 
!. Qp r r 

p p 

= DB • 81 1.42 .34 X 10 -4 

DB 
.77 1.419 = "Ls .4 x.lO -4 

DB. 
.72 ·1.41 

. -4 
= -2 .48 X 10 

Table 21 

Blanket parameters as a function of cross field diffusion, D
1 

(Q = .7 X 10 w/m2 , r = 
p p 

X 1017 m-2 8ec-1 , s = 1 
ex 

.81 

.846 X 1021 m-2 sec-1 · R = 1, , 
w 

' 
0 = 30, Iron wall) 
s 

r . + r 
cxw iloT 

r 
p 

1.42 

n {o) 
z 
r 

p 

. -4 
.68 X 10 

DB 

1.5 
.83 1.418 -4 .82 X 10 

42 



I 
I 
I 

I 
I 

I 
I 

! 

Blanket parameters as 
for carbon wall (Q = 

. p 
R = 1, o = 30cm) 
"' s 

5 X 1019 .805 

7.5 X 1019 .806 

1 X 1020 .806 

2.5 X 1020 .795 

Table 22 

a function of the external neutral source 
.25 x los w/m2, r = .84 x 1021 ni;;.;2sec-1 , 

p 

r + r. 
CXl-7 l.W 

r 
p 

1.40 

. 1.41 

·1.42 

1.49 

Table 23 

n (o) 
z 
r 

p 

.32 x 10_4 . 

.33 X 10-4 

.34 x 1o=='+ 

.39 x lo-'+ 

Blanket parameters as a function of the external neutral source 
for Iron wall (Q = .7 x 105 w/m2, r = .846 x 1021 m-2sec-l, . 

. . p p 
R . = 1, o = 30 em) 

w s 

1 X 1019 .81 

1 X 1020 .81 

5 X 1020 .81 

1 X 1021 .81 

.1 X 10 22 .82 

43 

r + -r. 
C:Klo1 l.lo7 

.r 
p 

1.42 

1.42 

1.45 

1.43 

1.48 

n (o) 
z 
r 

p 

.68 X 10-4 

.68 X· 10-4 

.11 x Io-4 

.69 x 10-l;. 

· • 75 x 1o-~+ 



~ (em) 
s 

20 

25 

30 

35 

·· ~ (em) s . 

20 

25 

35 

Blanket parameters as 
(Q = .25 x 105 w/m2 , 

p 
earbon·wall) 

.83 

.813 

.·806 

.806 

Table 24 

a function of blanket thickness 
f = .846 X 102 1 m-2sec-!, R = 1, 

p . w 

reJ..-w + r iw 
r 

p 

1.44 

1.43 

1.42 

1. 4l. 

Table 25· 

n (o) 
_z_ 

.37 

.35 

r . 
p 

X 10-lt 

X 10-4 

.34 X 10-4 

.33 x lo-4 

· Blanket·oarameters as a function of blanket thickness· 
(Q = .7·x 105 w/m2 , r = .846 X 1021 m-2set-1 : R = 1, 

p p ' w 
Iron wall) 

Qw r + r. n (o) em,r l.tof z 

Qp r r 
p p 

.79 1.42 .64 X 10-4 

• 80 1.43 .69 X 10-4 

·.81 1.42 .68 ·x 10-4 
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