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.DIVERTOR AND GAS BLANKET PERFORMANCE STUDY

Abstract

A simple célculatiohal model fof.the trénsport of particles across
-the"scrapéoff" region between the plasma and the wall in the presence
of a divertor or a gas blanket has been developed. The mbdel departs

" from previous work in including: a)vthe entire impurity transport as well
as its effect on the energy balance equations; b) the recycling neutrals
from the diVertqr, andAc) the reflected neutrals from the wall.

Results obtained with this model_show how the steady state impurity
_level in the plasma depen&é on the divertor paraﬁeters such as‘the

. neutral backflowhfrom the divertor, the particle residence time and the
Mscrape off" thickness; and on the‘gaé blanketlparameters such as . the
neutral'source'strength and the gas blanket thickness; The variation

of the divertor or éas blanket performance as a function of thg heét and
'particle fiuxes escaping from the blasma, the wall material and the
cross field diffusion is examined and‘numerical examples are given.

This work contribﬁtes to an underétanding of the divertor and gas
blanket paragetérs that are required in order to efficientlf‘shield the
plasma and it also helbs to indicate new methods for improving the .

effectiveneas of divertors and gac blanketc.
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Introduction

Active imﬁurity control may be:neéesséry in tokamakureactors
(e.g. Refs. 1;4)'since'the presence of-iﬁpurities will affect fhe»
operation of fuéibn reactors as follows: a)‘impur;ties‘enhance
radia;ion lossés; b) reduce the ion<dénsity, and this Qill; in turn;
result in a decreaée of thermonuclear reéction’;ﬁte ana.an increase
'Ain'igniﬁion tempefature; c) shift‘thevLawson éﬁd'ignition.critéria
towards higher teﬁpe;ature; d) increase the‘:equirement on neutral
bean énergylfor penetration; and £) pdssibly cause someAinstability

_ 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.(lo-ls)

. 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

(16)

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

equations with warm electrons and cold ions were used by Boozer}l7)

. . (18-20)

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

magnetic field was approximated in the particle continuity equation by
: ‘ T - . .

A : . ' I . :

an absorption term equal to T where L(r) is an average distance

traveled along a field line to the collector plate, and Fl' is the

particle flux along the magnetic field line. The particle flux, T _,

i
was assumed to be ambipolar and an electrostatic field would be

e

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

(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.

~ (10-15)

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

consideration. and neglected radiation losses as well as recombination.

Iﬁ tﬁisApéper, a seﬁi—anal&ticallmddel to de5c;ibe both divertor
'énd gas blanket is formulated énd ﬁritteﬂ intéga computer progrém
" capable of predicting the pefformaﬁce of a divertor or a gas blgnket.
The model invélves the solution of the space dependent (ion'éna impurity)
contiﬁuity equations and the energy conservation equations self-corsis—
tently with thé neutral fransport equation. The model-includes’an
entire iﬁpurity ﬁrgnsport calculation és_well as ifs effect‘on the
energy balance equations. The recycled neutrals from the divertof,
as w;ll as phose<reflected from the firsﬁ wall, are treated. In
Section II, fhe 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.particlé and heét fluxes eséaping from the plasma,
the reflection coefficient, fhe external neutral'éource; the cross-
field diffusion éoefficienﬁ gnd the residence time is‘presented in(
Section ITI. This study outiines the different phenomena that deter-
" mine the effectiveness of a divertor or a gas blankef and provides the.
range of divertor ér'gas blanket paramétéfs tﬁat are fequifed toAachiéve
~a given level of impurity cont;ol; Conclusions drawn from this study

are summarized in Section IV.

I1. 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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divértor) loga;edlaﬁ X = 0,t9 the first wall located gt X =AGSJ The
particlé,'rp,.and héat, Q, flgxes escaping from the pla%ma define the
'boqndary conditions at x = 0, and the reflection and sputtering préperties
‘éf the‘wallAare ﬁsed fo define the‘boundary at x = 53. Another bpundéfy
'condi;ibn is obtained by specifying either ﬁhe ion dghsity‘or.the ion
flux at the wall to beAzero.. The plasmé ion density at the-plasma.
boundary is determinad by the calculations. We treat the cross field
transport of neutral and ionized particles of the maiﬁ‘plasﬁa and of the
wall sputtered iﬁpurity species, the cross field transporﬁlof heat, the
Aléss of energy dué to‘radiative and other atomic ﬁrodesses,.and the
trénsport of par;icles and eﬁergy aloné field'iineé into the diverfbr
chamber in:our model of the scrape off region/gasAblanket.

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
T .

I’

0 .
- 0 . . . . . .
" = V%Lr with T]l given. This choice is motivated by the physical model.
Iy S | o
fll = —— , where Lll is the mean distance traveled along the magnetic
v ' —
s

fieid line to the collector platé and‘vs is the ion flow velocity.__Thié

" situation holds for.divertors where the:divértor'chamber and the field
ﬁull are located on the outside'of the torus. Since.the electron velocity
is much larger than the ibn.velocity, an electrostatic sheath willlbe
formed at the collector which impedeé the parallel diffusion of the eieétrons'“
sé that the net electrical current vanishés at the'éollector.A This'potengial’

is included to obtain an electron energy loss enhancement factor:
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where n, T, m, and 2z are the density, temperature, mass, énd‘charge,

and the subscripts i, e, z stand for ion, electron, and impurity,
respectiyely. Including this enhancemént factor, the electrén heaﬁ flux
tovthe divertor can be writteﬁ as‘

QIle = ZkTeYerlle

where T . is the electron flux along the field line.

lie
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

dn, n

d i i
— |- —=) + — - <ov> + < = ‘
i Dl In T n,m o <ov>, nn, <ov> 0 (1)
- bii Inl Inl
F kT | , |
where D = 16—32-, F is a variable coefficient, ¢ . is the ion
~ 1 . | Y

residence time (the second term in the equation is zero in the case of a
static neutral gas blanket), ne,~ni, nc, and nh are the electron, ion,
cold and hot neutral densities respectively, <0v>i.and <0v>R are the

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
' ' (21-24)

ionizgtion and charge exchange croés section. Atomic cross section,
areiavailable for charge exchange for D-T neutrals with D-T ions énd
coilisional 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.



Neglecting recombination compared to the losses along the field
line in the case of a divertor, the ‘ion continuity equation can be

writteu as:

4d2n, ) _ : .
—7 + K2 n, x) =0, . . (2)

where kz(k) 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

x o e . |
A exp |- I kdx') + B exp(j kdx') o< X <b 3) -
o . - o .
. . ‘ . 4 ..
C cos(Lkdx') + D sin (L kdx') b <x< Gs - (&)

where A, B, C, and D dre determined by using the fbllowing boundary

'nil(x)

12

conditions:
a) cortinuous particle flux at the plasma boundary,
b) continuous particle flux at x = b,
c¢) continuous particle density at x = b,
d) and Fi(és) qr ni(6s) = 0 at the wall.

In case where k?(x) is a slowly varying function of x, Eq. (2) has been

solved using the WKB(26—28) épproximation. Thisiyields the following

analytical solution:

b | b
c, AJ'kdx .-x[ kdx
nil(x? =J;§'} 2 sin ¢ e + cos ¢ e 0<x<b (5)
. x .
2c { '
n, . (x) = 1 cos kdx - — + ¢ ' b<x< 3§ (6)
1200 v/ 70 X2 0%
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f

_ where § =-%

ri(x=0)

where ¢

_ v b _ (b
- . _'-ojvkdx : J kdx . _
| vk(o) \2 sin ¢ e - cos ¢ e ° o N
and ¢ is determined from the bouﬁdary condition at the first wall,
we also have two opti6ns, either Fi(SS) = 0 or ni(é ) = 0. The results

‘ s o
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 reécombination term cannot be neglected,

and the ion continuity equation can be written as

d?n, n2 n,
i_ i i : .
2 D i D'i
where y< = A2 = - - .
R < ’ i
Ry av> nh<ov>ith + nc<ov>icR1
ne
and Rl.= ;;T .
i

The solution is expressed as

" n
dn, - X :
i _ 2 I dx o
e ————— .—Q“- )
n J ni(ni~£)+co ’ o ¥ A .

(o]

The  solution is an elliptic function where the constants co and no are
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.



'Ions and elgctrons~diffusing from ;he piésma interact with.the
liﬁifef.A This éanlgive rise to desorption and backstreaminé of neutrals
as well és evaporation énd sputtering at the limiter. Likewise, charge. .
éxchénge néutrals intefact with the vacuﬁm>chamber liner or firsﬁ wall an&
‘cause ?eflectipn.of hydrqgeﬁic neutrals. These cold ﬁeﬁtralkatoms aré.
féssumea to come off the wall isotropically. As’ they proceed‘aéross‘the
" boundary, maﬁy get ionized by electrons aﬁd iéns, or charge éxéhange with
jons to form néutral atqms with gnefgies corresponding to the plasma energy.
Thereforé, thexcold neutrals egperiéncevioﬁization and charge‘éichange,'
whichiare equivalent to capture and‘scéttering with cold neutfal, feépectivély,_
" in neutron tranépoit theory. Tﬁeréfo:é, the problem of penetrétibn énd'
interaction of'neutrals-with plasma is solved here using.a one'gfoup neuttén

(29)

transport equation given by

3F 1 1 -
— + = = + = : 10
For VEF =558 5 s R
where F is the neutral angular flux, u is the cosine of the angle
betweeﬁ the neutral velocity and the x axis, Zt and.XS-are the total

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

. 1 :
¢ (x) =J F(x,1)du ,

-1
and s is the neutral source.

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

‘the following boundary conditions:



b) F, =0 for ui>o

whefe,h + 1 and 1 refervtd the wéll and the separatfix; respectively.
,Thesé boundary conditions imply-thaﬁ no fetﬁrning neutral flux ffom the
wall and no cold neutrals come‘from”the plésma‘to Lﬁe boundary region at
'x=0. ‘Boundary condition (b) is alﬁays.true sinée at the separatrix"

" the néutial density is small and.the absorption cross section is much

_ highe; than the scattering cross section. Tﬁe_cold neutral source, s,

is assumed to be isotropic and of magnitude proportional to

s nidx ’
+
Rd ‘L LY + Rw (rcxw+ rw) .rex’

where Rd is the backflow fraction from the divértor,‘Rw is the wall .

bl

reflection coefiicient, Ty is the flux of charge exchange neutrals

incident upon the wall.

< A _ R
r =o J' n.n_ <gv> dx, _ ‘ (11)
cx )

Pw is the plasma flux incident on the wall, and Fex is due to gas puffing.
In Eq. (11),<cv>cx-is the charge exchange rate and % x is the probability -
that a charge exchange neutral strikes the wall. A two generations estimate

of a is
cx

1
Cx 2 (1T 7 [ <ow. (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 eqnation by

ndiscrete ordlnates subject to the follow1ng boundary conditions:

a)v Fi,n+1 0 for- u <o, i.e. no return from the wall
b) FN?,l}fAKFNB+1—i;1 | for ui<o, i.e.Ateflecttve boundary'at‘

ilﬁith ainedo éé@él k,
nﬁhere NP_is half the number of discrete angle and K is a constant less
nthan or equal tniunity.'

Sputtering bf thé first wall'dué to charge exchange neutrals was
talculated using sputtering yleld, Y¥, as a function of the ion energy.czs)
.Th1s sputterlng y1e1d has been obtained by averaging the monoenergetic
sputter yields over a Maxwellian distribution of incident partlcle energies
and thén interpolated'as a function of'ion enexrgy. Impﬁfity ntoms are
assuméd to come off tne wail,isotfbpically. 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 1nwards neutral impurity atoms, Y r‘.,

cX

'is attenuated by ionization according to

- <gV>

. : S .
: W ze .
= + —_—— '
Mz Vi Y rcx Es Jj (zn,, ni) Vi dx : (13)

where <oV> is the impurity ionization rate and the subscript nz and z
. ze : .

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

d dnz nz | ' |
— -— ——-+ 3 =
x Plz dx Tllz non ., o S (14)

8/79
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The solution to Eq. (14) is constructed using the Green's function for

g he surface, and from assumlng a reflectlng boundary condltlon at the

"functlon for a unit source located at x = xo,'lt must also satlsfy the

A.’source condltlon.

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

-; "by:

8/79

e

a unit source at x =3

+
¢ (x’xo)' =

“ a%p_(x,x )

N ¢, (x,xo)

(x,xb) =

dx*

-+

'.'fflux across the 1nterface 1n equlllbrlum.

PRI ¢
’151ead to ¢ (6 ,x ) and ——E- (o x ) = 0.

T
1z

x . This Green's function satisfies:
= 0-

fThe appropriate boundary condltlons follow from the fact that the 1mpur1ty.

' Vf}lon den51ty vanishes at the wall because of electronlc recomblnation at

*rggfplasma boundary, Whlch is based on the assumptlon of zexro net 1mpur1ty
ThUS,n (6 ) =0 and *—2%:*-

. Slnce ¢ (x,x ) is the Green s

. sinh Rz(Gé—xo) cosh kzx

D K,

Z

cosh K x

-cosh (chs)

sinh kz(és—x)

D K cosh (K 8 )

lz 2

10




The~im§urity ion profile can be written as
> ST L ' . N e 4
: vmﬁ(%%)mmKé%x)%ﬁyd%

RUTT "At'déin‘h O ' . :
S, {fs' KZ(GS xo) cosh‘(sz) Sz(gb) dxo

D K cosh (K6 . "> 16) .
e e e

‘ ZfThe prev1ous equation is valld only in: the presence of a dlvertor. For

fﬁga statlc gas blanket the 1mpur1ty 1on proflle is

x S dy ) K ',’-- Lo
S—la'. - an

-»;fThls equatlon 1s obtalned by solv1ng Eq. (14) wlth'——~ equal to zero

P H"J i : R ' =z .
”ﬁ:and subJect to the follow1ng condltlons of a) n (6 ) = 0, and o
o odn N .

A'The heat flow equationsmfor ions and electrons are:

d_ ynrT - T, - T | |
~--f+- 2884y +EL-can |T3F)=0, 18)

dx Y rad lie

in -n.’l‘. ' ) . T - 7T
_.__.',.._u.}.zn.n <gw o (1..(;')'1',+cn,n _%_9' =0’ ‘(19)

dx T io cx cxX e i lie

T 11
8/79



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

rad
line and recombination processes, o is the energy reflection coefficient
e .

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

exitation. In the model the radiative power loss, Pz’ is computed as
"P =nnl,
z ez z

~  where Lz is computed from the polynomial fit of D. E. Post et al.(3;)

Bremstrahlung(32) radiation is also included and equals to

PBrem = 1.5 x 10 Zeffn (Te(ev)) - w/cm®.

: i ' =P + P . In the case of a
Therefore,. the total radiated power? wrad Parem "
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 (Ti - Tn) m,v. f , where \En is the

S

1 1in 1In

collision frequency of ions with neutrals , f

bl ]

represents the fraction
of heat being lost by elastic coilisiqn, Ti and '1‘n are the ion and néutral
temperature, rgépectiVely. " Equations (18) and'(19)~are integrated

over the bﬁundary region, assuming average temperature Te and Ti for

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

' the average temperatures in the boundary region.

II1. Analysis

The model described in the previous section was used to sﬁudy the
performance qf the "scrape off" regioﬁ as a function of the plasma,
"scrape off" region and.wail parameters. The principal plasma barameters
considered are the heat and particle fluxes qut of the plasma. For the

12



"scrape off" region, ﬁhé magnetic fiéld, the physical thickness, the
residenice time and the backflow froﬁ.the divertor are ghe_main parameters.
The wall material, the ieflection coefficient from the wall and the |
external peut;al source are the major wall parémeters; For the purpése

of this-analysis, the main scrape off/gasAblankét-ahd wall‘pérameters are
taken to be: 'toroidal'magnetic field;'30 KG;:reflecte& neutral temperature,
1l ev; impurity'temperature, 4.eV; énd carbon iiner §r~stainless steei

first wall. In Fig. 1 we plotted ;hé 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 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 perforhance of a'divertor, we chose

the following ﬁarameters:

Q
1. 62-.13 the fraction of the heat energy flowing from the

plasma into the "scrape off" region that subsequently reaches
the first wall either as radiative energy or by charge exchange

neutrals.

r + T,
2. \‘cxwr = is the ratio of the sum of the particle fluxes
P ' .

which hits the wall as charge exchange neutral, rcxw; and ions,

riw’ to the ion flux, Fp, escaping from the plasma.

3. nz(o) is the impurity concentration at the plasma boundary,
n_(o) ' :

r
p

concentration in the plasma, normalized to the magnitude of the

X = o. Thus, provides a relative measure of the impurity.

particle flux out of the ﬁlasma.
4. The unload efficiency, nu, for the divertor - a small nu implies

that a large fraction of the plasma flux will hit the wall.

13



5. The ionization probability, P> or P:,-defined as the probability

DT
that a neutral coming from the Qall will be ionized before
reathiqg the separatrix; suBséript DT and z refer to deuterium-
tritium and impurity, respectively.

6. Pd is the probability that an impurity:ion in the'"écrape of £"
region is swept‘into the divertor and is defined as

_ I‘div
d z

P = A
.Fé_.
o .:1SIdx

div
where Fz is the impurity flux to the divertor and SI'is the
impurity source strength in the '"scrape off" region.
Q. r +rT,
For a neutral gas blanket, the parameters s R —SEE%T—-—lE-, and
P P
n_(o) .
; are used. The results for the divertor and gas blanket are
P .

" discussed next using the parameters just defined.

A. Dive;tor

1. Heat flow out of the plasma

Tables 1 and 2 show the variation in the divertor performance
parameters with the heat flux, Qp’ out of the.plasma. The reéults 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:

Q

" a. The fraction of heat energy flowing from the plasma, aﬂ , into
' P
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.

14



b.

The radiated power, Qréd,'is small for carbon and large for

_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 ad peaks at low
. ) B i T .

electron temperature. This eXplains why (—51) dacreases for

%

-iron as Qé increases.

For tﬁe_same particle flux,_rp, out of the piasma as Qp
increases, the average temperature increases as does the

cross field diffusion'coefficieﬁf and this wili.lower the ion
density in the "scrape off" region.

As Qp is increased, the partiéle flux that hité the firét
wall reaches a maximum and then decreaseé. This behéviér

is due to the fact that both the pargicle flux‘toAthe divertof,
Pidiv’énd thé ionization rate incréaée ané,then decrease due
to the variation in the particle density and thé average
temperaturé of the "scrape_off"_region.'

The iﬁpurity céncentration, nz(o), at the separatrix decreases

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

"particle density decreases, which in turn will decrease the

ionization probability and consequently>the impurity source.
The unload efficienéy, nu, has a minimum for both carbon and
iron wall It follows the opposite trend'of the particle flux
to the wall.

These two seté of’pérametets in Tablés 1 and 2 represent a

good example for high ioﬁization:probability, Pi. Note.that

Pi decreases as Qp increases because of the decreasé in the'iﬁn

particle density.



h. Steady state solution exists onlyAfor Qp >3.0x 10”.w/m2
for éarbon and.g:eatef £han 1.0 x 105 w/m? for iron. |
Physically this lower boundary comes from the fact that
‘the heat fluk out of the plasma is insufficient to sustain
the losses due to radiation, éhaigeAexchange?and.t:aﬁsport
to the diveftor zone. | |

k. For a given heat flux out‘éf the plasﬁa, the electron
teﬁperéturebdrdpé faster_than-the ion temperature in the
"scrape off“ region. Ihe differencé'(-'l‘i —'Te)uiﬁ fhé divértor
zone is céused by a) the sheath poten;ial at the colléctor
which IEadeto preferential collection of highlenergy électrons,
b) radiation losses aﬁd c) is due to the fact that the.ion— |
electron‘equilibraﬁion is small due to the low particlé density
in the "scrapz off'" region. For most.of,the.following éxamplés,
Q is.taseﬁ to be .16 Mw/m? and the;e resﬁlts are mqre”appro_

priate for present and next .generation tokamaks.

2. . Particle flux out of the plasma

The effect of the particle flux out of the plasma, Pp,‘on the
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 -

v

Q

the heat lossPto divertor decreases;

increase of for carbon is due to the fact that for the same Qp’
b, the impurity concentration in the plasma decreases,'aé does the
ionization probability; |
c. the unload efficiency, n", 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 Aeﬁsity to drop faster in the'boundéry
region fo; a given particle flux, Fp,'from the plasma. Ig‘also
-produces.higher separatrix deﬁsities. Tables 5.A and 5.B show the
Adivertor parametgfs fbr different values of q_. -We notice, from 4
Table 5.B, that the impurity levél in the piasma and ﬁhe inoéd effiéiency
increase as Dl'is rédpced and that‘tﬁe ionization probability'does not

- change significantly with %_. The;efore, for low neutral backflow,
‘-Rd,.and-reflection, Rw,,cgeffiéients, the cross field diffusion should
be enhanced in order to shield theﬁplasﬁa core efficiently. This pro-

(33)

cedure was.suggested by W. Engelhardt, However, if Rw is unity,

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

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

: r. +r
constant, 'the parameters Sﬂ-, e

v 9 T
u

. i z ) : . . .
n, Pdc’ and Pdt remains unchanged, but low impurity concentration

notice that by keeping

corresponds to high values of both‘6S and D .

4. Residence.time, T

. Table 7 summarizes the divertor parameters obtained for carbon for

different residence Eimé, T,,. A few remarks on this table are: as

Tll increases, less particles will gq to the divertor and the particle
density in the "scrape off"'regiog increasés, this will lead to an increase
- in the particle and heat fluxes to tﬁe wall, in the impurity density,
and-in the ionizétion probébility, and also will decrease the unl&ad
efficiency. From'this table we can conclude that for a given'flux the
higher the residence ﬁime, the Bettef the ionization probability.
Therefore; one possibility for improving the ionizétion probébility in

17



the "scrape off" region is to increase the geometric path length, L,
into the divertor. ° However, we notice also that by incréasing L, the

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

T is chosen to be one order of magnitude Highér for carbon than;
_for iron. This choice is dueto the—fact that .the '"scrape off" thigknésé'
‘is_taken to be the same for both cérbon,and iron. in other Qords; the
ion residence time iﬁ the divertor shéuld-be.lower fér’iron,tﬁén carbon
for the'same_scrape off thickness. Table 8 shows that the divegtor

6

parameters are not very sensitive to Gs or Y if the ratio -2 is
T
1

képt constant.

5. Scrapg'off thickness

Tablas 9 and 10show the variation of the bounﬂary region character—
istics as 'a function of the "scrape off".thickness} Table 9 is for’ |
carboﬁ and 1Q for iron. Some remarks on fhese tables are as follows:
| ‘1. The heat flux to the wall'reaches a maxiﬁum and then decreases

as Ss increases. This can be explaingd by the fact that the
average temperature of the bpundary region'decreases as'Gs
increases, whiie the charge exchange flux and the particle
density increases. |

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

flux co.tﬁe wall, because the particlé flux and the'iénizgpion
rate increases as GS increaée;.

3. fhe unload. efficiency follows an inﬁerse behavior of riwf

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

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

Ql 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 H, molecules. The effect of the

2
'reflection coefficient, Rd, on the.divertOr'performancé'is-shown in Table
- 11. |
As the'reflection.coefficieht‘decreases, the particle density in
the.scrape off region decreases. . This'will.décrease‘boﬁh.thé'ﬁeatuand
4particle fluxes to the wall and the impurity concentrationlin‘fhé plasma
and increase the unload~efficiency.  The ionizéfion probability isialmost
unaffected. Therefore, efficient diveftor operation requires that 6n1y

a small fractiocn of the neutrals generated in the divertor should return.

to the plasma.

7. External neutral source

In Fig. 3 the ion profile in thé boundary has been drawn for two
'different'yalues of external cold neutral.sourcé; Sex’ for carbon.
The'solid line shows the profile'in the absence of'an extefnal neutral
source, while the dotted one is for Sex equal to 1E20 m—'2 sec-l.

Higher Sex provides a relativel& wvide plasma profile which woqld shield
the'plasmé core relatively wgll from the neutral impurity. The increase
iﬁ Sex will broaden the-ion pfofile. This is §ue to the fact that‘thg

ionization ratg-incfeases. Therefore, it is clear from Fig. 3 tha£ ehe

particle density increases as S
' . o ex

increases; this explains the behavior
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of the particle and heat'fluxes, the impurity density, and the ionization
: n_(o)
z
r

o : P
-2 -
source equal to 1 x 1017 m™° sec 1, this is due to the fact that the

. probability of Table 12.‘ For iron, has a minimum for a neutral

ion flux to the divertor has a maximum at Sex =1 x 1017 mn~2 sec—l._ It
. turns out that a small amount of gas puffing in.the3edge,region will decrease -

the iron impurity in the-plasma;

9.'-Wall reflection coefficient

A‘fréction, Rw’ of the pérticles that hit the first wall will
return back to the plésma as cold neutrals. 'The éffect of both Rw and
Rd on the divertor parameters are shown in Tgbles 14 and isjfér'carbon
liner and stainleés steel first wall, respectively. As Rw.and Rd iﬁCreése,
the neutral flux coming into the '"scrape of£" region‘from the wéll and
‘ the divertor incréases.. This will raise the charge eﬁchangé flux, the

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

probability.

it is clear from ;he previdus discussion that thé diveftor is capable
of strongly léssening the impurity concentration in the piasma since
it reduces‘the particle flux hitting-the reactor first wall; Furthermore,
part of the incoming impufity atoms are ionized in ;he "scfape offf

B 1éyer>and swept into the divertor zonme.

Another'method to suppress the sbuttering and shield the hot plé§ma‘. ':
core against the influx of impuriﬁy is to inject a cold neutral gas.
.Nexf.we wiil summarize the siﬁilarities énd differences in our model
between divertors and éas ﬁlankets.

‘a. Recombination rates haQe been neglected iﬁ the presence of é

divertor, but included for a gas blanket wheré thé température
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of the bdundary.fegion'ié low.

b. In the case Qf a.divertor,'the energetic particles BémbardingA

tﬁe wall are primarily chafge exchange neptréi particles. The
‘flux pf hot neutrals is calculated from Eq.(11) for a divertor
and by solVing:the hot neutral one gfoup transport equation

for a neutral gas blanket{

c¢. In the case of a gas blanket, the heat lossAffom,thé plasma
to tﬁe colad neutréls, as well as the recombinatioﬁ losses,
afe included in the heat equation.

d. In the case of a divertor, a steady state solution can be
fbund.for particle and heat.fluxes oﬁt of the plasma characterf_'
istic of a near term'fusion'reactor; Howevef, in o:det to get .
a steady state solution for a gas blanket, the particlé flux
has to be increased by almost one order of magnitude and the
heat flux has ﬁo be decreased. A solution can be obtained for
reactor-itype heat fluxes chsw/mz) provided that the thickneés
of the neutral gas bianket is mbre than 1 m or provided that
one to two orders of magnitude higher particle flux out of the
plasma is present. Theref&re, one can-conclude that the neutral

. gas blanket is a convenient impurity COﬁtrol mechanism for low
heat and high particle fluxes out of the plasma but that a steady— -
state gas blahket is an unlikely impurity control mechaﬁism for |

a reactor. -

Since thé.general performance:of the blanket would not changé'as
Qp increases, we choose the following parameters for the study of the
. performance of the gas blanket which will be presented in the next section:
' 1

ion flux out of the plasma, .846 x 102! m-zsec— ; impurity temperature,
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ity Cwmasfaay toare oD

'.notiée also from column 3 that

4 eV; neutral temperature, 1 eV; and heat flux out of the plasma = 10% w/m2.

B. Neutral gas blanket

1. Heat flow out of the plasma, Qé

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

of Qp'for first-wall surfaces of,cérbon'and iron, respectively.

Chérge excﬁange heat with cold neutrals istthe doﬁinant heat loss
mechanism;- From column 2 of Tables 16 and.l7-we ﬁotice that a large
fraction of heat will reach the first wall thfough radiative energy or
by the charge'ethange neutrals. Other logses due to ionization,

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

r, +r
iw

T
‘ ‘ . P A
due to charge exchange recycling in the gas blanket. The average

. is greater than 1, this is

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

for iron.

Similar tohthe.divertor cére, no‘stéady state solution exists for
Qp <1.9 x 10” w/n? for carbon and 5.2 x 104‘vw/mz for ifon.A This is due
td the fgct thaé_the energy oui‘bf tﬁe plasma iélinsufficient to cover -
for the losses dpe to charge exchénge; radiation,’ionizafion, and heating:-

the cold neutrals. A similar result has also been obtained by Lehnert,(ll)

The impurity density decreases as Qp increases for carbon and it
is almost constant for iron, for this set of parametets. The sputtering

coefficient decreases for carbon and is almost constant for iron in



-this case, this explains the behavior of the impurity.cohcentration
in the plasma. The ionization probability is high and almost 1 for the

neutial'impurity and cold H, molecules. Unlike the case of a divertor,

2 .
_the electron temperature is comparable to the ion temperaturé for carbon,

. and Te is 1éss than Ii for Fe-whére radiation losses are high.

.Fér a fixed extefnal cold negt;al'source, Sex’ partigle'flﬁx out
of the plasma, Fp, and neutral gas blanket thickﬁess, Gs’ there is a
minimum heat flux, Qp,-bélow which noAsteadylstate éolu;ion exists.
In Fig. 4 we ploﬁted'the minimuﬁ-heat.flux, Qp, as affunction of 68,
fdr an external neutral source equal to_4 X 1020 #/mésec and a carbon
1inef. . From this figﬁré one can draw some qualitative conclusions
'father ea;ily: |
-a. For a giyen heat flux, Qp’ and egternal neutral density, Se#’
the gas blanket'thickness, 653 ;hould be ;ﬁosen such that the
design pcint lies in fegion I and as close to the curvé as
' possible in order to have the lowest blanket temperature.

b. The higher Qp’ the wider must be the neutral gas blanket thick-

ness, GS; for comparable blanket effectiveness.

2. Particle flux ouf of the plasma

Tables 18 and 19 show the effeét of decreasing the'particle flux

" out of §he plasma, Pp, on the boundaryAregion paramétérs for bo;h‘yall
‘materials. Some remarks on these tables tollow. -The heat flux ta
thélwall‘incfeases as Fp increases for iron. This.is due to the increése
in the radiated pdwef. For -carbon, the heat flux 'is almost constant.

As Fp increases, the particle density decreases and so does the impurity
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concentration in the plasma. For a fixed Qp, Se#’ and 6;, the possible
range of variation of Fp in order to get a steady state solution is
‘small; In éther words, X <Pp< y, the lower bouﬁdary comes frbm the

fact that the particle dénsity is low so that the ion eleciron equili-
bration term is insufficient to exchanée the availabléflarge energy |
between electrons and ions; steady state solutién probably exists with
"sufficiently high Te, but this would not bg a realistic cqol'gas.blanket;
the upper boundary coﬁes from thé faCt'thét the heat flow out of the
"plasma can't sustain the losses. These béunds deﬁénd_mainly.éﬁ the

heat flux out pf the plasma. They are also sensiti?e to fﬁé gés blapkett

thickness and the cross field diffusion coefficient.

3. Cross field diffusion coefficient

A; the cross field diffusion coefficient, 91’ decreases, the ion
density in the‘blanket region increases by almost é constant facfor.
‘This increase is due maiuly to fhellow temperature:of‘the boundafy region
and high ionization rate, and due to the fact that the particle flux
'6ut of the plasma is coﬁstant. Therefore, in order to lower the pareicle
densitj at the edgg of the plasma, Dl has to inérease or §s decrease.
.ihe heat andAparticle fluxes to the wall follow the same behavior as thev

divertqr case. As D decreases, the impurity concentration increases‘asf‘
a result of high éarticle density, i.e. high ionizatioﬁ probability.
These conclusions ére deduced from Tables- 20 and 21. For iron gﬂ)
~increases as Dl decreases;this is mainly due to the increase in the

radiation losses.
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4, External neutral source

Tablés 22 and 23 present the blanket-ﬁaxameters for differédt
external neutral source,'Sex. iFoF'this case, the heat flux to the
Wall is almost comstant, thelimpurity concentration increases as Sex
increéses'bgcauée of the increase in the‘particle‘densicy of the

.boundary region.

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

region as a function Of_.Se for three different gas blanket thickness

Gs; for carbon.. Figure 5 shows that the temperature is almost constant
" for low neutral source and then drops\sharpiy'as Sex increases. - The
flat portion of the curve is due to the fact that Sex is still

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

bombardment.

Figure 6 shows the neutral éource that is réquired to échieve a
bgiven blanket temperature as a function of tﬁeAgas blahket thickness,
 §3’ fo? a constant heat and particle flux és;aping ffomlﬁhe plasma.
The conclusions which can be dra&n from Fig. 6 are :

a. the"higher the neutrallsourqe at ﬁhe wall, the lower will be

thé éve;age tempefature of tﬁe boundar& region;
~b. fo; a given I, the neutral source decrgéseS‘as Gs increases;
c. there is a maximqm neutral source shown by cufve'(a) above .

~ which no steady state solution exists.

In Fig. 7 Qp is plotted as a function of the maximum external neutral
source, Sex- for a gas blanket which equals 30 cm thickness. The
curve gives the maximum Sex above which no steady state solution exists.

The maximum neutral source given by curve a of Fig. 6 for a given Q and
|
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Gs'is determined by the same physics as the minimum Qp for a given
S ‘and § .
ex s

5. Reflection coefficient

The-behaviér of the blankets parameters_as a function of the
reflection coefficient is Similarl;o the:divefto; ahd_can be-sﬁmmarized
by the foll§wing: As RW decreases,hthe particle:dengity ih the boundéry
region decreases, this will decrease the heat énd pafticle.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 68
increases for a carbon wall. For an iron wall, nz(o) reaches a maximum at
65 = 25 c¢m as shown in Table 25. This behavior is due to the variation

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

Figure 5<indicat§s,that for.a;given Sex and Qp, the wider the
scrape off thickness, the lower will be the average températu;e. Once
thé particle and heat fluxes are out of the plasma, aﬁd the external

‘neutral source is specified, a curve similar to the ohe'iﬁ Fig; 4 can

be generated and the gas blanket thickness éan 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
_ conéidered 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 cﬁaracteriged by the

physical thickness and its neutral concentration, while the divertor

is charac;erized by the "scrape off" thickness, the backflow.coefficiént
‘ .26 ' ‘



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 comnsistently 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 tﬁe divertor/gas'blankét; A combination of divertor béckflow,

-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.

a.

‘Divertor

In order to obtain a low impurity concentration in the plasma

it is necessary tb keep the neutral (H2 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 Rw’ the impurity level can be decreased By

d
enhancing the cross field diffusion coefficient, which may be
achieved by destroying the magnetic surfaces with resdnant
heliéal windings.(33)

The optimum divertor is the one with unload efficiency close

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

"impurity concentration in the plasma is lower for a divertor

with n' ~ 1 and P: ~ .5 and 1 than for a divertor with n" ~ .5
and 1 and P) = 1.
The major heat loss is by transport to the divertor. Therefore,
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the cdllector plates and the exhaust channels of the divertor
shoﬁld be able to withstand high energy fluxes.

The thickness of the ''scrape off" region that is reqﬁired to
provide a certain impgrity level ig‘déter@iﬁed by both the
cross field diffusioﬁ coefficient éﬁd‘the particle residencé
time.

As expected, the higher the cross fieldAdiffusioh, the‘wider

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

)

by keepihD —S_ constant. the divertor parameters remain un-

\p

changéd.

We find;ras expected, that fof a givén-particlé aﬁd heat flux
escaping ffom the plasma, the ionization probability, Pi, can
be imbroved‘by increasing the particle residence time. AFurtherf‘
mofe,,?i.increasés as the neutral source coming from the edge
(refiected 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.

The heavier the impurity, the higher is the iomization

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

be the residence time.

Injéction of small cold‘neutral source at the wall is found

to be beneficial for high z'impurity control.

The electron temperature drops faster in the "scrapé,off" region
than the ion temperétu;g, this is due to the sheath formation

and radiation losses.
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j. The plasma ion aensity attenuates faster fof low ion residence’
time in the scrape off region.

Some of the conélusions'conéerning the neutral gas blanket are:

a. The contamination of the p;asma may be réduéedﬁiﬁA;hé.presence:
of a"neutral gas blanket By enhancing the-cfoss fiéld;diffusion
coefficient. | |

b. fhe decrease of the neutral reflection‘coefficient, R,, from
thé wall‘ﬁill-reduce the impurity level inthe,piésﬁa.

c. lA~large fraction of heat will reach the first wail tthugh
':adiation and charge exchange neutrals.A

d. The ﬁajor heat loss is by charge exchange with éold neucréls‘

e. The'averége electron temperature, Te’ is comparable to thé
ion temperature for low:z imﬁufity, and Te-becomes smaller
thap Ti for higb z impﬁrity where‘radiatiqn lpsses increase.

,f. For a given‘external neutral source,.a highe:'heat.flux out
of the plésma requires wider blanket thickness.

g. The blanket temperatdre drops as the external neutral Sourée
increases. |

h. Forfa given average gas blanket temperatﬁre, the neutral
sourcé required to coél thelboundary region decreaées 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_maxiﬁum ﬁeutral source
above which no steady state solution exists.

i. The ibnizatiqn proBability of the neutral impurity'by‘thé gas
blanket is unity. |

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

The divertor works efficiently when it operates in the unload o

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 divertdr 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 Pp;

'_as Qp increases the thickness of the gas blanket should increases to a

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

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

(T =2.2x10%% n2gec”!, R =.2, R, =1,6=30 cm, t,, = .2 x 10™2sec,
P - : w d A . I A
]?L = DB,‘ Carbon) .
|  2.’ W rcx;v.+ rlw “ né(o) u i i q
Qp(w/m) N T T n - Py PP
‘ P P P
.1'x 105 o - no steady state solution
.32 x 105 .05 .45 59°x 1078 65 1 1 .77
.16 x 106 .14 91 .58.x 1073 .32 .995 1 .38
.32 x 10% .27 1.1 .15 x 1073 10 - .72 .93 .11
16 x 107 . .16 .9 .57 x 1005 .13 .29 .73 .05
"Table 2 -
Divei‘tor pa,rameteré ‘as 'a function of heat flux out"of thé plasma - :
(r_=2.2 x 1020 9 2gec™!, R, =.2, R _=1,8 =30 cem, T,, =.61 x 10 3sec,
P : d w s - : 11 .
D.L = DB’ Iron)
Q (/m2) &g‘ : I1<:xw riw ‘_nz(o)_ A pt pr pd
p/ Q T r . dt z
4 P P P - - '
.16 x 10° o '. » no steady- state s'olu't'ion
.32 x 10° a1 .09 .82 x 1073 .95 .99 1. .77
.16 x 105 .04 .38 .28x1073 - .69 .98 1 .70
.32 x 108 .03 .28 .25 % 1073 .78 .9 1 .53
.16 x 107 .028 .28 .18 x 1073 .78 .98 1 .47
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Table 3

Divertor parameters as a function of particle flux out of the plasma
(Qp = .16 x 10° w/mz, R, =:2, Rw =1, s 30 cm, D = DB’ carbon wall)

d
e~ I __+T, n_(o) . ‘
I (n2secml) 2 _oxu_du z n® pi Pt pe
P Q . T r dt z .
P e P B

2.2 x 1020 .14 .91 .58 x 1073 .32 995 1 - .38
1.1 %1020, .15 .87 .27 x 1073 .39 - .85. .96 .15

5.5 x°108 . .11 .82 24 x 1074 T .36 36 . .78 .09

‘Table 4

Divertor parameters as a function of particie flux out of the plasma
(Q = .16 x 10® w/m2, R, = .2, R_=1, 6 =30 cm, D = D_, Iron wall)
P — d W B

1
. Q r 4T, - n (o) N .
T (m"ZSec"l) A P o S AN 44 z nu Pl 'Pl Pq
. T I dt z
P ‘ Q, | p P
2.2 x 1020 .04 .38 .28 ¥ 1073 .69 .98 1 .70

1.1 x 1020 .02 13 .18 x 1073 91 .81 1 .50




Table 5.A"

Divertor parameters as a function of cross field diffusion coefficient

(Q = .16 x 10% w/m?, T = 2.2 x 102% mw2gec~!, R, = .2, R =1,
P . P d W
-8 = 0, carbon) . ‘
eX
D & I‘cxw + I‘iw ni (o) u Pl Pi P
Q r r n dt- 2
P P P :
B .14 .91 .58 x 1003 .32 .99 1 .38
 D,/1.5 11 .70 .58 x 1073 .48 99 1 .51
D, /2 .08 .56 .58 x 1073 .41 .99 1 .52
Table 5.B R, = R = .0l
d W §
Dy L2 x 1072 42 .2 x 1075 .58 .992 - .998 .29
D,/2 .15 x 1072 .20 .98 x 1075 .81 999 1 47
Dy/3 13 x 1072 11 A1 x107% . .90 .999 1 .65
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Divértor parameters as a function of Ss and D.!. (Qp

Table 6

.16 x 106 w/m?,

r = 2.2 x 1029 n~%sec”!, R, = .2, R = 1, S = 0, carbon)
P . . d W ex _ .
| Q. + T . n_(o) o .
S = constant 6‘—’ . cxwr LW ; nu : 'Pzt Pd
VD) P P P .
=40 D =1.8D .14 .91 .42 x 1073 .32 .996 .31
=30 D, = Dy . A .91 .58 x 103 .32 .995 .38
Dy ~ : , © g '
= 20 D= 7225 124 .01 .85 x 10 . .32 .994 .65
Dy - : _
= 15 D= = .15 .94 1.1 x 10-3 .29 .994 .51
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: Tablel7

Divertor parameters as a fuﬁctioﬁ_of ion resident time (Qw.= .16 w/mz,
T = 2.2 x 1020 n2gec~!, R, =R = .01,S =0, D =D_, carbon)
P . 1 d W ex 1 B .
Q- T 4T " a_(o) X S
W CXW iw z u i N S d
T||(sec) Q T T n Pdt 'Pz P
P i P P . =
.23 x 1072 2x1002 .42 7x10°5 .58 .99 .99 .29
.29 x 1073 .1 x 1072 .15 .1 %1075 .86 - .70 .93 .39
.29 x 107% .1x 1073 .02 .2x1077 .98 .14 .68 .41
Table 8
Divertdr parameters as a. function of fL— = constant (Qw = .6 x 10% w/m2,
: : KL ' o
= . 20 -2 =1 = = = . = . : .
nrgﬁ 2.2 x 10" = “sec ’_Rd .2, R.w 1, Sex 0., %m DB’ carbon)
Q T +T,. - n (o) . L
-8 ~ W cxw iw z : u i i d
. constant Q _———77_——_—,‘ | T n Pdt ?z P
1 P P P
§ =307, =.23x10% .14 .91 .58 x103 .32 .995 1 _ .38
§ =20 1T, =.15 x 1072 .12 .82 .39x10%% .36 .99 1 .36




Table 9

Divertor parameters as a function of "scrape off" thickness (Q = .16 x
108 w/m2, T_ = 2.2 x 1029 m™2gec”!, R, = .2, R =1, S =0, D =D , carbon
P A ' d v ex 1
Q r +. T, n (o) . .
s (ci W _exw _dw - z u i . i d
(cm) ) e T S u L NS A P
: . P P 1% :
15 .30 1. 2 x 1074 06 .33 72 - .04
20 .31 1.1 .84x107* .05 .51 .85 .08
25 .20 1.08 .58 x 1003 .14 .98 © .998 .28
30 .14 .91 .58 x 1073 .32 .995 .1 - .38

Table 10

Divertor paramesters as a function of "scrape off" thickness (Qw = .16 x

6 v /n - 120 o =2can=]1 ‘B = - = -
108 w/=2, I‘P' 2.2 x 104Y m™4sec™, Rd ..2, ARw 1, Sex 0, ]?L DB’ Iron
: r +r, - . n (o) . '
CXW iw z u i i o .d
§ (cm) Q T , T n Pdt Pz P
, P P A P :
20" .06 .66 46 x 1073 .42 .96 1 .11
25 .05 .50 . .38x1073% .58 .978 1 .35
30 .04 .38 28 x 1073 .69 .98 1 .70
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" Table 11

Divertor parameters as a function. of backflow coefficient
@Q = .16 x 10 w/m2, rp = 2.2 x 1020 mfzsec_l,'Rw =1,

Sex 70, D7 Dy carbon)
Sﬁ. , P * I‘iw » nz(o) | ¢ '-Pi ‘ Pi.
P P A S :
.16 1.1 1 x 103 .27 - .999 1
.155 1.03 .87 x 1073 .28 .999 1
-144 .95 - .77 x 1073 .32 .998 1
a4 . o1 .64 x 1073 .33 .997 1

.14 .91 .58 x107% . .32 .995 1
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Table 12

Divertor parameters as a functlon of external qeutral source

(Q = .16 x 10% w/n?, p =2.2 x 10Z m 2sec”!, Rd =.2, R_=1,
%- f DB’ carbon)
Se%(m_ZSec_l) gy' FCkwr+ ?iw n;(O) n" 'Pzt Pi Pg
P P P
0 .14 o1 .58 x 1073 .32 .995 - “.1 .38
5 x 1017 .14 .91 .57 x 1073 .32 995 1 | .38
5 x 1018 .14 .91 .58 x 1073 .32 .99 1 .37
1x 108, 14 .91 .60 x 1073 .32 997 1 .36
1 x 1020 15 1.0 .89 x 10~ 3 .29 .999 R
Table 13
Divertor parame*ers as a function of externai neﬁtral~sourée  :
Q = -16 x 10% w/m?2, = 2.2 x 1020 o~ zsec 1, Ry =-2, R =1,
DJ_=~DB, Iron) _ -
— 1 Sg_ cxw + iw né(o) u i - i -d
Sex(m sec™+) Qp rp ‘rp n Pdt. . P
0 .04 - .38 .28 x 1073 .69 .98 1 .70
1x 1017 .04 .38 .27 x 1073 69 .98 1 .74
5x 1017 5043" .39 .28 x 1073 .69 .98 1 | 262
1x10% 05 .50 .31 x 1073 .58 .984 a1 .55
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Table 14A

Divertor parameters as a function of Rd and Rw (Qp = ,16 x 106w/m2,

Pp-= 2.2 x 1020 m"zsec—l, Sex =0,68= 30,‘D-L='DB, carbon)

r + ' ‘ . . :

R =R 3‘14 ‘ M ny ). s pr o pr pd
a - w Q T T o Fag L Tz

P ) P :

1. .16 1.1 1. x 1073 .27 999 1 .54
.9 .15 .99 .81 x 1073 .32 .998 1 .36
.8 15 .90 .70 x 1073 .33 .998 1. .35

Table 15 ‘
Diverﬁor parémeters as a function of Rd + Rw (Qp = .16 x 10%w/m?,
= ~ 20 _-2_..-1 - - R = -
Fp 2.2 x 104" m~“gec™ ¢, S_ex 0, 6 = 30, Rd .2, DJ. DB’ iron)
= o] r + T n (o) o .
x, 7 i, : . d
R w CXWw iw 4 n_u. Pl Pl P
: T T dt
d % P p “
1 .04 .38 28 %1073 .69 .98~ 1 .70
.9 . .036 .32 .25 x 1073 .73 .98 1 .57 .
.8 .036 .32 24 x 1073 .74 .98 1 .54
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Table 16

Gas blanket parameters as a function of heat flow

. out of the plasma (Pp = .846 x 102! m2secl,

R.=1,8 =30cm, D =D
v. T s L

B2 So = 1x 102% m—2gec-1).

Qé - 0 _gﬂ _ 'rcxwr"' Tiw o n;(o)
(w/m?) 2 P | | P' | P
-~ .1 x.10% - no steady étate‘solution
.2x 105 .78 1.43 .35 x 107%
.25 x 105 .81 1.42 34 x 107 .
4 x105 - .80 1.41 .29 x 107“' 

Table 17

Gas blanket parameters as a function of heat flow:
out of the plasma (Pp = .846 x 1021 m2gec™!,

_ = a2nem T o « = 17 ~2.. -1y .
-R.w 1, 68 30cm, D, DB ’ Sex 1x 10» m”“sec )-;,

& . _llcx‘v' + ri{q " nz (0) -
Qp Q r r ‘
(w/m2) ' p ' P : . P
.53 x 10° no steady state solutiqn '
.70 x 105 .81 1.42 .68 x 107*
.85 x 105 .96 1.42 .69 x 107%
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" Table 18

Gas blanket parameters as a functicn of ?artiéle £lux
out of ,the plasma (Qp = ,25 x:105 w/m?, Rw =31,

; = = . = 20 .—2 -l‘. oy .
55.. 30 cms DJ_ DB R Sex 1 x 104Y m“4sec ,_Carbon..vallV)A

. L S‘i . _I_'gxw + I':Lw ‘nz(o)
(#/m?sec) L P P B P
.63 x 1021 .81 1.43 ¢ .38 x 107
. .846 x 1021 .81 1.42 .34 x 10

" Table 19 :

Cas blanket parameters‘ as a function of. particlenflux.
‘out of the plasma (Qp = ,7 x 105 w/n2, Rw =1,

KL -7 =1 w« 1017 1 2can—1 A
. 68 30cm, D.‘. DB . Sex 1 x10'' m seg , Iron wall)
r . &i _Cxw + .riw ‘ n, (o)
: P, . S Qe o r . B
.63 x 1021 .79 1.41 .77 x 10 :
846 x 1021 .81 142 .68 x 107"
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Table 20

Blanket parametefs‘as a function of crossfield diffusion QL

(Q = .25 x 105 w/m?, T = .846 x 102lm2sec~!,R =1, § = 30cm,
p , P | 2t 7 s |
Sex =1 x-lOzom‘zsec‘l,Carbon wall)
D' - - S‘!_ ' Fexw t riw ' nZ(Q)
. | T r
1 % | P P
b =D, . .81 1.42 .34 x 107%
D, . A : A ‘
D =T 7 ©1.419 4 x.107
D A -
D =—% .72 W1 .48 x 107
Table 21

Blanket parameters as a function of cross field diffusion, Ii

Q =.7x10 w/m®, T_= .846 x 102! m2sec-!, R =1,
P p W

S =1 x 107 p2sec !, § = 30, Tron wall)
ex S C

D SE- rcx& + riw 4nz(o)
T | T
i % P p
D, .81 1.42 R .68 x 1072
D : _ ‘ :
—lB— ‘_ . .83 1.418 .82 x 107%
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Table 22 -

Blanket parameters as a function of the external ﬁeutral source
for carbon wall (Qp = .25 x 10% w/m?, rp = .84 x 1021 p®2gec™!,

R =1, § = 30cm)
v S i

- o Q r _+7T, n_(o)
S (m2sec?) W . _Cxw . 1w . N
ex - ' Q » r - : r
5 x 1019 .805 1.40 - .32 x 107%
7.5 x 1019 .806 - 1041 .33 x 107"
1x102° 806 ’ 1.42 .34 x 107*
2.5 x 1020 - . .795 1.49 .39 x 107"
Table 23

Blanket parameters as a function of the external neutral source.
" for Iron wall (Qp = .7 x 10% w/m?, Fp = ,846 x 102; m2sec!,

R. =1, §_ = 30cm)

Sex(m"'zsec"l) . _g_w - : I'cxx-qr+ T - ’ | ' | xA‘;(o)
P S T S Tp
1 x 10!° IR S 1.42 : :.6$'x 10'“‘
1 x 1020 .81 . 1.42 " .68 x 107"
5 x 1020 TR o 1as 71 x 107
1x1020 - . .81 143 .69 x 107%
1 x 1022 .82 | 1.48 .75 x 107%
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“Table 24

Blanket parameters as a function of blanket thickness
@, = .25 x 10° w/m2,~rp = .846 x 10%! m"2sec™!, R =1,

carbon wall)

. fow ™ gy ")
s ' Q- . I r-.
P R S
20 .83 1.44 , .37 x 107"
25 .813 © 0 1.43 ..35.x 107%
30 80§ 1.42 3% x107%
35 - .806 1.4 .33 x 107%
Table 25
~Blanket ‘parameters as a function of blanket thickness-
(Q = .7 x10% w/m2, T = .846 x 102! m2sec~l, R =1,
P P w .
Iron wall) ‘
"6 (cm) Sﬂ’ ESXW MR - m,(0)
s Q r r
P 2 P
-’20 7 .79 ‘ 1.42 .64 x 107
25 - .80 1.43 .69 x 107%
35 .81 1.42 .68 x 1074
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Fig. 2 Particle densities as a function of the depth of the gas

blanket.
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- Fig. 3 Ion density as a function of phe deﬁth of -the boundary
. region
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Fig. 5 Average blanket temperatufe as a function of the external neutral source
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" Gas blanket‘thigkneSS? cm.

Fig. 6 External'Neutral Source as a Function Blanket Thickness-‘
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Fig. 7 Heat flux out of the plasma as.a. function of the external neutral

source.
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