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I. Introduction

The Dlvertor, as ccncelved by Spltzer in ‘the 1950'5 as part
.of the Proaect Matterhorn study, was to be a device to accomplish
a multlpllclty of ﬁurpObes. Firsi, the divertor must reduce the out-
wardly diffusing ion flux to the first wall, Tﬁis must be done to
reduce the heat load as well as ion damage due to sputtering.
Secondly,  for the neutral back flow (or veflux) which 6ne is bound
to have during reactor Oﬁﬁfﬁtiwhjt‘* Givertor {including the sc- called
scrapenbff region of the reactor) must comfaln a finite but tenuous
plasma so as to icnize thes Se neutrals znd remove them before they
diffuse into the main reaction region and cool the plasma., Thirdly,
the divertor could act as the main Syph;ﬁ for the entire vacuum ‘
system,

y

II. An Exwerim&nigi Pxouvam

¢ lend a mote of realism, let me touch orieflly on the first
of the few euperi m“nfal progrems derected toward the study of

[3

divertor fo?&le@ﬁ&Sﬁg

This expermental work was revfosmed a1t Princeton in the 1550%s, "
-Their model 3-54 Stelloerator as shown in rigure 71 was used for these
experiments, while our study sroup hos dirccted its most i1mmediate

attention towards Tokamal configurations, onc can gain a certain

[ €]

anount of mental reinforoement 2y venslidering this Stellerator

Program’s vesults, The Divertor ooy concluded essentially the

v

following were benericint offecis from diverter operation.
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(rnis i with, I migat note,a very small scrape-c{l’ resion
o(t in.).)

1)  ‘The inpurity back flew was reduced by a factor of 2 to 7,

2) The ion temperature rose by ét least 0. (Lo ov-;GOQQ)
on the outer reiions and as much as 300% (= 130 ev) in the
inrer core of the plasma. :
They.@id not comment on M stability or enhanced diffusion
effects when ihc divertof field was present, This may te due to the
fact that the plasma had many impurities and ingtabilitios prescnt,
and théreforem miade anal&sis of this .effect difficult at that tinme,
?hesc cfiects are » however, very crucial to divertor design}and
must be pursued, |
Wwhat then are the basic areas of study which must be invesg-
tigated for an effective divertor to te désigned and applied?

These must now be set forth,

I, Basle Avaos of Divertor study

To allow ona's mind to bursue the many faceted problems of the
divertor all at once‘}é to lead one down the road of pessimism,
To ameliorate this Qﬁlter of* mental fatigwe, I divided the pnno?ly

¢f problems into six basic areas,

These areas zre:
NP . SEaT i1 4 ot . ‘ e
1) NHD cqulibrium and stability with divertor fields precent

2j Znhanced Diffusion fiechanisms due to the presence oif the
- divertor B fields,

3) Divertor B rield Design: Drift Surfaces: Digital and
Analo'; computation nethods .

&) Radiation effects on divertor comnonents {heatin. znd
I3 - . s N - J .
Spulttering effects, mechanical desizn)

[

.n

S) Gas Kinetics, conductance of system, iechanics ( mechan-
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ical acsi.m considerations, vacuum systems)

5)  Economies (inc] uding ispurity removal criteria, maintain-
' ance, and fabr iuuﬁiﬂﬁ

R ot

The‘first three of these areas are those into which my initial
étudies.shall delve. Without answers to these +hrae areas'(which
I term theoretical as épposed to experimental and/or prac»lcal)
one mighﬁ as well not proceed too far towards reactor design.,

Ky calculations ang commentaries shall be based upcn the so-
called "zeroth cut" as to the required size and shape of a 1o&amak
Reactor system as Proposed by the U, of W, usion Reactor Desipn
Sroup in December 1971, (“isure 42) |

In tﬁe proceecding work, T shall b2 conceyned with toroidal
as oppesad to leoidai divertor schemes, Bo th systems will be

studied, but bursuant o any outstanding br eaxthroushs, first comes

o

=

first, and toruld 11 sysieng, 1EVIng been tested irst, mizht as well
be studied Dret here also, iy dnolhm 1es tu the Fwﬁmﬂ%w@n group

at Princeton,)

IVe BHD rouilibriun and stani Lity

fhe concuoptnal basig r stability ANalysis has implicit in its
formulation the assumpticn of an equilibrium or steay state adbout
which the system ma ay be perturbed. A clused system whien is in
thermal cquilibriun thvwﬂfhgut its volume has no free ener:y and
therefore, can not be unstable In the fusion gzame one tries to
impose at least mechenical equilibrium, via tagnetic-fields, on the
Mlasma with intent o MEintaining a deciced confizuration Tor a

time lons ecnoush to sroduce a met powar outvit, As the system
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tends to thermal equilibrium, however,plasma is lost. It is then’

*

négeésary to study and predict how fast it 1s lost. Defore I proceed
'Ato justify the use of the WHD cquations for finding this "desired”
coﬁfigﬁration (and loés time) it would do well for me to discuss the
time scales of interest for “he divertor stability problem,

If one wishés an nT= 2 » 1014 gee em~3 with an n& 1 X 101“.
characteristic diffusional times will be on the order of seconds.
"In stability theor& then one is looking fof mechanisms and their .
accompanying unstable ﬁodeé of plasma motien which cause appreciable
logses of plasma in time scales shorter than 1 second, This brings
up two basic points which need turther separitive discussion, The
first point is the time scale of ihe¢ instability and\théigecond
{5 the quantity of plasma transported in this tiwe scale, There'
are very fast time scales (/A~SPCDndS) which correspond to the so-
called high f{requency or microinstabilities, These.types of insta-
bilities usually proceed on zn almost microscopic level and though
they are fast, they usually do not cause large transports of plasma
(at least they may bSe negzligible on the long seometric scaleé
one is interested in for fusion power reactors}). The nmore catas-
trophic types of instabilities which tend to transporﬁ the plasma
in very large amounts occur on longev {m-sec) time scales (lower
‘frequency). Host of thése effects can be predicted from consid-
ering the plasma as a fluid,

The fluid equations which one uses can vary in complexity
depending on which of the many and sundry plasna properties one .

wishes to include in the mndel, With thesc inclusions (or exclusions
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in most cases5 one hopes to discribe the plasma in different possible
thermodynamic as.well as mechanical states, As the general purpose
of this presentation is not to exhaust the cfitcria (éhd Simpli-
fications) used for describing a Tokamak plasma with a divertor,

I shall let it suffice to mera2ly zive the eauations which I shall

ud

&
jo N
e
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initially use to study the problem and then basical
indeed I feel there must be a problem with a toroidal diversion schemé.
. To walk, one mus: first crawl,. therefore initial studies will

be ﬁerformed usiﬁg the "ideal” AR equations,

?C + V- (E,"{;':) = (@ : ((:n}.'.,mfy

¥
- Ll
e ‘i“.’ = Vo P 4 &‘EAE}: cons. L ppneatom

E+Val=0 Ohr's fuwr  (oey w)

¥ x B :/{03‘ /l):uifgh,"i low
Vx F= ...%? I:arwla'/; faw

V.-T=o0 kivedotfy 1Y Jow

SN . : : . ‘
These equations ave termed ideal for they contain no dissipative

\ »
. SO £ . s ) . s X . .
mechaniems providel & does nnt contain any o7f diazonal viscosity
“ A
e, and pr s FEsUnTILIN D shall maKe, itax TR, YANQnr
Ve 0 by lsotrorzic VPr# P. in general), Tre DI BN nEtneenc os .

protlems will oecur duz to the complete non-symme=ric nature ot g
toroidally diverted magnetic field. The Stability margin, q, which
is defined as & Srwn “4n not be allowed to take on integer -

Bpalo
values., As there is & mull point in the toroidal field {(for a

oroidal divertor) q —w oo  2nd therefore in vezions close to this

boint q will 40 throush all of the intezers, I expect some stability

.
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breakddwn in\this~region. I{ the transport and probctle turbulent
effects of this recgion can be tolerated then torcidal divertors

may see their place in fusion reactors. If they cannot then othervr
gcometric approaches and/or electro-magnetic sophisticatiohs will be
‘“needed for effective feasibility,

V. Enhanced Di“lTusion Mechanlamsg

One is familiar with the fuct that particles of low velocity
parallel to the magnntic field lines in a Yokamak reactor are
mirrored by the V8 ..., force. ‘This trapped particle effect
causes an enhancement ol the collisionnl diffusicn (bananas) process

transverse to the B field., This enhazncement can be analyzel and

treated with sreat rizor because of the physical consequences of
several conservation properties. The most important of which is

-

that Fy, the cnonteal {angular) momen?um about the major axis of

the torus, 1s conserved ggﬁgggg‘(as opposed to adiabatically),

The other conservation propertios‘are in reality cf an adiabatic
nature. Thercfore, as a rule-of~thumb, thece are viclated whenever
one imposes asymmetries znd/or sincilarities in ceometry or ficld
tepology. In any case, each property must be investigated individ-
;

ually to detecrmine its “fittnose

Py

to be a parameter with which to
define the motion of the plasma in its surroundings.
A toroidal divertor(s) will destroy the only remaining symmetry

of an axisymmatric device - and that is,. of course, its axisymmetry!

Y

What effects this has (by the additionnl mirroring produced oy the

degradations of the B field at the divevtor(s) aszimuth) one must

.

.
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T what I would like to reproduce here are a couple of tasic
calculations iniéially pé{formcd Ly malls (Hucléar “usion, 1(19487)
233). I have modified and gencralized the calculations slightly to
£it the Wisconszin Desizn Croup's Tokamak Reactor Design.

One becémes worried about the chargjed pafticle neat load and

aputtering effécts or the f{irst wall (and diverior components)
of a fusion reactor., rorsen has shown in his leéture that an
excessive heat load could'dnvolopn if the plasma were allowed to
expand to the wall in a2 short time., Kulcinszzi and Donhowe have
shown us that wall life is drestieally choriened Ly the ebbing
tides of sputtered heuivaisn should tho incidént (15 LeV ) ion
flux reach 1015 to 102° ions en~Zgea, fo case the minds of many, I

~ <shall show that the diverior shcatn (scrape off region) for our
Sroup's design study mere than (ills the bill in alleviating the
sputtering problem, T shall demonsirate the divertor effectivenes
in two ways., &irst, [ shall show that the following ratio of

. ’ ¥ v
ﬂ jong l\i‘}f‘r‘h(c; ): i,af(.:."g /a‘f)‘;‘*' gd¢é

bt i i e A -

—— e i 47
= A i 8 a5, P o 0 4 R IV

. . . »
 ogons &!l;ﬁ’QE:v:l ‘fow:mJ woll Fo'uv' I)/M»w y,«,';‘acc/ém‘;. el
¢

onn the order of 10“5. “hen T osnall show that the number of

o]

i
refluxing, cold, high 2, neutralc can be roeduced by many orders
of magnitude through their being ionized by the tenuous plasma
already present in the divertor region. ‘fhese cold, hizh z, lons
are then sweot into the divertor chagver. Presumably to be con-
— venjently separated out and used as2in on the next (replacemeht)

firss wall? .
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Defining:

| . ’ t[;‘k c’f. I.Cnf .{’bl{f;l.r\} ;y-'/,v’
Divertor capture efficiency (DCE} = F .

iern Flow lcaving ‘olaswﬁ.
one proceeds with the analysis through the following

symplifications.

1) Consider, as a stare, a steady statg plasma, fed at
a-rate of W fucl {D+T) particles/cm“sec,

The flux throurzh the outer-beoundary of the‘plasﬁa (per 1 cn of
length around the torus) is ziven by
(f]‘o = {amr ;\-‘[,){; 1l Ve

where

Na 8 /cw?

%

i

t

42 A '
raa’mi *J/ft"{'u v jons (J,é""'u’;,(a,».qc) vf/cuf’y)
’?p ey l‘(}(jfv‘_ﬁ ;}ﬁ E’Jl.’ﬂfﬁ'@\

In equlibrium this loss rate must be balanced by the fueling
. N 2
rate W, W will enclude an additional term due to the fact that it

must supply fuel to replace that burned. As a first approximation

and for our considerations one can neglect this, Balancing one

has
BT Rpnve = Kp w
or
Al R I3
V, = wWhko
)

The input rate must then egual ”3@?(7;:: average varticle confinement
time) fér a wérking reactor, It is to be nuted that I have beqn@n?
many hours of non-irivial plasma physics by 2libly picking ﬂ/%b .
But the justification can plainly be sethsquare on"the shoulders

of equilibrium. Mo equilibrium: No steady state. Thus



: o ow= 1 " , ‘
and therefore, !
v, = Re
27

[}

(Taking, as in our design, Rp

150 cn, 1@=:2 sec, one arrives
at V. = 37.5 cm/sec)

Most studies on fusion reactorsk(including 6hrs) assunes a
Fatio of plasma radius to wall rodius. This term is cocmoted by
the letter y and for our de?ign, bakes on the value 5/5, In
aétuality, the divertor will uitimately determine the plasma radins

so I shall assume the start of the scrape off regilon to be at R

(ending at Ry» which is,in actuality}tco far also). This calculation

reflects optinmism, btut as I shall show later, Rw*&p i'or our reactor

is more than large enough for the job and shortening by 5 to 10
em will not appreciably alter the results, Proceeding, con brfo,
with the task of calculation,

d= Rw=-Rp = Rw{l=Y) = R b;,y'

Now assume the longitudinal distence (i.e. arocund the major
radius circle) between divértors to be z. ‘Then, for particle
with 2 specifie ¥, (lonzitudinal velocity i.e. along toroidal
field lines)y «f one agssuwnes i~0)

f» - 3:, . Prome Dov iy Fu bravel JUT; > J;""‘ Flvm Jn!r'r*““ ’\t‘v

vy diverlov,
and

t ® f-!» ')l":“( (”m' PPN of J[t"ﬁnx;(, 7o }Vﬂ'//

Ve

Obviously, if %, ¢ ¥, the particle will enter the divertor before

13

it collides with the wall, -

zé Vg & Vy = _?ﬂ" - thern dun bk wa ll.
d Qé'r}) .
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Now, ascribing to-the toroidal velocity profile a kaxwellian
distribution (and there is reason to believe this incorrect),

then the probability of this inequality occuring can be calculated

from the 'following

.‘-JAC = ( L ~-)'I’C‘Xl - ﬂ-‘ﬁ! ) JVH z P (V.»)Cl‘/u

i

Y 7—711(7"5 ak T A
R : ~ -
; nJrI;: Vs Il | //
al: ?L- oo ( }::MM,) ,c-:( ') - )’n /H J\/ = Vob- 0[.” /,‘./ ,‘3 o & -
P(Y“ ¢ 2dip ) - f 20C 4 Ty “r { TETH ) h P
' 247

. T om V'uj" . J Fo =% AL ‘[ Vi
’&f to ZRTH ) ' 24
R

{jé-n =L .
A ~1 T Fre
%/ '{: ¢ r Jf«‘ = errer tﬁUnt 2087

N
([.75 ¢l l‘«*"m‘\"l{)/ f{/’)’lb’t'\f /. . )

i

P(Vu< -i-j}%)

o
Nobew 1 hawe atlbvwed heve fhe

W’wu‘-ﬂ ,

2 t\jl ; Cheree e ey Ty g0 o5 fo

fB’ATn T ?’, } &’J‘usr ey o0 meve nem’o’/
(W‘t{cf' Vi ._/nrmﬁu/:”"a/

J elean ljam’C »

11

arf(

For vy woaﬁ,%w Ac;ljm .

~ - IS0, V., v A sEC
J:: 12 ¢ v p s R, "‘:Z“n’(.i) J ” z /) ,I{g ; t'\?IJ 1> H/ P
P = ert (Ml’/" ;Awwsa} & .‘,.» nw?‘wf
‘ ; |
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If one uses 1 toroidal divertor, then 22 amrR= 372.8 m.
P 5.0 2107 e puh o fithiag wall

The divertor capture efficiency is (1-p) = .999?5 or NCE = ?9.995&,
Wﬁile‘f shall be ﬁbe first to admit that the calculation is some-
W di naive, it does ones heart good to sce this much optimism on
one's first try. It would have been bleak indeed, had ouf initial

efforts proven marcsinal in nature. . Let me look briefly at the

cffect of d on P, .
o Q{(‘f?
W - ()
3 o e A [ e, lx}
R BEEIY TR g“!,,, /‘,\f 4%,

‘L L i
% - = ( ~ ) ()
T | ‘ { -*) J
{ 2P0 . ’
ﬁuv‘ ,é_f:_ - {,"_,____j.. = e J_. Ore ;'16’5 {))va‘ :& ~ 30, 8 e

d - e 2

Sp x ;lﬁ (/./?a;w”‘(‘-a = ;';; f,’,?ix‘!ci’r"/}x: Y, 7 10”6

. - - -
v P= PtspP RN N A O X X% €. ¢ éxw

5

~which is still low énough. since according te Kulcinski,
one would like a P of say 10-3 to 1077,

How lonz would the first woll Taut under this reduced ion
flux?

Assume an ocutwardly diffusing ion flux of 1ol4 icns/cn®sec,
Using the gputtering rates for D,T on Nicbium { .01 which is high
by a factor of 2) one has

Sputtering rate = (5 x 1011) (,01) = 5 x 109 Nbratoms/ cmlsec

To make this more meaninzfull, this translated to a rate of de-

vletien of the wall of approxinately 3.3 x 10"”cm/yr@ In calcu-
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lations one assumes the wall intcgrity to he gone vh n 20 of
the wall is lost, For a1 em thick wall, the wall llfe time would

be

2 .
T;w = Lo e &0 ym
¥ Wiy 7.7%:67 "

An order of magnitude naively ¢till would give us more than
enough wall life time, |
How about the.uecond problem of whlcn T spoke, the refluxing
of these heavy, cold neu;rals from the walls into the hot pld SMA,
To enter the plasma, they must‘too DAL ihrough the regzion d. They
are neutrals, however, and do not feel the aiverting eflccts directly,
rforsen and Sprott (ORNL) have investizated this probica.
They conclude that a vlasaa N na-ugx:o" “#n’) in the scrape ors
region of the divertor (i.o. in d) could effectively reduce all
tut a hegligibla amount of Nb reflux. They deﬁonstrate that this

divertor plasma could be nnlnt iined by the synchrotron (actually

.

cyclotron « 15 kev) radistion ﬁg}n{hsv from the main plasma regzion.

Orice these neutrals are ionized then they may also be diverted
from the reactor resion,

I shall base my calculations on &n assumption which, althouch
impossible. to substantiate at the present time in Tokamaks, has been
verified in Stollerators with operating divertors,

Assume: Density of plasma in the scrape off region (R -R )
vavias linearly from some No... 8t Ry to an n,. YO 25 x 1079
mav at the wall, &xperimen®il verificati on"ot this in
a o.ellerator with a divertor wa S periormed by Sheffield
at Frlnnwtan. wazt - 541, 1947) .

—~ o

#ith a sputtering coefficient op Nb of .01 one can sce that
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(5 x 10'5) (.01) 5 x‘10*7 oi thé dirfusing plasma rlux is the

neutral Nb reflux. . o : _ .

L
L

~94¥°-“

| -7
plagma B : | P - ¢,z 510 ﬁ)
et et i <5+ i () DL |
2

T X e

To gauge what order of magnitude reduction one nceds on this
reflux (QM), look at the ratio of fusion cross sectlon to charze
exchénge cross scction for D-T and Nb.  The charae exchan

~ section is very high (10"1” cm?), the fusion cross section (D)
.
is low (10725 cm2), This implies that in any given rezion of plasma.
it would much prefer to charge1exchange (by a factor of 1012)
than to fuse. This is a rough’evalﬁation but it shall suffice for
the following calculation.
One would like to reduce ¢, by at least 1012, Consider a
RN . .
slow Nb neutral (A~ ¥x 0 <r/g, ﬁf:ﬂ!?‘f) entering thy scrape off
region, It is bombarded by energetic clectrons and repidly ionized.
Cne sceks to calculate ihe distiribution of these peretration depths
into the scrape off region. .
= J(’l"l f}c JQ t%eufr.;il
'“"—;«g- = ’Jrol:‘ o /os; (Jn/ I?fl’)l?(“]?(-'ﬂ (::(. Moo Tud "0"')

- ;, (J?I" - ),Q (C)’;c ’bm":} -4 I?vcb. 0{6. (/:(‘(f. ey £ (’l/)(’l(f I’Cﬂl?‘-" (:;r’
t Fer v;l)ll‘ Piovw o

\

. - e M . R 4 . )
Q’e ~ wr'/?o!{w“ Erefs s cTomn tor (/r:(/m» ,,..!.,,-..af,'m/“:,f)an
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In place of an actual averazing ¢ Y over the electron distribution

function in the divertor region T shall (as does Mill's) take

for ¢, and e, '

. o /
-7 Y 5

d?:a ~ {0 7 Cimt ((ws;arw«!wx{« /'» im-fw/ v P‘C')

representative wvalues

Ve v Gy 10! ernfoee [~ 19 kel clecion)

One wishes to solve then Lhoe following coguation
¢ 1

. bodn e 07¢ Ve
Y (J i . v

'

choosing Ry to be x = 0 one imposes the fellowing linear relation
on Mg .

Y)C = ﬂi’)’l‘n + (./n""‘“l‘s e (nm"")?‘}{“ .

One sees this satisflies

our rrqu1remrnt (s = 0, Vgr Mimin, X xd,
Nz Mnee. ) \
- . w®
; 7} S Va — ) JETT A
- é,ﬁ = Tl @aite o ( T o A{fli_i“f, LEJS yely
Yt v v
' f Vi O T /
Z},(Zi) o X If) { e ( iy w.»){ _f‘ % + 7),.;4; ! )w‘,.n) C!
o \4

m_w_w s ’:L ‘:2 « x"
4 | : 2 d vV T )

p((}) 2 ,/hc‘éx (f) neu)lrﬂf/ “f(lf/)h;:j ﬁ’p (frm Ko ) uo’?’/ ovt
bg’ ":‘!({/ "i-’ ;\i t‘(";!
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This shows agzain in a strikingly optimistic fashion that the
divertor should ionize all of the low energy Nb neutrals which try
to refiux into the plasma,
VII. Gag Kinetics, Structures
Unless all of the diverted charged pariicles are removed com~
pletely from the reactor, their collisions with the divertor walls
- and/or filterinz clements will produce a number of light neutrals

»

(D, T, He). ©One hopes, of course, that the plasma {(eclectrons)

side the divertor will continually reionize these particles,
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“Certainly, however, a zood design in terms of das Kinetics Conductance

¢ .

characteristics is advisable,

.

It appears initially that vacuum pumplmr will not be a large
probleﬂ and some of the recent calcule tions by Donhowe substantiate
this, I will note at thlu point that the strnctural de sign of the
first wall making allowances for a toroidal dlvemcor are_somewhat

disheartening. These problems one must live withf{and codve)in

+any conceivable chomn)and only ccoromics will dictate the material

design base, o ’

YIII. FEconomics

While my primary interes:t has not been ceniered here, onec sees
“hat one will parasitically absorb a certain fraction of the neutron
flux in the reactor. Neutrons arc money, both in terms of T breeding
and power., One must try to 1) make use of heat deposited in divertor
structures andAeoil coolant, and 2) make the mechanical design as
small (volumetrically) as possible under the many physical and economic
constraints of the system,

Sectlonalization of the entire reactor will protably encorporate
specilal sectionals for the divertor(s}). These econcmics will need

Y0 he reviewed but have not, and practicallvy gspeaking, cannot be

IX. B Pield Pesi.n

ey

I have intentionally left this topic for last., It has been the
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basic desizn consideranion of many, particalarly at Princetion where
Ken Wakefield has put in many mon-years of work. ortunately it

is probably the best initial place to begin a serious’ dCol”n for a

divertor,
. There are a number of m2theds for proccedihg in this érea,
vut for the sake of cost oﬁe usually procééds via an analég computa-
tional scheme. The analog device to be u““u‘lnlu ally at Wisconsin
shall be that of reci otanoo paper, - This is used a good deal in
stregth and mnterials WO G Az termine 5”ccés cenfigurations in
structural members, One can fasgly perform a number of meaningful
parameter studics using this type of device in B field deslign.

Dr, Younz of the Znzineering lkechanlcs Deparinent has‘all the -

nceded apparatus to successfully pursue this problem on such a device,
After the initial analog desisn studies, more accurate (3-

dimensional) desigms can be ovolved with the (LLL) cemputer codes,

which Dr. Ted Yang has modified for the U. of W, computer system.

These codes not only compute the E f{ields, mod B, and f character

istics for any arbitrary cnrfont scurces (Tibro), but also one

can compute and plet the oxact charge particle and/or guiding motion

in these fields (Mafco). Both of these codes will be used in the

intermediate and final design stages.
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