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Abstract
The burn eondition for D-T plasmas is derived in a form which accounts for the sta-
tionary helium concentration being selfconsistently determined by the coupling of the
fusion power and helium production . The ratio of the global a-partiele confinement
time ror* (defintion in the text) to the energy confinement time rE is taken as a quan-
tity characterizing the prevailing confinement arid exhaust regime . lt is shown that for
an ignited and stationary burning D-T plasma this ratio needs to remain sufficiently
below 15 (or below 10 for typical impurity concentrations) . This poses a lower liit
to the required helium exhaust efficiency and indieates that operational regimes rnight
be desirable where the internal particle confinement time does not diverge too far frone
and in exeess of the energy confinernent time, arid where the boundary layer - e .g.
through high particle density and outward flow acts as a suffizient shield against
recycled a-partieles.
lt is further demonstrated that for any given temperature (and for otherwise equal
overall exhaust and recycling conditions) either burning can be achieved at two quite
different values of the fusion parameter (triple product n . T rE) and ash concentrations
(one at Iow concentrations in the range 5 - 20 %, the other in the range of 20 - 35 %)
or not at all.
A similar evaluation applied to the D-31le fusion reaction leads to even rnore stringent
liraits an the ratio r:/rE , which raust be smaller by a factor 3 to 4 compared to the
D-T rase.





Introduction

Helium - as the ash of D-T-fusion reactions - and its effect on the pumping re-
quirements, an the burn condition, or on the minimum reactor size, has already been
considered in several publications (e .g. /1-3/).
In these previous stndies or as their result it is generally postulated that the relative
concentration of hellt= in a quasistationary burning plasma should not exceed the
range of about 5%-10% ; such concentrations are considered to be unavoidable, but
tolerable in view of fuel dilution (at a given density or Pressure limit) and radiation
losses.
In this paper we discuss a different approach in order to obtain a correlation between
burn condition, exhaust requirement, and the ratio between energy confinement time
rE and global heliurn particle confinement time Toi* (a definition is given in seetion 5).
The main differente is our accounting for the coupling of the a-power production rate
Pa and the effeetive ash (and irnpurity) concentration in the plasma, as e .g . measured
by an effeetive Charge number Zen . The existente of such a correlation is obvious
since the fusion power and the a particles are consequences of the sarne reaction, i .e.
the D-T fusion process

D + T 4hTe(3 .517MeV) + n(14 .069MeV)

Instead of prescribing a constant concentration = nHe /ne , we therefore solve for
ff.", from the global power and a-particle balance equations (section 2) . A trivial result
of this correlation is the fast that without any outward transport and rernoval of the He
ashes the growth rate of its relative concentration is typically 0 .01 . 'r£; consequently our
consideration on the required stationary bum condition addresses burn times in excess
of about ten energy confinement times (which would be too short for an economic
pulsed reactor operation).
One result is the existente (if any) of two solutions for hie . This means that an
ignited plasma tann burn in either a "low He concentration mode" with LH , r 5 -15%Q ,
or in a "high He concentration mode" with fH, - 15 - 25% and mach higher required
ignition parameters n . T rE in the latter rase . The range of allowed temperatures T
and aneessible ignition parameters is reduced with increasing ratio na,* rE and flnally
vanishes . Enhanced shrinking of the aeeessible parameter spane occurs if additional
impurities - from plasma wall interaction - are included, e .g. by adding one impurity
speeies with Charge number Z and a constant concentration fz nz/n, . This is
discussed in seetion 3.
For comparison

	

have carried out a similar analysis based on the fusion reaction

D + 3He 4He(3.6701V1eV) + p(14 .681MeV)

which is often considered as a fax goal in view of reduced neutron release and other
positive safety prospects . This is discussed in section 4 . Here botla fusion products
contribute to the fuel dilution and the burn temperature is niuch higher . The result is
that the requirements for particle outward transport arid for an eiindern ash removal
system are even more severe .
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1 . Basic results of confinement studier and
motivation

Starting point of our consideration is the generally observed correlation between energy
confinement time TB and paxticle confinement time rp or, in other words, between
the coefficients of radial heat conduction and of particle diffusion . This correlation
appears to be a characteristic Feature of specific confinement regimes /4 - 7/, wich, a
tendency for a disproportional increase of particle confinement in cases of improved
energy confinement . Recent experimental data for xe/De range between 7, reported
by the JET-team /4,5/, and 3, reported by the ASDEX-tearn /6/ (this difference is
partly drye to the fact that for the analysis of the ASDEX data an additional inward
particle flow terrn has beeis introduced to describe the overall particle balanee) . For
"Advanced Stellarators", a ratio of about 5 is predicted from theoretical analysis /7/.
We will assume for the following that this ratio is a constant.
If the corresponding transport coefficients (e.g. = De or ri xe ) are constants,
then the time dependence of a transported quantity O(r,t) (e .g . partiele- or energy
density) can be written as

(n, t) - 0(z) exp(-t/r)

Then the relationship between i and the confinement tirne r reads:

and assuming De,. Ra, De , we define:

Therefore, in what follows we shall analyse how the ratio p between the oi-partiele
confinement time ra* and the energy confinement time °rE enters and modifies the burn
condition and, in particular, examine whether there exists a eritical value of this ratio
beyond which stationary burning is impossible . Consequently, we take this ratio (and
not any longer the relative helium concentration) as free para,rneter.
As a fixst approach, and in order to obtain closed form relations between eharaeteristie
global quantities, we use a zerg dimensional model for our analysis . Although profile
effects can easily be ineluded by an appropriate parametrisation they have no qualita-

tive and only rninor quantitative consequences for our results . Therefore, and in order
to keep the number of parameters as sman as possible, we leave these effects out of the
present study.
In order to evaluate the results of the following sections, which are firnt given in terins
of p, witb regard to more controllable reactor parameters such as the removal efficiency
eren:,

refueling efficiency iy or wall recycling coeffizient R, we will derive a definition
of the global partiele confinement time To,* for particles in section 5 . For the time
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being, we note that the global a partiele confinement time 7,,'" used in the hext sections
is defined as :

N
7* :

	

a

	

(1 .4)a 4ceout aaset

Here Na is the number of o particles in the burning region with volurne V, arid
e a, „i is the net flux of o particles leaving this region through

the surface S (fig. 1), defined as the differente between outgoing and returning flux
(I),, , o.. t and a. ,r, t , respectively.
Often, the global particle confinement

	

is experirnentally determined in terms of
N/N after all sources are "turned oft' . However, since we are con.sidering here
(quasi-) stationary discharge conditions, we rather apply the equivalent definition (L4)
(a la Gauss theorem) an the global a-partiele confinement time 7in such way, that
the stationary fuel (D-T) density profile be maintained through an adequate external
fueling process which replaces both, the burned fuel partieles and that part of the
fuel particles which is neeessarily being pumped away together with the helium ashes.
Furtherrnore the helium partieles, which are pumped away, are replaced by the fusion
process as a source term. In fast, it is the purpose of our investigation to caleulate
the stationary He-concentration (and its hühertee an the burn condition) which is
established as a result of the global c partiele confinement time 7(see section 5).

2 . Global relations for a burning D/T plasma

In recalling the basic equations describing an ignited D/T plasma, namely the power-
and particle balance equations, we follow ref . /8/, where the effect of impurities an
the ignition condition has been addressed.
We make the following sirnplifying assumptions:

1.) a homogeneous plasrrta where all species h.ave the saute ternperature T:
T

	

Ti = THe Tz

2.) th.e impurity concentration consists of a single species, in addition to the helium
ash which is accounted for separately.

3.) the a-particles are fully thermalized before participating in the loss proeesses as
a component of the thermal plasma ; i .e . they transfer their whoie initial energy
of

	

= 3.52 MeV to the plasma.
4.) the pressirre of the energetic non-thermalized c-particles is negleeted in the pres-

sirre balance.

Let again fz = nz/ne arid fHe = nHe /ne be the concentration of impurities (eharge
state Z, nuelear Charge number Z) and a partieles (He ++ ) relative to the electron
density n e , respectively. Because we will exclusively be dealing with Iow Z irnpurities
irr this report, and with plasmia temperatures es 10 keV and laxer, we assume 2 = Z
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throughout this paper, i .e. fully stripped impurities . We assume nD nT, i .e. equal
deuteriurn and tritium densities, and set n i = n D + nr. Front quasi-neutrality, we have
for the dilution parameter

ni
fi := - =

	

Z fz - 2 fHe,n e

and for the total particle density:

n tot := 1,4 + n i + n z + n He = 1,4 [2 - (Z - 1) fz - hie] = : ne - hott

	

(2 .2)

The ignition condition expresses the balance between a-power production

	

and losses
Pt and Pr. d (Pt : heat transport losses due to conduction and convection,
Pre,d : radiation losses) and is written in the form:

3 14 iä~ . f2 E (av) =

	

rE
- ne ftoi

	

+ Rriid(T,fz, fRe) ° n!

	

(2.3a)
z

If a different definition of rE is used, such that rE irnplicitely also includes the radiation
losses the ignition condition is

1
n2 . f
"

? E

	

ne ftiyt T

	

(2 .3b)
4

	

2 TE

For the radiation loss rate Rrad we take the expression

Rrad = R b + Rz = fi . Rb,1 (T) + f~re Rb22(T) + fz . R,d,z(T)

	

(2.4)

1

	

4
9ff

	

+ fHe 4 - gff ( .7)

Here CB is the constant for bremsstrahlung : CB = 1.537 . 10-" eVi . Arnp . crn3 ,
gfjr are the Gaunt factors taken from ref ./9/. We have used the abbreviation

Rb,k (T) = CB k 2 gff ( 1-c2,), while fz R,d,z(T) is the cooling rate for impu-
rities of nuclear Charge number Z taken from ref./10/. For the temperature range
5 < T [keif] < 100 and the Iow Z impurities considered here these corona ap-
proximation rates are very dose to the bremsstrahlung rate alone : fz Rrad,z(T) -

fz . Rb,z(T) = fz CB Ti . Z2 . gf4). The fusion reaction rate (crv) is the average
over a Maxwellian energy distribution and is taken from ref ./11/.
Eq. (4) is then rewritten in the form

"'tot	 T
ne

	

- (uv) f4 " Ea Rrad(T)

Inserting the total pressure p tot. := ntot . T, the fusion produet ptot rE becornes

z2 . T2
Zi

	

=	
ftot	 	 (2 .5b)ta TE

(T)cri; Rrad

= Ca + fz

	

d,z(r)

(2.5a)

4

4



The ignition pararneters eqs . (2.5a, 2.5b) are usually piotted as functions of T for fixed

Z, fz and fxe (figs. 2 and 3), but fHe and the a power source Pc. are not independent
of each other and depend strongly an T.
The a-particle balance reads (with p

1 n'

	

(o-v)

	

nHe

	

ne ° fHe

4

	

P r

or
4 .

rze 'FE =
p

	

(cv)

Equating (2 .5a) and (2 .7) and eliminating ff by using eq. (2.1) yields the cubic equation

for
ao + a l fHe +a2 fb e + a3 . fHe = 0

	

(2 .8)

ao - T . [ff(-Z3 + 22 ) + fz2 (4Z2 - 2Z) + fz(-5Z + 1) + 21

	

(2.8 .1)

cr i

	

2T [fY4Z - 5Z2 ) + fz(14Z - 4) - 91 +

	

(2.8 .2)

+

	

Z' fz 2 . Z + +
P
	 4	

P
[(fz Z - 1) -

	

fz Rrad,z(T)]
+ (cm) -

a2	T [h(-8Z +4)+ 12]+

+ - {fz . 4 Z 4]+
P

4

+ P
. [2 . Rb1i(T) Rb,2(T )l

(av) °

a3 - .T [-4] +

Ea
+

	

[4]
P

with

(2 .8.3)

(2 .8.4)
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3 Results and Discussion

The algebraic equation (2 .8) can be solved in elosed form and has three (not necessarily
different) solutions.
We are only interested in real solutions with 0 < fHe < 0 .5 . (1 - Z . fz) which are
physicedly relevant.
Inserting the fHe found that way in the eq. (2 .5) or (2.7), we have expressed the

ignition parameter (2 .8) as function of T, Z, fz and p. In what follows we diseuss 4
different cases.

Case

	

no impurities (fz = 0), radiation losses irnplicitely accounted for in
7E , i.e. we set R.,. d = 0 in (2 .3)

In this case the coefficients of the polynomial equation (2 .8) simplify to

a®_---3•T (3.1 .1)
E

	

27
=- + - 2 .T (3.1 .2)

a2 =(-4) « + 9- (3.1 .3)
2

a3 =4 (- + 3- T) (3.1 .4)
p

Beside the unphysical double root hie
2

0.5, the only solution is
3•T

JH.

	

(3.1 .5)
+ 2 . T

	

p

	

2

We will discuss this solution together with the more general rase 2, and note here
only that from the condition fHe < 0.5 we have:

	

.Ec,

	

782.2

	

T < Tcrit =

	

=

	

(3.1 .6)
4.5 . p

The nullt in T can clearly be seen in fig . 4 where the ignition parameter n e . TE, plotted
as function of T, has a singularity and the range of accessible temperatures is bounded
from above by T, T. it , if p = constant > 0 . This differs from the case shown in fig . 3
with fHe = constant > 0 where no such singularity appears.

Case

	

fz 0 0, radiation losses ix plieitely accounted for in

The coeffieients of the polynornial (2 .8) now take the form given in eqs . (2.8 .1) to
(2.8.4), except that the last terms in a l and a2 resp., which begin with 4/(oiv). . p, nmst

be omitted.

Again we find an unphysical double root at the upper bound for h ie , i .e. at
0.5 - (1 Z fz) . The only valid solution is now given by:

3 . T . (1---0.5• (Z - 1) - fz)
fHe

	

(3.2 .1)
' 2

6



The equation (3 .1 .6) for the critical temperature generalizes to:

T <
(4.5 + 3 fz

	

Z .fz) . P
(3.2.2)

. (1 - Z fz)

which (see fig . 5) e.g. for a 2 % carbon (Z=6) contamination would lead to Te ,tit
707.2/p, or for a concentration of 4 % instead to Te,,it = 628.0/p.

Oase

	

ff -st- 0, but radiation losses explicit, i .e. not included in rE.

Exelading the radiation losses from the definition of the confinement time rE has the
imrnediate effect that the range of possible temperatures for ignition becomes finite
since the denominator in eqs . (2 .5) raust be positive . The most striking differente to
cases with a constant fH as parameter is the fact that now there are either exaetly
two physically valid solutions, i .e. solutions in the range 0 $ fHe < 0.5, or none.
Fig. 6 shows the relative helium concentrations as function of T and parameter p . lt
is seen that there are two branches, a Iower olle with Ale in the (5 - 20) % range and
an upper olle in the (20 - 35) % 'enge . The helium concentrations are used in fig . 7
to Plot the ignition parameters n e . 7E and ptoj . 7E as fünetions of T. We further note
that the temperature range in which ignition is possible has narrowed from 4 .5 keV
- 889 keV to only 6 keV - 56 keV for p 5, and to 9 keV - 20 keV for the case
p sa 13. lt will totally disappear for p, rit aa 15. The presence of a partieles affects
the ignition condition almost exclusively due to fuel dilution, whereas the additional
brernsstrahlung losses hagre only minor effects . Fig. 7 also dernonstrates the expected
result that the minimal possible ignition parameter (ne rE or ptOt - 7E) increases with
p. This will be diseussed below in rase 4. But at the saure time, and perhaps less
expeeted, the temperature „, ,i ,, at which this rninimum Genius, becomes srnaller with
increasing values of p . For example we find Tr„, i,, = 25 keV for the helium free ease
(P = 0), but Tmia = 15 keV for p 13 . This is a consequence of the temperature
dependence of fit", and of dilution being the dominant eifeet.

Gase 4: ff 0, radiation losses explicit, i .e. not included in rr,

Using again p as parameter we find (fig . 8, fz = 2 %, Z=6: carbon) a rauch faster
decrease of the ignition region, with a critical p of p, rit ee 9 .5. The above mentioned
two branches of behaltet concentrations are now in the ranges (5 - 15) % and (15 - 25)
% respectively. The interdependence of impurity contamination and helium removal
requirements is more clearly seen in fig. 9, where the eritical parameter p, rit is plotted
as firnetim of fz for a few selected light impulities (Z-4 : Be, Z=5: B , Z=6: C and
Z=8: 0).
We recover the value p,,„it rn- 15 for the ideal ease 3 with no impurities an the ordinate,
and also maxirauen allowable impurity concentrations in the case of perfect hellt=
removal p,,tit = 0., namely ,- 7%, k ed 10%, fa 12 .5% and fB, ,a 16 .5% the
abseissa. We note that e .g. for a carbon concentration of 4% the ratio p = ra*/rE raust
be made smaller than 5 since otherwise no burning is possible . But rnneh smaller values
of p already can lead to a drastic inerease of the srnallest possible ignition parameter

7



n e rE or ptcd ° rE in the accessible temperature range . Fig. 10 clearly shows how
this minimum parameter inereases with both the impurity concentration fz and the
confinement time ratio p.

Burn Conditions for a - s e reactor

As an alternative to the D-T fusion reaction also the D-'He fusion process has recently
attracted renewed interest as a possible candidate for an advanced fusion reactor in
the future.
Despite several disadvantages (much lower reaction rate (an) which peaks at much
higher plasma temperature, probably larger fast ion losses due to trapping in the
magnetic ripple, etc.) its striking advantage is the fact that by neglecting D-D
reactions - 100 % of the energy (compared to only 20 % in the D-T case) is released
in form of charged particles and can be used to maintain the plasma energy Balance
directly. Purthermore, the Iow neutron wall loading frgm. D-D reactions, the Iow nuclear
decay heat and the avoidance of tritiurn breeding are very attractive perspectives from
a naaintenanee and safety point of view /12, 13/.
However if dilution due to ash contamination poses a problern already in a D-T reactor,
this should be even more severe for the

	

concept.
In. order to assess this problern we have carried out the saure analysis as in seetions 2
and 3 for a burnirig D- 21-le plasma.
First, the follovring redefinitions and modifieations have to be rnade to the equations
of seetion

n i = n D +n H,

	

and nD = n8He

	

(4 .1)

The He concentration fje is now replaeed by an "ash concentration" fash, (and the
(a-particle confinernent time r is replaeed by the "ash particle confiment time" 1-).
We have

	

Janda
= sah with

	

n,,,, i, = np + n4 H,, and np = n4 H,

	

(4.2)
n,

lt follows for the dilution parameter

	

n i	2

	

2

	

fi = n

	

=

	

- z h

	

(4.3)

	

,

	

3

	

3

and the total particle density is now independent of fa,, h :

n tca

	

5
ftoi = - = -

n,

	

3

The bremsstrahlung losses due to fuel and ash particles with the definitions (2 .4) now

talge the form :

Rb = (fi + ash) - 0.5 . [Rb,1 (T) + Rb22(T)] ,



and the particle balance et' . (2 .6) becomes

rE f

	

(crv
4 "

Finally, the fusion energy E,,, carried by the ot-particle before raust now be replaced
by the total yield

= (3 .67 + 14.681)MeV 18.351.ii/leV.

This leads to the following coefEzients 1)0 , . . , b3 in the cubic equation (analoguous to
erl. 2.8) for fash :

1

nach

bo - T 3 (Z fz-- 1 ) (4.7.1)

2

ftot .

4
bi

	

. T ft,i

	

(z ° h' - 1 ) +

	

(4.7 .2)

3

2 ° [Rb,i(T) + R,2(T)] fz Rrad,Z

- 2

3 - (z h _' 1) +

(Z fz 1)

4
3 - (Z fz - 1)

(4.7 .3)

(4.7.4)

For the definition of rE with implizit accounting for radiation losses the solution (cor-
responding to eq . (3 .2.1)) becomes :

3° T °ft
fach =

P

If instead radiation losses are excluded from rE , then the resulting burn condition
contours are shown in fig

.
11 (to be compared with 'Bz. 7a) for the ash contaminations

derived from eqs. (4.7) but an otherwise pure D-die plasma (fz = 0), and in fig . 12
(to be compared with fig . 8a) for an additional impurity contamination of 2 % carbon
(fz = 0.02, Z = 6). As expected the fusion region is shifted to higher ternperatures

and fusion produets, but, more important in our present study, also to rnuch (a factor

3 - 4 ) smaller critical values of the eonfinement time ratio p . This is a clean rernainder

of the fast that fuel dilution due to the ashes would be an even more severe problern

for this fusion reactor type .

9



5 . Definition of the global alpha particle
confinement time ,rg

In deriving the global a-particle confinernent time r we distinguish between two
"kinds" of a particles (See fig . 1) which are characterized by the location of their
sources . One species (a l ) consists of the first generation a-particles, i .e. of particles
born mainly in the plasma core by fusion events before they cross the boundary S of the
burning region in outward direetion for the first time . Let their total number be Na'
and their mean lifetime be Ta l ; in that sense 'ran may be called the "internal a-particle
confinement time" . Then, their fiux is (frone Gauss theorem)

	

N,, 1 /'ral arid we
have:

dN,, 1 (t)

	

Nur ND NT
s

ra r dt

	

V

	

(5.1a)

Here ND and NT are the D and T particle numbers respectively in the volurne V
bounded by S, (uv) is again the fusion reaction rate . If the a particle production
proeess is terminated at t=0, then the solution is

	

(t) = Nai (0) .

	

/rar) with 2% 1 (0) = 7'21	 ND
P

T	 (") (5 .lb)

The second "species" (a2) of total particle number comprises all higher genen,-
tions, i .e. particies returning to the burning region due to a finite "effective" recycling
coefficient R eff . We allow for a mean residence time na in the burning plasrna for
these particles which rnay be different fron rcrl , because these particles are created at
the reaetor's inner wall eornponents (limiter or divertor) or return fron' a nonperfect
pumping system. They are mainly subject to transport processes in the outer tone of

the confinement region and we refer to r,,, 2 as "external a-particle confinernent time".
Reff, aß defined here, is the ratio of the a particle fiux (1. a,0.,a crossing the boundary
S in outward direetion to the fiux cl:, or,rei of a particles crossing this surface in inward
direetion. Clearly, this definition of R eff also ineludes screening (of a particles) in the
boundary layer, i .e . for a "refueling efficiency '7" less then one (arid perhaps close to
zero). In order to derive the particle eonservation equation for a2 particles, we use the
fast that according to the previous definitions the fiux Reff eal ,üuj of the returning
al particles is the source for the first generation of a2 particles.
Assuming the saure recycling coeffieient Re ff for the first arid the higher generations
of a-particles, we have:

dNa2(t)

	

*.. N„2(t) + Reff (N„m«,,t» + N,„i (t)\

	

dt

	

rat

	

rat

	

rar

»

In the stationary rase, the solutions fron eq . (5da and (5.2a) are

Nc 1 (t < 0) Nal (0)

Nea(t< 0) = S . .1% 1 (0), with

(5 .2a

	Reff	 'roe2

-Reff) Tal
(5 .2b)

lo



Adding Nai (t < 0) and .N',r2 (t < 0) arid inserting frone (5 .lb) we find for the total
number Na = Neil + .1%2 of a-particles in the burning zone

Ref
Tel. +

1

	

f

- Reff
r

2

which clearly shows that the global confinement time r a* of a-particles in the burn
region (responsible for dilution and radiation) is given by the expression in the paran-
thesis of eq. (5.3). We obtain the same result by considering the initial decay time for
the time-dependent case:

Ner(t) Nai(0) ' [(S - ß) ' exP(--i/r:,2) + (1 + ß) esP(-t/'rei)i	(5 .4)

with .rZ2 re,2 i(1-- R eff) and ß Reff /(1- Reff) `r,22/(7-cel -T-o*,2) (8 rnay be positive
or negative, depending an

	

and Reff).
We are dealing, in general, with two characteristic times r 2 and .ral , which exeindes
the possibility of writing the a particle density n H,(t) in the form (1.1) . Nevertheless
we can dehne an effective confinement time r at time t=0 after shut-down:

clN,,(t)
dte aout - 4a,re

tsQ

Taking the derivative of (5 .4) at t=0 and rnaking use of Na(
find the equation

)

	

Ni,r1(0) (1 +

	

we

1

	

1
(1+6)=

	

•[6-ß1
7cr2 rai

+ ß] i

which, after inserting for 6,73 and ra* 2, yields again

	 Reff	 (1 - eeff)
° a2Tal + -

	

r(1 _Reff) ° 'rcr2 -= rcxl +
eff

We note that this ra,, is the same quantity as found before in eq . (5.3) and as used in
the particle balance equation (2 .6) in section 2.

Hera we have rnade use of the (effective) exhaust efficiency eeff = 1 - Reff, which

is defined in ref. /14/ consistentiy with our present derivation as the probability for

a particle - in our case for an a-particle - to be pumped away (e .g. by a pump-
limiter, by clivertor-pumps or by surface pumps) whenever it crosses the boundary of

the burning region in outward direetion and enters the outer plasma layer . For pump

limiters, values of eef f in excess of 10% may be achievable /14/ . Similar values of e, ff
for divertors may require to apply particle eollecting scoops /15/.

Clearly, for

	

rar equation (5 .7) reduces to the standard definition

r,,/(l - Reff) of the "global" (or "effeetive") particle confinement time .
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The factor (1 -eeH )/eeff is the mean number of recycling events back into the burning
region experienced by an oi particle, before it is pumped away. As we shall discuss next,

reff depends on the exhaust efficiency of the pumping stations, ep , on the surface
recycling coefficients, R, and on the refueling efficiency ^7.
In general we may consider three loss mechanisms for the flux eo,, t of partieles which
leave the volume V through surface S (fig. 1).
The particles may either be eolleeted by the pumping systern, with collection efficiency
econ : 4,01i :=

	

el)o,,t or eventually hit the wall :

	

:= (1 -

	

e o.t . A

	

sott
° fraction

	

rernoval efflciency) of ecoil will be pumped away:

--- crem ' Ecotl (P oet

	

° 4out

	

(5.8)

which defines the exhaust effieieieney ep := ere ,,, ecoll for the purnping system.
A flux (D„, := R . (1 -Ecou) will recycle frorn the wall (R : wall recycling coefficient),
and another gart ew eo ,, t := (1 - R) (1 - e co u) 4 0 ,, t will be absorbed by the wanz.
The fraction &ei of the fluxot, which is not absorbed by the first wall system is

Rret :=7-- 1 - e rst :=---- 1 - (ew + ep)

	

R (1 + econ) + erean ' ecoll

	

(5 .9)

So far we ha.d not yet accounted for the possibility that a significant fraction of the
returning flux erst of the ofrparticles may be screened by the boundary layer and frans-
ported back to the wall components before it reenters the burn zone . By addressing
this process now we define the boundary layer as that zone where practically no fusion
processes occur (shaded area of fig . 1) and introduce a finite sereening efficiency e sc,-
This sereening efficiency e,,,„ will further reduce the flux 4,r,t = Rret

	

0ut , so that
only the fiux 7 - Rret e o ,, t will reenter the burning volurne V, with 7 1- esc, being

the refueling efficiency. The fraction e sc, Rret ,, . t will undergo the recycling process
again, so that finally the total flux 4ret of partieles reentering the volume V through
surface S reads :

Coat Reet •'7 ' .n. (1 7) Rret

the last factor describing flux enhaneement due to local recycling in the above defined
boundary layer.
We thus have for the effective recycling coefficient ,Reff and effective exhaust efficiency
used in forrnulars (5 .2 - 5.7) the expressions :

1ecf f

	

Raet . '7 °

	

(

	

. Amt

Inserting these relations into eq . (5.7) yields a general expression for the global ca.
-partiele eonfmernerit time

R,H = (5.11)

T
al + (1 -e acr) «1 - Eret)

E.ret
(5.12)Tcx2

In order to interpret this equation, one may discuss two special cases .
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In the case of negligible screening, i .e. for e ,,er « 1, and with e,ff gti e,-e t , eq. (5.12)
becomes identical with. eq. (5.7) . Moreover, since for stationary wall conditions ew
approaches zero, e,ret can be replazed by the exhaust efficiency e p . Finally, for e p < 1,
we rnay write

'raz	^rar+

	

(5.13)
ep

In case of strong boundary screening (-y « 1), on the other hand and taking again
e. < 1, ep < 1, we obtain

ra 7ai +
'7
-

	

na

	

(5.14)ep

Ohviously, this case is the more desired one in order to keep r small . Ilowever, even
then the screening of the recycled a-particles by the boundary layer becomes only
effective as far as it is accornpanied by a non-negligible value of the exhaust efficiency
ep. So it depends on the balanee between the two cornpeting quantities 7 arid ep - if
both are approaelting small values - whether the second term of eq . (5.14) leads to a
dorainating or rather to a negligible contribution to the global et-partiele confinement
time

	

and thus to the hell= rain 'centration.
This section has shown, that the global oapaxtiele confinement time reonsists of two
different terms . We may recall that the ferst term, r is mainly governed by the
chosen plasma eonfineraent regirae, whereas the second term is deterrnined by both,
the above mentioned balance between recycling and screening, and, with respect to
the value of T,22 5 also by the properties of the confinement regime. Since the transport
properties of the burning core and of the boundary layer may be coupled to ear.h. other,
an overall optimization is required in order to fullfill the burrr condition as given in
this paper.

Condusions

lt has been shown that the ratio p between the global eispartide confinement time r,';
and the energy confinement time rE is a critical quantity which determines the required
ignition parameter n . T . TE of a (quasi-) stationary D-T plasma . The operational value
of p should be kept well below a eritieal value /Jet* Iying in the range of 7 - 15 for D-T
burning and in the range of 2 - 5 for D- e burning ; the exact value of p,rit depends on
the species arid the coneentration of wall-relea.sed irnpurities . Since the required value
of the ignition parameter increases with growing values of p, any gain in r E obtained
fron improved confinement has to be weighted against a possible rise in p in case this
gain is accornpanied by a disproportional "gain" in isc, 1 and/or Ton.
Therefore, in order to evaluate the potential of specific eonfmement and exhaust con-
cepts, such as pumped divertors, pump limiters or ergodisation schemes, it is suggested
to address the aäievable value of p erperimentally in present day machines . This might
yield some basis for an extrapolation to a future burn experiment .

13



Furthermore, by analysing the processes which determine 7:0 we haue established a

relationship between the exhaust efficiency, e p , the recycling coefficient, R, of the firnt
wall system, the refueling efficiency, 7, and the "infernal" and "external" a-particle

confinernent tirnes, Tal arid 'ra2 . The quantities ep , R and and their cornbination
describe the effective recycling of ash-particles ("He alone or both, 'He and p) back
into the bum region due to imperfect pumping and shielding,
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Figure Captions

fig. 1

	

rnodel and definitions
fig. 2

	

ignition parameter n e T rE vs. T for constant helium concentrations
.ixe

	

0 .0, 0 .3, 0 .025
fig. 3

	

dito but radiation losses implicitely accounted for in the definition of r E

fig. 4

	

ignition parameter (radiation losses implicit in rE)
11, rE vs. T for constant confinement time ratlos p = 0, 5, 10, 20, 40

fig. 5

	

critical temperature as function of p for several light impurity contaminations
fig. 6

	

relative helium concentration in a stationary burrting DT plasma as function
of T and p (radiation losses explicit)

fig. 7ab Ignition paraxneters n e rE and pgat rE in a pure (no impurities except 'He)
burning D-T plasma as function of T and p

fig. 8ab Ilke figs. 7ab, but additional 2 % carbon (Z=6) contamination
fig. 9

	

critical confinernent time ratio as function of impurity concentration fz for
Be, B, C and 0

fig.10

	

minimum ignition pararneter ptbt rE as function of confinernent time ratio
for different concentrations of carbon impurity (Z=6).

fig.11

	

ignition pararneter

	

- rE in a pure (no impurities except ashes) burning
D-3He plasma as function of T and p (to be compared witb fig. 7a)

fig.12

	

fig. 11, but additional 2 % carbon (Z =-- 6) contamination (to be compared
with fig . 8a)
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Fig.6
RELATIVE HELIUM CONCENTRATION FOR IGNITION CONDITION
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Fig.7b
1GNITION CONDITION (DIT)
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Fig.8a
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Fig.8b

1GNITION COND1TION DM RADIATION LOSSES EXPLICIT (NOT IN T E )

,r,

TEMPERATURE

	 [VT PURE
	 C, D .POST CORONA

1

	

DITO, p

	

3
*

	

* DITO. 5
0--0 DITO, 7
x	 .X DITO. 9



Fig.9
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Fig .I0
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Fig.12
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