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ABSTRACT

A simplified power-balance equation is used to study the
performance of a pulsed Reversed Field Pinch reactor, including
the practicability of ignition by ochmic heating. Since only
limited information about the energy confinement time T_ 1is
available from the RFP experiments carried out so far, which
do not extend beyond 150 ey, we treat T_ as an adjustable function
in the model, and for the time being employ alternative empirical
Tokamak scaling laws in the numerical estimates. The known
heating rates and energy losses are represented by the net energy
replacement time T which is exhibited as a surface in density
(n) and temperature (T) space with a saddle-point (n,, T.).
Reactor performance estimates are made using a zero-dimensional
power-balance model supplemented by calculations using the
1D ATHENE code. It is concluded that while ignition by ohmic
heating is more practicable for the RFP reactor than for a
Tokamak reactor with the same T_, the RFP energy confinement
time would still require to be considerably better than that
predicted by current Tokamak scaling laws to allow ohmic ignition
in an RFP reactor with minor radius 1.75 m. If the minor radius
could be reduced to (say) 1 m then ohmic ignition would be more
practicable. More definitive estimates require a knowledge of Tt
which can only be cbtained by extending RFP experiments closer
to the reactor regime.
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1. INTRODUCTION

This paper considers a pulsed fusion reactor system based on the
Reversed Field Pinch (RFP) [1,2], with a cycle consisting of start-up,
burn and shut-down phases [3] as in the conventional Tokamak. Although
most of the studies of toroidal pulsed reactors [3-5] have been concerned
with the Tokamak concept, the RFP could have engineering advantages: see
for example the review articles by Bodin and co-workers [2,6], and the
proceedings of the 1978 Padua Workshop [7,8]. One potential advantage
is the use of higher B-values and lower toroidal magnetic fields in the
RFP compared to the Tokamak, and another is the possibility of ignitien
by ohmic heating alone, instead of by the combination of ohmic and
auxiliary heating that is required in the majority of Tokamak designs.

It should however be stressed that whether or not these advantages can
be realised in practice depends on quantitative factors that are not yet
well understood due to a lack of experiments in the relevant parameter
ranges: for example the influence of ancmalous thermal transport on the
energy confinement times, and the effect of the g-mode on the maximum B
that can be achieved [9].

The review by Bodin and Newton [2] explains the main line of RFP
research up to 1979 and how the RFP differs from the Tokamak. The poten-
tial advantages of the RFP reactor concept were identified quite early
[10] and have since then been included in the further assessments of RFP
reactor designs [11,12]. More recently a collaborative study [13] of a
pulsed RFP reactor has led to a conceptual reactor design [13,14]
based on this configuration. The choice of parameters made in [13,14]is
dictated by economic and engineering constraints which impose a set of
restrictions on the reactor plasma. Fixed plasma parameters are used to
meet the design performance level (e.g., density, operating temperature,
burn time etc.), and the physics assumptions also include plasma stability
and ignition by ohmic heating. The RFP reactor design [14] has been up-
dated [15],and reference [16]outlines a similar RFP reactor design
together with other designs based on alternate concepts.

The object of this paper is to investigate these physics assumptions.
We study the power balance of an ohmically-heated plasma, mainly from the
viewpoint of the RFP reactor although much of the discussion would also
apply to the Z-pinch and to the ohmically-heated Tokamak reactor. Our

intention is to estimate the plasma parameters (density and temperature)



and reactor paramsters ({(minor and major radii, toroidal current) that
are required to achieve a given performance (power output, duty cycle,
wall locad, pulse length etc).

Our study starts from a simplified zero-dimensional power balance

medel. The various contributions to the power balance are outlined in

§2 where the analytic expressions used for terms like ohmic heating
etc. are given. The main problem in a study of this kind is that

the energy confinement time TE is virtually unknown in the RFP reactor

regime since experimental temperatures have not so far exceeded 150ev.
For this reason it has been conventional [T ] in RFP calculations to
assume a Tokamak scaling law although even this involves considerable
uncertainty in the extrapolation to reactor conditions [18]. As a prac-
tical step in the analysis, therefore, we separate in §3 the known power
rates from the unknown energy losses due to thermal transport, impurity
line radiation etc. The known power rates define a gquantity called

the net energy replacement time TW, and temperature equilibrium occurs

h = .
when T, TW

The net energy replacement time Ty (which also includes the known
energy loss due to bremsstrahlung) depends on density n, temperature L5
effective atomic number Zeff and current density J, and we determine

analytically the function T (n,T,Ze f,J). At fixed Z J we exhibit

W f eff’
the surface Tw(n,T) in density-temperature space by an isometric projection
and by contours of constant Tw in the (n,T)-plane; examples of these
representations are shown in Figs.l and 2. The surface Tw(n,T) always has a

saddle-point T _, (n,,T, ), where T = 7.4 kaV is independent cof J and of the

W‘k
resistivity anomaly factor, Saddle-point values are subscripted by an

asterisk,
=(T—1_T—l)~l
G W E !

study the evolution of the plasma to its burn regime, we need to specify the

To calculate the energy growth time T which is needed to
energy containment time TE. Various expressions (scaling laws) given in

§2 are used in an attempt to bracket Tgr and §4 shows two examples of how the
surface Tw(n,T} is deformed into a surface TG(n,T) by the choice of a specific
scaling law for TE' The conditions for ignition by ohmic heating alone are
analysed in §5 where all the TE scalings of §2 are applied; these conditions
are expressed as limits on the reactor parameters minor and major radii and
current, Although our results can only be tentative at present, it is expected

that the method of analysis will remain useful when better experimental inform-

ation on the RFP energy confinement scaling becomes available.



The reactor cycle is divided into three parts:

tx' the time taken to establish the RFP configuration
plus that needed for rundown and plasma exhaust; this
is regarded as fixed in our study and its value is
assumed to be 1 second.

t the time taken to reach ignition; this will be

%7
shown to be the time taken to reach the saddle-point

(n,,T,) of the surface TW(n,T) starting from some point

(nO,T & Q). _

tb' the duration of a controlled thermonuclear burn at

the operating point (n1,T1).

In 86 we show that t*/TE* is a function only of the product ITwr
where T is the value of TE at the saddle-point (n,,T,) irrespec-
tive of the scaling law used for TE. The burn time tb is deter-
mined both by the reactor power output and by the duty cycle.

The results of §8 3-6 are then applied to two reactor designs.

§7 shows that the original design [13] requires an energy confinement
time TE? which is several times the value predicted by some of the
empirical Tokamak scaling laws. An alternative design with a smaller
minor radius, but the same toroidal current allows TE* to be smaller
than the values predicted by empirical Tokamak scaling laws. These
two results are confirmed by detailed one-dimensional equilibrium-
transport calculations with the ATHENE 1 code [19].

The performance of an RFP reactor depends strongly on anomalous
losses, i.e., on the scaling of TE' for which little empirical informa-
tion from RFP experiments is available. The study made in this paper
has therefore made extensive use of empirical Tokamak scaling laws in
order to compare the RFP with the Tokamak. The results show that a
small minor radius (a ™~ lm) RFP reactor can operate with an energy
containment time which is less than the value required for the equivalent
Tokamak reactor which, in addition needs an auxiliary heating source to
compensate for the smaller Ohmic input rate.

SI units are used with temperature expressed in either eV or keV.

2. The Power Balance Equation

To examine the conditions for thermonuclear ignition we start from
a power balance equation written in the symbolic form

aw
dt
W is the total plasma energy density and the symbols on the RHS' denote

=T+0-R-U+ 5. (1)



power density rates of Thermonuclear fusion, Ohmic heating, known
Radiation losses, Unknown losses, and Sources of additional heating.
Several papers have described ignition conditions in Tokamaks [20] and
the particular roles of additional heating by neutral injection [217,
by RF-heating [22] and by major radius compression [23]have also been
investigated. For an RFP reactor no sources of additional heating are
currently envisaged so that S = 0 is used in (1). The expressions for
the remaining terms are simplified as follows:-

2.1. Plasma Energy Density

The plasma consists in general electrons and various ion species,
and this is taken into account in the one-dimensional calculations. At
present we assume a plasma of electrons and a 50-50 DT mixture plus a
simplified impurity concentration level £ such that z =1 + fZO, Zeff
= (l+f202)/z, where ZO = 8 is used corresponding to fully ionized
Oxygen. Ions and electrons share the same temperature T and the plasma
energy density is

W= n (1+2Z) eT. (2)

N w

2.2. Thermonuclear heating rate

The rate of O=energy production from the D-T reaction is

T = Y% n2 <gv> E__ ,

DT (3)
where for the cross section we use [24]
2,25
- y . 3 o
<gv> = 9 10 22 exp(—o.4?6 n ———E——Z\ ) [m sec l}. (4)
6.9 10
-13 . . .
The energy EDT = 5.6 10 J is to be deposited over some region of

the RFP discharge. Many papers, e.g.[25,26], have studied the slowing

down of a-particles in magnetic confinement systems, mainly Tcokamak reactor
configurations; these papers also study additional effects from a-particles,
e.g. thermal étability properties. The major part of the a-energy is

given to the electrons until the o-energy reaches a few hundred kevy.

During this slowing down period the a-particle drift orbit is not
significantly perturbed by collisions. The spatial extent A over which
a-energy is attributed to electrons is thus dependent only on the plasma
equilibrium for an isotropic birth-velocity distribution, To estimate

Aa it is necessary to track a-particle drift orbits numerically in

various RFP equilibria; details of this will be given elsewhere. It

is here sufficient to use (3) as a simple approximation.



2.3. Ohmic heating rate

With the Spitzer expression for the resistivity [27] the Ohmic

heating rate becomes

3/
-=72 -5.2
0 = c,T y C€o = 5.22.10 77 = 4nA, (5)

where c, is some anomaly factor which may depend on Zeff'

2.4 Radiation losses

In general bremsstrahlung, recombination, line and synchrotron
emission may contribute to the loss of energy by radiation. The last
contribution will be negligible for an ﬁFP reactor, while impurity
radiation will depend on the types of impurities and on their relative
concentration levels. Since these are not known we combine impurity
radiation losses with the other unknown losses represented in TE, and
assume that the term R in (1) just represents the bremsstrahlung rate

_ 2 4 ~ 2 -38
R = cp n T, Cp = Zgr Z 1.56 10 . (6)

2.5. Unknown losses. Confinement times

Unknown losses include thermal losses by anomalous transport and

impurity radiation. The term U of (1) is written as
U = Wrg (7)

where the energy containment time can bc cast in several forms. The
foilowing 5 expressions are considered and superscripted ¢ for classical
[27], B for Bohm [27], HS for Hugill-Sheffield empirical scaling [28]
A for Alcator scaling [29-30], PW for Pfeiffer-wWaltz scaling [31]:
2 2 2
. L L /2

B T 3 eo e (21T)3
T, = ’ (8a)

1
H e2 n rn;i 2nA M°
2
B a l6eB
BT e , (5}
HS x2 _x3_x4 x5 x6
Tz = ¥ n I RD M a p (8¢c)
Al -
e 3,8 107°F o a2 ‘ (84)
E ?
A =
T 2 8 10 24 n a2 T2 - (Be)
E R B ’
o p
PW =20 . . .
TE = 9.5 10 7 no 2 ao %8 Rl B2 . (8f)



In the expressions (8) the symbols have their usual meaning and table I
lists 3 sets of values for the empirically determined constants X, - X6
obtained by Sheffield [28] from an adaptation of the Hugill-Sheffield
scaling law., In many of the reactor studies [3-5, 20, 21, 25] various
assumptions such as (8) are made for the Th scaling laws. At present

we lack empirical infommation about anomalous losses in RFP geometry and
the choices (8c-8f) reflect the assumption that the Ohmic heating phase

of a large RFP should resemble that of a large Tokamak. (In the one-
dimensiocnal transport calculations various combinations of the expressions

(8) are used in different parts of the discharge following the RFP model
of [17]).

3. The net energy replacement time

The net energy replacement time T, is defined from (1) as

1
il T (9)

while the energy growth time is (see also [31])

wde ot :
G W 'E

We have found it instructive to study the expression (9), since it does

o= 2ol L (10)

not contain the unknown losses. By inserting the expressions (2-6) in

(9) we can write (9) as

— nT
L A n2 + C
2
or An  -Bn +C=20., (11)

The coefficients A,B,C are

T - 2
b B Bappt 1B = 2R
e n 3(1+z)
Ty
0 2
T, 2 = 0
@ T B e % W e 3(142)

For fixed J, 2 and Ze we can plot contours of constant TW in the (n,T)-

ff
plane from the solutions to (11)



n, . = %A (8+ D%, D=8 - 4ac.
Fig.l shows an examgle of such a set of contours obtained for g = Zeff
=1l and J =7 MA m . The surface TW (n,T) is shown as an isometric
projection in Fig.2 for the same values of Z, Zeff and J. The surface
Tw(n,T) always has a saddle—point'rw*(n*,T*) as can be seen from Figs,1l
and 2 and the location of this saddle-point is found from the two

extremum curves

ot
W 2 . _ =%
N Oa nn(T) =a ' Typ = T(4a0) . (12)
9T n_T
W 2 T Q' = T
OO M T s = a2
A-TA' A nT+C
the prime denoting %E-. The curves nn(T) and nT(TJ intersect when
]
Sy = 2
T 3T Ln (AC) ’
so that the value T, is independent of J and any resistivity anomaly
factor ca in (5). The saddle-point co-ordinates can be calculated as
functiohs of 2 and the result is
eff
To = S;, (2.0 7.41 [kev]
1.3 =3
N = s (B gg) 1,62 1077 7 [m 7] (14)
1
T = S (Zogp) 1.96 100 [s]

The s functions are plotted in Fig.3 against Zeff in the range Zeff =1

to Z = 2. It can be seen that T* increases with Ze while n_ and

eff

TW* decrease slightly.

£F

From (14) we can calculate two quantities of interest, The drift

parameter (drift speed divided by electron thermal velocity) is

I =
= 1.05 10 2 T ~ 1%

* Zen L
*Vox z s s
T n

and the rate of power input to the plasma is



=
[1)]

s
* -—
p, = — = 1.48 10 ¥ o pam 2E (w] .
TW* T

4, The energy growth time

To calculate the energy growth time (eq. 10) we need to know the energy

containment time. Guided by the scaling laws (8) for TE we set

{n )Ul (T )uz
T_ = = = ’ (15)
" \n* \T*

E E,

where subscript * refers to the saddle-point values. The unknown exponents
ul and u2 can be assigned values according to the choice of scaling law,

but following (8) we assume

-1 £ ul

IA

T, -1 EUE X T (16)

The saddle-point value T. in (15) may depend on J (or B}, a, R _, Z etc.
E« (o] eff

If we insert the expressicns (14-15) in (l0O) we obtain

z ) (17)

T = T G(n, T, J TE*, off

G E*

for a given set of values ul, u,.

growth time is a function only of n,T and the product JTE* (and Ze

Thus for any Te scaling law the energy
££) -

We can therefore represent TG as a surface TG(n,T) for every value of J

and study how the surface Tw(n,t) is deformed to TG(n,T) by the choice (15).

Two examples of TG(n,T) are shown in Figs.4 and 5. Both curves have
2

J = 7 MAm , as for Fig.l and 2, and Fig.4 corresponds to u, = 1, u, = 0
(Alcator scaling) while Fig.5 corresponds to ul = O, u, = -1 (Bohm scaling).
The values of L in Figs4 and 5 are chosen larger than Traw given by (14), so

that T, is positive. The analysis in § 3 of the surface tw{n,T) can

naturally be extended to the surface TG(n,T) for every choice of TE.

5. Ignition conditions

The condition for ignition by Ohmic heating alone is that the energy
growth time Tg is positive, This will be the case for any density (see

eq.13)

provided that



TE (nT) > TWT (nT) '

where the above guantities are given in § 3. The smallest value of

TwT (eq.13) occurs at the saddle-point, so that the ignition condition

becomes
T > T (18)

(A different value of TE may be required at the true saddle-point TG*
of the T surface; the position of this point is however now known
unless TE is known which is why (18) applies at the saddle-point TW*).

In order to examine whether (18) can be satisfied by the scaling laws (8) we set

where j stands for classical, Bohm, Hugill-Sheffield, Alcator scaling,Pfeiffer-
Waltz scaling and c? is an anomaly factor. The magnetic field configuration
we choose is a Bessel function model [32] for which B and J on axis are

related to the current I and to the minor radius a via

noI
(o} -7 I
B = Fwa 9,87 Wibae T g bl
(19)
§ow et = 106 = [am 2] .
2 2
Ta Jl(G) a

A pinch parameter 6 = 1.4 has been assumed. The ignition condition (18)
can then be written as .

a0 g W L HE . . o (20)

o J 3
for all scaling laws; Table II gives the values of the exponents 1u3-uS
and the constants Uj for all the scaling laws (8) for the case Zeff =1,
The ignition condition (18) can also be cast in other forms the best known
[33] being obtained from (14) as
20 -3 7 -2

n,t.,> 3.2 10 snsT[m s]  or JT5,.> 1.96 10 sT[Am s] (21)

If a fixed current I is assumed then all scaling laws except the classical

law result in

ub
a < ¢ a i
max



Table II also gives the values of a ox for I = 20 MA, Ro/a = 10,
and TE* for two values of a. It can be seen that the empirical scaling
laws (Bc - 8%) predict B to within a factor Qf appr.l5and L to within
a factor 25, This means that to achieve ignition (21)there is a large
uncertainty factor in the required ochmic input rate J2. Hence if a
reactor plasma is assisted by additional heating (Tokamak) to overcome

the 'thermal inertia' in the saddle-point region this large uncertainty

factor would apply to the power level of additional heating.

6. The reactor cycle

We mentioned earlier that one cycle of a pulsed reactor is divided
into three parts and here we consider the duration t, of the approach to

the saddle-point and the burn period t The time t, taken to reach the

b
saddle-point (n,,T,) starting from some initial point (no, T =~ 0) is

found by integrating (17) as

W
ts *

— =f GWn,J T, 2 ) dfn W) (22)

c*
e}

where W = %—n(l+z)eT is the plasma energy density. The ratio t*/TE*
depends only on JTE*(and Zeff) and the path n = n(w) in the (n,w)
plane connecting the starting point to the saddle-point. The Euler

equation describing that path which minimizes the integral (22) is simply

3G

5 T O

because we have only -gpecified g%—(eq. 1). One "optimum" path thus consists
of an isochor (heating at constant no) together with an isotherm (gas

puffing at T = T, if n_ # n,). The integral (22) can be evaluated for
various values of the unknown exponents ul and u2 in (15) within the

window (16) for various paths, e.g. path of constant £, adiabatic path etc.

Fig.6 shows 3 curves representing the ratio t*/T vSs. JTE*. The solid

E*
curve represents heating at n, for any (ul,uz) satisfying {16); the
dashed curve corresponds to no = 0.1l n, and ul =1, O = u, < 1l; the
dotted-dashed curve also has B, = 0.1 n_, but u, = 0. From Fig.6 we see

*r

that for large JTE the time t  is almost independent of L However
near the marginal ignition condition (21) any large uncertainty factor in

TE* only leads to an uncertainty factor of appr. 10 in =



Once the saddle-point has been reached the plasma can be made to move
rapidly to a burn regime (nl,Tl). Various additional energy loss mechanisms
reguired to achieve a stable burn can be envisaged, but such mechanisms

will not be dealt with here.

The burn time can be determined from the requirement that the total
reactor power output (a-heating + neutrons) averaged over one cycle
should be P_ = EV, where V is the reactor volume (V = 2"=T2a2RO for a circular
cross section torus). The axial power density is related to the space-
time averaged value by P = P A/t, where X, typically of order 0.3, depends

on density-temperature profiles and where f, the duty cycle factor, is

= t
b b
[ = ——— = = (23)
£+t +t t
X * b e}

The burn time can therefore in principle be found from

PR A {tx+t*)

tb(nl,T ,PR,V} =

1
-P
5vT RA
the a~heating rate T being given by (3). More often it is necessary to
impose a lower limit Co on (23) and this determines tb = tb(JTE*, go);

nl and Tl are then found from

PR =5AT (nl,Tl) V/EO (24)
During the approach to the saddle-point and during the burn the reactor

configuration has to remain grossly MHD-stable. It is difficult to derive

a simple condition for stability, but in the one-dimensional equilibrium -

transport calculations the slowly decaying RFP configuration is tested

against gross instability. In the absence of an internal plasma dynamo

[34] an RFP configuration decays resistively [6,17,34,35] on a timescale

T, which clearly has to exceed t, + tb. Stability against excess pressure

means that the plasma B cannot exceed a certain value Bmax which can be

estimated from the diagram in ref.[35] relating the axial B to the pinch

parameter. Using (l19) we thus enforce

n(l+z)eT

5 1.78 102 np (2 ’ (1+z) < B (25)
B*/2u_ : "t T =

max

B:

0.25 for the pressure inflated Bessel-function

|

and typically Bmax = 0.2
model [17,35].



The thermal flux plus neutron flux on the wall is regarded as a fixed

guantity; the wall load given by

E e (26)

is small initially and rises to its peak value during burn.

For a given reactor performance Fw' P Co and to we see that (21-26)

RI
relate the 4 performance figures to the reactor parameters a,RO,I and the
plasma parameters nl'Tl' For an RFP reactor we are free to choese a and RO
independently (unlike a Tokamak) as long as (26) is satisfied. From (24)

and (26) we derive for fixed T, the following scaling with minor radius

1
= 3/2 :
a: density nlma 1, line density N = n_a %va / , power per unit length

1
3/2
PR/ROma, plasma beta Bva / i

7. Reactor parameters

In reactor design it is customary to start from a given set of values
of wall load Fw’ power output PR’ duty cycle Co and pulse period to’ since
these parameters are determined principally by engineering constraints.
Table III gives the values used and the relations (23) and (26) then imply

250 2
[m®]

t, = 4[s], ar = ‘= ;, EE 500a[m3].
e} 1T2
The ignition conditions (20) for the scaling laws then become I > I(a).
Fig.7 shows the required current against minor radius with anomaly factors
2

e = 1 for the empirical scaling laws (8c-8%) and ¢ =10 °,
class

EBOHM = 100 chosen to keep the diagram compact. The minimum value TE*=TW*
of T at the saddle-point required for ignition is shown against a in
Fig.8 together with TE* = TE*(a,I=2OMA) for the scaling laws (8) using the
same values of € as in Fig.7. Although Fig.7 suggests a high value of I
(50MA at a = 2n1) to satisfy all scaling laws (8) we consider only

I = 20MA which is the value assumed in the designs [13-16]. With this
value of I we examine the ignition conditions (20) together with the
relations (22-25) for two values of minor radius: 1) a = 1.75m[13] and

2) @ = 1m. The corresponding values of I required for ignition are marked

with circles and crosses in Fig.7.



One-dimensional equilibrium-transport calculations with the ATHENE 1
code [19] have been carried out for these two reactor designs. The model
used in [19] is described in [17] and in addition we include a-heating,
gas-puffing and an anomalous electron diffusivity related to the TE staling
law (8c,case 1). The a-particles remain on a flux surface until their
energy reaches 300keV at which stage they are allowed to diffuse across the
discharge. The gas-puffing assumes cold DT gas to be transported uniformly

across the discharge and to mix with the host plasma on a short timescale.

The results are summarized in Table III which gives the values of all

reactor parameters as well as the T » vValue required to reach ignition in

E
4 seconds and the anomaly factor e needed for (8c,case 1) to produce TE*.

The conclusions of cur study are of course based on the écaling laws
for the confinement time e The larger reactor with a = 1.75m requires
of order 5-7 times the value of TE predicted by perhaps a pessimistic choice
of TE scaling, while the smaller reactor with a = lm requires a TE less than
that value. This result provides however an insufficient basis for
preferring a smaller reactor, since the actual TE scaling laws for an RFP
reactor may be different from the Tokamak scaling laws (8). Indeed
recent results from the Alcator C Tokamak experiment [36] show departures

from the previously assumed scaling law (8d).



Scaling Xl X2 X3 X4 X5 X6
Law
1 0.0583 0.503 0.924 0 0 -0.198
2 0.0466 0.653 0.875 1957 0 -0.,423
3 0.0502 0.649 0.801 1.006 1.101 -0.310
TABLE I. Values of the constants used to calculate the expression
(8c) are taken from [28]. n is in units of 1029(m~3),
I in (MA), R,a in (m).
. 4 - _
Sciiing u3 ud ub U amax[m] TE*[S], I=20[Ma]
T=20[MAa] a=1.75n & = 1m
Class(8a) o] 0 0.5 0.58 - 3438 1120
Bohm (8b) -0.5 0 0.5 135 0.022 0.036 0.02
H-S1 (8c) -1.43 0 0.45 19.3 1.02 0.88 1.73
H-S2 (8c) -1.05 0.42 0.4 16.9 2,95 10.2 48.5
H-S3 (8c) -1.06 0.41 0.4 11.8 4.0 20.5 87.3
Alc.1(8d) | -1 0 0.5 16.8 1.2 1.3 1wid
Blc.2 (8e) 0 -1 1 3.64 0.55 1.67 0.2
P.W (8f) -1.48 0.85 ©.53 36,9 8.3 17.8 5350
TABLE II. Parameter values in the expression (20)
aU3ROu4EuSI -

for the scaling laws (8).

this leads to the wvalues a
max

For I =

TE* predicted by (8) are given for I

(1.75,16.5) and (1,25.3) respectively.

14

20[Ma] and RO=lOa

. The saddle-point wvalues

20MA and (a,RO) =




Plasma Reactor parameters a = 1.75m a = 1lm
Major radius RO [m] 16.5 25.3
Volume V [m’] 1000 500
Wall area [m°] 1000 1000
Power output P [ew] 2 2
Wall load F_ [ 2 ] 2 2
Duty cycle co 0.9 0.9
Pulse length t [s] 50 50
Current I [MA] : 20 20
Current density J [MAm_2] 7 20
Toroidal Field B [T] 5+5 9.5
Plasma density nl[lO2Om_3] 3 4
Line density N [lozom—l] 20 9
Temperature T, [kev] 20 20
Beta B [3] 16 7
Ignition time t, [s] 4 4
Required value of t_ « [s] 4 1
Anomaly factor ¢ 5 0.6

TABLE III. Comparison between reactor parameters for 2 values
of minor radius a.
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Fig.1 Contours in the (n,T) plane of constant Ty the energy replacement time defined by (9).
J=7 [MAm™] and Zogr= 1.
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