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ABSTRACT

The cquations required to study the dependence of the steady
state operating conditions in 2 tokamak-1ike CTR plasma on various
system parameters are éo]ved Particle diffusion is exp]iéitly
represented by neo-classical theory and B , the rat1o of p]asma pressure
to -poloidal magnetic field pressure, is ]1m1ted to a max1mun value of

/K, vihere A is the aspect rat1o The particle and energy balance

equations are solved se]f-cons1°tently with the conflnomnnt time

eouat1on and the constraint equation on plasma pressure. The
¢zpendence of the plasma cperating parumetcrs on enhanced bremsstrahlung

radiation losses and enhanced diffusiona]nlosses is studied. A

~viable tokamak-like CTR p]asma 1s suggcstnd consistent with the para-

matric study., '



’

I Introduction

An-{mportant part of any detailed examination of the feasibility of
controlled fusion is to éstab1ish, as best possible, the plasma operating
conditions, A nunber of recent studies]'3’3'4 have attcmnﬁed to caléulate
po§sib1c steady-state p1asma operating conditions in CTR systems. The most

2 who examined in detail

complate study on.closed ‘systems is that of Rose,
the dependence of the stcady-state conditions on the levels of bremsstrah-
Tung and synchrotron radiation, alpha particle heating, convective particle
and energy losses, and details such as electron-fon rethermalization and
'eneréetic particle injection. However, it is diffiéu\t to apply these re-
sults to a specific c]ﬁsed system, suéh as a Tokam_ak5 or Ste11erator.6
becausa of the schamatic used to obtain the solutions. The stea y-state
conditions (such as the temparature of various plasma components) ‘are
derfved frem particle numser and energy consarvation equations, includjﬁg

oh cquation for the particle confinement time; t In gaheral. Te depends

¢’
on density, temparatwre, and system paramatefs. In the work of inse.z
however, the solution schumatic is to choose a value of the electron tome
berature. solve for the fon temparature using one of two energy ba\anto»
cguations. and determine a confinement time, T guch that a second energy
balance equation 15 satisfied. It s therefore difficult to uncovar the
' dependence of the steady-state solutions on the functional varfation of e
with temperature and density, | |

In ‘this paper, ve use a sat of point reactor equations darived previously7
to study steady-state solutions, for Tokamak=11ke CTR systems and to examine
the dependence of these solutions en sysiem parameters. The parametors of

{ntarast include np, the vatio of plasma prossure to poletdal magnetie field
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pressurc. thc tgb111ty factor, q, the aspcct rat1o, A, and the toroidal
magnet1* field strength, BT The steady-state solut1ons are determined .
se]f—cons1stent1y Trom a set of particle and energy conservatlon
equations together with confinement time formulas that have functional
forms of particular applicabi]ify to Tokamak and/or Stellerator

8'9’]0’]]. The solutions include restrictions on q and Bp.IO.IZ

In addition, within the limitations imposed on the solutions either

systems,

by the mz2thod of ana]ysis or by the plasma physics itself, a
so]utlon representlng a viable CTR systen, from the plasma point of

view 1s sought +.

II.  Basic Equations ' ' ' | BN

The basic eavations ara solved after imposing tha following set:

cf assumptions:

“a. In the pafameter range of interest, synchrotron radiation
losses are negligible compared to biremsstrauhlung, espacially
if enhanced, ‘

b.  Zerc energy particles are injected to make up particle losses
due to fusién and diffusion, -
¢.  The CTR plasma system oporales with a divertor so that

conductive energy losses can he considered negligible,
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d. Diffusion is neoclassical and in the banana rcgim38'9 i.c., the

- L

equations for the electron and ion cenfinement times predicted by
neoclassical theory are used as additional equations and solved

self-consistently with the other gdvcrning equations,

é, Bp is ]imitedg to a maximum value of YA, although of course other

values, such as Bp ="A, can be used if desired,
f. Ohmic heating power is negligible during steady state operation,
Under these conditions, the particle and encrgy conservation equatiohs

become

l’ '

a. Particle conservation:

n, =N+ 2n + ) Ze M : .(l)
: im _
“ -
T N.Xx:.<0oV>
= (2Cy A ,
I , (2).
TC .- .
. i
X] - ni Tc

b. Ion energy conservation:

: 2 [
ns<oy> 7T. n.”
1 i j 3 2 <ov> .
= BVt ) T Qe 7O (3)
: : c
c. Electron energy conservation:
T, n_ T
2 <yv> 5 1.53 i e
T B Ve - @Yz ) T i
e T,

‘ o2 172
" Qg - Ax(”i +Ang Em “im "im)"c e =0 (4)

It should be noted that the clectron-alphe rethermalization tefm Qo I8
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_non-zero whereas the jon-alpha term, Qia' is zero. This approximation is
justified under CTR conditicns with particle confinement times on the order
of several seconds because the alpha slowing down time is short compared to

13

‘the confinement time and the alpha particles fu}]y'therma]ize. Under these

ciréumstances, it can be showg4 that Tua Ti'

d, Confinement time: ' . L

. 2 2
' ool le | (5)
c 3/2 q2 Ne N . | !

where Co' consistent with MKS units, is given by,

e 23
Co = 0.24 x 10

1 £ .
q:....-_. -
A Bp (6)

For a more complete discussion of rl, see Appendix A,

ITI. Approximations, Self-Consistent Plasma Limitations and Equations

It has been pointed out in recent work8 that to operate at steady state,
Bp should be limited to ~/A., Although it is theoretically possible to operate
with ﬁp > /N in a time depéndent manner, steady state operation is not possi-
ble since reversed clectric fields are required in the plasma, i.e., the

B electric‘field is not curl free. A system which operates with Bp = /A

is attractive since this limitation implies that the poloidal magnetic field
can be mdintained by currents in the plasina vesuliing directly from partic]é
diffusion?‘]o’]s As sucﬁl extérna11y induced c1ectric'fié1ds are not

required during steady state operation., Thus, the additional cquation,



s (7)

is solved self-consistently with the remainder of the equation set,

The following restrictions and approximations are imposed‘to simplify

" the solution of the equations:

1.

_on T, only.

<av>pr, the velocity averaged cross section for fusion in a D;T
system, is reésonabiy linear in the range 7 KeV 5-Ti < 30 KeV.
This is shown in figure 1 where data from Rpse2 is plotted.

Therefore, we have represented the cross section by

<gy> = vyt Yy Ti m3—scc”], Ti in KeV. : (8). -

v, ='-0.208 x 1072

-22

Yy © +0.314 x 10

and restricted solutions for Ti to be less than 39 KeV. In general,

this has been the range of interest in previous stuo’ies.]’?"3'4

Alpha particles are produced with an energy of 3.5 MaV in the D-T

fusion reaction. The fraction of the initial a-energy deposited in

the electroas (or ions) as the a-particles siow down is dependent

16 I[f onc assumas ng = ni; then the fraction of the

a-enerygy deposited in the ions, Uui’ can be represented by

U, =097 x10°V +0.13 x 1072 Te + 0.17 x 10°2 Te®

al
- 0.30 x 107% 1e3, 1o in kev . . . " (9)



" This function results from a least squares fit to data calculated

by Conﬁ.]4

3. The steady'state a-particle balance equation.:

dn n
Coa - 2 <gv> _a .
SR (10)
! '] _
can be solved for n. to yield
' . <oVry L - -
ng = g nidlny ) = - ()

This can be written more conveniently as,: -

a i, <oV .
—_—= (n. T ) —_— .
n, i i ¢ 4 .

L , )
The ratio, na/ni, can be written in terms of the fractional burnup..

Recalling that the fréctibnal burnup is given by

—— ' -
by 2 (13)
' niT <ov>
one finds for small fb that
~ i <gv
fp &1 ¢ "5‘3" (14)

AMso, the ratio of a-confincment time to ion confinement time is

assumed to be given by

|~
0 a

H

7 o (19)

O -
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Mith thése last two equations, the expression for ”a/"i reduces to .

fy
(e

51 .3
la
i

" (6)

i

We will assume that at CTR conditions, the divfusion laws for a

tokamak'bla§ma Qi]] be govefned oy the banana regim2 of neoclassical

theory. '™ In this caée, the expreﬁsion for the confinement time is]o
: 1/2 2.2
ri COT BTr - .
© g A . - (7)
Gy = 0.26 x 10%° (consistent with HKS units)

In the equation for rl. the tokanek machine parameters, B T’ the

toroidal g nct1c #i0ld strength, r , the plasma radius, q; the .
A Y *.

P’
stability margin, and A, the aspcct ratio, occur in the grouping

Me = - S
YO (18).

We have defined this paramater as the McAlees Number, Mc., It is

possible to study the variation of solutions for Te’ Ti’ nt, etc.,

as functions of Mc. It is not necessary to define cach machine

paramcter scparately.

-To preserve macroscopic ncutrality in the plasma, we require

e J r:: ne r"
T(; = — = . o "‘
A Ny e a | (19)
J e -

n

In addition, note that



Y ng N+ 2n 4 fb/z

> i
—— e e = -——-—.' ?-——- - -
ne + .na n1 + 4na ] f fb | (20)

We have restricted fy << 1, (in practice fi < 0.2), which permits’

expansions such as . 7 ' '
VeR2 R,
TR s o)
b . (21)

Under this condition, one finds that

a .

e s e i <ovy L a2
Tc = T (] - :‘i" ni Tc ) + O(fb) . (22)
y C :

This approximation qreatly simplifies the equations to be solved.
Using the same criteria, onc cin exprass nr as

i
n,i fc

e ¢, T;(Z(!'- fy/2) + 0(fl) . (23)

In so]ving.the general equations, we-havc taken fb = 0.1. Thus, -

solutions thaf result in fb = 10% are exact relative to this approx-

imation and, in other.cases, the errors aré small since we have

resfrictod fy to the intervel 0 < f, <0.2.

To permit solutions correspending to an ion confinement timc with

functional dependence governad by neociassical theory, (spacifically,

banara regime), but with a variable humerical coefficient,we write
i CO Tl/z Mc

c " n.S (24)

o

where S is a "spoiling facter." S = 1 corrosponds to the thcoretical
T ; ;

neoclassical value of T, . ‘Usinq S = 10, for examnle, would

JSdhana
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represent a confincment time that is a factor of 10 smaller than the
theoretical value. |
7. The bremsstrah]ung radiation released by a plasma is strongly depen-

dent on impurity ion density and the general formula for bremsstrah-

lung radiation losses is]7
- 2 +1/2 .
wy = Aglng +an 4 Z;m Zim Ninde Te' . (25)
With no impurities, . | ‘ .
. - . /27 '
“x T Aglng + dn dn, Te» : (26) .

which is defined as the normal bremsstrahlung loss. " The effect of
impurities on the enhancemznt of bremsstrahlung can be accounted

Tor wost simply by variting .
4

- i ' 1/2
Y “;"Ax Hyng + 4n dn, T, (27)

where the factor, NH’ is defined as the bremsstrahlung enhancemént

factor. It should be mentioned that plasma insiabilities may Yimit'

‘the maximum impurity densify permitted in the p]asma!s’]9 Con-~

sidering only the increased bLremsstiahlung due to impurities and
neglecting line and reconbination rediation losses, as defined above,
NH < 10 is required.

Finally, the particle and energy balance equations, (1-4),must be solved

i

self-consistently with equation (5) for T, and equstion (7) for Bp. The

. _ . i
importance of the functionsl depandence of Te

on density and temperature and
the impact of this depandence on the energetic stability of the system was

. . 1,20,7.. e . .
discussed previously, the numerical solution nathod is outlined in

Appendix B,



Iv. Resu}fs

| To'presant the results in en orderly fashidn, we'havc attenpted to
evolve a tokamak-like CTR plasma system of viable power, power density,
size, etc., by solving the basic eguations self-consistently fbr specified
Qa]ues of e, N“ and S. For normal bremsstrahlung (N“ = 1) and theoretical
bahana‘regime confinement time (S = 1), the solutions yield ion temperatures
less than 7 KeV, éxcept for Mc << f. Yet, economically acceptable power
densities deman@ Ti 210 KeV, further, agsuming n, =n, and Te = Ti’ with
a_Bp limitation imposed on the system, it has been shown2 that the optimun
power density, and therefore the méximum total power for a machine of fixed
size, occurs at 12 to 15 KeV, Figure 2 i\]ﬁstrates this point. In a self-
consistent study such as this one, the plasma component nurber densities and
'tempcratures are not equa! but differences are small and ve expzct the opti-
mum pauer density to.occur in approximately the same tcmperature.ranQE'as
above. | -

To increase the steady state value of Ti’ we note by inspection of the
governing equafions that one must increase the power loss from the plasma,
If bremsgtrahlung is cnhanced, but radiation losses continue to vary |
as /T; then the power into the plasma must be increased to balance this
increased loss. This can-be done by operating at a higher ion teiperature,

as can be seen qualitatively by examining the figure below.

3 PLASHA

POWER LOSSES

e

PLASIN o
cZ

L POMER GATES

0.
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In a similar way, one can eahance particle d11rus1on by increasing the
spoi]inq factor; S, to achieve the same purpose. Figure 3 shows the stcady
state ion temperature vprsus Mc for various Nl and S. The value of S = 27
leads to a particle confinement time that is numarically equ1valent to the
cnerqv conf1nem°nt time suggestad by Strelkov and Pop&ov?] Recall that
solutions for T co.re*pond1ng to LhC theoretical value of 1 ! (s=1),
resulted in unacceptably low povier densities. Figure 4 is a plot of frac-

tional burnup versus Mc. By examining figures 3 and ¢ together, one is

]

led to the conclusion that even with S = 27, the confinement time is too
good in the sense that: ; |
1. With normal-bremsstrahlung, N{ = l p]asna 1oss~$ are balanced '
at T, < 10 KeV, (except for extremely sma]l Mc), and this leads
to both low LO;n] poaer and very low pover dtns1t1es.
2. With bremsstrzhlung enhanced by a factor of 10, fractional Araup
exceeds 20%}except for very small Mc. -
llote further that physica]lyis and NH p]ay two scparate roles., This
can bé seen by examining figures 3, 4, and 5 simultancously. Figures 4
.and 5 i1lustrate that the effect of increasing S, or physically increasing
part1c1e diffusion, is to significantly decrcase nt and fy. The same
f1gu:ea show that increasing ”H for a fixed S, or physically injecting
impurities to increase bremsstrahlung losses, significantly increases fb
but has 1itt1e effect on nt. This is reasonable since S is directly re-
lated tb partiéle Joss whercas N” is related only to ecnergy loss.
ThUs far, it is clear that both H“ and S must be greater than one.
To determine a wore precisc range of values for these parameters, the
total power of the system must be considored. Me shall fix, at this

point, two conditions as constraints on the system:



Ty (blanket thickness) = 2.25m 22, o e

B, (toroidal field at the magnets) = 85 kg°> .

Further, since power increcases monotonically with increasing 8_ and decreasing

. Qs thc following ‘reascnable values have been taken for A and q:

A=5

q = 1;5
(Ne'shéll note the effect of choosiné q > 2 shortly.)”
Finally, system power will also increase with {ncreasing fp. \le have takenm
rp =2.5m, rP/rw= 0.9 and want to determine if a viable pover can be pro-
duced from this size machine. Note the important point that a value 7or the

ion density ceénnot be aruitiarily selected. Wazn the paramzters BT, A end q

= ot

are fixed and tne equaticn, cp = /A, is solved self-consistently with the
general equation set, the particle densities are determined as a consequence

and are not independent variables.

The mean a-cnergy is not 3;£~}i cvcn.fhough the a-particles therma]ize'
to Ti bafore leaving the plasma because the plasma also contains alpha
particles that are in the vrocess of slowing dovn.  The moan a-encrgy,
averaged over the alpha distribuiion functien, can be estimated by computing
the mean encrgy of onn «-particle over its confinement time. Using the

- -

.18 . .
slowing down rate from the Foxkter-Planck cquation, = we find the epproximate

result that the mean a-chergy is

C | . . (28) '

Thus, the tdta1 alpha pressure is



With the parameters BTH =8 kg, A=5,q=1.5,r = 2.5m; the value
of the McAlees number is 6.4. Figures 6 and 7 show average power, average
power dgnsity and ion con%inemcnt time versus NH Tor fixed values of S.

The curves indicate that bremsstrahlung eﬁhancement is effective in raising
pewer for all Ny < 10 (the maximum enhancement considered), Thus,
méximum bremsstrahlung cnhancement,'NH = 10, <should be used in the system.

For the same machine parametcr; and with'NH = 10, a value of.S must be
determined. Figures 8 and 9 show average power,-average power density and
ion confinement time versus S, with o@her parereters held constant, As.
opposed to tha bremsstrahiung enhancement resultc, coafinomant spoﬁ]ing
becomes ineffective in raising the total power once’S becomes greater tﬂan“
~ 300, Siﬁce the effect of spoiling is to reduce t, {i.e., enhance diffusion
losses), this is reasonable. From fho equation, |

R
Q _
it can be seen that ri a lkS since lic and Co are constant and Tllz and Na
are slowly varying compared to S.  Thus, from a point of view of the total
povier of the system, a spoiling factor greater than 200 is not benaticial,
hgain,.ﬁu cxpcét this result from figure 2. By both enhancing bremsstrahlung
and spoiling conflineiment, the systicn operating temparature has been raised
into the optimum range. Since the wmaximum in figure 2 is reasonably broad,
increasing Ti further has litiin offect, U]timaﬁe!y,-the_power densiiy wi]]v
decrease with g continuad increase in Ti' bmcn_fucl hendling peeblens are

considared, it is clear that a Tarae r!' je tdecivabhin,  Gnee anrmeavirately



vli=

the same aystcm rov can be prov1dcd for a range of xl values, the final choice’

of TL can be dictated by chIQn considerations other than total povier,.

.

V. Conclusions
Within the limitations outliﬁcd at the beginning of this paper, the

following conciusions can be drawn concerning a tokamak-1ike CTR plasma

_operating at stecady state: | ' |

1. To attain viable power production, (<P> 21009 th), both bremsstrah-
lung enhancemant and confinement spoiling, relative to reference
values, are required. See figure 10. (Calculation of <P> is
dlSCUSSLd in Appundlx B). | - -

2, Bremwsstrahlung enhancemant is cfiective in ra1s1ng power levels to the
maximum acceptable level of enhancement, i.e., lﬁ{<= 10. It should
be noted 2t this point'that; censistent with the reactor
pararmaters given below, the reouived br emsstirehiung enhancemeﬁt
factor-of 10 can be achieved by maintaining an impurily density

in the plasma cqual to 0.8 per centfof the jon density when

the impurity used is Z'= 8. This is based on work by Hapkins.24’

3. Confinement spoiling is not effective in increasing power levels
once ri (theoretical) is reduced by roughly 250 to 300,

4. From resulis of calculetions enalogous to those discusgcd herein,
the steady state oporating paramziers listed in table 1 are
suggested for a tokamak-like CTR plasma Jys’ﬂm Timited by .
np=/i\.

5. ighar powers can be nttallcd oniy by increasing the size of
the riechine.  Thus, rp =2.5mor A> 5 will result in more
attractivo power levels but at dincreased cost,

6. Opcraticn with a stability wargin, q, Jrnater than 1.5 has a



4
Table 1
e ' 6.4 : ri , 12.2 sec
My - 100 S B
5 . 430.0 o g 2.5m
. . 11.8 KeV y 0.9
Ti 12.4 KeV A Brg 5.1 T (ca axis)
cov> 1.8 x 10722 pdogec”! B, | 0.68 T °
n1r1 1.16 x 102T ndsee T, 225
- 3 ' :
fb » 10.6% Bp 5
g - 0.95 x 1070w3 <P> ‘ 1140 B
N 1.0 x 10073 <P/V> 0.74 M - m~3
| 19 -3 Nautron Hall
e 0.25 x 107" m Loading 0.53 M/me
I 8.5 x 106“|m“ 1 '
. ‘ w9 Y IJ’J]] ] 2

' ' Loading 0.10 ¥¥/m
nim '
ol .008 - _ Leakage Power  36.60 MW

i to Divoertor
Zim = 18..
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- severe effect on power. For example, when q is taken equal to
- 2, a machine with o = 3,2m and A =6 is required to attaina

' total power cf 1000 mwt. i

For comparison with other work,2’3’4 we have calculated <P> using ;

By = A for the same plasma parameters as in table 1. Since <P> scales
2

1ik048p » vie expect, and find, about a factor of four incrcase in <P>,

The effect on <P>"of different limits on B_ is most clearly

p

scen in figure 11. ‘e plot <P>versus q for B8 A, keeping the

p=
other plasra parameters fixed. As discussed earlier, if the bootstrap

v

current materializes, it may not be possible to exceed Bp = /ﬁ;
In closing, it is woith noting scveral qualifications on these
results which place them in & somewhat different context. First, it has

been pointed out previous]y]v20»7

but is worth roting again that steady -
state ion temperatures less than 40-50 KeV correspend to cnergetiba]]y.
unstable operating points (the plasma has a positive "tempcratdre co-"
efficient of reactivity") if the banana regimé of neoclassical theory
preperly describes the diffusion processes. Therefore, operation at
Tower temperatures would require a systiem of feedback stabilization,
Sccendly, the enhancoient of bremsstirahlung losses has no effect on the
stebility classification of this oPérating point bocause the functional
dependence on temperatures of these losses is not affected. Thirdly,
vihen Bp is limited by /A (or any other limit for that matter), then as
T, ihcgeases past the 12-15 KeV range, we start losing ground in terms
of power density and total power in a U-T plasma,  That is, operation in
the 20-40 KeV range will mean Tower pexer densities compared to the

lover temperature vange. Therefore, Varger machines would be required
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to achicve a given total power. Thus, even though synchrotron losses

or altered forms of the confincmant time forrula (such as temperature:

. -

dependencies charac‘;erizing Bohm ¢iffusion or the platcau regime of ’
.n'eoc]assical theory) make- pt. possibie to achicve a stable operating
temperature in the 20-40 KeV range, such high temperatures will have

adverse consequences for the cconomics of thesmachine. -
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APPENDIX A -

To derive an expression for t., we assum2 the tokamak is an

C!
axisymnetric torus and {ollow Rutherfordﬁ. In the banana regime of

ncoclassical theory, the diffusion coefficient for electrons due to
Y .

collisions with species j is given by,

H

L 2.2,3/2 - | .
e © electron gyroradius
| <vé;> zaverage electron-species J collision fragquency

vhere, P

- 0

Ve also roguire the currant of clectrons dua to scattioying vith spoeies
J to bo cqual to the current of species j due to scattering with eleétions,

i.e.,

ivje = Ye§ (A-2)

an >
v =0
at Je (A-3)
‘ b > >
jo © ch = tQCjVne
AR L.
A-4
Thovefore, J J (A-4)
an D . .2
J ¢) V'n
FI N (A-5)



A-2-.

Using the heuristic identifications,

an. n, -
J ko . v
_..5t - TJ . (A-G)
. c
2 n .
v Ne » . | o
rpz _ (A-7)
we find, '
Z.n.r
J S O B L ‘
¢ Dej Na . (A-8)
or’ - B i ! n.il‘ 2 ’ =
T = . ,_._E_., .
c Beine . L (A-9)
Finally,takin
' d ] 4ne4n. In o
<V L gy i oy .
S (h10)
\Tl /11.1—: -e"/B
o e/"e m/UT (A-11)
. 2 2,3/2 |
Doj = 1.6<v 520 a7A (A-12).
we find, T1/2 , 28.2 .
] = ..._p_.____. _...:" : ...3._}-? ¢ 0
¢ ° ‘. A
c n, g
1/2 A-13
Jd L Cohe T, (A-13)
C = 'l']”(;""

where Co‘is a nurerical constant,



A-3

It should be noted that ion-alpha co]'nisi.onslm'e ncglected in this
apalysis. ' ' _ ‘ . .

In the same manner as above, the alpha particles can be considered

a second ion component, Thcn. - . S
1/2 .
| pead G Te rl . -
¢ 1 n 2 (A-14)
« e

For charge neutrality we require, e

n L. n,
L. z o)
e J
e I | (A-15)
e . n 4 '
Tem — 8
Ny toang
S (A-16)
Combining this expression and,
n, = ng &2 : (A-17)

T 75 -
c n - n; (A-18)



APPENDIX B

0

With the approximations discussed in the main text of this

paper, the ion energy conzervation equation can Le written as,

-

2
n /T, n. 2
A ov> BEU o= 70 My 3T 0L ¢ <oy
X o al 3 (])!‘2- 1 } 2
Tc -
) %‘"e (T1 - Te)Fna s o
T3/__2
e

wnere S units are uscd throughout cxcopt that Ecxand Tere in Ke

1s & numarical constant when ]r)Qﬁ 1s a constant, Defining,

i
n, X1

and noting that : ’

. n = n. 1 + X.<gv>

-

-

. Lgy> =Y] +~(2 Ti'

the ion cquation can be weitten in thaform,

2

vhere,

Thus, for a given electron temperature and MeAless numoer, thore

are two possible steady state values of T..  Hevavsr anlv are of

(8-1)

(6-2)
V. F

(B-3)

. (B-4)

(B-5)
(B-G)

(8-7)

thinen



values is physically zcceptable and since every assumed Te results in a

_ (Te, T}} pair that satisfies thc 1on cnergy cquation, the electron L.

cnergy cquation rust ba used to dotermine the \Te, Ti) pair that self-

consistently satisfies both the electron and the ion equations simul-

taneously. The electron cquation is,' '
v L T T,
_‘i_____-___ EO.UGG ..(5._ ].5_3_ r__)
A ' %"“?jj?.“.-?__fc N )
-
3 o T T
- 5Ny (1 +2.6 -= )(—3—- —)Fn; o
T .
e Co
5 2 / | B-
Aglng # 2.5 ) ng TS =00 , | (e-8)

1 4

Wo shall assume that T = T, to determn? the numerical coefficient of
ncTe/rg. This nt )Jucnf n°3 gible ervers in the 2nalysis.

The numarical epproach is @ first, for a given “c’ dotewinine |

the possible \Te,Ti) solutions from the ion energy equation. Second,

determine which (Te,T{) pair ﬁatisfies the c]cctron energy cquation.
This is done iteratively by guessing T, solving for T, and substituting
these temperatures into the eleciron equation. - Une continues 1n tnis
way until a §clf-consistcnt §TQ,T1) pair is found. " Following this,
values of <gv>, Fb, and h. Tl are deducad dirvcctly.

To determine the particie nuibor densities,the equaticns for

plasma pressure and ﬁp,

P 2 : )
Bpdon | ' (1-9)
p = niTi gl Py +"3J nata : . : (B-]O)‘

are calund cimpitanconsly wilh tha definition of the stability margin



B-3

IR
T o (B-11)

to'obtain'a value for the stcady state ion density, ny. The electron
and alpha densities, n, and Ny as vell as the average power, <P>,
fo](ow directly:

Finally, a reasonabfe'assumption for the ion density profile fis
rcquiréd: The ion flux in the radial direction in cylinaricél geometﬁy
may be written as,

dn

To= D - S (B-12)

rurther, at steady state, ions must be supplied to the plasma by a
scurce. Assuming the cource can be represented by a constant,

v

¢r ‘ .
&~ %o (@12)
P Sr . (8-14).
For ncoclassical diffusion . ,
Dee n , (B-15)
' ' . oodne _
Then, Sof = = Kn g+ } ' (E-16)
0?0 (V- vP) 2) o (B-17)

where the boundary condition used to evaluate the constent of intcqration
isn=20atr = rp and Ny is twe pealt density,
As a vesult of Liis density profile, the average pewer is found to

be one-half of the peck pover computnd using Nge



10.

- . . FICURE CAPTIONS - o .

£0y> versus Ti for the D-T rcaction. The curve is-

approximately linear from 7 to 30 KeV. R ’
- The D-T reacticn parametér as a function of T assuming Ty = T
i = Mg

Equilibrium ion temperature versus mechine number for various
choices of bremsstrahlung enhancement and confinemant time
spoiling. For large M_, diffusion losses becoma negligible and
curves with the same N” tend to the samz asymptot{c value of Ti.v
Fractiona] burnup Qersus machine nurrber. fb increases with ”H
but decreasces with increasing S.

nt versus machine nuibor for various valuzs of bremssirchlung
enhancewant and difiusicn spoiling.

hverage total power versus enhiancemant of bremsstrahlung for
fixed values of MC, A, q, TB’ BTm‘

Average power density and ion confincment time versus bremsstrahlung
eniiancement. |

Average power versus confinerent tim2 spoiling for bremsstrahlung
enhanced by a factor of 10, |

Average pouar and ion confinemonl time versus confinemant tima spoiling
factor tor ”H = 10, Spoiling beyend factor of 400 over the
theoretical value of 1, has Tittle effegl on the power density.

| and S,

}
This figure indicates the neced for Lremsstrailung enhancerant and

Average power versus machine nunber for differnet values of N

confinerant time spoiling to achieve reasonible power densities with

the indicated valuss of q, A, and wagnetic field strength{
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