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Tokamak Power Reactor Ignition and Time Dependent Fractional vower Operation

Abstract

A flexible time-dependent and zero~dimensional plasma burn code with
radlal profiles was developed and employed to study the fractional power
operation and the thermal burn control options for am INTOR-sized tokamak
reactor- The c¢odae includes alpha thermalization and a time-dependent
transport logs which can be represented by any one of several currently
popular scaling laws for energy confinement time.

Igniction parameters were found to vary widely in density-temperature
{n-T) space for the range of scaling laws examined. Critical ignition issues
were found to include the extent of coufinement cime degradation by alpha
heating. the ratic of ion to electron transport power lIoss. and effect of
auxiliary heating on confinement. Ignition will probably not occur in an
INTOR tokamak if all of the alpha power degrades confinement. Applied to a
compact rokamak., ignition would be marginally likely. If only the auxiliary
heating degrades confinement, cthe ignited operating region shows the
interesting characteristic of the plasma temperature increasing in response to
a decrease In auxiliary power due to cthe resulting greater decrease in
trangport losses. If ion confinement is neoclassical (Ti/TE large). the
ignition criteria are much more optimistic than for anomalous ion loss. even
when the total transport loss is governed by a specific scaling law.

Feedback control of the auxiliary power and ion fuel sources are shown to
provide thermal stability near the ignition curve. A potential problem will
arlse if the ignition curve falls below rhe regions of (u-T) space where the
desired reactor net electric power rTesults. Then. net output powWer occubrs in

a thermally unstable region. Mechanisms to stabilize this region are



investigated 1including a “soft-beta”™ 1limit, auxiliary feedback, impurity
radiation, divertor mode variation. varying ica te electron confinement rimes.
and various means of increasing transport power losses. Only che "soft" beta
limit 1s unambiguously stabilizing, although confinement degradation by a
small fraetion (~I5%) of the alpha power would also provide passive thermal
stability. Confinement degraded proportionally to plasma temperature, rather
than to input power, 1s shown to marginally provide thermal stability near the
ignition curve. In the case aof confinement time degraded by auxiliary
heating, thermal stability in operating regions well above the ignition curve
can be maintained by active feedback of the auxiliary power systems, but very
reliabie féed%ack control will be required to avoid thermal runaway.

We conclude that thermal control and fractional power operation of a
tokamak reactor with ignited plasma is far from a trivial problem. Several
possible approaches have been suggested for thermally stable operation in the
ignited regime. If ignition is not achieved, thermal scability is achieved in
a driven sub~ignited reactor mode. These approaches must be evaluated further
and with more refined empirical estimates for the energy confinement scaling

in order to reduce the present uncertainty in this area.
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Time Dependent Plasma Thermal Analysis

t. Introduction

The eventual utilization of trhe tokamak fusion reactor as a commercial
power soufce necessitates a thorough understanding of the operational
requirements at full and fractional power levels. In this study, we examine
the dynamics involved in the atartup and heating of the tokamak veactor to its
full power level via Iintermediate power plateaus. In particular, we study the
tole of burn centrol 1in maircaining the plasma at thermal equilibrium
throughout these operations. More importantly, methods to control the reactor
output power and to transit between Iintermediate fractiomal power stages are
identified.

The analytiecal tool consists of a zero-~dimensional, time-dependent plasma
power balance model with fixed density and temperature profiles. Because the
plasma power balance 1s dominated by the transporr loss and given the large
uncertainty in the confinement model, wea have studied the problem for a wide
range of energy confinement scalings, discussed further in Sec, 2.e. Thaese
scalings for global confinement time ¥ are most often empirical and can be
divided ianto three groups: (4) v independent of heating power, (B) tdegraded
with auxiliary power, and (C) T degraded with both auxiliary =znd alpha
power. As such, a detatled comparigon of lgnition criteria for those scaling
laws was also carried out with the use of steady-state analysis. The results
of this analysis form the basis for studying the temporal behavior of the
plasma uander various thermal control mechanisms. Scenarios of thermally
stable full and fractional power operations have been determined for a variety

of transport models, with either passive or active feedback burn cr-trol.



Impottant power conttol parameters, soch as Zas fueling rate, auxiliarv power
and other plasma guantities that affect ctransport losses. have also bean
identifiad. The results of these studies vary wicth the individual rransport
scaling used and, in particular, with respect to the effect of alpha heating
power on confinement.

The contents are outlined as follows. Section 2 gives a description of
the calculational model and techniques used in this study. This is followed
by See. 3 in which results of the steady-state analysis dre presented.
Section 4 gives the results of time-dependent analyses for various thermal
control scenarios under a wide range of operation conditioas. In Sec. S,
ssenarios of fractional power operation are explored. Discussion of results

and a liat of ccuclusions are given in Sec., 6.

2. Calenlatipnal Model

The main features of the calculationa; model are given here and described
in greater decail in the following sections.

1. Time~dependent analysis solves five coupled nonlinear ordinary
differencial equations for the time evolutioan of ion density. alpha density,
ion and electron temperature, and ar average alpha temperature. Electron
density is determined from charge neutrality.

2. Plasma powet balance cterms are integrated over parabolic vadial
profiles with variable exponential and edge fractions.

3. Confinement scaling laws based on experimental results are used to
determine energy transport losses which are parritioned between the ious and

the electrons.

4. Alpha thermalization 1is included via a numerical evaluation of Cthe

classical Coulomb energy loss to a Maxwellian background, while tracking the
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alpha energy groups during slowing down.
5. Transport loss may be changed with a response time characteristic of
the eénergy confinement time or, optionally. of the heating power thermaliza-

tion time.

6o Feedback to auxiliary power can be used to linearly ramp the
temperature in time at a constant density. By successively incremencing
density and sweeping the temperature at constant density, the reactor
cperaring parameter contours in density~-temperature (n-T) space are
generated. For a sufficiently small temperature ramp rate, these coRtours
appraximate 'equilibrium' parameter values.

7 This study focused on an INTOR-size tokamak as part of the UCLA
project oun Fractional Power Qperation of a Tokamak Reactor. The basic device
parameter values are given under “INTOR/UCLA” in Table I. The table also
includes values for two compact ignition tokamaks, which are discussed further
and included caly in the ignition amalysis secclon.

2.2« Basic Equations and Solution Method

The set of equations for the time dependent analyses include the particle
consarvation equations for the mean fuel ion density n; and for alphas, n_ and
energy conservation equations for mean particle energias, Ti' Te' Tu for ions,
electrons, and ilphas, vespectively. Electron densfry i{s obtained by assuming

charge neutrality. The system of equations Is written in the form:

?ni 2 ni Vp
g (8 - fni Ep(l = ) <ov> de | - -—T;i—-)/vp (1)
anu 2 LI Vp
e = (0 Ja 78500 - £0) Cov> dr) - =BV (2)
pa
T P on
L L Y (3)
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Gi = yolume integrated ion fuel source

f¢ ) ar = plasma volume intesral

Vp = total plasma volume

T = particle confimement time for species j

pi
P,

-

= sum of the volume integrated power terws for species j:

The power terms considered in this model Include:

EPi = Pai + Paux.i * P1e - Ptr,i (8)
EPe = Pae * Paux.e - pie - Ptr.e * Poh - Prad (%)
P = 4 - P (L)

a Pfus S a ae

Each of these terms are volume integrals (MW total), where:

Pu1 = alpha thermalization power to species. i
., = auxiliar ower to species, j

PBUX,J y e P J

Pie = ion-electron rethermalizaticn



: p ; = total transport loss (including enerzv conducrion and

i tr, i
convection) for species, |
: Pon = ohwic heating power
i Praa = zotal radiat{ien loss including bremstrahlung and synchrotron
5 tadiation
Pe.g = alpha power releas:id in fusion

n e e e At

The vadial (r) profiles Ffor the density and temperature of each species,

i, are -omputed in the form:

i pf.
nyE) = n (- 1Jr2/32) i (an

i where:
njo = the peak value of density {(or temperature) for species j
£, = the fraction of the peak value at the plasma edge (= (.02)

pfj = the profile factor
! a = plasma minor radius

The power ferms [in Eas. (B}, (9) (10)] are integratad aver the plasma volume

using the profiles {in Eq. (!1)] expressed in rhe general form:

a
PO = 4n?R K ©, oj p(li/m?y £ dr (12)

where:
R = major radius

plasma elongation

~
U

C, = energy conversion factor for rhe power term, k



p(w/ma) = power densitv as a function of radius, r

The density can ba fixed during a time-dependent run and the required ioun-fuel
source 1s computed. Multiple time dependent sweeps ramping up the temperature
at constant density can be combipned while successively incrementing the
density for each sweep. Operating parameters can then bz plotted in the
regulting density-temperature space as in the POPCON plots generated by the
ORNI. Tokamak Code, WT-!IS'I‘.l For a sufficdently small temperature ramp Tate,
these results approach the equilibrium values (dT/dt a 0)., and the resuylting
"pseudo-equilibrium” contours give valuable information on reactor steady-
state operation.

2.b. Power Terms

2.b.1. Alpha Thermalization

Far simplicicy, alpha thermalization caa be assumed to be imstantaneous,
and thus, Eq. (5) can be dropped from the system of equations.
Pai and Poe fin Eqs. (8) and (9)] are replaced by (faj Pfus) whete Eaj is
the fraction of alpha power going to species, j, at the present plasma
conditions. Instantanecus alpha thermalization is a good approximatlioa rnder
steady~state conditions. Since it is extremely fast computationally, this
assumption 1s used In some cases, for instance, 1In generating the pseudo-
equilibrium contour plots. For a more exact treatment by the code, the alpha
ti.ermalization terms are retalned explicietly i1In Egs. (8), (73, (10)
as Pai and Pae' These are computed by numerical integration over all alpha

energies and their sources contributing to the thermalization power in the

currant integration time interval, as described by the equation

3 Ci41 dwm,(t)
= 1 D LIS 4
paj(H/m ) ¢y tf st 3 de {13)
i

R



i where €,y = enersy canversian factor

% Su = alpha scurce &enEity (m=~3 s=~1) at time, t', which contributes

to thermalization energy in the current time interval from t; to
Ei41t

daw ; .
= gnergy loss rate (KeV

dtu. s‘l) from alpha particle at time, t, to

species, j.

; The energy loss rate for the alpha particle slowing down in a Maxwellian

plasma of species, j, is given bhy:

: aw -n eAZ.Zlnn
of o 4 i

dat

(14)

/
- . MVJ%.meQ
o ™'i
where v; = (ZTJ-/mj)O'5 = thermal velocity of species j, with mass, m, and

energy. Ti'

e =  electroa charge

lnA = coulomb logarithy for gpecies j
€ = permitivitty of free space

n: = density of species j

Zj = atomic charge of species |

and:

Hix, mi/ma) = erf (x)/x - (2«)'0'5(1. +im ép 3 exp(—xz)

. 0.5
where x = VG/Vj = (MiHQIJaTj)



2.b.2. Auxiliary Power

2.b.2.1i. Simple RF Model. The fixed profiles given by Eq. (1l) do not

easily lend themgelves to an accurate accounting of RF absorption. It was
assumed that over the range of plasma paramecers sxamined, the auxiliary RF
power has a constant fraction going to the ions {uygually 0.8) and a constant
net absorption efficiency, defined as pawer absorbed by the plasma per unit of
power delivered to the RF generator (usually set at 0.55). These assumptions
are ;uffieiently accurate for the present purposes of examining giobal power
balances.

The RF power can be fixed at a constant level, or varied with a
programmed time deoendence, or it c¢an include the feadhack scheme discussed
below.

2.b.2.11i. PFeedback Auxiliary Power, The constcit temperature ramp rate

is fixed by the linear feedback scheme with feedbaeck power, Pp,pp. based on

the equation:

(E ~E p)
Pfdbk = -Pnet * Pramp * i - 4 =220 (15
cfn fdbk
vhere Pnet - Pfus * E“oh - Prad
Pramp = power required for desired temperature ramp rate

- (kr“vp) and kr ig the desired ramp rate input
E = actual plasma energy present.

- 3nTV§ for: n = (ne + ni)/2
T=(T, +T;)/2
ramp = present plasma energy for desired ramp rate

= (Pramp t) for t = current cime

10
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chn = glohal confinement time

= 3nT/Ptr

Teqnk feedback scu:me response time (fixed input, default = 0.4 sec)

2.b.3. Plasma Transport Power loss

2.b.3.1. Conduction and Convection. The transport power lass contains

the largest uncertainty in the plasma power balance due to uncertainty fn che

energy and particle confinement scaling laws. This 1s especially true when

the results of derived scaling laws are extrapolated to the regime of an

ignited power reactor. As such, oor calculational model has allowead for a

range of scaling laws and simple relations between 1on and elentron scalings
and between particle and energy confinement in order to easily interpret the

differences in results between the scaling laws examined hare. Since the

scallng lawe are often in che form of an empirical relation invelving global
plasma par;mters, this code wutilizes global averages of density angd
temperature when computing sSpecific confinement times.

can be wricten for eleect-unsg,

We assume that total transport loss. p...

e. and for an Javerage fuel ion sgpectes, 1, simplified for global averages as:

. :2 “eTe . 3 neTe . 3 niTi . 3 n.lt'i (16>
o 2 rpe 2 TEe 2 -r1 2 rEi

Each of thege confinement times can be simpiy rtelated to a given
experimentally (or theoretically) derermined confinement time from a global

scaling law, rgs' which 1s generally evaluated from the equationm:

3acT (7

Per ~ Pr T
tr ~ PrwsecTIoN T T

For the typical case where ne ~ oy and ‘i‘e ~Ti‘ compariag Egqs. (16) and

11



(17), the following relation must hold: ,

1 1 1 1 1 1
= (— At — =) = (18)
Tgs 2 Tpe “re l-pi TEi 2 Tef £

which says that the global confinement time, Tgs. will be twice the effective
confinement time, Togs® Thus, one can vary each of the confinement times in
Eq. {(16) as a fraction of the global confinement, such that Eg. (18) is
gatisfied, and while gimultaneocusiy, the experi-sentally determined constraints
vegarding thea relative magnitude of Tpi' Toer TEi® and Tge are gatisfied.
Since these rvrelative magnitudes are only roughly kpnown from experiments and
there is considerable uncertainty here, we selected the fellowing relaticns as
appropriate to test the relative merits of the confinement s-aling laws
examined in this study.

We let Tgs = 1. since the electron energy ctransport 1s considered the

Ee
major transport loss channel. Some experiments indicate that energy loss
times tend to be 10-100% of particle loss times, and we allow electron and ion
particle loss rates to be similar. We have taken Tpi ~ TPe ~5Tgs' AS
the t values increase, the fuel source required at a given operating point
decreases. In order to satisfy Eq. (18), we must then let Tes ™ l-t’;?"rgs for
the above values of T, tpi and Tpe' In this case, the ion gnergy loss is
nearly as largea as the electron energy, which corresponds to an anomalaus ion
energy logs. This is cansistent with recent experimentral obrcervarions on
Doublet-I11.5 If we had selected T, to be smaller, i.e., less
than Tga' then Ty could be vrelatively larger corresponding to smaller
(neoclassical) ion energy losses. In this model these differences becons

important, as diascussed in Sec. 3. In summary then, the net transport loss

follows Ea. (17} Ffor each scaling law and also Eq. (18) is satisfled for the

12



partitioning of conficement becween ions and electrons. The various scaling

laws used for 5 are disecusszd separately in a following section.

2.b.3.11, Ripple Laoss. Early studies showed that the ion energy

transpot: power loss due to Llons trapped LIn fthe ripples of the toroidal
magnetic field, and to the banana trapped ilons, hag a strong temperature

dependence.7 More recently, the ion ripple loss has been found to exhibit

the T3/2 dependence only up to about 5 keV and to roll off and even decrease
above that I:el':q:\e::at:ul:e.8 Thus, in the reactor operating temperature range the
net ripple transport losses are likely to be orders of magnitude less than
previously predicted and so, much less than the anomalous energy confinement

ripple loss was omitted from our time dependent

9/2

model. However, since ripple loss varles as § , where § is the perceat of

losses, For this reason,

field ripple, it may still be usefu. as an active thermal control mechanism,

in which souwe cof the saddle coil curreats can be varied to induce larger

ripple 1::)53.B

2.b.4. Radiation

Radiacion power loss is integrated over the plasma profile using Eq. (12)

where:

prad = Pyren * psync a9
and
-43 0.5
Phren 4.8 x 10 ne(r)nj_(r)z‘Eff . Te (20a)
T (r)
-23 2 e
Piyne 6.2 x 10 “7¢ B+ % K. Rg - ne(r)Te(r)(l.+ a6 * aed) (20b)

13



where the synchrotron radiation parameters include:

K = plasma absorption coefficient

=5 %107 T (0)!"/(6.025e-17  n(r)  a/B)°" (21

and:

R, = (1 - R)o'5 = 0.22 (for reflectivity, R = 0.95)

2.b.5. Ohmic Heating

Ohmic heating power dengity is taken to be:

P (/@) = 1. x 10700 52 (22,

The parallel rvesistivity, n, for a tokamak 1s calculated from the Spitzer

resistivity, "sp:

-9 2 1.5
H_D = 2,4 x 10 Ze in Ae/Te R {(23)
and using the neoclassical correction factar-
n = nSP/(I -1.95(a/RO) + 0.95 (a/Ro)) (24)

Siuce ohmic drive to ignition 1s not a subject of this study we used the
gimplest method appropriate to this scoping model. To evaluate the toctal
otmic heating power, Eq. (23) for resistivity 1s evaluated at the plasma
averaged temperature and density, and the average current density is uwsed in

evalpating rthe ohmic heating power density [Eq. (22)].

14
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3.b.6. Rechermalization

Electveon-ion power =xchange or rethermalization power is integrated using

Eq. (12), where:

(n (2T () - n, ()T, (22}

3 3
Pie(HW/m )= 5 = (25}
ie
- 19 3/2
and e 1.0 x 10 (gj / Hproton> T'%/(n 1nh) (26)

for S.I. units, except T(r) in KeV.

2.c. Beta Limit

The dependence of the heta 1limit on reactor device and operating

parameters 1s iImportant in two respects. First, the reactor operatiug

parameters required to muximize the beta limit must be known ro achieve

maximum powar operation. Second, 1f the beta limit turns out rto he soft,
thermally stable operation at the beta limit may be possible. In thac case,

burn control may be impl.azented by varylng the beta limit through its

dependence on operacing parameters.

Similar scaling laws have been derived by at least three auchors!! for

the MHD-stable beta limit Bc and 1ts parameter dependence is given by:

c IP(MA)
Ec () = a(m) BT(T) (27)

where ¢ = 1.8 = 4.4. Setting ¢ = 3.3, gives the value defining the "Troyon

beta limit~.12 The reactor parameter values from the present study (from

Table I) give: Fc(%) = 3,3%(.97) ~ 3.2%.

A tokamak plasma geometric dependence of the beta limit has been wotked

15



out hv C. _‘i@rnardl3 in the useful form:
gery <27 el e 158 g1 (28)

In the present study, these values become:

e = a/R, = 1.2/5.3 = .226

R = elongation = .6

§ = triangularity = (.3

q = safety factor = 2.1
and we obtain a limiting beta value of 4.4%. TFor this study, we have assumed
an intermediate value of 3.572 as the base case beta limit.

If Eq. (29) could be extravolated to reasonable limits For § and q, we
would find a maximum beta of 5.3% as &§ + Q.35. if we could simultaneously
extrapolate while pushing q + 1.8 we get beta ~ 6.37%. Further, 1f we let

a » 1.4, then £ =0.264 and qmax ~7.7%. While cthese extrapolatlons look
optimistic, thay are no longer necessarily consistent with Eq. (27) or wicth
the paximum theoretical beta limits expected in the first stability regime.

2.4. DPensity Limits

The wmaximum stable operating density should be consistant with che

Murakami densfty Qimit for MHD scability.lh This densitry limit, b , 1s

max
given by:
B
20 3 o
nmax(lo m) = km R (29)

where: kp ~ 1.5 for ohmic heated discharges,
~ 2=3 for auxiliary heated plasmas.

For the INTOR device used throughout mast of this scedy, this sets a

16

"o——— ..



i
|
:
i
i
X

R T e etk e

density limit of about 1.3 <~ lOsz'3. This value, as we shall see, is
orobably not restrictive due to the dreater limitaticen imposed by thermal
stability requirements.

2.e. Energy Confinement Time

The scaling laws for energy confinement time that were examined in this
study are shown in Table IT. For some time, the INTOR/Alcator scaling law was
considered somewhat of a stardard, having been used in several tokamak design
studies including INTCZ in its earlier desipgn stagea.8 Recently, a counsensus
has been reached rhat confinement time degrades with increasing auxiliary
pawer added to the plasma. The empirical scaling has been determined from

experimental data fits by Kaye and Golds:on{s far several ctokamaks, and

confirmed for the JET tokamak.l$ Thus, the sealing has been revised for
INToR!! to one more consistent with the recent Eiperimental findings thar show
decreasing confinement time with increasigé plasma temperature or with

increasing auxiliary heating power.

An early confinement scaling which accounted for this confinement
degradation with plasma energy by including a 7~0-5 factor is the Mereshkin
scaling.l7 It shows a strong major radius dependence, R3, which scales well
with the large INTOR-sized tokamak, resulting in very optimistic performance
predictions {discussed further in the following sectlen).

The Goldston,ls Ohkawalg and Kaye—Gpldstonls scalings are represencative
of the recently derived scaling laws which account for confinement degradation
with auxiliary heating, P,,.. or total heatinm, Ppy.

In Goldston's work!8 and independently by Ohkawa,l9 an exoonential fit

for the form of confinement scaling could be written as:

. -0.5
E  PHEAT

17



where Ppc.» is a rotal heating power added to the plasma. The Goldston
enpirical law combines in inverse quadratic form, two terms which represent
the two confinement rvegimes observed when, one, ohmic heating dominates and
two, when auxillary heating dominates.

Goldstoa combines two separate Ty terms representing the ohmic and the
auxiliary heating effects on confinement cime, then at ignition, the ohmic
tetm can be consideted small, and 30 1its density dependence can be
neglected. This inverse quadratic combination of Colds:on's T Was recently
reviewed®0 and found to be consistent with che most recent experimental data
from NBI and RF heated tokamaks which reflected a saturation of confinement
time with increasling dersity. Alternatively, Ohkawa formualtes the auxiliary
heating as a cotrection factor to the ohmic confinement; thus, the density
dependence 1s retained even when the auxiliary (or alpha power) dominates over
the chmic power.

Ohkawa's theory-based scaling law similarly inclurfes these two terms for
auxiliary ard for ohmic heating; thowever, here the terms are not separate.
The auxiliary heating acts to decrease the basic comfinement scaling which is
neoalcator (-~u a Rz) and proportiomral to g and to 73,  Since Ohkawa's law
degrades confinement for both auxiliary power (pau;o's) and for plasma energy
density (T'O's), it is more pessimistiec than the other scaling laws in terms
of achieving ignition.

The Kaye~Goldstun formula is an empirical regression analysis result,
where they have opted to use injected power as an ipndependent variable rather

than plasma temperature. Based strictly on empirical correlations, Goldston

and Kayejs found an average for the six tokamaks:

18
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but the expconent value rang s on each of the tokamak machines examined from
less than -0.3 to abaut -0.7, and It is this range which 1s quoted in recent
INTOR workshop concrihutions onr the 1likely range for the exponential
contribution to confinement degradation.‘x The Pygar Iin existing experiments
is supplied by NBI primarily, with gome RF heating data. This data fit is
valid in a regime where auxiliary heacing was at least twice ohmic heating and
so it may be considered as a single counfinement time, Toux? and could be used

in the appropriate regime or more generally applied within the enldston

2 2)—0.5‘

scaling, Tt = (1./ra " + 1./1ohm

u.
1

The Doublet III empirical results?! are normalized to ctotal plasnma
current, Ip and elongationm, €03,  Their regression data fit appropriately to
either of two forms: 1) :+b/PIN cr 2) a PIN_h’ Each form was used to fit
limiter and then divertor runs separately., We assumed an alcater-like scaling
proportional to minor radius squared in order to narmalize the Doublet results
to the INTOR-size device. This gave optimistic results, but results would
have bheen even wmore optimistic If we had chosen the neo-alcator
scaling (a Rz) to normalize.

The question of d1neluding alpha heating is not resolved. From
theoretical grounds, confinement degradation 1s predicted due to the
anfsotropic¢c deposition of energy in the plasma, leading to microinstabllities,
turbulence, and thus to confinement degradation.X9 One might argue that alpha

energy depositlon is expected to be more nearly isotropic so rthat it would not

contribute to anisotropically induced turbulence and chus not significancly

. 2
decrease the confinement time. A separate Cheoretical Speculation-2 suggests

anomalous energy loss due to a temperature gradient driven mode. Then,



pessimistically, alpha heating mavy be included in Ppgat and mav, in face,
contribute to the steepest temperature gradients and thus the greatest energy
logses.

The most important determining faccors regarding the application of a
gcaling law are: (i) the value of the constant covefficient, (ii) the device
size parameter dependence, and (ill) coulinement degradation with input power
Py, ot with power densit~ (T) or wicth both (as Ohkawa suggests). dnother
eritical issue which will be discussed extenzively 1s whether to include the
alpha heating power in the auxiliary hedting cerm that results in confinement

degradation.

3. DISCUSSION OF RESULTS

3.a. Confinement Uncertainties

The eventual utilization of a tokamak reactor as a commercial power
source necessitates an understanding of or-.rational requirements during full
and fractional power operartions. The analysis of the time dependent
fractional ©power operation of 4 tokamask relies upor the ignition
charactaristics of the dev.ce. ‘:nese in turn vary with the form assumed far
the erergy confinement scaling law.

There are four major areas of uncertainty regarding confinement time:

1) What is the appropriate constant coefficient and size dependence to
be used? T when extrapolated to reactor regime, is very seasitive to this
coefficient, ranging from legs than 0.5 to greater than 3 seconds which shifts
-3

the minimum fgnition density from well above 1028 273 gown to values only a

few times 1019 o3,

2} Does 1, degrade wirh alpha heating power? If yes, then an INTOR-size

E
device will not ignite, and even in the more favorably scaled high density
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compact tokamak 1ignition experiment designs, Ignition may be mar inal,

Theoretical arguments have baepn made on both sides, that alpha power does
{anamalaus transport is due to temperature gradlent driven MUD instability) or
does not (anomalous trangport is driven by microinstobilities and turbulence
due to anisotroplc heating) degrade confinement.

3) Should the cxprrimentally observed degradation of ) during auxiliary
heating scale with the auwxiliary power level itself ot with tk: increasing
temperature of the plasma? While these are, of course, intimately related,
the ignition contours, power output, 2nd tanermal stability regions differ
significantly Dberwecn the two assumptions. The current ccnvention, to Scale
Tg inversely with auxiliaty power, is pessimistic when extrapolated to reactor
regimes. If one scales g inversely with plasma terperature, then ignition
requirements may be less severe, and an ignited region of thermal stabilicy is
simu]:;.;neously provided.

4) TYhat 1s the partitionin  of energy transport betweei electrons and
ions? MNeoclassical ion confinement gives the wmost optimistic !gnitiea results
since the long time residence of the Icng allows for a hor:er lon species.
Recent results indicate that ion energy confinement may in fact te anomalous
and comparable to that of the eloctrons.5 We found for this case of a_nomalous
ion transport and when Tz is degraded by auxiliary heating, chat the INTOR
plasma doces not igonite unless the auxiliary heating is turned ¢ff in the
ignitien region. As ion confinemant time is assumed to increase relative to
that of the electrons, then ignition 1is achieved st decreasing densities and
for decreasing amounts of reauired auxiliary power. At Tey ~3 Tpe *
ignition 1is found to be possible at a ~4 x 10'? a3 and requires ~15 MW

auxiliary drive power, if auxiliary power degrades confinement.
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3.b. STEADY STATE ANALYSIS

3.bel., Ignition Contours

Contours of fusion reactor operating parameters are generated in che (o~
T) space at thermal equilibrium for a wide range of confinement scaling laws
including Alcator/INTOR, Goldston, Ohkawa, neo-Alcator, and Doublet-III
scalings.

The ignition contours are the loci of equilibrium poincts in tha density-

temperature space where the driving auxiliary power is zerp. The ignition

contours for the several sgcaling laws are sompared in Flg. 1 and for the
Doubler scaling laws in Fig. 2. Scaling laws which degrade confinement with
auxiliary power include ounly ohmic power at these ignition curves. Alpha
power 1s excluded in these initial consideratlons except as noted on twa of
the Doublet scaling laws.

Scaling laws in which alpha heating dees aot discurb confinement allow
ignition in either INTOR-sized or compact-tokamak davices. If auxiliary power
degrades energy coonfinement tlme, thes large auvxiliary power sources {greater
than 50 MW), will be required ro achileve ignition. In this case, a unique
ignited operation results 1in that adding auxiliary power causes a large
inerease in transport losses and thus a aet loss of the plasma pressure, while
decreasing auxiliary power improves confinement and thus leads to a net gain
in plasma energy. This will be discussed in detail in Sec. 4.

There is a very wide range in the ignited operating point depending on
the particular scaling law. The Mereshkin law is very optimistic, probably
due to the major radius cubed scaling and shows ignition at densities as low
as 0.2 x 1020 o3, The Ohkawa scaling 1s most pessimistic in terms of
density~-temperature ignition requiremeants but still allows Ignition at a

density of about 1.2 x 1020 p=3,  This scaling and that of INTOR/Alcator are
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similar and both ignition curves colncide in a region where net reacror power
is greater than zero. This will be discussed further in a Ffollowing

section. The 0hikawa and Mereshkin laws, with their T_O's dependence, show a
slightly positive sglope of the ignitien curve with temperature. This is an
important feature for thermal stability and will be dfscussed further in a
later sectiomn.

The Doublet scalings in Fig. 2 tend to be more optimistic overall. The
worst case shows a limiter data fit to (a PIN'b), and ignition at demsities of
about 0.75 x 1020 g3, The Doublet scaling in the form, a*b/Pry, is the only
scaling which allowed ignition to be achieved when the alpha power is included

in Pry- These curves are glso included in Fig. 2. 1In these cases, the alpha

power degradation of confinement t:me adds a small positive slope in the
ignitijon curve with temperature which allows for thermal stability at an

ignited operating point.

3.b.1.1. Confinement Degradation with Alpha Power. We investigated the

ignitien condition for the most conservative case in which confinement cime is
degraded by alpha power, because of recent inmterest in an ignition device,
particularly a compact tokamak. For this analysis, we considered a simple,
single plasma species, zero-dimensional madel examining both the Goldscton
gscaling and the Kaye-Goldston scaling for confinement. It was assumed that at
ignition, plasma heating comes entirely from the fusion alpha power Pa‘
Results are compared for the INTOR-sized tokamak and two design variations of
the compact tokamak, the IGNITOR and the Brand-X compact tokamak.
Characteristics of thege devices?> are listed in Table I. The simple model is
appropriate to pick out ¢the mogt salieat Ffeatures of the Jignition
24

comparigon. More detailed analyses have been completed at ORMNL.

Goldston S5caling
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With reference to Tabhle 1II,

ignition Tohm > Toux’ and

T~ = bP-O'S
aux

according to Goldston scaling, at

(30)

The ignition condition equates fusion alpha power with total plasma loss which

is to a good approximation just the transport leoss; so ignition Iimplies cthe

zero dimensional power balance, which can be written as,

17 e

2 3nT
R0 av(T) = -

Substituting for T

2 3nT 3aT , 0.5
K ov(T) = =555 =% Ta
bPa

From this eguation:
2 o oot 2 0.5
L] ov(T) 5 (ch" av(T) VD)
The ignition condition can be written as:

v
av(T) P
DR

assuming Ti~ Te and

(31)

(32)

(33)

(34)

The LHS of Egq. (34) includes the temperature dependence while the RHS

includes the characteristics of a specific tokamak device and the transport

sgaling law.
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plotted togethar in Fig. 3a.

Clearly, for the simple global comparison none of the devices achieve
ignition. Their iosses exceed the available fusion power by factors,
regpectively for INTOR, IGNITOR, and Brand-X, of about 3,2, and l.4. an
obvicus improvement that can be made is to imclude the profile effect. By
centrally peaking the density and/or temperature profile, we can increase
fusion power while retaining the same plasma average temperature, Note that
the plasma gain increases linearly with Fusion power, and the plasma transport

loss increases as the square root of fusion pawer. Thus, at constant average

temperature the gain to loss ratio ... _~eases by the square root of fusiom
power galned by centrally peaking the prafiles.

The device, Brand-X, {s the closest to ignition, and from Fig. 3a, its
closest approach to ignition 1Is at T ~ 13 keV, where 1:9‘1095 is almost 40%
greacer Cthan ifs gain. At ¢his polat, Brand-X I1s marginally ignited if ics
fusion powar doubles (gain/less = 2/vV2 = V2 = 1.4 giving the required 40%
increase) due to the profile effacts. Likewise, Ignitor would require a
profile dependent fusion pawer three times more than the average plasma fusion
power and INTOR six times more than to reach ignition.

Fusion power increase with centrally peaked profile shaping of density
and/or temperature could be fairly large. The factor of two required for the
Brand=-X to reach ignition could be achlieved, for instance, with profile factor
exponents [see Eq. (11)], pf, = 0.25 and pf. = 0.7, which appears feasible.
If both profile factors are equal to one, the fusion power increase with
profile modification 1is about 3.6 but these profile factors may be
unrealistically large.

Thus, congidering the improvement in fusion gain with profile dependence,

tgnition is likely (but only marginally) in the Brand-X, ignition is not
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likely but possible for strongly centrally peaked profiles in the IGNITOR, and
extremely {mprobable in the INTOR-sized tokamak, given the Goldston

confinement scaling law and that fusicn alpha power is included in the heating

power term.
Kaye~-Goldston Scaling

For Kaye-Goldston scaling (see Table 11}, the density dependence of <t is

weak (T 50'26). Following an analysis similar t> cthat given for the

Goldston case results In an ignition condition gilven by:

0.42 D.58 .
kS > vol (35)
& 01
KG

where k is just a unit couversion factor and Kge 1s from the device dependent

parameters found by writing < as:

19)0.26P -~0.58 (36)

T = Kygln /20 TOT

For the three tokamaks of c¢oncern, Kep is given by 4.23, 1.4, and G.78,
tespectively, for INTOR, IGNITOR and BRAND-X. Using these values of Kgee the
plots of the LHS and RHS of Eq. (35) (far each device) are shown in Fig. 3b
evaluating the RHS at a = 1020 m™3 for INTOR, and at n = 5 x 1029 w3 for the
two compact tokamaks.

The fusion power is less than the transport losses by almost a factor of
two £for the INTOR device. This wmight 1ignite given reallstie profile
dependence of the alpha fusion powsr. The plasma power losses are lass than
the gaing for the compact devices, so they achieve ignition under this scaling
law. The INTOR ignition margin [defined here as the ratio of fusion power to

plasma transport power, i.e., the LHS/RHS for Eqs. (34) and {35)] increases by
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50% in going from the Goldston to the Kave-Goldston scaling. For Brand-¥ and
IGNITOR the improvement i that margin going from Goldston to Kaye-Goldston
scaling is respectively, 250% and 280%. Improvements in compact tokamak
performance guggest that the denslity and the plasma current dependences are
the key factors. It is important to note again this apparent improvement
relies upon extrapolation to a regime well beyond that of the data base.
Extrapolation of regression results this far from the data can be misleading.

The brief analysis above comparing INTOR-gize tokamaks and two recent
designs for a compact tokamak ignition experiment suggests that ignition, even
when it is possible in the compact tokamaks, 1s marginal if alpha power
degrades confinement.

Since this class of confinement generally resules in unignited plasmas, a
reactor would gperate as a driven machine. Thermal stability exists at all n—
T points, but the device 0 (= Pfus/Paux) is low (<10). As a result,
fractional power operation is controlled by the ion fueling rate, and the net
power is limited by the available auxiliary sower.

3.b.1.4i. Weak Confinement Degradation with Alpha Power. 4n iateresting

question 1s what effect partial alpha degradatian of confinement has on
ignition. A related question is: what is the maximum fraction of alpha power
that can degrade confinement and still achieve igniction in an INTOR-sized
cokamak. These quesrions are answered in a series of time dependent rums,
with the average plasma temperature shown versus time in Fig. 4.

These truns employ Goldston scaling where: Pypar = fuPu + Paux'
Auxiliary power is uded to 1lineavly ramp the plasma temperature into trhe
‘ohmically-heated ignition region’ (about 6 %keV act time = 4 sec.) at a

constant density of 1.5 x 1020 a3, At that polnt auxiliary power 1is shur-

off, Poux ~ 0, so Pupar * faPu and the effect of varying fa is determined.
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The results in the figure indicate for 0 = 1.5 x 1020 m-l, that if f] is

greater than some critical fractien, f.. shown here to be (e 0.2, then iznition
will not occur, and the temperature relaxes to the ohmig-heating equilibrium
of about 2.5 keV. The fu = 0 curve confirms that a very rapid thermal
runaway occurs if no alpha power degrades confinement and if Poux §0es to zero
while operating in the “"ohmically ignited” region of n-T space.

The curves for fu = 0.05 and fu = 0.15 indicate chat for (H <F < £.) then
alpha power degradation of confinement acts to establish an equilibrium
temperature of the plasma which can be In the desirable operating range. In
this example, for Eu = 0.15 the tempetratute approaches a thermal equilibrium
at ~ 12~13 keV. This suggescts that a nominally optimum operacion at ~ 10 keV
might be achieved for fa ~ 0.16.

Of course, at this time, iittle 1s understood about the mechanisms for
alpha power~degraded confinement. The above simple example suggescs. however,
that 1f the fraction, fa, can he controlled in Some manner by manipulating
other plasma parameters. then the benefir 1s Immanse. Maintaining fu less
than a eritical wvalue, fc’ we assume that ignition can be achieved, and
if fa can Further be contrplled to take on an optimum value {(about N.15 in
this example), then thermal stability in che ignited region is assured. These
goala should be kept in mind in guiding future experimental and theoretical
work on ignition devices.

In summary, i{f the total alpha power is responsible for confinement time
degradation in a form such as t ~ kp:f For ® ~ 0.5, chen ignition will not be
achieved in an INTOR-scale tokamak. However, there are the twn exceptioas:
fivst. {f T scales as the wost optimistic Doublet-f1T law ( T a + b/PHEAT)'
and second, if only a small fraction, found to be about 15-20%, of the alpha

power 13 assumed to degrade T. The latter argument may indeed be realistic.
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given that the alpha power produces isotropic heating in velocity space and
that only anisotropic heating contributes to T degradation.

A net electric power output from the reactor is possible at low plasma
gain factor, @, for the case with Eq > fc, where the reactor 1s subignited.
Fractional power operation 1s attained simply by controlling the density via
the fon source and the temperature via auxiliary power in an n-T regime which
is everywhere thermally stable. If £,< 20%, ignition is possible 1o an
INTOR-size device, while thermally stable ignited operation is found only for

an optimum fu = 152%.

3.b.1.1i1. TIgnition Sensitivity to Ratio of Ton to Electron Confinement

Times. As indicaced in Sec. 2.c., we have used semi-empirical scaling laws to

model the global energy confinement time. The appropriate partitioning of
transport losses bdetween conduction (TE) and convection (Tp) or between
electrons (te) and 1ong (Ti) is not wall known. Therefore, these partitions
can be varied within a range consistent with experimental uncertaincties, so
Iong as the total net crangport lass agrees with the specified global sesling
law.

Varying the ratio of ti/re is expected to have a substantial impact on
the fgnition condition, since a longer Ti implies a greater ion to elactron
temperature ratio. This 1implies greater fusion power for a fixed rtotal
transport loss dominated by losses through the electron energy channel. Thus,
ignition can be achleved in a region with lower average density and
temperature.

This phenomenon 1is examlned for the Goldston scaling law with confinement
time degraded by auxiliary power only. The results are shown in Fig. 5. which
fncludes, as a base case;, the 1gnition gurve for Tt = Tohm with Goldston

scaling and Ti/re= t.5. With 7= raux' the igniticn condition is much more
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severe than for the bhase case, for the same rifié. AS YR increases,
ignition condition improves such that  ac fi/TE~ 5, ignirtion condition
for 1 = Taux is comparable to that of the base case ak low densities, and
nearly comparable at higher densities and Jower remperatures. Likewise,
when '\'111E decreases towards unity, ignition degrades rapidly. In particular,
for r1/2e~ 1 =~ 1.1 ignirion does not occur for the case 1 = Taux'

Figure 5 also indicates the approximate level of auxiliary power required
to reach ignition, assuming chat zuxiliary power 1s applied throughout. While
this required power is prohibicively large as ri/te approaches uvnity, it can
be reduced to an acceptable level by turning off the auxiliary power once it
reaches the ohmic ignited region (above the P, = 0 curve im Fig. 5).

Models of plasma power balance often assume nearly neoclassical energy
logs for the {oms which would give a large 'ri/re and thus very optimistic
igni~ion results. Recent experimencal resu1:56 indicate ion loss may alsa be
anomalous implylng (rilre) ~ 1. One can conclude that definitcive
understanding of ion ctraasport is stil? absent at present, and future
experiments to investigate the underlying physics are needed. It should be
berne in mind that operating in the hoc ion mode (Ti > Te) results in better
otilizarioa of plasma 8.

3.bal.lv. Tgnition and Auxiliary Power. The scaling laws lead to a wide

range of methods for fractlomal power operacion and the laws are couvenienzly
grauped for analysis i{nto three classes:
1) Confinement time is independent of any heating power.
2) Confinement time degrades with increasing auxiliary heating power.
3) Confinement time degrades with total heating lncluding auxiliary and
the fusion alpha power heating.

Confinement Ia class ] (tav independent of heating) or class 2 (tau
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dependent upnn auxiliary heating) will have the s"ame ignirion curve in n-T

space hecause at ignition, Auxiliary power is set equal to zerq. Class 2,
however, has two greatly different solutions fqr equilibrium power as a
function of density and temperature. One solu:i'on is valid when auxiliary
power 13 off (then this class 1s the same as class 1) and another when
auxiliary power is on. As long as auriliary power rewmains on, and within
realiscic maximum power 1limits of the auxiliary drive. thean class 2
confinement remalns uvnignited for Goldston and similar scaling laws. This
leads to a strategy for class 2 ignition, first, the plasma is heated to a
region in n-T space that would be ignited 1f there were no auxiliary power
on. Then the auxiliary power is shut off which greatly increases tau,
decreasing power transport losses, and thus the plasma becomes ignited.

Within these classes of confinement, the ignition curves cover a wide
range of n=T gpace, and are similar to those that would be generated assuming
that 0.5 s < T< 4 s, a8 shown in Fig. A. The areas above each ignition curve
are gshown 1in the figure, where thermal equilibrium can be achieved by
iacreasing transpoct lasses by 10%. This area 1s evaluatad by comparing the
equilibrium power contours (Fig. 7) and cthe transport power confours (not
shown).

Equilibrium power coatours are given Iin Fig. 7, and they show that it is
generally not possible to operate, due to i:h:emal instability, at locatioms of
n-T points which are significantly above the ignition curve. These points
have negative values of equilibrium power and are therefore accessible only
if large amounts of power are removed frow the plasma. Additionally, their
polnts are thermally stable only if the net power balanc: has a positive

temperatyre coefficient, that is, dPnet/dT > 0 far scability.

Since Pu increases with T, then pLOSS must increase with T faster
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than Pa1 inereases for thermal stability. The operating poincs marginally
above the ignirion curve are accessible by either decreasing the fusion power
(obvicusly not desirable from output considerérions) or by increasing the
transport losses In order to avoid thermal runaway.

Thug, the operating region defined in a density~temperature space is
generally limired to a small margin near the 1ignition curve. The ignicfon
curve may be varied by changing transport or radition power losses. Severe
thermal instability problems are expected in the low temperature, high density
region near ignition. This leaves only the option of increasing reactor power
levels by increasing temperature so that the operating point stays near the
ignicion curve in the lower density region. The time dependent studies which
will be described indicated thac concrol of the operating point im this region
can be achieved by an active feedback control synchonizing the fon fuel source
injection with the auxiliary power gource. Each system must be controlled in
such a way as to keep the reactor marginally ignited.

There 1s a penalty in increased auxiliary power requirements for shorter
confinement times. A short confinement cime, which is just long snough to
achieve ignition, may be desirable to increase transport losses so that larger
values of n-T space can be made thermally stable. The auxiliary power
increase with decreasing constant values of coafinmement time is shown in Fig.
8. These values of maximum power correspond to the values at the “saddle
point" of auxiliary power as seen clearly in the plot of Fig. 7.

3.b.2. Reactor Parameters in {n-T) Space

It 13 helpful to conslder contours gf several reactor parameters in (n-T)
space when designing a reactor and evaluating its thermally stable mode of
operation. Such parameters include auxiliary power, net equilibrium power,

net aslectric power, fusion neutron wall loading, confinement time, and s
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on. A complete set of these contours is generated for each scaling law case;
for example: 1) Goldston scaling, ohmic~only, which is a simple and
optimistic case, 2} che complete Goldstoan scaling with auxiliary power

degrading confinement rime, and with TilTe ~ 1.5, and 3) the complete

Goldston gcaling with auxiliary power degrading confinement

and T 1.1 x T, From these parametric figures all relevant operating

values can be determined for reactor design.

Figure 9 compares the auxiliary power surface coutours for these three
cases and also for Kaye-Goldston scaling (at T T T 1.1). Case | achieves
ignition easily, case 2 achieves ignition but requires considerable auxiliary
power, and case 3 does not achieve ignition. The Kaye-Goldston scaling
produces results similar to the Goldston at ri/re ~ 1.5. Of course, the cases
2 and 3 can reach ignition by simply shuttiag off the auxiliary power once
they are in the (n-T) region ignited for case 1, since with Paux = 0, these
cases 2 and 3 are equivalent and revert to case . For camparison the
surfaces of reactor net electric power for each case are included in the
figure.

The key design parameters are taken from the Goldston cocidurs and shown
in Fig. 10. The beta limit of 3.5% sets the operating limit on our (n-T)
point. In this region, the net electric power curves of Ppgy = 0, and P, =
250 MW are shown. Several possible ignitlon curves are overlaid as well to
show the differences in power levels accessible at ignition Ffor different
confinement scaling law assumptions.

3.b.2.1. Ignlted Operating Restrictions. The operating restriction to

n-T points near the ignition curve has a most significant effect in relation
to the contour plots of constant fusion (or net electric) pover. The device

muat be engineered in guch 2 way that the resulting ignition curve coincides
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in the n~T space as elosely as nossible to the range of output power curves
desired Ffrom the device. The design trade-off is that as one improves
canfinement, then less auxiliary power will be required to reach ignicion, but
then also the ignition curve will decrease in n~T space leaving the regions of
greater output power farther into the wmore thermally unstable and thus
inaccessible region of n~T space. Thus, wlth the correct scaling law known
for a particular device and the auxiliary power limits given, then the device
output power can be optimized, subject to the thermal stability coanstraint of
operacion near the ignitien curve.

3.5.3. Thermal Control by Impurity dadiation

In the event a reactor is overdesigned 1t may reach ignition at a-T
points well below Tegions where net electric power output is possible. Those
desirable (n-T) regions could be reached by spoiling coafinement as we have
discugsed by increasing transport losses by a number of mechénisms. Another
possibility 13 sgpoiling 1ignition by dincreasing radiation losses through
intentfonal high-Z impurity injection. This was considered in the STARFIRE
tokamak studylzs An allowable impurity concencration can be determined as a
small fraction of total plasma beta, say 10% which will be tolerated for the
impurity. This will result iIn an acceptably small reducticn to net rsactor
power {assumed for our simple analysis only, 10% beta means about 20% cut in
power which 13 probably not economically acceptable).

Using a guideline of <10% of ctotal beta, it is easy to determine thac
bremstrahlung radiation will not produce enough pawer loss to ignificantly
change the (o~T) operating point. Sufficient radiacion could only be lost
through line and recombination radiation from a very high-Z impurity which is
incompletely fonized even at 10 keV. In STARFIRE, iodine was proposed to be

injecred. It 1s difficult te predier accurately che degree of Ionlzation, but
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the radiation power parameter for tiis material can be estimated from data in
the literature.26 Our rtough estimates assume an average o: 30 electrons
stripped frem the Iodine atoms, and & radiation power parameter,
OI(T=10keV) ~4 x 10"32&) m3- These values indicate that 1odine should
eagily provide radiation losses sufficient to spoll confinement as needed,
without serious depletion of the plasma beta required for the fom fuel. The
iodine concentrations are low So for confinement time comparable to fuel ions
the 12quired injection rate will be relatively small, and burn contrel by
impuritr injection appears reascnable.

The INTOR group examined this issue8 and found ir impractical because of
short impuricy confinement times (comparable to the fuel ions) required and
excessive demands on the I1mpurity injection systems for diagnostics and
feedback control. They considered iron atoms as the impurity, but the much
higher Z impurity, iodine, gives significantly more radiative loss and mighct
relax the injection system damande to toalerable levels. In the more recent
summary of the American contribution to 1NToR!! this 1ssue was not addresséd.

it is important to note that the line and recombination radiationm, PLR?
have negative temperature ccefficients, that is dPLR/dT < 0. This means that
even If impurities were added to achieve a ner power halance at the desired
{(o~T) operating point, that operating point would not be thermally stabilized
by the radiatior losses, A slight increase in temperature would cause less
radiative loss and thus further temperature Increase until either the beta
limit was reached or until bremstrahlung vadiation increased with temperature
to arrest thermal runaway at a significantly higher temperacure (>20 ke?).

3.b.4. Thermal Control by Divertor Mode Operation

We now briefly discuss the passibility of maintaining plasma thermal

contrel by varylng the mode of divertor operation. Good energy confinement,

35



termed the H-mode, has heen observed on several tokamaks running with a
divertor, i1ucluding ASDEX,Z7 D-I1128 and F’D)(.29 It 1s characterized by low
neutral recycling at the edge, which allows for low impurity, low scrape-off
temperature and high density at the divertor plate. A divertor plasma may
operate in the HY-mode or have low cenfinement (L-mode), while limiter oper-
ations have only achieved L-mode confinement. The transition between L- and
H-mode 1is not completely understood but 18 a complex problem relating the
plasma edge physics as a boundary conditilon to the core plasma l:ranSport;

A reactor operating in L-mode or H-mode will have a distinct ignition
curve in each mode, as was seen in Fig. 2, showing similar scalings for D-III.

Provided that the divertor can be controlled by external meaas, it might
be possible to obtain a time-averaged Iignition curve anywhere between the rwo
ignition curves for L and H mode. The time-averaged ignition curve 1is
considered because it may only be possible to alternate between a full H or
full L mode operation but with a controlled duty cycle, effecting a time-
averaged {ntermediate mode operacion.

Since H-mode 1Is more favorable for ignition, a reactor can be ramped up
to ignition in the H-mode. IF the ignition point is below (in n~T space) the
points of desired net power output, the ignition curve and operacing point
could possibly be raised by gshifting to L-mode operation. This might, for
example, be effected by varying the spatial orientation of fuel injection by
gas puffing or pellet injection variatioas. Thus, L-mode operation might
allow thermal stability 1n regions of n-T space that would otherwise be

inaccessibl~ due to thermal instability.

4. TIME DEPENDENT ANALYSIS

We now consider the dynamics of moving a reactor plasma cthrough a
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trajectory of a-T points to reach the point of desired output power. Since
power operation is limired to a region near the ignition curve there are two
distinct ways to approach the fuel power: 1) at lower density with increasing
temperature, or 2) at lower temperature with increasing density. The first
approach is in a more thermally stable regime and thus favorable from a
reactor control viewpoint, but the Second apprecach permits greater net power
for a given beta value (i.e., greater maximum power at the beta limir). This
is more Eavofable economically. Time evolutions of plasma parameters aiong
these optional paths were studied wich the time dependent code. The results
are sumnarized in the following sub-sectlons, starting with the simple case in
which we assume a 'soft' beta limit.

4.a. Soft Beta Limit

This case was analyzed assuming Goldston scaling with auxiliary power
degradation. A 'soft' beta or non-disruptive beta limit was wmodeled by
making T dependent upon B so that 1t degrades rapidly as the B approaches
the critical beta limit BC, [*(B,a,T) = t(n,T) exp(-1 (B/Bcric)**lo)]. Near
the beta limit, transport Losses increase until thermal equilibrium is
achieved with saturation in beta, and thus restricts further increase 1in
temperature. The time dependent analysis confirmed rthat this case is
thermally stable at the beta limit even at points well above ignition. The n-
T trajectory for such a case 1Is ghown 1Iin Fig. [l followed by the time
variations of the major operating parameters, shown in Figs. 12 a-f.

At rimes, t = (0.-11.5 3, the fon soulce and auxiliary power are varied te
achieve 1linear density and temperature ramps in ¢time uncil ignitica is
reached. {Note that this scenarfo is no: optimized, and rhat a slower ramp
rate to ignition would greatly reduce that peak auxiliary power from the level

shown tn Fig., {2b.) At £t = 11.5 s, the auxiliary power. is turned off,
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trangport lInsses decay rapidly with half-life of the energy confinement
time. At £t = {2.5 g, the temperature falls bhriefly until the alphas
thermalize sufficiently to restore ignitiom. At 13,5 s, the temperature
increases rapidly through the ignited n-T space until the beta limit of 3.5%
iy reached.

In the interval, t = 13.5 = 18. 5, the density continues to ingrease at a
constant rate, and the operating point moves up in density along the isobaric
ancour at the beta limit. This isobarlc movement is stable, and thermal
aquilibeium exists at all points. At £ = (8.0 s, a preprogrammed control
sequence causes the steady~state plasma current to drop by 10%, whach forces
the beta 1limit and thus cthe temperature to decrease art constant dansity
accordingly to the new lower Troyon heta limit. In the last iaterval, t =
18.2 ~ 20. 8, the density continues to iancrease igobarically alomg the contour
at the new beta limit of about 3.27.

This operacing gpoint rewains thermally stadle at 4all cimes for aay
specified density up to the Wurakami densicy limie. It 1s important to
recall, with reference to Fig, 10, that ag we increass the n~T point
isobarically 1n dengity we are alsp increasing the net rteactor electric power
autput.

Trajectories in n-T space for this case can be controlled by varying the
fon Fuel sgource, and thus moving up or down in dengity along the isobaric
contours. The cauntour for the desired trajectpry can be varied by chaaging
the beta limlt. Assuming a Troyon beta limit, a lower value can be achieved
by lowering the gteady state plasma torgidal cuvvent, which %i3) then in turn
shift the beta-limited aperating point to a lower temperature ab constant
density. It is, therefore, clear that a ‘soft’ beta limlt, if it exists, can

provide an excelient scheme for passive feedback burm control,
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4.h. Active Feadback Contro! for Thermal Stability (in low densitv hizh

temperature region)

Two trajectories are shown for Goldston scaling: the first, in which
thermal equilibrium Is not achieved, is shown in Fig. 13, and the second, in
which equilibrium is achlieved, fs shown in Fig. 14. The time evolutions of
the key parameters for the second case are then shown In Figs. L5 a-g.

In both cases, once ignition is reached, density is controlled so the

operating poilat remains on the ignition curve. This poiat is thermally

unstable and so the temperature drifts, slowly increasing. When 10 keV is
exceeded, the feedback system is programmed to decrease density further by
simply cutting off the ion fuel source until the operating point falls out of
ignition and the tempefa:ure is allowed to swing back down below the 10 keV
point. Once below 10 keV, the ion Euei source 1s turmed on again so that the
density is increased, and auxiliary power 18 added to return to the ignition
curve. This is apparent in the first trajectory, shown in Fig. 13. (Using
this simple feedback scheme, and owing to the slow thermal response time of
the plasma in this regime, the n-T trajectory does not equilibriate quickly.
The first trajectory returns to the ignition curve at a higher density value
and well below the 10 keV trigger point (indicated as point A in the
figure). From here, ignition leads to thermal runaway. Even with no ion fuel
source, the density does not drop Ffast enough during the temperature excursion
to bring the operating point back out of ignition again, before the plasma
beta limit 1s exceeded. This example 1llustrates the extreme thermal
instability of the ignited region at low temperatures and high density.

In the second trajectory (Fig. 14), the density is dropped only slightly
below the ignition contour at the L0 keV trigger paoint. The slow temperature

excursion falls below 10 keV while a constant density 1s maintained in the
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marginally subignited region. Then, when the density and axiliary power are
increased again, the trajectory returns tc the igni:ioﬁ curve at an adjacent
n-T valpe. Repeating this cycle, the operatiag point oscillates about T = 10
kev 1in an actively controlled thermal equilibrium, as seen clearly in the
temperature verses time plot in Fig. 15a. If the plasma temperature ramp rate
was maintained well below this thermal response time, the oscillations about
the n-T equilibrium pofnt could bhe entirely avoided.

The analys’s confirmed that active feedback can be used to maintain a
thermal equilibrium point just below the fgnicion curve. Modulatiag the ion
fuel source 1ian order to maintain the density at a point exaccly on the
ignition curve is insufficient co fix the operarting point because equilibrium
points on the ignition curve in this case are thermally uunstable, and the
temperature will slowly inc.r:ease while the operating point remains oa the
ignition curve. Thus, thermal equilibrium requires an operating point just
below the ignitlon curve which must be maintained by a synchronized feedback
of both the fon source and the auxiliary power.

The thermal response time of the plasma near ignition 1s slow (several
seconds) owing to the small net power. The simple feedback scheme used here
regulted in large fluctuations In the net power outpur dve to the pulsed
auxiliary power. It i3 believed that a more sophisticated feedback schame
with proportional control could bhe used to reduce the output power
fluctuations to acceptible laevels (and this should be investigated in Futura
wark) .

If we had assumed that confinement time degrades with auxiliary power che
feedback scheme lg expected to be similar but with larger amounts of auxiliary
power required as the plasma drops marginally out of the ignicea mode. 1In

that case, a good feedback scheme would be even more essential in reducing
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outnut onower fluctuarions, and it mav be difficult to reduce che power
fluctuations in that case to acceptable levels.

In these cases, thermal equilibrium can be maintained at any poi t near
ignition up te the beta 1imit which determines the maximum power output
value., Transition between fractional power levels 1s relatively simple. By
shutting off the feedback scheme when marginally subignited. the temperature
and the net output power level will drop. By shutting off the feedback when
marginally ignited. or by maintaining the density exactly ar ignitiom, then
the temperature will rise and with 1t the reactor power will increase in a

controlled manner.

4.c. Active Feedback Control for Thermal Stabilicy (in the high deasity, low

temperature region)}

For the case where confinement is independent of heating power, we were
gnable to malantain thermal equilibrium in this n-T region even with active
feedback control working to keep the operating point marginally sub-ignited.
This confirms expectations that the region is unconditiecnally thermally
ynstable. For thermal stability one would have to move to a point on the low
power side of the himn in ““e sub-ignited auxiliary power contours, and would
thus end up with a driven device operating In a region far from the desired
net power output confours.

me may oaperate in this ignited region, however, if confinement ctime
degrades with increasing auxiliary power. Time dependent studies confirm chat
thermal equilibrium can then be maintained by supplying the appropriate amount
of auxiliary power. Adding auxiliary power can increase the transport losses
so dramatically that rhe temperature of the plasma decreases, while cutting
back on the auxiliary power will improve transport losses so that an ignited

regime 1s agaln reached and the plasma temperature increases. Large
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fluctuations 1n outpat power again result from the simple active feedback
schema. hut a move sophisticated scheme should alleviate this prohlen. The
operating point will be bounded by the Murakami density and by the Troyom beta
Iimit.

The n-T trajeectory is shown for such a case in Fig. 16, followed by the
time dependent varlationa of operating parameters ia Figs. 17 a-g. The
density and temperature are ramped linearly as in the previous case, but much
larger values of auxillary power are now Trequired. These values could be
reduced significantly if allowing for smaller temperature and density ramp
rates in time. Onee the operating point is above the ohmic ignition curve (at
about t = S s), the auxiliary power is modulated to maintain thermal
equilibrium. Density {Inecreases uantil & = 10 seconds, then the source is
adjusted to maintain a constant denmsity at « - (.5 x 1020 =3,

Reactor power output fluctuations, in Fig. 17g, would be large in this
simple sgcheme, because of the large fluctuating power requilement on the
auxiliary power feedback system. These power fluctuatlons cannot be reduced
when operating at a point well above ignition to the extent shown in the
previous case. Still, to some exrent not yet determined, the obsarved power
fluctuatione can be reduced by refinement of the feedback schame.

Fractiornal power operation im this mode is varied by changing densicy
possibly along a contour of constant plasma equilibrium power. This mode
requires additional work to clarify the couditions reguired to avoid thermal
runaway. aAn 1mportant consideration for reactor operation in thls mode is
plasma control following a loss of auxiliary power. Such a loss would lead to
an uncontrolled temperature excursion which might lead to a 1istuption as the
plasma beta appreoaches the heta limit, unless a 'soft bheta' limit prevailed.

A counter argument might be that only about 20-30 MW of auxiliary power are
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required to maintain thearmal contrel, hut much more power, (2100 MW) mav be
required to react ignition. Thus, a “"back-up” system of auxiliary power would
be available to arrest a thermal runaway following the failure of the primary
thermal control system. Thermal runaway times are on the order of seconds, so
this back-up system could be implemented practically. Overall, however, the
large magnitude of plasma power required to be remcved for thermal equilibrium
in chis region makes it very thermally unstable. and thus undesirable as an
operating regiocn.

4.d. Confinement Degraded with Temperature

Confinement time may be scaled to degrade with increasing temperature or
with increasing auxiliary power. Since these are intimately related, it is
probably not appropriate to assume confinement time degradation wich both
gimultaneously. The ohmic confiuement time of Ohkawa (set PIN = 0 in the
evaliuation of t in Table II) shows a dependence of T'O's, which can be seen in
Fig. 1 to provide an ignition curve with a slight positive slope with
temperature above about 10 XeV. This assures passive thermal stability,
provided that the density can be held comstant In that narvow range (~l.1 -1.2
x 1020 m”3) where the desired positive slope of the ignition curve exists.

This passively thermal stable region was examined in a serles of ctime
dependent runs at constant density. Temperature versus time results are shown
in Figs. 18 and 19. Figure 13 shows T(t) for three sweeps, at differeat
values of constant density. Figure 19 shows T(t) for <m> = 1.l x lozom'3,
which was the minimun density required for ignition. The three runs here
differ after t = 3D seconds, when the fueling ratio, deuterium atoms per
tritium plus deuterium atoms, was reduced to decrease fusion power.

Fxamining first Fig. 18, runs at average density less than 1.1 x 1020 m_3

4id not reach ignition., The constant cemperature ramp at early time in each
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case is the sublgnited region driven by feedhack control to auxiliary power.
The time dependence in this case of the ohmic and required auxiliary power are
the same as that superimposed in Fig. 19, with POH(:) and P, .(t) drawn
qualitatively only. For higher density values iIn Fig. 18. ignition is
achieved at lower temperatures. This ignition point is where the linear
temperature ramp stops when auxiliary power is shut-off, and the plasma drifts
to its own therm«l equilibrium. 4s density increases from 1.1 to 1.2 x 1020
m"3. the plasma equilibrium temperature Increases Ffrom about 17 to 24 keV
(assuming we are not restricted by plasma beta for this point). This seems to
imply fafrly accurate density control would be required to control plasma
temperdature Trelying on passive control .in this regime. Also, the ninimum
stable ignited temparature possible in this manner 1is about 15 keV.
Equilibrium points at lower temperatures are in a subignited and thermally
unstable region.

Figure 19 shows that at the minimum ignition density of ~1.1 x 1020 @73
we can reduce the aequilibrium temperature to less than 1[5 keV, about 12-13
keV, by changing the fueling fraction from {its value for optimal power
density, S02D/50ZT, to about 40ZD/60ZT, redvcing P by abour 5%. Furthet
reducing the fueling ratio, e.g., to 30%D/70%T causes the reactot plasma Lo
fall out of Ignition as showm.

The consequences of these findings to power operacting scenario are
discussed further in Sec. 5.

Without the non-disruptive beta limit, passively thermal stable operating
regimes c¢an be obtained by a drivea sub-iganited reactor ot by a tempetacure
dependent confinement time (e.g., Ohkawa’s scaling). Recent studies indicates
that ripple-trapped particle banana modes do not afEfer the sIrong temperature

dependence, as previously thought; thus, ripple losses de not guarancze a
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passive thermal stability. The mechanisms which decrease c¢onfinement with
increased temperature need additional study since they could be used fo erfect
pagsive thermal stability coatrol. Since temperature dependent confinement is
not assured and the driven reactor may prove less economically attractive, we
investigated active control ©points near Lthe Ignition curve in the
representative confinement scaling given by Goldston.

Overall, the consequences of several possible confinement scaling laws on
reactor operations at fuil and fractional power ware lavegcigaced by examining
relevant operating parameters in a steady-state region of deasity-temperature
space and by following several time dependent analyses. The results suggest a
range of methods for aperating at different power levels and for transiting
between adjacent power levels depending upon the confinement scaliang in
effect, Thermally stable operating points are limited to the sub-ignired
regions and the marginally ignited regions along the low density side of the
ignitfon contour. Unless a soft beta limit applies or confinement has a
significant temperature dependence, a marginally ignited tokamak will need an
active feedback control of auxiltary power and fuel ion injaction in order to
maintain thermal equilibrium at a point corresponding to the desired

fractional power output of the tokamak reactar.

5. FRAGCTIONAL POWER OPERATION SCENARIOS

We choose to present possible operating scenarios as trajectories im (n-
T} space superimposed upon contours of net electric power, P, ,.. The assumed

values used to caleulate P,,. are listed in Table I, and Phet 18 defined as:

P

?net = nth(Pu * 4‘H'Pu * Paux * Poh) - Paux/"aux - Psh/’Bh ~ “bas

{41)
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The value of Pyag = 150 MW 1s consisteat with rhe INTOR (1982) value of 200

MW, which also includes Paux/n and Pch/noh' The plasnma heating power and

aux

the blanket multiplied neutran power, 4-M-Fu. are recovered at a single

thermal efficiency, nch'

5.a. Confinement and Auxiliary Power

The trajectories for the two cases, mnamely confinement scalings
independent of and dependent upon auxiliary power, are taken directly from the
tesults Iin Sec. 4 and are shown together 1In Fig. 20. Net electrie power
(positive and negative value} conrtouras are included as well as beta values
of B = 3.5%, and £ = 5% and cthe ignition curve, Paux = 0, for Goldston
scaling.

This illustrates the dilemma of an optimistic ignition curve. Ignition
13 achieved when the reactor has a net electric power outpuc of about -100 MW,
or 100 MW are needed to austa;n operation. This Is primarily due to the 130
MW assumed as a base-line or constant load requirement, thus the reactor is
actually putting aut about 50 MW of electric power near ignition.

For confinement time independent of auxiliary power (trajectory A},
thermal scability restricts operation to points along the lower right side of
the ignition curve. 1In this case, the full ignited reactor range of power is
from about -100 MW to -60 MW. These polnts are stable oanly with active
feedback of the lon fuel source and auxiliary power. Regions of greater power
output are only accessible for stable operation if the ignition curve can be
raiged by increaasine trangport or radlartion losses.

Trajectory B depicts the case for coafinement tlme degradinmg with
auxlliary power. In this case, feedback of the auxiliary power allows for

active thermal control above the ignition curve., All {n-T) pecints can be made
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stahle with feedback up to the beta limft, thus all positive net power levels
up to that limit are accessible. For the assumed Bmax = 3.5% and <0pax ™~
1.5 % 1020 n3 this reactor can operate along the 200 MW contour. However,
this contour Is for the ignited case and does not consider the auxiliary power
needed to maintain the thermal equilibrivm. It was found in the previous
section that about 25 MW of auxiliary power was needed at the equilibrium
position, <T> ~6 keV, <m> ~1.5% 1020 m™>. At this density and che
temperature corresponding. to the bera limit of 3.5Z it 1s estimated about 50
MW@ are needed for thermal stabllity so the 200 MW contour there would be
affectively reduced to about 150 MW. If the reactor weres assumed to have
larger stable beta, a.g., B = 5%Z. then correspondingly larger net output power
could be achieved but proportionately larger auxiliary power would also be
required to maintain thermal stability.

5.b. Temperature Dependeat Confinement

The time dependent studies.described in Sec. 4.e can be summarized on a
net electric power contour ploc as showm iIn Tig. 21. Contours of
beta, B = 3.52 and B = 5% are shown as well as the thermally stable operating
points along the igniticn curve, marked with the heavier line in the figure.

The time dependent study showed that the region laheled (4&<n)>) is
thermally stable by varying the density aga‘nst the effects of the temperature
dependent confinement. The region [abeled (4fd) is thermally stable by
varying the deuterium fuel fraction at constant cvotal fuel ion density.

First, to operate a reactor for this scenario in an ignited, thermally
stable region we muat reise a beta limit to 5%, since at R < 3.5% there is no
stable ignited region accessible. Then, we find there is a minimum power
point Ffor Ignited thermally stahle operation (at the left eand of the heavier

line, <> ~ 14 ke¥, <> ~ 1.1 x 100 n™3).  Thus, in this scemario, (4, at
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constant density enual to desired cperating density) the raactor must power up
rapidly to rthis polnc, with a net electric power output of ahout 3ION MW.
Alternatively, one could approach this atable operatiog point from lower
densities at approximately consctant temperature, Iu which case Che reactor
would be subignited and therefore thermally stable all the way to the ignited
operating point {(labeled B in the filgure).

A middle road may be 1deal (C), increasing deasity along the ohmic power
equilibrium contour until the operating paiat reaches the minimum density at
which P, = ¢ for some temparature. At this point, <n> ~0.85 x 1020 m"3.
auxiliary power is added as needed to Increase Lemperature at coustant demsity
antil {T> ~ 14-16 keV. At this poiat, operation is subignited, cherefore
stable, and net electric pawer oucpuﬁ;is zero, so there 1s no major penalty in
staying at that point during scart—u; procedures or testing. Increasing the
density now whiie proportionately cutting back on auxiliary power will bring
the operating point up to igmirion, while increasing ner reactor power output.

5.¢. Optimum Confinemant Conditlons

Three cases of “optimum” or desirable ccnfinement conditions are shewn
together in Fig. 22, including: an ignition curve with a strong temperature
dependence (A), an ignition curve whieh crosses the cositours of desirable aet
electric power output (B), and the 'soft' beta case (C).

A temperatute degendent ignition curve {like A in Fig. 22) is ideal in
that net electric power levels from zerc up to the maximum at the governing
beta limit sre thermally stable. This curve might be achieved with 1 = aT—h.
where comparison to the mild temperature dependence discussed for the Ohkawa
scaling law indieates thar b > 0.5 is needed. Ignirion curves similar te rhis
cant also bhe pgenerated by varying the coefficient and the exponent values

(within reaspnable experimental agreement) of o 1 ~ aP;: typa of scaling. As
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discussed in an earller section, 1if a sumall fractian of the alpha power
degrades cor ment time, then thermal stability is achieved, due to an
ignition curve of this type. This underscores the need to understand the
dependence of these values on controllable plasma parametars. The scaling
dependence on temperature or auxiliary power, and the extent that alpha power
degrades confinement can vary the ignition curve from tﬁe worst cage of non-
ignition to the optimal case with passive thermal stability at ignirtion and in
reglons of desirable net power cutput.

The best ignition curve (B in the figure) rhat may result if zn inverse
temperature dependeace of confinement cannet be achieved, would be an ignition
curve that coincides with (n~T) points of zero net power up to Che maximum
desired power output. Any point along thils ignition curve could be mafntained
in equilibrium by active feedback as shown in the time dependent studies.
Active feedback of the fuel source and avxiliary poLEr would be required to
achieve desirable power output levels.

The trajectory depicted in Fig. 11 for the case of a 'soft' beta limit is
shown as curve C In the Fig. 22. That trajectory is extended here to points
of greater rnet reactor power along the beta limit contour of 3.5%. Higher net
reactor power would be achieved if a larger beta limit could be obtained.

The trajectory jogs slightly as it crosses the -100 MW contour, which is
the cransient effect of glpha thermalizacion at the poinr ignition is reached
and auxiliary power is turned off. From there, the ignited plasma goes into a
thermal runaway, but this is slow bhecause the density is being continuously
inereased, and so too, the plasma heat capacity 1s increasinog. The
temperature increase contiaues until the beta limit is reached, where the
{ncreased transport lossés result in thermal equilibrium, arresting the

runaway at a temperature of <T> ~ 19 keV in this case. The ion fuel source is
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kept on and the operating point moves to higher density, being constrained to
the beta 1imit contour. The plasma cutrent was then arbitrarily decreased at
{T> ~ 17.5 keV. The Troyon beta limit decreases proportionately and the
temperature drops rapidly to the Ccemperatyre of the new beta limit. The
density them continues to increase isobarically on this new beta limit uncil
the assumed Murakami limit on density is reached.

The omerating point can then be varied with temperature at coustant
deasity simply by changing the beta limit through increasiag or decreasing the
plasma current, It is important to unote that all ilgnited points within the
density and beta limirs are inherently thermally stable, thus eliminating the
need for burn control. Operating close to rhe beta limit will allow higher
levels of net reactor power as we move isobarically to the low temperature,
high density region: thus, the maxzimum power will generally be set by the
density limit. In this case, at <m,.. ~1.5 x 1020 @73 che reactor conld
preduce abour 200 MW ner electric power.

The problems of rhermail stability in reactor power operation disappear if
a soft beta limit Is attainable. The plasma increases its traansport losses as
1ts beta value approaches a critical beta limit in such a way that thermal
equilibrium is wmaintained. A passive mechanism for ohtaining a ’soft’ beta
1imit based on better understanding of plasma transport propertias would be an
ideal method for power control. On the other hand, an active feedback scheme;
for imstance, increasing ripple losses as the plasma beta approaches its
critical value, may also be cousidered. Such a scheme has heen examined
previously” and was tound to require large engineering modifications to the
TF coil systems. However, both schemes involve large amounts of heat fiux on
the outer edge of the plasma that may impact the required heat removal

capabilities of the divertor/limiter system. A detailed trade-off study
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batwean the plasma and engineering constraints is needed to address this

issue.

6. DISCUSSIONS AND CONCLUSIONS

The eventual utilization of a tokamak fusion reactor as a commercial
power source necessitates a thorough wunderstanding of the operational
requirements at full and fractional power levels and during ctransitions from
one operating lével to another. In this gtudy ﬁe examined the role of burn
contrel in maintaining the reacror plasma at equilibrium to avold thermal
runaway during these power operations. Because these reguirements rely so
heavily upon the assumptions that govern plasma transport, this study focused
on time dependent analyses and burn coatrol wusing a range of energy
confinement scaling laws. 4 comparisen of ignitiom eriteria for these scaling
lays was also presented. ’

Steady-state analyses Iindicate that to achleve passive thermal srability
in an ignited plasma the operating reglon is restricted to the low density,
high-temperature portion of the ignition curve and thus severely limits the
reactor neb power output. Time dependent studies show that even in this
region chermal stability requires active feedback of the ion fueling and
auxiliary power. Increasing reactor power 1s achieved by increasing
temperdcure at nearly constant density uvup fo the beta limic. Burn contrel
requirements are relaxed greatly if we allow for a 'soft' beta limit, wherein
the transport losses increase without plasma disruption as the plasma beta
approaches the Troyon limit. Time dependent studles for this case ghQU\that
the region above ifgnition 1s accessible and stable up to the Murakami derﬁity

limit, at which point maximum power ocutput i{s achieved. i

In rhe case of a disruptive or 'hard’ beta limit, reglons of deraity-

temperature space where greater reactor paower output is possible can be
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reached by desrading confinement through various means such as rippla-induced
losses, plasma size or current variation, or auxiliary power injection. Time
evolurion of plasma power balance show that the reglion of n=-T space
significantly above ignitlon 1s accessible using confinement degradation by
auxiliary power, but very rteliable active feedback econtrol is required to
maintain thermal stability.

Fractional power operation in the above scenarios is achieved by moving
the operating point in (n-T) space. Onee reaching the poln:t of maximur power
output, transitions to fractional power may be achieved by varying the ion
fueling ratio, ar decreasing the plasma current. A reackar with a divertor
may operate between the L-mode arnd the H-mode, for the purpose of varying its
operating peint by changes in transport losses.

The reactor full power operating region and the étra;egies for Eractional
power operation vary considerably over the range of energy confinement scaling
laws examined. The locus of n~T points defining the ignition curve and thus
the accesgible levels of reacter power also vary widely depending upon the
confinement time scaling law. The dependence of confinement ctime on
Independently cortrolled parameters is still uncertain at this point.

For the more pessimistic scaling laws, iIn which confinement rtime is
degraded by alpha heating power, an INTOR-sized tokamak will nor ignite,
whereas a high-field, high~density, compact tokamak Is marginally 1likely to
achieve ignition.

Those scaling laws which lead to optimistic ignition criteria pose the
greatest problems in terms of burn control, because the desired operating
region is well above the ignition curve in the thermally unstable operating
regime. It 1s alse found that neoclassical ifon trangport (TifTe 2 1) leads to
very optimistic ignition condition when compared to anomalous ion losses for

the same glohal transport losses.
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Thermallv stable operation of an ignited tokamak is identified for the

following cases:
1. The reactor is operated marginally ignited with the ion fuel source
and auxiliary power synchronized to an active feadback system.
2. A 'soft' beta limit applies,

3. An appropriately swall fraction of alpha power degrades confinement
time.

4, TFor the case 1In which auxiliary power degrades confinement, the
regfon well above ignirion 1s accegsible and actively stable with
auxiliary power feedrack.

5. Confinement time degrades with plasma temperature rather than with
input power.

6. Confinement scaling of the form (a + b/PTOT) applies, as extrapolaied
from.Double: III results.

Maintaintag chermal equilibrium while varying the reactar power output is
generally synonymous with moving the ignition curve ia (n-T) space, or moving
along the 1gnition curve, se that the operating point in n~T space Iis always
marginally ignited. An exception may be the case of operating with a 'sofr’
beta limit above the ignition curve.

Several possible mechanisms were [nvestigated to change the ignited
operating point depending on rhe assumed scaling law. The primary mechanisms
focus on changing the trangport leosses by varying plasma current, density,
auxiliary power or fuel mixture ratio. less well understood, out speculative,
mechanisma for control inelude: changing the ion to electron transport loss
ractio, varying the divertor confinement mode (H or L), varying the “raction of

alpha power degrading confinement, ar dmall varigctions in the plasma

dimensions.
In conclusion, up have shown that requirements for ignition and
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fractional power operation are wvery sensitive to the assumed energy
confinement scaling and especlally to the effeact 37 lpha power ova contlnement
time. This uynderscores the need for an ignition experiment to study burn
plasma physies in order to achieve realistic extrapolation te reactor-relevant
confinemant. Once ignition is achieved, maintaining thermal stability is not
a trivial problem and will probably require active feedback systems. Feedback
ta the ion fuel source and the auxiliary power were found to be adequate for
theriwal stability, and thus gufficient to uwa:zntain reactor operation ar

fracrions of rated power.
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Table I:
BASTIC NEVICE PARAMETERS

INTOR/UCLA IGNITOR* BRAND-X*

MAJOR RADIUS (M), R 5.3 - 1.0125 1.40
MINOR RADIUS (M), a 1.2 0.3875 0.50
TOROIDAL FIELD, B (T) 5.5 12.6 10.0

(ON AXIS)
STEADY STATE CURRENT (MA) b.4 10,0 10.0
ELONGATION, K 1.6 1.67 1.8
CYLINDRICAL SAFETY FACTOR, 0 2.1 2.0 2.0
CRITICAL BETA (%) 1.5 6.0 5.0
vaXIMUM DENSITY (10Z0n73) 1.5 9.3 5.4
THERMAL CYCLE EFFICIENCY, n., 0.35
AUXTLIARY POWER SYSTEM

EFFICIENCY, n, . 0.55
ORMIC POWER EFFICIENCY, n.. 0.95
ADDITIONAL BASE-LINE
POWER REQUIREMENTS, Pp,q 150 MW
BLANKET MULTIPLICATION, M 1.2

% (Values from Reference 23)
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65

Scaling

Intor/Aleator

Mereshkin

Goldston

Chkawa

Kaye-Goldston

Doublet TIT:

Iimiter 1
limiter 2
divertor |

divertor 2

wvhere:

Table I§: Confinement Scaling Laws

t = 3.5x1072} -(a/R)D'ZS-q -ne(cm"3) -R3(cm)'fe'°'5(|<ev)

2 2,.-0.5
Ts (l'ltaux * |'!Tt:mm )

6.4x10‘8-1p(A)-x0'5

0.5

3

where: T |
aux

-a~°37(cm)R}'75(cm)PIN_ )]

end: l'ol'(c:m)llz'M(cm)qo'5

_ -22 -3y,
Totm = 7.1x10 ‘ ne(cm )

“20, WA 3 -0.5 -0.5
T = l.x10 ne(cm ) sa(em) *R“{cm) »q T, (KeV)(I+PIN/POhm)

Q

(em) & .09

T - ~ .I,‘:") - - .
T=m_;§6‘...“::l 26161973 49 1.65

0% 3y e I (em) R '2“-1:,'21(“)-5; (T)-?I;O'E'?Mw)

| I

for: Cdﬂ(az(m)/0.412)-l'p(MA)'KO'S

-0, 46

T=Cd-(0.074-P]N (MW))

T = cd-(o.nzs + O.OSB/PIN(MH))

o —0.34
T=Cyoe(0.114 PIN )

T = Cd-(ﬂ.ﬂﬁﬂ + ﬂ.Oﬁl/PIN(MN))

q = cyllndrical edpge safety factor

K = plasma elonpation

I = plasma steady astate taraidal curreunt
P]N = plasma Injected heatinz power

Pin ® fuuxupaux * fu.Pu

where faux = a specified fraction of the auxiliary power, P, ., and
f“ = a specified fracrion of the alpha fusfon power, P

Reference
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.(a,b}

6.

9| (a"d)

Listing of Fizurss and Captions

Ignition contours (Paux 0) for several of the energy
confinement time scaling laws shown in Table II.
lgnierion contours Ffor the Doublec TII scaling laws, L =

~b

Limiter, D = divertor, 1l: T ~ a-Pm, 2: T ~a+ b/PIN‘ AUX:
PIN = P&UX' o2 PIN = PAUX £ Pu.

Simple ignition power balance for Goldstan (3a) and for Kaye-
Goldston {3b) scalings assuming that PIN ~ Pq.
Temperature versus ¢time for cases varying the fraction of

fusion alpha power that degrades confinement time. (Goldston

scaling).

Ignicion curves for varying (Tfi/tfe}' the ratio of lon energy
confinement time to that for the electromns.

Ignition curves for confinement times wicth constant values.
Shaded areas indicate ignited tegioas for each ignition curve
which can be made marginally ignited by decreasing confinementc
time by 10Z.

Equilibrium powar contours for the Geldston scaling, ohmic cau
term only. Negative values are in the {ignited region and
indicate the amount of power that must be removed from the
plasma to stay at that point in thermal equilibrium.

Maximum auxiliary power required for specified constant values
of confinement time for an INTOR sized tokamak.

Auxiliary power surfaces for 4 cases, 1) Goldston, ohmic only,
3) Coldstan scaling with ri/1é= 1.5, 3) Goldston scaling with

T, o=l ox T and 4) RKaye-Goldston scaling (Tilfe = 1.5).
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

10.

1I.

12.(a-£)

15.(a-g)

16.

17.(a-g)

18,

Also included are the corraespoading surfaces of reactor aet
eglectric pawer to indicate cthe regions of (a-T) space for
desired operations.

Coutours of Select Key parameters in reactor design., The beta
1imit (3.5% in this case), the net electric power contours of
= 250 (a practical maximum for this case) are

Pret = 0 and P

ne net

gshown with three different possible ignition curves.
Density-temperature trajectary for the "soft-beta” case.

Time dependence of saveral plasma and operating parameters
during the trajectory shown in Fig. 11. (Note: Ner electron
power does not include the 150 MW base lice power.)
Density-temperature rrajectory for simple feedback scheme
showing unstable operating point leading to thermal runaway
(Goldston ohmic-aonly scaling).

Cengity~temperature trajectory for feedback s.heme maintaining
plasma at marginally subigniced dewnsities, and reaching
equilibrium. (Goldsten ohmic-only scaling}.

Time dependence of several plasma and operating parameters
during the trajectory shown in Fig. l4. (Note: Net electron
power does not include the 150 MW base line power.)
Densitv-temparature trajectory using auxiliary power to degrade
confinement and thus maintain thermal stability in the ignited
region (Goldaton scaling).

Time dependence of several plasma and operating parametets
during the trajectory shown in Fig. 16. (Note: Net electron
power does not include the 150 MW base line powar.)

Temperature versus time for cases of different constant density

(Ohkawa scaling ~ ohmic term only}.

61



Fig. 19.

Fig. 20.

Fig. 2).

Fig. 22,

Temperature versus time for cases aof differenc fD‘ the
dauterium fraction of the ion fuel, at constant average density
of 1.1 (1020~ 3). The time dependence of the ohmic power and
the auxiliary power curves are superimposed in a qualitative
manner. Ignition fs at © ~ 20 sec. (Ohkawa scaliag, ohmic term
only).

Operating point trajectories in (u-T) space for two cases
superimpcosed on the net electric power contours. The Goldston
(ohmic~only) scaling ignition curve and two beta value contours
are alsc showm.

Operating point trajectories in (n-T) space superimposed on the
net electric power contours for the case of an ignition curve
with marginal thermal stability. (Ohkawa scaling, ohﬁic term
onlyj}.

Operating point trajectories in (n-T) space superimposed on net
electric power contours for the cases of more desirable
ignition curves (.,3). This also includes a trajectory, C. for

the desirable "soft=beta” case.
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