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the diagnostic failure effect on the ignited operation has
not been considered so far despite the active develop-
The consequence of the failure effect of burn controiment of various diagnostic system and ignition analyses
diagnostic systems, such as neutron diagnostics, bolonm a tokamak reactdf. 2’ Therefore, the TAC-12 report
eters, electron cyclotron emission power loss diagnoshas recently recommended that the fail-safe operation in
tics, interferometer, and lost alpha detector, on ignitedl TER related to the diagnostic system should be consid-
operation has been analyzed, and the fail-safe operatioared and analyzed This type of analysis on failure modes
in a tokamak fusion reactor including the International and effects analyses of each diagnostic system is also nec-
Thermonuclear Experimental Reactor (ITER) has beerssary for developing a fusion reactor. Recently, burn con-
considered. Because the failure of the neutron diagnodrol diagnostic systems have been proposed based on
tic system for fusion power measurement leads to a fuexamination of various control algorithms by authors for
sion power surge for the simple control algorithm, thea fusion reactor, including ITER;>°which is developed
fail-safe control algorithm has been introduced to avoidindependently of the ITER teaff.2°Based on this work,
this problem. As failure of the power loss measuremerit is possible to see how the ignited operation behaves
such as the bolometer system terminates the ignition, theafter the diagnostic failure. To meet the part of the TAC-12
it is less problematic. The effect of the interferometerequest and consider the diagnostic failure effect on ig-
fringe counting error on the ignited operation is not sim- nition in a future reactor, we tackle these issues using the
ple, as just mentioned, and a lost alpha detector can benethod developed for ignition burn control.
removed from the feedback system using the preset value. We recognize that the following diagnostic failure
scenarios exist in a reactor including ITER. Such possi-
bility of the events can be classified as the failure of the
(a) diagnostic systenip) controller systems, an@) ac-
tuator systems. These all are involved in the diagngstic
. INTRODUCTION control systems. We have defined the failure in the
diagnostic and control systems as the loss-of-signal event
Although the safety issues on the loss-of-coolant actLOSE) in this paper, named similarly to the loss-of-
cident (LOCA) in the ex-vessel componentand in- coolant accidenfLOCA), the loss-of-flow accident
vessel LOCA initiated by the loss of plasma confrdl, (LOFA), the loss-of-vacuum eveiitOVA), and the in-
the magnet failuré and the other failure scenarfo$have  gress of coolant everitCE), etc., although the accident
been analyzed for the International Thermonuclear Extevel and features may be different with respect to radio-
perimental ReactoflTER), the safety aspect caused by active release.
LOSE of a diagnostic system in a fusion reactor may
*E-mail: omitarai@ktmail.ktokai-u.ac.jp be categorized as follows:

194 FUSION TECHNOLOGY VOL. 36 SEP. 1999



Mitarai and Muraoka FAIL-SAFE CONCEPTS FOR IGNITED REACTOR

1. Failure of various burn control diagnostic sys- sorbed fuels, sudden increase in the alpha-particle loss,
tems As this may lead to some serious operation or igetc® We should note that as for the sudden change in the
nition termination if no backup systems exist, we examinglasma position, although this feedback control has not
the consequence of the failure of the several diagnostigseen tested yet, the same feedback control algorithm for
systems such as neutron measurements, bolometers, ardignition burn is expected to manage this situation. This
interferometer involved in the feedback burn control al-is because the change in the plasma position affects the
gorithm. A fail-safe algorithm has also been considereadonfinement time through the change in the major radius
to avoid this problem. in the confinement scaling or affects the alpha ash due to

compression or expansion of the plasma vold#@nly

2. Failure of the magnetic control diagnosticBhe this case gives a connection between the magnetic con-
failure of magnetic probes for the plasma position meatrol and burn control. Therefore, it is timely to consider
surements may lead to the plasma disruption. Thereforéhe diagnostic failure effect on ignition using this control
a microwave reflectometer system has to be used for algorithm, decoupled from a magnetic control.
backup for the magnetic probe signals for the horizontal ~ Analyses ofthe loss of plasma control were done from
movement. On the other hand, the soft X-ray array dethe machine safety point of view by the ITER teaft/The
tectors may be used for a backup system for the madellowing four transient cases were examined for the cases
netic probe signals for the vertical moveméhitlagnetic  ofincrease in fueling, fueling stop, sudden doubling of con-
probe failure itself may be caused by the coolant leakfinement time, and sudden injection of 100-MW heating
mechanical vibration, neutron irradiation, and LOSE ofpower into an ignited plasntd.In this study, the plasma
the magnetic probes by a failure in the cable, data protransient behaviors initiated by artificial parameter change
cessing, and controller. As we assume the backup sy$s simulate the loss of plasma control and plasma anom-
tem, we do not treat this problem here. aly are studied to check whether the fusion power can be

safely terminated and to assess the potential damage to the

3. Power failure of the machine during burn oper- machine in detail without taking a safety credit of the burn
ation: This also leads to LOSE and disruption. There-control system. Therefore, analyses of the loss of plasma
fore, “killer” or “safety shutdown” pellet injection should control may envelop a part of the studies of the diagnostic
be operated when the power failure takes place durinfailure effects, but there is no discussion about which di-
the fusion burn operation. agnostic failure and how it affects the ignited operation

from an actual operating point of view with a feedback burn

Even when the unknown diagnostic failure and ab-control algorithn?2”
normal events take place, the fast plasma shutdown Inthis paper, we first show the consequence of the ig-
method can be finally used independently of the controhited operation caused by the loss of signal eventin the burn
system. Although disruption is thought to be a part ofcontrol diagnostic systems and propose the fail-safe con-
unavoidable normal operational transient phenomena frotmol algorithm against the diagnostic failure to prevent
the experimental point of view and not an “accident,”anomalous behavior in ignited operations. This study is
the slow fusion burn termination is attempted to bebased onthe most plausible feedback control algorithmin
achieved to minimize or avoid disruption for extendinga future tokamak reactor, including ITER, obtained from
the lifetime of the divertor plate in a future fusion reac-the present knowledge of the H-mode power threshold, al-
tor in this study. though it is still uncertain whether the H-mode power

After the control concept integrated with the mag-threshold is a good navigator to ignition or not. In this study
netic control, magnetohydrodynantidHD) control, burn  of the diagnostic failure effect on ignited operation, an at-
control, and divertor control are extensively studied, theitempt was made for the disruptive termination of the ig-
diagnostic failure effects should be discussed on this bazited operation to be minimized or avoided to extend the
sis. However, as ignition burn contr@hich is called a lifetime of the divertor plate. The ultimate aim of this study
kinetic control by the ITER team, as compared to theis therefore to find a control concept consisting of a diag-
MHD control) is essentially independent of the magneticnostic network, which can check the performance degra-
control, such as the plasma current, plasma position, arahtion of the diagnostics and detect the abnormal signal or
plasma shape, a burn control algorithm can be discusséd®SE and hence is robust to the diagnostic failures, in or-
separately from these contrdfOn this basis, the plasma der to enhance the reliability of the tokamak reactor op-
core burn control algorithm was proposed using the exeration. As the diagnostic failure is equivalentto an “open
ternal heating power from the H-mode power thresholdoop” of the feedback control system, the fail-safe control
to keep the H-mode and fueling to keep the fusion powealgorithm can be employed as proposed here using paral-
at the desired valu¥:?° This control algorithm to keep lelfeedback loops with many diagnostics so as notto open
such quantities has been confirmed to work well for thehe feedback loop.
case of a sudden change in the plasma parameters, such This paper is organized as follows. In Sec. I, the
as a sudden change in the confinement factor, alpha aséedback control algorithms with measuring errors for
confinement time, sudden injection of impurities and abignited operations are presented. In Sec. Ill, the LOSE
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effect of the neutron diagnostic system is presented omherefore, the foregoing formula provides the external
ignited operation. A fail-safe operation is described. Inheating power for the feedback control to keep the
Sec. IV, the LOSE effect of the bolometer system is disH-mode!"18

cussed. In Sec. V, the fringe counting error effects inthe  When the measuring error is taken into account, such
interferometer on an ignited operation are analyzed. las the measuring error in the neutron measuremgnt
Sec. VI, the method to remove the lost alpha detector ithe measuring error in the density measurensgnthe
examined and proposed. In Secs. VII and VIII, discusimeasuring error in the bremsstrahlung power kgsand
sion and summary are given, respectively. the measuring error in the synchrotron radiation power

losses, the external heating power is given by

— . X G = + 0.75
Il. FEEDBACK CONTROL ALGORITHM WITH MEASURING Pexr(HL) [W] = Myy100.45X 10°n(1 + en)}
ERRORS IN IGNITED OPERATIONS X [102° m~3]B,[T] R? [m]

. - {F_)oh + F_)oz(l + fpn) - F_)b(l + €p)
Fusion burn control can be done by a feedback con- _
trol algorithm on the heating power and fueling. We have — Rl +€&)Vo (2)

b 19,20 . -
used the same control algorithf®for analyzing diag- whereM,, is the set value of the H-mode indicator of
nostic failure effects on ignition burn in the whole dis- 05 in this study

charge phase, such as the fusion burn rise-up, steady stdté; In general, the complete LOSE in a diagnostic sys-

and shutdown phases. tem corresponds tg = —1 (wherei = n, pn, b, ands) in
this definition, and the loss of half the signalsquiva-

ILLA. Control Law of the External Heating Power lent to the loss of 50% of the channels of the multichan-
with Measuring Errors Based on the nel diagnosticscorresponds te; = —0.5. Therefore, the
H-Mode Power Threshold level of the abnormal behavior in diagnostic systems can

be expressed by the range 6l < ¢; = +1. Using this

The external heating power is controlled by theexpression, we can also analyze the measurement error
H-mode power threshold given by Takizuka effto  effects on the ignited operation, where for instaace
keep the H-mode. The following relation has been used-0.1 means a 10% overestimation error ane —0.1
for judging the H-L transition. The plasma itself changesmeans a 10% underestimation error.
the H and L modes according to the valuehgf, (actu-
al), such as H mode fdvly,_ (actua) > 1 and L mode for 11.B. Control Law of Fueling with Measuring Errors
My (actua) < 1:
B The fueling rate is controlled by the measured fu-
P netl W] V, [m3] X 1076 sion power signal oPsig = Pi(1 + €pn) as follows:

M (@CtU3) = & 7500 75 1079 m 3B, [T] RZ [m] ° P+ e
(1) Sor(t) = SDT0<1— W)Gfo(t) N )
0
where where So1o = 1 X 10 m~3/s and Gy, is the time-
_ ) L _ dependent gain as given later. The total fusion power is
Phnec = Net heating power density given B nee=  defined by the neutron power plus the birth alpha-
Pext(HL)/Vo + Pon + P = {Pp + Py heating power?; = (B, + P,/1.)Vo. We should note

here that the notatioR, /7, is the birth alpha-heating
power before alpha loss as defined in the Appendix.
The target control value for the total fusion power in

n = line-averaged density

By = toroidal field the fusion power rise-up phase is given by
R = major radius bt~ Pt P — Pi . W
P, = ohmic heating power o 7 e — b b
5, = alpha-heating power density where the following parameters have been chosen as
“ tis = 5 S,tre = 55 S, Trise = tre — tis = 50 S,Pe = 1.5 GW,
P, = bremsstrahlung loss per unit volume and Ps = 100 MW for the fusion power rise-up phase
of ts < t < tt. The valueP, = P = 1.5 GW is given
P, = synchrotron radiation loss per unit volume for the fusion power flat phase ¢f < t. In the fusion
burn shutdown phase, a linearly decreasing function
V, = plasma volume. is assumed using the same H4), with t;s = 1000,
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tre = 1000+ Tgown Tdown= 40 S,Ps=1.5GW, andP.= Il.C.2. FQiI—Safe Control Algorithm byPzxr(HL) and
50 MW. mMin{Sor(Pr), Sor(n(0), Sor (BN
To avoid unstable operation during the rise-up phase,

the time variable gain was employed in this paper as fol- 1€ control algorithm worked within the perfor-
lows: mance limitation, such as the Greenwald density ffnit

or the beta limit, and has a fail-safe function in ignited
Gre — Grs operation when the diagnostic failure takes place. The
Gio(t) = Grs + te — ts (t—ts) () heating power is controlled by the H-mode power thresh-
o ] old, and fueling is controlled either by the fusion power,
where the feedback starting timetjgs = 12 s, the final  density, or beta value as given by a sef®fy(HL) and
gain isGre = 50 atte and the initial gain i5s = 5 attis.  min{Syr(Py), Sor(n), Sor((B))}}, where

11.C. Combined Control Algorithm n(0)(1+ En))G
— | Gro

n(0)cw ©

] ) ) . Sor(n) = SDT0<1_
We first consider the simplest fusion burn control
using the heating powé:=x1(HL) based on the H-mode and
power threshold and fuelingy+(P;) on the fusion power.
We describe this algorithm as a set{#xt(HL) and (BY(L+€p)
S7(P)}, where a set of diagnostics to fulfill this control Sor(B) = SDT0<1 - Tﬁ) Gro (7)
algorithm is also involved. Secondly, we consider the fail- me
safe operation where fueling is controlled by multiple pa-where
rameters. We call this a combined or fail-safe control .
algorithm by a set ofPex(HL) and mir{ Sor(P), Sor(n), n(0)w = Greenwald density limit
Sor({B))}}. Here, only the diamagnetic loop measure- {B)max = Maximum beta value
ment is added for this control algorithm.

€g = measuring error in the beta measurement.

II.C.1. Simple Control Algorithm by a Set L .
of {Pex7(HL) and S$yr(Py)} When the Greenwald density limit0)c\y is set at a rel-

for all the Phases ativgly lower value th_an the operation density and the
maximum beta value is set at a larger value, then the fu-
This is a basic control algorithm for fusion burn in a sion power is regulated by the density feedback control.
reactor including ITER. As the heating power is con-On the other hand, when the Greenwald density limit
trolled by the H-mode power threshold to keep the H mode(0),y is set at a higher value than the operation density
and the fueling rate is controlled by the fusion power toand the maximum beta value is set at a lower value, the
keep the fusion power at the desired value, a set of thRision power is regulated by the beta value feedback con-
diagnostic system should work properly during all thetrol. The control diagram for this case is shown in
burn phases. The diagram for this control algorithm isFig. 1b. As fueling is controlled by three diagnostics in
shown in Fig. 1a, with the neutron source diagnostics sucparallel, the other diagnostic system can help when one
as the microfission chambers to measure the neutrafiiagnostic system has a failure. In this study, the beta
powerP,, alpha-heating powe,, and hence fusion power value is measured by the diamagnetic I6®mvhich is
P;, and the lost alpha detector to measure the alpha losgsumed to have no failueg = 0.
fraction to the first wall1 — 7,,), bolometers to measure
the bremsstrahlung power I0Bg, the electron cyclotron |, p. actual and Measured H-Mode Indicators
emission detector to measure the power IBssand the
interferometer to measure line-averaged dengitAs We distinguish the two kinds of H-mode indicators
the ohmic heating power by the plasma currgnand  as “actual” and “measured.” The first one is the actual
the loop voltageV, is small, then the failure effect of H-mode indicator given by Eq.l). The plasma itself
these measurements is neglected in this study. As seehanges the H and L mode according to the value of
in this figure, failure in the neutron diagnostic systemMy,_(actua). Therefore, this quantity has been used for
affects the feedback control of both the heating powejudging the H-L transition in the following analyses.
and fueling. Secondly, when the measurement error is taken into
account, the measured H-mode indicator is given by

Pext | = = = = 3 S
v + Pon+ Py (1+ €pn) —{Po(1+ €p) + Ps(1+ €9)} [[W] Vo [M®] X 10

o

®

Mr (meas = 0.45(n(1 + €,)}°73[10® m 2] B [T] R? [m]

However, this judgment is not used in a real situation.
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Fig. 1. The schematic diagram of the feedback system for core ignition burn control in [BE8imple control algorithm of
{Pex7(HL), andSy1(Pr)} and(b) fail-safe control algorithm ofPext(HL)} and mif Syt (Pr), Sot(n), Sor({B))}}-

I1l. LOSE IN FUSION NEUTRON MEASUREMENTS mum asSor = SoroGro due to the null signaPig =
P:(1 + €pn) = 0 in the proportional feedback control

The LOSE in the neutron diagnostic systemsin Eq. (3), and the heating powelPegxr(HL) is in-
would produce severe problems in ignited operatiorcreased over 100 MW due ®sjg = P, (1 + €p,) = 0 in
because the feedback signal of fueling becomes maxEkqg. (2).
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IIl.LA. Complete LOSE Effects in Neutron Measurements
for the Control Algorithm of { Prx7(HL) and Spy( P}

betavalue exceeds the limit@)nax~3.2% before reach-
ing the maximum fusion power, it may lead to disruption
orasoftbetalimit. If the fast alpha contribution to the beta
Ifacomplete LOSEep,= —1.0) in neutron diagnos- value is taken into account, the actual beta value increases
tics takes place in any phase of the fusion burn phase, thfiicker than this case, and then disruption may take place
fusion powerimmediately increases by sudden increase igarlier. If the soft beta limit suppresses the fusion power
the fueling and heating power. As shown in Fig. 2, whersurge, it would be desirable. However, this can be allevi-
the measured fusion power sigifa|yfor the feedback con- - ated by the fail-safe control algorithm as discussed later in
trol is suddenly lost to zero &&= 60 s during the steady- Sec. III.D.
state phase as indicated by the dash-dot line, the actual \We have examined sudden LOSE effects of neutron
fusion power isincreased and goes up over 3 GW as showReasurements depending on the burn phase when the
by the solid line. The central electron density also increasasOSE takes place during the various ignition phases, such
from 1X10°°t0 1.5X 10**m~2in ~20 s due to the abrupt as(a) from the outset and during the fusion burn rise-up
increase in the fueling rate set at the maximum of 1 phase, steady-state phase, and shutdown phas¢band
10" m~%s, but the ion temperature is kept almost conduring the overignition phase by sudden increase in the
stant at~30 keV. The heating power up to 100 MW ap- confinement factor or during the subignited operation by
plied automatically keeps the ion temperature at the samgsudden decrease in the confinement factor. Regarding
levelin the higher density. The toroidal betava{ealso  (a), LOSE of neutron measurements taking place from
increases as shown by the dash-dot line at the same tinige outset during the fusion burn rise-up, steady-state,
as the fusion power and can be over the beta limit. As thand shutdown phases leads to the actual fusion power
slow surge as long as fueling is controlled by the fusion
power throughSy+(Pr) after LOSE. Regardingb), if
LOSE takes place during the discharge with the higher
5 confinement factor, for instanceyy = 1.3, the final fu-
— "_‘ sion power surge reachest.6 GW. Therefore, if it takes
0 (x10 keV) lace during the overignition phase caused by a sudden
‘ /T‘(O)( o / Fiow) actual) i%crease in%he confin(gment fa?ctor, the result v¥/ould be a
’ - T large fusion power surge. On the other hand, if LOSE
takes place during the subignited operation with a smaller
confinement factor, for instancegyy = 0.7, the maxi-
mum fusion power is 2.1 GW® s after LOSE and stays
at 1.7 GW later. Thus, the increase in the fusion power
due to LOSE is reduced in the subignited operation.

111.B. Partial LOSE Effects in Neutron Measurements for
the Control Algorithm of {Peyr(HL) and Spr (P}

J My (@ctual)

1 Fexr(X100Mw)
0 [\

[

If 50% of the neutron signals are lost at 60 s, which
may correspond to the loss of half the sight lines in the
neutron source measureméng, = —0.5) such as neu-
tron camera and microfission chamber, the actual fu-
sion power similarly increases up te3 GW in ~10 s
as shown in Fig. 3. The fusion power signal drops down

0

C— 2

0

20

40

60
t(s)

80

100

to 0.75 GW, half of the set value, and increases again in
10 s to the set value of 1.5 GW, as shown by the dash-

dot line for P;g in Fig. 3. The final actual fusion power
Fig. 2. Complete failure effect of neutron diagnostic systemof 3 GW after the neutron diagnostic failure is just two
for the fusion power measuremef#,, = —1) on ig-  times larger than the set value Bf, = 1.5 GW. The
nited operation for a set dfPexr(HL) and Sor(P)}.  heating power is not saturated at 100 MW, and the fuel-
The other diagnostic system is assumed to Work pefing s Jess than the maximum set value after the diag-
fectly LlinlessI other;/v(lssoe nqtet(:]. Anteut(;on ?l?gn?]stlc fa".'tlp]ostic failure.
ure takes place a s in the steady-state phase wi . . .
Yoy = 1.0 over the ITERO3HP scaling ahl o= 1.05. _ AS the measured fusion power sigifg is the same
The temperature i%;(0); the density in(0); the beta . Tfo ™ b~ L > y
value is(8); the actual fusion power ig(actua); the ~ the dash-dotline, itis difficult to distinguish whether the
fusion power signal i®g; the actual H-mode indica- Signal failure takes place or not as long as the total signal
is monitored. Therefore, each channel in the multiple sight

tor is My, (actua); the external heating power BexT;
and the fueling rate i§pt. lines should be monitored for detection of the signal
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5 5
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Fig. 3. Partial failure effect of neutron diagnostic system for 5
the fusion power measuremeap, = —0.5) on ignited (b)
operation for a set dPex1(HL) andSy1(Py)}. The other 4 T,(0)(x10 keV)
diagnostics work perfectly. /
3 / n(O)Bor(x]OZOrn-:g)

PieigGW) 1
failure. Upon detection of LOSE, for example, with 20% 5
signal loss, as the fusion power signal is multiplied by
1/0.8, the actual fusion power in the ignited operation
might be at~1.87 GW.

I1I.C. Measuring Error Effect of the Neutron Diagnostics

r| My (actual)

on Ignition Access for the Control Algorithm 0
of { Pexr(HL) and Spr(P))} 1T Ro(x100MW) ’—
When the neutron diagnostic system has an overesti- g N

mated measuring error of 10% from the outset, igni- 1t 19 3 1
tion cannot be accessed fbty o = 1.05, as shown in Spr(x107 ms)
Fig. 4a. This is because thatl0% overestimationinneu- ——J\—-//."II\ . ‘
tron measurements provides 10% less actual fusion power. 0 100 200
As the alpha-heating and external heating power are also t(s)

10% less than the set value, the actual H-mode indicatq;

. ller than th dval del ig. 4. The effect oy, = +10% overestimated error in neu-
My (actua) is smaller than the measured value and close tron diagnostics on ignited operation fistiy o = 1.05

to unity. Then the operating point tends to return to the L when the measuring error or the detector degradation
mode and is close to the marginal point, which eventu- takes placéa) from the outset an¢b) att = 60 s.

ally enters into the L mode. Fueling is supplied to try to

keep the fusion power at the desired value, and the heat-

ing power is switched on to try to keep the H mode after

return to the L mode. Fig. 4b. As shown in this figure, as the Borrass density
If an overestimated measuring error-610% takes limit is larger than the actual density after LOSE for

place at 60 s in the flat phase of the fusion power, th&5 s, disruption could be avoided for a while. Here, the

ignition state is maintained only fer114 s, and then the Borrass density limiig,,(0) converted to the central den-

H mode eventually returns to the L mode as shown irsity®! is given by
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N(0)gor [X10?° m 3] tained. For ignited operation witfl;; o = 1.05, allowable
measuring error of the neutron diagnostics is as small as
P53 [MW/m?] B33 T] €on= 13 t0 4%. For+10% errorMyo should be larger
(GosseRo [M]) 022 ' than~1.15. This result comes from the fact that the ig-
nition is operated at the point close to the H-L transition
(90  boundary. To operate at the largly o, however, we

, . need the heating power, leading to the subignited opera-
whereqgs s the safety factor at 95% of the magentic sur+jon, a5 described in the caption of Fig. 5. Any underesti-
face and taken as 2.R, is the mean heat flux across the jated errofey, < 0) is no problem, and ignition can be

separatrix calculated by neiVol/S, ith tr12e net heat- 5ccessed because the actual fusion power is larger than
ing power, the plasma volumé, = 27Rma“k, and the  {he measured value.
plasma surfacg, = 2mR2ma{(1+ «?)/2}°®in this study. Therefore, to operate near the H-L boundary, for in-
Therefore, after the LOSE, fueling should be switchedsiance, as in ITER, the neutron measurement system
off externally, and density should be decreased. In thighqid have a better accuracy thag%. However, this
case, subignited operation cannot be done because gy e is too accurate for the diagnostics; in-situ calibra-
heating power is not correctly estimated for a feedbackion during the initial D-T phase may overcome this prob-
control. Therefore, in-situ calibration of the alpha-heatingem a5 will be discussed in Sec. VII. A problem may be
power signal is necessary for the calculation of the eXihat the detector would be degraded with time during ig-
ternal heating power to keep thoe H mode. nited operation. The foregoing results show the impor-

_ Onthe other hand, when10% error in the neutron tance of the calibration of the neutron diagnostics or
diagnostic system takes place from the outset for thgmpioyment of detectors with a long lifetime and con-
H-mode indicatoMyy o = 1.05 the actual fusion power giant characteristics. Cross checking detectors by the other

is larger than 10%, and thé.._(actua) is always>1.05.  neytron diagnostics should also be done on a diagnostic
Therefore, the H mode and ignition can be maintaineghanyork.

up to the end.

Thus, we have found that the allowable overesti- ] . . . .
mated measuring error for ignited operation is related tdl-D- Fail-Safe Operation in Ignited Operations with the
the set value of the H-mode indicatdr, o, which is plot- Control Algorithm of {Py7(HL) and min{ Sy (P,
ted in Fig. 5. Above the solid line with crosses, ignition Sor(n), Sor( BN}

cannot be accessed, and between the two solid lines with - ¢ £5i_safe operation is possible by some means, for
triangles and circles, the sawtooth-like fusion power i

IO ; WET 1Sexample, fueling stop for the first set of control algorithms
observed during ignition access. Below the line with Cir-0f [ Peyr(HL) andSyr(Po) 1. However, the second set of con-
cles, the smooth increase in fusion power can be o fol algorithms of{Pexr(HL) and mir{Sor(P;), Sor(n),
S1({B))}} shows the inherently fail-safe operation be-
cause many diagnostics can back up fueling when one other
diagnostic system fails.

~3.5(1+a,) X1.8

[11.D.1. The case of LOSE in Neutron Diagnostics

*3 0 outofignition During the Fusion Burn Rise-Up Phase

+20 . If the fusion power signal becomes zero level at 60 s
x/a for the control algorithm of a set ofPexr(HL) and
10} «x ] Sor(Pr)}, the fueling should be switched off quickly af-
= ignition ter the LOSE of the neutron diagnostics. Figure 6a shows
E‘ 012 the slow shutdown by switching off fueling @ s after

the null signal of the fusion power is detected. The fu-
sion power initially increases and then decreases after

-10 2 s relatively slowly to zero level ir-40 s. If detection
of the LOSE is delayed, the peak fusion power increases
- 20 ' ' ' more and exceeds the allowable value. In this case, the
10 11 12 13 14 1S5 heating power is not switched off; otherwise, the H mode
Mhio returns to the L mode quickly, and the decay time of the
Fig. 5. Relationship of the measuring error and the H-modél'ISIon power would be much sh_orter. .
indicatorMy o for ignited operation. The heating pow- On the other hand, for the fail-safe control algorithm

ers for subignited operation aRexr(HL) = 0 MW Of {Pexr(HL) and mif Syr(Py), Sor(n), Sor((B)) }} with
(for My = 1.05, 6.1 MW (1.10, 11.5 MW (1.15, the Greenwald density limit af(0)gy~ 1.3X 10*°m™3
22.8 MW (1.25, and 52.5 MW(1.5). and the maximum beta limi{{8)max = 3.2%, even if the
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Fig. 6. (a) Fail-safe operation of the ignited operation for the control algorithgPgkr(HL) andSy1(P)} by the fueling switch
off at 2 s after LOSE of the neutron measurement at 60 gl)fdil-safe operation of the ignited operation for the control
algorithm of{Pexr(HL) and mi Sy (Pr), Sor(n), Sor({B))}} with the Greenwald density limit(0)gw~ 1.3X102°m—3
and the maximum beta lim{{8)max = 3.2%.

fusion power signal is dropped to zero at 60 s, the fusiofusion power increases to 3.2 GW in 10 s, as shown
power does not increase but oscillates~dlt.5 GW as in Fig. 7a for the control algorithm ofPzxt(HL) and
shown in Fig. 6b. Here, as the beta value is limited bySy1(P;)}. To prevent the excessive high fusion power
3.2% and the density is far below the Greenwald densitand the beta limit disruption, we use the fail-safe con-
limit n(0)gw ~ 1.3 X 10%° m~3, the fusion power is reg- trol algorithm of {Pzx+(HL) and miSy(P;), Sor(n),
ulated by the beta value throu@h+({8)). Thus, we see SH1({B))}} with (B)max = 3.2% andn(0)gw ~ 1.3 X
that the variable fusion power control algorithm works10?° m~3. Initially the density is suppressed; then the
for a fail-safe ignited operation in a reactor including ITERtemperature increases up t660 keV and then slowly
when the neutron diagnostic system has a failure. Thdecreases. Ignition can be maintained with the beta value
parameter oscillation after 60 s has also been observed ~3.2%, as shown in Fig. 7b, and the fusion power is
for the beta value limitation as pointed out befét@he increased initially up to~2.0 GW, and then it is de-
beta measurements by the diamagnetic loops should loeeased and regulated1.2 GW. After reaching the
reliable for this control algorithm. steady state, ignition can be terminated slowly by switch-
If the maximum density is set to the lower value, theing off the fueling with keeping the heating power.
fusion power is regulated by the density, but the paramPlasma parameters are oscillating due to the propor-
eter oscillation has not been observed. After detecting thgonal feedback control by the beta value.
neutron diagnostic failure, the set value of the density ) ) ]
n(0)ew can be lowered. As long as the interferometry islll.D.3. The Case of LOSE in Neutron Diagnostics
functional, the term o8yr(n) limits the fueling, and no During the Shutdown Phase
fusion power surge is observed. Therefore, this control |, gec. 111.D.1, we have seen that a fueling stop is

al_gorithm has inherently a fail-safe function V\_/ithout ré-yery effective to avoid the fusion power surge caused by
lying on the backup system of the neutron diagnostics; oSE in fusion power measurements during the ignition
Thus, the interferometer system can also work as a backyp.cess and steady-state phases. During the normal fusion
diagnostic system for the neutron diagnostics. power shutdown phase with the control algorithm of
{Pext(HL) and Sy1(Py)}, as fueling is very small for
smooth fusion power decay, it is possible to decrease the
fusion power slowly by switching off the fueling. If LOSE
When neutron diagnostics have a failure from thein the neutron diagnostics takes place at 1020 s during
outset, the beta value quickly increases to 4.5% and thie fusion power shutdown phase, as shown in Fig. 8, the

I11.D.2. The Case of LOSE in Neutron Diagnostics
from the Outset
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Fig. 7. (a) Ignited operation when LOSE of the neutron measurement has a failure from the outset for the control algorithm of
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{Pex7(HL) and S5+ (P;)} and(b) Corresponding fail-safe operation of the ignited operatiofajdor the control algo-
rithm of {Pext(HL) and mikSyr(Py), Sor(n), S51({B))}} with the Greenwald density limit(0)gyw ~ 1.3 X 102 m~3

and the maximum beta limi{B)max = 3.2%.

fusion power surge is not induced because there is no
fueling. The heating power slowly increases to maintain
the H mode and prevent H-L back transition during the
shutdown phase and abruptly jumps up when the neutron
diagnostic failure takes place &t 1020 s, as indicated

by Psig = 0. The fusion power slightly increases after
LOSE and decays smoothly 50 s. We should note
that in the normal shutdown phase, the fusion power de-
cays linearly along the dotted line if the fueling is con-
trolled by Sy1(P;). It is concluded that fueling should be
always switched off during the normal fusion burn shut-
down phase from the safe operating point of view.

IV. LOSE EFFECT IN BOLOMETER DIAGNOSTICS
ON IGNITION ACCESS

When the bolometer has a failure and its signal be-
comes zero, aBysig = Py(1 + €,) — 0 with e, —» —1,
during the ignition access phase with the control algo-
rithm of {Pex+(HL) and Sy1(P)}, the fusion power and
temperature quickly decrease due to instantaneous de-
crease in the heating pow@&eyxr(HL), as shown in
Fig. 9. Fueling is increased by the feedback control
because the fusion power is smaller than the set value.
FUSION TECHNOLOGY
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Fig. 8. LOSE effectaftert = 1020 9 of the neutron diagnos-

tics during the fusion power shutdown phase without
fueling.
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5 reduced. Then, the H mode returns to the L mode, and
ignition terminates quickly as observed during the fu-
4Lt sion power rise-up phase.
L (10 keV) In the case of the subignited operation with the lower
3 s confinement factoryyy = 0.7, a small degradation in
R NO)g,, (X10% i) the bolometer detector @f, = —15% can terminate the
- / P,(GW) (actual) ignited operation. However, disruption could be avoided

in this case because the Borrass density limit is always
larger than the electron density after ignition termination.

Even if the bolometer signal shows the abnormally
large signal ok, = +100% at 25 s, the heating power is
increased, and ignition is reached for the control algo-
rithm of {Pext(HL) andSy+(P;)}. However, the heating
power is slowly increased again after 70 s, and sub-
P b Rexi00mw) ignited operation eventually results.

2N e )

My (actual)

» V. FRINGE JUMP EFFECTS IN INTERFEROMETER
1 19 3 MEASUREMENTS ON IGNITED OPERATION
Spi{X10~ m/s)

0

0 20 40 60 80 100 While a Faraday rotation method has been devel-
t(s) oped for ITER density measuremetit¥to avoid a fringe
counting error taking place in the interferometry, we con-
Fig. 9. The effect of bolometer diagnostic failuig, = —1)  sider a fringe-counting-error effect on the ignited opera-
on the ignited operation during the ignition access heattjon when the classical fringe-counting method would be
ing phase. used.
For the control algorithm ofPex+(HL) andSyr(Pr)},
if LOSE of the interferometrye, = —1, the fringe jump-
down to zergtakes place during the ignition access phase
at 25 s, the heating pow®ex(HL) given by Eq.(2) is
The H mode returns to the L mode at the same time&ecreased down to the negative value, which is set to
when the bolometer signal is decreased due to a failuréhe zero. Therefore, the fusion power drops and ignition
Immediately after the transition to the L mode, the heataccess is prevented. Thus we see that the operation is ter-
ing power is applied to try to keep the H mode, but theminated for LOSE in the interferometry during the igni-
H mode cannot be regained due to the increase in thi#n access phase. Even if the signal of the interferometry
density by excessive fueling and the decrease in the alhas an underestimated measuring erras,6t —7%, the
pha heating as seen on the actual H-mode indicatdf# mode returns to L mode due to a small decrease in the
My, (actua). As ignition cannot be reached with the L heating power, as shown in Fig. 10a. Then the fusion
mode, the plasma parameter cannot evolve, and the loyower drops, and fueling is increased by the feedback
fusion-power state persists with the L mode. Even wheicontrol, which prevents the ignition access because the
the operating point returns to the L mode and the fusiofd mode cannot be regained. The actual densify) is
power quickly decays, disruption could be avoided beshown by the dashed line, and the measured dem&y;,
cause the Borrass density limit is larger than the actuas smaller by 7% than that shown by the dash-dot line.
density due to automatic switching on of the heatingrhus, the measuring error of the density with< —7%
power. Therefore, this type of diagnostic failure is onleads to ignition termination, as discussed in the measur-
the safer side. We have further found that ignition caning error effect of the neutron diagnosticsegf = +10%
not be accessed when the bolometer diagnostic failuri@ Sec. I11.C.
worse thane, < —0.4 takes place during the heating If the fringe jump-down in the interferometry takes
phase withMy o = 1.05. place after reaching ignition at 60 s, the heating power is
On the other hand, if a complete LOSE in the bo-already switched off, and no effect exists on ignited op-
lometry (e, = —1) takes place in the steady state in theeration. On the other hand, if it takes place during the
ignited operation foPgxt(HL) = 0, ignition no longer fusion power shutdown phase, the heating power is
terminates foMy o = 1.05. This is because the heating switched off; then the H mode cannot be maintained, and
power is further reduced to the negative value and hendke fusion power quickly decays as observed during the
set to zero, which does not change any parameters. If corignition access phase.
plete LOSE in the bolometrie, = —1) takes place dur- If the fringe jump-up takes place more than twice,
ing the shutdown phase, the heating po®egr(HL) is €, = +100% at 25 s during the ignition access phase, as
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Fig. 10. The effect of interferometer failure on the ignited operatiane, = —7% att = 25 s during the ignition access phase,
(b) e, = +100% att = 25 s during the ignition access phase for the control algorithfiPef+(HL) and miK Sy (P;),
Sor(n), SoT({BN)}}, (€) €n = +100% att = 1020 s during the ignition shutdown phase for the control algorithm of
{Pex7(HL) andSy1(Py)}, and(d) e, = —80% att = 60 s during the subignited operation wighy = 0.7 for the control
algorithm of{Pex(HL) andSy1(Py)}. The Borrass density limit is lower than the density after ignition termination.

indicated by the dash-dot limg0)sjq, the heating power (B)max = 3.2% andn(0)gw ~ 1.3 X 10*° m~3 At the
Pext(HL) is increased, and fueling is decreased, as showsame time, the H-mode indicator and the temperature

in Fig. 10b, where the control algorithm ¢Pgzxt(HL)

increase, and then the beta value increases. Ignited op-

and mikSy1(Py), S7(n), S5T({B))}} has been used with eration with fusion powerk 1.5 GW and the beta value
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of ~2.9 can be maintained after 40 s because the erran the power balance E@A.3) in the Appendix is given
signal of the density1(0)sjq regulates fueling by fringe by the actual value,(actua).
jump-up, which is limited byn(0)gw. Forthe presumed set valuempf(sed = 0.90, ignition

If the fringe jump-up takes place & 1020 s during access is shown in Fig. 11a for the actual value of the al-
the shutdown phase without fueling, the fusion power depha confinement fraction, (actua) = 0.97. The heating
cays with a small bump at 1020 s, as shown in Fig. 10c
for the first control algorithm ofPex+(HL) andSy(P)}.
The temperature increases up to 50 keV due to the heat-
ing power and low density. Thus, the fusion power can 5
be terminated slowly. (a)

In the case of the subignited operation with the lower 4 e, TOHXIO keV) (B (e
confinement factoryyy = 0.7, the fringe jump-down of R J/ ‘”(L
en= —7% at 60 s as discussed earlier can terminate the 3 T
ignited operation. Disruption may be avoided down to i / """"
€n > —75% because the Borrass density limit is larger 2 — P,GW)
than the electron density after ignition termination. How- / <

ever, too much fringe jump-down, such gs= —80
to —100%, makes the heating power lower through
Pexr(HL) after ignition termination, and then disruption

could be induced due to the smaller Borrass density limit b
controlled by the density signal with fringe jump-down J My (actual)
as shown in Fig. 10d witla, = —80%. This subignited 0
operation should be done carefully for the failure in the 1 P (X100 MW)
interferometry.
Thus, we have found that LOSEinge jump-down 0 I\\

of the interferometry leads to termination of ignited op-
eration, and the abnormally large sigrifdinge jump-
up) can be controlled by the fail-safe control algorithm 0 b= N—

of {Pexr(HL) and minSpr(Pr), Sor(n), Sor((B)1- 0 20 40 60 80 100
Therefore, it is concluded that its impact of interferom- t(s)

etry diagnostic failure on ignited operation can be small
except for the subignited operation.

1 Spr(x10'° m¥s)

1.0t (b)

VI. IGNITED OPERATIONS WITHOUT LOST onition / .
ALPHA DETECTORS . »

0.9 / x
So far, we have considered the diagnostic failure ef-3 T o
fect on ignited operations. Similarly we can consider the 2 /
loss of signal in the lost alpha detector. However, it has%, /
been recognized that it may be difficult to implement the = a
lost alpha detector into a reactor including ITER dueto o8 / out of ignition
the incompleteness of detector developm&htespite .
active researcPf. Therefore, in this section, we assume o
that the lost alpha detector is not installed for feedback
control of fusion burn, and only the infraréit) camera
would be used to monitor the first-wall temperature
rise-up due to alpha particle loss.

In this study, we consider the presumed value effect 0.8 0.9 1.0
of the alpha confinement fractiofalpha-particle heat- Na(set)
ing efficiencyn,) on ignition access and ignited opera-
tion. While the alpha-heating power involved in the

Fig. 11. (a) Ignition access with the set value of the alpha con-
finement fraction of;,, (sed = 0.9 for the case aj,(ac-

external heating power calculated by H@) is deter- tual) = 0.97, andb) the effect of the presumed alpha
mined by the presumed set valuempf(sed as given by confinement fraction instead of the lost alpha detec-
P, = fpf13.52n,(sed(av)pr 1.6 X 10 *°n(0)? instead tor measurements. The dash-dot line indicates the line
of the measured value, the alpha confinement fraction with 1, (sed = n,(actua).
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power is larger than that in the casepfised = n,(actu- power surge up to 3.3 GW takes place by increase in the
al) = 0.97. Therefore, the H-mode indicator is larger dur-density. Therefore, this case corresponds to the case dem-
ing the heating phase; then there is more room for thenstrated in Sec. Ill.A.

parameter change in the alpha-confinement fraction. ) ) )

As the actual alpha-confinement fraction is decreasedVhen both the neutron diagnostics have a failure at the
ignition cannot be reached. Therefore, ignition and outSame time, the consequence is the same as discussed al-
of-ignition regimes can be distinguished as a function ofeéady in Sec. lllL.A. _ _ .
the actual alpha-confinement fractigp(actua) and the Numerical comparison, using the relationship of
setvaluey, (seb, as plotted in Fig. 11b. Fay, (sed =0.90 Pt = (Pa/Ma + Pi)Vo = 5(Pa/14)Vo = 5fpfrn(0)? X
set from the discharge outset, ignition can be maintainetB.52(o v)pr(T) X 1.6 X 10"V, with the other plasma
when the actual alpha-confinement fraction is reducegarameter measurements, should be done in parallel
down ton, (actua) ~ 0.88, above which ignition can be during feedback control. For this purpose, the alpha
maintained. Similarly, fof, (seb = 0.97, ignition can be density fractionf, and impurity density fractiorfi,,
maintained down te, (actua) = 0.94. The dash-dot line should be measured to obtain deuterium and tritium
shows the line withy, (seb = n,(actua). Therefore, the density fractions fp, fr with the relationship
smaller setvalue of the alpha-confinement fractionis morér = fo = (1 — 2f, — 4fge — Zfimp)/2, and the ion tem-
robust to the change in the alpha-confinement fraction. perature and profile should be measured to obtain

(ov)pt(T;). If the measured fusion power is largely dif-

ferent from the numerical value based on parameter mea-
VII. DISCUSSION surements, we may detect some failure in the neutron
diagnostics. Therefore, the numerical estimation with
_ .. other diagnostics may work as a backup diagnostic sys-
We have found that fueling is most critical for the tem, and a diagnostic network system should be devel-

safely ignited operation. Its maximum value should noty,e frther for a fail-safe ignited operation in a tokamak
be surpassed when some failure takes place. Fusion power,

g . ~F-"Yeactor, including ITER.
determining fueling can be measured by the microfis- g tar \ve have considered the case of the failure of
sion chambet®3” the flux monitor by the fission cham- ;

; the diagnostic systems of the neutron source measure-
ber®® and the neutron camerdsTherefore, if these 9 Y

di i tod | llel for fueli d ments, bolometers, and interferometers. A lost alpha de-
lagnostics are connected in paraflel for fueling and CoNgactor can be removed from the feedback control system

trolled by min{Sor(Py, fission chambel, SoT(P, fiux monito)s \while the detector is being prepared for physics mea-
surements and first-wall monitoring. In addition to this
fype of failure, the failure effect of such a cable discon-
ection should be considered. After diagnostic failure
he heating power was always applied, as seen in present
analyses, and such a function can avoid the disruption
. 8ssociated with the Borrass density limit. Therefore, if
and preventthe fast parameter change induced by the traiii, caple or line to the feedback controller for the heat-

sition to the L mode. ing power system from the diagnostic systems is discon-

. . i
So far, a neutron diagnostic system has been gserlﬁ;ected or malfunctional, or if the feedback controller
for deriving both the fusion power and alpha-heating;cqit does not work, the heating power cannot be ap-

power. When the separate neutron diagnostic system hage if his takes place before discharge, ignition ac-
been used for each measurement, the consequences I

. i Ss, of course, cannot be done. If it takes place during
pend the following two cases. This is calculated. by rejne ignition phase, it does not affect it at all, but the
placingepn — €pe in EQ. (2) andepn — €pr in EQ. (3): normal fusion power shutdown cannot be done because

1. When only the neutron detector for the alpha-the H-L back transition without heating power acceler-
heating power measurement has a failure in any phas@(es the fusion power decay, and the Borrass density
such asey; = 0 ande,, = —1, the heating power is in- limit becomes lower than the density, leading to the dis-
creased up to 100 MW, but fueling is functional. There-"uption. A similar situation may take place by shutdown
fore, the fusion power is controlled as a desired valuePellet injection. Therefore, a control system separated
but the temperature is increased up to 35 keV, and thifoM the feedback system should be installed for the

density is decreased down to 0<aL0?° m~3, Therefore, ~Neating power. .
the consequence is on the safer side. In Sec. ll.C it has been shown that an overesti-

mated measuring error of 10% changes the H mode
2. When only the neutron detector for the fusionto the L mode. In actual ITER experiments, for exam-
power measurement has a failure in any phase such ate, the fusion power will be increased gradually up to
epr = —1 ande,, = 0, fueling is suddenly increased while 1.5 GW step by step. At the same time, the set value of
the heating power is switched off. Therefore, the fusiorthe H-mode indicatoMy,_g should be chosen as large at

hand, control of the heating power is not so critical whe
the diagnostic failure takes place. Automatic application
of the maximum heating power of 100 MW after LOSE
is a safe function because it can maintain the H mod
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the first stage to obtain the fusion power in the H-moddermination for the case dfl o = 1.05 because the ig-
regime, even with a subignited operation, and then gradiited operation is conducted near the H-L transition bound-
ually reduced as the experiments go on. During this iniary. However, intheinitial D-T experimental phase, relative
tial phase, the diagnostic signals are checked with eadh-site calibration of diagnostics may overcome the cali-
other and can be calibrated in-situ relatively rather thamration problem using the larger set value of the H-mode
absolutely. As each reactor, including ITER, has its ownndicatorMy o to ensure fusion power inthe Hmode. Fail-
H-mode power threshold and confinement time scalingure of the bolometer systeta, < —0.4) during the igni-
the new experimental formula can be established, antlon heating phase leads to the ignition termination for
all measured parameters are adjusted experimentally duvty, o = 1.05. Therefore, its effect is less problematic than
ing this initial phase. Therefore, the in-situ adjustmenthat of the neutron diagnostics for fusion power measure-
of the ignited operation may find the optimum operat-ment. Interferometry fringe counting error, either jump-up
ing point, and the problem requiring high accuracy mayor -down, is not a problem for the machine safety except
be avoided experimentally. for the subignited operation. However,7% in interfer-

In this study, we have not considered the associatioometer measurements during the heating phase can termi-
of the main plasma core and divertor plasma as treatethte the ignition foMy_o = 1.05. In subignited operation
by the ITER teamt® but we have concentrated on the corewith yy = 0.7, too much fringe jump-down error may in-
burn control for simplicity. Upon considering this asso-duce disruption after ignition termination, based on the Bor-
ciation, what we should do can be understood from theass density limit. Fueling can always be switched off
diagnostic failure point of view. For divertor measure-during the normal fusion burn shutdown phase from the safe
ments, the wall temperature measurement of the divertamperating point of view. With this operation, any diagnos-
plate by the ir monitor(ir camera and radiation mea- tic failure cannot lead to an abnormal fusion power surge
surement by the divertor bolometers should be added. Trauring the fusion burn shutdown phase. Lost alpha detec-
radiation level can be feedback-controlled to keep the ditors can be removed from the feedback control system for
vertor wall temperature less than the critical one. The failignition burn by using the presumed set valugofsed =
ure of the ir camerdzero signal interprets the divertor 0.9, which provides a wider operation range.
plate temperature as zero; therefore, no more impurity is
injected although more impurities should be injected to
keep the divertor plate temperature lower. Thus, many APPENDIX
sets of ir cameras must be installed for monitoring the
divertor plate temperature in parallel as a backup. A tozpro-DIMENSIONAL POWER BALANCE EQUATIONS
roidal array of ir cameras may be satisfactory for this
purpose. L _ The fueling rate in the plasn,r and the external

. We have to construct the reliable in-vessel diagnospeating powelPeyr are used for the core ignition burn
tic systems at first because we may not be able to repaiionirol study. The fueling rate assumed here is already
these malfunctional diagnostics frequently after D-T opeposited in the plasma. Therefore, we are conceiving
erations. Then the diagnostic network system may SerVigie compact toroidCT) injection with the fast plasma
to compensate the malfunctional diagnostic systems. Thesponse rather than the gas puffing. Itis to be noted that
intelligent failure and abnormality detection systems musg in an actual situation, the CT fueling is repetitive and
be installed in the diagnostic network system. not continuous; it may provide slightly different simula-
tion results from this study.
The particle balance equation for fuels with the fuel-

VIIl. SUMMARY ing rateSyt is given by
dne(0) fo+fr 2f,
We have analyzed the consequence of the LOSE of  dt (1+ an)Sor = { ] o Ne(0)

the burn control diagnostic systems and considered fail-

safe operation in a tokamak reactor. (A1)
The failure of neutron measurements for fusion powewhere

leads to the fusion power surge for the simple control al- f = ne(0 0

gorithm of{ Pexr(HL) andSor (Py)}. However, this fusion o = Mo(0)/ne(0)

power surge may be avoided by switching off the fueling  f; = ny(0)/n.(0)

after detecting the diagnostic failure for the simple con- f —n(0 0

trol algorithm of{ Pexr(HL) andSy+(P;)}, and by the fail- o = Na(0)/Ne(0).

safe control algorithm ofPexr(HL) and minSyr(Py),  The helium ash equation is described by

So1(n), S5r({B))}} with the interferometer and the dia- df f

magnetic loop. A 10% overestimation of the neutron di- =< — (1 4 4 )n (0)fp (T v)or(X) — — . (A.2)

agnostics for fusion powek,, = +0.1) leads to ignition dt o
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The power balance equation with the external heating TABLE A.l
powerPexr provides ITER-like Plasma Parameters Assumed in This Analysis
dT(0 — 1tantar Major radius R=28.14m
dt 1.5e(fp + f1 + 1/y; + f,)ne(0) Minor radius a=2.8m
_ _ _ _ _ Toroidal field Bi=568T
X [Pext/Vo + Pa + Pop — {PL + Py + Ps}] Elongation k=16
Plasma current I, =21.0 MA
T,(0) R ’ = 2
— mpurity fraction Nge/Ne = 2%
(fo+fr+ 1/ +fa) Alpha-particle confinement time 7% /7= = 10
Temperature ratio v = Ti/Te=0.95
% (1 i 1 M — % (A.3) Fuel ratio np/nr =1
¥i ) ne(0) dt dt Alpha-particle heating efficiency, = 0.97
Wall reflectivity Retf = 0.9
The ITER93HP scaling is Hole fraction fu=0.1
Density profile apn = 0.15
TiteroznplS] = 0.0532A94 -6 [MA] n%g’ Temperature profile ar=0.9
X [ X 1020 m’3] R1-° [m] q 011 [m] Enhancement factor 10TER93HP)
0.6600.32 0.67 Peak electron density n(0) ~1.21x10°°m=3
X kPOBYE[T] /P [MW] Peak ion temperature T;(0) ~ 23.5 keV
— 0.85X ) Alpha ash fraction f, ~15.6%
TAUX = YhH TITER93HP Effective ion charge Zett ~1.55
(A.4) Alpha heating power P, ~ 286 MW
The confinement is assumed as = Min{7na, Taux}, Bremsstrahlung loss Pp~ 73 MW
wherery, is the neo-Alcator scaling. Sg]scmh;oérgﬁ druacdt:ggolgslgss ES :Zl%yh\jlvw
The various terms and parameters assumed are listel -

here and in Table A.1. Each term in the power balance
equation in Eq(A.3) is described as follows:

1. The plasma conduction loss % = A_n(0)/7
with A, =1.5( fp + f+ + 1/y; +f,) Ti(0) 1.6 X 10 %/(1 +
an + at); the temperature ratig; = T;(0)/T(0); and
the D-T fuel I‘atiO'yDT = nD(O)/nT(O) = fD/fTv fD =
(1—2f, — 4fge — Zfimp)/(1 + yor) andfr = ypr fp. Here,
it is assumed that the plasma energy is givenvy= 3. The ohmic heating power &, including the neo-
NpTp + Ny + NeTe + N, T, = (Np + Nt + NeTe/Ti +  classical resistivity.

n,)T; with the thermal alpha ash particle having the B
same temperature as the ion temperature, which is dif- 4. The bremsstrahlung loss® = A,n(0)2, which

2. The alpha heating power & = A,n(0)?, where
A, =1 1(3.52n,){ov)prl.6 X103 5, being the alpha-
heating efficiency.

ferent from the previous analysi¥The mass factoA; =  includes the ion-electron and electron-electron scatter-
2.5 was used. ing with the relativistic effects. The coefficieA is given
by
1 1 2T.(0)
= —38 . e
Ao = 1.5x10 Zeﬁ[ 1+ 2ay+ 05y | 1+ 2an+ 1507 m& ] 1:(0)
1 0.5 Te(0)
38 X e
310 [l+2an+1.5aT "1+ 20, + 2,50, { mc }
3 To(0))2] 2T (0)*®
B [TO2]2R08 s
1+ 2a,+ 3.5ar | m& mc2

wheremc is the electron rest energy. He#®&y; = (1 + yp1) fp + 4f, + 16fge + szimp, fge = Nge(0)/Ne(0), Ngeis the
beryllium impurity density, and,, = Ninp(0)/ne(0), wheren;y, is the other impurity density.

5. The synchrotron radiation loss B = Asn(0)2, which includes the relativistic effects, torus effects, and the
nonreflecting surfaces such as hote& The coefficientA is given by
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{fo+fr +1/y; +f,}1°

B(0)15\/?B[ {fH + (l_ fH) \ 1 - Reff}

As = 2.5X 107%°T,(0) *y*

1
X f {(1 — x2)0Sant2501(1 1 T, (0)(1~ x2)*7/20400Q
0

X {1-B0)(1- xz)"”*‘”}w\/m(l— x2)08ar 4 %a J?—f]Zde , (A.6)

whereRg is the wall reflectivity,fy is the hole fraction,

the ce_ntral toroidal beta is given B(0) = (B)(1+ an + 8. L. DI PACE et al., “Analysis of the SEAFP Reactor Fuel
1/7i + f)ne(O)T(0)/{(1 + an + a1)(B5/2m0)} -
The electron and ion temperature profiles are as-9. H.-W. BARTELS et al., “Fusion Specific Features in ITER
sumed to beT, (x)/T,(0) = To(X)/Te(0) = (1 — x?)*"in  Accident Analysis,”J. Fusion Energy16, 1/2, 3 (1997).
this study, respectively. . .
10. A.E. COSTLEY etal., “Requirements for ITER Diagnos-
tics,” Diagnostics for Experimental Thermonuclear Fusion Re-
actors p. 23, P. E. STOTT, G. GORINI, and E. SINDONI, Eds.,
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