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EVALUATION OF FUSION POWER MULTIPLICATICN FACTOR
Setsuo NIIKURA*, Masayuki NAGAMT and Toshic HIRAYAMA

Department of Large Tokamak Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken

(Received May 21, 1986)

The fusion power multiplication factor including the beam-plasma
reaction (TCT effect), Q, has been evaluated with a simple plasma model, in
which the radial profiles of the plasma temperature and density are taken
to be typical forms observed in the recent experiments. The parameters to

be varied in this model are ﬁe’ beam power and energy, rf power, and

Trs
impurity contents which affect thE reduction of fueling density. For the
typical application, we have investigated the operation window to attain a
larger Q value for JT-60 hydrogen plasma which is converted to the
equivalent deuterium-tritium plasma. When the TCT effect by 100 keV
deuterium beam are considered, the minimum ntT=2.,7%10%3 (sec-eV-m‘a) is
necessary to achieve the break—eﬁen condition of JT-60. The Troyon B-limit
is a crucial parameter in the break-even condition for a Ip=Z MA discharge
if TE<0.55 sec for 100 keV beam. The minimum ntT required to attain the
break-even condition is lowered by enhancement of the the beam—plasma
reaction, by forming the peaked density and temperature profile, and by

reducing the impurity contents. When the TCT effect by 200 keV deuterium

beam are considered, the minimum nTT can be lowered to 2.0%1073 (SEC'eV'm_a).

Kevwords: Fusion Power Multiplication Factor, Break-Even Condition,

B-Limit, Beam-Plasma Reacticn (TCT effect), ntT Diagram

* On leave from Mitsubishi Atomic Power Industries, Inc.

(1)



JAERI-M 86-089

Rl G E A EEROFM

B T R EER 7 5 % < P
FamAT KBS« F e

(1986%F5H21H3%HE

S HEEFRQ (TCTRHEEZED) %, SO A/ HKBOHELCELNT I 7R
B e 75 A BEOERSHEENCT, L. ANF-%1, rp, ng NBIANT -, -
LTFVE, RFENT-BLIUAFYETH S, RENSHEAE LT, JT-60~EHL, QK
EOE% & BIEEARAE 7, ] T-600KET I Xwid, MDD -T7 7 A<iciBEL TIIR
Lt JT—600EREEERICHELEDNDOn Tt TIE, 100 keVEONBIIELATCTHRE
FERTHE, 2TX10% (seceeVem™) Thb, LT, 1,=2MARETH, <055
sec’iBiE, Troyon 4 limit s, BRFMEROEECRNTLNE, —F, -4 T7X7
FSOEE, 75 X<BE s 75 AvEEO Y~ 7 Licfmoksk, AeoBlssicid, B
BRMSERICHE n T TIRNE A, 20 0keVONBICLATCTHREEET S&, B/h
Ont T, 2.0%x10% (secreVem®) &5,

BB T3 11— 02 HEWEHFEGEINTAFEML 8 0 1 &HHD 1
wAEIIE S L ZEETALERAST

(2}




Contents

1. INnEtroduebion o ]
2. Caloulabional Method  --rorer s et e ee e 3
2.1 General ASSUMPLIONS  rrorrrrrermrre e 3
2.2 General Equations .............................................................................. 4
3. Application to B Y o B 10
3.7 Plasma Parameber o e 10
3.2 Dependency on Plasma Density «-orecerrrmemmiiiiiiiiiininieiii e, e, 11
3.3 Dependency on Energy Confinement TIME  cooeevrerrmooreeiemeesooosseee 12
3.U 0 Q-<B> AIAgram oo e 19
3.5 Enhancement of Beam-Plasma Reaction  «eceeeievooorooomooooiooaeeoninnni, 13
3.6 Profile Effect oo 14
3.7 Effect of Beam DeposSition .iiiviiiiiiiiiiieiee e 15
4o DISCUSSION  +orrrroo i e 16
5. COnClUding REMArKS  rorrerteerrermrmmiieiiti e e ee e e e e 19
Acknowledgements ..o 10
ReFerences e 20
Appendix A:  Flow Chart . 49
Appendix B: Beam-Plasma Reaction Rate: RB-P ................................. 49

JAERI-M 86-089




JAERI-M B6-089

H /s

TR - TR OO 1
I =y 5 - S P PR 3
I B LT S P 3
I 2 - 5= Ve 4
3. ITFEER (] T —B0DFHI) rrererremmmrsrreerrornr s sttt st s 10
T A 2 e R S ey 10
3.0 T AR T BARIE M e e e 11
3.3 T R EHADE TG B IR M v rereeerr arranaranis e e e 19
34 Q- A F A AT T L 12
LN T N I v TN/ V1. 37 B LR LR T L L T TS PP OPOEOUO PO PP P 13
I Tl v P 14
27 NBIICEBEEA A 2 TEDRNIR oereretrrererermmtettae et aes et st rae e e e e o 15

4 *{ﬁ aj‘ .................................................................................................................. 16
B B 19
3SR S O T TP RN P S 19
BRIE TR+ e ee v eet e e e e e e e 20
FEER A T 0 — F s — b eeeerereraeeeea e e e bt b e 49
FHEB 7 5 R RURER § R _prreerrr e ssrrs st s 43



JAERI-M 86-089
1. INTRODUCTION

One of major cbjectives in recent large tokamaks like JT—-60, TFTR
and JET is to reach the plasma break—even condition. Simulations of
the break-even condition utilizing the one~dimensional plasma
transport code1) or the high energy beam pgrticle behavior oodez)
generally take much CPU time, In these simulaticons, the energy
confinement time and the plasma temperature or density profile cannot
to be set individually since they are regulated by the electron
thermal conductivities or the particle diffusion coefficient.
Furthermore, some plasma parameters have uncertainties (for example
the electron anomalous thermal conductivity, impurity accumulation and
so on). In the present calculation, we employ a steady-state point
model in which radial profiles of the plasma temperature and the
electron density are assumed. These assumptions do not contradict
with the profile consistency hypothesis.3)

TIn the present paper, we find the operation window to achieve the
plasma break—even condition considering two key factors, i.e., the
energy confinement time and the g-limit. The results of the recent
plasma experiments have made it clear that the 8-1imit depends on the
plasma current 1inearlyu) and that its tendency follows the Troyon
limitB) . If the plasma current is suppressed to a lower value due to
the machine limited conditicns, the 8-limit may not be expected Lo
satisfy the break-even condition,

In Section 2, the calculational assumptions and equations are

described. In Section 3, the typical calculational results of

application to JT~60 are presented. In Section 4, the ntT diagram
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calculated by the present model is discussed. 1In Section 5, the

concluding remarks are summarized.



JAERI-M 86-089

2., CALCULATIONAL METHOD

2.1  General Assumptions

The code described i{n this paper has been developed to calculate
the fusion power multiplicaticn factor, Q, taking into acccunt the
beam-plasma reaction (that is TCT effect)§)’7) We assume electron
temperature to be equal to ion temperature, The energy confinement
time of thermal plasma, line averaged density, plasma current and
auxiliary heating power are parameters for the Q investigation. Ohmic
heating, beam heating, RF heating and o particle heating are
consldered as the plasma heating mechanism., Stored fast ion pressure
and density produced by neutral bteam injection and by a particle
production are calculated based on the steadyestate sclution of the
Fokker=Planck equation(g). These assumptions seem to be valid under
the condition that a beam heating pulse is longer than the fast ion
slowing-down time and that the injected beam energy is larger than the
thermal plasma kinetic energy. Fast ion production by RF heating is
neglected in this code since these phenomena are not fully understood
as yet, Only D-T fusion reacticn is considered for the fuslon power
estimation. The hydrogen plasma is converted to the equivalent
deuterium—tritium plasma, assuming that the profton density consists of
the deuterium and tritium densities. The power multiplication factor
for the beam—-plasma reaction (TCT effect) is calculated assuming the
Maxwellian target plasma and the beam velocity distribution.

The unit system in this calculation iz MKS and eV.

The main flow chart of this code is presented in Appendix A&.
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2.2 General Equations

Following the assumptions in the previous secticn, general
aquations are described in this section.

Global energy balance is represented by

g J'{ne(r) s ey - n‘;“(r)} T(r) av
abs abs
= Tg (F’OH + Py + PRF + Pa) (1)

where ne(r) is the electron density, th(P) is the thermalized

deuterium density, n%h(r) is the thermalized tritium density, e is

the energy confinement time for the thermal plasma, POH is the

gbs is the absorbed neutral hbeam power, P abs is

ohmic heating power, P RF

the absorbed RF power, Pa is the g particle heating power, and T(r)=Te
(P)=Ti(r) is plasma temperature and its radizl profile is assumed as

follows;

(2)

where T¢ is the plasma temperature at the plasma center, ap is the
plasma minor radius, Y=q0 is the safety factor at the plasma center,
and a is the safety factor at the plasma surface and given as

follows;

q, = sl L5 (3)

—4 -
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where Bt is the teroidal magnetic field, Rp is the plasma major
radius, I_ is the plasma current, and « is the plasma ellipticity.

The radial profile of the electron density is assumed as follows;

(4)

where nz is the electron density at the plasma center., The
thermalized deuterium and tritium densities are determined by the

following equation;

th th ~f ~f
ne(r) = N, (r) + nn r) + nB(r) + 2na(r) + ZQ“ZQ + zmnzm (5)

where Egﬁr) is the velocity space averaged fast ion density produced
by neutral beam particles, Hi(r} is the velocity space averaged fast
icn density produced by o particles, ZR’ nzﬁ are the electric charge
and density of a light impurity respectively, and Zm, nzm are for a
metal impurity. The space profile of nzg/ne and nzm/ne iz assumed to

be uniferm. The velocity distribution of fast ions is assumed as

follows;
Flv) = (v3 + v;)“ (6}

The velocity space averaged fast ion densities of the beam and «

particlesg) are described as follows;

=7 . Yo v
n"(r) = S(r).7 () J Ty Gy Y (7)
a ¢
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/’ F . s . :
where vy = ZEB/m is the initial velocity before the slowing-=down

process, EB is the beam injection energy from the first to the third

components, S(r) is the fast ion deposition rate (so called the birth
rate) and profiles are presented in eq.(9)and eq.{10), and TSe(r) is

the Spitzer icneelectron momentum exchange time and given by

3
Af-Te(P)E
_ x 13
Tl = 379 % 1077 Zrey (8)

where Af is the atomic weight of the fast ion and Zf is the electric
charge of the fast ion. The radial profile of the beam deposition

rate is assumed as follows;

: s r Q
S5(r) = Sy f1- (3 )2} (9)

where Sg is the beam birth rate at the plasma center. The profile of
the o particle deposition rate is determined by the following

equation;

th th __._th .
p (rleng{r)e<ov> (r) + Ry p(r} (10}

Sa(r‘) =1 P

where <ov>th(r) is the fusion reactivity of the D-T thermal plasma and

RB“P(P) is the beam~plasma reaction rate as described. by eq.(19).
Vc(r) = ¢ 2Ec(r’)/mf in eq.(7) is the critical velocity and EC is

the critical energy during the slowing-down process described as

follows;
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m l E z
L3 L3
J

EC(P) = 1&.8Te(r) ( (i1)

m m,

jan)
™

where the suffix £, H, j, 1 mean the fast lon, the hydrogen ion, the
plasma ions and the typical icn, respectively, and m, n, and Z are
mass, density and electric charge for each particle, respectively.

The ¢ particle heating power without considering the orbit effect

in eq.(1) is represented by

P = 3.52{(MeV) J é {(r)ayv (12)
o ) a

The volume averaged toroidal and poloidal beta value are

presented as follows;

th f
Gayrotal pr ot <2y (13)
- B, */2u,
t
th f
Btotal ~ <p> i <p>B (11)
p - sz/zl-lo

where <p>th is the wvolume averaged pressure of the thermal plasma,

<p>§ is the volume averaged pressure of the beam fast lon derived from
the assumption of one dimensicnal velocity distributions), and they
are described by the following equation;
h J{ne(r) + n;h(r) + ngh{r)}T(r) av
<p>7 o= (15)

i
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. B
¢ J{SB(P)-Tse(P)-EB-Ge(r)/E}dV
<Py = v

witpo

(16)

where V is the total plasma volume and Ge is the energy transfered

rate to plasma electrons during the slowing-down process given by

v i
2 J ° M dv : (17)

The volume averaged pressure of the a particle fast ion which is
gerived by the similar equation to eq.(16) is neglected mainly in this
caleculation because cof the smaller value compared with <p>g.

The fusion power multiplication factor including the beam-plasma

reaction is described as follows;

J{1T.6(MeV)th(r)-n%h(r)-<cv>th(r)+17.6(MeV)-RBeP(r)}dV

abs abs
Pon * 7B * Prp

total= (18)

Q

The first term of the above equation is for the D-T thermal plasma

reaction and the second is for the beam—plasma reaction. The beam~
plasma reaction rate RBFP(FJ is gilven by
. EB <cv>B

RBE‘PCP) s SB(I‘)‘nt(I") JE T;E_E—; dE (19;
th dt

is the fusion reactivity between the Maxwellian thermal

B
i 7y , dE .
plasma and the mono=energy fast beam ion{see Appendx B). < T > 1is

where <{gv>

the energy loss rate by all the thermal electron and ions (see
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Appendix B) and derived from the assumption that the beam injection

energy (EB) is much larger than the thermal plasma energy (Eth).
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3. APPLICATICON TO JT<60

3.1 Plasma Parameter

The fusion power multiplication factor is studied for the JT-60
hydrogen plasma by converting it tc the equivalent deuterlum~tritium
plasma. The typical plasma parameters of the JT=60 divertor plasmag)

used in the present caleculation are described as follows;

Rp = 3.15m
ap =0.83m
v = 43 m?
Ip. = 2 MA (if possible 2.7 MA)
Bt = 4,37
a5 = 0.9
PA%% 20 My
EB = 100 keV
P;§S= 10 MW
Zg =8
nzﬂ/ne= 0.01
Zm=n /ne=0

The circular cross=section plasma is considered in this calculation.
The auxiliary heating powers are treated as the absorbed power into
plaséa. The o particle heating is also considered as the plasma
heating mechanism. The impurity contents In this case results in
Zeff ~ 1.5,

At first, we study the fusion power multiplication factor (Q) for

the typical parameters of JT-60 in Sec. 3.2 ~ Sec., 3.4. Next, we

investigate ways to enhance Q in See. 3.5 and Sec. 3.6 apprehending
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that the break-even condition could not be attained by the typical
parameters. Finally, the effect of beam power deposition on Q is
studied.

Fig. 1 indicates the radial profiles of various parameters in the

typical calculational model. (1E=O.Hs, Be=6x1019 m-?, EB=1OO keV, ngh
n$h=1:1, Q%o g, and <> 3o 3u1).

3.2 Dependency on Plasma Density

The fusion multiplication factor ineluding beam—plasma reaction

total

{Q ) versus the line averaged density (ﬁe) is shown in Fig. 2 for

the various auxiliary heating power at TE=O.H sec and ngh:n¥h=1:1. 20

bs total>

MW of P;bs and additional 5 MW of p2 are required for Q 1. In

_ RE
the case of PPS- 20 mw, gtotal

. has the maximum value at He=6x10‘3

m~3, At this density, the fusion multiplication factor of the thermal
- - ; h .

plasma in eq.(18) is most enhanced since <ov>t has the square index

dependency on the ion temperature between 10 keV and 20 keV under the

same plasma pressure. The fusion multiplication factor by the beam~

beam total beam

plasma reaction (Q ) is a half of Q at Eea6x1019 m3. Q

for low density is larger than that for high density since RB—P is

enhanced by higher plasma temperature in low density (Fig.B-1).

- ) bs
Fig. 3 shows QtOtal versus n, with several values of t_ at pd

E B
=20 MW and ngh:n;h=1:1. 1E>O.H sec is necessary for QtOtal> 1. With

total

TF=O.M sec, Q has the maximum value at Ee=6x1019 m~? for the same

reason as mentioned above.
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3.3 Dependency on Energy Confinement Time

The dependence of Q“Otal on the energy confinement times is

studied., Fig. % shows QtOta*, <B>t0tal, B;Otal and T° versus 1., at

E
He=6x1019 m-*, Pgbs=2o MW and ngh:n;h=1:1. These values increase
. , _ total ] .
menotoncusly with T - The condition of Q beyond unit requires e

over 0.42 sec. The averaged toroidal bpeta, however, exceeds the

Troyon beta limit at 1 > 0.34 sec for 2 MA of Ip and at 1. > 0.45 sec

E E

for 2.7 MA of Ip. The Troyon limit factor is assumed to be 3,5 based
)

on the recent experiments . We must note that Q and the averaged
beta value for Ip=2.7MA are different more or less from them for

Ip=2MA since the temperature profile is changed by q in eq.(2).

We study the dependencies of QtOtal o Z at He=6x1019 m~?,

eff
Pgbs=20 MW and ngh:n;h=1:1,_as shown in Fig. 5. We consider in this

case Z =6 (carbon like) and nzg/ne=0.01~0,06 as the light impurity.

L
. , . total - .
The metal impurity is neglected. Q decreases with nzl/ne since

the thermal deuterium and tritium densities are reduced by the

inerease in impurity ions. In this case, Zeff<1'3 is required for

total

Q >1 at 1 < 0.4 s,

3.4 Q=<g> Diagram

According to the results described in the previous section, when

the absorbed beam power is 20 MW and the energy confinement time is

total

0.4 sec, 0 has the maximum value at 6x10!° m~* of the line

averaged electron density. So we have investigated the relation

between QtOtal and <S>tOtal for the various values of energy confiment

time and auxiliary heating power at Ee=6.0x101g m-* as shown in Fig.

6. Fig. T shows chermal which 1s obtained by subtracting the fusiocn

multiplication factor by the beam~plasma reaction from QtOtal
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thermal

eq.(18) and <g> obtained by deducting the beam pressure from

>total

<B in eq.(13}).

The following are cobserved from Fig. 6 and Fig. 7. With

1, 2 0.80 sec, gthermal oy 4o achievable for pgbs < 10 MW and

POYEl. 24, Witk 0.55 sec < 1y < 0.8 sec, %02l 5 4 ang

stotal . ny s attained with p;bs < 15 Mw, and genermaly ooy

attainable for Pgbsa 20 MW with added P;?S <5 M while <g>t°talyog.

With 0.40 sec < 1, < 0.55 sec, Q% 5 1 is achievable for Pgbs=2o MW

35555 MW while <g>to%8ty

<a>

<g

plus P 2%, Consequently, if we consider the

> 0.55 sec¢ and Pabs < 15 MW

B

Troyon limit at Ip=2MA as the ag~-limit, Tp

are required for the break-even condition at He=6x1019 m~*. With
Tg < 0.4 sec, it 1s necessary to enhance Q value for the break-even

condition in the way described in Sec. 3.5 and Sec. 3.6.

3.5 Enhancement of Beam-Plasma Reactlon

The power multiplication factor of the beam-plasma reaction has a
larger value with the beam energy, target plasma temperature and ratio
of tritium to electron density increased as shown in Fig., B-1.

So we evaluate Q value for 200 keV deuterium beam with the same
beam particle velocity as 100 keV hydrogen beam and for a low electron
density (Ee=ux?019 m~?) results in a higher target plasma temperature

; total .
for the same plasma pressure. Fig. 8 shows Q as a funetion of
the ratio of tritium density to the thermal dueterium and tritium
densities for 100 keV and 200 keV deuterium beam, respectively. The
total abs

minimum g for Q = 1 inFig. 8 is about ©.15 sec with PB =20 MW

t t
and n?/(nh+nh)~1. The plasma radial profile for the minimum 1

DT E

condition mentioned abeove is shown in Fig. 9. The thermal plasma
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pressure is comparable to the fast beam pressure. The density of the

fast beam icn is a half the thermal tritium density.

3.6 Profile Effect

3.6.1 Plasma density
The effect of the electron density profile is studied for the

following radial profile form.

o _ r o0
n {r) = ng {1 ( 2 )2} (20)
QtOtal, chermal and the plasma pressure versus the index o as a
~ - 19 _a abs th th_, .
parameter af TE-O.H sec, ne—6x10 m-2, PB = 20 MW and TN e =111

are shown in Fig. 10. With the peaked density profile as o increases,
total | . . .

Q is large since the thermal plasma reaction 1Is enhanced at the
pilasma center. On the other hand, the averaged plasma pressure is
almost constant even if the electron density has the peaked profile,
Consequently, when the density has the peéked profile by the beam
cr the pellet injected particles, Q is able to have a large value for
the same e and averaged toroidal beta, On this occasion, the central

plasma temperature must keep the same high value even If the density

profile changes.

3.6.2 Plasma Temperature
The effect of the plasma temperature prefile i1s studied by the

radial profile form of eq.(2). The radial density profile is given by

eg.(4).
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QtOtal, chermal and the plasma pressure with the Y parameter of

the plasma temperature at TE=O.M seq, ﬁe=6x1019 m-7, Pgbs=20 MW and

ngh:n§h=1:1 are shown in Fig. 11. With ¥=0.4 ~ 0.5, QtOtal has the

maximum value since the fusion reaction is enhanced at the plasma
center. When the temperature prcfile is contrclled by RF heating, Q

is able to have a larger value with the same 1. and <g>,

E

3,7 Effect of Beam Depecsition

The absorbed beam power has been assumed to be the injected beam
power in the previous sections, The injected beam power is lost in
the various forms such as shine through loss, charge exchange loss,
orbit loss and ripple loss, In the case of the perpendicular
injection to a low density plasma, the shine through loss is
dominant. Fig. 12 shows the density dependence for the fusion
multiplication factor, the averaged beta value and the absorbed power
considering the beam shine through loss in the case of quasi-
perpendicular injection, using the fast computer code for the bean
deposition rate1o) at TE=O.M sec, Pénj=20 MW, EB=100 keV and ngh:nih
=1:1. Over twenty percents of the injection beam power is lost by the
shine through at below 4x70!° m-® of the line averaged electron
density for 100 keV neutral beam. Then,'the fusion multiplication

factor and the averaged beta value decreases under Hx10!'? m-?® of n -
Q has the maximum value at ?18=6x1019 m~3 for the same reasons as

mentioned in Sec. 3.2.
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4, DISCUSSION

As the summary, we have calculated the ntT diagram of the break-
even condition and the ignition condition as shown in Fig. 13. The
plasma temperature and density radial profiles are assumed %to be

eq.(2) and eqg.(4), and Ze =1.5. In the present ntT diagram, n, is

ff
the line averaged electrcn density, 2 is the energy confinement time
of the thermal plasma, and T is the density averaged temperature. We
consider three types of approaches to obtain the break—even condition.
The first type is with the thermal D-T reaction only. The second and
third ones are by the thermal reaction and the beam-plasma reaction
utilized 100 keV and 200 keV dueterium beam, respectively. The values
of the minimum ntT, which are required to satisfy the break—even
condition, are 4.3x10%%, 2.7x10%3, 2,0x10%® (sec+eV.m~?) for each type
as shown in Table 1. Fach minimum ntT is identified as A, B and C
points in Fig. 13. If the profiles of the plasma temperature and
density change from eq.(2) and eq.{(4), described in Sec. 3.6, the
abs th__th

minimum ntT is different value. 1In the case of PB =20 MW and nD .nT

-3

=1:1, Ee, 1. and T at the each minimum ntT point are 7.4x10'% m™3,

E
0.54 sec and 10.7 keV for the first type, 6.3x10*% m~?, 0.42 sec and
10.5 keV for the second type, and 5.1x10!'° m™3, 0.35 sec and 11.2 keV

for the third type (Table 1)}. As far as the second type is concerned,

ab

. S_20 MW, 1.=0.4sec described in

the maximum Q at Be ~ 6x10'? m~%, P .

Sec, 3.2 exists close to the above minimum ntT. For reference, the
minimum ntT for ignition is 2.5x10%% (seceeVem™?).
We discuss the relation between the averaged toroidal beta value

and the energy confinement time at the minimum n1T values (Table 1) in
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T
Fig. 14, <B>th in Fig, 14 means the plasma pressure where all

1]
particles are thermalized at BT=M.3 T. The relation of TE and <B>th

is described as follows;

[nt7] .

1
‘{E = '—T[.ni (21)
<B> 'Bé

abs

Pth , which is required for

The absorbed power to the thermal plasma,
43 m?® of the plasma volume s also indicated in Fig. 14, and

represented Dby

th',2 .
2bs (<B> ) Bt

th * [netl (22)

P

The toroidal beta value is the important key parameter in the low
plasma current 1if this value Is restricted by the Troyon limit. We

discuss the condition reguired to attain.the break—even condition

ot
using the relation hbetween <8>"h and the Troyon B-limit. Since

1
<B>th is used as a simple way instead of <8>tOtal which must be

compared Wwith the B-limit, the reqguired conditicons become loose more
or less comparing with the condition described in Sec. 3.4, With Ip=2

MA, 1. over 0.8 se¢ is required for only the D~T thermal plasma and

E
the thermal absorbed power (P?ES) is required to be about 12 MW, On

the other hand, if 1. is below 0.8 sec, the beam-plasma reaction is

E
abs

th 20 MW

needed. With the 100 keV deuterium beam, 1_>0.5 sec and P

for Ip=2MA are required. With the 200 keV dueterium beam, 1. > 0.35

E

sec and P3E5~26 MW for Ip=2 MA are required. In the case for o <

0.35 sec, 1t 15 necessary to have the peaked density and temperature
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profile as represented in Sec., 3.6, to enhance the beam-plasma

reaction described in Sec. 3.5 or to attain the larger beta value.11)

The various 1. scalings with the additional heating power and

E

the plasma density are indicated in Fig. 15. Based on the results of

the recent plasma experiments, the energy confinement time in the

12) is not so long compared

13)

auxiliary heated plasma {so called L-mode)
with the expected value through the ohmic heated plasma
Considering the previous studies, it is necessary to attain the high

43

1
energy confinement time (so—called H-mode )" for achievement of the
plasma break-even condition, If the energy confinement time increases
with the plasma density like INTOR secaling, the minimum ntT point

shifts to the left—-hand side along the each line., The minimum ntT

abs

B =20 MW for each type are 6.5x10%%, U,3x102%, 3,7x10%?

values with P

(seceeVem™ %) in the TF‘INTOR scaling.
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5. CONCLUDING REMARKS

Wea have.evaluated the fusion power multiplication factor with a
simple plasma model as described the calculational assumptions and
methods in Sec., 2. As the typical results, applications to the JT-60
plasma for the various parameter are presented. As the summary, we
have shown the ntT diagram obtained from the computed results.
onsequently, it is concluded that the best apprcach to the break—even

4)

condition is to gain high energy confinement time (H—-mode)1 or to

increase B*limitj'). Alternative ways are to enhance the beam—plasma

reaction, to form the peaked density and temperature profile, or to

reduce impurity contents.
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auxiliary heating power constant case. Troyon g~limits for

Ip=2 MA and 2.7 MA are also indicated,
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D T

QtOtaJL as a function of ngh/(n

) which is the ratio of
tritium density to deuterium plus tritium densities as a
function of various energy confinement times at Be=ﬂx10‘9

-3 abs - _ _ i
m~*, PB (=20 MW) + Pa, Rp .15 m, ap 0.83 m, BT 4,37 and

I,=2 MA. at°%el by 100 keV deuterium beam is indlcated by
dashed line and that by 200 keV deuterium beam is represented
by solid line.
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Radial profiles of plasma density (ne, ngs Mo ), stored fast
ion density (Eg, ﬁi), plasma temperature (T), velocity space

averaged beam and o particle energy (Eg, Ei), thermal plasma

pressure (pth), and velocity space averaged beam fast ion
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total, chermal’ <S>total, B;:otal and TC

on density index o at 1.=0.4 sec, Ee=6x10‘9 m-3%, P

E
th _th
(=20MW)+P _, E_=100 keV, np:ng=

BT=M.3 T and Ip=2 MA. (b) Typical radial profiles of

(a) Dependency cof Q

abns
B

1:1, R - .15 m, a =0.83 m,
v By 3 o 3

elecfron densities with index a.

(a) Dependency of Qtotal’ chermal’ <B>total’ B;otal and Tc

on plasma ftemperature radial profile parameter Y at 1E=O.4

n o= 19 -3 abs, _ = th th_
seq, ne—6x10 m=3, PB (-20MW)+PG, EB—1OO keV, noting’ =

1:1,
R =3.15 m, a =0.83 m, B_=4.3 T and I_=2 MA. ({(b) Typical

D 3.1% m, D 3 T 3 o ) Typ
radial prcfiles of plasma temperature with parameter Y by
solid lines, Dashed line shows radial profiie of electron
density.

Effect of beam deposition. Density dependence of QtOtal,

chermaI, <B>t0tal’ BtOtal, TO, absorbed power into plasma

p
23%% .14 shine through loss P_ at 1,=0.4 sec, Pén3(=20MWJ+Pa,

E
th_nth_
DT T

1:1, Rp=3.15 m, ap=0.83 m, BT=M.3 T and
Ip=2 MA. We neglect charge exchange loss, orbit loss and
ripple loss. Line averaged electron densities for Murakamil
factors which correspond to 6.0 and 10.0 are also indicated.

ntT diagram for ignition condition and break-even conditions.

We consider three break—even conditions by only thermal D-T

reaction and by thermal D-T reaction including TCT effect

with 100 keV and 200 keV deuterium beam at Zeff=1.5 and
n;h/(n;h+ngh)=0.5. Point where each condition's line touches

niT constant line has the minimum ntT value and is indicated

as symbol A, B, C and I. QtOtal=1 considering TCT effect
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Wwith 200 keV deuterium beam for n;h/(n;h+ngh)a0.75 or 1.0 is
also indicated.
Relation between energy confinement time and averaged
toroidal beta values which means the plasma pressure where
all particles are thermalized at BT=H.3 T for the minimum ntT
values by only thermal D-T reaction and bty thermal D-T
reaction including TCT effect with 100 keV and 200 keV
deuterium beam. Absorbed power to thermal plasma P:ES for 43
m® of plasma volume is also indicated,
Various g scaling. {(a) Power dependence at Ee=6x10lg m—?,
Rp=3.15 m, ap=0.83 m, BT=M.3 T and Ip=2 MA. {b) Density
dependence at PO °=20 MW, R,=3.15 m, a =0.83 m, By=4.3 T and
Ip=2 MA. Kaye-Goldston x 2 suggests H~mode scaling.
power multiplication factor of the beam-plasma reaction QB as
a function of deutron injection energy for various plasma
temperatures (Te=Ti) in a Maxwellian target plasma. The case

th

of nT‘=ne is indicated by soclid lines and the case of

n§h=ngh=ne/2 is demonstrated by dashed lines., 17.6 MeV per

reaction.
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Various g scaling. (a) Power dependence at Be=6x1019 m—?,

R =3.15 m, a_=0.83 m, B_=4,3 T and I_=2 MA,. b) Densit
5 3.15 p 3 T 3 b .( ) y

b

dependence at P8 20 MW, Rp=3.15 m, ap=0.83 m, BTaM.3 T and

p=2 MA., Kaye~-Goldston x 2 suggests H-mode scaling.
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APPENDIX A FLOW CHART

The main flow chart of this code is described as follows;

abs abs
PRF » Ip, EB,

Read T P

E* e’ B
D'I'/ (nD'*'nT) nz‘q’/ne; nzm/ne,

ZE, Zm, R-P, ap, K, BT’ gai

th

T (r)

th
Calculate ne(r), ny (r), n

Calculate T(r)

on® Tor Rp-plr)
Sp(r), 5,(r)

Calculate F

Calculate T(r)

no

yes

Qélculate Eg, Ei, Eﬁ, Ei

Calculate QtOtal, <B

>

>total

total
. B
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APPENDIX B. BEAM-PLASMA REACTION RATE: RB*P

We assumed that the injected beam particles were Ltrapped fully
in the plasma. The energy loss rate by the thermal electrons or ions
per one of the beam particles is represented by the following equation

under the Fokker~Plank slowing—down model;

p3lz r3/z g g2 A,

3 X € J i 1 J X F(X.) (B-1)
1 /R /En_ LA j 3o

;515 <] e n e

dE X
< a‘ >J(E) =

where the suffix x, j mean the injected beam particle and the field
particle of all the thermal icns and eleétron, and the suffix ¢ means
electron, Toe is the ion—electron momentum exchange time determined
by eq.{8), A is the atomic welght, Te iz the electron temperature, n
is the plasma density, E is the injected beam energy during the
slowing~down process, and QnA is the cculomb logarithm, Xj and F(Xj)

are determined as follows;

Aj E
= e B-2
Xj AT, ( )
X J
e -x2 A, ~x 2
F(X.) == | Je “dx~(1+:2)e (B-3)
J X. A
J o X
When the field particle is electron, Xj<<1 and XJF(Xj) = % X;'

When the injected beam energy is larger than the thermal plasma

energy, Xj>>1 and XJF(XJ)~1. Sc, the energy loss rate by all the

743,,



JAERI—M 86089

thermal electrons and ions is simplified approximately from eg.(B-1)
as follows;

EB/Z F EE/Z

dE _x | dE _x 2 C
¢ == = pacen o T e e B4
dt > E) § < dt >j T ( gi/2 ) ( )

The fusion reactivity between the Maxwellian thermal tritium

plasma and the mono-energy denterium beam ion is described as follows;

vm » ; -
-<GV>B(E) = _lﬂ‘ E—E ~l { g (UWUlexp(2/ EI {%ig - 21 % - %)
vVenkT T VE °°

D Iy
~ exp(~2/ ;E K%ZE - EE

- % )}dU . {B-5)

)
o
—3

where the suffix 7, D mean tritium and deuterium, respectively, and
g(U) is the cross—section of D-T reaction.
The reaction energy between the target tritium plasma and the

injected beam particle during the slowing down process is

EB <gv>B(E)
= { e ) —_
EF 17.6(MeV ) n, JF — E >D(E\ di {B-6)
“th dt !

where EB is the beam injecticon energy at the start of the slowing-down

rolin

proecess and E =

th T is the thermal plasma energy, and n, is the

£
tritium density of the target plasma, The beam—-plasma reaction rate

is defined by the following equation;

,44 —
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. By <ov>B{E)
Rg_p = Sp 0t jE T & 5 dE (B-7)
th dt

where SB is the beam birth rate. Equation (B-7) corresponds to

dE

I >{E) as

eq.(19) in the present text. Two equations for <
previously mentioned in eq.(B~1) and (B—%4) are prepared. We recommend
eq.(3-4) since the relative error between eq.(B-1) and eq.(B-4) is
less than one percent and the computing time of eq.(B-4) 1is shorter
than that of eg.{B8-1). All the integral calculations are carried cut
using Gaussian's method.

Fig. B—~1 shows QB=EF/EB as a function of deuterium injection
energy for various temperatures in the Maxwellian target plasma by
17.6 MeV per reaction. Q_ increases with the plasma temperature since

B

the ion—electron momentum exchange time become long. Q_ depends on

B

nT/ne almost linearly and has week dependency on ng due to LA,

For reference, the fast ion slowing-down time i3 described as

follows;
- 3/2 3/z2
. JEB dE Tse 2 Eg't * Eg J (B-8)
=" — = h T T T T372 5 w372
S e, < &0 3 By TR

where Ec is the critical energy during the slowing-down process at
which energy being transfered equally to plasma ions and electrons as

presented in eq.(11).
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Power multiplicaticn factor of the beam-plasma reaction QB as
a function of deutron Injecticn energy for various plasma

temperatures (Te=Ti) in a Maxwellian target plasma. The case

cf n;hxne is indicated by so¢lid lines and the case of
th _th

nT ng =ne/2 is demonstrated by dashed lines. 17.6 MeV per

reaction.



