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摘要

给出了沿极小势能轨迹从类托卡马克至反场箍缩(RFP) 的演

变。在反场箍缩条件下可允许用强等离子体电流克分加热等离子体

到点火温度，而不需要辅助的中性束或射频加热系统.

• 圃.自然M学a盒'哥助118.



THE EVOLUTION OF CONFIGURATION FROM

q>l TOq<l

Zhang Peng

(SOUTHWESTERN INSTITUTE OF PHYSICS ,CHENGDU)

ABSTRACT

The evolution of configuration from an initial state of t嘘amak-Iike plasma to

RFP along the trajectory of minimum energy state is studied. The high plasma cur­

rent allowed in a RFP is expected to be sufficient to heat the plasma to ignition

with凶t the need of auxiliary neutral-beam or radio- frequency heating.

·缸pponed hy S.,ian.1 S.'ur.1 Sri.咽. Pund.，田n.
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INTRODUCTION

We propose the evolution of c佣figuration[I.Z} from tokamak-like plasma initial

state to rever黯d field pinch (RFP). It is a new method of RFP 豁 auxiliary heating

to tokamak. furthemore it froms RFP configuration of the skin. The pitch is in­

creased with decreasing radius near axis. moTeO四r. grade of B. and shear is in­

creased at the boundary. It yields enhanced stability arising from the both回 men­

tioned before ~I]

The evolution of configuration from tokamak-like plasma initial state to RFP

along the trajectory of the minimum energy state is discu血d[zJ. Therefore. the re­

versed field pinch for Ohmic heating of the plasma to ignition has superiority over

high field tokamak.

The advantage吉 of a RFP reactor. i. 巳 high beta combined with low toroiaal

field. result in high 阳wer density plasma without large stres:;四 on the confining

coils. The current flowing in external coils con be sufficiently low for normal cop­

per coils to be used while keeping Ohmic I臼ses equal to a small fraction of the fu­

slOn power.

The free choice of as阳ct ratio. in optimizing the overall engineering design. is

another advantage.

1 MODEL OF EVOLUTION

A torus of large aspect ratio may be represented by a cylinder of radius a .

'il XB= I'B (1)

where It is a constant for a plasma enclosed in a conduting wall and in a minimum

energy state. In this case. the solution to eq. (1) with cylindrial symmetry (r ， O ，到

and 'il • 8=0 is given by

BJBo=Jo(Ze叫，

岛/B02JI(Ze叫，

B,/Bo =0.

where J D and .JI are the zeroth-order and first-order Bessel function , Bo is value of

B. at r =0.

Fr，佣1 Ampere's law
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v X B = p,;./ (3)

(4 )

and eq. (1); this readily obtained

p(t) =PoI，(/)/~(1)

=2'θ(t) /h.

where b is the mdiu.s of vacuum chamber wall. I， 自 the plasma current and the

toroidal flux is

φ(I) =畸~B~， (28(t)/θ(I). (5)

Usillj!' the field reversal ration F and the 阴nch panmeterθ. the safety factor at

wall is given by

fIWω= r·Fω/θω

where r = h/R and

Jo (2θ(I) 、
F= θ(I) -.v一一一一­

J， (2θ(I门

When HI) = 1. the 臼fety factor at axis is given by

qo(I) 每 r/θ(I)

The pitch of magnuic line is

P(r.I) = Rq(r.t)

where

qω=轩(~8ω1/叫言θω)

(6)

(7)

(8)

(9)

(I O)

(1])

(I 3)

(]4)

The magnetic energy of the B. field is

wz=jZF
rRBW
=一再三[J:(2θ(I» + Jf(2θω汀，

The magnetic energy of the B, field is

，rRli'B~ ，.. ..,_"',." 1
w， =-E一[JH2酬。) - 8(百Jo(2酬。 )J1 (28(tη+ J:(21酬。)] (I2)

Total magetic energy is

W lI =W. +W,
2R .....,.,,.,., .J. . JH28(1飞飞 J o(Z8{t) 1

=一萨。〉萨(1) 11+ 一一一一一. • |
1Joli'~ ，.，~ '"' L' , Jf(28(t» - 2θ(I)J I (28(t» J

The inductance of plasma is

]" =2W，/1~

的Rr. . JHZθ(I) ) Jo(28(1» 1
=-一-11 +一一一一-一一 |2 L' , Jf(2θ(I) t1(t).I .(28(t) J
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From 叫. (-t) we have

(5)

(I7>

<I 9)

(]6)

(20、

<IS)

2θ(t)
，=一.. L φ(t)

AD

and fr，佣I Ampere law. I. is given by

2R
1. = ;:i;剧。Fω

The 严>loidal magnetic flux in 向sma region 白

仇 = ~(t)[叫似ω71]/ME伽»

In r唔ion between plasma and conducting waD the poIoidal magnetic flux 白

叽 =Z1(叫R町f户

= 邸瞅(呻t

Total 网01灿血创I magn删E陀削噎创甜tic fI仙u罩 inside c回da回配副JCt i创In吨n.咱E嘻g 白

可"0 =1Jr~ + 1Jr.

=Rφ(1) [1 - Jo(2θω )]Ib • J. (2θ(I川­

From magnetic energy and 吨. (1 ) it can be given that:

w=rB· ('V X A)dV
J 2"句

，咿ω· 酬。 r K ， Jo (2θω川- .一-一一，- p<p LAφ气。 J1 (2θ(t»J"

where A = RIb. The magnetic helicity is

K = fA. 剧V. (21)

From eqs. (3) and (20) the ratio of poloidal magnetir. flux to torodal magnetic

feux 白

(24)

(22)2R[....."r. . JH28(t»1 J o(28(1»1
KI萨= ~;'iθω11 +一一一一一|--一一一〉l"''''L' I JH2θ(t» J- J 1(28(t»!

From 吨.n日 and u段d q it can be written:

1,(RFP) /1,(TOK) = A.81l" • q，睛 (23)

From Suydam conditionθ< 2. 1 with {J = O. 1. The sufficil'nt stability canditian

gives 8 < 2. 04 inβ= O. 3 and the helical deformation condition is 8 = 2. 02 with (J

=0.3.

For satisfying RFP stability(3). in general we get critical value 8 = 2 and fmm

eq. (15) we can get the plasma current limit in RFP

2冗b
I ,(RFP) =e豆豆;θI， .< B. >.
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where < B, > is the \'alUC!' of the toroidal magnetic field avera~ over the minor

cr，值s section.θI. can be ddermined from the stability condition. for the Suydam

c饵tdirionθ~ =2. I.Robinson criterionθI. = 1. 58.when P=0.

2 NUMERICAL RESULTS

Fig. 1-5 show evolutions of configuration along the trajectory of F- 6 from q

>ltoq'l.

Fig. 1 is the evolutions of the minimwn 阴阳'gy stat臼. The states at 'I' ' 2 ' I J •

14 are all located in the curves. The time e审oIution of the magnetic fldd and the

pitch of the field-Ii时 are 址town in Fig. 2-5. also it shows the evolution of pitch

from large 叫世 to smaU onf'. The ty阴cal q -profiles of t啤amak-like configura­

tion. ULQ. spMromak and RFP are shown in fig. 6. Where q deer国提$描 θln­

creases. Fig. 7 shows the profile of toroidal nux and IX邮dal flux with i配reasmgθ

R
and Fig. 8 is the profile of 'I = K!(磊萨川 andK = K!(2RltB伊) with incr'四Sing

θ.F也. 9 shows the profile of t甸甸daland 院邮dal energy with inc陀扭ngθ. Fig.

10 shows the variation of I， (RFP)厅，(TOK) with θandq.

In RFP ca曾. 1. 2< 6aFf' <2; In t啤amak or tokamak-like case. 1< q，晴 <3

and. for A =5. θ= 1. 5 and 6 =2. I, (RFP)/ I, <Toll) ratio valllC are shown in

table. 1.

Table 1 shows the variation of 1，(RFP)斤，(TOK) with 6 and q

τ曲Ie I

qr I. S z 2.S 3

( 8 =2) 10.00 15.67 20. ∞ 25.ω30.ω

1, <RFPI/I,fTOKI
(8 .., I. 51 7. S 11.25 IS. ∞ 18.15 22. SO

Table 2 shows plasma current in stable 叫>eration ( 1, ) com阳ring with its

critical value ( I ,. ). I , is Iωs than I ,. •

T....e1

胁Y~ ZT-40M HBTX.IA TPE·IRM
午"

.aeli皿 b.m 0.2 。.26 0.9 。.125

III8III~fic 'wid < B. >. T O. IS 0.225 0.11 0.13

pinch rafio 8 2. I 20 ?-.O 2.1

fheory I.. . kA 3∞ 585 " 184
~.pprim阳f. I ,. kA 250 5ω 85 180

Rf'If'~n田' [4J [5J [6] [7J
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(l ) The evolution of αmfiguration from q >1 to q < 1 along the trajectory

of F-8 cure. it is 削isfied for suydam conditionc,].
(2) If the skin time ('J to , is less than diffusion time of magnetic field

through plasma 14 • it is results in skin tiler. For example . r, = O. 2m , T co =
8



l OOt-V. t. = I~m幻'. =0. 1m 'r.., =20eV. t. =0. ~68ms. ，. =0. 2m. T... =5CltV.

I. =4. ~4 IDS.

(3) Plasma current rising time is greater than t~ sll: in time. then.' is no

skin eff~t in "-er苗。 the skin effect wiD be taken platt. the reversal t惊叫al fRId ris­

ing time I. must be 坠ss than diffusion time of magnetic field t. • andιmus在 be

greater thftl permeating tin隙 of stainless steel bdlows vacuum ~I. IL i. e. IL < I.

</d •

for examp~. HBTXIA: t. =0.4-4 MS_

RFX: t. =7-50 ms.

(4) RFP c回f也uration stability exist;'·}. in the skin curnnt COl叫ition.

Then

2 J • B·i Z _ 8p"
I~- p" 一一 I >- :~(J X 酌， 口5】

B.ιI - ,.B=
It is n创eel that Suydam inequality shows that the pre:se配eofa 阴阳lied c田nponent

ofthe 四rface current is essential to satisfy Suydam condition in the skin tin比

( 5) In the evolution of configuration (rom q » tf' q <).ι(RFP)/l，

( TOK) ratio v31四 can increase by a factor of 10. The high plasma currents a1­

lowed for RFP a陀 expected to be sufficient for heating t~ plasma to temperature

of ignition.

(6) The pla."'iMa current limit for RFP is given as 吨. (26) , We can choose

θ<2.1 from the Suydam stability conditi∞ ~ilJt satisf~四 that 1, (nm) 巳 lessthan

1, hheory) of the critical val四 in table 2.

(7) For example

After Ruing an initial state of tokamak-like (or tokamak) and using pro­

gramme of the aids of reversal fi:铲Id or matched rever回I field. the RFP c佣figura­

tion can be established. as in table 3 and 4.

Tal捕c 3 .-.帽I:II =O.Z.

inilial 血II' of 呻amall·lib(OI' I也a_It) q = 2. "IR = liS

ι. IIA …-- .-..…-一-一…一一一一一

(8~1.61 ..80 1....0

<B. 二'. T 0.3 fI.9

RFP aiR "'1/5

2.1 3.3

210 330

1.8 %.7 J.3

2880 4320 S280

一
36ω s..∞ 66ω

'

IBM

"
。"

600<8 "'21

B.. T 0.3

儿. IIA 30



R. A. Krakowski'- has giv~n pLuma CUfRnt I , = 7. 533MA of igniti咽. and

T. Tamanahas c.iesignffl Ohmic heating RFP RilCt时po. with R =~. 4~m. a =0.

:!7 m. I , =6. 6M. A.WMR Q is plasma radius.

This work is 削阴阳ned 峙 the Xational :'\atural坠iena FOl且ndation of China.
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