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Dynam ic stabilization of D-T burn in Tokam ak reactors 

Shi Bing-·Ren and Long Yong-·Xing 

(Southwestern Institute o／PhysicsJ China Academy ol Engineering Physics，Chengdu 610042) 

Abstraet A simple，engineeringly feasible dynamic method is supposed to control the 

deuterium。tritium burn process in Tokarnak reactors operated in an advanced scenario．The 

therm al transport of the D。T plasma is described by an anomalpus thermal conduction which 

is a radiaUy increasing function and the central conduction vahle is proportional to the central 

temperature of the plasma．The dynamic extern heating Power is selected to be invcrscly 

proportional to certain power function of this temperature． As a result．the D。T burn can 

undergo in controllable way in different temperature regim es with different power output． 

AnomalOUS alpha particle transport cffect is taken into account． It can affect the resultant 

plasm a equilibrium，the reactor emciency．the operation mode and so on． 

K eywords Burning plasma，Thermal instability，Dynamic control，Anomalous alpha diff_11- 
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1 Introduction 

The deuterium。tritium f D．T1 burn process 

is known to be therm ally unstable due to the 

strong dependence of the fusion reaction rate on 

the ion temperature．Complete self-sustaining 

burn seems to be engineeringly unfeasible be- 

cause the operation temperature needed is too 

high． It has long been recognized that some 

kinds of controlled method should be found for 

the suggested Tokamak reactors[1,2】
． M any nu。 

merical codes have been developed to examine 

designed reactor scenarios which benefit to our 

understanding of burn physics． However，ev。 

cry code is restricted by an unfortunate fact 

that sofar we have had no direct self-sustaining 

D。T experimental data base． ExtraDolation 

from present。day tokamak has the defcct that 

physics processes observed are essentially dif- 

ferent from what would happen in real reac。 

tors． ODe of such difierences is the heating 

source which is a strong func tion of the temper。 

ature whereas in present tokamaks the external 

heating sources are basically uncoupled with the 

plasma temperature；the alpha particle behav。 

ior about which we know very poorly will affect 

the resultant burn process in different ways．In 

this respect，the anomalous alpha diflusion has 

attracted many theoretical attentions recently． 

In this paper，we proceed in as simple as possl。 

ble Way to discuss these points．Ⅵ propose a 

very simple，engineeringly feasible way to con- 

trol the burn process．Advanced tokamak see- 

nario is taken as the bas1‘s of our study[31
． For 

the anomalous plasm a thermal conduction，we 

also propose a simple model[ 】which can reveal 

automatically the scaling of confinement time 

on the input power for case of temperature inde- 

pendent heating source．The anomalous alpha 

particle diffusion is also considered in a phe。 

nomenological wav[51
．  

2 P hysical m odel 

W e consider the alpha particle domi nating 

heating(the nearly self-sustaining burn)with 
the deuterium and tritium ion temperature be- 

ing almost equal to the electron’s：T = 正 = ． 

The main energy loss channels are the 

anomalous plasma thermal conduction and the 

electron bremsstrahlung radiation． Assuming 

an unchanged density profile then the energy- 

balance equation takes the following form 

3礼塑O ： (r礼 、 一 d+ (1)t x-~／)+Pa7／o Pr 礼—— 【 礼 一 ad+瑚yn【 ) 

where X Xi+ Xe is the anomalous thermal 

conduc tivity for which we assume a radially in- 

creasing function and its central value being 

proportional to the central temperature To[ 】 

x(r)=XoTo(1+X．IT,。)， =r／a (2) 
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where a is the effective minor radius of Toka- 

mak plasma．The alpha-particle heating power 

equals ： n2< u>DT癌TE。。 pd n < u> ，6T d0 

The D—T reaction rate is a function of the ion temperature for which we use the Hively’s formula[61 

< u>。T=g(T)=cxp( +。2-t-a3T+。4T。+a5T。+。6T ) 

，y= 0．2935， al= 一21．377692， a2= -25．204054， a3= 一0．071013427 

a4= 1．9374541 x 10一 ， a5= 4．9246592 x 10_。。， 

，DT= (nD+nT)／n is the dilution factor of 
the fue1． Ed0=3．5 M eV is the alpha energy at 

birth．叼d is the coupling coefficient which will 

be determ ined by the alpha diffusion process 

and be discussed in later section． Prad iS the 

bremsstrahlung radiation loss power and Pdyn is 

the dynamic heating term which plays the role 

of keeping the burn temperature in a selected 

range．W ithout this dynami c heating power，it 

can be seen that the burn is usually unstable 

against thermal perturbations． From consid． 

eration of engineering feasibility，we assume this 

term jn a form 

pdy ： 而
Ad(1

一 z。) p yn 卜 ∥。) (5) 

i．c．．this power is fed back by the central tem． 

perature which is a measurable parameter．It 

can be seen from the later that the total power 

for stabilizing the burn process is a few per． 

cent of the fusion power and its changing rate 

is also fcasible from the engineering viewpoint． 

To compare with other suggestions about the 

active contro1．L8J our method can keep the burn 

process smooth；besides．it provides the possi． 

bility to selec t the temperature range and then 

the total output of the fusion energy．These will 

bc discussed in the following sections． 

3 Dynam ic control of D—T burn 

Process 

In this section，we assume the alpha par- 

ticle energy is locally deposited so that every- 

where we have 

叼。=1 (6) 

Different from our original analysis，[71 we now 

use the tim e-dependent calculation． A sub— 

tie numerical topic occurs here that the time- 

a6= 一3．9836572 x 10一 

dependent results are difierent from the equilib． 

rium ones obtained from integrating the time． 

independent ordinary diffcrcntial equation，that 

is Eq．(1)for o --0．Sofar，we donot resolve this 
topic． Thc time．dep endent calculation is USU— 

ally found in literature．Thc complete numeri． 

cal solution of this topic is waiting for experts in 

this respect．In the following the temperature 

is determi ned as 10 kcV．n as 10 0 m一3 then 

P。=8．75×10 尼Tn2cg(T) 

P l= 9．506× 10一。Zc行nit ／。 

For m ost of our discussions，we do not need 

to clarify the concrete reactor param eters．Only 

an unit lcngth of the plasma column is consid． 

ered．However，for a reasonable selection of the 

anomalous conductivity(X0 in m s，)(1，a nu- 

merical factor)，and for clarifying the equilib- 
rium which is assumed to bc in the advanced 

Tokamak regime with large fraction of boot． 

strap current，we need these parameters． As 

a baseline，we assume the following design pa- 

rameters：R=6m，a=2m ，B=6T，q0> 2．For 

simplicity the density profile is given and as- 

sumcd to bc 

n(z)=noexp(一位z。) (8) 

The dynamic heating power is added in tile 

last phas e of nearly self．sustaining D．T burn． 

Tlle establishment of this equilibrium will be 

considered in another paper．W c note that the 

evcntual equilibrium is independent of the heat． 

ing process as shown in Fig．1 where we obtain 

the same equilibrium for diffcrent initial tcm． 

peratures．It is also shown that without the dy 

namic source，the burn would bc extinguished 
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This depends on the response sensitivity of this 

sonrce to the temperature change．From Eq．【5]， 

dlnp dyn =一sd百dlnT0 (9) 
出 出 、 

we assume that sd>2 is feasible in engineering． 

It iS also noted that different operation 

temperatures can be approached by changing 

5 
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parameters Ad，8d(Figs．2，3)，this implies that 
the temperature variation and the output of 

fusion energy due to some kinds of pertur- 

bations in the density，the impurity content， 

the thermal conduction， etc．， can be partly 

compensated by adjusting the dynamic source． 
Therefore．the total output of thermonuclear 

fusion energy can be maintained in some 1evel 

smoothly． 

t／8 

Fig．1 To versustwith andwith— Fig．2 To VS tim e t for sd= 3 

out the dynamic power 

Paralneters：n0 2，a = 2，X0 

0．4m2／s，xl：4，Ad 12，Sd 4 

The energy amplifier factor Q defined as the 
ratio of the released fusion energy to the input 

heating energy can be calculated from the ob— 

rained thermal equilibrium 

=  

5 f01 dxz p~ (1O) 

A typical Value of Q=3o or larger is thought to 
be suitable for a fusion reactor． 

4 Advanced Tokam ak scenario 

Jboot 
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Fig．3 The variation of central 

temperature To versus time t for 

8d 4 

In this section，we show some merits of 

thermal equilibrium obtained by above method． 

One of these iS the large fraction of the boot— 

strap current． W hen the plasma temperature 

and the density profiles ar e given，the ohmic 

and the bootstrap current densities ar e deter— 

mined bytSJ 

歹0h=jo(：r／To)。／ (zeff
,O"rE，o／Z sTs) 

1．6× 103 

( 1．67 _K2。) 一2K23 】 

where the safety fact。r q is determined by the K23 are related to Zeff through【 】 

Ampere’s law Kl3= 1
．46(1+o．67／z ff) 

d (r2／口)= 4r L
百
Rj) 

(11) 

23=3．05(1+0．19／Z ff) (13) 

歹= h+歹b00t (12) As an example the temperature profile，current 

where Zeff is the effective charge number，K13， profile and the q profiles are shown in Figs·4～6· 
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K13=1．46(1+0．67／Ze~1 

K23=3．05(1+0．19／Z~) (13) 

As an example the temperature profile，current 

3 

耋2 
呈 
S 
h ， 

0 

Fig．4 The tem perature profile 

of an advanced Tokamak equi- 

librium a=2m ，Ad=12，8d：4 
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==： 60 

0 

profile and the g profiles are shown in Figs．4,--6． 

Due to the large fraction of the bootstrap cur— 

rent，this q-profile has a natural reversed—shear 

region in the near magnetic axis area which is 

thought to be beneficial to plasma confinement． 

4 

3 

2 

0 

Fig．5 The current density pro— Fig．6 The q-profile with qo=3
．0 

files of joh， Jb。。l'且。1 with 

qo= 3．0 

For above example， oot／厶0t=0．736；the 
total fusion output power Pfus = 5pa = 

47r Rka 
． 

dxxpa =4．58 GW ， with the en— 

hancement factor of the heating power Q=57； 
the central and average plas ma beta value are 

0．109 and 0．029．respectively． W hether this 

equilibrium is stable against M HD modes needs 

to bc studied elsewhere． 

5 Eff
．

ect of anom alous alpha parti- 

cle di sion 

So far，we only consider the Case that 

the alpha particle energy is deposited locally． 

However，there ar e m any mechanisms，of which 

some are experimentally observed and some 

are anticipated theoretically,indicating much 

broader deposition of alpha heating power due 

to anomalous alpha particle diflusions． The 

authors of Refs．『5，9]use a phenomenological 
description of this effect with prescribed dif- 

fusion coemcient． From the borne energy 

Eoa=3．5 MeV to the ash energy，the energetic 

alpha particles are devided into N groups．For 

each group except the first one，the particle bal- 

ante equation iS expressed as 

ot = 
旦Or(哦  ) 枘 、‘一aJ 。aJ， 

+ 几aj—l 

』 

一  ， J > 1 ’ ／ ▲ 

j 

(14) 

is the classical slowing down time from the 

J—th group to the next one by collisions between 

the energetic alpha particles in this group and 

the background plas ma．[ ～引 For the first group
． 

the particle balance equation is 

=  
( -0 nell,}

一  

+⋯ T<0"0>DT (15) 

In this way，the coupling coefficient of the alpha particle with the background plas ma 77a is 

determined by 

一  + { ( ( ))E,~j}／(nDnw<O'v>DT) (16) 
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The numcrical metho(1 to SOlVe above 

eauations for the given alpha diffusion illodel 

has been discussed in Ref．f51． They should 

be combined with the plasma energy balance 

equationsf1)。f5)． Results of calculation show 
that f0I-the given conditions，the ncrease ill 

alpha diflusion would lcad to the decrease i11 

plasma temperature alld thin1 the output of fll— 

sion energy． W ith the increase ill alpha (1iffu。 

sion，the required power for dynalnic heating 

will increase and the ratio of the iotal output 

power of fusion energy to tile heating energy 

will decrease．Indeed，only a limite(1 diffusion is 

allowable for an economic fusion reactor．This 

will be discussed in a separate paper． 

Finally，the plasma configuration．includ。 

ing the bootstrap current and the central re。 

versed shear region．are little affected by the 

alpha diflusion．This is simply due to the fact 

that the bootstrap current mainly depends on 

the density profile and weakly on the tempera- 

ture’s
． 

6 Conclusions 

In this paper，we suggest to use a simple， 

engineeringly feasible dynamic heating source 

to control the deuterium。tritium burn in 工bka- 

mak reactors．Extending the presentday toka。 

mak thermal conduction model to this case．we 

find that the burn process in an advanced Toka- 

,nak reactor can be maintained rather smoothly． 

Tl1c anoillaloll8 alpha particle diflusion is a criti． 

cal issue which affeets the resultant temperature 

and then the fusim1-energy output greatly． In 

fact，aI1 econoInic Tokarnak reactor must rely 

Oil the effe：ctive control of alpha diffusion which 

should be a sticky task for future study． 
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