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Dynamic stabilization of D-T burn in Tokamak reactors*

Shi Bing-Ren and Long Yong-Xing
(Southwestern Institute of Physics, China Academy of Engineering Physics, Chengdu 610041)

Abstract A simple, engineeringly feasible dynamic method is supposed to control the
deuterium-tritium burn process in Tokamak reactors operated in an advanced scenario. The
thermal transport of the D-T plasma is described by an anomalous thermal conduction which
is a radially increasing function and the central conduction value is proportional to the central
temperature of the plasma. The dynamic external heating power is selected to be inversely
proportional to certain power function of this temperature. As a result, the D-T burn can
undergo in controllable way in different temperature regimes with different power output.
Anomalous alpha particle transport effect is taken into account. It can affect the resultant

plasma equilibrium, the reactor efficicncy, the operation mode and so on.
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1 Introduction

The deuterium-tritium (D-T) burn process
is known to be thermally 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!"?). Many nu-
merical codes have been developed to examine
designed reactor scenarios which benefit to our
understanding of burn physics. However, ev-
ery code is restricted by an unfortunate fact
that sofar we have had no direct self-sustaining
D-T experimental data base. Extrapolation
from present-day tokamak has the defect that
physics processes observed are essentially dif-
ferent from what would happen in real reac-
tors. One of such differences is the heating
source which is a strong function 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 diffusion has
attracted many theoretical attentions recently.
In this paper, we proceed in as simple as possi-
ble way to discuss these points. We propose a
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very simple, engineeringly feasible way to con-
trol the burn process. Advanced tokamak sce-
nario is taken as the basis of our studyl®. For
the anomalous plasma thermal conduction, we
also propose a simple modell*l 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 way!%l.

2 Physical model

We consider the alpha particle dominating
heating (the nearly self-sustaining burn) with
the deuterium and tritium ion temperature be-
ing almost equal to the electron’s: T = T; = T..

The main energy loss channels are the
anomalous plasma thermal conduction and the
electron bremsstrahlung radiation. Assuming
an unchanged density profile then the encrgy-
balance equation takes the following form

or 10 oT

3”7%— = ;E(THX 5;)‘){‘1’01770 —DPrad +Pdyn (1)
where ¥ = x; + xe Is the anomalous thermal
conductivity for which we assume a radially in-
creasing function and its central value being
proportional to the central temperature Tpl4

x(7) = xoTo(1 + x12%), z =r/a

(2)
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where a is the effective minor radius of Toka-
mak plasma. The alpha-particle heating power
equals

(3)

1
P = Z’nz < OV >pr flz)Tan

The D-T reaction rate is a function of the ion temperature for which we use the Hively’s formulall

ai
T
a; = —21.377692,

< ov >pr= g(T) = exp(
¥ = 0.2935,

ay = 1.9374541 x 107%,

for = (np + nr)/n. is the dilution factor of
the fuel. F,0=3.5McV is the alpha energy at
birth. no is the coupling coeflicient which will
be determined by the alpha diffusion process
and be discussed in later section. p,q is the
bremsstrahlung radiation loss power and pyyn is
the dynamic heating term which plays the role
of keeping the burn temperature in a selected
range. Without this dynamic heating power, it
can be seen that the burn is usually unstable
against thermal perturbations.[”] From consid-
cration of engineering feasibility, we assume this
term in a form

A

(-2 ()
i.e., 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 feasible from the engineering viewpoint.
To compare with other suggestions about the
active control,[® our method can keep the burn
process smooth; besides, it provides the possi-
bility to select the temperature range and then
the total output of the fusion energy. These will
be discussed in the following sections.

Pdyn =

3 Dynamic 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

(6)
Different from our original analysis,!”l we now

use the time-dependent calculation. A sub-
tle numerical topic occurs here that the time-

7701:1

az; = —25.204054,

as = 4.9246592 x 107,

+ g + Cl3T + a4T2 + a5T3 + GZGT4)

asz = —0.071013427

ag = —3.9836572 x 107® (4)

dependent results arc different from the equilib-
rium ones obtained from integrating the time-
independent ordinary differential equation, that
is Eq.(1) for %:0. So far, we do not resolve this
topic. The time-dependent calculation is usu-
ally found in literature. The complete numeri-
cal solution of this topic is waiting for experts in
this respect. In the following the temperature
is determined as 10keV, n as 102°m~2 then

Pa = 8.75 x 10% f3,n2g(T)

DPrad = 9.506 x lO—ZZcﬁ-nle/z (7)

For most of our discussions, we do not need
to clarify the concrete reactor parameters. Only
an unit length of the plasma column is consid-
cred. However, for a reasonable sclection of the
anomalous conductivity (xo in m?/s, x1, a nu-
merical factor), and for clarifying the equilib-
rium which is assumed to be in the advanced
Tokamak regime with large fraction of boot-
strap current, we nced thesc parameters. As
a baseline, we assume the following design pa-
rameters: R=6m, a=2m, B=6T, qo > 2. For
simplicity the density profile is given and as-
sumed to be

n(z) = nocxp(—a:cz)

(8)

The dynamic heating power is added in the
last phase of nearly self-sustaining D-T burn.
The establishment of this equilibrinm will be
considered in another paper. We note that the
eventual equilibrium is independent of the heat-
ing process as shown in Fig.1 where we obtain
the same equilibrium for different initial tem-
peratures. It is also shown that without the dy-
namic source, the burn would be extinguished
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This depends on the response sensitivity of this
source to the temperature change. From Eq.[5],

dinpgyn s dinTy
dt Y’

(9)

we assume that sq4 >2 is feasible in engineering.
It is also noted that different operation
temperatures can be approached by changing

3

To/lo keV

parameters A4, sq (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 level
smoothly.

To/lo keV

Fig.1 T, versus ¢t with and with-
out the dynamic power

Parameters: ng =
0.4m?/s,x1 = 4, Aq = 12,30 = 4

2, = 2,x0 =

The energy amplifier factor @ defined as the
ratio of the released fusion energy to the input
heating energy can be calculated from the ob-
tained thermal equilibrium

5 fol dzzp,
Q= TAL/ATS (10)
A typical value of Q=30 or larger is thought to
be suitable for a fusion reactor.

4 Advanced Tokamak scenario

Fig.2 To vs time t for 3¢ = 3

3 5
t/s

Fig.3 The variation of central
temperature Ty versus time t for
3qg — 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. When the plasma temperature
and the density profiles are given, the ohmic
and the bootstrap current densities are deter-
mined by!®!

joh = 30(T/To)*'*(Zet 0780/ ZetVE)

. 1.6x10
Jboot — B

R dT
() 7ql(1.67K s — Ko3) 5~ — 2Kaa o

dn

] (11)

where the safety factor g is determined by the K33 are related to Zes through[S]

Ampere’s law
1d,, _ 4m Rj
'f'd'f'(r /q) - c (B
j = joh + jboot (12)

where Z.g is the effective charge number, Ki3,

K13 = 146(1 + 067/Zeﬂ')

K3 = 3.05(1 + 0.19/Zeg) (13)

As an example the temperature profile, current
profile and the g profiles are shown in Figs.4~6.
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K1z = 1.46(1 + 0.67/ Zeg)

K3 = 3.05(1 +0.19/Z.g) (13)

As an example the temperature profile, current

120

<°
[=]

T(z)/lﬂkcv
j(z)/A-em™
2

30 p

profile and the q profiles are shown in Figs.4~6.
Due to the large fraction of the bootstrap cur-
rent, this g-profile has a natural reversed-shear
region in the near magnetic axis area which is
thought to be beneficial to plasma confinement.

Fig.4 The temperature profile
of an advanced Tokamak equi-
librium a=2m, Aq=12, sq=4

files of jon,
go =3.0

For above example, Ipoot/Iiot= 0.736; the
total fusion output power pgps = bp, =
4n’Rka? [ dzzp, =4.58GW, with the en-
hancement factor of the heating power Q=57;
the central and average plasma beta value are
0.109 and 0.029, respectively. Whether this
equilibrium is stable against MHD modes needs
to be studied elsewhere.

5 Effect of anomalous alpha parti-
cle diffusion

So far, we only consider the case that
the alpha particle energy is deposited locally.
However, there are many 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 diffusions. The

311,0,1

ot

anal

Fig.5 The current density pro-

jboon

10
= ror(Pa ) -

1.0

Fig.6 The g-profile with go==3.0

jgog with

authors of Refs.[5,9] use a phenomenological
description of this effect with prescribed dif-
fusion coefficient. From the borne energy
Epa=3.5MeV to the ash energy, the energetic
alpha particles are devided into N groups. For
each group except the first one, the particle bal-
ance equation is expressed as

Onga, 10
atJ - FE(TD"J'""J')

fleim  Dei o (14)
Tjoi T

Ts, is the classical slowing down time from the
Jj-th group to the next one by collisions between
the energetic alpha particles in this group and
the background plasma.[5~% For the first group,
the particle balance equation is

Nal
Ts1

+npnr < ov >pr (15)

In this way, the coupling coefficient of the alpha particle with the background plasma 7, is

determined by

1 19
Ta = 1+ m{;(;E(TD

Ong;
aj—gT—J))Eaj}/(nDnT < ov >DT)

(16)
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The numerical method to solve above
equations for the given alpha diffusion model
has becn discussed in Ref.[5]. They should
be combined with the plasma energy balance
equations(1)-(5). Results of calculation show
that for the given conditions, the increase in
alpha diffusion would lead to the decreasc in
plasmia temperature and then the output of fu-
sion cnergy. With the increase in alpha diffu-
sion, the required power for dynamic hecating
will increase and the ratio of the total output
power of fusion enecrgy to the heating encrgy
will decrease. Indeed, only a limited 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 diffusion. 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,
cngineeringly feasible dynamic heating source
to control the deuterium-tritium burn in Toka-
mak reactors. Extending the presentday toka-
mak thermal conduction model to this case, we
find that the burn process in an advanced Toka-

mak reactor can be maintained rather smoothly.
The anomalous alpha particle diffusion is a criti-
cal issue which affects the resultant temperature
and then the fusion-energy output greatly. In
fact, an economic Tokamak reactor must rely
on the effective control of alpha diffusion which
should be a sticky task for future study.

References

1  Anderson D, Elevant T, Hamnen H et al
Fusion Tech, 1993; 23(1):5. and references
therein

2  Bromberg L, Fislier J L, Cohnu D R. Nucl Fu-
sion, 1980; 20(1):203

3 Goldston R J, Batha S H, Bulmer R H et al
Plasma Phys Contrl Fusion, 1994; 36(1):B213

4 Shi Bing-Ren. Tokamak local transport model
and scaling relation under high power heat-
ings. SWIP report, June 1996. To be pub-
lished in Chinese journal Nucl Fusion and
Plasma Phys

o«

Yu Ting-Yan, Shi Bing-Ren. Clinese journal
Nucl Fusion and Plasma Phys, 1995; 15(3):12
6 Hively L M, Nuel Fusion, 1976; 17(6):873
Shi Bing-Ren, Long Yong-Xing, Zhao Hni-
Guo. Chinese journal of Nucl Fusion Plasma
Phys, 1996; 16(2):32
8 Hinton F L, Hazeltine R, Rosenbluth M N.
Rev Mod Plys, 1976, 48(1):239
9 Sigmar D J, Gormey R, Kamelander G. Nucl
Fusion, 1993; 33(5):477

Shi Bing-Ren, born in 1937 at the Lanxi County, Zhejiang Province, entered Department of Physics, Fudan

University in 1955, and graduated from Department of Atomic Encrgy (now Department of Technical Physics),
Peking University in 1959. His major research activity has becn in the arca of nuclear fusion and plasma physics.
He is a rcesearch professor, qualified for supervisor of doctor students, honoured with the title of the Expert of Na-
tional Outstanding Contribution in 1990, appointed as the Member of the International Fusion Research Council,
IAEA during 1991-1995.

- e P VG VU

et


http://www.cqvip.com



