





CLM-R 194

A SMALL IGNITION TOKAMAK WITH
NEUTRAL BEAM ADDITIONAL HEATING

by

*
J.J. FIELD, E. MINARDI and E. SALPIETRO
Culham Laboratory, Abingdon, Oxon, 0XI4 3DB, UK

(Euratom/UKAEA Fusion Association)

ABSTRACT

The two most successful tokamaks currently in operation are PLT and
Alcator, the former achieving the highest temperatures and the latter the
highest value of nte . We present transport calculations for a small
ignition tokamak (SIT) which we envisage to operate with intense neutral
injection heating, like PLT, and with a high field, high current density
and high particle density, like Alcator. Besides the physics of such a
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1. INTRODUCTION

Small high density tokamaks have proved to be #ery successful in their.
operation, for example regarding their high ntg values and low impurity
content [l, 2]. Hence it is a natural consequence [3] to consider a machine
to follow on from the Alcator and Frascati tokamaks, with the aim of
achieving thermonuclear ignition. However, it appears that such a device
would be unlikely to reach the required conditions using only ohmic heating
[4] and a strong dependence on alpha particle heating for reaching ignition
[5]. Further, such a device, without significant additional heating would

not constitute a route towards a tokamak Teactor.

Since it is clear that additionmal (to ohmic) heating will be necessary
for a tokamak reactor and neutral injection heating has proved to be very
successful in current experiments [18], an obvious course is to consider a
high field experiment with neutral injection heating, to demonstrate
ignition.

In this paper we present some calculations for a small tokamak whose
main parameters are given in the appendix. On the basis of not particularly
optimistic assumptions, i.e. ion thermal transport worse than neo-classical
[18] , the numerical results indicate that thermonuclear ignition might be
achieved in a device whose principal technological requirements have been

successfully demonstrated already.

The outline of this paper, which is the sequel to [4], is as follows.
Section 2 gives the eight basic differential equations which are solved
and describes the general approach, section 3 contains an account of the
neutral beam heating and section 4 the treatment of thermonuclear reactions
and alpha particle heating. Section 5 describes the various source funct-
ions assumed for the plasma transport equations, while section 6 discusses
some preliminary technological considerations., Sections 7 and 8 contain
the numerical results and discussion, and conclusions, respectively. Mks
units are used throughout, with the exception of energies which are in keV,

unless-otherwise stated.

2 TRANSPORT EQUATIONS

The radial dependence is averaged out of the equations by assuming

density and temperature profiles of the form,



n_ (1 - epa2y S8 (2.1)

n(r)

T(x) = T_(1 - cBiaBy, feie

i

If &§ > 0, as we assume to be the case, this averaging introduces certain
weighting factors into the differenmtial equations [4], however to simplify

the present discussion we take & = 0.

Since high density Tokamaks operate with zeff = 1 [1] we confine our
attention to deuterium, tritium, electrons and alpha particles, with par-
ticle densities nn, Ops 0 and 0 respectively. In this connection we
note that the behaviour of Alcator appears to be modelled reasonably well
with the neglect of impurity transport [6], however impurity radiation
1os;es are implicitly included to some extent in our assumptions about
electron energy transport - see section 5. We assume that the plasma ions,
with the exception of the fast alpha particles and fast beam-injected
deuterons, are all at the same background temperature Ti with a density
n .

The transport equations solved are for the electron and ion energy
densities, the fuel and alpha particle densities, tritium ratio, e, [4],

the energy density of the fast alphas created by thermal D-T reactions,

Eu’ the energy density of the beam deuterons, EB’ and the energy density

of the beam-induced fast alphas, EBa' So the equations take the form
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where K = 1.6 x 10_16 joule/keV in (2.3) and (2.4). In (2.7) n. is the
fuel particle density, Mp = 0y 4 ong, ov is the fusion cross-section for
the DT reaction averaged over a Maxwellian distribution, €r is the
tritium ratio of the refuelling gas, Rp is the refuelling coefficient
and R; and R;a are defined in section 3. In (2.8) - (2.10) the t's
represent slowing-down times, while Pa is the alpha-particle non-escape
probability; the fact that Pa enters (2.8) is a consequence of our

definition of S, » the thermal fusion energy density delivered to the

plasma per unit time.

The electron particle density, o, is calculated on the assumption

of quasi-neutrality.

3. NEUTRAL BEAM HEATING

In describing the neutral beam heating, which we take to be a deuteron

beam, several aspects have to be considered:
1. The beam penetration, trapping, and coupling efficiency,

2 . The slowing down of the beam and the division of its energy between
the electrons and ions,
B Fusion reactions induced by the fast beam deuterons colliding with

the thermal tritons,
%o The effects of the beam on the particle density and the tritium ratio.

One of the main difficulties with neutral injection heating is the
problem of beam penetration and it is well known that this is particularly
acute for plasmas in the thermonuclear regime. Suppose that the energy

confinement time Ty W na?[7], then

;TE = const. n2a2 (3.1)
where n 1is the mean density. For injection of deuterium into a cylin-
drical plasma the beam penetration, assuming 1/e2 attenuation, is given
by [8]

= -17
Cheq = n& 10 M55 Wy) (3.2)



where a is the minor radius of the device and WB is the beam injection

energy in keV. Hence we see that with the widely accepted scaling (3.1)

the Lawson product 0T is limited by the beam injection energy. In par-

E

ticular, taking the energy confinement time to be given by [71,

21

1
= 3. = 2 424
Toe 3.2 x 10 q, a®n_, (3.3
with g_ = 2.5 and C =1, with W, = 160 keV we find n_=~2-3x1020n"°
a pen B e
and n_Tp & 0-4 x 1020m s, This limitation on the Lawson product would

mean that ignition could never be achieved; fortunately this difficulty
can be circumvented as described in section 7, by suitably programmed gas

puffing.

The trapping of the fast deuteron can be estimated on the basis of its
gyroradius and the width of its banana orbit. The resulting non-escape
probability for radial injection is given by [33],

L

1 2
4(5 + ) (kwpm /3)
P = exp| - 5 (3.4)
2 e BT a
where my is the deuteron mass and e 1is the magnitude of the electronic
charge. The beam coupling efficiency is given in terms of the beam penetra-
tion
Ceff = Cpen exp (1 - Cpen) . (3.5)
The slowing down time of the fast beam deuterons, Tg and the fract-
ions of beam energy that go to the electrons and ionms, fBe and fBi
(= 1 - fBe) respectively, are calculated on the basis of the classical
theory of the slowing down of fast particles in a plasma [8, 9]. For
deuterons the slowing down time is given by
3 i -
1052 » Lo'9% 2 6:08 x 107 'n_(2 + &) W, 3/2}
T, U= Ln{l + (——) (3.6)
B n_ o A [nF + om (2 e)] T,
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Having calculated the beam slowing down time T, we now have to consider the

B
source term for the energy density of the beam deuterons, SB s it (2.9).
We define the beam "current" by
_ . -1,

IB = PN_I./(WBKJ particles s (3.9)
where PN 1 is the power rating of the neutral injectors, then

SB = WB IBKC&ff/VE KEBIN’ (3.10)
where V 1is the plasma volume

vV = 272 R a2 (3.11)

The source terms in the transport equations due to the beam generated
alpha ﬁarticles will be considered in sections 4 and 5, but here we will
consider the effect of the beam on the particle demsity balance. The source
term in (2.5) due to the beam deuterons is

F
RB = EBINPB/WB (3.12)

while in the equation for the tritium ratio (2.7) we have

E _
RB = EBINPBE/(WBnF). (3.13)
4, THERMONUCLEAR REACTIONS AND ALPHA PARTICLE EFFECTS

We confine our attention to the D-T reaction since the ecross-section

for the D-D reaction is very small in comparison [10] for Ti =~ 10 keV.



Although the main source of thermonuclear reactions is due to the thermal
DT plasma, for which we take the following fit of BRUNELLI [11] for the

cross—-section averaged over a Maxwellian distribution,

2425

T
G =G ¥ IO TPaEp [— 0-476 |£n( ) , T < 69 keV ,(4.1)

there are also a significant number of fusion reactions due to the high
energy beam reacting with the thermal tritons. For these reactions we take

the following fit to the cross-section [10],
o) = [wlexp(al//) - 13171 [A2/{1 + (A3W - A4)2)} + AS] (4.2)

where W 1is the energy of the incident deuteron in eV and the constants Al

to A5 are

Al = 1453 Vev , A2 = 502 x 10> eV barn, A3 = 1368 x 10 %/ev

A4

1-076 , A5 = 409 x 103 eV barn

The problems arising from the thermpnuclear reactions and the presence
of alpha particles are formally the same as those of the neutral beam
heating discussed in section 3. The alpha particle non-escape probability,

Pa , slowing down time Ty and the thermal fusion energy density delivered

to the plasma per unit time, Sa , have all been given previously [4]. 1Inm

calculating power densities, etc. OV is evaluated at the peak ion temper-

ature Ti i and the resulting differential equations typically involve a
3

weighting factor, Cy , given by

1 5 T, 0(1 _ y)ﬁ 2:25 By o 2.25 5
o - [ - mrtens - orare|sn [Tt T2 v onarsm(Chge)|

0 (4.3)

The other weighting factors entering the equations through the profile
averaging have been given previously [4], as have the fractioms of alpha
energy that go to the electrons and ions, Eae and fai (= 1 - fae)’
respectively.

In equation (2.10) for the energy density of the beam—induced alpha

particles we take The - B ® Ry and the source of the power density, SBa’
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where Wa = 3520 keV, wv(t) is calculated from the energy of the slowing-
down deuteron,
1 ) -t/TD %
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and o is given by (4.2),

The thermonuclear reactions affect the particle balance in the system
due to the depletion of fuel ions and the production of alpha particles.
The loss of fuel due to the fusion reactions of the thermal deuterons and

tritons is given by

RE = - 2:%22(1— e)ov . (4.8)

The loss of beam deuterons as a result of beam-plasma fusion reactions is

represented by .
F Pz °r EpIn € >
R S e e A ov(t)dt (4.9)
Ba W
B o

The source of alpha particles due to thermal fusion reactions is given by

a _ _ 1 _F
Rth = 5 Ru Pa, (4.10)

while the source of alphas due to beam-plasma fusions is

R =—Rg P . (4.11)

The change in the tritium ratio due to the loss of tritons as a consequence

of beam-plasma fusions is accounted for by the term

I, C n.(l - ¢)P. D
R; = - B eff T i IUv(t)dt. (4.12)
a VnF
o



5. SOURCE FUNCTIONS APPEARING IN THE TRANSPORT EQUATIONS

The source functions appearing in the electron energy equation (2.3) are

the following

Siz , ohmic heating

S; , electron heating by neutral beam

SZ , electron heating by alpha particles produced by thermal fusions

Sga , electron heating by alpha particles produced by beam-plasma fusions
Si , electron-ion collisional transfer

Sﬁr , bremsstrahlung radiation

Siy , cyclotron radiation

Sir , electron transport losses by conduction and convection

S; , electron energy source arising from cold gas refuelling

The following electron energy sources have been given previously [4]:

2 57 < s® [12, 131, s® , and will not be repeated here.

2 S A’ Sbr > Tey tr

Q o
P 3 ; e i
However, 1n this context, we note that since str involves the electron

energy confinement time The ?

e

Str = =15 neK.Te/TEe 5 (5.1)
where The is given by the empirical Alcator scaling (3.3), we are implicitly
including some power loss through impurity line radiation. Terry et al.[2]

state that impurity line radiation accounts for ~10% of the total ohmic input

power at high densities in the Alcator tokamak.

The source term for electron heating by the neutral beam is

e _ 1 -
82 £ EB[PB +1a PB)]/TB, (5.2)

and for the electron heating by alpha particles generated by beam-plasma

fusions
s =f E, |PP, +~(L-2P P/t (5.3)
Ba ae Ba|l o B 2 a B Ba *
where Tpe = 7B T, The cold gas refuelling gives rise to the source term
e _ F e
SR = RR K WF 5 (5.4)

where Rg is the source rate for fuel particles, i.e. gaspuffing, W; is the



energy of the cold electrons.

The source terms on the right hand side of the ion energy equation (2.4)

are,
Si , ion-electron collisional transfer (= - Si)
Sir » lon transport losses by conduction and convection
Si , ion heating by alpha particles produced by thermal fusions
S;a , ion heating by alpha particles produced by beam-plasma fusiomns
Sg' , ion heating by the neutral beam
S; » lom emergy source arising from cold gas refuelling .

The ion energy transport losses,

i
Str = = 1«§ nxKTi/TEi . (5.5)

are more pessimistic than neoclassical for our example since we take [4, 14],

Tpi = (Te/Ti)IEe . (5.6)

The source term for ion heating by alpha particles generated by beam-plasma

fusions is
Si = f ., E P P+ 2 (L - P P) " (5.7)
Bo ai "Ba| o B 2 a B Ba

The ion heating by the neutral beam gives rise to the source

i 1
SB = fBiEB [PB t 5 (1 - PBJ /TB. (5.8)

Refuelling with cold gas gives the source term

i

_ oF i
Sg = RgKWq (5.9)
where W; is the energy of the cold ions. The expression for S; has been

given previously [4].

The following source terms for fuel particles appear in (2.5),

Rg , diffusive loss of fuel particles

Ri » source of cold neutral gas with tritium ratio ER
Rg , source of deuterons due to neutral beam

Rga , loss of fuel (tritium) due to beam-plasma fusions,



Rz , loss of fuel due to thermal fusion reactions
Rga , loss of beam deuterons due to beam-plasma fusions

From the results of the Alcator tokamak it appears that the particle confine-

ment time, T scales in the same way as the energy confinement time, at least
up to Ee = 10204 %, and that I 4ty . |Hence for the diffusive loss of
fuel particles we take,
F
R. = - n./1 ' 5.10
1 /o ( )
with
1 = -
= B (1 R ) /tgs (5.11)
P
with the recycling coefficient Rc = 0-75. The assumed behaviour, as a func-

tion of time, of the source of cold neutral gas is described in sections 6 and

F
Ba

F

T RF is given by (3.12), R by (4.9) and Ru by (4.8).

B

The equation for the time evolution of the alpha particle density, (2.6),

contains the following source functions

R; , source of alpha particles due to beam-plasma fusion reactions
R:h , source of alpha particles due to thermal fusion reactions
Rg , sink of alpha particles due to diffusive losses,
where R% is given by (4.11), Rih by (4.10) and [41,
o
RD = nu/Tp (5.12)
6. TECHNOLOGICAL ASPECTS

6.1 Gemneral remarks

The philosophy of the SIT design is based mainly on the experience

gained during the construction and commissioning of the Frascati tokamak

[19], however it has to match the new requirements such as neutral

injection heating, and the absence of a copper shell.

6.2 Toroidal magnet [20]

The toroidal magnet is to consist of twelve modules, the radial

forces acting on each module are supported from outside. Between two

modules there is a gap of 3%30' to allow access for neutral injection,

plasma diagnostics, vacuum pumping and the assembly of the vacuum

- 10 -



chamber. After assembly the gap will be filled with a wedge to ensure
mechanical continuity on the outer radius of the magnet. The low current
density in the toroidal magnet coils at the outer major radius can be
increased near both sides of a port, in order to reduce the torcidal mag-
netic field ripple. The maximum current density is J = 113 A/mm? and
the maximum stress, calculated as for FT, is o = 25.3 kg/mmz; these
numbers compare favourably with the current density and mechanical stress
in FT : JFT = 166 A/mm?2, Opp = 262 kg/mm?, and allow us to have a plateau

of about 2s and to feel confident in its performance. The ohmic power

dissipated at - 200°C is 22+5 MW.

An estimation of the ohmic power dissipated at the end of the plateau
is ~ 100 MW, then the total energy needed is ~ 500 MJ. This energy is
composed of 220 MJ of magnetic energy and 280 MJ of ohmically dissipated
energy. The low magnetic energy stored in the toroidal magnet allows a
short current rise time and with a reasonable power supply system omne
could expect a rise time of 2s. To have a short rise time it is
necessary to apply a voltage per turn higher than the voltage needed at
the end of the plateau. TFor example, if we choose 240 turns for the
magnet the current per turn is 208 kA, the voltage per turn 2V and
the voltage applied to the magnet is 4B0 V. Hence, for the magnet a
voltage ten times higher in the rising phase thanin the plateau phase,

can easily be applied.

6.3 Poloidal field system

The poloidal field system must supply the magnetic flux and the equi-
librium field. The plasma magnetic flux for the peaked plasma current

distribution is

b, = L, I, = 4=20 Wb, (6.1)

if LP = 1-147 yH and Ip = 285 MA. This magnetic flux can be supplied
by a transformer similar to the FT transformer [21] (¢ = 4 20 Wb for one
swing and an external radius of Rp = 0-35 m). We will have a reserve of
flux for the losses during the start up phase and during the current plat-
eau in the plasma because our transformer radius is 0+4 m instead of 0-35m.

We can use a double swing, and in addition, part of the vertical field for

the plasma equilibrium produces flux linked with the plasma.



6.4 The vacuum vessel and neutral injection

Two technical solutions can be envisaged for the vacuum chamber:
(a) Continuous toroidal bellows of 2 cmradial extent and ~1l mm thickness

(b) Sections of a solid torus of ~ 5mm thickness flanged at the

access ports to provide the necessary toroidal electrical break.

The choice between the two solutions can only be made after a
thorough design study and safety considerations regarding the tritium
handling. The vacuum vessel, as the magnet, must provide access for the

neutral injection.

If we assume the parameters for the neutral beam injection given in

the appendix, namely a total power of 18 MW at an energy of 160 keV and

a current density of 0-15 A/cm?2, we find a power density of 53 - 88
kW/co® . The present neutral injectors are available in units of 1MW,
then the required cross-section per 1MW unit is 20-8 - 12-5 cm? and for

a circular cross-section port the diameter would be 7-28 cm.

These numbers demonstrate that there is enough space in the device
to allow the proposed neutral injection and also the design enables the

possibility of more than one injector at each access port.

One technical difficulty could be the fraction of neutral beam passing
through the plasma and depositing its energy on the opposite wall. From
the operation of existing experiments this fraction could be about 5% and
would mean a thermal wall loading opposite the imjector of ~ 2.4 - 4.0 kW/cm?,
To lower the wall loading a corrugated surface could be used opposite to the
injection ports combined with slightly non-perpendicular injection but this

problem would require a detailed design study.

Lo NUMERICAL RESULTS AND DISCUSSION

The differential equations (2.3)-(2.10) were solved numerically with a
relative error tolerance of 10-7 and an absolute error tolerance of 10-"
using a variable order and variable step predictor-corrector method in double
precision on a 32 bit word machine. The principal results are summarised in

Figs. 1 - 10 and the table. The profile parameter § was set equal to 1l-4,



yielding 4, = 2.53; mnear radial injection was assumed and the conventional

definition of B was used, with all fast particle effects included.

There are four main phases in the time evolution of the discharge and
the four times marked A-D in Fig. 3 act as points of demarcation. The first

phase corresponds essentially to the current rise when the plasma is ohmically

heated to achieve the peak temperature Ti e S 2-88 keV and Te o = 310 keV
] 3

and the mean density is steadily increased to Ee = 2-3 x 1020 at the point A,

t = 420 ms.

At the point A, when the temperature has reached ~ 3 keV the intense
deuterium neutral beam injection is switched on and applied for 800 ms, until
the point B, when ¢t = 1-22s. During this phase the cold neutral fuel gas
supply is held steady at the value that was in force at A until ¢t = 1-.06s
and the increase in density during this phase shown in Fig. 3 is solely due to
the effect of the beam. The intense deuteron beam has a significant effect on
the tritium ratio e, as illustrated in Fig. 8. To obtain a near optimum value
of ¢ in the ignition phase it is necessary to start the discharge with a high

concentration of tritium and carefully monitor the tritium ratio of the cold

neutral gas surrounding the plasma.

The effect of the neutral beam heating on the peak plasma temperature 1is
quite dramatic, at the point B Ti,o = |71 keV and Te,o = 16.5 keV. Fig. 9
shows that although initially the beam preferentially heats the electrons, i.e.
fBe > 0+5, after the beam heating has been on for about 100 ms the situation
is reversed and so, even though the alpha particle heating goes preferentially
to the electrons, Figs. 5 and 6 show that the major energy source during the
phase A-B is the beam heating of the ions. Consequently Ti > Te, Fig. 3, and
as a result of our assumption (5.6) about ion energy losses, the major losses
are through the ion channel, as shown in Fig. 7. A noticeable. feature of the
phase A-B is the rapid decline in the ohmic heating power, Fig. 5, by about a
factor of four as the plasma warms up. Fig. 5 illustrates very well the import-
ance of the neutral injection heating in bridging the power gap when the ohmic

power has declined considerably and the alpha particle heating has not built

up to a sufficient level to take over as the dominant heating source.

Another interesting feature of the phase A-B is the large increase in B8,
from 0-304% to 3+40%, Fig. 8. During the intense neutral beam heating the device

behaves essentially as a flux-conserving tokamak [15, 16]. The heating time



= 3.5 1 is about an order of magnitude less than the magnetic

Ty = but

E’ Tu

diffusion time, for the poloidal magnetic flux [17].

Ty
At the point B, whem t = 1:06s, cold neutral gas is puffed into the
device to build up the plasma density in an effort to satisfy the ignition cri-
terion on HTE . Several features are immediately apparent, (i) there is a
drop in temperature as the main power source has to heat more plasma, Fig. 3,
(ii) the fall in temperature causes an increase in ohmic power, Fig. 5, (iii)

the increase in density causes an increase in bremsstrahlung losses, Fig. 7

and the net effect of the change in temperature and density is a decrease in

; i z .
the transport losses Str and Sir, (iv) the reduced temperature and increased
density cause a reduction in the slowing down times, Fig. 10, and this effect

manifests itself particularly in peaks in the beam source functions
in Figs. 5 and 6. The beam is switched off at t = 1-22s. The increased plasma

density causes a marked reduction in the beam coupling efficiency, Fig. 9.

The phase B-C is the one that determines whether full ignition 1s reached
or not. The essence of the approach is that the cold gas supply to build up
the density must not be too fast, or else the discharge could be guenched or
disrupt, but the density build up must not be too slow either, otherwise the
temperature can go below the ignition temperature before the nt. criterion
is satisfied. The flux of cold gas used in the calculations shown in Fig. 3

is about the rate in the Alcator experiment [1,6]. The cold gas puffing is

switched off at t = 1-24s when nTp o 4+2 = 1020 m ®s. The average electron

density is increased by a factor of 2 in 180 ms; in PLT Ee can be doubled

in about 200ms [22].
The final phase C-D represents the demonstration of ignition.

The calculation described above is only one of many that have been per-

formed, and is close to the marginal case for ignition for our assumptions

about transport losses. The conditions Ti = 6+25 keV and nTp = 4.2 %10

n s agree well with the calculations of Kesner and Conn [23]. The energy

confinement time required, Tp ™ 550 ms at ignition, is about five times less

than the neo-classical value for ions in the banana regime under the same

conditions and the density required, =n, = 7.5 x 1029 has been obtained in

Alcator [24]) in a deuterium discharge with B, = 8.7 T.

Fielding and Haas [25, 26, 27] have investigated the mhd stability



of tokamaks with anisotropic pressure that would result from neutral injection
heating and shown that it is the same as that for the equivalent scalar pressure
tokamak for E = %(pl + p“) constant on a flux surface, while near perpendicular
injection can result in significant stabilization of high-n ballooning modes.
However on the basis of ideal linear mhd scalar pressure stability theory [28]

the value of B from our calculations, Fig. 8, would lead the plasma to be unstable
to high-n ballooning modes. From recent calculations in which plasma equilibria
have been first made stable to kink and tearing modes Wesson [29] quotes the
critical B for high-n ballooning modes to be about 7 (a/Ro)Z, which in our case
would give- B = 2-667 which would invalidate our calculations and probably preclude

the possibility of building an economic tokamak reactor. Fortunately there are

several reasons for thinking that such a value of B might be unduly pessimistic

Robinson [30] claims to have reached a value of 8 = 27 in the TOSCA tokamak whereas
high n ballooning mode calculations for this device predict a critical B of 1:3%
[25], but if the equilibrium is allowed to be unstable to high n modes a B = 2% is
obtained from the calculations. Even if the plasma equilibrium is unstable to high

n ballooning modes the important point is the nonlinear saturation of the instability

and the net effect might be a tolerable enhancement of transport losses.

If ballooning modes do not present a serious problem then the main limit on 8§
is likely to arise from kink modes and idealized calculations indicate an upper limit
of 0+2 (a/RO) for the circular cross-section case [31] and 0-37 (a/RDJ for an ellip-
tical cross=-section with b/a = 2-2 [32]. 1In our case these values would correspond
to a B of 7+6% and 14-07 respectively. Hence it appears that an advantage might be
gained in a non-circular cross-section device from the point of view of stability and

also by increasing the energy confinement time by (b/a) [30].
8. CONCLUSIONS

We have described some transport calculations for a small ignition tokamak (SIT)
which is based on the efficient use of ohmic heating [3], but with the recognition
that additional heating, i.e. neutral injection, is necessary to achieve the ignition
temperature, with puffing of cold neutral gas to attain the required plasma density.

The conditions to be reached for ignition are Ti = 6+25 keV and ETE = 42 %1020, 35,

The calculations presented are of a preliminary nature and need to be supplemented

by more complete computations in which additional physical effects, such as charge

exchange losses [I8 ], are included.

The engineering and technological aspects of the SIT rely upon proven technology

and allow the possibility of optimisatiaon at a later stage.



APPENDIX

Here we give the main physical and technological parameters.

Machine Parameters

R = 1+0m
o

a = 0+38 m
BT =10 T

Plasma current I = 2-85 MA

350 ms

Plasma current rise time

Plasma current plateau time = 1-5 s

Toroidal Magnetic Parameters

Total coil current, I, = 50 MA
current density, JM = 113 A/mm?2
stresses, Oy = 25.3 kg/mm?
magnet radius, rM = 0.42 m
stored energy = 220 MJ

total energy to be supplied = 500 MJ

dissipated power = 100 MW

Ohmic transformer

one flux swing = 4.2 Wb

outer radius = 0.40 m

Neutral injection

power = 18 MW

energy = 160 keV, p°
current density = 0.15 A/cm?
number of units = 18 at 1 MW

Heating Cycle and Typical Plasma Parameters

Phase 1, O0-A : ohmic heating phase lasting 0+42s to give Te o = 3:10 keV,
]
T, = 2+88 keV with =n_ = 2-31 x 1020
i,o e
Phase 2, A-B : neutral injection phase. The neutral beam is switched on

at 042 s and at a time of 1°06 s the peak temperatures are



Phase 3,

Phase 4,

B-C

C-D

T = 16-5 and T, = 17+1 with Ee = 3.65 x 1020

e,o Ly

end of neutral injection phase and puffing of cold neutral
gas into the device to build up the plasma density. The

neutral injection heating is continued until 1-22 s and
cold gas is puffed into the device starting at 1+06s until
oo 4+2 x 1020 at 1+24 s, when B " 11+7 keV,

I1+4 keV with Ee = 7+47 x 1020,

]
3

=]
]

controlled thermonuclear fusion and self-sustaining nuclear
heating balancing all power losses. Te 5 = 11«9 keV,

Ti 5 = 11=5, w, = 741,

- A.2 -
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MAIN PLASMA PARAMETERS AT VARIOUS TIMES DURING

THE DURATION OF THE DISCHARGE

Point in Fig. 3

time , S
n 5 1020 m-3
e,o
-3
7, 1020 m
e
|
T , 1020
a
T. , keV
i,o
T , keV
e,0
T , keV
i
Ee * TS
T 1020 o s
E t ]
B , %
BP
o -
SQ , MW m
e -3
SB , MW m
-3
s® , MW m
a
e -3
SBa s, MW m
e -3
Sbr , MW m
-3
s, Mim
cy
s, MWm ]
tr
i -3
Sa , MW m
i -3
SB , MW m
i -3
SBa , MW m
i -3
Str , MW m
i -3
SA , MW m
£
oe
fBe
T , ms
o
TB , ms
B
o
PB
Geff

169
0-42
0-304
0-135
1418
303 x 10

2.11 x

5055 x
7:06
1+2 x 107"

2:24 x 107"

479 x 10}

538 x 10"
0-968
0:733

24+7

217
0-703

0+899

16+5
9-38
268
‘ 0-935
i 340
1.51

i
! 1-41 x 10
|

3420 % 10
- 2:43 x 107
- 157 x 10"
- 295
3:51 % 10
3-99
5:84 x 10
- 3-17
- 3-73 % 10
0+ 846
0:272
105
42+
0-703
0+899
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0-495

1

1

1

1

1

2

1

7+47

5:52 x 1072

857 x 107"

1+14 x 107"
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=47
1439
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Fig.1 Profile for current rise in plasma.
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Fig.2 Profiles for n and T used in averaging over the radial coordinate in the transport
equation. The current density profile is calculated on the basis of Spitzer resistivity
and is used to estimate q.
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Fig.3 Time evolution of the electron and ion temperatures and electron density on axis.
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Fig.5 Time evolution of the main electron energy sources.
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Fig.6 Time evolution of the main ion energy sources.
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Fig.7 Time evolution of the main energy sinks.
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Fig.8 Time variation of the tritium ratio € and the total §, including all fast particle
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Fig.9 Time variation of the fraction of alpha particle energy going to the electrons, fg,,

the fraction of beam energy going to the electrons, fge, and the beam coupling
efficiency, Ceff.
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