g

ALY AN s apeuses ¥ At aarjiry W oy A ra

Physics of Neutronless Fusion Reacting Plasmas

B. Coppi
Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

Received July 25, 1982

Abstract

On the basis of present day knowledge of plasma physics and available
technologies it is shown that experiments having the purpose to test the
thermonuclear burn conditions of plasmas with fusion reactions that do
not produce neutrons can be undertaken.

I. Introduction

Recent theoretical developments in plasma physics coupled with
novel experimental observations and advances in the technology
of high magnetic field plasma devices, have made it possible to
think [, 2] of feasible experiments [3] to study the burning
conditions of thermonuclear plasmas such as D-He? and D-D,
that do not involve trtium as a primary fuel. In fact, in order to
acheive this goal, it is necessary to have z plasma confinement
configuration that can attain, for instance:

(a} values of ngrg (1, being the peak plasma density and 75
the energy replacement time) about or higher than 5 x 10
scm™>; ,

(b) values of (B)= 8n(p)/(B® ({p) being the average plasma
pressure and {B?/8x the average magnetic pressure of the con-
fining magnetic field) around 10 percent.

(c) plasma currents around 5 MA or higher, in order to gener-
ate the required magnetic fields needed to confine the 14,7 MeV
protons produced; and

(d) average plasma temperatures as high as 30keV,

These objectives can be achieved simultaneously in an axi-
symmetric toroidal configuration by experiments in which:

— Goal (a) is pursued on the basis of presently known scal-
ings for the plasma thermal conductivity that exhibit a favorable
dependence of g on n. Thus it is proposed that peak particle
densities exceeding 10"*cm™, can be obtained in a configura-
tion with sufficiently high magpetic fields (e.g., 120kG) having
an adequate area of its transverse cross-section in order to meet
the desired ngrg criterion. Well-confined plasmas with peak den-
sity values higher than 10" cm™ have, in fact, been produced
already in the Alcator A and C devices at MIT,

— Gozl (b} is pursued by adopting a combination of magnetic
and geometric parameters, such as the torus aspect ratio, in such
a way that during the heating cycle the plasma is maintained
within the relatively broad range of plasma parameters where
new favorable conditions for macroscopic stability (against both
ballooning and internal kink modes) have been found.

— Existing high magnetic field technologies make it possible
to produce plasmaz columns with high currents, without any of
the known macroscopic plasma instabilities,

— Goal (d) is acheived by a RF heating system supplementing
chmic heating in order to bring a deuterium—tritinm plasma to
ignition conditions. In fact, tritium can be used as a “match”
[1, 2] to raise the plasma temperature, and, as this temperature
increases, is gradually replaced [3] as main fuel by He® or D,
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The most convenient frequency for the auxiliary heating sys-
tem appears to be that corresponding to the first harmonic of
the cyclotron frequency of He?, and, at the same time, to the
second harmonic of the cyclotron frequency of tritium. We note
that the effectiveness of jon cyclotron heating in plasmas with
two species of ions has been well demonstrated in several experi-
ments carried out on the most advanced existing toroidal
devices.

In this connection we notice that the usually-known ignition
conditions (based on the assumptions that: (1) the distributions
of all components of the background plasma are Maxwellian,
and (2) the slowing-down of the charged fusion reaction
products is due to Coulomb scattering only) are relaxed when
considering that background ions can be promoted in energy by
both Coulomb and nuclear elastic collisions [4, 5]. As a conse-
quence of this

(a) fuel particles promoted in energy have a non-negligible
self<interaction probability (tail-tail reactions);

{b) fuel particles promoted in energy, and fusion reaction
products can fuse with other fuel particles belonging to the
Maxwellian part of their distribution (“fast fusion” or “propa-
gating reaction events™);

(¢) nuclear scattering collisions increase the fraction of
energy transferred by charged fusion products to the back-
ground ions.

Another related development is the proposal to enhance and
control the reaction raté of the fuel species by relative orienta-
tion of their nuclear spin, Thus in the case of a D-He?® reactor it
is possible to gain a factor 1.5 in reactivity by injecting and
maintaining [6] D and He® with spin polarization, along the
direction of the magnetic field. At the same time the rate of
D-D reactions that produce neutrons can be reduced to such an
extent that, if the combination of physics requirements we hawe
indicated can be realized in practice, a nearly neutronless reac-
tor, may no longer be a very distant dream.

2. Accessibility of finite-f} states

In order to identify a class of possible experiments with the
characteristics indicated earlier, we have developed a program of
investigations [8] on the macroscepic stability of axisymmetric
toroidal configurations that can reach finite values of § within a
reasonably broad range of heating cycles.

We notice that D-He® buming conditions where finite-8

'stable equilibria are needed are reached only for relatively high

temperatures and, in the case where tritium is used as a
“match”, only after D-T ignition is achieved. Therefore

{i) we shall disregard the effects of resistive modes as for the
temperatures we consider they are not important,

(ii) we shafl assume that the transition from low-f regimes,
where D-T ignition can occur, to finite-f regimes is sufficiently




fast that the plasma column goes through a sequence of flux
conserving equilibra.

One of the results of the theoretical analysis that has been
carried out is that a new region of macroscopic stability, in the
relevant parameter space, can be reached under finite-8 con-
ditions [8]. To illustrate this we introduce the quantity

2
G~ (L)L
2w} Rry
that was identified in the early theory of the so-called “balloon-
ing” modes described by the ideal MHD approximation [9].
Here § = 8mp/B* R is the radius of magnetic r, =~1/(dInp/
dr), and L is the periodicity distance of the magnetic field inten-

sity following a given line of force (the socalled “‘connection”
length). For an axisymmetric toreidal configuration

L = 2mgR

where ¢ = 2/t and ¢ is thie fotational transform. A second rele-
vant parameter that measures magnetic shear is

¢ = g
dinr

considering, for simplicity, configurations with circular cross
sections in which the variable r denotes the magnetic sutface.
Referring to Fig, 1 we notice that a confinement configura-
tion, characterized by given radial profiles of the plasma current
density and pressure, is represented by a curve if the (§, G)
plane. Therefore, 6ne of the cbjectives that has béen puisied is
to find a sequence of configiirations representéd by (§, &) curves
that do'not encounter any instability region. The tesults of this
type of investigation have been encoiiraging and are discussed in

(2.1)

(2:.251
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0

Fig. 1. The curves §= f(G) correspond to different equilibrium profiles
characterized by different values of g. The variable § and G are defined in
Section 2. The shaded area correspond to the region in which ideal MHD
ballooning modes aré unistable. In 4 configuration with finité aspect ratio,
thié region vanishes if g, =g = W), ¥ =, being the magnetic axis, is
sufficiently higher than unity.
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some detail in [8] and [10]. One of the obtained indications is
that in order to preserve stability, the value go of g on the mag-
netic axis should exceed unity when proceeding through finite
valnes of B. This is not a severe difficulty as during D-T ignition
it is not necessary to maximize the plasma cumrent in order to
exploit ohmic heating, but it is sufficient to have the current
needed to confine the charged fusion reaction products.

The next question that arises is whether, once an equilibrium
that is stable and has go>> | is reached without crossing the
instability region, this can relax as a result of the effects of
finite clectrical resistivity towards a configuration with.values of
o below unity [8], while maintaining the stability against ideal
MHD ballooning modes. For this reason an effort has been made
to investigate the stability of ideal MHD internal kink wmiodes,
with prevalent. poloidal wave number m® = 1. The obtained
results indicate that, like for ballooning modes, also for these
modes [10] there exist a finite- stability region. In addition this
region can be reached by the same type of heating process, in
which g, is raised above unity after the initial ohmic heating
phase, that avoids the instability of ballooning ‘modes (see
Fig. 2). : I <

The available experimental information en:energy and par-
ticle transport is very limited at this time for finite:B regimes
and concurrent investigations are being carried out by the
Doublet I device of Getieral Atomicy the PLT and PDX devices.
of Princeton, the ISX-B device. of Oak Ridge and the T-11
device of the Kurchatov Institute. Experiments carried out on
the Torus Tl device of Columbia have achieved By~ 45%
without any manifest macroscopic instability. [12], but have not
provided information yet on transport. :

Another relevant question is whether modes inducing mag:
netic reconnection and not described by the ideal MHD theory
such as those with poloidal wave number mg = 1, that produce
internal disruptions; and those, e.g., with mo = 2, that lead to
major disruptions are likely to be excited in the regimes of inter-
est for this work. The relevant analysis [13, 14] indicates that:
these. modes are stable under realistic distributions of the elec-
tron temperature and of the current density. However the
validity of the adopted linearized approximation is very limited
given the fact that the region where reconnection camn take place
is of the order of the ion gyroradius [15].

FINITE- 3
A, STABILITY
2 REGION
. i .
] 0.5 1.0 1.5
90

Fig. 2. Permissible region, where neither ideal MHD ballooning médes not
interndl kink modes are exciied. Here g, =g = ¥4) and B is the so-
called poloidal-g. (see Section 2 and [100. :

Physica Scripta T2/2




Jve B LOpHH

Finally, we notice that another parameter, that we may con-
sider in order to measure the degree of extrapolation from
present day experiments, is the degree of collisionality. Then we
may argue that this is not substantially more severe than that
required to prove D-T ignition in low particle density [16],
large-scale experiments such as those contemplated for the exist-
ing fusion program. In fact, the relevant pafameter, v,,, that
corfesponds to the ratic of the torus major radius, Ry, to the
particle medn frée path is proportional to:
nRo

T2

Thus, if we take To~ 13 keV, 1925 x 10%em ™, and Ry~ 3 m,
for a low-density D-T igniting experiment, while T, 65keV,
o™~ 2 % 10%¥em™, and Ry=¢ 1 m, fof the corresponding D-He?
expérimient, we can sée that the ratio of the two relevirit values
of P4 is ot far from unity.

Vi

3. Electron thermal energy transport

In present day experiments on toroidal plasmas most of the
plasma thermal energy is lost through the clectrons. In the case
where the prevalent electron heating is ohmic, the observed elec-
tron temperature profiles can in fact be weil reproduced

numerically by. adopting an appropriate set of transport coef:.

ficients that are in part collisional and inh part anomalous. How-
ever, in the case where most of the ele¢iron heating is not ohmic
and the relevant energy deposition profile is different from that
(nearly gaussian) of the plasma current denstiy, the observed
effective electron thermal conductivity appears to be con-
sistently higher than in the c¢ase of prevalent ohmic heating. An
effective diffusion coefficient that can reproduce both the
ohmic and the {few) auxiliary heating experiments analyzed so
far is given in the appefidix and is a development of that repor-
ted earlier in [17]. One of the suggestions made is that when. the
‘electron energy deposition profile is not considerably different
from that of the plisma cwrrent density, as in the case of ohmic
heating, the scaling of the electron energy confinement time

[ g2 T\ :
Te & ﬁas”f’(};",—l—) (3.1
is similar to that observed in experiments with prevalent ohmic
heating, Here {J) is the volume averaged current density and
J§ the peak value that would be reached if no internal modes
were excited.

In assessing the minimal dimensions of feasible [18] D-He®
burning experiments, such as those described briefly in Section
5, we have in fact referred to the scaling (3.1},

4. Energy transport by synchrofron radiation

The evaluation of the energy transport by synchrotron radiation
[19] is a complex problem given the non-ocal nature of this
type of transport and the necessity to consider the effects of a
reflecting wall. In particular 2 major fraction of the energy is
carried by frequencies for which the plasma is not optically
thick and therefore it cannot be adequately described by a dif-
fusion approximation [20].

We recall that there exists at least one computer code which
solves the full transport equations in realistic plasma confine-
ment configurations. We have relied on the results obtained by
the use of the SNECTR and CYTRA codes [20] as a way to
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POWER {watts/cm?)

Fig 3. Example of power loss profile [20] obtained for a toroidal plasina
column with paraiieters close to that of the Candor devices considered in
Section 7, by the transport code SNECTR (courtesy of S. Tamor) see
Section 4). The reflection coefficient of the plasma chamber i§ assumed
to he 0.9 and the “hole™ fraction, of its surface, 0.05.

verify the approximate estimates that we have made for the
average, over the plasma crosssection, rate of energy loss [21].
The toroidal configuration analyzed in {20] has a major radius
Rg=120cm, a X b =35 x 50 cm?, By = 120 KG and the follow-
ing temperature and density distributions:

T'=65(1 —%%4*)*KeV and # = 1.5 x 10 x {a —x%a%) e,
The wall reflection coefficient is assumed io be about 90% and
5% of the wall to have “holes”. The result is illustrated in Fig. 3,
and we note the decrease in radiation emission at the-center of
the plasma colummn where the magnetic field is depressed by the
plasma pressure. Notice that the outer edge of the plasma
column synchrotron radiation is reabsorbed and can be con-
sidered as a local heating source.

5. Reference devices

Technical feasibility studies have been carried out for twa refer-
ence devices {(Candor I and IT) where dimensions have been
identified on the basis of different expectations, one more opti-
mistic than the other, for the confinement parameter [18]. Thus
in the case of Candor I, we have:

Major radius Ro=105¢m
Toroidal field Br=130KG
Elliptical plasma cross-section a X b=40x 55cm?
Maxim plasma current Ij=6MA

The best plasma parameters that can be envisioned have;

np22x 10¥sem™

reTE == 10 sem™

Peak density
Confinement parameter

if this set of plasma parameters were achieved then D-Ile?
ignition would beconie possible and the total power produced
by fusion reactions would be about 100MW. The estimated
auxiliary heating power needed in otder to reach at first D-T
ignition is about 10 MW.

The larger device {(Candor I) corresponds to a 70% increase
of the plisma crossssection area and to a doubling of the
volume. Therefore all the estimated power levels for the former
device are doubled, assuming that all the considered radial pro-
files for the temperatures, the particle densities, etc., remain
unchanged. In particular the analyzed set of parameters is




120cm 50 x 75 em?
130KG I" ~9MA

Ro =
By

axb =

Finally we point out that the possibility to conceive of a
power producing D-He® reactor system has been considered
briefly in [18]. In this connection the adoption of supercooled
(e.g., around 25 K) aluminum magnets was proposed.

"We notice that a study carried out recently by Brown Boveri
Co., on the technology of this type of magnets has reached very
encouraging conclusions [22].

6. Heating strategy and neutronless mode of operation

One of the most attractive strategy that have been envisioned in
order to raise the plasma temperature to the values needed to
test D~He® burning involves the following steps:

(1) ohmic heating of a DT plasma with the highest current
that is compatible with the stability of the plasma column;

(2) ion cyclotron heating, with He® as a minority species, up
to ignition conditions for the adopted D--T mixture;

(3) D-T burmng with raising peak plasma ternperature.
During this phase He’ is injected into the plasma chamber while
tritium is- depleted

(4) D-He* burning when the peak temperature achieves: the
maximum values fhat are compatible with the. (finite-8) thacfro-
scopic equilibrium and stability conditiens of: the plasma
column. In this phase tritium should be almost completely
burned out. '

In principle the use of tritium could be avoided and D-He?
burning conditions could be reached by adopting a suitable ion
cyclotron heating system. However, it has been estimated that
the cost of the necessary tritinm handling facility is smaller than
that of the neeeded jon cyclotron heating system.

The energy- balance that is realized at the beginning of the
D-He? burning phase, with a 50-50% mixture; has been roughly
estimated to correspond to the following channels of energy
loss:

~— convection and electron thermal conductivity 53%
— bremstrahlung emission 33%
— synchrotron emission 10%
— neutrons 4%

The synchrotron emission was evaluated assuming 90%
reﬂectmty with 5% of the plasma chamber taken up by access
ports (“holes”) as indicated in Section 4. The quoted power
balance refers to the time where the temperature that can be
maintained by D-He® burning has just been achieved i3, 7] and
the indicated neutron emission is contributed both by D-D
reactions and by reactions involving leftover unbumed tritium.

In a pure 50-50% mixture of D-He’ the fraction of power
emitted as neutrons has been estimated to amount to about 1%
of the total. However this fraction can be reduced by injecting
deuterium atoms that are spin polarized in the direction of the
magnetic field. If the spin polarization can be maintained
through the plasma discharge the deuterivin—denterium reac-
tivity can be made negligible. At the same time, if the spin of
the He® nuclei are also parallel to that of the deuterous the
D-He® reaction rate can be enhanced by a factor 3/2, as indi-
cated earlier {6].
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of transport coefficients that can be used to describe the elec-

tron energy confinement propérties of HKigh temperature

plasmas. The point of view that is adoptéd is that thése trans-
port coefficients are the results of a set of global conditions for
the existence of self-consistent equilibria [1A, 2A] and that:

(1) the current density distribution tends to relax into a pro-
file that his a maximum at the center of the plasma ¢olumn and
is monotonically decreasing toward the column edge;

{2) the class of microscopic processes that allow: the current
density distribution to relax toward its “optimal” proﬁle is
charactérized by the dimensionless “number”

— 2
C‘u = wpide X

Veehe
where wy; is the appropriate ion plasma frequency, de= ¢/wpe
is the electron ineértia skin depth, Ag = Vine/Ves is the electron~
eieetron collision mean free Iiath ancfl'r);,e?\2 is t’lle:‘di'ffusi(')n co-
(3) the “optlmal” ele,ctron energy deposmon proﬁle for
which the minimum rate of ¢lectron thermal energy diffusion is
produced, is ¢lose to that of the current densxty proﬁle typlcal
of chmii¢ heatitig.
We assume that the current density profile, over a significant
part of the plasma, column, cain be descnbed by

{ Ie gy = 11] -
do . L
where £ =r¥g% I = 1)= 1,{(E=0) = 0, and

Jp g v
s SO

Now we '\i‘iﬁt’é' ‘

o

Jy = J exp
(2.4)

75 = 16575

where By'is the applied toroidal field (in Gauss), R is the torus
ma]or radfus (in cm)‘and J§ is niéasired in A ¢m™ Thus, when
gd>1, J§ is the peak current density that can be actuajly
achleved When g3 <1, J§ is the value that would be achieved if
no internal modes that redistribute the plasma current density
were excited. Therefore when gqg< 1 and the cOndition's'(e g.,
collisionality regimes) for the excitation of m®=1, n O=1
modes exist, the current density profile is not statlonary and is
not described by eg. (1.A) in a reglon 0<r<r;<a that is
affected by these modes. Here #® and n° indicate the poloidal
anid toroidal wave numbers, respectively, when referring to a
toroidal equilibrium configuration. From now on we shall
assume for simplicity that (ry/z)? is considerably smailer than
unity and that the global electron energy confinement does not
depend on the rate of transport over the region 0 <r<iry:

Sirice: we considér high electron temiperature regimes, the col-
lisional eléctrical resistivity along the magnetic field, can be
written as
) = naf () (3.A)
where Fp()=>1 is a function of (#/R)"%, R being the torus
major radius, and of Vs = Vop/Gpe, Ve r being the effective aver-
age collision frequency of trapped electrons and ¢y, their aver-
age bounce frequency. In particular Fp{r = 0) = Fp(r = a) = 1.
Then, since £)=const in stationary conditions, the electron
temperature profile is related to that of the current density by

nr. . ~ RN Y

Te = Telr = a)(Fr)*?exp {*“ %% [I(E) - 1)” (4.A)
and it is broader than Ji3 in the central region where Fr(r) > 1.
Here £ is the current drlvmg electric field.

We also consider regimes for which most of the eléctrons
thermal energy is lost through their thermal conductivity. In
the presence of significant auxiliary heating of the electrons that
we represent by the specific power Se(r), we write the relevant
thermal energy balance equation as

1d 27T, dJ
Se(f’)"‘EuJu =TTy {nD (3 7 dr")]

Then if we require that the current density profile be of the
form (1.4), we obtain

(5.A)

o *(f) ‘ eBya q9 [ S«(r) g
Dy =D« ( o qs) [1 +3 7 J (6A)
740) z%jardm"(r) Camd seE3fsere (0A)

Equation (6.A) ensures that the current density profile is nearly
Gaussian and gives the correct functional form of the derived.
diffusion coefficient. However eq. (6.A) does not provide the
specific expression of Dy that is néeded for the actual numencal
evaluation of the electron temperature. - :

We also riote [3A] that

% _ o (@M e)
9 - Ey . 40
and notice that the atgwnent of the indicated logirithm is 4
large numiber. Thus a reasonable error i theé estimate of
T.(# = &) doesnot affect seriously that of §s/40- :

We observe thit in thi§ cdse we no longer have a diffusion-
equation for the electron thérmial energy and we may refer to
the quantity Deff defiried as -

e L Dox (d w73\
ATy A
when comparing the transport model that is beéing discussed
with the reported analyses fo the energy bdlance in ongoitig con-
firement experiments.
Tn the case wheré only ohinic heating is present and S, = 0,

we have specified Dy by expressing ek 123/ (pTegs) in terms
of C“, that is
CE"d

ds
fTe' T 8 (6610) CZ’

Thus we can define

ro= o [ f_(ﬁ
0= €\ 6q8) 2aR \4a

where

(8.A)

(.4)

(10.A)

IT.CY* = eV
and we have
" E == .
=] eVNT.CEY d
The condition /(§ = 1) = 1 implies that
= i
e = 1 /f | dET.CHY

and ), & (A"%a)(qo/q3)-

(11.A)

(12.A)




Then the expresmon for Do, the thermal diffusion coef-
ficient that is appropriate when only ohmic heating is present,
can be written as [4A]

Jr)
D= e 4, (13.4)
where

1
A = dax ==Ci° (14.4)

; €g=20.25 is a numerical coefficient that was derived from fitting

. one set of consistent experimental data with eq, (13),z and A,

are measured in cm. We notice that

where 4 is the ion mass number; Z; the charge number.
I the- case where (S,) % 0, we introduce the variables

. _ By _S‘

(15.A)
and. notice: that # ﬁ'sz(qug)/(dﬁ)n"s, as By = [3d(rirs)E;,
§.=5.0r=rs), J = J.(r=rs) and.rs, defined by T,(r=rs)=
T.(r = 0)/5, represents the edge of the hot region.

Thus we: can express: the scaling for the electron temperature
by relating & to §. In particular when § # is large [5A, 6A] we
may write:

G S”f (16.A)

We: notice that I'> 1 would mean that the electrom energy con-
finement- time- deteriorates so seriously that the electron: tem--

perature does not increase as S increase: When I' =1,
SB, g-g a3
J1113 a" A -

and the electron energy confinement time has the same scaling
as in the case-where ohmic. heatmg only is present [7A]. Then
we may write

T« (17.A)
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g=1 +;(Sé"’) (18.4)
and, in this case, the expression for Dy is
E -5 1
Dy = A“[ L+ 132 (a’ﬂ‘—n}—. (19.4)
®ne &
In particular we may relate ¥ to the départure of the energy
deposition profile from that typical of ohmic heating. Then, a

possible option is to take

J' "4 L)z S_E(f).__j_ -1
9 s Se- J Il (r )
Unfortunately the number of experiments in which the energy
balance has been analyzed in detail and ohmic heating is not
prevalent is quite limited [8A]. Therefore, although the implica-
tions of conjectures (18.A) and (20.A) appear to be verified
for '~ 1, a reasonable precise comparison with a consistent set
of experimental data remains to be carried out.

1t is a pleasure to. thank P. Bonoli, R. Englade, and N. Sharky
for their contributions, and E. Mazzucato and' A. Taroni for
stimulating conversations on the subject of this appendix.

2

y—1= (20.4)
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