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INTRODUCTION

T-20 is an experimental thermonuclear installation intended
for the study of physical processes in plasma with thermonuclear
parameters of (777%» o Ap/iyhtiyc‘1i7;>7xéyﬁand which will allow
fairly lengthy operation under D-T conditions. Besides solving
problems of physics, T-20 will make it possible to perform
modeling and the selection of basic engineering solutions which
must be faced before the design of an energy producing thermo-
nuclear reactor based on the Tokamak principle can be completed.

The main parameters of the installation (plasma size, plasma
current, total power expended and methods of supplementary heating)
are selected in such a way that the eneroy produced by the thermo-
nuclear reaction in a D-T plasma, in the form of neutrons, is the
same order as the amount expended on the plasma.

The /7?2% and T plasma parameters in T-20 are almost
identical to those needed in a hybrid Tokamak reactor with a
uranium blanket and can be directly extrapolated (without any

intermediate steps) to a "clean" energy producing reactor.

1l.2. The rapid growth of research on Tokamaks and the general
conclusion that plasma confinement time must scale with dimen-
sion have dictated the next step in the program for Tokamaks.
This step will be implemented with the coming on line by mid 1975
of two large installations; T-10 (IAE) and PLT (Princeton).

On T-10 as compared to T-4, the plasma radius was doukled

and the current is up by almost a factor of 4 (from 0.2 to 0.7 MAa).

13

It is anticipated that T-10 may have an #7( up to 10 and an ion

temperature of 1.5-2 KeV.



1.3 At the present time there are designs for three larage

Tokamaks of the next generation: JET (Joint European Torus),

TCT (Two~-component Torus, Princeton) and JT-60 (60m3 plasma

Tokamak in Japan). JET is figured for a current of 3 MA (with

the possibility of going to 5 MA), TCT up to 2.5 M2 and JT-60 to

3 MA. The JET and TCT machines are planned as last stages in
experiments for achieving a thermonuclear reaction in a DT plasma.
We assume that all these machines will he built and brought on line

by 1980.

2. The T-20 Installation and its 2ims

2.1 Based on the consecutive steps k??wiﬂ 1012 (T-4),

13 14

n?yﬁﬁ 10 {(T-10) it appears reasonable to aim at /7fdﬁi 10

during the next step, namely T-20. At a plasma temperature

T = 8-10 KeV, the value of /7~ 1014

will insure a power output
from the DT reaction (with 14.1 MeV neutrons) greater than that
expended on the plasma. In other words O, the ratio of power out
to power in will be greater than unity. The value of h?wxr1014
is entirely adequate for a commercial bhreeder reactor with Uranium
in the blanket. This is somewhat lower than Lawsons criterion
of n{ = 3 x lO14 for igniting a thermonuclear reaction but is
entirely reasonable from a standpoint that a 3-5 extrapolation to
a "clean" energy producing reactor can be made from n{=1014
without any intermediate steps.

Thus, one of the main aims of T-20 is the attainment of

o . -3
/74; ~ /g/iw4 s€C (?}-is the confinement time) for a plasma

g
temperature higher than 7 KeV, namely, the realization of a demon-
stration experiment where the energy output from a DT reaction

is of the same order as that expended in the plasma.



2.2 On attaining a plasma with thermonuclear parameters

(rig = 10"t sec , 7 >74eV ) the 7-20 installation will

allow investigation of the physical processes in a reacting DT

plasma. In particular it would be possible to study the confine-

ment processes of charged thermonuclear reaction products, namely,
K particles and their effect on the reaction, a point which is

imperative to the understanding of ignition and a self-sustaining

reaction in a DT plasma.

2.3. Upon attaining a mode of rapid rate pulses and by operating
for a long period in such a mode, T-20 will permit the study of
blanket modules of different construction for neutronic experi-
ments and will allow modeling work on future energy producing

thermonuclear reactors based on the Tokamak principle.

3. Choice of Main Parameters for T-20

3.1. The parameters of T-20 are determined by the pre-set goal,
namely the possibility of long term operation with a reacting
DT plasma and by the technical limitation for achieving these

parameters.

3.2. One of the main parameters of a Tokamak tvpe device is the
current I in the plasma. According to optimistic evaluations,
the quantity /4?J: /Qiﬁ? can be attained only with a current
which is greater than 3 MA. Such a current is planned for JET
and JT-60, and the same order of current will he attained in
TCT. If we included a factor of uncertainty hased on inadequate
knowledge, then we should pick a higher current value. Planning

as well the possibility of long term operation with a DT plasma

and the performance of engineering and technical studies on the



T-20, it seems reasonable to pick a current value of I = 5-6 MA.

3.3. At a current I = 3 MA, not all the < particles from the

DT reaction are confined in the system with the result that a
noticeable amount will immediately hit the wall. 1In order to
confine a substantial portion of the ¢ particles and to retard
their motion in the plasma toroid, it is reasonable to increase the
current I higher than 3 MA. At a plasma current of 6 MA, more

than 90% of the « particles will be confined.

3.4. The main parameters of T-20
1 - Major radius of the toroid: R = 5m
2 - Minor radius of the plasma toroid to the limiters: a = 2m
3 - Plasma volume 400m3, plasma surface area A; = 4QM9h72

4 - Maximum plasma current: I = 6 MA

Y

5 -~ The magnetic field at plasma center: fﬁz :k35~%:
6 - Pulse length in the plasma: fﬁf = L0 sec.
7 - Expected values
Plasma temperatures
Due to ohmic heating: T = 3 KeV

Due to supplementary heating: T = 10 KeV

Confinement time Zig = X svc . 2
Confinement parameter /7?25 = /“?/ Cﬁﬂm sec
Average density o= ﬁ“X’ﬂ9/%fw_

/ﬁb poloidal for T = 10 KeV ﬁ? =/
Stability factor i,:: .3 3

e

Number of particles in machine /Vg = /0



; c{’e o
8 - Enerqgy stored in the plasma VV}; = [0 /.
Anticipated power losses F“: M4%/%17 = 579/A7VM
2
Average heat load on the wall /eu = ;3C§; = /Zﬁﬁﬂpu/QV%
9 - The anticipated number of neutrons per pulse for a
DT mixture is 1020 - 102l

(neutron fluence is up to 1013 neutr/cm2 sec) .

4. Plasma Confinement in T-20

4.1. Let us present now those considerations which have led us to
the proposed parameters for T-20. The main indicator of the
effectiveness of magnetic plasma confinement is the confinement
time ?27. This value can be obtained either on the bhasis of ex-
trapolating existing empirical relationships or the reliance on
One or another- theoretical Model. We will now discuss the

different possible options.

4.2. A straight empirical extrapolation can be made based on the
- - -7 ) o~ 2,

empirical equation (Vg = 7x/0 al ("'e‘ e ™ A /‘7’9

where /%9 = %;Eix is the electric field at the edge of the

blasma in oersteds, and I is the current in A). This relationship

produces the best results for plasma confinement in Tokamaks and

Va4
in this sense it provides an upper limit for (g . For the
selected parameters of a and I, the empirical formula gives the
N . .

value of (é, = é{‘¢5€6 - There is already experimental data

in which 2} is a factor of two or three smaller than empirically

predicted by 22; A,Q\Z“ For this reason it is more realistic
o . : L/’IV . g 7

to take [ér = Jﬂ~4ﬂ?c. which for a stored energy of /é = [0 ,/

corresponds to a power loss of 25-30 MW.



It should be mentioned that the empirical ecuation
~ z
(g ~ a Aé; does not have any physics basis and kesides, it
does not take into account any losses due to radiation by im-

purities which will become greater as the temperature is increased.

4.3. The other approach is based on one or another theoretical
model, which gives an adequate agreement with existino data. Some
of these models are discussed in Apprendix 1. Thus, for example,

a rather optimistic model which proposes a pseudoclassical
diffusion of electrons and a neoclassical diffusion of ions

(with an entry into a deep collisionless banana regime) gives a
confinement time of several tens of seconds. A more pessimistic
"six regime" model which takes account of theoretical predictions bhut
experimentally unverified instabilities due to trapped particle
orbits, gives for Hz = 35 KG and a current I = 6 MA a value of
M(E;‘d /»C?M{ for T = 7 KeV,/ﬁ'/, = 1 and ;5 = 1, further, /472.—
grows very rapidly with a decrease in the temperature and an in-
crease in the density (besides this, ki?}" increases linearly

with i? ) .

4.4. 1In discussing the question of extrapolating existing data to
larger devices, it 1is reasonable to make use of similarity con-
siderations in Tokamak type systems. We can show that the density
of an ionized plasma in a Tokamak is described by eight dimension-
less parameters. During gémic heating, two of these parameters

for example/éié7 and &= 4927 are dependent, namely, they are
functions of the remaining six. Of these six parameters the

Debye number /%4 (number of particles in a sphere of Dehye radius)

is not pertinent to the investicated round of problems, but the



ratio of the electron mass to the ion mass, /AL :"M?/ZQ' ;

may be considered constant. Four of the remaining parameters

are the aspect ratio A = R/a, the confinement factor 2: a‘”%é?ﬁg
and two parameters which represent the longitudinal and trans-
verse plasma confinement: 7= [2%8 and /<:/0/6{ where 26

is the average mean free path of electrons and jD the Larmor
radius of the ions (it can be easily related to the electron
temperature). A and @f are parameters with a limited variation
and can thus be considered constant. In this way only 7/ and Ki
are the determining parameters.

The value of </ , even in existing devices varies within a
large range and it characterizes the degree of the collisionality
in the banana regime. In T-20, the proposed parameters correspond
to a plasma well into the banana regime so that existing data
concerning ions in the plateau regime cannot bhe directly extra-
polated.

The dependence of the/{éparameter is apparently less critical.
Existing machines have proved that the diffusion characteristic

—_ -2
of the leakage corresponds to the dependence ?5”V /<

and this will not likely change in T-20 where the parameter
ﬁf ~ Veiyjr will decrease only by a factor of five over TFR
and a factor of three or four over T-10.

In this way the largest uncertainty in predicting 232~
for T-20 comes from the ions entering the banana regime. This
uncertainty will be partly alleviated and possiby eliminated by

imminent experiments on T-10 and PLT.



4.5, For further discussion, it is convenient to introduce a
group of numerical values for some of the important quantities.
Let us begin with the ¢, the electrical conductivity of the
plasma. Taking into account the trapping of electrons due to the
toroidal geometry and the possible presence of impurities, we

will introduce into the Spitzer equation for ¢ the anamoly

factor /Z? ]
Lixid e - sz %, -t =
Az R
where T is the temperatue in 6‘/ . Assuming :4 = /0 we obtain
6 , -1 -l
for T = 10 KeV a value of T = 1.2 x 10 ohm sec

-/ -/

and for T = 3 KeV a value of " = /. 6 )(/0(04”’ sec
(skin time of the plasma is 90 sec. and 15 sec. respectively).
In this way the power from ohmic heating /230 = Z ’?-270-'4 2_—_//7!;,/'
for T = 10 KeV and E% = 5 MW for T = 3 KeV; in other words
it is very small.

Further for (T = 10 KeV): electron-ion’ csaliliqlonal ~

mean free path*® ~ - Aes =~ /;,;Dn 7 v 6 X0 Cu

Electron thermal velocity Ve = 6 % /0 V = ¢ X/¢ Chﬂ/kfﬁ
-/

4
Electron-ion collision frequency e, = 6/26(‘ X /0 sec

3 N o N
Charge exchange time Ceg J. 8 sec

Collision parameter 2 = ’Zﬁ/;{c w ZX/0 ;
Time to slow down an 80 KeV ion ’?5 ~x JF sec
IL.et us note that the boundaryt between the "plateau" regime
and the "banana diffusion" regime is e (/54%) %«//O—/)

and thus at 10 KeV the T-20 plasma enters well into the banana

regime (about two orders of <) ).
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We will also introduce the Bohm time

21
(}) - T
{5 C /

£ 3
5 x 10 sec for T = 10 KeV and the ion thermal diffusion time

P
~ a“k — .
:6%0;7/; = Jd./sec ‘/0;, ] = 0 Ke V

(here )3 is the ion Larmor » radius, 'pf is their thermal velocity).

~~
on the plateau (f/

At a temperature of 3 KeV, this value is 7:;[ = 0.5 sec.,
greater than the charge exchange time between electrons and ions
which is ’?}1' ~ . 2 s€cC .

The slowing down time of X particles ) Zi;, is the order

of one sec. The power loss due to them at 10 KeV is 22‘2?/5:v35?/fﬂf

4.6. Power losses from a plasma can be by electron and ion thermal
conductivity, neutral charge exchange, radiation by pure hydrogen
plasma (Bremsstrahlung and synchrotron) and radiation from the
impurities. In a pure plasma of large dimensions all the energy
loss mechanisms except the thermal conductivity losses are small
(see Appendix 1). We will thus examine the thermal conductivity
losses.

On all the existing experiments on Tokamaks there is a
dominating energy loss channel by means of electrons. Correspond-
ingly, in T-20, during ohmic heating,when ion thermal conductivity
does not exist, one might expect the same kind of plasma condition
as existss in present experiments. In fact, within a large interval
of the variation in the parameter Z):(Z€/?€ the value /@b
changes slowly and as a rule does not fall below 02 - 0.3. With
guarded optimism let us assume that ﬁ% in T-20 during ohmic
heating and an absence of ion thermal conduction reaches a value S

/Qp = 0.3 which corresponds to a plasma stored energy Vyk::3x’%’4r

W,
and a temperature T = 3 KeV. Under these conditions ?2': e‘p%
7y
= I X /0 /5 x/r)é: 6 sec .
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As the plasma temperature is increased, the time 21: and
the power loss by the electron channel mechanism varies somewhat.
5
For instance, if the pseudoclassical relationship J{; Afjgy €
is correct, then the electron lifetime must scale with temperature

7

— e
as /" and correspondingly, the power loss ~ ’7//%?? “’/Gr

can rise to 10 Mw.

4.7. Let us now turn to the ions. In all contemporary Tokamaks
the ions are in the plateau regime of the neoclassical theory of
diffusion processes and the value of their thermal conductivity
is in good agreement with theory. If in T-20 the rate of diffusion

remains in the plateau regime, then the power loss from ions would

Wp/. —
be /Dc = ’0/,2?;54 = /00 MY/ 7%;~ = B kel and
%ﬁ = 500 MW at T = 10 KeV which is unreasonably high. For

this reason, in order to be able to carry out experiments at

10 KeV it is imperative to achieve an ion thermal conductivity at
least an order of magnitude lower than the plateau value. Neo-
classical scaling at the anticipated - v /0*3 , hamely well
into the banana regime, predicts a value which is two orders of
magnitude larger than a;*’ N na ?E;' ~ O 5€C

and the corresponding power loss ;3'”“ 590,

These values appear to be optimistic, since at this depth into
the banana regime, there may be ion instabilities due to thermal
drift and trapped ions. 1In a toroidal geometry such as T-20
where the aspect ratio A = R/a = 2.5, the thermal drift instability

will produce an increase in ??z of several times relative to 7?M'

and the trapped ion instability will permit the attainment of

w2 10 e sec For T= TRV B =1, T/,
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Accounting for a rather large uncertainty on this point
(which could be eliminated by imminent experiments on T-10 and PLT),
. —~ . /¥ -3
we have picked the values (g = 2 sec. and w (g = /O (/1 sec

but we should keep in mind that these values can change by two or

three factors in either direction from the real values on T-20.

4.8. While analyzing ion thermal conductivity, one must account
for the neoclassical thermal conduction by ions trapped in non-
homogeneous (wavy) regions of the toroidal magnetic field, Let
us designate the ripple.- by ér = ( Hmax - Hmin)/2H. Thus,

according to neoclassical theory, the thermal conduction in the

-3
~ 72
ripple must lead to & itEme C& =~ 125 /C\},A,' .

For Y o~ /Q)—j and ’Z;%' ~ /0 S€C the value of é
must be less than 1% so that 23;: could rise to a value of the

order of several seconds. In this way, the value g- in the main

portion of the plasma toroid must be undoubtedly less than 0.1%.

4.9. Radiation from impurities in a high temperature plasma is
one of the main channels of energy leakage. According to the
latest theoretical data (see Appendix 3) the average radiated power
Vfﬁ%%iities at T = 10 KeV is relatively weakly dependent on temp-
erature and may be approximated by ;; =6 X 10“30/Q3K§;2§2;V/%“/f
where /Z? is the density of the impurity which has an atomic

13, we obtain for the

- : Ve 2
whole volume /Z,? = 62/‘7/4/, where Z = 2 Z’g Z 5 1is the effective
x

atomic number of the charged ions. From this it is evident

number Z . At a density #¢ = 5 x 10

that at higher EZ r the radiation losses from impurities become
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——

larger, reaching 30 MW for Z = 5. It would seem that the value
;i v, 30 MW should be a reasonable upper limit for allowable
losses due to radiation (we remind you that thecenergy from the

K particles from the DT reaction can reach 15-25 MW. )

5. Impurities

The problem of plasma contamination by impurities is a big
problem in most stationary systems including Tokamaks. Besides
plasma confinement and heating, the problem of impurities is one
of the three main problems standing in the way of a thermonuclear
reactor. Since T-20 is a short pulse device (pulse length does
not exceed several energetic times) and is intended to solve only
the first two problems, plasma heating and confinement, nevertheless,
in order to do this it must have a relatively clean plasma.
Existing experimental data on the level of plasma contamination in
Tokamaks and the behavior of impurities in the plasma toroid are
not completely determined. A common quantity that might be con-
sidered is several percent of light impurities and a fraction of
a percent of heavy impurities, such that the value of 2? might
reach 3-4. From the standpoint of radiation from the impurities,
this level seems acceptable for T-20.

The process of accumulating impurities during a discharge is
not completely understood. The accumulation of impurities during
a discharge and their concentration on the axis of the toroid were
discovered during stable discharges on the T-4 Tokamalk. On the
other hand, for example on TFR, for a small increase in the plasma
density with time, one observes i_constant in time impurity con-
centration corresponding to a 23 = 4, from which the authors

have concluded that the rate of impurity accumulation is two
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ordersless than the rate of impurities coming from the wall of the

chamber and entering the plasma surface.

5.3. In T-20 the average enerqgy deposition on the chamber wall

is taken as 12.5 watt/cm2 (during ohmic heating at T = 3 KeV,tthis
value is an order of magnitude less). This value is the same order
of magnitude as that in contemporary large Tokamaks such as T-4

and TFR. Thus it might be expected that the rate of plasma con-
tamination in T-20 at 10 KeV will be about the same as in T-4 and
TFR (if the chamber and the limiters will be made of the same
materials as are used presently). But since the minor radius of

the plasma torus in T-20 is an order of magnitude larger than in

T-4 and TFR then we may expect that the rate of plasma contamination
per cubic centimeter will be an order of magnitude less. In TFR

the value 25 = 4 is maintained for 0.4 sec. which leads us to think
that in T-20, we may expect several seconds before the impurities
reach a value of 2? = 4 - 5. This gives adequate time for the

performance of an experiment.

5.4. In the first version of the vacuum chamber for T-20, we do
not propose to have a diverter in order to reduce the level of
impurities (although such a possibility is considered for future
stages of the effort). We also concede that the first version of
the chamber will not be optimised as to the choice of materials

for its various components which might interact with the plasma.
These are the chamber itself, the limiters (stationary and movable),
screens etc. TFor this reason the design must allow for the possi-

bility of replacing the chamber and its elements during experi-
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mentation. The design of the chamber and its elements must also
take into account the peculiarities of energy transfer in the plasma

and the means of its contamination by impurities.

5.5. During the interaction of the plasma with the walls there
exist several means by which impurities are liberated so that they
can contaminate the plasma:
1 - Scorching and possibly ablation of chamber elements
from the intense heat.
2 - Physical sputtering by energetic ions.
3 - Gas desorption and the destruction of chemical bonds
from the impact of electrons.
4 - Knock-out of impurity atoms by gamma and ultraviolet
radiation .
5 - Physical sputtering by neutrons from the DT reaction
6 - Blistering, namely exfoliation of material, mainly due

to the action of (X particles from the DT reaction

5.6. These mechanisms are not identical in their effect on the
plasma. Blistering, for example, begins with doses: the order of
0.1 coulumbs, namely, with an o particle fluence of 1013—1014
per pulse per cm? of surface, blistering begins to appear after
~ 103 DT pulses. Thus for the initial series of experiments
with a small number of pulses it is not dangerous, but may become
very significant on further use. Since & particles are charged
and will undoubtedly accumulate on protruding sections of the
chamber (limiters), a plan must be implemented for replacing them

if the need arises (we should point out that for very large doses,



blistering diminishes). We can also hope that for the T-20
parameters, a large portion of the o particles will have time

to give up their energy to the plasma.

5.7. As concerns neutron sputtering, there does not seem to be

a full understanding of the process, since the corresponding data
for sputtering coefficients Aﬁ; oscillates from 1073 to 0.25.
Even with ﬁSL v /0-/ the flow of impurities will be the order
of 1012 particles/cm2 sec. (for a neutron flux of 1013/'7/cm2 sec.),

which is small.

5.8. The liberation of impurities due to the bombardment of the
wall surface by"y'quantas appears to he the least damaging of all
the mechanisms and thus, the radiation from these impurities is
the most favorable from the standpoint of a plasma energy loss

mechanism. This mechanism of contamination can be neglected.

5.9. The flow of impurities due to electron hombardment can he
reduced to acceptable levels by means of proper preparaﬁ}on of the
chamber. If a coefficdéent of desorption C~ ﬂOﬁ—Jér can be
achieved (a very high level of cleanliness of the wall) then one
joule of enerqgy transferred to the wall by 100 eV electrons will
liberate the order of 1012 impurity particles, which implies 1014
particles/cm2 per pulse and is a permissable quantity.

In all existing Tokamaks, the energy which is dissipated on
the limiters is mainly in the form of 100 eV electrons. This

process removes enerqgy from the plasma by means of the most

favorable mechanism from the standpoint of material sputtering.
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This advantage should also be preserved in the construction of

the chamber and limiters for T-20.

5.10. Physical sputtering by fast ions is one of the most serious
means of contaminating the plasma. In T-20, sputtering will occur
first of all by ions of 30-100 eV on the plasma boundary (for
example, those that hit the limiters), secondly by neutrals of

1-3 KeV coming from charge exchange with cold gas atoms reachinag
the plasma boundary, and thirdly, by neutrals of 10 KeV coming from
charge exchange with externally injected atoms (with enerqgy of

80 - 160 KeV) in the inner regions of the plasma. (Besides this,
the wall area across from each injector will be bombarded by 3.

80 - 160 KeV neutrals, but that portion of the wall can be made
deeper and can be preferentially cooled in order to absorb the
sputtered impurities). The flow of energy from 10 KeV atoms can
comprise several percent of the injector power, amounting to

1 watt/cmz. Since the sputtering coefficient for stainless steel
at this enerqgy comprises about 2%, then the corresponding flow of

13 particles/sec cm2, such

impurities can be of the order of 10
that during an injection pulse lasting 10 sec, the surface of the
plasma will receive 1014 particles/cmz, which is 2% of the hydrogen
ions. Such a level of impurities in the plasma is unacceptable,
and here we can only depend on the experimentally observed mech-
anism of screening the plasma from the impurities, so that the

flow of impurities to the center of the discharge is considerahly
less than the flow of impurities to the plasma boundary.

Even a more serious problem exists in the softer region of the

ion spectrum. In the energy range of 100 eV to several® KeV, the
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sputtering of stainless stedlby ions can liberate about 1014
particles/joule. If these ions transfer the order of 10% of the
energy to the wall, then the impurity rate to the plasma surface

will be about lOl4 particles/cm2 sec.

5.11. Consequently, the anticipated flow of impurities from the
stainless steel to the surface of the plasma is very high. The
experimentally observed phenomenon of plasma screening‘ foomiim-
purities, (namely, that the rate of impurity flow to the center

of the plasma is lower than the rate of flow tc the plasma boundary)
can substantially iMprove the situation, nevertheless, there exists
a dire need for the selection of more suitable materials for the

chamber and the limiters.

5.12. Scorching of the walls and ablation .:i of chamber elements
under very high thermal fluxes can present a much more serious
problem in T-20 than in all the contemporary Tokamaks. The choice
of the thermal parameters of the chamber walls and the heat removal
elements (limiters) must be performed in the earliest stages of

the project design.

6. Initial and Final Stages of the Process

6.1. It should be expected that the initial stage of discharge

in T-20 will be noticeably different from that of existing Tokamaks.
The main reason for this is the large size of the device and

the consequent ®kin effect of “ the plasma current. In contemp-

orary Tokamaks, breakdown occurs along the total cross section of

the chamber and the plasma current increases to its nominal value
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7
in 3-30 m sec. at a rate ~ /0 A/(féG - This produces a tendency
for skin effect However, the skin effect configuration of the -plasma
current appears to be unstable due to the development of spiral

resonance perturbations with integer values of i&(ﬁj .

6.2. The development of these instabilities, apparently causes
the current to penetrate into the plasma. On the other hand,
these instabilities lead to increased interaction between the plasma

and the walls, producing more impurities.

6.3. The amount of energy that is thus deposited on the wall can

AL LT

be evaluated as -~ S5 where A L is the change in
the plasma inductance during the transition from the skin distri-
bution j(r) to a parabolic. For T-20 this value can reach ~ 100 MJ.
If we take into account the pulsed nature of instability development,
then we can expect a pulsed energy deposition on the wall the order

of hundreds of MW. In such a case, it is possible to evaporate

some parts of the discharge chamber.

6.4. Calculations show (Appendix 1) that the skin effect cannot

be approximated by simply introducing an anamolous resistance with

a coefficient '4R = /0 {this is all that is needed in existing
Tokamaks, so that the calculations would not give excessive skineffect).
Even ’QR = 50 does not help. Both calculations indicate a deep skin

efiflect which prevails during a considerable portion of the initial

).

o 5 T
stage of discharge (’(Sf = d.9 Tz
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6.5. To avoid the skin effect in T-20 we are proposing a different
means of plasma breakdown, namely, the use of movakle limiters,
which will make it possible to change the plasma minor radius during
the rise of the discharge current. We are assuming that in the
shadow of the limiters, the electrical conductivity is low and the

current density is negligible.

6.6. The function of movahkle limiters could have been performed
by the chamber wall together with a transverse magnetic field

appropriately programmed in time.

6.7. A necessary condition for such a method to work is the supply
of fuel (D, , 7;) to the expanding plasma boundary. The gas will
ionize near the plasma boundary and this will give us the means to

program the distribution of /7@,(?) P

6.8. It is proposed that the initial plasma radius be picked the
/3 -3
same order as present Tokamaks, 30 - 50 cm and a density K%AJ/O co .

The rate at which the limiters increase in radius should bhe picked
to correspond to the diffusion rate ( ~ 10m/sec.). We can expect
that the heat load on the limiters (or the wall) in this case will

be minimal.

6.9. In order to improve the conditions for making the plasma,

there should be provision for preliminary ionization on the axis of

12

the chamber. If a plasma of £, ~10 053 and ngv 30 eV can be

€

created at the axis of the chamber then at a current rate of

-
/& A/sec., in -~ 100 m sec. the current will reach a value needed

for confining such a plasma. During this time the radial transverse
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dimension of the plasma will not increase appreciebly. Localized
ionization on the axis of the chamber can be obhtained by a system

for plasma heating which utilizes the electron-synchotron resonance.

6.10. At the final stage of discharge when the heating mechanism
is turned off, 2 - 3 sec. are needed for cooling the plasma to a
temperature of 1 - 2 KeV, namely, its thermal energy will appear
to be relatively low.

The problem here is to remove, in the order of several seconds,

-

the magnetic energy Dg;'li; , which is within the plasma,
2
without reversing the current on the boundary and conserving the

energy in the plasma.

6.11. It would appear this can be accomplished by lowering the
current and by simultaneously injecting some inert gas, such as
argon on the boundary of the plasma toroid. (It is hoped that it
can be subsequently removed from the wall by baking at 6009C).
Cooling the periphery is imperative in order to reduce the
electrical conductivity close to the boundary to a value

I -3 x 1016 sec.—l.

It may be assumed that such a scheme can he effective if

the amount of argon makes up about 10% of the total initial number

of electrons.

6.12. Further, a necative current at the plasma boundary can be
avoided by lowering the electrical conductivitv in the external layers
of the plasma by introducing mechanical limiters, or by squeezing

the plasma to the wall by tranverse fields. This operation is the
reverse of the initial stage. It is possible to use all three

methods simultaneously.
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7. Plasma Heating Methods in T-20

7.1. Ohmic heating in the initial 2 sec. can raise the temperature
of the plasma to T X3 KeV. On reaching this temperature, the
effectiveness ofchmic heating diminishes, since the current value
is limited by the condition of hydrodynamic stahility and the
plasma resistance decreases rapidly with temperature. Further
heating must be done by methods which are effective iridependently
of plasma temperature. Of all the various heating methods, the
most promising and the most experimentally developed at the present
time is the injection of fast atoms and the use of high frequency
and ultra high frequency methods.

For the selected parameters n = 5 x 10l3 cm—3

N
’ C£-= 2 sec.,
raising the temperature from 3 - 10 KeV can be accomplished by
expending ~ 50 MW of power on the plasma within 2 - 3 sec. Let

us assume that the energy coupling efficiency of the ions is 85%,

then the total power needed is 60 MW.

7.2 The time sequency of the plasma heating phase is: the
first two sec. ohmic heating the plasma to 3 KeV; during the next
2 - 3 sec, expending 60 MW of power on the plasma by either atom
injection or by RF methods and reaching a plasma temperature of
10 Kev. Further power input (the quantity and length) is depend-

ent on the experiment, but not exceeding 15 sec.

7.3. Heating by means of fast atom beams (Deuterium). The enerqgy
of the atoms is taken at 80 KeV, and the quantity is 750 equivalent
atoms, which corresponds to an injection of 4.5 x 1021 particles/sec.

The initial number of particles in the 400 m3 volume is 2 x 1022
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and during injection the number is doubled within 5 sec. This may

limit the injection pulse at 80 KeV and force the transition to more

energetic atoms at 160 KeV.

7.4. The injection system consists of the following types of
injectors:
Energy of Deuterium atoms KeV 80 160
Total power in the atoms
at injector exit MW 12.5 16
Number of atoms Equiv. atoms 160 100

Power supply to the

injectors:
High Voltage Mw 32 64
Low Voltage MW 5.4 5.4

In order to produce 80 KeV atoms and supply 60 MW, 5 injectors
will be needed with an overall power supply of 190 MW. Three in-
jectors for 160 KeV atoms will supply about 50 MW of power to the
plasma with a total expended power by the injectors of 210 MW.

The total power transmitted by the atom beams at 80 and
160 KeV simultaneously is 110 MW, while the total power expended
by all the injectors is 400 MW.

If necessary, three of the 160 KeV injectors can be converted
to 80 KeV. 1In that case the injected power at 80 KeV will be 110 MW

and the expended power will reach 300 MW.

7.5. Let us note that neutral beam injection at 160 KeV has

several advantages:
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1l - The number of particles injected into the chamher of a
Tokamak for the same expended power is one half that at
80 KeV.

2 - The capture of the injected atoms in the plasma is mainly
due to ionization (not charge exchange) and as a result,
the flow of charge exchange atoms to the walls is de-
creased. However, 80 KeV injectors will be available sooner
and therefore the initial stages of experimentation will

take place with them.

7.6. Transfer of energy by neutral beams is accomplished by means
of several injectors which have independent power supply and
vacuum systems. Such a scheme insures simultaneous injection of
atoms with several energies (80 and 160 KeV) and also allows
adjustment of the injected power.

In view of the geometric configuration of the toroidai magnets,
we have selected four sectors (900 apart) to locate eight injectors
(two in each sector, pointinag opposite to the direction of the
plasma current). The direction of the injected beam is tangent
to the circumference of radius R - %’: 4. The length of the
beam in the plasma is 12 m.

The flow of atoms through the plasma is slowed down in intensity
by a factor of 20 for the 80 KeV injector and a factor of 13 for
the 160 KeV. At the same time, the chamber wall opposite the beam

2 for

port will receive concentrated power at the rate of 125 w/cm
the 80 KeV case and 250 w/cm2 for the 160 KeV.
At a beam energy of 90 KeV the ionization cross section for

ions and charge exchange are about equal, such that half of the
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atoms injected into the plasma will exchange charge, and the
neutrals thus formed which have an energy of 10 KeV can exit from
the plasma onto the wall. 1In this way, about 5% of the power
injected into the plasma can end up on the wall in the form of 10

KeV neutrals. (The corresponding wall loading is about 1 watt/cmz)

7.7. Heating by RF Methods.
The most promising methods are:

1 - UHF heating, close to the electron-cyclotron frequency
2 - UHF heating in the range of the lower hybrid frequencies

3 - Heating with the aid of ion-cyclotron resonance and its

harmonics, as well as by magnetic sonic resonance

For the selected plasma parameters, the time for energy
exchange between ions and electrons is less than one sec, and it
is therefore immaterial into which component of the plasma this

energy is transferred.

7.8. Electron-cyclotron plasma heating.

For the indicated magnetic field of 35 KG, it is imperative to
utilize the frequency range 2,:- 3mm. According to calculations,
an ordinary wave propagating from outside the plasma torus at an
angle of v 600 to the main magnetic field can be almost totally
attenuated in the area of cyclotron resonance. The main diffi-
culty in the way of using the mm wavelengths for plasma heating is

the necessity for developing high power UHF generators. However,
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it is also possible to use a large number of generators with the
energy of each transferred to the plasma through as many ports.
For HF energy radiation at an angle of 60& to the magnetic field,
there exists a total absorption of the RF energy with a single
pass of the wave through the cyclotron resonance area, thus the
heating of the "runaway" electrons can be considerably decreased
by the correct choice for the direction of the current.

In order to use HF enerqgy, it would be necessary to have 100
ports distributed between toroidal magnets. Between each toroidal
magnet on the outside of the torus, there will be several round
tubes which will radiate HF energy focused on the axis of the
toroid at an angle of 60(7to the magnetic field.

It should be pointed out that with electron heating there
will be less plasma contamination, since the chamher wall surface
sputtering by electrons is two orders less than with ions. Further,
with HF heating, thereiis no flow of neutral particles into the
chamber and therefore, there are no 0 KeV atoms due to charge

exchange.

7.9. UHF heating in the range of the lower hybrid frequencies.

The effective linear mechanism of absorption has to do with
the transformation of an electromagnetic wave to a plasma wave.
In order to insure the penetration of the plasma by the waves, it
is necessary to use longitudinal absorption. Such a situation would
produce heating of both ions and elé@etrons in the neighborhood
of the lower hybrid resonances. HF energy can be routed by

phased waveguides, situated in ports which can also be used as
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injectors of fast atoms. At this frequency (]f/“ 1000 MC) the
problem of developing the necessary high power generators is con-

siderably easier than in the millimeter range.

7.10. Heating in the area of the ion-cyclotron resonance and its
harmonics.

The preliminary design does not call for special development
of a system for HF energy transfer. These systems can be developed
at the technical stage of the project in connection with the use

of HF heating and ports for the injection of neutral beams.

7.11. For providing the power to the HF and UHF generators and
injectors, it is reasonable to use a common high voltage electrical
system. In the case of plasma heating with HF alone, .the
total 400 MW of power will be available. This would give 80 MW
of HF power if the generator will have a duty' factor of 20%,
which is common to most types.

For operation with a two component plasma and with both UHF
heating and 160 KeV atomic injection, the power supply for the
80 KeV injectors can be used to drive the UHF generators with a
total available 400 MW. 1In this case, to obtain 60 MW of UHFF

power, the generators should have an efficiency of no less than 30%.

7.12. The planned complex of heating methods for T-20 allows for
a large range of maneuverability depending on the obtained value
of f?Z;':

1 - Heating the DT plasma at the given conditions of

—~ 14 _3
h (g = /0 ¢ sec the expendéd power of 60 MW and a
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T = 10 KeV will insure a value of Q9 = 2 (Q is the ratio
of power eufi from the DT reaction to power into the plasma).
Besides, out of 100 MW obtained from the DT reaction, about
20 MW comes from X particles which could produce supple-
mentary heating in the plasma. Consequently, the power
needed in this case may be reduced after 2 - 3 seconds of
heating.
If the confinement time ‘ZZfis less than 2 sec. say about
one sec., then by maintaining a power input of 60 MW and
a plasma temperature T = 10 KeV ( /fZ?sZ.S X 1013) one
might expect a Q = 1.
If for ?2'= 1 sec., plasma temperature does not exceed 5 KeV,
then for a nominal value of n = 5 x 1013 cm™3 (nZ<= 5 x 1013)
the value of Q will fall to 0.3. In such a case plasma heating
can be accomplished by 80 KeV neutral beam injection or one
of the RF methods.
By heating the plasma with 160 KeV neutral beams and ex-
pending 60 MW of power, one might expect O wx 4.
For the same conditions as in (4) but a confinement time

?2‘= 1l sec. Q «1.5.
If at a higher plasma temperature, the ion thermal conductivity
will not decrease and will not enter the "banana"regime (ion
confinement time 2?Q'<3: 2 sec.), then there is a possibility
of maintaining the electron temperature at 5 KeV by electron-
cyclotron resonance at a power level of 60 MW with simul-
taneous 160 KeV neutral bheam injection giving an additional

50 MW. In this regime of two-component plasma, one might
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expect a value of Q > 1. Under these conditions, the virtues
of both heating methods will be taken advantage of with respect
to the vacuum and wall loading conditions, however, it does

strain the collective effects on the chamber wall.

8. Research Program and the Operating Modes

8.1. Experiments on the T-20 device can be diévided into the
following:
1 - Investigation of the physics of confinement and heating
of a hydrogen plasma with thermonuclear parameters
2 - Investigation of a reacting DT plasma with <{ particle
confinement
3 - Electrodynamic investigation
4 - Neutron physics and study of materials
5 - Technological investigations
These various investigations, to a certain extert, can be
conducted in parallel, which indicates that a well developed system
of diagnostics will be needed and good coordination of the experi-

ments maintained.

8.2. Investigation of a Thermonuclear Hydrogen Plasma.

This part of the investigation is proposed to be done on
hydrogen in order to avoid strong activation of the chamber. The
natural content of deuterium in hydrogen will give a dose of

101t - 1012

neutr./pulse for the projected parameters.
Such a dose is harmless from the standpoint of protecting

operating personnel, material activation and instrument operation.
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The main aim of this investigation must be directed at
determining thermal conductivity and diffusion in a thermonuclear
plasma, which will be obtained by means of RF heating and neutral
beam injection. During these investigations, it is important to
determine the causes which limit heating and produce energv losses
from the plasma, in particular the degree of plasma stability or
instability and the rate of contamination by impurities. On the
basis of these studies it would be necessary to conduct an optimi-
zation of the operating mode, such as determining the mode which
produces the least amount of plasma wall interaction, experimenting
with various limiters and if the need arises, diverters as well.

The results obtained should serve as the basis for calculating
the parameters of a thermonuclear power reactor and its enerqgy

balance.

8.3. Investigation of a DT Plasma.

Experiments on a DT plasma will, first of all, concentrate on
the confinement of « particles and the transfer of their energy to
the plasma. On¢the basis of the obtained results, it would then
be possible to arrive at the conditions for a reactor operating in
a self-sustaining mode. Since a self-sustaining mode does not
appear to be entirely feasible, these investigations will establish
parameters for obtaining a reactor with continuous supplementary
heating or a two component reactor. To do this, will require
experiments in two-component mode operation and continuous supple-

mentary heating mode operation.



31.

8.4. Future thermonuclear power reactors should have the highest
possible energy duty cycle. Investigations on T-20 should produce
recommendations for the realization of such a duty cycle. In this
connection, such problems as DT fueling during operation, purifying
the plasma of reaction products and means of producing a stable

thermodynamic mode of operation should be solved.

8.5. FElectrodynamic Investigations.

The aim of such investigation is to determine the plasma inter-
action with external magnetic fields and the current distribution
in the plasma. Dealing with the problem of the skin effect during
the initial stage of discharge and the plasma transition into a
thermonuclear regime must be learned. Experience on contemporary
Tokamaks has verified the possibility of operating these devices
with various coefficients of confinement down to 9 S 2. However,
lowering cg from 3 to 1 or 2 produces a smaller confinement time.
It is also necessary to determine the limits of /% and methods
of maintaining the plasma temperature mode in i!+= regions of/%b
which are close to the critical value of ﬁ% . The large amount of
stored energy in the plasma, in particular the inductive component,
requires a thorough study of the means for gquenching the plasma.

Special experiments will be needed to do this.

8.6. Neutron Physics and Material Selection Studies.
This area of study will deal with the develovment of blanket
modules for future thermonuclear power reactors,iboth "clean” and

"hybrid". This will involve, first of all, the determination of

the tritium breeding ratio for different configurations of the
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blanket, measurement of neutron flux, and testing of front wall
materials under a full complement of existing factors (neutron
radiation, ¢X particle and fast ion bombardment, as well as
electron, gamma and synchrotron radiation). Results of these
studies should lead to the testing of different cooling config-
urations and materials of construction. It should be noted that
the T-20 device is not intended for the testing of materials and

construction at the maximum allowable integrated neutron flux.

8.7. Technological Investigations.

In as much as most of the engineering systems on T-20) will be
prototypes of future power reactors, it is proposed that a broad
program for technological investigations be implemented. These
would include handling of the tritium cycle, such as tritium ex-
traction from the blanket and vacuum system, preparing the fuel,
and thermodynamic testing with coperating blanket modules. The
experiments should also lead to the development of automatic con-
trol systems, determination of the reliabhility of the thermonuclear
reactor systems and the optimum tolerance on them. In addition
there should be a complete diagnostic complex for the thermonucltear
reactor which would permit its reliable operation with minimal

effort.

8.8. Operating Model

The operating modes can be divided into the technological
development of the device and the operating modes.

We anticipate two modes for the technological development,
namely, baking the vacuum chamber at 6000C and training it with a

current of 1.5 MA.
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There will be two stages for the experimental program.

Operation in mode "a" (first 1.5 -~ 2 years).
10,000 pulses on hydrogen plasma at 15 minute intervals,
we envisage a possibility of making a series of 50 pulses
at a rate of one pulse/minute).

Operation in mode "b" (0.5 - 1.5 years).
1000 pulses on DT plasma at intervals of 15 minutes between
pulses.

Operation in mode "c" (2 -:3 years)
100,000 pulses on DT plasma at intervals of no greater than
5 minutes with continuous pulsing for 3 - 5 hours.
The above indicated stages will be taken consecutively. The possi-

bility of replacing certain chamber elements between modes of

operation is taken into account.
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Appendix 1

A Short Review of Energy Balance Calcuations for T-20

Yu. N. Dnestrovskii

Based on one dimensional energy balance models, calculations
were performed on plasma heating during discharge. In these cal-
culations we used pseudoclassical scaling for the electrons,
neoclassical sealing for the ions and Bohm thermal conductivity.
Such factors as neutral beam heating of the plasma, cooling of
the plasma by cold neutrals from the vacuum chamber, Bremsstrahlung
and synchrotron radiation, and transfer of energy to the plasma
by oK particles were taken into account.

For the main calculated version, the following d¢mensions
were used

R = 400, a = 150, H = 40 KG
For a value of g = 2,these parameters give I = 5.6 MA, the value
used in the original version of the device.

In the first series of calculations we have taken the current
rise as 600 m/sec. Calculations show that even for igg/y’: /0
the plasma Heats rapidly and current concentration near the edge
begins to occur. Electron temperature rises to Te ~ 3 KeV in

va 1 sec and the current distribution becomes fixed. Even if

jfe// increases by a factor of five, the process does not
change appreciably. The current soak-in time in this case exceeds
10 - 20 sec.

For this reason, in order to produce a uniform current distri-
bution in the plasma cross section, special steps have to be taken,

such as the use of movable limiters or the formation of the plasma
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with the aid of a transverse magnetic field. 1In further calcu-
lations, it was assumed that these steps were implemented and
the initial current distribution was considered parabolic.

We have ignored the effect of plasma particle diffusion in
these calculations and have assumed a density distribution des-
cribed by h/’t) = /7/}1”)( //~ &fﬁrzl).

Calculations using an optimistic "psuedoclassical" scaling
model show the following behavior of the discharge. At a density

-3

B pray= 6 x lOl3 cm -, if the supplementary heating is not present,

the plasma temperature for the next 10 - 15 sec stabilizes at
7:-«, 7% -~ 3 KeV. 1In order to reach zzxa»lZ ReV in A7 ~ 5 sec,
supplementary power equal to VVCV 3 x 107 J must be supplied.

At particle temperature less than 10 - 15 KeV, the primary
energy loss mechanism is by ion thermal conductivity and the
confinement time ‘?é is about 10 sec. At higher electron temp-
peratures, synchrotron radiation begins to take effect. For

_Z; > 40 KeV synchrotron radiation losses exceed all other
losses from the plasma. The total confinement time is halved,
to a value of 22’: 5 sec as T?e rises from 15 - 40 KeV.
Synchrotron radiation losses are L«é€L= 4 MW at Te = 20 KeV, and

M."’ég= 11 MW at Te = 40 KeV. (See Fig. 1).

In studying the problem of the possibility and reliability
of ignition in a DT reaction, we introduce into the calculations
a phenomenological paramteter K:%  Wwhich determines the amount
of energy transferred by the o particles to the plasma electrons.
We assume that 3-5 x 10/J of energy is injected into the plasma

in ,&t' = 5 sec by means of neutral beams (the energy of the in-

jected particles is E, = 100 KeV, and the cureent (3% 100 A).
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After the injectors are turned off, the reaction continues to self-
heatg. even at o = 0.5. Equilibrium condition is reached in
t =30 - 40 sec for Ly =1 and in t = 60 - 80 sec for £y = 0.5.
For small values of transfer coefficients, say (1/ X~ 0.01,
plasma temperature falls in a characteristic time of the order
20 - 30 sec.

Small losses by the ion route in the investigated model (with-
out taking into account field ripple) cause relatively high particle
temperatures in the s&ationary case:

6 x 1013cm"3, Te ~ 60 KeV and T, ~ 50 KeV;

for n = 12 x 10l3 cm“3, Te ~ Ti ~ 80 KeV

for n

In the latter case, a supplementary energy of W 108J supplied in
the order of AT = 5 sec will produce ignition in the plasma.
However, the spontanedus - heating for:r n = 12 x lO13 cm-3 leads
to large values of ;f%zv 8 - 10, and to the loss of equilibrium
and plasma stability in the torus.

Lowering the field to H = 30 XG and the corresponding reduction
in I to 4.2 MA increases ion thermal conductivity and lowers their
temperature. The result is that the conditions of self-sustainment
of the reaction for n = 6 x 1013 cm'_3 become more critical. After
the injectors are turned off, the reaction dgreites folrl v (;’ = 1,
but for ZZQ = 0.5, it "smoldersﬁ,spreading very slowly.

If the minor radius of the chamber is reduced to a = 100 cm,
then no ignition will occur. After the injectors are turned off,

s

. 1%
for /Q‘AJ 25 KeV, the ions cecease to be heated even for A« = 1.

For £« = 0.5 the reaction goes out in Cn Jo—18seC.

For calculating the "Bohm" model, it was assumed that the
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coefficients of thermal conductivity were determined by

/ Vel / 8 c L
= L x c o c ¢
%4'36 Bl T (%‘»6 /6 e H )

where :}ﬁ is a phenomenological coefficient. In contemporary
machines 3€ ~ 30 - 100.

Energy calculations for the initial versipn (1) were made with

}E = lO2 - 103. It was also assumed, that supplementary plasma

heating took place by means of continuous injection of hot neutral
beams at E, = 100 KeV and at 4‘ = 100 A.

For a density of n = 6 x 1013 cm'3 calculations have shown
that for Eﬁ?rv 600 the reaction is not self-sustaining. In T~ 5 sec,
the beam heats the plasma to 722”1 10 - 12 KevV, howeaeg;hZ;VS~9 X 1013
which is insufficient to sustain a reaction. Only for 964'600 - 700
does the energy supplied by the « particles become equal to the energy
of the hot neutral beam. By increasing the plasma density to
12 % 10l3 cm_3 and the current injected to i = 200 A, the ignition
threshold for the parameter ZHS goes down by a factor of 2 - 2.5.

In the calculations we took account of the cold neutrals coming
from the chamber walls and their réle in the energy balance. In
the peripheral plasma layer of éZ/ZO - 30 cm, where the temperature
of the neutrals is not very high, there is a rapid decrease in their
density by two orders of magnitude. On the inner plasma layers,
the density of the neutrals is well described by the diffusion
approximation. At ZZ ~ 10 KeV, the density of neutrals at the
plasma center is five orders of magnitude less than on the edge.

In the anergy balance, cold neutrals begin teo have a noticeable

effect, starting with & density in the vacuum region.
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/V; ﬂ'109 cm—3. Their influence is particularly felt at the
plasma edge. At /Y;A/lﬂlo cm"3 plasma ions remain cold due to
charge exchhnge (2; ~ Z: wa ) in the next to the uppermost
layer of 10 cm thickness. With the "Bohm”model for thermal con-
ductivity in the stationary mode at 2Jf = 800, neutrals which

10 -3

have a density of /Vg = 10 cm lower T from 15 - 10

i max
Kev, while the total confinement time goes down by 30 - 40% (from
zz},v 1.8 sec to’a}~ 1.2 sec).
For evaluating the effect of magnetic field ripple on the

energy balance, the following models for the coefficients of thermal

conductivity were used .
o,

' Bohyyr rppPe

C ! JL

Calculations using the first model show that for a ripple of
é?é‘from 0 to 0.2 the confinement time in the range T, = 10 - 30
KeV goes from '?2' = 7-8 sec to ?z; = 3.5-4 sec. Calculations using

the second model were performed for<3[?= 800. 1In ghis case for
Ti max- 10 KeV, confinement time decreases from 22;= 2.6 sec (€3M=0)
to (£ = 1.6 sec (24 = z'_‘,},/.:,}.

In both models, the partial confinement time in the ripple for

_ _ ) - ripple _ _
2 5-— 0.2 and T max - 10 K?Y is ¢ 2 = 8 15 sec.
Consequently the value of © = 0.0l on the plasma boundary is the

maximum allowable, producing a ripple which does not appreciably

effect the energy balance.
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Appendix 2

Calculations of the Effective Ene#gy Attenuation of an Ordinary
Wave in T-20

Yu. N, Dnestrovskii, G.V. Pereverzev, V.V. Parail

We solve the problem of the attenuation of an ordinary electro-
magnetic wave having a frequency ﬁZ. which is equal to the
electron-cyclotron frequency (at the plasma center) in T-20. The

plasma was cons1dered collisionless with the follow1nq parameters
/P =30 2
/}6-2/’0//'—' ) 3 (/’70':‘ jx/(.) O A //{) /6.....:2——/0(/ )
7 \
e — / o ol
( /S = 3) 3 5-}:( /O /(el/)‘, /7/::/7{; (/"— ?‘;05 Eﬂ); //«/{/ = ?f},u/

a’) ™

{}«;7 K = & A0 J __)Z_ - “(:{/‘17‘!{) (///":U\';

J // .
It was assumed that the wave attenuation occured by means of
a linear cyclotron damping mechanism. Since an ordinary wave has
almost a circular polarization with respect to its direction of
rotation which is opposite to the wzotation of the electrons in the
magnetic field, the damping decrement is very smallcé€ég = /gf“
4 - .

& Y
L " 4
Far

i MUQES) An electronic computer was used to calculate

the wave trajectory, entering the plasma from the low field side
and its energy attenuation along the beamAif a function of the
angle € on the plasma edge; ;ﬁ Z,Z? ?

It was shown that for 59 :> cha 7refraec&énn does not appre-
ciably affect the wave propagation and the trajectory passes close
to the center of the plasma column. For é? ﬁ; éﬁ?jonly one
traverse is required for the wave energy to he completely dissi-

e I 7 // e .
pated (thus for To = 10 KeV and &~ = 60“; é?¢£%~i ,,,,, L=
FIne. :

-
&

rer Gs el Lo Bt - ) o)
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It turns out that the major portion of the eneray is absorbed by
electrons of céfjéj 7; » hamely, heating occurs in the main plasma

component. The heating zone is localized in the region

/ . A .
2ot lye oo ), e A 1

12 a T 4
which in principle will make it possible to change the heating zone

by varying the field Ho or the wave frequency. The calculations

took into account the possibility of the presence in the plasma of
-

an accelerated electron beam at an energy 48 22 250 ReV and
fg%hé = 1072, Results indicate that for To 22 3 KeV the portion
of energy transferred to the beam is neqglibibly small compared to

the energy going into heating the main plasma component.
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Appendix 3

Radiation Losses in a Thermonuclear Plasma as a Function of the

Atomic Number of Impurities and Temperature

V.I. Gervidz, V.I. Kogan

Calculations are made on radiation losses in a thermonuclear
plasma as a function of the atomic number of the impurities
and the electron temperature 7é . A determination is also made
of the dependence on * of a "lethal” relative concentration of
impuri¢ies in a DT reactor. Such results are needed (with respect
to finding the sputtering coefficients as a function of j? ) to
make the best possible selection of materials for the chamber and

limiters in a fusion reactor.

The Model, The calculations were made on a model based on corona
. . ¥ A 7; iy (.‘" , +
equilibirium for constant and homogeneous ( A¢, #? , & /e 5

concentrations of electrons and impurities. The corona model itself,

as shown by comparison with a more general colissional-radiation

model, is suitable for low f%?’ high Z; and large values of ’

s

peculiar to fusion reactor plasmas, and its stdaidyrastate "biimit

/ E — oo // is insured by the satisfaction of the TLawson
. . P - /4 - :‘7
criterion ; File L& )0 cmm o sec.

Tonization State of the Impurities. The degree of "stripping®of

the various impurities is indicated in Table I for /€ = 10 KeV
by the relative concentration of fitanium, fron, molybdemun anrd
Tamd stemystrem, respectively. The starred values indicate repre-

sentative ion concentrations.
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Table T

Ion Charge K= Z -/

Relative Ion Concentration

22 P21 20

0,66*: 0,30 0,04

26 25 24 23
26
0,28 0,48* | 0,33 0,01

42 41 40 39 38 37
42
0,00 0,01 0,47*{ 0,37 0,13 0,02
i e -
65 ' 64 63 62 61 60 59 58
74

0,03 0,013 0,24 | 0,29%| 0,18 | 0,08 0,03 | 0,01

From Table I it is evident that for the investigated temper-
atures even the atoms of the heaviest impurities are capable of
holding about N < 10 electrons, such that N << Z . This in
effect, considerably simplifies accounting for the screening effect

of Bremsstrahlung.

Radiation Losses. On Fig. 1 - 3 is shown the results of calcu-

lations of radiation power losses due to Bremsstrahlung, recom-
bination and line radiation (and their sum), using a single impurity

particle and a single electron. The bumps in the curves are due to
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presence of helium and neon shells. The weak dependence of the

Sl -
total losses 42, on /{_ is due to the averaging effect
of increasing and decreasing terms as functions of Z;'. The

slowly changing characteristic of C?SUﬂ7as a function of the atomic
number  (first a- 4/2?4£hen/v1223)and finnaly as ~ 22'2 ) is due
to the changes in Bremsstrahlung, recombination and line mechanisms
of radiation.
As is evident from Fig. 3, for relatively low ° (when impurity
227

stripping appears to be total) CZ (if) is well approximated by

the three term equation

45(/(!3 _25- / P 5/ -22 é ._3/
~ ﬂmv/fX/OZ e +éX/(7 2/76 Py 7z TR
€

(Vasiliev, Dodgov-Saveliov, Kogan, 1962) which accounts for

Bremsstrahlung and recombination radiation for a stripped atom by

Bresn rec, -f
e 77z

’V; 7— /\./Z /f ,

— z .
and for line radiation by the approximation /e >> P /fﬁi 6}/
I
when the relative concentration of hydrogen type ions is already

low (/d?A%QAJ é?'é Z; ﬁaé) .

The two term equation
Stng 5 7 Y 4/ e
, _245 =z 4 , .
~Q~—-~—~ = /'5X/0’QZ /e e Sxso0 Z Te (Kegan, 1959)

corresponds to an almost 100% stripped atom; its apparent order of
accuracy is due to the partial mutual compensation caused by the

lrme ) i ar ec
incomplete accounting of CQ and the rise in .

"Lethal" Concentrations. We will use our results to determine the

dependence of a "lethal" concentration of impurities Z 5

defined as the concentration at which the total radiation losses
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exceed the energy output of the DT reaction (by (X particles) for
any temperature. It is assumed that /e = /(' and /g is
fixed (it is dependent on 47 ). Results indicate that Ci(ﬁ%)
for 10 £ Z <80 can be well approximated by the equation

_ __-le7
C(;ﬁ)ﬂy L. 75 X F . For C, Fe, Mo and W, we get C (6) ¥ 13%,

C (26) = 1.3%,, C (42) « 0.6% and C (74) X 0.2% respectively.

Figure Captions

Fig. 1 Dependence of the various radiation on Te.

Brems

Q (curves 1 and 5), Qrecom.(2 and 6), Qllne(3 and 7).

ototal (4 .ng 8) for carbon (solid curves 1-4)

and Iron (dotted curves 5 - 8).

Fig. 2 Same as Fig. 1, for MolyBbdemums (solid curves 1 - 4) and

Tungsten (dotted curves 5 - 8).

Fig. 3. The dependence of QtOtal on E?.

(1) Te = 10 KeV, (2) Te = 20 KeV, (3) Te = 40 KeV
- —--—two term equation (Kogan 1959)
- % r--three term equation (Vasiliev, Dolgov . Savelov
and Kogan, 1962). The last two curves are for

Te = 10 KeV

" P
f}/

', S ‘ e
Fig. 4 The dependence of ﬁ#:}féfg 1 {, on temperature.
) : .
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Q = ,{5’0 Wo( - power from DT reaction

removed by K particles

H 2 40 VVC@_ cyclotron radiation
- 13 from plasma

(E - confinement time
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In this volume are presented reports of a preliminary
investigation of the main engineering systems for the
Tokamak-20 (T-20) installation.

The guestion of shielding the surroundings has heen
treated in a very preliminary way and the question of plasma
diagnostics does not appear in this volume, but will be treated

on subsequest stages of the project.
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I. Main Technical Features of T-20

1. As has already been mentioned (Vol.

1), the T-20 device is

intended for the study of nhysical processes of a DT thermonuclear

plasma (/722"= lO14

sec cm"3, T >7 KeV) as well as verification

of engineering solutions which could be implemented for the de-

sion of a fusion reactor.

The plasma parameters of T-20 are iden-

tical to those needed for a hybrid Tokamak reactor with uyranium

in the blanket, and can be directly extrapolated to a Yclean"

fusion power reactor.

After investigating several versions with plasma current

from5 - 6 MA, R=4 - 8 m and a = 1.5

2.5 m, we have settled

on the following main parameters for T-20:

Major radius
Minor radius
Maximum plasma current
Length of current pulse
Current rise

Initial rate of current rise
(to 6 x 10° A)

Plasma density
Toroidal field at chamber center
Confinement time

Plasma temperature without
supplementary heating

Plasma temperature with supplementary
heating

Stored energy in the plasma
Power losses from plasma
Neutron wall loading

Shield thickness

Shield attenuation

5m
2 m
6 x 10° A

5-20 sec.

10 Kev

108 g

50 MwW
1013 cm"2 sec—l

0.5 m



In accordance with the established goals, the followirg
operating modes are beina planned:

First Stage

104 pulses on hydrogen plasma

103 pulses on DT plasma, ,a neutron flux of 1020 - lO21 per

pulse at a density of 1013 cm—2 sec“l
Pulsing rate will be every 5-15 min.

Second Stage

lO5 pulses on DT plasma at a rate of one pulse in five min.

2. The T-20 installation will have the following main systems:
1. Magnets system and power supply
2. Vacuum system and apparatus for handling tritium
3. Plasma heating system

4. Control system, with an arrangement for diagnostics
and analysis of experimental data

5. Radiation shield system

6. Power and water supply system

The following principles were used as a basis for the
engineering decisions:

a - The use, wherever possible, of solutions suitable for
fusion reactors which have been experimentally tested and
are economical,

b - The design should facilitate relatively easy disassemhly
and assembly under experiments with hoth hydrogen and
DT plasmas.

¢ - The design should provide flexihility for the redesign
and addition of components, which might bhe necessitated
during the course of the experiments.



3. Figure 1.1 shows two views of the T-20 installation. 1In
this version there will be no iron core. This decision was arrived
at from the standpoint of simplifying the construction, providing
access to the plasma chamber and makinag easier disassembly.
However, it means that more power will be nreeded for inducing the
plasma current and will cause hicgh magnetic fields to be present
in the surroundings. The magnet and vacuum system is divided
into 8 blocks. Fach block has three toroidal magnets, one vacuum
chamber section and shield, and fast acting control windings.
Each block can be rolled out radially for disassembly. They are
joined together by mechanical means and by welding of the vacuum
chamber sections.

The D shaped toroidal field coils are almost totally con-
stant tension with no bending moments produced by the interaction
of the current with the toroidal field.

The first two stages of experimental operation will be per-
formed without a diverter, however, the clearance in the D shaped
section was picked such that a diverter may be added in the future
without replacing the toroidal field coils.

During the design of the magnet system, three different versions
of toroidal coils were looked at - superconducting, cryogenic and
conventional.

Since the total actual operatinag time of the device is not
very long (600 hrs.) the guestion of power economy, which is para-
mount with fusion power reactors necessitating superconducting
coils, is not applicable.

The lower cost of the power supply for superconducting coils

as compared to conventional coils does not justify the use of
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superconductivity. Further, the lack of experience in building
large superconducting magnets for Tokamaks can delay the project.
Comparative studies of cryogenic and conventional copper coils has
shown that the latter are more suitable for T-20. |

Based on these considerations, we have selected water cooled
copper coils to be used in the device. FHowever, taking into account
the need for superconducting magnets for fusion reactors and the
rapid progress in applied superconductivity, we should not exclude
the possibility of revising this decision.

On the outer surface of the D shaped toroidal magnets are
distributed vertical field and ohmic heating coils. -Vertical field
coils are used to create the field needed to maintain equilibrium
in the plasma torus which varies as a function of plasma current
and temperature. The field generated by these coils is inadequate
to drive the plasma current. The main portion of the vertical field
s supplied by the ohmic heating coils. The space current distribution
in the ohmic heating coils is selected such that the field variation
at the plasma center does not exceed 3 x 10_4 of the torcidal field.
The vertical field and ohmic heating coils were placed on the outside
of the D coils in order to reduce the electro-mechanical interaction

between them and to facilitate disassemhbly. In order to maintain

with extreme accuracy, as a function of plasma current and temper-
ature. 2 more reasonable way of achieving this is to have an
automatic system with feedbhack. In order tc reduce the power in

the automatic feedback coil system in T-20, we intend to augment it
with three relatively low power fast acting tuning coils distrihuted

on the chamber surface (these coils are integral with each block



and will come out on disassembly alona with the three toroidal
coils). It is proposed to program the current in the main vertical
field coils and compensate for inaccuracies by using feedbhack on
the fast acting internal coil system. To insure the independence
of the fast acting compensating coils from the transformer coils

the courling coefficient hetween them was picked equal to zero.

4, The vacuum chamber in T-20 is made of two concentric toroidal
systems; a main discharge and an intermediate chamber. The inner
discharge chamber is a specially constructed hellows made of a thin
cooled material with a hardened surface. On its inrner surface
are situated limiting plates which protect the bhellows from direct
contact with the plasma and which will receive thébrunt of the heat
loading within the chamber. The outer intermediate chamber is a
massively constructed device which includes the radiation shield
and which will have insulated gaps to prevent the formation of
closed current loops. The intermediate vacuum chamber and the
limitation of the outer chamber wall temperature (to lOdoC) will
serve to reduce the diffusion of tritium to the surroundings.
Joining of adjacent chamber sections will be accomplished by welding
on the outer periphery. To facilitate assembly and disassembly,
while conducting experiments on hydrogen plasma, the shield can be
left out in the vicinity of the joints. The construction of the
chamber will permit the replacement of the limiters within the
plasma chamber during the first stacge of the operation without its
disassembly.

It is proposed to investigate the construction of limiters

made of different materials such as graphite, refractory metals



and others. The chamber will have provisions for neutral bean

injection, RF heating and diagnostic probes.

5. Chamber evacuation will be by means of turbo-molecular pumps

and titanium getters, each block being self sufficient and possessing
a pumping speed, for N, , of 4 x 104/€Vsec. These pumps will main-
tain, after high temperature baking of the chamher, a background

8 torr and will pump it down to 5 x 10"8 torr

pressure of 2 x 10
between pulses.

The intermediate chamber will be maintained at a pressure of
5 x 10—6 torr.

For pumping down the neutral beam injectors we intend to use
cryopanels and getter pumps with a pumping speed of 5 x lO7Aéysec
(for deuterium). For pumping helium and regenerating the cryopanels,
conventional turbo-molecular pumps will be used.

There will be a closed tritium cycle which will insure the
cleanup of the DT mixture from other gasses, separate the protium
and helium, and prepare the new DT mixture for injection into the
chamber.

For controlling and monitoring the vacuum parameters, there
will he multichannel vacuumgauges and gas analysers, well shielded

against parasitic signals, operating in conjunction with the com-

puter regulated automatic control system.

6. Plasma heating to 3 KeV will be accomplished by the eneray

dissipated in the plasma by the ohmic heating coils as they drive

the discharge current to 6 MA and maintain it at this

value for 2 sec. Two methods are envisaged for heating the plasma
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to 10 KeV; neutral beams and RF systems. The final choice for this

heating will be made on the basis of initial experiments on T-20.

7. For neutral beam heating, there will ke 5 injectors of deuterium
atoms at 80 KeV energy with a total power of 60 MW.
Two component plasma can be realized with the use of three
injectors of deuterium atoms at 160 KeV, with a power of 50 MW.
The maximum injection time for neutral beams is about 13 sec.
There will be 8 ports for neutral beam injection, two each at
four locations between toroidal field magnets.
The positive deuterium ions will be generated in 32 modular
ion sources with ion-optical systems (4 sources per each injector).
The total power expended with all the injectors in simul&aneous

use is about 400 MW. The dimensions of each injector are 6 x 8 x 1lm.

8. From all the possible choices of RF heating we are planning

to use three systems at the freguencies w,,e,/w,,e-wm- and Wy .
Further, more attention is directed at the electron-cyclotron and
the lower hybrid resonance frequencies. In the preliminary stages
of this project, no investigation of the ion-cyclotron resonance
heating is contemplated.

Generators operating at @We and [WHe - CIpH¢ will have to be
developed at an early stage of the project. This development
appears to be within the state of the art, judging from the avail-
able world-wide literature. We can expect that the efficiency of
these generators operating at the troublesome millimeter wave-
length will be about 20% (these are total losses, incldding plasma
and waveguide). This implied a total power needed for the RF

system of 400 MW.
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9. In order to prevent the skin effect, it is proposed to produce
the discharge throughout the whole section of the plasma by re-
ducing its minor radium and allowing it to grow with increasing
current. This can be accomplished either by movable limiters or
by shifting the plasma center against stationary limiters towards
the inner radius of the chamber. The inital radius of the plasma
is a = 0.5 m. It is proposed that the gas within this volume
be ionized with an RF system prior to discharge. To insure a
current rise rate of 107 A/sec, which is common in existing machines,
a potential of 250 V will be needed across the plasma circumference.
This potential, accondingg to experimental data, is sufficient to
compensate for both active and inductive potential drops. As the
discharge current rises, this voltage can be reduced.

After the current rises to a value which corresponds to a
@ = 2.3 for a = 0.5 m, further current rise will take rlace as
the radius (a) incrdases and ? remains = 2.3.

In order to improve the conditions for discharge, it is planned
to vary the particle density from the initial value of
n=>5x 1012 cm“3 to a final value of n = 5 x 1013 cm“3 as the

current reaches a maximum.

10. The operating mode of the magnet system has been designed with
the process of producing the plasma current in mind. To insure this
operating mode, requires a rise in the vertical field coupled to

the plasma at a rate of %« 71.5 V.sec. The input from the verti-
cal field coils is = 25 V. sec and from the ¢hmicrheating ¢asls -

~ 46.5 V. sec.
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In order to reduce the coil size, magnetic forces and the
power supply needed,tthe current in the coils will be varied from
-120 KA to + 120 KA. In order to achieve a current rise rate of

the
lO7 A/sec, the power input tqdcoil will have to be 3.45 x lO9 watts.

11. The maximum power loss in the toroidal field coils is about

8 x lO8 watts. In order to reduce the average power needed by
T-20, it seems reasonable to use voltage peaking at the time the
toroidal field is energized, which would require a slight increase

in the peak power.

12. To reduce the total amount of power used by T-20 and to insure
an adequate supply needed to energize the vertical field coils at
the time of the plasma current rise, we have adepted a system
which will allow us to use a portion of the power from the

toroidal magnet power supply to energize the vertical field coils.
This will be accomplished in the following way.

After the toroidal field builds up to the prescribed level, a
portion of the power supply will be disconnected from the toroidal
coils and will be used to energize the dhmixsfheaeing ddils iwlkth a
current of ~-120 KA at the start of the discharge pulse. As the
plasma is formed, tle-ohmichfatring coil will be used as an inductive
power storage system, which along with its own power supply and
that of the vertical field coil, will insure the proper rise in the
plasma current. After the plasma current reaches its nominal value,
the borrowed part of the power supply will be disconnected and re-

instated into the toroidal power grid
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13. The operating mode of T-20 and the main technical features

are presented below.

Time in sec Designated Operation
~18 to -0.8 Toroidal field rise Proe = 0 = 12 x 10%watt
-0.8 to ~0.1 Ohmisfhem¢éingocdiénenergiragng. to I- =12120/KA
- 8 ] 8
PWW MAX = 6 x 10 watt; PTOT 6 x 10~ watt
. , o o 12 -3
-0.1 to O Injection of D , T°, n =0 - 5 x 10 cm
= 8 _ 8
PTOT = 6 x 10 watt, PJW = 10" watt
0 to 1.1 Plasma formation and current rise to
I =6 x lO6 A; P =6 x lO8 watt
— g _ 8
EW4MAX = 34.5 x 10~ watt PVF MAX = 2.2 x 107 watt
injection of p’ and 79 , =5 x 1012 - 5 x lO13
-3
cm
1.1 to 3.1 I =6 x 10° A, Ohmic heating to T = 3 KeV
_ 8 _ 8
PTOT = 8 x 10" watt PDH = 10~ watt
- 8
PVF = 0.8 x 10" watt
3.1 - 16 I =6%x lO6 A, plasma heating and maintaining at
T = 10 KeV with RF or neutral beams.
_ 8 _ 8
PTOT = 8 x 10~ watt, PWH = 10" watt,
_ 8 _ 8
PVF = 0.8 x 10" watt, PHEAT = 4 x 10" watt
16 to 20 Plasma quenching by injection of an inert gas and
by lowering the current.
20 Turning off the toroidal field and pumping down

the chambier



Technical Parameters of T-20

1. Chamber and Shield

Major radius

Minor radius

Chamber radius to the first wall
Outer chamber radius to the shield
Chamber design - doubie wall

with intermediate vacuum.

Residual pressure in chamber
Intermediate chamber pressure
Operating temp. of the discharge wall
Operating temp. of the discharge wall
during chamber bake-out

Power needed for bake-out

Power supply needed for induction

heating of the chamber

2. Toroidal Field Coils
Number of coils
Field at chamber center
Length of flat top
Stored energy
Maximum ohmic losses
Maximum voltage
Maximum current
Peak power

Weight

14

5 x 10—8 torr

5 x 10—'6 torr
5007 C

600°c

10 MW

80 MVA

24

3.5 T

5 - 20 sec
6000 MJ
800 Mw

5 RV

120 K&
1200 MW

1600 tonnes



3. ‘Ohmic Heabing Coils
Current
Energy stored
Maximum voltage
Peak power
Maximum ohmic losses

Weight

4, V.F. Coils (Control Coils)

Field at chamber center
Current

Stored energy

Voltage

Weight

5. Power Supply for Magnets
Peak power for toroidal field magnets
Peak power for ohmiw ‘heating coilss
Peak power for V.F. coils
Peak power for correction coils

Total peak power for magnet system
power supply

Energy dissipated by magnets per pulse
Average power in magnet system
Power losses in the switches

Average power losses in T-20

15

120 KA
220 MJ
28 KV

3450 MW
100 Mw

300 tonnes

0.45 T
120 KA
460 MJ
25.5 KV

800 Tonnes

1200 MW
600 MW
220 Mw
60 MW

1480 Mw

30,000 MJ
100 MW
3000 MW

150 Mw
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6. System of Plasma Heating

Power dissipated in the plasma for 60 MW
heating
Pulse length 2-3 sec

Power dissipated in plasma to maintain 60 MW
temperature

Pulse length 10 - 11 sec

Heating system - neutral beams and RF

a) Neutral beam injectors

Number of ingeéctors 5
Energy of injection 80 KeV
Power needed 190 MW

b) RF System

Power needed for electron-cyclotron 400 MW
resonance heating ( A = 3mm)

Power needed for the lower hybrid 200 Mw
resonance heating ( A = 30 cm)

Power needed for ion-cyclotron 200 Mw
resonance heating (RF band)

Heating parameters for two-component plasma mode

Power needed for neutral beam ' ~3~~tiok90 MW
injection at 80 KeV

Power needed in 3 injectors 210 MW
at 160 KeV

7. Vacuum System
5

Total pumping speed of the high vacuum 10~ 1/sec
system for the chamber (for deuterium)
Pumping time between pulses to reach 100 sec

5 x 10~8 torr
Type of high vacuum pumps - Turbo-molecular and ion getters

Wall surface area required for vacuum 2.2%
ports and neutral beam ports



Total effective pumping speed of
the intermediate chamber

Total pumping speed of the liquid
helium pumping cryopanégs in the
neutral beam ports (on deuterium)

Liguid helium boil off rate

Power needed for pumps

17
3
5 x 107 1/sec

4.4 x 107 1/sec

360 1/hr

1 Mw
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IT. Magnet System

1. Construction

In accordance with the adopted philosophy,. the magnet
system was designed to operate reliably under conditions of DT
experiments, to be easily assembled and disassembled and to
provide access for servicing the chamber during experiments. A
schematic drawing of T-20 is shown in Fig. 1.1. The magnet

system includes the following elements:

Toroidal Field Coils (TF§;

This coil generates a field of HTOR = 35 KG at the axis of
the chamber. This value was obtained by the Kruskal-Shafranov
method for the given sizes (R = 5m, a = 2 m) a plasma current
%m= 6 MA and a i, = 2.3. Field tolerance on the plateau of the
plasma current +5%. The toroidal field can be varied from (0.1-1)

H Toroidal field ripple on the chamber axis is not greater

TOR"®
than +0.1%.

Ohmic ‘HeatingoCodil1$OKOH)

Théhohmienhéating coils along with the vertical field coils
produce the needed plasma current of IPL =6 MA in £t =1 - 2 sec,
and maintain this current at a tolerance of *10% for 5 - 20 sec.
The OH coils power supply provides the possibility for regulating
the plasma pulse within (0.1 - 1) IPL . Current rise to 0.1 Ip.

the
7 A/sec. Current decay depends on,parameters of

is at a rate of 10
the plasma toroid when the electric field is lowered and an inert
gas (Ar) is injected simultaneously. The design of the OF coils

take into account the possibility of overloading due to a sharp
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rise in the plasma resistance during current quenching.

Programmed Vertical Field Coils {(VFQ)' and Automatic Compensating
Coils (AC)..

These coils comprise the system for regulatinag the position
of the plasma toroid and maintaining it in an equilibrium position
in the center of the chamber both in the vertical and the hori-
zontal directions by using feedback signals to compensate with
vertical field. Further, these coils are used to displace the
plasma center within the discharge chamber in accordance with a
certain operating mode. In order to maintain plasma equilibrium
in the vertical direction, a system is needed to create a horien >~
zontally steering field of the order of several hundred oersteds.
Similarly, for horizontal equilibrium, these coils must create a
vertical field H_ of a value equal to the plasma self field H,, .
For creating H, , two subsystems will be used: (1) VF coils

which will give a programmed controlling field Hfﬁ) ~ 0.9¥,

and (2) AC which will create a field of Hff)cx 0.1 H, by means of

feedback from the plasma.

Construction of the Magnet System

In accordance with the above plasma requirements and the re-
gquirements of the different magnet systems, calculations were
performed to determine the main technical parameters of the coils
and their construction. A general view of the magnet system is shown
in Fig. II.1l. The toroidal field magnet (TF) consists of 24 flat
D shaped coils, distributed every 159 around the discharge chamber.

Each coil is made up of two panckaes, wound from a hollow, water
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cooled copper conductor 27 x 280 mmz. The number of turns in one

disc is 30 as is the number of parallel cooling paths. The copper
conductor of each coil is wound inside a structural framermdde: 6f
stainless s¢eel, which is square in crossssection. The number of
coils (24) and their flat shape was selected for the following
reasons. First of all, the magnetic field ripple at the plasma
dictated that there be no less than 24 coils. Secondly, the need
for neutral beam injectors situated between the TF coils pointing
tangent to the plasma axis dictated that there could not be more
than 24. TIf there were more than 24 TF coils, the neutral beam in-
jectors would have to be radial to the plasma, which is contrary
to physics requirements.

To facilitate assembly and disassembly, the TF coils are
divided into 8 blocks, such that each 3 coils together with their
section of vacuum chamber and shield, constitute a single element
which can be preassembled and then transported for mounting in the
machine. Such block construction of the TF coils makes it possible
to assemble and disassemble only one or two blocks, in the event of
a breakdown of a magnet or a vacuum section without disturbing the

rest of the device.

Ohmic Heating Windings (OH) and Programmed Vertical Field Coils (VF)
These coils are external to the tbroidal magnets making it
possible to disassemble the machine with relative ease. To do this,

it would be necessary to raise or lower the outer OH and VF coils
vertically, undo the seals between vacuum chamber sections and then
roll out the TF coil blocks radially.

The OH and VF coils are made of water cooled hollow copper

conductors wound within a stainless steel structural frame.
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Automatic Compensating Coils (AC)

These coils are mounted locally within each block on the outer
surface of the shield. They are arranged such that any part of
them will essentially compensate a mangetic disturbance in the
neighboring blocks. They are,. however, separated by a free zone
of 10 cm to make room for the joint between blocks.

There are three types of coils in the (AC) system

(1) Horizontal control field coil

(2) Quadrupole control field coil

(3) vvertical control field coil

The proposed magnet system for T-20 is deg&igned to allow quick
and easy remote disassembly of its components and vacuum chamber
blocks. A careful analysis has to be done, however, to determine
the interaction between all the different elements and to establish

their limitations.

The Mechanical Aspects of the Magget System
An important limitation of the magnet system is the mechanical
strength of the é%ements while operating in different modes and
during the shake down period, when various combinations of inter-
acting fields can produce substantial forces between the elements
on the system. The following are some of these force interactions:
a - When the toroidal field magnets are energized independently,
producing a field of 3.5 T in the discharge chamber axis, there
will be tensile electromagnetic forces in the plane of the coils
putting the copper and the steel structure in tension. In order
to substantially reduce the bending ~moments:; acting on the coil

it was designed in a D shape. The level of stresses in the TF coils
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at a field of 3.5 T on the chamber axis is Cg &5300Kg/cm2 (4267}&! )
in the copper and 'Q;wfﬁ” 600 Kg/cm2 (8535fuj) in the steel. 1In
T-20 the radial force on each coil is equal to 6000 % and is
taken up by a structure located at the center of the machine, which
is this case (air core), is comprised of the ohmic heating coils
reinforced with steel rings and insulated from each other. The
location of the ohmic heating coils has been determined analytically
such that the poloidal magnetic field, at the initial stage of the
discharge, did not exceed the design value. In calculating the
stresses in the toroidal magnets, the thermal stresses produced

by the temperature rise of the coil to a lOOcyc during a pulse and
subsequent cooling to 3OQ C were taken into account. Assuming that
the braze joint between the copper and the steel remains intact,
these thermal stresses can reach J, = =750 Kg/cm2 (—10,668Fw5 )

in the copper and ka

i

= 650 Kg/cmz( 8245ram') in the steel.

b - The ohmic heating coils along with their reinforcing rings
represent an independent structure which is the foundation for the
location and adjustment of the TF coils. The magnetic field set
up by the ohmic heating coils generates forces which are nerpendi-
cular to the planes of the TF coils, with the resulting tendency
for them to be literally tossed off. The maagnitudes of the forces
on the 0H and the VF coils are given in Table JT - 4.

¢ - The vertical field coils (VF) produce a poloidal magnetic
field which is programmed to vary with the plasma current and temp-
perature. Interaction between this vertical field and the toroidal
field oroduces bending forces on the TF coils which are not halanced
within the magnet system and therefore the TF coils undergo a

rotation through an angle determined by the equilibrium between the
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bending moment of the vertical field and the supporting moment of

the toroidal field. Since the tolerance on the vertical component

of the toroidal field is very tight, the order of 3 x 10_4

the twisting of the TF coil cannot exceed 3 x 10"4 radians. To

provide the rigidity needed by the TF coils to withstand the

twisting moment of 800 m tonnes acting on each coil, the following

measures were taken: (1) The toroidal field coils were wound

solidly inside steel structural frames which are interconnected

by solid bridges forming a torsionless structure capable of resisting

a torque of 800 m tonnes. (2) The so0lid coupling between the coils

is insured by the bhridgework joining the steel frames of the TF

coils together as well as by the steel structural rings which con-

tain the vertical field coils, situated on the top and bottom of

the TF coils and tightly clamped to them, providing additional re-

straint against twistincg. In the highest stressed areas of the

TF coil, the stresses do not exceed (E;- = 2000 Kq/cm2 (28,446 psi)

in the steel and “{L = 450 Kg/cm2 (6400 psi) in the copper. The

action of all the investigated forces produce a maximum stress of
tley = 3500 kg/cm2 (49,780 nsi) in the steel and (.. = =900 kq/cm2

(12,800 posi) in the copper.

Flectrical Insulation

The electrical insulation in T--20 is an important part of the
machine and its selection is determined hy many considerations,
some of which are:

(a) Radiation conditions

(b) Mechanical and thermal effects
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The primary factors which will effect the integrity of the

electrical insulation are given in Table II.1.
Table II.1

|
Operating Conditions Toroidal

% Ohmic f Vertical
| Field |  Heating g Field
{ j "
Maximum orerating
1 ;
. voltage RV > | 30 30
; Maximum temperature : :
2 . ,
| . . ’ - : ; 10
' of insulation “cC : 100 j 100 . 100
| | 1
!
f Maximum pressure on | | ;
3 5 | 200 f 100 : 100
, insulation XKG/cm” E 1 {
: i
: ! i
|
1 Total neutron dose . :
i 15 15 |
{ =4 i
| after 107 prlses in 2.5 x 10 . 2.5 x 10 L 2.5 % 1015

n/cm2 ; é

At the present time we propose to use a fiberglass impregnated
with polyamid resin insulation in the torcidal field coils. Tcr
the ohmic heatirg and vertical field coils, a mica hase insulation
with an organic-silicon binder will be used. This decision is not
final and may be revised if better insulations are developed. To
provide protection for the OH and VF coils against a sharp voltage
rise due to a sudden plasma quench, there will be spark gaps sit-

uated at the coil terminals.
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Temperature of Coils

The toroidal and polidal field coils were designed such that th~
maximum temperature in the conductor during a pulse never exceeds
lOOQC and cooling is accomplished between pulses by means of water
circulating within the hollow conductors. This circumstance deter-
mines the current density in the conductor (J = 1600 A/cmz) and
its cross-sectional area. For this current density, the temperature
in the conductor does not exceed 1OO‘JC, and the temperature rise
during a pulse is 70 YC. The cyclic rature of the thermal loading

on the coils was taken into consideration during the design.

Main Technical Features of the Magnet System
Table II.2

Toroidal Field Ohmic Heating Vertical

Coil Coil ' Field Coil

1 | Current, Ka 120 120 L 120

2 | Voltage , KV 5 | 28 25.5

3 Resistance, Ohms 0.055 0.0075 0.0063

4 Inductance, Henrys 0.85 | 0.031 0.07

5 IZR MW 300 100 90

6 Water flow m3/hr 5000 500 400

7 Weight of copper, tonnes 1100 150 500

8 Weight of structure, tonnes! 500 150 300

9 ! Total weight, tonnes 1600 300 800
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2. Calculations

Toroidal Field Coil Calculations
The toroidal field is generated by 24 flat D shaped magnets.

The dimensions of the TF coils were dictated by the minor plasma
radius, the radial clearance needed for the double walled dis-
charge chamber and shield as well as the mechanical strength of

the coils themselves. The modified "D" shaped TF coil was designed
such that the straight section, which bears on the central column,
is a circular arc. Such a shape, aside from being easier to fabri-
cate, reduces the stored energy in the coil, reduces the inductive
losses and improves the coupling between the coil and the plasma.

Further, it allows space for a possible future diverter.

Main Parameters of the Toroidal Coil

Table ITI. 3

g Rl and Ry the minimum and maximum E R, = 2.25 m
! i :
E distance from center of machine *o the !
H 1
§ center line of the magnet leg. g R2 = 8.04 m
. o |
Thickness of the copper coil windings ! CC = 0,43 m
%
Thickness of the structural steel é Cop = 0.05 m
2
Minimum and maximum cross-section of the ; Fmin = 0.182 m
i
. . . § 2
copper conductor in a toroidal coil § Fmax = 0,200 m
Maximum toroidal field % 7.77 7T
Field on axis of plasma : 3.5 T
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Table II. 3 (Cont.)

Tensile force in the toroidal coils N = 1467 tonnes
Circumference of the center line of

a toroidal coil S =21.5m

Ohmic losses in the toroidal system POhm = 800 MW
Stored energy in the toroidal field W = 600 MJ
coil

Time constant of a toroidal coil 7?}- = 15 sec.

The parameters of the axial line of the TF coil are given in

Table TII.5.

Calculations

The ohmic heating and vertical field coils are situated on
the outside of the TF coils. The OH coils create a varying magnetic
flux which is coupled to the plasma and does not produce a magnetic
field in the vicinity of the plasma, while the VF coils produce a
vertical magnetic field at the plasma with an index of n = 0,5,

and at the plasma axis is equal to

B, = 473 [ (0.5 8) iy g] (2.1)

where [*RL is the self inductance of the plasma toroid.
2
/3 is the ratio of the kinetic plasma pressure to the magnetic
= Mo ]E
field pressure, created by the plasma current B .

2Ta
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In the calculations we have assumed the following model for the
plasma discharge. At the start of the preliminary ionization,
conditions are promoted for the propagation of the discharge in
the center portion of the vacuum chamber R = 5 m, a = 0.5 m.
The current in the plasma increases to 0.1 T

dIpL

at a rate 1t = 107 A/sec. Further current rise is produced

PL max(IPL max = 6 MA)

only by increasing the minor radius of the plasma such that
a = “35;? . The presence of active losses in the plasma was
accounted for by assigning a potential CZ&JKron the plasma circum-
ference based on extrapolations of existing experimental data.. In
the interval 0 < ¢ < 0.04 sec (t = 0 corresponds to the start of
the discharge Ip = 0), it was assumed L&%,ACT = 50Y. Subsequently,
for 0.04 £t < 0.6 sec Zﬁl_gcr decreases linearly such that
at the start of the interval ZLMJACT (0.06) = 20 V and at the end
o 4cr (0.6) = 1 V. For the rest of the pulse we assumed
Up,.4er = 17V. Since there is no iron core, the inductive
characteristics of the plasma toroid, OH coils and VF coils can be
expressed by the symmetric matrix of their coefficients of self

induction and mutual induction Mc'k {,u //) [Wo,ﬁ V?/y;=/).‘

10.5 1.185 3.66
M., = [ 1.185 1.162 1.10 2.3
(K
3.66 1.10 7.04

In order to produce a plasma current rise from zero to the
nominal value in time t, it is necessary to insure a rise in the

magnetic flux which is coupled to the plasma current, y%d.({):

%L(L") = _Z—PL,UG/T\)((M § 1‘(975"“023): 7/_ 4;/-56’6 (2.4)
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(the first term in the brackets describes the external inductance,
the second describes the internal inductance and the third describes
the scattering of the magnetic flux at the active surface of the
plasma toroid). The rise in the magnetic flux is accomplished by

the OH and VF windings. The contribution of the VF coil is:
%F(f) = %ﬁ In [LPL+(O'5+ﬂ)/IO /?]2 25.2 V.see  (2.5)

where the coefficient }f depends on the vertical magnetic field
drop-off index n, and for n = 0.5 it is equal to £ = 1.23. The
contribution of the OH winding to the total change in the magnetic

flux is equal to

%H(f): oo (t) - %H(f> = 4¢.2 V. sec

and is proportioned to the initial current in the OFE winding IOH(O),
since it is useful to make the OH winding operate with a total cur-

rent reversal

\

%éhhﬁﬂax
IOH(o) e = ROMA -

In figuring out the power supply needed for the OH and VF-
windings, it is necessary to take into account the change in the
coefficient of plasma self-inductance éﬁl(z) as a result of the
increase in its radius, which is varied such that the average cur-
rent density over the whole cross-section remains constant after it

reaches its nominal value. The first 10N% rise of the plasma
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-

Alp

current at a rate At = 10 MA/sec can be insured by using

the OH winding as an inductive storage unit with a time constant
A
of ( = 0.168. In this way the maximum power available to break-

down the plasma is

for = =2 = 2767 MW (2.9

The voltage applidd to the OH winding is

0 = L, a/;;m -_R,, IoH + U (2.9)
where LL:= 30 V is the constant voltage in the OH winding power
supply and which, to a large degree, is independent of the emf
induced in the OH winding by the VF coil and the plasma currents,
since these emfs are mutually compensating. The time constant of
the OH winding is 7 =« 4 sec. The emf induced in the VF coil hy
the OH and plasma currents during the fast rise in the plasma cur-
rent adds substantially to the voltage LLE applied to the VF
coils and for this reason, to reduce the power supply needed by
the VF coils, they are energized in parallel with the breakdown

resistance in the OH winding circuit. (see Fig. II.17). By prop-

erly choosing the correct ratio of OH winding to VF windings

\NDH
Wve

voltage in the power supply need not exceed 30 V:

A1 d AT 2.10
U= b dfvr-/-MOH’VF_Zto_H.—MVFPL -

VE
LaH[Z;H Wye j;/F :VVT/F;) ]_/_ 30
T

it is possible to achieve a condition whereby the

\
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On Figures II.3, II.4 and II.5 is shown the time dependence
of the voltage for the total amper-turns of the OH and VF coils.
AT t = 0.23 sec, the current in the OH winding falls to the level
of the VF winding, at which time the two circuits are separated.
The plasma current reaches the nominal value at t = 1.1 sec. After
the plasma current reaches the nominal value, supplementary heating
is turned on and as the temperature and kinetic pressure rises in
the plasma, the current in the VF coils increases, reaching a value

of 12 MA at t = 5.1 sec.

Calculations and Formation of the Poloidal Field

The sources of the poloidal field are the OE coils, VF coils
and the plasma toroid. Since there is no iron core, the field is
generated by them independently so that in the calculations we can
use super position, which ean also be used in the presence of iron

when it is not saturated: B < BS. On the other hand, for B>—BS

such a division of sources of magnetic field would be superficial,
since the magnetic state of the iron is determined by all the
currents.

In the following sections we present the calculations and the
results for two versions of OH systems: I. air core system and
ITI. iron core system. The two versions differ in the potential

needed on the plasma circumference.

(I) Calculations for an Air Core System
The role of the OH coil is to generate and support the plasma

current producing simultaneous ohmic heating of the plasma.
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At the start of a pulse when there is no plasma yet, and the
OH winding is carrying a maximum negative current, the winding
should be designed such that the gtray field in the plasma region
does not exceed 3 x 10—4,vnamely <{B,» =~ 10 G, averaged over the
plasma cross section. The value of this current depends on the

total reversal in the coupling of the magnetic flux with

k’}pl max
the plasma, needed to induce the active and reactive components of
the potential on the plasma circumference. Thus, in order to find
the maximum OH flux ¥/OH max it is necessary to subtract from

prl may the contribution of the VF coil (see Eq. 2.6).

The configuration of the OH coil becomes more complicated by
the presence of forbidden zones, situated in the vertical and hori-
zontal directions from the plasma which are about 1 - 3 m wide.

In addition, it is necessary to take into account the physical
location of the OH and VF winding.

Of particulasrimportance in this project is the presence of
subtantial transverse field in the region of the toroidal coils,
and the consequent manifestation of large twisting moments. However,
since the OH windings are located outside the TF coils, their stray
field can be minimized. It is true that with this geometry, the
coupling between the OH winding and the plasma is reduced, but
this is compensated by several advantages such as the ease of
assembly and disassembly, mounting of the OH windings etc.

The procedure for calculating the OH winding was the following.
On a meridiocnal section of the machine (planer!r ,Z on Fig. II. 6)
at some distance away from the "D" shaped toroidal coil surface,

34 current threads were located at equal intervals. The distance

from the toroidal surface was determined on the basis of construc-
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tional problems and an anticipated coil thickness. Observation
points Iy , Z,;, i=1, 2, - - -~ , 56 were selected on the center
line of the "D" coil. The currents in the thredds were detefmined

by the method of least squares according to the condition

SZWG'AQP(C' ) Z;): 0.5(}’0}/”1” = Cohg?‘.) ('_-: /2 56

where AWf is the component of the vector potential different from
zZero.

For more effective calculations, the distance between adjacent
current threads were taken roughly equal to their distance to the
closest observation points.

From constructional restrictions, threads i = 1,2 --- 5, all
have Iy = const. 1In the first iteration, the forbidden zones were
neglected and the currents were assumed to go in the same direction.
With such a configuration, the sum of the currents in the discrete
threads was somewhat larger than would have been in an ideal con-
tinuous current laver.

In the second stage of calculations the currents in .
i=1,2 -- -, 10 were assumed given and the rest were replaced
by two threads in which the current was determined by the method
of least squares taking into account the requirment for minimizing
the average cross section of the plasma toroid. We analyzed
several versions of possible current distributions in these threads
and the most suitable was selected to be used in further calculations.

In the final stage of calculations, we replaced the threads
with finite section d x h = .03 x .28m2 windings with a t = 1.5mm
insulating layer. The results of this approximation are given in
Fig. II.6. Each coil was assvmed to be a current point in the
center of the coil and in this way the field plot and the coil

parameters were derived.
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On Fig. II.7 is shown a family of curves B = const. At the
start of the discharge when a £ 0.5m (a is the plasma minor radius),

the requirement that <:Eﬁ.//E3rF‘;>g53 x 1074 was observed, where

BTF = 3.5 T at the plasma center. The maximum OH field at this
time is BOH max = 4T, and the total current in all the coils is
(Aw) = 30.2 x lO6 A. The coefficient of self inductance of the OH
winding is LOH = 1.162 H, its mutual inductance with the plasma
MOH—PL = 1,185 H, its mutual inductance with the VF coil is

Mog-yrp = 1:097 H (single turn coils were assumed). In calculating
MOH—PL we assumed that the current distribution in the plasma was

parabolic, falling off from the center to the edge.

In Table IT.4 are given the number of turns per OH coil and
the forces Fy and EZ
fields of individual coils were taken for calculating Fr, but not

acting on them per unit length. The self

for Fp .
Stray field from the OH windings in the regions of neutral
beam injectors and their transport tubes is shown in Fig. II.8. It
is interesting to note that during the main portion of the pulse,
the OH and plasma fields, in a first approximation, cancel each other

out.

Calculations for Vertical Field Coils

The vertical field is generated by six groups of windings sit-
uated symmetrically about the plane Z = 0. The upper half of the
coils is shown in Fig. II.6. Maximum current in the coils is 120 KA.
Like the OH coils, the VF coils are made of four layers of water

cooled copper conductors of 30 x 70 mm2 cross section,
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é 8 8??2‘1“3‘_2 of O Coils| VE Gotls | emwiingrereces
¢ o8y H B 1070 R 10T, F..10° ] F, .1075, | E..107, | F, .10°5,
91852y N o v/ N /m N N4
1 | 16 | 39,60 | 0,04 10,9 | 0,17 50,50 | 0,21
2 | 16 | .89,50 | 0,20 II,20 | 0,53 50,7 | 0,73
3 | 17 | 42,80 |-0,06 12,40 | I,0I 55,20 | 0,95
4| 18 | 33,9 |-0,% 11,60 | I,38 45,50 | 0,48
5 | 25 | 7,00 |-20,40 | 21,60 | 3,10 %,60 | -17,%0
6 | 10 6,30 | -5,80 9,80 | 2,62 16,10 | -3,18
7| 10 | 10,00 |-7,60 12,00 | 6,50 22,0 | -1,1I0
8 | 5 2,64 | -2,65 |-0,06 |-0,59 2,58 | -3,24
9| 4 0,87 | -2,05 2,03 | -0,78 2,9 | -2,83
0| 3 0,13 | -0,88 2,26 | -0,48 2,39 | -I,%
1| 4 0,16 | -0,%0 1,67 | -0,04 1,83 | -0,34
2| 1 | -0,03| 0,002 | 0,48 |-0,62 0,45 | -0,62
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Poloidal field in the neutral beam injector region and distribution
of neutral beams.
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Calculations for the VF coils were performed in a special way,
utilizing linear programming methods (Appendix I). The VF coils
had to be situated externally to the "D" TF coils at a distance not
less than 0.15m, at r > 5.5m and 2> 1.5m (¥ < - 1.5m). The region
4.5m « r < 5.5m and ~1.5m £ ¥ <« 1.5m was reserved for éther pur-
poses; the region r « 4.5m, although available, was crowded with OH
coils‘and thus was not suitable.

The field at the center of the vacuum chamber is 4.2 KG with

a tolerance of A B = 0.3 KG over the whole region occupied by the

_r . 2B
B or

position of the coils are shown in Fig. II.9 and the field shape in

plasma. Field index n = was equal to ® 0.5. The
Fig. II.1O0.

The self inductance of the VF coils as calculated on the basis
of a single winding is 7.04 4cH, and the mutmal inductance with the
plasma is 3.66/aH.

We also calculated the magnetic field from the VF coils at the
central line of the toroidal coil in order to determine the twisting
moment acting on the TF coil. Results are given in Table II.5 and
Fig. IT.9. These moments are 3.85 x 103 Tonne~-m fromtthe VF~coil,
88 Tonne-m from the OH coil and 1.17 x lO3 Tonne-m from the plasma.
They=were calculated with each of the coils at its maximum current
value.

Figure II.8 contains the complete picture of the fields in the
vicinity of the neutral beam injectors. Approximate values of the
forces acting on the VF windings from their self fields are given

as'fellows:
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I. F_= 130 T/n F = -4 T/m
II. F_ = 120 T/m F = -29 T/m
III. F_ = 20 T/m F = -10 T/m

Similarly,“the forces from the OH windings are:

I. Fr = 106 T/m F = 0120 T/m
IT. Fr = 7.5 T/m F = -34 T/m
III. Fr = -8.7 T/m F = 5.3 T/m

Iron Core Magnetic System(Iﬂ

The peculiarity of an iron core magnet system for a project
like this, is that unlike other similar systems for Tokamaks the
iron can exist for a long period in a saturated state B »Bs. Under
these conditions, analysis of the magnet system should take into
account saturation of the iron as a result of simultaneous operation
of all the poloidal field coils.

The amount of iron in the external flux return path: is not
limited and can be made adequate to carry the flux unsaturated,
B < Bs. Thus, the only nonlinear element in the system is the
central iron column. Figure II.ll shows a cross section of the
upper half of the magnet system. Coil number one which bears -
against the central column takes the place of the OH windings. 1Its
configuration, as a first approximation, insures the absence of
fields at the plasma (2) at f = 0 (flux reversal regime). Supple-
mentary correction of stray fields in this regqidme can be acdomplished
either by special coils or by coils 31, 32 and 33, which were .origi-
nallysﬁnteﬁééd?a$VVFnodiis.

The aim of the magnet system calculations has been to find the

laws governing the changes with time of current and voltage at all
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g moment and magnetic field strength
along the central line of the TF coil (from the VF coils).

rav| Zm | M(rwm) R,Kj;;rgg;ﬂ .Angle (degewes)™
I{22 | o 0,00 5,506 90,00
2 | 2,26 | 0,68 | 1I,18 5,565 92,53
3133 | 1,32 | 26,07 5,729 95,18
4{237| 1,9 77,35 5,978 98,13
5125 | 2,50 | 163,93 6,3% 102, 47
6 | 2, | 3,02 | 289,28 6,625 109,07
73,00 |- 3,48 | 439,66 5,994 119,85
8 |3,4¢4 | 3,82 | 341,58 4,266 106, 74
9 | 3,% 4,06 | 435,26 5,060 92,14
10 | 4,40 4,14 | 566,02 6,218 92, 92
II | 5,00 | 4,08 | 606,91 7,644 104,28
12 | 5,46 | 3,94 | I,52 7, 444 125,10
I3 6,00 | 3,7 42,% 4,203 142,86
14 [ 6,54 | 3,34 | 70,50 2,177 115,71
I5 | 7,00 | 2,88 | 148,78 2,622 81,56
16 | 7,40 | 2,34 | 188,34 4,028 73,11
7|7, | 1,80 | 126,54 5,824 85,89
18 [ 7,9 | 1,24 | -28,89 5,271 113,75
19 | 8,00 | 0,54 | -13,22 2,865 113,82
20 | 8,04 | o 0,00 2,258 90,00
=M =3853,77 .M -
Notes: <xJ The vector direction H s shown in FPig. II.9

xx)

This is the angle between the vector H
the central plane.

and
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regions, which insure the given conditions for the plasma current
Ipl(t), magnetic flux coupling with the plasma 4>pl(t) and the
equilibrium conditions for the plasma toroid.

The potential balance on the plasma toroid circumference is

AP
/%Lj/:l. v dt O

where/opl is the plasma active resistance, giving

épé_ (f) = @P/_ (o) - ?PL (’f) (2.11)

_ t
where ?PL ({-) = fpr ]/;L At

It follows that to get @pl (t) it is necessary to assign
[Ipl(t) = /391 Ipl Orlopl (t). 1In the calculations,we made use of
the Ipl(t) and Qﬁpl(t) relationships given in Fig. II.12. Thus,
the first term in Eg. 2.11 is the flux coupling with the plasma at
the initial moment,and the second term is the flux change asso-
ciated with plasma heating.
Analysis of the equilibrium condition in an axisymmetric geom-

3

etry can be used to solve the magnetostaticsfor the two term io

*
boundary problem of the flux function 99= r A.% The longitudinal
component of the plasma current density can then be described by

the equation

R
S = /4[‘/))}%’:* E (Y < (2.12)

*See V.D., Shatranov, JETP, 33, 710, 1957.
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where R is the plasma major radius, A ( @) and B ( q)) are given
a .
functions. The plasma boundary rpl should bejconstant current

line, i.e.

( %J)rpl = const. (2.13)

Since the magnetic flux path is closed and it is not saturated in
the outer return leg, the region in question can be limited by the
outer radius of the iron r, making ( VJ)r = 0.

An anlytic solution of the equilibrium problem in this device,
taking into account saturation effects in the steel, does not
appear to be possible. Even approximate solutions are suspect.
However, as will become obvious, a solution to the problem can bhe
found with the aid of numerical modeling by means of a simple modi-
fication of the mesh method used for analyzing DC magnets*. The
condition in Eq. 2.13 carries the same value as the requirement

pl
For each instant under investigation, the values IDl and

that (+)be€qual at several points M on r_,.

¢

are given

pl Vo
= dS
Ip, = E/z, JPe (2.44)
@PL = c;‘f}fwj V'JPL_ 6/5/_[
52
and the unknowns are I,, I,., - - i =1,2,3. A solution exists if
1 3i

M £ 4, Otherwise, the number of VF coils has to be increased.

In ordinary problems of numerical modeling, the sources of the
field are given. In this problem, finding many of them is based
on the given properties and parameters of the field. This peculi-

arity-gs characteristic of the reverse boundary problem. The

* See N.I. Doinikov, A.S. Simakov, JTP, 39, 1463. 1969.
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solution can be obtained by straight forward methods, namely by
calculations which give the dependence of given field character-
istics on the unknown values and consequent setting up and solving
of the linear algebraic system of equations. The length of the
calculation depends on the closeness of the "first guess" to the
correct solution. However, numerical tests have shown, that the
unknown should be obtained by completing one iteration of the
cycle and then by making certain relaxations based on the results
obtained.

Equation 2.12 was given in the form

: e e ~ W 2 (2.15)
o~ L/O‘iﬁ fg . (/*/3’),5] // "}//:Z«fxx- 9”)7%) ]

where jo is a coefficient obtained for Eq. 2.13 after 2.15 was
substituted in it, /3 is the ratio of plasma pressure to the
pressure of the field on the edge due to the plasma current and
gbmax is the largest value of QUinside the plasma. Besides 2.15

we also used the relationship
2 2
' - r- K Z (2.16)
L/PL(};Z? *-O&JZT/'- / a /)T Az J]

which is in agreement with 2.15 for ﬁ§= 0. Along with the values
of current and a complete flux plot (see Fig. II.ll, where the flux
plot is shown for t = 20 sec and for /9 = 1), the solution makes

it possible to establish the gﬁ& fluxes coupled to the various
coils. By selecting short time intervals one can calculate, as
accurately as he wishes, the total flux contour in each coil

Jd&/dt, for the whole plasma current pulse.
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Figure II.13
Current (a) and Voltage (b) in the VF Coil
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On Figs. II.1l2 and II.1l3 are given the results of calculations
for a toroidal model with a varying minor plasma radius a (t).
Fixed values of a were taken within the range (0.5 - 2m) at 0.25 m
intervals. Conditions of equilibrium were taken as the requirement
for the passage of a flux line through four points: r,Z =(Rt a;0)
and(R; t a). The allowable deviation of the flux line from these
points did not exceed <g = ,02a. The largest deviation of 95;1
from the given value wasslessnthan:0.5%¢

Calcutations indicate, that the iron core variety displays
values of current and power that are lower by a factor of two, in
all the coils.

It is proposed that a similar calculation be performed in the
near future for the case of a short iron central column without an
iron return yoke, a scheme which has definite constructional ad-

vantages. Comparison of all three systems will allow us to make

a final selection.

3. Power Supply

The power supply system will feed the following elements of
the magnet system:

1 =~ Toroidal field coils

2 - Ohmic heating coils

3 -~ Vertical field coils

The external VF coils can be essentially lumped into one coil
with equivalent parameters. The power supply for-the inner auto-
matic compensating coils which are used to provide plasma equilibrium
by using feedback to control its position, will be investigated in

the appropriate section of this report.
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The coils of the magnet system can he described by the

following parameters:

Self-Inductance Resistance Max. Current Max. Power

(H) (Ohm) (A) MW
TF Coil 0.85 0.0555 120,000 1200
OH Coil 3.1 x 1072 7.5 x 107> £120,000 3450
VF Coil 7 x 1072 6.3 x 1073 120,000 3100

The power supply for the TF coils must generate pulses whch
are trapezoidal in shape, come every five minutes, have a rise and
decay time of 13 sec, and a flat top of 20 sec.

During the shakedown period, the TF coil pulses have a repe-
tition rate of one every 20 sec at the full current of 120,000 A.

In the OH coil power supprly, the current undergoes a total
reversal in order to lower the power needed and the electrodynamic
forces on the coils. Curves of the currents and the voltages in
the O coils, VF coils and the plasma during operation are shown
in Fig. II.14 - II.lé6.

As can be seen from the table ahove, the total pulsed power
needed for the magnet system reaches 7700 MW. It is proposed that
these pulses be generated with the aid of vower tube controlled
transformers. The power to the transformers could come directly
from the grid or be supplied by ganged electric generators with
flywheels.

Direct supply from the power agrid involves the need for power-

ful step-down substations as well as a filtering network to



4 5 ' 20 ok

S sB3ceB 8&&EER D

=
B
<

?&

Puc.l.14. Kprpue uwsMeHEHUd TOKOB ILIa3MH, WUHIYKTODA
# ynpaBJAeit o0MOTKU

Figure II.14 Currents in plasma, OF and VF windings

58



Y32

TTOD dA @43 UT =2be3fopA GT°II 2iInbTa

IILOWQ0 YomuBIraed

g

vy O
PN

suHoxBAULR] Gl 1" old

4 /

+

(e
P4
.V\
94
84

oc

ce



60

y22 0z

TTOD HO ®y3 uT abejrop
edor:fran suxewrdUB] 911" 0uJ

=4

9T *II ®anbtg

[N =\

T
¥

~d

%lww




61

COmpensate the reactive power and its harmonics arising from the
operation of the pulsed power transformers.

Using gauged electric generators means building special control
systems for regulating, filtering and energizing the elements,
however, this scheme will substantially reduce the pulsed power
drain on the grid.

The choice of the proper vower supply scheme will be based on a
careful economic analysis of both versions. This will be done durina
the second stage of the design, after a site has hesen selected and
available power evaluated.

In view of the large power pulses needed for the device,
there was a tendency to design complex systems to generate the
pulses for the different coils, involving multiple uses of pulse
generators.

On Fig. II.1l7 is shown a simplified method of power supply for
the TF coils, the 0OH coils and the vertical field coils VF1l, VF2
and VF3.

Because of the large time constant of the TF coil ( 15 sec)
and the need to limit the rise time of the current to 15-20 sec we
intend to use ramping of the coil during the rise time with the
power requirement from the pulsed transformer amounting to 1200 MW,
To lower the voltage in the coil relative to the machine and to
alleviate the possibility of breakdown, it is reasonable to sub-
divide the coil and connect the pulsed power transformers to the
various sections at different points along the circumference. 1In
order to avoid voltage surges during a fault condition, a scheme
was selected utilizing two sections of the coil and two pulsed

power transformers.
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At the start of a power vulse cvcle, switches S1 and €2 are
closed. This produces two current loops in the TF coil and the
pulsed power transformers Pl, P2 and P3. When these transformers
receive the signal to start the pulse, a current becins to build up
in the TF coil, The power output of Pl is 600 MWW at 5 KV, while
P2 and P3 supply 300 MW at 2.5 KV each. When the current in the
TF coil reaches 120,000 A (17 sec after start of the pulse), it is
then necessarv to maintain it constant at that level and teo start
the pulse for ths OH coil.

A negative current build-uv in the OH winding in one sec is
accomplished hy switching a 600 MW power transformer into the OF
winding circuit. This is done with P2 and P3. These power trans-
formers are switched out of the TF coil circuit by reversing their
voltage (at which time the current in the TF coil is shunted throuah
tubes V1 and V2) and by opening the de-energized switches S1 and S3.
By closing switches S$5, S8 and S4, power transformers P2 and P3
enter the NH winding circuit (switch P is closed and switch Z1 is
open at this time). After the signal for putting P2 and P3 hack in
thé;mode is received, the current in the OF ccil builds up negatively
until it reaches =-120,000 A in one sec. In order to insure the rapid
current rise in the plasma, switch P is closed and the voltages in
power transformers P2 and P3 are reversed. This negative voltage
along with the drop in the potential across the resistance, main-
tains the voltage on the OH coil at 28 KV. The potential across the
resistance R, along with the potential from vower transformers P4,
P5 and P6, also appears across the VF coils. The voltage from P4,

P5 and P6 is 2.5 KV.
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From the moment switch P is closed, the current in thke OF coil
drops, while the currents in the plasma and the VF ccils rises.
The correct current shape in the CH and VF coils is ohtained by the
proper selection of the number of windings in these coils and by
the proper use of the power transformers P2 - P6. The correct

action of the power transformers is maintained by a programmed

controller, while the fine tuning of the conditions of plasma equili-

brium is accomplished with the automatic compensating coils usina

feedback from the plasma toroid. The maximum voltage on power trans-

formers P4, P5 and PF must be 3 KV at the current level of 120 KA.
For the given current and voltage reqguirements of these transformers
it is reasonable to use two steps to perform the needed function,
which would lower the power requirement for the transformers feeding
the coils to 220 MW. After 0.12 sec had elapsed since the start of
the plasma current, switch Z1 is closed and the supply of the CH

and VF coils becomes independent of the transformers in aquestion.
When the current in the OH winding drops to zero, switches S5 and S6
are opened while S$6 and S7 are closed after which the power trans-
formers P2 and P3 are put back in the forward mode, and the current
in the OH coil starts to rise in the positive direction to +120,000A
in 1.1 sec. When the OH current reaches 120,000 A, the power supplv
from its power transformer can be reduced to 100 MW,

During the time when the Pl and P3 transformers were in the OF
coil circuit, the current in the TF coil which was supplied only by
the Pl transformer drops to 3% of its nominal value, namely 3500A.
To prevent further erosion of the current in the 7TF coil, trans-
former P3 is reinserted in the circuit while P2 stays on the OH

winding. To accomplish this, the voltage in P3 transformer is
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reversed and simultaneously, switch Z2 is closed. Transformer P3
and switch S4 become de-energized. Switch $4 is opened, switches
S2 and S3 are closed and P3 is activated in the forward mode. The
current from tube V2 is shunted into P3 and thereafter the current
in the TF coil is maintained constant with Pl and P3. To insure
that the current decays in the TF coil at the end of the pulse, the
voltage in Pl is reversed and the current falls off in 20 sec.
Decay of the current in the VF coils is insured by reversing trans-
formers P4, P5 and P6.

The described system will use thyristor controlled transformers
as the sources of pulsed power.

The shunting apparatus used in the system consists of four

types:
1l - Switches S1 - S8 which can accomplish current transfer in
a de—energized state
2 - Switch 22 which can be used in the energized state up to

2.5 RV
3 - Switch Z1 designed for 25 KV

4

A switch with a power capacity of 3000 MVA

This apparatus is not available commercially and thus will have
to be developed. It seems that the development of one switch to
serve all the functions of the circuit would be adecuate. This
switch should be rated at a current of 35000 A, and should have
opening and closing times of several milliseconds. For speeding up
such switches, the distance between poles in the open position
should be small. This can be accomplished by making the pole en-

vironment a pressurized gas. If elegas is used at 5-10 torr, the
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the contacts can withhold the necessary voltage at a separation of
3 - 5mm. Actuation can either be electrodynamic or pneumatic.

One of the problems in developing such a switch is the need for
fast separation of the contacts without sparking and also the need
for continuous pressure on the contacts in the closed mode.

Switch Z1 is intended to operate at 5 KV, and should with-
stand a total of 25 KV in the open mode as well as pass 120,000 A
in 20 sec.

Switch Z2 is interded to operate at 2.5 KV passing a maximum
current of 102,000 A in 20 sec.

To make this switch faster and to decrease the erosion of the
contacts, it is reasonable to employ a two step switching operation
using an ignitvon as the first steo and a modified version of the
S switch as the second.

A more complex apparatus is switch P, which is designated to
operate across 3000 MW at a voltage of 25 KV and 120,000 A. 1In the
closed condition, the switch should pass current at a rate of
70 KA/sec. One of the possible directions for developing such a
switch is the following:

1. Achieving an essentially arcless opening hv creating a
"current pause" at the exact moment of the opening of the contacts,
for a period of time during which the contacts separate enough to
prevent arcing. To decrease the needed separation of the contacts,
they could be contained in a pressurized gas chamher. The current
pause could be created with a bank of discharge capacitors. The

energy of the capacitors is

@,PU

woo=
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where P 1is the power at the switch, is the length of the
current pause. For example if C=0.5 -1.1 x 10—3 sec, W = 400
-800 KJ. Actuation of the switch can either be electrodynamic or

pneumatic.

2.  Performing the switching with an arc at the opening of the
contacts in pressurized gas, and the arc bheing extinguished by
creating an opposite current with the aid of a bank of capacitors.
In this scheme, contact erosion will he greater than in the above
case, but the bank of capacitors can be suhstantially smaller.

It may also seem reasonable to develop a two step switch,
where the current first passes through massive contacts, but is
shunted temporarily into smaller fast acting switches at the moment

the massive contacts are opened.

III. Vacuum System and the Tritium Cycle

1. Construction and Main Features

The vacuum system in T-20 consists of a group of different sub-
systems and elements (see Fig. III.1l) which insure the needed
physical conditions for creating the plasma toroid with the reaguired
parameters and the design of a closed cycle for the tritium. The
system consists of:

A discharge vacuum chamber.

An intermediate vacuum chambher,.

Independent pumping systems for the discharge and the inter
mediate vacuum chambers.
A means for injecting fuel (Hz, D, » equal gquantities of

D and T) and inert gas for cooling the plasma at the end
of a pulse.
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A tritium cycle (separation of reaction products and the in-
jected gasses, separation and clean-up of the tritium, clean-up
and disposal of the remaining products).

A vacuum system for the neutral beam injectors.l

A differential pumping system for the waveguides for RF pre-
ionization and heating of the plasma.

Control systems for the vacuum parameters.
A system for evacuating blanket modules.

An automatic operation. control system.

The vacuum system is characterized by the following main

parameters:

Background pressure in the discharge chamber 2 x 10~8 torr
The total effective pumping speed of the high 105 1/sec
vacuum pumps for the discharge chamber (for D2)
The total pumping speed of the dAifferent con-
stituents of the high-vacuum system for the
discharge chamber (for D,)
(a) Compressive 2 x 105 1/sec
(b) Active surface 2 x 105 1/sec
Chamber volume 4.3 x 108 cm3
Chamber surface area 4.1 x 106 cm2

Pressure of inert gas immediately after
injection for Cooling the plasma at g ]0—3

the end of a pulse X torr
Partial pressure of the tritium 1.9 x 10"3 torr
Upper limit of the pressure in the -8
discharge chamber between pulses > x 10 torr
Pumping time of the discharge chamber to 100 sec

the indicated pressure range

Surface area of the chamber devoted to 2.2%

vacuum ports, including neutral beam

ports

1The description of the vacuum system for the neutral bheam
injectors is contained in the section entitled "Supplementary
Plasma Heating Methods".



Chamber temperature during operation 500 C

Upper limit on the pressure in the inter- 1 x 10"7 torr
mediate chamber

The total effective pumping speed of the 5 x lO3 1/sec
high vacuum pumps for the intermediate

chamber

Total pumping speed of the cryvopanels in the 4.4 x 107 1/sec’
neutral beam injector ports (for D2)

Total surface aresa of the cryopanels 560 m2

Liquid helium boil=-off 360 1/hr.

Total power needed for vacuum pumping 1 MW

A trace showing the pressure in the chamber as a function of

time is shown in Fig. III.Z2.

2. Vacuum Chamber

The construction of the vacuum chamber should comply with a
series of wacuum technology, electrophysical and experimental
requirements, many of which are mutually contradictory. Besides the
obvious needs for mechanical strength and leal tightness under the
electromechanical forces, atmospheric pressure and thermal cyclinq)
the chamber must be radiation safe during operation and shake down
periods under DT conditions (tritium and a large neutron flux), and
must withstand distributed and localized heat loads un to 50 MW,

In order to avoid shorting out of the plasma, the electrical
resistance of the chamber along the toroidal circumference must be
not less than 2-3 x 10_3ohms. The need for reducing the flow of im-
purities from the wall under the action of electromagnetic and
corpuscular radiation from the plasma requires that the chamber

surface area be minimized and the conditions governing the contact
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between the plasma and the wall be very closely controlled. Finally,
the construction of the chamber must provide for penetrations into
the operating zone of electric and magnetic fields, neutral beams
and RF radiation for supplementary heating of the plasma, pumping
ports, measuring and diagnostic probes etc.

To accomplish these requirments, the following principles of
construction were adopted:

(a) A double walled arrangement with independent seals and pumps
for each of the toroidal chambers, the discharge and the intermediate.
(b) The discharge chamber is made of a thin walled, continuous (no
insulating gap) flexible and stabhle membrane which has forced
cooling.

(c) The inside of the discharge chamber wall contains easily re-
movable and relatively massive metal limiters which prevent direct
contact of the plasma with the chambher wall.

(d) Maintaining the intermediate chambher wall at a temperature of
50 - 80 CC, thus virtually eliminating the diffusion of tritium to
the outside.

(e) Integrating the intermediate chamher with the radiation shield
situated inside the TF magnets.

Following these construction principles, it will be possible to
use relatively simple, technologically feasible solutions for the
various systems and thus insure the attainment of the above require-
ments.

Chamber Assembhly

The assembly of the chamber is related directly to the assembly
of the magnet system. The chamber consists of eight hlocks (octants)

(See Fig. III.3) each of which contains three sections, each within
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a TF magnet coil. The end sections and the correspondino gaps
between blocks are designed for joining the sections to each other.
The following is a list of the various penetrations into the
discharge chamber:
- vacuum ports for the discharge chamber
~ diagnostic ports
- vacuum ports for the intermediate chamber
- neutral beam ports
- RF waveguides
- inert gas inlets
- diagnostic, vacuum gauge, measuring and controlling apparatus
ports
In all, the various ports take up 40% of the available surface

area of the discharge chamber.

Discharge Chamber

The thin walled, vacuum tight discharge chamber is electrically
insulated from the intermediate chamber wall hut is electrically
continuous around the circumference of the toroid. One of the
investigated designs is shown in Fig. III.A4.

The discharge chamber is assemhled from sections made in the
form of shells of revolution of a negative gaussian curvature
(surfaces of revolution with saddle points). The axis of revolution
of the shells is coincident with the chamher axis. The shanre of the
chamber is such as to be capable of sustaining the radial forces on
it. Since the wall is in tension, it does not experience the loads
which would make it lose stability. The load carrying ca@ability

of the shell is due to reinforcing rings attached to it which
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transfer the loads to the wall of the intermediate chamber. The
corrugated portion of the chamber increases its total electrical
resistance.

On Fig. III.5 is shown a different version of a wall for the
discharge chamber. It represents an attempt to construct a cooled
and relatively compact chamher wall which takes advantage of the
corrugated shell principle.

The wall is designed such that the relatively thin portion of
the corrugations do not actually see the plasma but are shielded
by the cooling tubes. 1In places where the heat load is too high,
it is protected with screens. These screens which are fairly
massive and have a high thermal inertia, protect the chamber wall
from burn-through, and orevent overheating in places of excessive
heat load in the event of an uneven plasma energy dump due to a
fault condition. At the same time these screens act as limiters,
both azymulthal and poloidal. It is proposed that the surfaces of
the screens be covered with removable plated sections which would
be in direct contact with the plasma. This experiment will aid in

selecting proper materials for such functions.

Intermediate Chamber

The intermediate chamber wall is the structural member which
will carry the atmospheric loading as well as part of the load on
the discharge chamber.

It is made to be an integral part of the radiation shield which

gives the following advantages:
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~ compactness
~ making use of the shield material for structure
- making better use of available space within the TF coils

- combine the cooling for the intermediate chamber and the
shield.

The intermediate chamber wall is made of a thin walled lattice
with each lattice compartment filled with shield material. The
chamber comes apart in two halves with the separation on a hori-

zontal plane to provide access to the joints between blocks.

3. Vacuum Pumping System for T-20
Vacuum Pumping of the discharge Chamber

The vacuum system for the discharge chamber must provide for
evacuation from atmospheric pressure and maintaining the chamher at:
2 x lO"8 torr at the operating temperature of the wall. In order to
achieve this low pressure, we anticipate to perform a series of
opverations to clean and degas the chamber wall. During th=s con-
struction of the 'chamber, the components will be electropolished,
cleaned ultrasonically and degreased of any lubricants that may have
been used during forming of the hellows. Lowering snecific out-

gassing rate from the chamber wall to lO“12 - 10“13

torr l/cm2 sec
at room temperature and to 10_10 torr l/cm2 sec at the operating
temperature, will be accomplished by haking the chamber at GOOOC
preparatory to conducting experiments, and training the chamher wall
by means of discharge in inert gasses. To obtain the design pres-
sure in the degassed chamber, an effective pumping sweed of

5 x 104 1/sec will ke reguired. For pumping down the chamber be-

tween pulses in no more than 100 sec, the needed effective pumping

speed is not less than 6 x lO4 1/sec.
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7. noise free pressure gauges
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Schematic of a pumping block for discharge
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For evacuation in the range 1073 - 107® torr under conditions

which exclude a large inventory of tritium, it is proposed that turbo-
molecular or mercury diffusion pumps be used to augment the active
surface panels, at the final stage of the pump down cycle when the
pressure is lower than 10”6 torr (see Table III.1l). As a primary
evacuating system, we are examining a scheme consisting of four
pumping stations distributed equally around the perimeter. These
stations will have turbomolecular and vac-ion pumps with a pumping
speed of 2 x 104 1/sec for N2 each (see Fig. III.6). Backing up
the high vacuum turbomolecular pumps will be other turbomolecular
pumps with a pumping speed of 5 x 103 1/sec. These will provide an
0il free fore-vacuum which is needed in this pressure range. The
pumped out gasses are then collected into a reservoir.

The pumpout lines will have gate valves which close in the order
of one sec and seal hermetically in 10 sec. Turbomolecular pumps
are used to evacuate the discharge chamber from lO—3 - 10_6 torr
(see Fig. III.2 from peoint E to point F), and for lower pressures,
the turbomolecular pumps are augmented with titanium vac-ion pumps
(see Fig. IITI.2 F - G). The inventory of titanium in the vac-ion
pumps is adequate to last the lifetime of the machine (lO5 pulses) .
Each pump will have lost about 0.2 gm of titanium during this period.

In order to gain experience for future Tokamak fusion reactors,
it is proposed that an experimental pumping station be used on T-20
based on the principle of cryosorbtion on layers of condensed gasses.
This experimental station will be used to study and determine cryo-
sorbtion pumping of D- , T and He, for determining the structural

=
W

properties of the cryosorbants and the optimum temperature time
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relationships for regenerating the pumps. The relative arrangement
of the cryopanels at different temperatures must insure a maximum
rate of sorbtion and aid in the subsequent separation of the gas
mixtures.

An inert gas is admitted into the discharge chamber at the end
of a burn cycle to reduce the possibility of localized overheating

of the chamber wall.

Evacuation System for the Intermediate Chamber

The aim of the intermediate vacuum is to thermally isolate the
discharge chamber and thus avoid the diffusion of tritium through
the cold wall of the intermediate chamber. The pumping load is
determined by the out gassing of the hot discharge chamber wall and
the amount of gas diffusing through it. The out gassino rate of
a degassecd stainless steel is 10“10 torr l/cn2 sec; the cooled wall
of the intermediate chamrber produces a negligible amount of out-
gassing. The diffusion of gasses through the wall consisting mainly
of D. and T, reaches a maximum during the pumping period between
pulses. The total pumping speed for the intermediate chamber is
5 x 103 1/sec; the pressure rise during a vulse is from 1 x 10m6 torxr

to 1 x 10_'4 torr (Fig. III.4). The amount of T, pumped during one

pulse does not exceed 6.6 X ].O“4 gm.

Differential Pumping System for RF Wave Guides.

The differential pumping system is needed for obtaining the re-
quired discharge in the RF generators which communicate with the
discharge chamber through #4 system of wave quides. The need for

having a common vacuum system for the chamber and the wave gquides
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comes from the fact that there are no RF windows which are vacuum
tight. Each eight wave guides are served by one vac-ion pump at a
speed of 103 1/sec. This system will maintain a pressure of 10 6
torr in the vicinity of the RF injector during a burn cycle. The

amount of tritium collected in each pump after 105 pulses is /™~ 12 ams.

4. Gas Injection and Control of Vacuum Parameters

The system of gas injection is intended for final clean up,
measurement and injection into the discharge chamber of worling
gasses (Dl, T:’ Hz’ He and A ), either individually or as mixtures.
The number of particles injected into the chamber during a pulse can

18 lO24

vary from 10  depending on the experiment. This system of
gas injection is made up of standardized units controlled hy an
electronic computer.

The injection system (see Fig. III.8) consists of several
symmetrically arranged and interconnected units for purifying and
preparing fuel mixtures (UPPF) and injection units (IU). The
number of operating units is determined hy the pressure uniformity of
the gas being injected into the chamher (see Fig. III.9).

A (UPPF) block (see Fig. III1.10) consists of a monopolar mass-
spectrometer, a vacuum gauge, automatic pressure requlators, a
100 1/sec turbomolecular pump, a heated fitting for passing and con-
trolling gasses for injecting recycled DT mixtures from the tritium
cycle.

The injection units are made up of a heated valve which in-
sures the passage of a programmed amount of gas, a vacuum fitting,

accumulatcrs for injecting inert gasses into the chamher and

vacuum gauges for automatic monitoring and controlling the prover

pressure in the system.
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For automatic control of the amount of gas injected, redundant
regulators, duplicating the control, will be used.
For measuring the neutral gas pressure in the chamber during a
burn cycle, a pulsed noise free ionization guage will bhe used,
which will make pressure measurements of the neutral gas in the
vicinity of the plasma in the rance 5 x 10"3 torr - 1 x 10—9 torr.
Controlling the background gasses during a burn cycle will be done hy
a mass-spectrometer capable of operating in a radiation environment.
The pressure and partial pressure of the background gasses in
the range 1 - 10—8 torr in the discharge and intermediate chamber,
in the pumps, vacuum lines and other elements of the vacuum system
will be done with commercial vacuum gauges and mass-spectrometers with
analog outputs.
The plan for measuring and leak checking of the vacuum chamher
is the following:
l) Step by step control of leak tightness during construction of
the joints and other details. The more critical joints, we intend
to test with a stream of helium gas and repeated thermal cyclinga.
2) Mass-spectrometer lealk checking at the time cf assemhly.
3) Periodic checks of the leak tightness by inserting a gas which is
not normally present during experiments, such as necn, which would
be picked up by the uniformly spaced external mass-—spectrometers,

thus insuring the location of leaks.

5. Tritium Cycle and Fvaluation of Tritium Diffusion
Principle features of the tritium cycle
The function of the tritium cycle is to vurify the effluents

from the discharge chamrber, consisting of DT mixtures and other
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gasses, and to prepare new mixtures for subsecuent use. The sge-
gquence of operations and the placement of =2lements is shown on
Fig. IIT.11.

Gas consisting of 45% D and T, and 45% Ar, He, H , HZO’ CH4,
CO2 and others is pumped through four vacuum lines into a cocmmon

100 1 tank (3) by four oil free mechanical pumps.

Gas Purification

From tank (3) the gaseous mixture goss through a chemical puri-
fication of its contaminants. Purification will be done with either
molten alkaly metals, cupric oxide or hard metals (Ti, Mn, etc).

For purifying the DT mixture by hard metalic sorbents, the amount
cf metal used is 3-4 Xg for 100 1 of contaminants.

For cleaning up "B, mixtures of contaminants, 2 160 kg of
sorbent material will bhe used at 2-5 gm/cm3 over the duration of
105 pulses.

The sorbent material contained in two series connected bhanks
(4) will be used at 750 - 900 cC.

The purified mixture containing hydrogen isotopes, helium and
argon is collected in vessel (6) and then goes to a thermal dif-
fusion process where H., , He and Ar are removed (8).

If the H, content is low, then the gaseous mixture after under-
going chemical purification goes through columns where the D,and T.
is absorbed and the He and Ar vasses through. The absorkhing mater-
ial can either be porous titanium or powdered uranium, and the
amount is 150 - 300 gm nesded to absork x40 1 of DT mixture

( ~~100 pulses). Like the chemical columns, the absorbing material

is contained in two series =onnected banks. Absorption of th= D7
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on titanium occurs at 300 C aad »a uranium powder at room temper-

¢ 2] &5
ature. Regneration of the DT mixture is done at 700 C.and 500 C

b

respectively. The amount of tritium not released in regeneration is
not more than 0.1% and the amount released with the He and Ar does
not exceed 10 %3 (activity 1074 C/1). Similarly, the amount of
tritium absorbed with impurities during hydrogen purification is
~0.1%.

The total amount of helium accumulating in the DT mixture
during lO5 pulses is not more than 1% of the DT mixture used, i.e.
N’0.5m3. By diluting the helium with argon, injected at the end
of a cycle, the volume of gas increases by a factor of 100. To be
able to dump this helium in the atmosphere, a more thorough puri-
fication from tritium should be made. This tritium may have been
picked up from the cupric oxide or was absorbed on the zeolite.

In order to provide uninterrupted operation of the clean up
cycle (4) and the absorbers (ll), the columns are arranged in two
parallel lines.

For separating and concentrating the tritium, we will use the

method of thermal diffusion.

Evaluation of tritium release by diffusion
Diffusion of tritium through the discharge chamber wall is an

exponential function of its temperature (Table III.2).
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Table III.2

Diffusion of tritium through the discharge chamber wall

(partial pressure of T. is 5 x 10"4 torr, wall thickness lmm)

Wall temp. Diffusion Activity
¢ 3 3
cm™ /sec cm™/pulse ci/pulse

100 7.2 x 1074 2.2 x 1072 5.5 x 1072
200 1.8 x 1073 5.4 x 1072 0.14
300 2.9 x 1073 8.7 x 1072 0.22
400 5.1 x 1073 1.53 x 107% 0.37
500 2.5 x 1072 7.5 x 1071 1.9
600 8.4 x 1072 2.5 6.2
700 0.23 6.9 17.2
800 0.51 15.3 38.2

The amount of tritium diffusing from the discharge chamber to
the intermediate chamber through a 1lmm wall during 100 pulses,
with a change in the wall temperature from 1OOGC to SOGJC rises
from 5 to 190 C. If the wall thickness is increased to 10mm, the
amount diffusing is reduced by an order of magnitude.

Because of the large amount of tritium diffusing into the
intermediate chamber, the vacuum system for it will need a separate
tritium removal cycle.

Calculations of tritium diffusion through a lmm thick inter-

mediate chamber wall at 50 C and a pressure range of 10m7 - lO—5

torr indicates (Table IIT.3) that with a pressure change from 10*7
to 10_5 torr, the diffusion of tritium into the surroundings goes

from2.{43 C/hr to 0.3 C/hr.
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Table III.3
Diffusion of T, through intermediate chamber wall

per hour (wall thickness 1,mm, wall temp. 50&C>

Pressure P,torr Diffusion Activity
cm3/hr Ci/hr
1077 1.3 x 1072 0.032
1070 4.1 x 1072 0.10
1072 1.3 x 1071 0.32

The obtained values of tritium flow were derived for clean
unoxidized steel surfaces. Oxidation on the backside of the
chamber wall will reduce diffusion of tritium to the surroundings
by two orders of magnitude.

All components which have sizeable quantities of tritium will
be housed in areas designated class I. However, components which
are hermetically sealed, and have protective measures against
tritium diffusion may be housed in areas designated class II.

In all portions of the building containing the machine, in-
cluding service areas there will be dosimeters monitoring the
tritium concentration in the air. This control is done separately
for gaseous tritium, oxidized tritium and aerosols containing tri-

tium from 0.1
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IV. Plasma Heating Methods

1. General State

Ohmic heating of the plasma in T-20 lasts about two sec ~.
during which the temperature reaches Ti;g 3 KeV. As this temper-
ature is reached, the heating efficiency goes down because the
current becomes limited by hydrodynamic plasma instabilities and
the electrical resistance of the plasma decreases sharply with
temperature. Further plasma heating is done by methods which are
effective independently of plasma temperature. Of all the possible
methods for plasma heating, the most promising are neutral heam in-
jection and RF heating.

Experiments on T-20 will be conddcted in two stages. The
first stage will concentrate on hydrogen and deuterium plasma
(no tritium). The second stage will he devoted to obtaining a

19 neutrons/sec by heating DT

fusion reaction giving about 10
plasma to 10 KeV, or producing a two comporent plasmalqinjection
of deuterium atoms at 160 KeV into a tritium plasma target at

Te 24 5 KeV. Plasma heating with neutral bheams or RF, depending
on the required plasma parameters, can be obtained in several
ways at either experimental stage.

Taking ‘l“? = 2 sec, nx5 x 1013 cm"3 (nT leM), if the

[
plasma receives 50 MW of power in 2 sec, its temperature will rise
from 3 - 10 KeV. Assuming that the coupling efficiency of the
energy by the investigated heating methods to the plasma ions is
85%, then the total enerqgy expended is 60 MW,
This 60 MW of enerqgy, by either neutral beams or RF takes

place for 2 - 3 sec after the ohmic heating. Further expenditure
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of power depends on the experiment, but does not exceed 13 sec.
During power injection with 80 KEV deuterium atoms, the
amount injected is 750 equiv. atoms. This corresponds to
4.5 x lO21 particles/sec. At an initial charge of 2 x lO22
particles in a volume of 400m3, the injected particles will double
this number in about 5 sec. This may limit the length of in-
jection, however, at an energy of 80 KeV, about half of the
injected atoms will be captured in the plasma by charge exchange,
therefore we can expect that the chamber wall will experience a
flux of atoms at 10 KeV. We should note that neutral beam in-
jection at 160 XeV has the following advantages:

- the number of particles admitted into the Tokamak chamber
for the same amount of power is decreased in half as compared to
80 KeV.

- atom capture in the plasma is by ionigation-rather than
charge exchange and thus, the flux of charge exchange atoms
incident on the chamber wall decreases.

However, 80 KeV neutral beam injectors have a higher duty
factor.

For plasma heating with HF and UHF electromagnetic waves,
the following methods hold the most promise.

1) UHF heating at a fegquency close to the electron cyclo-
tron ( Wz Wee ).

2) UHF heating in the range of the lower hybrid frequencies
( W Jore e ) ;

3) Heating in the ion-cyclotron resonance frequency and

its harmonics, and in the magnetic Sonicd resonance ( « = We, ) -



It should be noted that since for the anticipated plasma
parameters, the time for energy exchange between ions and elec-
trons is about one sec, it does not make any difference which
component of the plasma receives the energy.

However, with electron heating one might expect less plasma
contamination, since the chamber wall sputtering by electrons is
two orders of magnitude less than with ions. Further, RF heatina
does not need neutral beam injection and thus, there is no 10 KeV
charge exchange atom flux incident on the wall.

The planned complex of plasma heating has many possibilities
for experimenting,depending on the attained n?fg:

l. During the heating of a DT plasma for the given conditions
of nT;= ld4, injected power of 60 MW and Ti = 10 Kev, it is
possible to insure a Q«2. Thus, of the 100 MW of power coming
from the fusion reaction, about 20 MW will be by o« -particies
which will produce supplementary heating of the plasma. Conse-
quently, after 2 - 3 sec after the start of heating, the amount
of injected power in this case can be decreased.

2. If confinement time’tEis less than 2 sec, let us say one sec,
then with 60 MW power injected and a plasma temperature Tiﬁslo KeV
(nte =~ 2.5 x 1013 we can expect a Q = 1.

3. If for Teg = 1 sec, the plasma temperature does not exceed

5 KeV, then for a nominal value n = 5 x 1013 cm-3 (nTez= 5 x 10

13)
the value of Q fall to about 0.3.
In these cases plasma heating is done by 80 KeV neuntral beam

injection or by one of the RF systems described above



4. If the 160 KeV neutral beam injectfors are used, keeping

the power at 60 MW, T = 2 sec and T, = 10 KeV then Q 2 4.

5. With the same conditions as in (4) but T¢# = 1 sec, Q = 1.5.
6. If at a higher plasma temperature, the ion thermal conduc-
tivity does not decrease and transition into the banana regime
does not take place ( Zéf < 1 sec) then to maintain the electron
temperature at 5 KeV it is reasonable to use the UFF system at
the ion-cyclotron frequency to inject 60 MW of power. Simultaneous
injection of 50 MW Vvian the 160 KeV neutral beam injectors will
have to take place. In this regime of two component plasma, one
might expect a 0 > 1. This mode of operation is suitable from
the standpoint of maintaining good vacuum conditions in the

chamber and reducing the undesirable loading on the thamber wall.

2. Neutral Beam Injection System

The creation and injection into T-20 of 60 MW of 80 KeV and
50 MW of 160 KeV neutral beams is accomplished by eight injectors
whichhave integral systems of power supply and vacuum pumps. Five
injectors are 80 KeV and the remaining three, 160 KeV. On the
first stage of experiments, all eight injectors will be used at
80 KeV, with a combined power of 100 MW. The change in the power
of neutral beams can be done discreetly every 3 MW.

The neutral beams are admitted into the chamber of T-20
through eight windows (25 x 250 cm2) situvated two to a quadrant
between TF coils (see Fig.|)V-1). The direction is tangent to the

radius R -~ 5% = 4 m, both with and against the plasma current.



The path of neutral beams in the plasma is 12 m, and the
spread of the beam does not exceed +1.5°. The 80 KeV beam is
attenuated a factor of 20 and the 160 ReV, a factor of 13,
Energy deposited on the opposite wall is 125 watt/cm2 and 250
watt/cm2 respectively.

It is proposed that 80 KeV beam injection take place 2 - 3
sec after ohmic heating of the plasma. Further energy supply
would depend on the experiment. Injection of 160 KeV neutral

beams will last about 10 sec.

Construction of Injector

The injection complex in T-20 includes a 160 KeV neutral
beam injector. The only difference in the two injection systems
is in the ion optics. Fig. IV-2 shows a basic schematic of the
injector which is common to both energies in T-20.

Generation of the positive ions is in four ion sources
(1) arranged on top of each other, namely in the direction of
the small dimension of the beam port. Fach source has its own
optics. (2) Neutralization of the ion beam is accomplished by
passing it through a gas which flows from the source to the
neutralizing chamber. (3) The ion source and the neutralizer
are shielded from the magnetic field and a venetian blind arrange-
ment (4) is used to shield the drift region directly behind the
neutralizer.

Separation of the charged components of the beam is done in
the stray field of T-20, or with the aid of a special coil system.

(A picture of the stfay field in T-20 is given in Fig. II.8).



The positively charged atomic ions curve in the stray field be-
yond the neutralizer and strike the current collector (5), which
in some designs of the injector are getter pumps. Positive mole-
cular ions and negative ions strike the water cooled venet n
blind type of current collectors (6) and (7).

Evacuation of the injector is by turbomolecular pumps and
cryopanels (8). Between the chamber of T-20 and the injector
there is a fast acting screen (9) a gate value (10) and a coup-
ling (11).

Besides this, each injector has:

1 - A system for measuring atom and ion beam parameters

2 - A power supply
3 - A cooling water supply

A system for controlling, locking, shielding and
regulating the injector.
A general view of the injector and overall dimensions are

given in Fig. IV.3. Its principal parameters are given in Table

Iv.1l.-
Table IV.1
Principal Parameters of the Injection System
Energy of the atoms KeVv 80 160
Power injected into the plasma MW 60 50
Number of injectors 5 3

Parameters of a single injector

Power at exit from injector MW 12 16
Flow of atoms at exit from injector Equiv. atoms 150 100

Coefficient of ion-atom conversation " " 0.67 0.37



Table IV.1l (cont.)

Transport efficiency of the atom beams ~B8.75.7:0.75
Efficiency of acceleration 0.50 0.28
Power of the initial ion beam MW 25 60
Number of ion sources 4 4
Parameters of an ion source
Needed ion beam, not less than A 80 90
The discharge: Potential \% 60 60
Current KA 10 10
Power KW 600 600
Filament power KW 150 150
Electric Power Supply
High Voltage Rectifiers
For a single source:
Voltage kV 80 160
Current A 100 100
Power MW 8 16
For a single injector, Power MW 32 64
Total power for all types of injectors MW 160 192
Low Voltage Supply
Power supply for a single ion source MW 1.35 1.35
Power supply for a single injector MW 5.4 5.4
Total power for»all the injectors MW 27 16.4
Power supply of the whole injection system not
including the rectifier efficiency, vacuum
pumping power and auxiliary needs of the
system MW 187 208.4
Total My 400
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Ion Source and the Ion Optics

For the first design of an injector, we have adopted a
single type of ion source for both types of injectors (80 and 160
KeV), namely an ion source which does not have an external mag-
netic field but has a low pressure straight diffusion arc
discharge with an indirectly heated cathode (Fig IV.4). The
maximum ion current available from the source is 100 A. The
anode is a rectangular frame (2) which surrounds the cathode (1).
The ion optical system (3), emitter (4) and the flanges (5) with
the gas distribution system are under a "floating" potential or
under a potential which is controlled by the resistance.

The emitter is a plate with two rows of slits 8 cm long and
0.2 cm wide, through which the charged particles are selected. It
has a void area of about 30%. Areas betweeen the slits are cooled
with forced water under pressure and are in the form of hard
soldered preformed tubes, or they may be molybdenum tubes. Areas
between the rows of slits are also water cooled. The emission
electrode has external dimensions of 20 x 48 cm2.

The positive ion current density from the plasma edge is not
greater than 0.5 A/cmz. Plasma uniformity in the region of the
emission slits is not less than 0.5% and is obtained by the proper
placement of the cathodes, stabilizing the discharge current and
gas pressure to *.05% and +1% respectively. Such stable dis-
charge parameters in conjunction with properly selected geometry
for the ion optical system allows. the formation of elementary ion

beams with a divergence of 2 - 3%,
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Fig. IV.1 General Assembly of the Injectors
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Fig. IV.2 Principle Diagram of the Injector

] - ion source; 2 - ion optical system;

3 - neutralizer; 4 - screen; 5 - D; collector;:

6 - D; , collector; 7 - D1 collector; 8 -~ cryopanel;
’

9 - shutter; 10 - valves; 11 - adapter
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Fig. IV.3 General View of Injector
1 -~ ion source; 2 - neutralizer; 3 - collimator:
+
4 - screen; 5 - Dl collector; € - cooled panel:;
7 - D2+3 , DI collector; 8 - cryopanel; 2 - nitrogen
r

screen; 10 - turbomolecular pump
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Typical composition of the ion beam from the source is

+
75% D , 15% D;rand 10% Dg . The gas efficiency in the source
is about 30%.

Operating conditions of the ion source are:

1 - Current in the arc discharge 10 k&
2 - Voltage at discharge 60 V

3 - Power in the cathode heater 150 kw
4 - Power dissipated in the source 900 kW

The ion optical system of the source consists of three or
four slitted electrodes. The slits in the electrodes coincide
with the slits in the emitter. Initial formation and selection
of elementary ion beams occurs at a voltage drop of 40 k¥ across
the first gap, ( dl = f (n, Te, U ), where dliistthe'widthaéf
the gap, j < 0.5 A/cmz. Acceleration to 80 and 160 XeV occurs
in the second gap. Use of two accelerating gaps ( dl and d2)
preserves the current density at high accelerating voltages and
by the fact that the gap width is limited by breakdown voltage
Ubr'

ol
Ubrx c'd/;z ) 0:5— < X < 1.0

The accelerating electrodes of the optical system of each
ion source have a void fraction of 30-40%. Areas between the
slits are cooled with water. Beam losses on the electrodes is
calculated to be <1%.

For focusing the beam extracted from the large area of the

emitter, it is proposed to slightly curve the surface of the
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electrodes and to displace the relative locations of the slits
in the emitter and the first accelerating electrode. The re-
tarding electrode holds back the flow of electrons and takes
some part in beam shaping.

The ion source and its optical system have a common ex-
ternal magnetic screen. 1In addition there are electrostatic
screens between the ion sources. The magnetic field from ex-
ternal sources must not exceed 10 Ge in the region of the ion
source and its optical system. The distance between the =

emitters of adjacent sources is about 26 cm.

Neutralizer

As the ion beam goes through the gas target neutralizer,
dissociation between the molecular ions and neutralization of
the charged components occurs with an efficiency of ion to
atom conversion of 0.67 and 0.37 for 80 and 160 KeV ions re-
spectively.

Bach ion source has a neutralizer which is a rectangular
tube 26 x 60 cm2 in cross section and 120 cm long. It is
divided into two parts on the inside. The walls and partition
of the neutralizer are water cooled.

The magnetic field inside the neutralizer does not exceed
10 @¢ because of the effect of the screen and the 2.5 cm thick
walls.

Pressure distribution in the neutralizer channels and in

the adjacent drift region is shown in Fig. IV.6.
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Separation of ChargedsComponents

The beam exiting from the neutralizer consisting of
particles of several energy levels must be cleaned of any
charged components. Two versions of injectors are under con-
sideration, differing in the mode of . ~iecular ion separation.
The first version makes use of the stray fields in T-20 (see
Fig. IV.3), and the second version has a special magnetic
system which separates and localizes the different charged :::
particles of different energies in special places. 1In the
latter version, attention has to be given to the effect of the
separation field on the magnetic field in the chamber of T-20.

In the version sédected, the one usino the stray field in
T-20, there is a problem of locating the injectors for proper
acceptance of the D; ion beams which have densities of 12 kw/
cm2 and 4-5 k’W/cm2 for the 160 KeV and 80 KeV beams respectively.
The position of the beam changes as a function of the plasma
current. Thus, at a maximum plasma current of 6 MA, the mag-
netic field in the separation region is 650 Qe and the radii
of curvature of the ions are 125 cm and 88 cm for the 160 KeV
and 80 KeV ions respectively, For a plasma current of 2 MA the
radii of curvature get so large that it becomes difficult to
position the collectors for the D;’3 beams and for this reason
we have.recommended that beam injection take place within the
narrow range of 4-6 MA plasma current.

In the event that the stray field will be inadequate, sep-
aration will be accomplished with a special coil in the plane

of the large beam dimension. The separator poles in this case
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are 500 x 110 cm2 for a gap of about 50 cm. Magnetic field in
the gap is 800 Oe and 550 8e for the 160 KeV and 80 KeV beams
respectively. Radius of curvature for the DI ions is 100 cm

for both energies. The flux of DI ion at 160 and 80 KeV will

turn through 180% and is collected on a special collector.

Collector

The DI ion collector is made in the form of a cooled plate
positioned at 3% to the ion trajectory, which lowers the power
loading on the collector surface by a factor of 20. This plate,
besides being a collector, is also a sorption pump since its
durface is covered with a getter which is sputtered under the
action of the beam (thermal andirkinetic sputtering). Across
from the collector is a corrugated and, either water or N2
cooled screen which acts as the sorption panel.

The voklector and the sorption panel terminate in the
magnetic shield and can be displaced and rotated as a whole
relative:to the ion beam trajectory. The collector produces
a field non-uniformity of +3% on top of the variation in the
regular field during a pulse in T-20. The DI ion erergy can
vary by 14% as a result. Provisions for adjusting the plate
can accommodate up to a 30% maximum variation of the field.

The collector plate is made in the form of a "C" with the
base plate dimensions being 280 x 400 cm2, side plates 50 x 400
cm2, the sorption screen 300 x 450 cm2 with a total area of

5

~ 3 x 10 cmz, which insures the collection of gasses from

the recombination of the DI ion beam of 300 A intensity and

maintains a pressure of 107° torr in the collector.
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Other charged components have a substantially smaller
power density and thus do not present any difficulty.

In the future, collectors for the various charged com-
ponents of the ion beam will be insulated and will float at a
regulated potential so that the energy of the charged particles

could be recovered.

Beam Diagnostics

The beam diagnostics system will allow the separate measure-
ments of the intensity, power, distribution of intensity and
power in a transverse section of an atpm and DI ion beam, and

the phase characteristics of these beams at their nominal energy.

+  _+

(D2, D3 and dissociation ions are not measured.) Measurements

are based on calorimetric and electric methods for beam diagnostics.
The system for measuring beam parameters consists of two

collectors, one for atoms and the other for DI ions. These
[+

collectors are plates placed at an angle of 32 to the Dl and

+
Dl beams.

Both collectors have rows of slits uniformly distributed
across the plates with individual receivers behind each slit for
measuring the beam intensity.

A part of the slits measuresthe phase characteristics of

o +
the Dl and Dl
ation of the ion-optical system.

beams and thus providesthe control for the oper-

The vacuum system for the injector has the following main

featuresl!

1) These vacuum parameters are for injector operation at

E( = 160 KeV which are more stringent.
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Flow of deuterium into the ion source (mol/sec) 8 x 1021
Coefficient of gas ion conversion of ion source 0.3
Partial constituents of the ion beam D; 75%
Dy 15%
D} 10%
Neutral deuterium molecules accompanying
the ion beam (Qa’ mol/sec) 6.4 x 101
Neutralization chamber, - tube cross section 20 x 200 cm2

x 120 cm long

Density of the neutral gas in the neutralization

-2 16

chamber ( § cm ) 10
Fast deuterium atom flux at the exit from tube,

100 eq. at. ( £, = 160 KeV) 150 eq. at.( £¢ = 80 ReV)
Flow of neutral gas from the injector to the

discharge chamber (torr. l/sec) 0.7

Atom inlet tube, rectangular cross section

(25 x 200) cm2 X 150 cm long

Background pressure in injector, (torr) 5 x 10'”8
Total effective pumping speed of the cryopanels
(on deuterium) 2.4 x 106 1/sec

Regeneration frequency of cryopanels - every 5 x 10~ cycles
2

Cryopanel area, (m™) 70
Area of N, radiation shields (mz) 200
Licuid helium usage (4.2K) (1/hr) 45
Liquid N; usage (1/%r) 130

Closing time of gate valves (sec) 2
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Fig. IV.6

Distribution of Neutral and Charged
Particle Fluxes

(a) pressure, (b) integrated density of

the neutral gas (c) along injection port

for T = 300 XK, M =4, Ei = 160 KeVv
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The space distributions of the ion beam, the fast atom
beam, density and pressure of neutral gas along the beam line is
shown in Fig. IV.6.

Pumping of gasses produced in the ion collector chambers
after separation by the stray field in T-20 will be in the
following manner:

1 - Positive ions: Water cooled titanium strips, which
will sputter with the aid of discharge arcs as well as
by the beam itself.

2 - Negative ions: Pumping by regenerative titanium strips.
Regeneration period - every 104 cycles.,

3 - For pumping the injector during high temperature
conditioning and regeneration of the ion collectors,
and for periodic pumping out of the helium collecting
within the injectors, a pumping module similar to that
used in the discharge chamber will be used.

4 - For pressure control, gas analysis and vacuum alarm
signals, a multichannel commercial instrument will bhe

used which will interface with a computer.

Injector Power Supply

The power supply for the injectors also provides power
to the VHF and HF plasma heating and it is thenfore reasonable -
to analyze it at the end of this chapter. However, the main

parameters of the power supply system are given in Table IV.1.
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Injector Water Supply

The water supply for the injector is divided into two
sub-systems: the first is for cooling elements which are at
a high potential (greater than 1 kV) and the other for low
voltage elements (1 kV).

The cooling water for the ion source and the optical system
electrodes is connected through electrical isolators. Water
pressure for the ion source is 10 Kg/cm2 and for the optical
systems, 80 Kg/cmz. The pressure is maintained by pumps in-
sulated against 160 and 80 KV respectively.

Cooling water for the ion collectors at a maximum enerqy
will have a pressure of 10 Kq/cmz. The amount of water needed
for cooling the ion sources and the optical systems is 300 1l/sec.
That needed for cooling: the collectors is 3000 1/sec. Other
injector parts will require an additional 100 1/sec.

For a maximum allowable water temperature of 90° c, the
water flow for a single 160 KeV injector is 3.4m37sec and for

one 80 KeV injector, l.7m3/sec for a single pulse.

Instantaneous water flow for all the injectors is l9m3/sec

during a pulse. Average flow is about lm3/sec.

System of Alarms and Injector Control

The following parameters will be controlled: cathode
filament current, arc discharge current, the potential on the
arc and all the electrodes in the ion optical system, currents in
the ion optical system, gas pressure in the ion source and in the

neutralizer. In the three pumping regions there will be control
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of the remnant gasses, the current and power density of the atom
and ion beams, temperature of the injector elements, temperature
and pressure of the cooling water and the cryopanel temperature.
The activity and radiation level in the effluent gasses, in the
isolator region and other places will be monitored.
Collection, recording and data analysis on the operation of
the injectors will be done automatically in conjunction with a
computer. All the data will be available in printed form.
Control of the injectors will be accomplished automatically
according to the program on T-20. It is possible that some
hand tuning of the injectors will bhe done during the shake-
down period.
Each injector will have the following alarm and inter-
lock systems: 1) Vacuum alarm; 2) Cooling water alarm;
3) Valve interlocks; 4) Interlocks on shield position;
5) Collector’interlocks; 6) Interlocks against injector ele-
ment overheating; 7) Interlocks against electrical breakdown;
8) Interlocks in the high voltage system; 9) Alarms to indicate
an excessively high voltage in the magnetic shield system;

10) Magnetic field alarm.

3. Radio Fmguency Heating
A. Plasma heating in the electron-cyclotron rresonance range.
For a mangetic field of # 3.5T, it is imperative to use
the A3 mm frequency band. At the frequency (W % “)ce)
there exist effective mechanisms for RF energy abhsorption, namely

synchrotron damping and linear transformation. FHowever, in a
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device the size of T-20 at Te « 3-10 KeV, the dissipation of

an extraordianry wave is so great that it is difficult to
produce heating in the inner regions of the plasma torus.

For this reason we have used the computer to calculate the syn-
chrotron damping of an ordinary wave propogating through the
plasma from outside the torus. In this operating range for
T-20, G%pe < Wop an ordinary wave will freely prop-
agate through all sections of the plasma. The main difficulty
in utilizing this frequency range is the development of high
power UHF generators. In view of this, it would seem reason-
able to use as many low power generators as the geometry of the
facility will allow. Obviously, the individual inputs must in-
sure the independent operation of the generators.

In each of the eight spaces between TF coils, it would be
possible to distribute tén waveguide ports on the outer surface
of the torus. Calculations have been made to determine wave
trajectories and damping during propagation along the median
plane and at 45° to it.

In order to minimize the effects of refraction, it seems
reasonable to direct the waves alona the radius of the plasma
torus. However, practical radiation systems have a finite beam
width. In view of this we have considered wave trajectories
which have a spread of 10 ° at the plasma surface. We show that
if the RF energy is directed at 60° to the magnetic field, there
is a complete energy absorption during a single traversal by
the wave of the synchrotron resonance zone. Undesirabhle heating

by "runaway" electrons can be considerably reduced by selecting
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the proper direction for this current. 1In Fig. IV.7 are shown
typical trajectories of two waves within the plasma cross
section. Cdlculations were made for an average density
n=>5x 1013/cm3 and Te = 5 KeV. It can be seen that if the
radiation systems are situated on the outer chamber surface
within an angle of +45° to the median plane, the effects of
refraction will cause all the wave trajectories to intersect
within r « a/3. Figure IV.8 shows the dependence &L-Earﬂﬁﬁ_
Wi(r)
for waves, propagating at an angle 6f 60° to the toroidal
magnetic field: Here: VV(Fmﬁg) is the wave energy at the
plasma edge, VV(F) the value of energy at a given radius.
Curves one and two are for -ré = 10 KeV for wave trajectories
shown in Fig. IV.7. Curves three and four are the same hut for
‘T& = 5 KeV. In Fig. IV.9 and IV.10 is shown the distrihution
of RF waveguides. Some of these waveguides can be used to pre-
ionize the plasma.
Evaluations have shown that RF use at the electron cyclo-

7 W for 10_3 sec can produce a

tron frequency at a rate of 10
preliminary ionization in the central region:of the discharge
chamber. A current rise at a rate of 107 B/dee will insure
the containment of the plasma, a condition which is needed for
the sustainment of the discharge. The pre-ionization RF wave-
guide inlets can be situated separately from the main heating
system or integral with it as shown in Fig. IV.9. These wave-
guides must excite an extraordinary wave propagating to the «

cyclotron resonance zone where @egp > W, . The dimension of

the RF wavequide port is 15 cm and is picked on the basis of the
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Fig. IV.7 Wave trajectory ch (projected) in the plasma

cross section
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Fig. IV.8 wave absoprtion ch along the minor radius of the

plasma toroid.
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allowable power density of 5 kW/cmz. (At this RF power density,
no breakdown has been observed in present experiments on

Tokamak devices.)

A. Plasma Heating in the Lower Hybrid Frequency Range

The frequency range in gquestion is_/ﬁg lO9 cycles
( A & 30 cm). The virtue of this method is the fact that it
is possible to have effective electromagnetic energy dissipation
by means of a linear transformation of the electromagnetic wave
into a plasma wave and also in that high power generators of
this frequency are easier to build than the millimeter range.

One of the problems in the use of this frequency range for
plasma heating appears to be the transport of electromagnetic
energy inside the plasma and the creation of the necessary
conditions so that this energy will reach the lower hybrid
resonance threshold without being-dissipated in the surface
layers of the plasma.

In order to insure penetration of the electromagnetic
energy into the central region of the plasma, the linear
theory of wave-plasma interaction imposes some rather strict
restrictions on the allowable values of longitudinal wave
damping. N < N < 2.2

lmin
With' the presence of a large number of "¥unaway" electrons,

dissipation of a wave propagating in the same direction as the
electrons can increase considerably. This can be avoided in
principle, if the wave is made to propagate in the opposite

direction.
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A more suitable arrangement for injecting energy into the
plasma and one which conforms to the above formulated require-
ments is a system of phased waveguides. Calculations indicate
that the wave spectrum excited by such a system is relatively
narrow and therefore satisfies the reqguired condition. Besides,
it is easy to obtain the proper direction of wave propagation
by relative phasing of the wavequides. A drawhack of such a
system is the possibility of having sharp reflections in the
waveguides if they are not properly matched with the impedence
at the plasma surface.

If there is improper impedence matching, reflections in
the waveguides will amount to 80-90%. Avoiding such reflections
by conventional methods implies an increase in the field poten-
tial of the waveguide and correspondingly, the limit on the
power supplied by each waveguide will be more severe because of
the problem of breakdown.

Another convenient method of power supply can be imagined,
which depends on the fact that it is possible to have an
electromagnetic wave propagating between the plasma surface
and the corrugated metalic wall of the containment chamber.
Damping of such a wave is determined by the plasma surface im-
pedence and by the depth of the metal wall corrugations.

Proper damping can be achieved by selecting the correct depth
of corrugations.

RF injection in the lower hybrid frequency range is pro-
posed to be accomplished through four portss into the chamber.
The width and height of each window is 0.5m- by 2m respectively.

The RF power transmitted through each porti at an operating



_31_.
frequency of 1000 MC is 15 MW. Two versions of wave launching
systems have been considered, an active radiator and a passive
system.

The first RF antenna version is a collection of phased
waveguide radiators. The radiating ends of the waveguides
must be oriented such that the electric component of the high
frequency wave (parallel to the narrow dimension of the wave-
guide) is directed along the magnetic field of the machine.

It is proposed that there be six ports -horizontally (narrow
dimension of waveguide is 8 cm) and eight p»nrts vertically
(wide dimension is 25 cm). All waveguides in one vertical row
will radiate in phase. Adjacent waveguides in the horizontal
rows will be driven out of phase (Fig. IV.11).

Such a system of waveguides will produce a standing wave
pattern with an effective damping of 1.8. The damped waves
excited in the plasma will propagate along the magnetic field
in both directions away from the RF port. The amount of power
supplied by each wavequide is 0.3 MW. The maximum potential
across the narrow walls of the waveguides (not taking into
account reflections) wil be equal to 14 kY and the electric
field potential 1.8 kV/cm.

All the wavequides will be differentially pumped from
below. Waweguides in one vertical row are joined together by
a gridwork of ports. The vacuum connection on the external
RF tube is made at the transition point of the coaxial RF tube
leading to the generator. Corresponding elements and ferrite
connections which protect the generator from reflected power

can be integrated into the coaxial system.
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The necessary phase shift between adjacent ports can be
accomplished by properly selecting the length of the wave-
guide sections. 1In order for adjacent ports to be out of phase,
the length of the waveguide must be different by one half wave-
length. Since it is necessary to excite a directed wave in the
plasma, the field pattern at the exit from the waveguide must
have the appearance of a travelling wave. For this reason the
phase shift between adjacent waveguides must be 79% . In
order to obtain the required damping, the radiating ends of the
waveguides will have to be made half as big and their total
number doubled.

It should be mentioned that for such a system, changing
the operating frequency over a large range will not change the
effective damping. The power in the external regions leading
to the waveguides must be in phase. It would therefore make
no difference if one 15 MW generator is used or several smaller
generators.

The main disadvantage of this system is the difficulty
of tuning, that is matching the radiators to the strongly re-
flecting plasma while observing the phase relationships.

The second variety of antenna is much simpler to construct
and regulate. It makes use of a passive retarding system. 1In
this variety the RF power is introduced along a narrow wave-
guide gap, which could be replaced by a set of vertical wave-
guides such as the ones described above. The rest of the
opening must be closed off by a ribbed metalic surface which

has a retarding capability. Calculations show that for
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producing retardation of 1.5 - 2 the height of the ribks should
be 2.6 cm and the distance between them 2.0 cm. At the same

time we assume that the plasma density increases linearly from
the edge of the retarding system reaching a value of 1013 3

the
at the midsection of the digphragm. The matching of,external

/cm

source to the plasma is simplified here, since there are no
phase relationships to observe and the number of waveguides is
reduced sharply. However, the total power per waveguide in-
creases (up to 2 MW) and consequently the electric field
potential in the waveguide is larger and a qguestion as to the
effectiveness of retardation from the plasma density distri-
bution near the wall arises. The final choice for the RF
antenna will be made after more detailed calculations and
experiments are performed.

No provision will be made in the preliminary study for
RF injection to provide plasma heating in the ion cyclotron
resonance and its harmonics and in the magnetic sonic reso-
nance regions. These systems can be developed during the
experimental program on the basis of the use of proposed
(in the preliminary report) injection system for RF heating
and the ports into the chamber intended for neutral heam in-

jection.

4. Power Supplies for Plasma Heating

For T-20 it is proposed that the same power supplies used
for neutral beam injection,to a large extent,can also be used

to supply power to the RF generators.
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At the present time, the development of the needed gener-
ators appears to he within the state of the art. There are
well known prerequisites for the building of generators operating
in the electron-cyclotron frequency range (3rm wavelength), and
the lower hybrid resonance range (30 cm wavelength). It also
appears possible to build powerful generators operating on the
ion-cyclotron frequency range.

It may be expected that the efficiency of generators
operating in the millimeter range can be no less than 20%
while it is well know that generators of ten om ~r and larger
wavelengths can have efficiencies up to 60%. Assuming the
losses in the waveguides from the generator to the plasma as
being 62%, then the power needed for the millimeter range
generator will be 400 MW and the 10 cm and longer wavelength
ranges, 150 MW for a total power coupled to the plasma of
50 MW. From these rough estimates, and the estimated needs
of the neutral beam injectors it appears that the power supply
system can operate in the following modes presented in Table
IV.2. The modes presented in Table IV.2 correspond to:

Ia - neutral beam heating with a total power dissipated in
the plasma of & 60 MW ( f2-= 2 sec).
Ib - neutral beam heating with a total power dissipated
in the plasma of X100 MW ( T = 2 sec).
IT - two component Tokamak mode with neutral beam injection.
ITTa, IITb and IIIc - RF heating with total power dissipated
in the plasma = 60 MW.
IV - two component Tokamak mode with both RF and neutral
beam heating. This system can only work if the gener-

ator frequency is around 40%.
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Table IV.2

Operating Total Max. Voltage Polarity Max. Pulse Remarks
Mode Power length
1 2 3 4 5 6
la 160 MW 80 kv positive 13 sec Neutral beam
1b 260 MW 80 kv . _positive | 13 sec . | . . . injection at 80 XeV
160 MW 80 kv positve 13 sec Neutral beam
injection at 80 KeV
IT
190 MW 160 kv positve 10 sec Neutral beam
injection at 160 KeV
IITa 400 MW 80 kV negative 13 sec RF generator power
supply at electron-
cyclotron frequency
IIIb 160 MW 30 ky negative 13 sec RF gen~rator power
supply at the lower
hvbrid frequency
ITIIc 160 MW 20 ky positive 13 sec RF generator power
supply at the ion-
cyclotron frequency
v 210 MW 80 kv negative 13 sec RF generator power

supply at the electron-
¢velotron frequency

190 MW 160 kv positive 10 sec Neutral beam injection
at 160 KeV
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As can be seen from Table IV.2, the maximum power needed
by the joint plasma heating schemes (IV mode) is 400 Mw.
Taking the power at 80% efficiency to allow for regulation and
stabilization, the total amount required from!the power grid
is 500 Mw.

It should be pointed out that during DT operation, after
four seconds of heating it would be possible to partially re-
duce the level of power needed by either switching off some
injectors or RF generators. In a mode of operation when only
RF plasma heating will be used (ITII mode) we are considering
the use of only one of the three types of generators, milli~-
meter, decimeter or the radio transmition frequency.

We therefore propose to have a unified power supply which
can operate the neutral beam injectors as well as any of three
types of RF generators.

To characterize the power supply system for plasma heating
we will enumerate the important features which insure the
operation of the neutral beam injectors.

The power supply for each injector module (32 modules)
consists of a high voltage source, q power supply for the arc
discharge, the cathode, the gas injection system and the gas

pressure regulator.

1. It is proposed that the high voltage source for each in-s~:
jector module operating at 80 XKeV (24 modules) consist of
four sources having the following parameters:

a) source of accelerating voltage I 40 kv

load current not larger than 100 A

voltage stability including pulsing $0.5%



-38-

b) source of accelerating voltage II 40 kv
load current not larger than 100 A
voltage stability including pulsing +1.5%

c) source of decelerating voltage I 10 kv
load current not larger than 5 A
voltage stability including pulsing +3%

d) source of decelerating voltage II 5 kv
load current not larger than 5A
voltage stability including pulsing +3%

2. Maximum pulse length 13 sec
Pulse rate, each 5 min

3. Rise and decay time of the voltage 10 m sec

4. Protection against breakdown in the
accelerating system up to ene and a
half times increase in the current due
to normal or a doubled voltage rise rate.
Voltage switching off time 20 sec

Voltage turn on time after breakdown 20 m sec

5. The power supply must provide for smooth
regulation of the accelerating voltage

from 10 kV to the maximum value.

6. We are considering the possihilitv of
switching the power supply for the three
injectors from 160 kV to 80 kV.

7. Also under consideration is - continuous
operation at high voltage of the accelerating
system during the conditioning period with

a current limitation up to 10_4I,4-
The voltage on the decelerating electrode should not drop
below 80% from the nominal value during the short period (about

one m sec) when the current rises to 100 A.
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II. It is contemplated that the high voltage supply system
for the 160 KeV injector modules (12 modules) will vary from the
supply for the 80 KeV injectors only in the second stage of high
voltage supply. Instead of a 40 kV source, there will be a

120 kV source stabilized to *1.5% at a load of 100 A.

III. Power supplies for the arc, cathode and the pulsed gas
port system with its pressure regulator for each injector
module are insulated from the ground and held at either 80 kV

or 160 kV. They will have the following parameters.

a) Arc power supply

1. Number of ion source modules 32

2. Arc breakdown voltage 120 v
3. Arc burn voltage 60 V
4, Current 10 kA

5. Stability of the arc current taking

i+
|_l
oo

pulsing into account

Current regulation range 1~ 10 kA
b) Cathode power supply

Heating the cathode of each ion source module will re-
quire 150 kW and is done at 400 Hz. A scheme for bringing
the cathode into operation has to be considered.

The power required for the pulsed gas port system and
pressure regulation in the discharge chamber is 2 kW for each

module.



-40-

V. Control Systems

The dependable and effective operation of all the systems,
realization of the given modes of operation, the conduction of
the necessary experiments, protection of components and the
safety of personnel requires that there be a centralized auto-
matic operation and control system. FEquipment and components
of various systems will be housed in several buildings scat-
tered over a large area. For this reason, the overall control
for the machine must be well developed and have besides a
central control room, other control panels located at the
various other machine systems. The monitoring and analysis
of the existing control systems by various electrophysical
means will allow the following functions to be performed
relative to the operation of T-20:

1. Independent regulation of any selected parameter.

2. The possibility of independent measurement ,to a given
degree of accuracy and discreetness,any selected
parameter.

3. Complicated manipulation of several devices according to
a previously determined program, such as consecutive
switching on of various devices which are interdependent
in time and amplitude relationships.

4. Complex measurements of several (group) parameters with
the possibility of analyzing the results, in the event
when the needed parameter is determined by several measure-
ments, but a separately taken parameter of this group does

not supply the operator with the needed information.
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Periodic measurements and control of different parameters
and conditions of various systems, which will provide

data to help trouble shoot a failure mode or an emergency
situation.

Periodic tuning (correction) of various parameters to com-
pensate for drift in system components.

Production of complicated control functions by various
components, for example, during the formation of currents
and magnetic fields which vary according to a given
function.

Optimization of the controls by means of feedback with the
aid of a computer.

The possibility of analyzing the machine to determine the
dependencies of its parameters on the parameters of other
systems, in order to find the most effective means of
control.

We should add, that in addition to the above functions,

control system must perform other tasks bhrought on by the

peculiarities of the machine and the nature of the experiment

performed. Among them are:

Provide information to all interested parties on the
current status of the machine and on the near future plan
for changing the mode of operation.

Storage, analysis and documentation of all available
information.

The possibility of changing the mode cf operation to an
extent which was not originally planned.

Protection of system components and creation of a

safe environment for operating personnel and users.
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It is quite obvious that such a control system must be
very flexible and highly developed, depending very strongly
on a computer. The control system ecan be broken dowr into the
following sub-systems:
l. Collection and storage of information on the condition and
mode of operation of the machine.
2. Formation and input of controlling data into the different
systems of the machine.
3. Collection, processing and analysis of experimental results
(information on plasma diagnostics).
4. Organization of massive amounts of information for use by
operatars.
5. Channels of communication between different machine
systems to allow exchange of information.
€. A sub-system of protection and emergency shutdown of
the machine.
In this way, the control system for T-20 is standard in
many ways. It must be organized into three stages of control

(Fig. v.1).

First Stage = Control and operation functions of the machine

during all planned modes of operation under the chief operator
at the central control panel.

Second Stage - Control and operation functions of each techni-

cal system during the shakedown period performed by the local
operator at the individual control points.

Third Stage - Control and operation functions of the equipment

in each technical system during maintenance and overhaul
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periods performed by service personnel assigned to the given
system with the aid of local control panels.

All the local control points must be equipped with special
necessary means for the collection and preliminary processing of
information and transmission of controlling data to the different
system components. In order to simplify the amount of inter-
action between systems, the control and operation equipment
were separated. The system insures the exchange of information
between local control points and the central control panel.

The interface between the local equipment and its control
points consists of a collection of components which measure the
various parameters and turn out the control signals.

Typically, the components consist of various digital to
analog and analog to digital converters, counters, recorders,
switchboards, level converters, amplifiers and others. The
equipment at each local control panel includes various dis-
plays on vacuum ray tubes which formulate command signals as
well as indicators for digital and graphical information;
teletype, switch panels for address selection, printout equip-
ment on paper tape and oscillograms etc. Depending on the
nature and the amount of irnformation derived from the eqguip-
ment, the local control panel may be equipped with a mini-
computer of the ES-1010, ASVT-M6000 or the "Electromica-100E"
class.

The central control station must he equipped with several
powerful computers with large memories. Computers of the ES-

1030 class or equivalent could be used. The central control



~45-~

station is more complex than the local control panels. It
will include such items as graph plotters, multi-channel re-
corders, multi-functional signal generatorsettc.

During the shakedown and maintenance periods, as well as
during preparation of the system for a certain mode of
operation, the control and operation functions will depend
on the personnel which are normally assigned to that parti-
cular system. The local control panels will be an indispen-
sible part of the overall control system. It must be equipped
with the necessary technical control equipment, alarm circuits,
etc. and must be capable of performino the following functions:

1. Turning on and off - system eguipment.

2. Checking the operational integrity of the equipment.

3. Preparation of the equipment for inclusion in the overall
machine system.

4. Connecting and disconnecting system power outlets with
other networks of the machine.

5. Control of the condition and mode of operation of the
equipment.

6. Disconnecting the networks from the local control panels
and transferring the control function to the central
control system.

All the technical systems of the machine will have the
necessary amount of regulators and monitors. The regulators,
as a rule, are operated by digital code information. It is
also possible to operate them with analog signals such as DC

potentials provided by special digital to analog converters.
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The monitors are divided into three levels, depending on the
parameter observed:

l. First level of monitors are the emergency system condi-
tions which threaten to deactivate equipment or harm
operating personnel.

2. Second level of monitors keep track of certain limits of
operation which do not threaten either equipment or
personnel but do disrupt normal operation of the systenm.

3. The third level of monitors provide information on the
normal operation of the system.

The first and second level monitors have alarms acti-
vated by contact relays, while the third level monitors, as a
rule, provide an output in the form of binary digits.

It would bhe possible to use monitors which provide an
analog output in the form of a DC potential. 1In that case
the analog signals are normalized and converted to digital
form.

Monitors of the first and second level as well as the
various interlock circuits which protect the condition of the
equipment are integrated with the emergency shutdown system.
This system is built according to a strict functional design
and:is divided into several levels which correspond to differ-
ent modes of operation of the machine. Depending on the
complexity of the equipment and its function in the system,
the outputs of the interlock circuits are grouped into
several interlock circuits. The output of the interlock

circuit leads to two normally open hlock contact relays or
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switches which are closed during operation and open when an
interlock circuit is activated.

A group of block contacts comprises a successive chain
feeding an interlock circuit relay. The other group of the
same block contacts generates a sighal about the condition
of the interlock circuit: if the interlock circuit was not
activated (did not work) it gives a level signal "I"; if it
was activated it gives a level signal "O". Thus for normal
operation a signal "I" is generated while for an emergency
situation a signal "O" is generated. The emergency signal
will also exist in the case of a malfunction in the interlock
circuit (eg. power failure, or a short etc.).

The large number of interlocks and the complexity of the
operational circuits between different parts of the system
make it difficult for the operator to locate the faulty com-
ponent. An indispensible piece of information for the oper-
ator is the location of the interlock circuit which was
activated first, since it triggers the emergency shut down
of system components as well as other interlock circuits.
Thus, each system must have, in general, several local inter-
lock circuits (see Fig. V.2) integrated into the overall
interlock system, and each local circuit must be equipped
with a device which can identify the first alarm triggered.
The controls of the gsoup relay:in the overall interlock cir-
cuit are a part of the emergency machine shutdown circuit.

Thus the actuation of the block contact in any circuit

produces. the opening of the group relay contacts and the
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consequent appearance of an emergency signal at the output
of the overall interlock circuit. This signal enters the
emergency machine shutdown circuit where commands are then
issued for shutdown of the affected components or systems
(including those where an alarm circuit was triggered). The
"O" signal (emergency situation) appears at the outlet of the
circuit which determines the location of the alarm through
the "or" logic grid, and is sent to the local control panel
indicator which informs the operator of the presence and
location of the fault. At the same time the signal also
appears on the central control panel.

A great deal of attention has to be devoted to the control
and operation system with regards to insuring the safety of
personnel, in particular during DT operation and blanket hand-
ling. It is therefore imperative that all the equipment and
elements of the machine as well as the operating and service
areas, furniture and the surrounding air must be under contin-
uous careful control to insure radiation safety and must be
closely integrated into the control system of the machine.

The central control operator must at all times have com-
plete information on the degree of contamination of all equipment
and buildings. To this end there will be a wide network of
control and measurement dosimeters which will monitor fixed
equipment located in critical areas as well as the movable
systems. All the fixed equipment dosimeters must be eq@pped
with remote control indicators on the central control panel

and with a light and enunciator signal equipment which will
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give an alarm if the radiation level exceeds the allowable dose.
Each local control panel must have an activity level indicator
of its own which will bhe interlocked with a system guarding
access to the affected area. Before turning the machine on,
the central control panel operator must satisfy himself that
all personnel have left all the dangerous areas and must take
measures to insure that no one can enter those areas during
machine operation. Television cameras will be used to imple~
ment those safeguards with monitors at the central control
panel, and the doorgleading to those areas will be directly
interlocked with machine operation, the locks being remotely
activated from the central control panel.

If it becomes necessary to perform work on the machine
between cycles, the central control panel operator will deter-
mine the boundary of the accessible zone and will provide the
limitations on the length of exposure for personnel in this
zone before giving permission for the work to commence. The
entrances into these areas must he equipped with counters which
will record the number of people admitted. Thus, if the
number of people leaving the area does not agree with the number
entering, a signal is generated which will prevent the turning
on of the machine. Any equipment leaving the dangerous zone
must pass through a special dosimetric box, so that its degree
of contamination may be determined.

It is proposed that the T~20 machine be equipped with the
- following channels of communication:

1. Microwave or telephone communication between the central

operator and the local control panel for transmission of

operating instructions.
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2. Loudspeakers for transmission of operating and admini-
strative instructions in all operation and service areas.

3. A television system for visual observation of operating
personnel, especially in dangerous areas.

4. A telephone communication system for transmission of
urgent information such as a fire, an explosion or any
dangerous situation.

5. Separate channels of communication utilizing head phones
and contact speakers for use by personnel to communicate
with control panel: operators during machine tuning or
checking out of components and diagnostic equipment.

All these communication channels must be built on the basis
of a multilevel system. Thus, highest priority will be given
to emergency information and information originating at the

central control room of the machine.
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Appendix I
Vertical Field Coil Calculations
Calculation of the VF coils was performed in two steps.

In the preliminary step, when all the machine parameters
where not yet completely established, we were faced with
finding the number and distribution of discreet circular
coils and the currents necessary for generating a magnetic
field of =~ 3 G at the vacuum chamber center and a decay
index N = -_g_ . %% in the chamber of =~ 0.5. These
control coils were:.:tooke situated externally to the D
shaped TF coils at a distance of not less than 0.15 m from
them, at r > 5.5 m and Z =z 1l.5m ( Z = 1.5 m).
Regions 4.5 m &£ ¥ < 5.5 mand -1.5m < Z <L 1.5 m were
reserved for other purposes. The reagion Y £ 4.5 m although
not excluded from use for VF coils was crowded with OH windings.

.. The transverse cross section of the conductors was assumed
to be infinitely small and the VF coil was analyzed as a system
of separate, circular infinitely small coil bundles. As is
well known, the magnetic field components created by a straight
circular current in cylindrical coordinates T,§7,33 are deter-
mined by the product of the current in the coil and a form
factor depending only on the coordinates of the coil and the
point of ohservation. Because of symmetry, we will examine
only the upper half of the coils. Let S be the number of
field observation points situated in a symmetric plane and £,
the number of coils in the :upper half of the VF system. The
field distribution in the plane of symmetry is determined by
a system of linear equations relating the magnitude of the

currents in the straight circular coils:
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The linear dependence of the magnetic field components on
the magnitude of the current in the circular coils lends it-
self to linear programming methods for calculating the VF coils.

At first it is reasonable to determine the magnitude and
current distribution which would create a field slightly
different from that required. For this we solved a Chebishev
approximation system of equations which lends itself to linear
programming.l)

We will rewrite the system of equations (II.1.1) in the

following way:

N =9, L Qe t 9 G = Be=0 (II.1.2)
(K = h,.,..S)

*
and we will seek the Chebishev point of this system i* (ii '
* *

i2 F e e e e g il Y, for which
. ' . .1.3)
max ¥ = Lnf max (i (I1
(<K<S k! C l<K4S M ()

and require that

We introduce a new variable Le*’

1) S.I. Zykhovitskii, L.I. Ardeeva. "Linear and Convex

Programming" Published in "Nanka", M., 1967.
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Now we solve the problem of linear programming by mini-~

mizing the linear form

p—

Cé—/-/ (I1.1.5)

with limitation (II.1l.4) or by maximizing the linear form

Z=-Z :HZH (IT.1.6)

with the same limitation as

mnZ = — max Z (IT.1.7)

The number of observation points was picked as 23, (S = 23).

They were distributed in the plane of symmetry at 20 cm inter-
vals from r = 2.8 m to r = 7.2 m. The coordinates of the
straight circular currents (Z== 21) were selected along the
surface of the TF coil about 8 - 12 cm away, placed at equal
intervals in places designated for VF coils. Solution of the

system of equations (IT.l1.4 - II.l.6) by linear programminag

has shown that a magnetic field slightly different from the one

needed can be created by coils with the following coordinates
r =3.14 m,Z= 4.2 m (1 = 3757 kA) and r = 8.26 m, Z =1.72 m
(i = 1402 kA); the currents in the remaining coils were equal
to zero. The maximum deviation of the field from the required

value was = 0.1 kG.
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The problem was solved by the simplex method with a

maximum and minimum limitation on the wvalue of the currents.

I\
~.

/N
—~

min .rr\a.x (K‘;’,“--Z) (Ir.1.8)

imin was taken as zero, namely, we only considered positive
currents; imax was taken equal to 10,000, 720, 600, 480 kA.
The presented result is for imax = 10,000 kA; for the re-

maining values of imax’ the field deviation exceeded 0.1 kG.

The results of the solution to("ITI.1.4 - II.1.6) with
various imax show that a magnetic field close to the desired
one can be created by currents in several coils for which the
coordinates were determined. The currents, however, turned
out very high and besides, the field decay index at the edge
of the vacuum chamber at r = 7.1 m was =« 2.

Since the field decay index in the problem (II.1.4 - II.1l.€)
was not taken into account, it was decided to solve the same
problem in a different way, namely optimizing the decay index
while maintaining the field deviation from the desired value at
a minimum. It was established that for the indicated trial
coils, the decay index at r = 7.1 m must be not less than 1.7.

Since the currents needed to create a field close to the
desired one werse unacceptable because of their magnitude, we
decided to optimize the VF coil for needed power, setting rea-
sonable limits on the deviation of the field.

The following problem was solved by linear programming:

namely,minimization of the linear form
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z:h.cl+rZ_Lz+.._,+Q,Le (IT.1.9)
where r 1is the radial coordinate of the trial currents with the
the following limitations:

1) Field deviation

< o Co_ _ (IT.1.10)
~AB S -g, (-G ey B < AB
((:4..“ s)
2) Deviation of the field decay index
A (e A Aoy
. . C N 2 L £
ki 4t Tk 2 ? xe ‘e =9 (TI.1.11)
" R + . V4 )
/7/(/.(,/ "'4,«2"2*"" : +/4A,e X7 =z J
(K=t 5-1)
where
A = b" S
mn ! Z'Zn»/, A Z Jmn
" (’”)
_ / / )
Amn“‘bz‘:éim-/;n a ’Z‘?mn’
all oy, v Dot * I a(“)=nz+£"_-_/_*“__f_@_
Vi —'rm-/ Z Yin - 13
b n, o+ o1 7 tm bz(m)= n, = Loz * bm
Vin = Vim—y 2 Vin = Vim-y

Here r _, and r, are radial coordinates of adjacent
observation points, nlﬁand n, are limiting values of the
decay index. Allowable values of A B where from 0.12 - 0.5 kG:

n, was equal to zero and n, was varied linearly from 0.8 for

Il

r 2.9 mto 2.3 for r = 7.1 m.
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A satisfactory result was obtained for A B = 0.3kG. 2
field which has a maximum deviation of 0.3 kG can be realized

with straight circular currents with the following coordinates:

1. r = 2.9m Z = 4.08m (i1 = 720 kA)
2. r =5.72m X = 4.40m (i2 = 720 kAa)
3. r = 5.92m Z = 4.33m (i3 = 381 kA)
4. r = 6.10m Z = 4.24m (i4 = 262 ka)
5. r = 8.23m Z = 1.92m (i5 = 625 kA)
6. r = 8.30m Z =1.74m (i6 = 720 kA)

It is evident that the second, third and fourth coils are
close together as are the fifth and sixth.

The obtained results were used in the second step for
calculating the VF coils, when the physical and constructional
parameters were more accurately known. The field at the denter
of the vacuum chamber was taken as 4.2 kG; the coil cross-
sectional area was determined to bhe 30 x 280 mm2 and the maximum
supply current as 120 ‘kA. The method of linear programming
was used in the second stage of calculations also. Solutions
for equations (II.1.9 - II.l.1ll) were sought with the limita-
= 0.8 - 2:3, and the coordinates

tion A B = 0.3 kG, n,. =10,

1 72
of the coil centers were taken as three separate groups, more
representative of the actual case, based on information de-

rived in the first stage of the calculation.
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Appendix II

Automatic Control of the Location of the Plasma

Toroid in T-290

In T-20, as well as in other fusion reactors, it is rea-
sonable to maintain an equilibrium location of the plasma
toroid with the aid of automatically controlled magnetic
fields. 1In the absence of a copper sheath, the following
parameters should be closely controlled during a discharge:
(a) the equilibrium horizontal position of the plasma toroid
(b) preservation of the plasma shape and
(¢) stabilization of the plasma toroid in the vertical direction.
To accomplish this, it would be necessary to use macnetic field
control systems such as feedbacl as well as other means of auto-
matic control (variation of the exitation etc.).

Experience has shown that the use of automatic regulation
for maintaining eguilibrium of a plasma toroid within a high

degree of accuracy entails a system which would allow simul-

taneous control of several components of the transverse
magnetic field. A reasonable approach is to control the
following components of the field: a) Dipole (vertical) com-
ponent H, , to insure stability along the major radius:

b) Quadrupole Hq’ » which creates the necessary vertical
field gradient  in the horizontal plane of symmetry, thus con-
trolling the cross sectional shape of the plasma;

c) Horizontal component H, which establishes equilibrium

of the plasma toroid relative to the horizontal plane.
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All these fields must be as uniform as possible around

the circumference of the toroid in the azimuthal direction.

1. General Principles of the Control System for Requlating

the Position of the Plasma Toroid in the Discharge Chamber

The control system for regulating the position of the
plasma toroid will consist of the feollowing sub-systems:
I. Horizontal direction control sub-system
IT. Cross-sectional plasma shape control sub-system
ITII. Vertical direction control sub-system

The horizontal control sub-system must insure the creation
of a transverse magnetic field on the toroidal axis equal to
Hy, & Hg, + Wwhere '4?0 is the value of the toroidal
field at the upper and lower extremities of the plasma. For
T-20, F*?a= 6 x 10—l T. If one were to create such a field
exclusively with automatic compensation coils based on feed-
back, then for extremely fast responses, very large amounts of
power will be needed in the controlling equipment.

It is therefore useful to seek a means of alleviating
this heavy requirement on the automatic compensatina system.
We should take into account the experimentally observed time
dependent dipole component of the vertical field which insures
plasma eguilibrium in the horizontal direction and which,
although an intermitent function changing from discharge to

discharge, nevertheless falls within a limited region as

shown in Fig. 1.
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The cross-hatched region in Fig. 1 represents the area
in which the dipole component of the vertical field lies,
while the dash?ﬁine gives a possible equilibrium value of
the vertical field. The solid line gives one set of the
calculated values.

Tt is proposed that the main portion of the dipole compo-
nent of the vertical field be generated according to a pre-
determined program. The compensation needed by the vertical
field to maintain an equilibrium position of the plasma will
be generated by the automatic compensation system. A similar
scheme can be used by the sub-system designed for creating the
quadrupole component of the magnetic field which is used to
give the proper crass sectional shape to the plasma toroid.
As regards the vertical control sub-system, it should be re-
called that T-20 has a horizontal plane symmetry and conse-
quently, vertical instabilities in general will occur
infrequently. As a result, it seems reasonable to use an
automatic compensating system based on feedback, without any
preliminary programming.

Let us now examine the general princifles for building
the system in question.

In building the equipment needed to program the vertical
field, it is necessary to provide the capability for changing
the program within the ahove indicatéd dynamic range in the
intervals between pulses or a series of pulses. This will
make it possible to produce a program which will give a

field with the least deviation from that needed for stability.



-61-

Correspondingly, because of the more accurate programming, the
dynamic range covered by the automatic compensating system
will be smaller. This will reduce the load on the automatic
compensating system and consequently, make it faster and more
accurate.

To generate the controlling components of the vertical
field (vertical, horizontal and quadrupole) it is necessary
to locate coils external to the vacuum chamber. These coils,
hereafter referred to as compensating coils can be located
between the shield and the TF coils, or they can be external
to the TF coils. Naturally, for bhetter magnetic coupling with
plasma, it would be more suitable to place the compensating
coils closer to the discharge chamber. However, this kind of
placement can lead to large mechanical forces existing on the

compensating coils, determined by the eguation
F='TC'V|. bc-Ic-BZ

where n 1is the number of turns in the compensating coiljy
Ic is the current in the coil; bc the minor toroidal radius

on which the coil is located and Bz 1is the vertical field
strength. ¥or T-20, the value F can reach 5 - 10 x 103
Tonnes. It would be necessary to take special measures for
attaching tﬁ%e coils which will complicate the construction as
well as the assembly and disassembly. External coils carrying
larger currents would have to be used which will reduce their

coupling with the plasma. At the same time it would increase

the power requirement in the coils.
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The automatic compensating coils will have to be located
between the shield and the TF coils. Since the currents in
them are relatively small, the forces acting on the flat
junctions between coils are considerably smaller (< 500 T).
Fastening of such coils is not very difficult. On the other
hand, if these coils were to be located outside the TF coils,
then they would require the development of powerful requlators,
which in thisccase appears unreasonable.

The above considerations have thus led us to the following
scheme for locating the VF coils (Fig. 2).

VFi - is the coil programmed to give a poloidal field with
the necessary gradient.

VFg - is the coil which gives an automatic uniform compensating
poloidal field.

VFg - is the coil which gives an automatic compensating guad-
rupole magnetic field component for maintaining a prop-
erly shaped plasma toroid.

VEy - is the.coil which gives an automatic compensating field
for vertical position control.

Each of the compensating coils has an independent con-
verter or an automatically controlled power supply. For more
effective control, it is necessary that VF4 be magnetically
decoupled in operating frequency from VF2 and VF3. This can
be accomplished either by an experimental set up to find the
proper i coil orientation or by an external decoupling arrange-
ment.

The system for the automatic compensation of the plasma

toroid in the TO-1 Tokamak K used feedback to keep the plasma
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centered on axis. Such a system in principle insured equili-
brium, however, an accurate means for horizontal stability
was. not achieved. As the plasma parameters changed and as the
currents in the OH coils and the fields in the adjoining mag-
netic elements decayed, the position of the magnetic axis «
changed drastically. Taking this into account, special meas-—
ures are bheing taken in T-20 by the use of a more sophisticated
compensating system for the control of the equilibrium position
of the plasma toroid relative to the major radius. This
system will maintain an accurate position of the plasma toroid
relative to the geometric axis of the machine during the
duration of the pulse. The controlling mechanism will not
only be the deviation of the plasma toroid from the magnetic
axis but other changing plasma parameters as well. At the
same time, tighter regulation will be observed taking into
account the inertial effects of the machine elements. In .
other words, if the correction process is to be organized
properly, it is necessary to have a good model of the con-
trolled object, allowing for accurate formulation of compen-
sating signals. Such a model of the controlled object,
consists of an analog computer complex which formulates
the required compensating signals and actuates automatic requ-
lators. All of these sub-systems will form a fast acting
multicircuit arrangement of controls.

At the same time the system will have a slow acting
circuit which will allow us to vary the given dynamic range
within certain limits, in the programmed external coils.

This can be done between pulses.



-64-~

The indicated system of automatic requlation places an
additional requirement on the measurement apparatus. In the
past (T0-1). we have used measurement systems which allowed us
to requlate the deviation of the plasma toroid from the magnetic
axis. This is inadequate in T-20. Thus, in addition to this
sort of information, which is obtained by current free coils
of the same shape as VFZ’ VF3 and VF4, it would be necessary
to obtain continuvous information on the plasma current and
certain other plasma parameters such as the ratio of the
stagnation gas pressure to the magnetic pressure, charges in
the diamagnetic flux of the toroidal field, self inductance of
the plasma toroid etc. 1In addition, we must understand the de-
cay modes of the currents in adjacent components induced by the
time varying fields of the VF coils and the plasma itself. 1In
other words, one must know the transfer functions of the de-
caying and reflected fields of all the energized elements in

the machine.

2. Operating Scheme for Automatic Reqgulation of the Position

of the Plasma Toroid

The control system which regulated the position of the
plasma toroid in T-20 insures the equilibrium of the plasma
relative to the major radius and stabilization of this equili-
brium position. The controlled parameters are: the position of
the toroid relative to the geometric axis of the chamber and
the major radius of the toroid, tkre pesitior of the toroid
relative to the horizontal plane of symmetry and the cross-—

sectional shape of the plasma.
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On Fig. 3 is shown a block diagram of the control scheme
which accomplishes the above requirements. This system can be
described as a multicircuit, self tuning and regulating arrange-
ment acting on the controlled object. It consists of three
major parts (Fig. 3a), the controlled bbject{(0), the computing
complex (CC) and the regulator (R). The diagram also shows
the device which generates the program (P) for the VF coils.

As previously mentioned, the control system is divided
into three sub~systems. Each sub-system will be traced out on
the operating schematic (Fig. 3b) as a separate controlling
circuit.

Suk-system (I) which controls the position of the plasma
toroid in the horizontal direction is contained in circuits
2, 5 and 6. Sub-system (II) which controls the cross sectional
shape of the plasma is contained in circuits 1, 4 and 7.
Finally, sub-system (III) which controls the vertical position
of the plasma is confined to circuit 3.

As was previously indicated, sub-systems I and II act
in combination on the plasma toroid. Circuits 6 and 7 are
used to control the plasma toroid position by the use of the
vertical magnetic field which varies according to a predeter-
mined program. Adjustment of this program between pulses or
series of pulses is made by means of circuits 1 and 2. Cir-
cuits 4 and 5 are used for operational control of the plasma
toroid during discharge.

Circuits 6 and 7 arednot related to the automatic posi-

tion control system and will not be discussed further.
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The controlled object (0) consists of a system of loops

with transfer functions: WOR*’ WOO* are coil transfer

functions which generate the programmed dipole and quadrupole

Yor, "oor Yoz

are coil transfer functions which produce automatically regu-

components of the vertical field respectively:

lated dipole, qguadrupole .and horizontal components of the
vertical field respectively.

The dynamics of the plasma toroid within the above degrees
of freedom and its interaction with the surroundings is repre-
sented in the form of loops with the corresponding transfer

function W *, W, *, W, W,, W,.

Q 7 R" Q" "z
The control object also includes the external electro-

magnetic decoupling system (Mps) of the vertical field coil VF,

(for which transfer functions 1

ﬂOR apply) with coils

*and WOO*

VF, ( WOR) and VF 4 ( WOQ ).

The regqgulator R includes the system of independent enerqgy

converters which are represented as loops with transfer func=-.

*
tions: W , W ¥, W

v
CR CO WCR’ “CQ' cz*
The computing complex (CC) consists of the following blocks:

PM, a partial object model; SM, the standard obhject model;
DB difference block; CSB controlling signal block.
According to the function of each sub-system, the current
status of the controlled object is described by three outputs:
ZXR(t), the displacement of the plasma toroid axis from the
geometric axis of the discharge chamber; zﬁz(t), the vertical

displacement of the plasma horizontal plane from the chamber
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horizontal plane; A q(t) a general coordinate output character-
izing the change in the cross-sectional elliptical shape of the
plasma.

All the parameters which effect the equilibrium of the -
plasma toroid can be divided into two groups: factors which
are continuously present and factors which are present during
start up. The first group inclues Io’ the plasma current;

a, minor plasma radius; 1,

io’ 211 coefficients of plasma self~

inductance corresponding to the longitudinal and transverse

constituents of the plasma current respectively; BIO . the-

ratio of the average gas stagnation pressure to the magnetic
field pressure. The second group of parameters form the
initial toroidal geometry at the moment of plasma discharge.
We propose to have measuring devices which will produce
complete information on the condition of the controlled -

object, relative to the coordinate system z&R, l¥§' 432, and

the pertinent parameters Io’ a, fio' fil and BIo‘ At the

same time, gages will display independent signals of some of

the above parameters, which are represented on the schematic

a, ¢, , 2

io il and

A, I

—
at the vector Q ( Ai@ A ot

ql OI

The quantities I I and I, on the schematic are

Bro ). R." "g

currents in VF,, VF3 and VF4 respectively; éﬁfﬂ SIq are
induced currents in VF, and VF3 resulting from incomplete
electromagnetic decoupling between these coils and the VFl

coil in the external decoupling circuit (Mps) . These currents

- . :
comprise vector W which acts on the control object.
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YVectors Ef and 6. are only preliminary data concerning
the control object. On the basis of this data, and with the
aid of the computing complex, it would be possible to identify
the ohject and formulate the best controlling function by
means of the regulator (R).

The computing complex will solve the following main

problems:

1. Analysis of the measured parameters regarding the location
of the control object and the reactions én it with the aim of
obtaining more complete information. Thiis problem is solved
with the aid of the partial object model (PM). The resulting
signal at the output of (PM) consists of (a) coordinate vector

—p

X (Agr A, A)) representing the status of the object

a

and (b) a vector function of the constantly present parameters
—3n

a, 1
£ (1,r a, %, , £, and By ).

In addition, the (PM) block performs a total separation
of the currents IR, Iq, IZ, SIR.and S’Iq, formulates the

—'

vector W which characterizes the present values of currents
in the VF coils generated by regulator (R) and the currents
induced in them by electromagnetic coupling
The (PM) block also generates a vector signal of the

generalized parameters which characterizes all the changes in

the plasma controlling quantities of the plasma toroid.

2. Identification of the controlled object with the aim of
formulating the best controlling signal and improving the

programmed magnetic field generated by the currents in the
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external VF coils. This problem is solved with the aid of an
analyzer block (2) which analyzes the vector signals of the
present parameters and compares them with those of the full
standard model (SM). The analyzer (A) generates the signals
for tuning the model object, that is the signals for adjusting
the reqgulator output and the signal for improving the program
of the external coils (vectors §? and ‘E’ ). The full stand-
ard model is really a mathematical model of the control system
for the plasma toroid position, which provides the bhasis for
the correction signals .E; (t) and AsUR and A‘uq. These
dependencies will be narrowed down as operating experience:.

on the model is gained. .

The difference block (DF) determines the variationt&he
parameters, éj, obtained by comparison of the standard model
with the actual measured parameters of the controlled object.

The controlling signal block (CSB) acts to change the con-
trolling signal in order to zero in on the final model. The

output of the (CSB) produces a signal AW which diminishes as

the model is refined.

3. Controlling and Measuring Coils of the Automatic Control

System

We examine the system of wertical field coils VF2, VF3‘and
VF, intended to stabilize the location of the plasma toroid
and its cross sectional shape as well as coils MF2, MF3 and

MF, which measure the vertical, quadrupole and horizontal com-

4
ponents of the magnetic field respectively. Each of the coils

mentioned, either creates or measures the respective components
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of the vertical field. Thus, the position of the coils around
the minor radius of the torus is critical to the functions for
which they are. intended. In addition, all these coils must

be as uniform as possible in the (f direction (toroidal direcr
tion).

To stabilize the plasma toroid relative to possible
changes in the major radius, it is necessary to have a verti-
cal field. Taking into account that in T-20, the value of
% = 0.4 (i.e. aspect ratio is large), the vertical field
must be ..nonuniform with R. The degree of decay depends on
the current distribution along the plasma cross section.
Therefore, during the discharges process as the current distri-
bution changes in the plasma cross section the vertical field
gradient must change. It is also necessary to point out that
the penetration of the dipole and quadrupole components of
the magnetic field into the chamber have a certain time con-
stant. These considerations as well as the need for keeping
a low profile for the plasma cross-sectional shape, necessi-
tates the independent creation of a uniform vertical and a
gradient component of the vertical field. It appears that
the main change in the transverse shape of the plasma cross
section is related to the m = 2 mode, which is associated with
the appearance of an elliptically shaped plasma. For this
reason we propose to have two independent coils for the crea-
tion of the vertical field. One coil will create a uniform

vertical field and the second, a quadrupole component of the

transverse field. By controlling the currents in each of the
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coils independently, it will be possible to stabilize the
position of the plasma toroid on the machine axis and main-
tain the circular shape of the plasma.

It is well known that a uniform transverse field in a
cylindrical geometry can be created by cosinosoidal current
distribution with m = 1. TIn the case of a toroid, this rule
changes. Correspondingly, a quadrupole component of the
magnetic field in a cylindrical geometry can be created with
nonuniform current distribution which is also cosinosoidal
with m = 2. This also has to be changed for a toroidal geome-
try. The coil which generates the horizontal magnetic field
serves to stabilize the plasma toroidal position in the verti-
cal direction. This field should be as uniform as possible.

The shape of the measuring coils is similar to the shape
of the VF coils, but they can be placed in a different way .
They can, for example, be located either between the chamber
and the shield, or in the diagnostic ports. These coils are
only used to measure the respective components of the magnetic
field. They are practically current free anA consequently do
not experience electromagnetic forces and can bhe located in

regions of large neutron flux.

4. Magnetic Calculations of the Automatic Control of the

Position of the Plasma Toroid

Calculations were performed in the following manner:
a) solution of the problem of special distribution and assemhly

of the VFZ' VF3 and VF4 coils in the available space.
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b) calculation of the inductances, currents, power etc.
taking into account the positions of the coils and the magne-
tic field requirements.

c) optimization calculations with regard to minimizing power
requirements in the control circuits and maximizing the re-

producibility of the magnetic fields.

The principle of super-position was used to calculate the
fields and the elementary source was taken as the current in
a circular coil. Field strengths and currents in the VF coils
were obtained by solving a system of algebraic equations. The
optimum position for VE, VF3 and VF4 from the standpoint of
conservation of power is shown in Fig. 2.

The obtained distribution of VF coils insures the reprodu-
cibility of the transverse magnetic field #ncthe plasma cross
section over the diameter of the machine to within 20% for

VF,,which creates the vertical field, 25% for VF3, which

27
creates the gquadrupole component and 10% for VF4, which creates
the horizontal magnetic field. Regardless of the indicated
deviation in the reproducibility of the correcting fields, we
expect that with their aid, we will achieve a stable equili-
brium position and reduce the possibility of plasma cross e
sectional shape distortion by a factor 6f 3 - 5.

It would be possible to improve the reproducibility of the
components of the transverse field maintaining the same power

requirement in the control system, if the restricted areas

(shown cross-hatched in Fig. 2) were made smaller.
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Another means of accomplishing the same aim, (to about 1%
accuracy) is by a more complex distribution of the current in
the coils (by using counter currents). However, this will
inevitably lead to a higher power requirement. Preliminary
indications are that the power level will increase 2 70%
for the vertical, 100% for the guadrupole and 50% for the
horizontal components of the field. The results of calcu-
lations for the VF control coils and their electrical and
mechanical parameters are presented in Table I. Analysis of
27 VF3 and VF4 control coils shows,
that with adequate neutron shielding, they can operate with-

the ohmic heating of the VF

out forced cooling.

5. Current Regulation in Control Coils of the Transverse

Magnetic Field.

Preliminary values of power for figuring the current
regulation in the control coils as taken from Table I were:
o 23 MVA for VF3 and 15 MVA for VF4. The total

power is 100 MVA. The power supply voltages and currents are

62 MVA for VF

30 kv, 2.1kA for VF 25 kv, 0.9 kA for VF, and 20 kv, 0.75 kA

27 3

for VF4.

For the given currents and voltages the operating mode of
the final phase of the regulator should be regarded as the key
which determines whether the control field coil will have the
power supply voltage across it, or if the voltage will he
shunted through low impedance circuits within the regulator.

A characteristic of this type of operation is that the low

impedance of the coil circuit gives it a rather large time
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constant for the decay of currents induced by uncontrolled
displacements of the plasma toroid. Thus, for example, the
smallest time constant (for VF2) is T = % ® 1 sec. This
is about the order of time (without correction) it would
take the plasma to move a distance equal to the minor radius.
In 10 - 20 m sec of uncontrolled mode, the plasma can move a
distance of %5 cm, which is entirely tolerable for this
machine.

The time constant of the vacuum chamber, although not yet
determined, will probhably not exceed TEQ:O.S sec and thus can-
not be counted on to give any damping action. There is no
need to take into account plasma displacement without magne-
tic field penetration of the chamber wall and coil, caused
by changes in plasma temperature and current in the stationary
regime. -+ It is true, the allowable plasma displacement
(¥5 cm) due to these factors can happen in less than 0.3 - 0.5
sec, but this time is much greater than the response time of
the current regulator and will therefore not take place.

On the basis of the above data, it is possible to assert
that a response time of 10 - 20 m sec for the regulator of
the vertical field current is entirely adequate since the
plasma displacement in this time space is within tolerable
limits. Realization of such a response may be impeded by the
time constant of the chamber. If it is the order of ?& ~ 100 m
sec, then for handling fast disturbances, say T =% 10 - 20 m

sec, the dynamic range of the regulation will be reduced

( 5 - 10 times).
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Response times not less than those indicated can ke
produced on a simple multiphase contrclled rectifier utilizing
thyristors. This scheme has the following advantages: it
does not require intermediate devices to rectify the alernating
current supplied to theccircuits, neither does it require
intermediate energy storage systems; the possibility of using
commercially available multiphase power transformers of the
required capacity;the use of contemporary switchinog elements with
relatively low losses. All these advantages point out the need
for developing a current regulator of the multiphase controlled
rectifier type, in particular since the design of a linear
amplifier capable of handling 50 MVA is difficult at the present
time.

A block diagram of the regulator is shown in Fig. 4. The
energy supplied is converted into multiphase voltages by power
transformers, goes through a thyristor controlled multiphase
rectifier (2) on the way to the load (4) (one of the coils)
which fortunately is inductive. In order to achieve the de-
sired current in the load, it has truncated cosinusoidal
voltage pulses of various lengths and amplitudes applied to it.
These pulses are generated in (2). The control of the firing
of the thyristors in rectifier (2) originates in block (3)
which insures thatithe thyristors fire in phase with the system
of multiphase cutputs of the transformer. BRlock (3) is regu-
lated by the circuit in block (6) where the actual current is
compared with the desired current in the load. The interrating

loop (5) smooths out the pulses. The regulator circuit will
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also have an amplifier (7) for the incoming signal, a high
frequency filter (8) and a filter control circuit (9). Block
(10) is a protection circuit for the rectifier and the load,
as well as the signal generator and the supply for the low
powered circuits.

Time curves depicting the principle of operation of the
regulator is shown in Fig. 5. The signal for increasing the

current occurs at t,. Starting with t_, it is possible to

1 3
make a controlled reduction of the current in the load by
applying a reverse phase voltage. Between t2 and t3 , the load
receives a forward phase Voltage pulse lasting ?/max = 5 m sec
(cross-hatched region on Fig. 5). Thus, reduction of the
current in the load before t2 is not possible, however, this

period lies within the indicated fast response time of the

regulator.



Table I

Table of Calculated Parameters of the System
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Ufor.ph.

Urev.ph

as a Function of Time
Forward phase voltage applied to the load

Reverse phase voltage applied to the load which
compensate the emf due 'ta:the self inductance of
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The moment when the signal appears to increase the
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Time of switching to a faster current rise.

Time when the current reaches the nominal value.
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AHHoOTanmasg

T-20 mpencrasnseT coloit OKCIEPIMEHTANBHYH TePMOANECPHYI
JCTaHOBRY, IPEIHASHAUCHHYN xﬁg UccenoBaHus (UsNYECKUX IIpolec—
COB B IasMe C TepMOANCPHHMY NapaneTpann (Ffzéit-IOI4cm“3ceK,
T >7 xoB) n NOBBOJIADLYN IJIMTENSHO PAGOTaTs B YCIOBHAX
JDeHTePN#-TPUTHEBOTO DKCUEPHLEIITa. Hapany c peuwennem Qusmueckmnx
sanay ycranoska T-20 MOSBOJMT IIPOBECTH MOZeJIMPOBaHIE M BHGOD
OCHOEHHX WHXEHEDHUX DelleHui#, KOTOpHEe IOJIMHK CyIyT OHTH HPMHATH
IIpM paspadoTke HpoeKTa OHEPI'€TUYECKOI'0 TePMOALEPHOI0 PeaKTopa
Ha OCHOBE TOKAMAKA. . o

OcHOBHHE NapaMeTpH YCTAHORKH (pasrveps wiasve 1 IpoTexan—
it no He# TOK, MOWHOCTDL NMUTAHUS YCTaQHOBKM I TOIIOJHATEJIHHHX

METOLOB HarpeBa) BHOUDAKWTCH TaKuM o0pasom, YTOOH B IeliTepnit-

~TPUTUEBON IUIABNME OCYWESCTRIANACH MOUHAS TePMOSIepHAs peaxuns

C SHepryeir, PHISJEHHOIl B HEJTPOHAxX, MacuTada BIOXEHHOH B IasmMy.

Mapaverpy mwrasvs ( Tz w T ) 5 T-20 IIPaKTAYECKN COB-

IaJiapT C InapameTpaMy INIasMH, HEOGXOIMMHMA IS I'UOPUIHOTO PeaxTo-
Pa-Toxamara C ypaHOEHM GJIAHKETOM M MOTYT GHTH IDAMO 9KCTpaIoJy—

PoBaru (Ge3 mMpOMEXYTOUHOTO srama) na "uncTHir" SHEePreTUYeCKnit
peaxrTop, .



3.

1.2. Ycmeumnoe pasmuTye uccaemopanHuii Ha TOKamaxkax, ¥ B yacT-
HOCTU BHBOJ O TOM, BDEMA XKU3HM ILTA3MH JNOJIKHO BO3DACTATh C e
pasmepami, NO3BOJNWIM HaMETHUTH CJAENyluii War B mporpaMMe TOKa-
MaKoB, ITOT WAT GyLET OCYUECTBJEH BBOJIOM B CTpOii B cepenue
1975 roma meyx kpymmx ycramomox : T-I0 ( MAD ) u PL7
( Tpuncron ). |

Ha T-IO0 mo cpasueHmo ¢ T-4 Gymer BIBoe YBeJIMUeH paumyc
IVIa3MEHHOT'O WHYpa M NOYTH B YETHPE pasa YBEJMYEH TOK B IUIa3Me
(¢ 0,2 1m0 0,7 Ma ). Oxunaercsa, uTo Ha T-I0 yNACTCA NONHATDH

BEJIWUNHY NT IO IO13 U Temmeparypy moros mo I,5 + 2,0 Ka3B,

I.3. B HacCTOfCE BPEMS BELETCA IPOEKTUPOBAHUE TPeX KpPYHHHX
TOKaMaKoB CJaenymuero noxoieHus : o ET ( QObenume HHuii Lspomneii-
ckuit Fop ), TCT - ( HBYXKOMIIOHEHTH T0p, IlpuHCTOH ) J I-60
( ToxaMak ¢ oGBEMOM ILIasMH B 60 MS, finoHmst ). YcTaHOBKA J BT
PacCUYUTHBACTCA Ha TOK 3 Ma ( C BOBMOXHOCTHD IOBEIEHWUA €r0 JO
5ma ), TCT - xo 2,5 mMa, JT-60 - X0 3 Ma. B yCTAHOBKAX 7 ET
n TCT mranupyeTcs B KaueCTBe HOCJENHEIO BTalla IIpoBeJiele dKCIe~-
PUMEHTOB II0 OCYLECTBJICHIO TEpPMOSANEPHON peakimu B JeiiTepneno-
~TPUTHEBOM ILIABME, Ilpenmosiaraerca, 4YTO BCE BTY YCTAHOBKM GYLYT
COOPyXEHH ¥ BBENEHH B CTpoil mo 1980 roxna.



2. JYcraHoBrka T-20 M ed Lenu

2.I. Vcxonf u3 NOCJENOBATENBHOCTY WATOB ne~ I0MC (T4 ),
ne = IOI3 ( T-IO0 ) mpencTaBiIfeTCS eCTECTBEHHHM HOCTABUTE

LEeJBH JOCTHUXEHNE BEOIMYNHH 77 = IOI4 Ha cJenyiimeMm uware, T.e,
T-20. Ilpu Temneparype mmasmid T = 8-I0 K9B BeIMUNHA )7?1=IOI4
oCecleYVBaeT BHHUEeJeHUe sHepruy B JI-T peaxmym ( BRIOYAD SHEPI'un
14,1 MoB HelTpoHOB ) GoJblleé BIOXEHHOL B mwasmy. Jpyrmm cJo-
BaMyl, BeJUYMHA Q? » DaBHasg OTHOWEHMO MouHocTH JI-T peaximn

K MOIHOCTH, BKJAJHBAEMOW! B ILIasMy, IPEBHUAET eNUHMILY. BerdiHa
nt = IOI4 BIOJIHE JOCTaTOYHA VI TPOMHIVIEHHOI'O CPUIEPHOTO
beaxTopa C ypaHoM B OJaHKeTe. OHa HECKONBKO MEHBlUE KpUTEpus

Jloycona ( nT = 3.IOI4 ) Bamurauus TEPMOSNEpPHON peakimu, HO

| IIDENCTaBIACTCA BIOJIHE €CTEeCTBEHHHM, UTO SKCTDAaIIOJISIMA B TpU~

~IATH pas Ha "YKCTHI[" sHEpreTWUeCKuil peaKTop MORET OHTH CleJaHa
oT NT = IOI4 IpAMO 0e3 IIPOMEXYTOYHOI'0 3Talla.

Wrax, omHOiI U3 OCHOBHHX LeJeil ycTaHOBKH T-R0 SBISETCH
ROCTUXEHUE NT, = IOI4 cM Scex ( '2} — DHEPTETHYECKOE BpeEMS
RUSHYM ) IIpu TemmepaType IUIasMH BHue 7 K3B, T.€. OCYUWECTBICHUE
JEMOHCTDAIMOHHOTO DKCHEPUMEHTa C BHIEICHNEM SHEPTHU B TEpMO-—

AnepHo#t JI-T peaximy Macurada BIOXCHHHX B ILIAsMy .

2.2. llpnm DOCTUXEHVWN ILIA3MH C TEepMOSIEDHEMM apamMeT paMu

( ne. = 1014cex cM 2, 7 > 7 KsB ) ycTaHopKa T-20 TO3BOJHT
uccrenoBaTh QuaMdecKue IPOLECCH B pearupymlueil meiiTrepueno-
~TPUTHEBOU IIasMe., B YacTHOCTM, Ha 9TOi yCTaﬂbBKe MOXHO HCCJe-
AOBaTh NPOLECCH ynepxaHus 3apsKeHHHX HPOINYKTOB TeEpPMOAIEPHOM

Peaxip, T.e. o = YaCTIM, ¥ VX BIWIHNE HA TEeDMOALEDHYD



Do

peaximo, 4TO HeOoOXOIVMO IJiA BHACHEHUS BONPOCA O 3axuTalud U
camonoIepxaHui peaxuuy B I-T mirasme.

2.3. Ilpn ocymecTBIeHMM pervMa YacTO HNOBTOPSIAMXCH MMIJIBCOB
W IpN LIUTENBHOK padoTe B 9TOM pPEXUME yCTaHOBKA T-20 IO3BOJUT

IIPOBECTY UCCJIENOBAHNE PABJIMYHHX KOHCTPYKLMII MomyJseil GuariceTon

- IA HEHTPOHHO-UBNYECKUX SKCICPUMEHTOB W HPOBECTH MOIEJIMpPOBA~

HUE DJIEMEHTOB CYIyWero SHEDPLEeTIMeCKOTO TEpPMOSNEPHOTO PeaKTopa

Ha OCHOBE TOKaMakra.

3. BuOOp oCHOBHUX naparmeTpoB T-20

3.I. IlapamerpH ycraHobKy T-20 ONPENEANTCS IOCTABIEHHON
LeJplo, T.€., BO3BMOXHOCTBI IJIUTEILHON padoTH ¢ pearupyueir J-T

IIasMolt, TEXHUYECKUMI BO3MOXHOCTAMY DEasM3alliil 3TIX IIapaMeTpOB.

3.2. OpHiIM M3 OCHOBHHX IapaMeTpPOB YCTAHOBOK Tuna ToKamak
ABIAETCSA BIWYMHA IpOoTEeKawero no mwrmasMme Toka I . Ilo onTu-
MHUCTUMECKUM OLEHKaM BeJWYUHA 297 = IOI4 MOXEeT OHTBH HOCTUTHYyTAa
TOJIBKO IIpY TOKe OoJiee TpexX Meraammep. VMenHo Ha Taxoil TOK
PACCYNTHBATCA YCTAHOBKU ;[ BT =u ;T—-GO, IPUMEPHO Takon xe

BEJNIMIHE TOK MomeT nmocTurarkcss B TCT. Eciarm BBECTH HEKOTOpHI:

3anac, YYUTHBalNWi HETOYHOCTH HallIX 3HaHUil, TO CJemoBalo GH

OPMHATH JJIS TOKA Gojiee BHCOKOe 3HaveHuwe. ILianupys, Kpome ToOro,

BO3BMOXHOCTH IJINTEJNBHOE pacdoTH ¢ JI-T 1uiasmoil u mpoBeneHue
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6.

MHEKCHEPHO-TEXHOJIOIMYECKIX MCCaenoBanuli Ha T-20, NpercTaBifeTcs
LieIeCOOGPasHHM BHODAThH BENVUMHY TOKA I = 5-6 Ma,

3.3, IIpm Toke I ~ 3 Ma He Bce & —4acTUl or [-T peaxiuu
JIEPRUBALTCA B CHUCTEMe, BaMéTHaH IX JOJA MOXET Cpal3y YXOIHUTH
Ha CTeHKH. M3 cooGpamenii Eosmomnocwn YIepRaHUs 3HAYUTENBHOU
IOJK gl — YaCTHl] 1 3aMEIVICHUS MX BHYTDU IUIa3MEHHOTO IHYDA
BEIMMHY TOKa I Tawke LenecooCpasHO NONHSTH BHme 3 Ma. Ilpu
I‘= 6 Ma B mwrasme Gymer ynepxvmaThes Gornee 90% K - "wacTull.

3.4. DBuGop MaxCHMauIBHOTO Toxa I o 6 Ma OnpeyesygeT U OCTAIBLHHE

lapamMeTpH YCTaHOBKM, €CIU YYECTh NPU 3TOM TEXHIUECHUE BOBMOX—
HOCTH VX peaausalmiu,

3.5, OCHOBHHE NapaMeTpH YCTaHOBEU T—20
1. Bombmoit pamuyc Topa : K =5 m
2. Maymit pamuyc ( Kpyrioro ) miasMeHHOTO IHypa no puagparme :
Q = 2 M,

3. O0sem mmasmt V' = 400 m°, NOBEPXHOCT WIssMH S = 400 M2
4. MakcyManbHHII TOK paspsana : I = 6 Ma
5. MarunrHoe mose mo LeHTpPY PaspAIHOI KaMepH : H, = 35 x»
6. HﬁnTenLHOCTL IPOTEKaHuA TOKa B ILIasLe : éd = 20 cek
7. Omrupmaenie 3HAYEHUA

TenneparTypH IIasMH A

| TP OMIYECKOM Harpese : T = 3 K3B

1D JNONOJHUTENBHOM Harpese : T = I0 KB

JHEPreTHYECKOTO BPEMEHN KUSHY . = 2 CeK



napavMeTpa yIepRaHUs nty = 10 4cenen™®
cpenHell IWIOTHOCTH n = 5.10183

| 3? HOJIOULAIBHOTO IIPU T = I0 ®oB : jsf, = 1

3anaca yCTolW4YMBOCTH = 2,3
YNCIa YaCTHI] B YCTAHOBKE N = 10°%
8. DHEProCOIEpXAHNE IUIA3MH W, = 108 mx
Oxmpaemas MOUHOCTD IIOTEPh P = Vl{o / Tz = 50 MBT

CpenHsAd TeIUIoBas HarpysKka Ha CTEHKH fu = /3/5' =I2,581/cM"

9. OxumaemMoe KOJIMYECTBO HEIITPOHOB B IMIyince Ha JI-T cMecu

10?0 & 10%L ( morox HefiTpoHop mo I0TS HeliTp./oM® cex )

4, Yrnepxanve Iasmi B T-20

4.I. VsnoxmM Temepb Te COOGpaxeHWi, KOTODHE [IPUBOIAT K IIpuBE—
JEHHHM BHUE IpepioynaraeMiM napamerpam T-20, OCHOBHHM IIOKa3a-
TeseM BOPEKTUBHOCTY MATHUTHOI TEPMOUSOJIALIY [Ia3MH SIBJIACTCH
BHEPreTMYECKOe BPEMA RUBHU ’CE o OTY BEJUYUHY MOXHO OLIEHUTEH
JU00 Ha OCHOBE BKCTPANOJALMN CYNECTBYONMX SMIMPUYECKNX COOTHO—
weHmii, JMOO ONUPAaACh HA Ty WIK UHYD TEOPETMYECKYD MOLEeNb, MH

O0CYIVM 3IIECh Pa3JNuHHE BO3MOXHHE BADUAHTH.

4.2. llpsmas oMIMpIYeCKasd SKCTPAILOALNA MOXET OUTH HpoBelcla,

OCHOBHBAfICH Ha SMIIUPUMYECKONl 3aBUCKMOCTH T, = 7,1079 al

(Te. T, ~ all, , rme H, = I/,s‘a - IOJe TOKa Ha Kpap
paspsna Bi&Tenax, I - ToK B ammepax ). 9Ta 3aBHCHMOCTH
COOTBETCTBYET Jy4lmM DE3YJIbTATaM [0 YHEePXAHMD IUIasMH Ha TOKa—

MaKax, ¥ B 9TOM CMHCJE OHa, CKOpee BCEro, NaeT BepxXHWl Ipegel



8.

IJIs T £ Ji/ii BHOpaHHUX IIapaMeTpoB a , 1 sMIMpriecKas
(I)prvryna IaeT 3HaYeHUe T = 8,4 cex, ¥xe ceiuac menrcs

9KCIEpUMEHTaIbHHE IaHHHe, B KOTOPHX T, B IBa-TPH pasa MEeHb-
e, YeM IAeTCs SMIMPHYECKOHl 3aBHCHMOCTBR €. ~a/, Toatomy
dosiee DEasBHHM KAXeTCA HPUHATH ¢, = 3+4 CeK, UTO IpU dHepro-
3armace \4/,, = 108 IX. COOTBETCTBYET MOLHOCTHU IIOTEPL <O +
+ 30 MBT.

CrenyeT 3amMeTUTH,4YTO SMIUpHYECKad QopMysna  Cp ~ cz“/(>7
He mMeeT KaKOoT'o-vIN0O (UM3WYECKOI'0 OCOCHOBaHWI, U KpaMe TOoIo,
OHa He YYUTHBAeT NOTEph Ha MIJIYyYeHHe INIpIMEeCSM, KOTOpHEe OyLyT

CTQHOBUTHCA OOJIE€ CUIBHHMU IIO MEpe IOBHUIICHNA TEMICDATYPH .

4,3. JIpyroli momxon MOxeT OHTH OCHOBAH Ha TeX WIM HHHX Teope-
THYECKUX MOIEJSX,KOTOpHEe LalT YIOBJIETBODUTENIBHOE OIUCAHUE YXe
CYLIECTBYUX TAaHHUX. HEKOTOpHE M3 3TUx MozjeJsell oGCYRIAnTCsa B
Ilpwroxenuu 1. Tak, Haupmvep, LOCTATOYHO ONTVMUCTHMYECKas MOJIENb,
OpeJjrosaramyas ICBEOKIACCHIECKYN TEIIONPOBOTHOCTE ¥ 3JIEKTPO-
HOB ¥ HEOKJIACCHYECKYW y uoHOB ( C 3ax0foM B TVIYGOKO GECCTONKHO-
BUTEJNBHY GAaHAHOBYH OGNACTH ) NPMBOILAT K BpEeMEHaM yIeDHaHWUA B
HECKOJIBKO JIECATKOB CEKyHL. Bojsee meccmvucTmdeckasa "WecTuuaro-
Basa Momesab", B KOTOpOH YUYTEHH TeOpeTHMYEeCKU IIpelCKasHBaeMHE, HO
SKCIEPUMEHTAIBHO TIOKA HE NCCJHeLOBaHHHE HEYCTOIYMBOCTY Ha 3a-
NEPTHX YaCTULaX, NPMBOLAT Ipu /H, = 35 k3 u Toxe I = 6 Ma

K BeJUYUHE nTg ~ 1014 mpu T = 7 K9B 55, =I, u 2 = I,
IpuYeM n T, OY€Hb OHCTPO BO3pacTaer IO Mepe YMEeHBUEHWs TeM-
IepaTypH U yBeJMYeHmA IUIOTHOCTH ( KpoMe Toro, 77¢, JmHeliHO
BHpacraeT ¢ 2 ).



9.

4.4, Ilpn oGcyxieHunm BoIpoca 06 SKCTPAIIOJILIT MMEIMXCS Y Hac
BHaHWI Ha (oJee KPYNHHE pasMepH yCTaHOBOK LEJeCOOCPAa3HO IpHBIEYD
cooCpaxeHus NONOCUSA B CHCTEMaX THIA TOKaMaK. MOXHO IOKazaTh,duTo
IIOJHOCTBI0 MOHU3OBaHHAA IUIasMa B TOKAMAKaX XapaKTepusyeTcs BOCEMbBY
0e3pasMepHHMI mapaMeTpait, IIpy IxoyJieBOM HaTpeBe IBa U3 BTUX
naparmeTpoB, HalpuMep, 35 E n = % /Z’ SABIANTCA 3aBUCUMHMI,
Te€s QYHKLMAMYU OCTAIBHHX llIeCTH, U3 STﬁx WeCcTH IapaMeTpoB ledacB-—
CKOEe YUCJIO AC) ( umexo wacTm] B cfepe MeGaCBCKOT'O panuyca )
IPEICTaBIACTCS HECYWECTBEHHIM IJIA PacCHaTpIBaenoro Kpyra BOIpO-
COB, & OTHOIEHUE BJEKTPOIHHOW MaCCH MOHHOﬂ,J/uz'”%Vcﬂi s MOXHO
CUUTaTh NOCTOSUHHM. YeTHpPe M3 OCTaBUMXCS IapeMeTpPOB IIPejlCcTaB—
JISIOT cOCOIiI aCleKTHOe OTHOWEeHNe A= @é, y KOD(QUMIMEHT 3ailaca
’?: "AGA%AQ' 1 IBa IapameTrpa, XapakTepusyruie IpOJoJbHOE U
nonepevloe yrepxanue IUIasMH : Y = 7/?/ de s K = _37/a y THe
)e — CpenHyi CBOOOJHHII IIpoGer 3JEKTPOHOB, '3 — JAPMOPOBCKILi

panuyc uoHoB ( ero yIOCHO OTHECTY K SJEKTPOHHOL TemmepaType ).
R u 7 ABVIANTCA NapaMeTpaMil ¢ OUPAHHYEHHHNM YHTEePBaJoM HaleHe-
HUsI, Tak 4TO UuX Hp&KTMﬁGCKH MOXHO CYNTATH IIOCTOAHHHNMI. TaruM
o0pas3oM, TOJBKO Vv U ﬁ( ABISIOTCS ONPEN eI IapaMeT palil,

BesguHa ¥ y®e B CYMECTBYMUNX YCTAHOBKAX W3MEHAETCH B
IOBOJIBHO HVPOKUX IIpelieJiaX, OHA XapaKTepusyeT CTENeHb YIVIyGJeHNT
B deCCTOJRHOBMTenLHym 0aHaHOBY®L 00JacTh, B ycranoBke T-20 npej-
nojaracMie IapaMeTpH COOTBETCTBYIT TVIYCOKO GaHaHOBOI oGaacTi,
TaK YTO CYUECTBYIMUE PE3YyJABTATH, OTHOCSUMECA IVIA MOHOB K
00JIaCTy ILIATO,Ha CECCTOJKHOBUTENBHYD OGJACTh OPAMO SKCTEaIIOoNU-
poOBaHH CHTH HE MOIYT,

3aBUCYMOCTE OT IIapameTpa ﬁ( KaxeTCsA MeHee KPUTIYHOI,

JloKasaHHuii HAa CYMECTBYMUIX YCTAHOBKAX INQIYy3MOHHHI XapakTep



10.

YTE€YKM, YTO COOTBETCTBYET B3aBUCUMOCTHU TE~)( 2, BpAL JU U3MEe~-
HUTCH TIPM IIepexonie K T-20, Yy KoTopoit mapamerp X'~ V7, /J' ~ yMEHB-
IPTCA BCETO JIMIG B IVITh Pas IO CpaBHeHuw ¢ TP u B Tpu-yeTHe
pasa 1o cpaBHeHun ¢ T-I0,

Taxum oGpasom, HanmGomblasd HEONPENENEHHOCTDH IIDH IIPOTHOBYPO—
BaH U "CE s T-20 BOBHUKAET W3-3a BCTYIUICHNA B 0aHaHOBYK®
O0MacTh LI MOHOB. YacTMYHO BTa HEONPENEeNeHHOCTH GyILerT IIPOACHEHa

¥, BOBMOXHO, yCTpaHeHa Ouumaiiniiu SKCIepimieHTarm Ha T-I0 u
PL T,

4.5, 1 maxpHeilnx paccymueHull yOoGHO NDPHMBECTH CBOJIKY YMCJEH-
HHX BHAYEHIL JUIi HEKOTODLX XapaKTepHHX Beauyui, HauueM ¢
SJEKTPOIIPOBONHOCTH O~ . JUMTHBAs 3aXBaT 3JIEKTPOHOB U3-3a
Topomaﬂbnoc'm ¥ BO3MOXHOE HAJNYUE IIpUMeceil, BBEIEM B (OPMyILY
Couruepa g O (AKTOP AlOMAJILHOCTU A?Q :

/3
L1707 s, /2.3 /
vt I ! 2 /-
He ox = R 4 R

rme T - TemuepaTypa B BJEKTDPOH-BOJBTaX. lloslaras /-7,2 = 10,

nonydaem mpu T = IO k3B O = I,Z.IO6 oL CM"I, a Tpu

0 =

T=8xkeB 6 = I,6.IO5 oL eyt ( CxHOBOE BpeMs IHYpa DPaBHO
CooTBeTCTBEHHO 90 cek u IS5 cex.) Takm oGpasoM, MOWHOCTE
IXOyJNIeBa Harpesa pJ = 2RI 2/ a'd?:;{zf;npn T=10 k3B ™
P; = 5mroupu T =3 K5B, IDyI'UMM CJIOBaMM, OHAZ QOUEHb Maia,
Janee ( T = I0 ¥3B ) : mmma Inpodera 3JIEKTPOHOB IO CT OJIK-—
HOBeHN C MOHAaMM ~ \,. X ‘&—;—J—:’;TZ ~ & %0 %
Teimozsaﬂ CKODOCTH BJIEKTDPOHOB «u;; € 0*V7-6w’es

- YacToTa 3JEeKTPOH-MOHHHX CTOJKHOBEHUL
L
Ve;-'ﬂé /)u x> /0 cux
Bpems ofMeHa oSHepTueil >

/s

x> O/J’QK.

7
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3

-~ '/O-
llapameTp cTosiHoBUTETBHOCTH ¥ = 7 R, o
Bpema samemieHns 80 KoB MOHOR T, = 0,3 ax,

3amMeT¥M, YTO IpaHMUA MLy oGaacTamu "™wuraro" n “GaHaHoBOI
1/ -
mudgysueli" gexur npy Y x~ ( ’2/2)1/0, Tak 4yTo mpu T = I0 KoB
wiasMa T-20 yXomuT TiyGoko B 0aHaHOBYN oGnacTs ( Ha mBa HOPSAIKE
mo ¥y ).

_ vy
ya*t,e -
lipuseniem eme Bomopckoe Bpems T, = -'-—7-_—"- = 5.10 3cex
C
- opy T = 10 k0B u BpeMs TEIIONPOBOIHOCTY YOHOB Ha ILJ1IaTO
. zi .
o ~ Q ~
=S A S u T = I0 koB ( 31ECH ~ JlapMo-
cf" $701, - O//qx mp ( 3x; S" D
POBCKHI DafiiiyC MOHOB, o, = X TeIUIoBas CKOPOCTh ). llpy Temme-
parype T = 3 K9B BeJUUMHA .. = 0,5 cex, omna craHoBuTCAH

Pc
Goxblle BpemMenM oCMeHa sHeprueil MEXIY BJIEKTPOHaMM YU MOHAMM NpU
9TOli TeMIeparype Ce; = 0,2 cEK. |
Bpemst samemieHnas o - qacTunl ¢, macurada I cex. Mon-

HOCTP X SHCPrOBHIeNEHWs npu T = I0 KoB poz ~ I5 + 25 mmr,

4.6, YTeuKa SHEPTUM V3 ILIA3MH MOXET OCYWECTBIATHCA BJIEKTDPOHHOM
M VIOHHOM TeIIORpOBONHOCTER, HedTpasaMi NepesapamKky, U3IyueHueMm
YNCTON BOIOPOIHON Iwrasvu ( TOPMO3HHM ¥ MATHUTOTOPMO3HHM ) I
WSIYICHUCM HA NpUMEeCsX. B umcroll mwrasme ¢ Gonblumm JruHeRHEMI
pasMepam BCE MeXaHH3MH JTEUKU SHEPIHM, KpQMe TeILIONPOBOIHOCTH,
OKasHpawTcsa HeOoapmmu ( cm, Hpunoxenue I ), Ioatomy paccivoTpma
JMEHHO TeILIOIIPOBOIHOCTE .

- Bo BCeX CYWECTBYIMUX SKCICPIMEHTAX HA TOKAMAKAX npeodia-
AACT SJICKTDPOHHHI! KaHAJ NepeHoca BDHEepPIH, CooTBeTcTBENHO, B
T-20 mpu mxoyrerom HaTpeBe U BHKJIOYEHHOH JOHHON TemIonpoBoi—~
HOCTU MOXHO OHJIO OH OXUIATH IPIMEPHO TaKOe Xe COCTOAHUE IUIasMH,

KOTOpoe MMEeTCA B HaCTOfllee BpeMd., A MMEHHO, B WKPOKOM VHT e PBaJIC
)
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U3MEHEHMST napamcwpa.'vf=7ﬁ&ae BeJIYMHA g% u3MeHsieTcsa cJaaco,

I XaX NpaBWIO, OHA He ONyCKaeTcsA Huxe sHaveHud 0,2 + 0.3, Ipu

YMEPEHHOM ONTUMU3ME IOIyCTMM, YTO f} B T-20 npy IxOyJeBOM

Harpese U BHKJIOUEHHOII MOHHOI TEIIJIONIPDOBOLHOCT INOCTUTHECT 3HAUE-—

i va‘ = 0,3, 4TO COOTBETCTBYET 9HEPTO3aNacy IIazMH M, =3.IO7II,X{

n remneparype T = 3 koB, IIpu OTOM BDEMT XMBHE T, = u47493 =
= 3.107 / 5.10% = 6 cex.

Ilpy nmoBHWeHNM TenmepaTypH IUIA3MH BpPEMS KU3HMU ?;5 u

MOUHOCT® NIOTEDh IIO JJIEKTPOHHOMY KaHamy MOXEeT HEeCKOJLKO M3MEHUTECSI.

2
Hanpm/xep » €CJIM BEPHa IICEBIOKJIACCUYECKas 3aBUCIMOCTH lé ~ f" 9 %

.

TO YJIEKTPOHHOE BDPEMA HUBHM LOJIKHO BOSPACTATh C TeMIepaTypoil
xak V7 ¥ cOOTBETCTBEHHO, MOWHOCTE MOTEPH n73/3£ ~ V7

MOXeT BozpacT¥ nol0 mmT,

4,7, OdpaTmmcn'Tenepb K uoHaM, Bo BCeX COBPEMEHHHX TOKaMaKax
MOHH HAXOIATCSI B PexuMe "HﬂaTO" HEOKJIACCHMYECKOil Teopum mporec-—
COB Il€pEHOCa ¥ BENIMUHA MUX TEIVIONDPOBOIHOCTH XOPOWO COIVIACYyeTCs
¢ TeoperudecKkoil, Lo O B T-20 COXPAHWICH YPOBEHBH TeIIONPOBOI-
HOCTH IWIT IIaTo, TO MH IOJAYYWIX CH I MOWHOCTM IOTEph Ha MOHAX
P = w;,/z;}; = 100 mer mpu T = B ke u L = 500 BT mpN
T ='10 KoB, YTO BHXOIVT 32 DPaMKU PasyMHLX BeqiMMH. Takim1 oGpa-
saM, IJISI BOSMOXHOCTH OCYWECTBJICHUS dKclepmienTa mpu T = I0 KoB
HEOOXOMUMO HNOCTUTHYTH NOHMKEHUS MOHHON TEIUIONpOBOIHOCTH IIO
KpailHeil Mepe Ha IODANOK BEJMYMIH [0 CpaBHEHWHD C BEeIWYMHOI HA
Imaro. Heowyaccuueckas Teopus NIpY oxufaeMoll Belmuime Y~ 1073,
T.€. B TV[yGOKO GaHaHOBOIN 0GJacTy, NIPEeNCKASHBAET BEINYNHY, HA
IiBa NOPAIKA GOJNBUYD, YeM ?}u y Te€o Cgy~ I0 cekl I COOTBET-

CTBEHHO MONHOCTEL IOTEDH f% ~ O MBT,
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JT! UNCJIA KAXyTCSA CIMIKOM ONTUMUCTUYECKNMEI, IOCKOJLKY B
IMIYOOKO OaHaHOBO# 0GJIACT! MOTYT BO3CYXIATHLCS CJadhe VOHHHE
HeycTOIMUBOCTII, B IEPBYWL ouepens, IpelijjoBo-TemmepaTypHas M Ha
3allepTHX MOHaX. B Kpyrom Tope T-20 ¢ aCHEKTHLM OTHOWEHUEM
H =R/a = 2,5 mpeiijoBo-TeMIepaTypHas HEYCTOHUMBOCTE IOIYCKaeT
yBeJIUYEH e ‘L‘E‘, B HECKOJBKO pas IO CPaBHEHUD C 'Z},; , & HEeyCToii-
YMBOCTH Ha 3aNePTHX HOHAX JNONYCKaer BeMIMUIY AT = 10 4cu3cer
npu T = 7 K9B U sz=I, §=I.

YUYUTHBaA O4YEeHb COJBUYH HEONPELEJEeHHOCTE B DTOM IIYHKTE
( XoTopas MOxeT GHTPH CHiTa Oiuxaiimmu sxcrnepumentamu Ha T-I0 u
PLT ), M IpUHATH SHAYEHUA 'Z’E = 2 CeK M = 10T 4cn3cer
HO IpU 3TOM HYH#HO MMETH B BULY, YTO OTU 3HAYCHUS r.zoryT OTJIU -

YaTLCA B IBa-TpW paza B Ty WIK JPYIYyl CTOPOHY OT PeasbHHX 3Haye-
Hmi Ha T-20,

4,8, llpm paccMOTpeHUM MOHHOT'O TeIUIONepeHoca CJelyeT YYUTHBATh
HEOKJIACCHUECKYD TeIUIONPOBONHOCTH HA MOHaX, 3alEepTHX Ha HEONHO-
pomHocTAX ( TOfpupoBKe ) IPOLOJILHOT'O MATHUTHOrO noud., OGO3HAUIL

BeJIUNHY TOJPYPOBKK UYepes 2 = ( H e -)/ )/ 2H. Torma mo

K‘h
HEOKJIACCHYECKOll OLleHKe TGHJIOIIpOBOJIHOCTL Ha TO{PUPOBKE IOJIFHA
IPUBOIUTL K BpEMEHU cg ~ y% IIpp »~ 107 &

N

o ™ 0,1 cex BemuUMHA & JIOJIXKHA GLITL menpuwe 0,I%, 9ToOH Ty
nogHIMasIack IO 3HAYEHUA, MacuTada HECKWIBPKUX CEKYHI, TakuM
o0pasoM, BeIUYUHA Q® B OCHOBHOI YacTH ILUIABMEHHOI'O uHypa
IOJURIIA OHTH 3aBeoMo MeHpuwe 0,I%.
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4.9, UsiyyeHue Ha IpUMECAX B BHCOKOTEMIECDATYPHOIl IIasme
IpenicTaBlAeT COGOM OIMH M3 IVIABHHX KaHAJIOB yTEYKY SHEPIUH.
CoryiacHO IOCJIENHVM TeopeTdecKuM nanuuM ( uM, IpwioxeHue 3 )
PaBHOBECHOE UBJIY4YEHNE Ha NprmMecsax B paiioHe T = I0 KoB cpaBHU-
TEJBHO CJAaG0 BABUCHUT OT TEMIEPATYPE ¥ KMOKET COHTH allpPOKCHMIPO-
B8HO COOTHOUEHVEM /Qz = 6,1073° 1,7, zzBaTT/CMB » THE 72, -
~ IUIOTHOCTH INpuMeceil ¢ aTOMHHM HOMEepoM & . [Ipy IWIOTHOCTH

Ne = 5.IOIS OTCHIa IOJyYaeM JIJIsi BCero ogbenma [Z =6 é-MBT,
Tme 2 = 85 —:—Z—i 2% - 5((feKTUBHOE BADAIOBOE WYHCJIO HOHOB.
Orciopa BUIHO, YTO II0 Mepe IOBHIIEHUA 2 BKJIQQ, IIOTEPH lla H3JIy-
UeHue CTaHOBWTCH BCE Cojiee BECOMHM, INOCTHUTaf, Halpumep, 30 MBT
pu Z = 5. BepoarHo, WMEHHO 3HAYEHNE /7;. ~ 30 mmT
SIBJIAETCA BEpXHeil Ipanulleil mig pasyMHOiL nonydTnmoﬁ MOLHOCT
NOTeph Ha U3JyYeHue ( HaNoOMHIM, YTO MOWHOCTEH OT Harpesa

ol — yactunamy J-T peaxmuii MOXeT COCTABIATL 15 &+ 25 MBT

’

5. Ilpmvecnu

5.1, [IlpoGnema 3arpA3HeHUA IUIASMH IPUMECSIME ABJIACTCH Ype3BHYaii-
HO CEDBEe3HOil WIA COJNBUMHCTBA CTAIMOHADHHX CHCTEM, B TOM YNCJE

¥ I TORamMEKoB. Hapamy ¢ ymepwanyeM IUIasMH U e€ HaTpeBOM
3alUTa OT IpuMecell coCTaBisIeT ONHY M3 TpPeX OCHOBHHX 3alay Ha
IYyTH K TEPMOANEPHOMY peakTopy. Ycranopka T-20, OyIydm KOPOTKO-
MMITYIBCHOM ( IVIMTEJBHOCTD VMIYJILCE HE IPEBHIAET HECKOMBKUX
BHEPreTHJEeCKUX BpeMeH ), HalleJleHa Ha pelleHNue TOJBKO IBYX 34589 -

HarpeBa U yHEepxaHwa IVIasMH, HO OHA, PasyMeeTCd, IOJIKHA
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0GecreuuTh IpY DTOM HOJyYeHMEe NOCTATOUYHO uMCTOoll I-T miasMi,

5.2, CymecTsyiune SKCNCPUMEHTATBHHE NAHHHE O yDOBHE 3arpA3—
HEHII IIIa3ME B TOKaMaKax u nonenennn'npmmeceﬁ B ILIA3MEHHOM
LHype HE BIIOJHE OIpeleseHHH, OCHYHOH BEmIMUHOH CUNTaeTCH Haln-
4ile HECKOJBKIX IPOLCHTOB JIETKUX U JOJEeH HPOLEHTa TSLXEJHX IIpu-—
Mecell, Tak 4YTO BeJINUHA Té MOXET NOXONUTE N0 3HaveHmi 3 + 4,
C TOUKW 3pPEHNA HUBJIY4YEeHVA Ha NPHMECSX DTOT YPOBEHB KaXeTCs
ronycTimu ¥ paa T--20.

He BmoJiHe sICEH BONPOC O BOBMORKHOM IIPOIECCE HAKOIUIEHUA
nprmeceli Bo Bpemd paspiaia. AKKyMyJIrpoBaiue npuveceil B npouecce
paspaa U VX KOHUEHTpalusa BOJISH OCH IUIA3MEHHOTO LHYypa GHJIM
OCHAPYXEHH B YCTOHYMBHX paspsuax Tokamaka T-4. C Ipyroii cTopoH,
Hanprmep, Ha TOP mpu HeOOJbLICKH POCTE HHOTHOCTM IVI23MH CO Bpe-
MEHEM HaOJoIAETCS IOCTOAHHAs BO BPEMEHM KOHLEHTDAINA IpmMecei,
COOTBETCTBYIIASI BEJLWHE § = 4, ¥ aBTOpH [eJalkT BHBOXL O TOM,
YTO TEMI HAKOIUIEHUA IpyMecell Ha Ipa NOpAlKa MeHblie, YeM IIOTOK

npiMecelf co CTEHOK KaMepH Ha IIOBEDPXHOCTH ILIa3MH .

9.3. B ycranoske T-20 CpemHuii NOTOK BHEPIMYM HA CTEHKH IIPUHAT
paBuHM 12,5 BaTT/CM2 ( mpu mxoysesoM Harpee U T = 3 K9B.

ora BeIVMYMHA Ha HODPFI}OK MeHbWe ). Io MOpANKY BEJVuuHH OH COBIAa-
JIaeT C BENVYMHOU IOTOKA SHEPTHM B COBPEMEHHHX KPYNHHX TOKaMaKax,
Tarux Kak T-4 u TP, IlosToMy MOXHO OXUIATH,YTO B ILIasnMe T-20

¢ Temmeparypoil 10 k9B TeMI NMOCTYILIEHUs IpyMecell GymeT NpiuiepHO
TakM xe, Kax u Ha T-4, TOP ( ecuu kamepa ¥ muadparvH GyLyT
CleJlaHH 13 HOPYMEHABIMXCA JO CUX IIOp MATEpUAJoB ), A Tax Kak

Maii pamuyc IVIasMeHHOTo uHypa B T-R0 HA NODANOK GOJblE, UeM
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B T4, TIP, TO MOXHO OXMIATDH Ha INOPANOK Cojlee MEILJIEHHOTO
IOCTYIVICHWI IprMeceit B I cM® mnasmm. Ha TIP ypobeHp 2 = 4
COXpaHAeTCHA B TeueHue 0,4 cexyumi, Tax 4To B T=20 MOXHO
HaNeATECH HA BPEMA B HECKOVIEKO CEKYHI 1O HAKOIUIEHUA IpyMeceil

—

IO ypoBHA 2 = 4 + 5, 970 BpeMA IOCTATOYHO I TTPOBENECHUA
9KCIIepMMEHTA , ' -

5.4. B neppoM BapuaHTe BakyymHoli Kamepu T-20 He [IpearoaraeTcs
yCTaHOBKA IUBEPTOpa IV CHIKCHUS YPOBHA mpumeceir ( xoTA Taxas .
BO3MOXHOCTD 1 IIpelyCMATPHUBAETCA Ha IOCHeIyliuX sTamnax padoTH ).
He MCKJIOUEHO Takxe, YTO IEDBHIi BapuaHT KaMepH OKaxeTCHA He
HOCTaTOYHO ONTVMAJIBHHM C TOYKMN BHOODa MaTepuaJsoB IS €ro
OTHENPHHX BJICMEHTOB, DBB3aUMONEHCTBYOUNX C IasMoil : camoil KamepH,
IuafparM ( HENMOINBURHHX U NBIDKYUEXCH ), BKpaHoB ! T,.I. llosTouy

B KOHCTDYKIMM YyCTAlOBKM IOJEHA CHTE IIPeIyCMOTPEHA BO3MOXHOCTE
3aMEHH KaMepH WM e€ DJIEeMEHTOB B IPOUECCE SKCIEPIMENTOB. IIpn
paspadoTKe KaMepH ¥ e8 BJIEeMEHTOB CJACIYeT YIUTHBATL OCOGEHHOCTH

IIepeHOCa SHEpPIuM B ILIasMe U IyTell IIOCTYIJIEeHWs B Hee Npumeceil,

5.5. Ilpu BzamMomelcTBUN IIA3MH CO CTEHKAMU CYleCTBYET HeCKOJIb-
KO KaHAJNIOB OCBOGOXIEHWS NpuMeCell M HOCTYIUIEHWA VX B IMIASHMY :

I. Tayenve ¥, BO3MOXHO, UCIAPEHHC CIUIBHO HATDEBAEMHX
DIEMEHTOB Kameps ( Hanpmvep, nuadparm )

»

<. Pacmnienue maTepuasa SHEPIUYHHMU MOHAMIU

3. llecopOIms rasoB X PASIOKEHNE XMMIMECKUX COENVHEHIi MoJ
IeliCTBUEM BJEKTDPOHHOTO yIapa

4. Buoypanue aromon IpMMECK PEHTT'CHOBCKUM U YJBTpaduoIeTo-
BHM K3JyUECHUEM
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O. Pacnuyenue MaTepuasoB HeilTponamu oT J-T peaxui

6. BumcTepuur, T.e. WEXYUWEHWE MaTepyuana, TJIABHHM o0pa3oM,
 u3-3a BosZelicTBMA < - YacTmi OT I-T peaximii,

5.6, OTM MexaHH3MH SBHO HE DaBHOLEHHH IIO CBOEMy BO3eliCTBUL
Ha IIasMy. DINCTepUMHr, HallpuMep, HAYVMHAeTCH ¢ O3 Macurada

0,1 Kynona, T.e. IpM NONHOM YuCJEe o — YacTu -~ IO13 + IOI4
4acTull 3a UMMIIYILC Ha I M IIOBEPXHOCTH! O HAYMHAETCA ImocJae~I10°
I-T marynpcos, IloaToMy s mepsoil cepun SKCHEPIMEHTOB C HEGOJIb-
MM YUCJIOM VMIYJTECOB OH HE ONAcEH, HO B JajbHelieM MOxeT
OKasaThpCsA OYEHb CYWECTBEHHHM, Tak KaK ol - YaCTUIH 3apSUEeHH

M BEPOATHO OYLYT COCUPATHCA.HA BHCTYIAIMUC YaCT U KaMepH

( mmadiparMu ), TO IOJMKHA GHTD IIpenyCHMoTpeHa CMeHa juadpari,
ecJu 9TO MoHamoourcs ( saMeTuM, YTO IPUM OYEHB GOJBIIX Iosax,
Gousite I # 2 Kymom/cu® GIMCTEpUHT ocnadeBaeT ), MOxHO HANEATHC:
Taie, 4YTO mpu napaverpax T-20 Cosblias 4acTh o — yacTim Gyner

¥CIesaTs OTIaBaTh DHEPTV ILIasMe,

5.7. B OTHOWEHM! HEJTPOHHOT'O PACHHJICHIUS IOJHON SCHOCTH HeT,
Tax KaKk COOTBETCTBYWUWE JaHHHE LA KOS(MIMEHTa pachuIeHus S,
xoedmoress or I0™° 1o 0,25. llaxe mpu ﬁ;n~'IO"I IIOTOK Ipuiecei

Macmraga IOIz yacTimy/ CM2 cex ( mpu HeHATPOHHOM HOTOKE

1013 neiirp/ e

CEK ) KaxeTCsa HeGOJBUIM,
5.8. [llocTymnexne npumieceil mpu HmameHun Ha TIOBEPXHOCTE

y — KBaHTOB KaxeTCs HauGojee Oe30CHIHHM U3 BCEX MEXaHM3MOB
I IOSTOMy M3JIYUEHUE Ha NPIMECHX ABIIETCA HaMOoIee GJarolpusT—

HHM C TOYKM 3PEHUA NpUMeceil MexaHHusMOM CheMa SHEePIUM C IUIa3MH.
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CoOTBETCTBYIUMA MEXaHU3MOM 3arpA3HEIMUA MOXIO npenedpeys,

5.9, llocTymieHue mpmveceil 3a CUeT 3JEKTPOHHHX YJIapoB INIpH
Xopolieif TPEeHUPOBKE KaMepH MOXEeT OHTH CHUHEHO IO BIOJHE IpuemM—
JIeTO YypoBHA. ECIU IOOUTHCA Roa@@nunenwa IecopCLnu C‘-~IO’5 -

- IO"4 ( T.e. MOHTM IO OYEHb XOPOWETO YPOBHA UMCTOTH CTEHKN ),
TO Ha OJUH JXOYJIH DSHEPTuM, IepelaBaeMoil CTEeHKaM! SJIEKTPOHAMU

¢ sHeprueil ~ I00 9B ocBOGORUTCS Macurada 101% YacTuLl npumeceil |

ot vacriy/en® 3a wmymEe H

, UTO cocTamideT oroao I
KaxeTcst nonydTnmoﬁ BEJVYUHOI o

Bo BCeX COBpEMEHHHX TOKaMaKaX SHEprus, BHBAIMBaKUAACA Ha
InafparvH, NOCTyHmaeT, B OCHOBHOM, B ()OpME SJIEKTPOHHOTO TOKa C
sHeprueii ~ I00 sB., Tem cammm ocymeoTBﬂHefCH CHEM BHEPIIM U?%
IIa3MH MEeXaHU3MOM, Haudosee OJarONPUATHHM C TOUKM 3PEHMA ac—
IMUIEHNWs MaTepuasa, 9TO IPEMMyuecTBO IOMXHO OHTEL COXPaHEHO I

B KOHCTPyKILMM KaMmepH ¥ puagparM T-20.

5,10, Pacnwrenue Marepuana OHCTPHMA UOHAMU IpeLCcTaBIieT codok
OIMH U3 Hauoojee Cepbesuux KaHaJIOB IOCTYILUIEHWI npuMeceil B
wiasMy. B T-20 pacrmieHue OyIeT MMPOMU3BOIUTHCS, BO-IIEIBHX,
uoHamu ¢ sHeprueir 30 - I00 »B Ha Tpanmie WwiasMud ( HalpuMmep,
najianix Ha JuadparMH ), BO-BTOPHX, HoHamu ¢ SHeprueil I-3 KoB,
BOBHUKAIIIX U3-3a Iepel3apsiIky IaNaoiyxX Ha IpaHuly IasMe aTo-
MOB XOJIOIHOTO Tasa, ¥, B-TPEThUX, MOHaMII C 3HepI'ueil oxoJIo

I0 XoB, BO3HUKAOWUX [IpU Ilepe3apalKe BO BHYTPEHHUX OGJIACTAX
mypa arauoB oT BHeumeil mukexiyu ( ¢ ®Heprmelt 80 wm 160 k9B ).

( Kpome 3TOro, HAIPOTUB KaJOI'0 MHIKEKTOpa OyLEeT IPOUCXOIUTH
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JomCexKa CTEHKM DHepIVYHHMU HeilrpoHamu ¢ sHepruel 80 win 160 ko,
HO 9Ty YacCTh CTEHKU MOXHO YIVIYOUTH ¥ CLeJaTh CIWILHO OXJaxlaeMoli
VI copOLyy BHOWTHX nmprmeceil ). IIOTOK DHEPIUM OT aTMOB C
sHeprueil I0 K9B MOXET COCTABJATH HECKOJIBKO IIPOLEHTOB OT Mol —
HOCTY WHHEKTODPOB, T.B. COCTARIATH BeJvuIHy no 1 BaTT/CMZ. Tar
KaK KOS(IMINEHT paCHHJIeHud Hepxapeouell cranm npu oToll sHepruu
COCTaBJIAET OKOJO 2%, TO COOTBETCTBYKUMA IIOTOK IpuMeceil MoxeT
6uTE MacuraGa I0LS qaCTMH/CMZ CeK, TaK 4YTO 3a MMIYJIBC HHXEKUNU
B TeveHue I0 cek Ha NOBEDXHOCTEH IVIABME TOCTYIINT IOI4 qaCTuu,Qqu)
YTO COCTABNAET R% OT YMCJA HOHOB BOLOPOia. Taxoii YPOBEHHL NpIMe-—
cell Iy IVIasMH HE JIONYCTIM, W 3JIeCh MOXHO HANEeATHCA TOJBKO HA
SKCIEPUMEHTANBHO HAGHONACKH MeXaHU3M BDKPAHVPOBKY IVIQ3LH OT
IpyMeceli, Tax YTO IOCTYNJCHNME IprMeceill B LEHTPATBHHE YACTH pas-—
pAla S3HAYNTENHHO MEHble IIOTOKa IprMecell Ha T'paHUIy ILIAasLE,
Fe Conee cepresHO OGCTOUT JEJO C Gojee MATKOI o6lacThh
CIEKTpa MOHOB. B uHTeppaie SHepruil oT I00 9B IO HECKONBKMX KB
'pacnuﬂenne Hepxapelleil cTany UOHaAMII MOXET OCBOGOJUTH OKOJO
IOI'l 4acTI/IxoyaIb, Lesiu MoHaNM NepeHocHTeA Macurada 10% HOToKa
SHEPIUU Ha.CTeHKy, TO 9TO COOTBETCTBYET CKOPOCTY IIOCTYILICHNS

IpuMeceil Ha NOBEPXHOCTL paspana OKOJO IOI4qaCﬁnu/CM20eR.

0,11, TaxuM o0pasoM, ORUIAaeMuil MOTOK IpiMEcell HA IOBEPXHOCTH
Ia3MH B KaMepe U3 Heprabemuell cTany OKa3HBAETCs OYCHDH BHCOKIM.
| JKCIIEPUMEHTANBHO HAGMONAeMHil B((EeKT SKPAHUPOBKY IVIA3MH OT IIpH-—
 Meceil ( MOTOK mpmMecell B LEHTDAlBHYD OGNACTH BHAUNTGIBHO
MeHBlIe NIOTOKA ITpuMeceil Ha NOBEPXHOCTH ILVIA3MH ) MOXET 3aMEeTHO
VIyYumMTh CUTYalulo, HO BMECTE C TeM COBEPUEHHO HaCTOATENILHO

BOBHIKAET HEOOXONMMOCTH MoxOopa Gosee ONTIMAIBHHX MaTepHaIoB
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LIS CTeHKV KaMepH U Iuajparm.

5,12, TaxeHue CTEHOK U MCIADEHWE BJIEMEHTOB KAMEpH HpU GOJIBUNLK
TEIIOBEX HAarpysKax € MOXET COCTaBUTH I'0paslo Gojiee CEpPhe3HYD
Ipo0Jely B T—20; UeM BO BCEX CYHNECTBYWOUIX TOKamMakax. BHGOp
TEIJIOBOT'O PEXIMa CTEHOK KaMeph ¥ TEeIUIOCHVIAKLIX »JIEMEHTOB

( mumagparm ) moymeH GHTDL HPOUSBEUEH HA CTANUM 3CKUBHOTO IPOEK-

TUPOBaHUA yCTaHOBKH,

6. Havasenas u KoHeuuas CTaIuU IIpoliecca

6.1, Ciuemyer oxmmars, 4YTO HadasbHad cTanusa paspima B T-20
JOIXHa 3aMEeTHO OTJIMYATEHCS OT HAUAIBHON CTaIUU B CYUECTBYRUIX
TOKaMaKax .

OcHomHasl mpuuMHa 3TOro — CGOJLUOH pasMep YCTAHODKU U, Kak
CJELCTBUE, BHCOKAsI CTENEHh CKUHUPOBAHNS DABPANHOTO TOKA.

B CymeCTBYMIIIX TOoKaMaKax NpoGoil NPOUCXOIUT IO BCEMy ceue—
HI0 KaMepH U 3aTeM paspaArHHil TOK YBeJMYUBAETCS N0 HOMUHAILHOTO
3a BpeMeHa ~3 + 30 MCEK CO CKOPOCTBHH ~ I07a/ceK. IIpit 2T0M OH
IMEeeT TEHNEHIM K CKUHUpOBaHMW, OIHAKO CKUHOBaf KOHQUIYpalu

C
PaspAMHOT'O TOKA OKAa3HBAETCS HEYCTOiluuBG# OTHOCUTENILHO PA3BUTNA

PE30HAHCHHX BUHTOBHX BO3MYIICHIH IIpn IeJOYUCJICHHHX 3HAYEeHUAX

7(a).

6.2, PasBurye sTHX HeycToilumsocTeil, MO-BUIVMOMY, CIIOCOGCTBYET

[IPOHMKHOBEHI0 TOKA BHYTDH IUIasMH, C ApyToil CTOPOHH, HEyCTOIdu-

.BOCTU BEIYyT K YBEJIWYEHUN B3AMMOIEHCTBUA IVIA3MH CO CTEHKOH U K

NOC TYILICHWO IIpMMeceil,
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6.3! Macwrad sueprum, BHueJsioueilcA Hpu BTOM HA CTEHKE, MOXHO
OLICHUTE KaK -~ éé%zi y THE 4 L - u3MeHeHNE VHIYKTUBHOCTH
IVIA3MEHHOTO IHYpa IPY IEPexXoie OT CKUHUPOBAHHOTO paclpeieseHNs
J(v) K napadonmyeckoMy. Iyt T-20 sTa BeJydUHA MORET COCTABUTE
~ I00 mMrmx. Dcom y4ecTh MMITYJIBCHHIL XapaxTep pasBUTKA HEYCTOil-
UIBOCTY, MOXHO OXUIATDH WMIIYJBCHOE BHIEJICHWE DHEDPIUMH Ha CTEHKe

' Macuralda COTEH METOBaTT. B Taxoil CUTyalMu BO3MOXHO HCIApEHIe

| MaTepuasa DaspINHOi Kamepl.

6.4. IlpoBeneHHHI pacqu (‘Hpmﬂomenne I ) noxasupaeT, YTO 3(-
QCKT CKUHMDOBAHUA HE yIAaETCA CHATH IPOCTHM BBELEHUEM AHOMAIBLHOTO
CONPOTUBJIEHUS C KOS@@MHMGHTOM"H% = 10 ( oGHYHO ®TOrO JOCTATOYHO,
YTOGH IVIA CYUMECTBYWUMX TOKAMAKOB DACUET HE IPHBONII K SHAYNTE/IH—
HOMYy CKIHUDOBAHMI ). Jiaxe BBeLeHLE A@ = 50 Me MCHSIET CUTYyaIllo,
06a pacueTa OCHAPY®UBAWT CWIBHOE CKUHUDOBaHUE, KOTOpOEe
MOJIKHO COXPAHATECSA B 3HAUUTCIBHON YACTH OCHOBHOII CTauuu paspsma

—~ cat
( Cex = 0,9 Py )

6.5. UYroOu usdexaTh CKUHUpOBaHWA, WA T-20 Iperjaraercs IpyToii

BApUaHT BOBCYHIEHUS DaspANHOTO TOKA, & WMEHHO, C IIpYMEeHEHHEM

paspBHTAMlelicA IuafparMH, KOTopas IIO3BOJANA GH MEHATDH MAJIHI:
ipanmyc IUIA3MEHHOT'0 WHypa B IIpollecCe HapalBaHWI Pa3pSNHOTO TOKA.
llpn oTOM IpermoNaraercs, YTO B TEHM HNyApariH BJIEKT POIIPOBONIHOCT B

HUSKa U INIOTHOCTH TOKa IIpEHEeOpeximo Maiua,

6.6. Poub nomoGHoil mmafparMd MOIVia OH UTDaTh CTEHKA KaMepH B
codeTanny C NONEPEYHMMY MATHUTHHMU IIOJISMM, IPOIDaMMUIDPOBAH HHMI

COOTBETCTBYMUIME 00pPa3zoM BO BpEMEHH.
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6.7, llenmpeMEHHHM YCIOBHEM TaKoTO JOpMIIpOBaHIS ABNACTCA Nojayda
padodero rasa ( ¥, , 7, ) Ha IpAHNIY PACUMPAOLErOCH ILIA3MCH-
HOTO uHypa. I'as Oyner uonuzomaThca BOIU3U TpaiMuE, v, Takym

opasoM, MH OyZeM VMETh BOSMOKHOCTH IPOTDAMMUDOBATE paclpenene-
me n, (2 ),

6.8, Havanpmwii pamumyc IasMH IpemIoNaraeTcs BHOpaThs Macurada
CymeCTByIX TOKaMakoB — 30 — 50 CM ¢ IUIOTHOCTEI0 «vIOI3 cMS
CKOpoCTH pacuMpeHus JuafparMH CJACLyeT BHODPATh NOpAIKA Iudy3UOH-
Hoit ( ~ IO M/cek ), MOXHO OMUIATEH, YTO B BTOM clyvyae TeILIOBHe
HaTPy3KM Ha nuafiparMy ( WIM CTEHKY ) OK&XYTCA MUHIMATHHMMI.

6.9, LT yuyumeHus yoIOBHil COBNAHMMA WCXOIHON ILIASMH caenyer
IpENyCMOTPETD IPEeNBAPUTENbHYH HOHM3AILNI0 [0 OCY KamepH. Eciu Ha
OCH KaMepH CO3JaTh IJIasMy C ILIOTHOCTEI Ne ~ IOIsz“B u

T, ~ 30 »B, TO IpH CKOPOCTH HapacTaHusa Toa IO7.a/ceK 3a
Bpemai ~ I00 MK CeK TOK IOCTUTHET SHQUEHWI, HEOOXONM-OI0 JJIA
YhepxaHWI Takoil miasMH, 3a BTO BpeMi IUIasMa HE YBeIUUT CyEBCCT-
BCHHO CBOMX NONEPEYHHX pasMepoB. JIOKATM30BAHHYD HA OCH IIpei-
uoﬁnsaunm MOXHO COBIATH CHUCTEMOM, IIpelHasHaueHHON misi Harpesa

IVIa3ME Ha SQJIEKT POHHO-LIMIUIOTPOHHOM pPE30OHaHCe.

6.10. B xoneuHoil crajum paspAna mocJae BHEIOYEHUS CUCTEM
Harpepa 3a 2 + 3 CEK IPOMBOIieT oxJaxieHue IUIA3LH IO TeMiIepa-
 TYpH B I + 2 K9B, TO €CThH, BEINUIHA €€ TeINIOBOIl DHEPINN

- OKAXETCSA CPABHUTENBHO Masla.,

3araya COCTOUT B TOM, YTOOH 38 HECKOJBKO CEKYHI, CHATH

frz

 MAaTHUTHYI0 SHEDPIMI0 y SAKIOYECHHYI0 B UHype, HE NOIyCKasd
2
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OTPULIATEJIBLIOTO TOKa Ha nepufiepun u "Koucepparmu” QHEPIUM
BHYTDH LHYDA., ' ~

6.II. OSroro, xasamocs O, MORIO IOCTWYL CHUMCHUEM IIOJIIOTO
T0Kka C ONHOBpEMEIHOil mojaveil Ha T'panmly WHypa Kakoro-iungo 13
YHEPTHLX I'a30B, HampyMep, aproHa. ( MoxHO HamEATHCST, YTO ero
locJIcylniee yranene ¢o CTEHK! YLAETCS OCYUECTBUTE IIPOCTHM
IPOrpenoM KaMep .o 600°C ), Oxwramienuc mepudepmn HeoGXOmo
AT CHIXCHUA 9JICKTPOUPOBONHOCTH BOIUZU TpaHuuH o I + 3.IOI6
e,

MoxHo mosyarars, uTo Taxasm onepamisi oxameTcsl s{HeKTuBIOi
Pl VHTETPaJbHOI IOZaye aproHa Ha ypoBHe ~ I0% OT HOJHOTO

HAYUIBHOI'O YuCJaa QJIEKTPOHOB,

6.12. Kpome Toro, orpunaTeNBHHI ToX BOIMZU nepudepm UHypa
MOXHO OTDAHNYUTH , CHUBMB BJIEKTPONDPOBONHOCTE BHEUHMX CIOSD
IIa3VH ITyTen BBeneﬁMﬂ B LHNYp MEXaHMecKoll amajiparMu Wi, IIpy-
XMasi IHYyD K CTEHKE NOUEPEYImMI Iovsivu, Omeparmst - o0parHasn

HAYaIBHOII cTammu, Bo3MOXHO COBIECTHOE NpMLICHEHIE BCEX Tpex
METQJIOB.

7. MeTomH Harpema IIasMi B ycranoske T-20,

7.1, IxoyieB Harpes B TeueHue IEPBHX 2 CEK MOXCT IOBECTHU TeM-
neparypy mrmasMi no T ~ 3 kon. IIpu JocTuwmeHmy »Toii TeMIepaTypH
3(IEKTUBHOCTE IXOYJICBa Harpesa ynamer, HOCKOHLRy BeJIMMUHA TOKa
OrpaHUYeHa yWIOBUEM I'MIPOMArHUTHOI YCTOIUIBOCTH, & CONPOTHRIE—

H¥e IUIa3MH OHCTPO YMEHBUAETCS ¢ TeMIeparypoii. JanbHelinmii



HarpeB IJIasMH JOJIXEH IIPOPOJUTECA C NOMOWKI0 MeTOonoB, adkex-
TUBHOCTH KOTODHX MAJIO 38BMCUT OT TEMIEepaTypH ILIasMd. Y3 Bo3-
MOMHHX METOLOB HarpeBa B HaCTOsEe BpeMsa Hauoosee IIepONeKTNB~—
HH ¥ SKCIEPUMEHTATBHO DASBUTH VHXCKIMA OHCTPHX aToMoB ¥ BY

un CBY meTom.

Ilpy MpMHATHX BHIE NapaMmerpax n = 5.IOI3 oM, '§;= 2CeK,
TIoTbeM TeMIepaTypd oT 3 K3B Lo I0 K9B MORHO OCYWECTBHTE
BBELEHIIEM B IIa3My MOWHOCTH ~ 50 MBT B TedeHue 2-3 CEKYHI,
Ilpymem, 4TO B(XEKTUBHOCTE [eperady MOHaM BBOIMMOII B KaMepy
MOMHOCTY cocTamiIfieT oKono 0,85, Torma BBOmMMAS B KaMepy Mol—
HOCTH NOJEHA COCTaBIATL 60 MBT.

7.2, DBpeMeHHasI IporpamMa HarpeBa. B Teyemue IepPBHX 2 CeK.
IKOYJZIEB HATPEB U IOCTINCHNE TEMIEPaTypH IJa3MH 3 K9B ; B
TeUeHue Iocaelymux 2 - 3 CeK BBOJI MOWHOCTM 60 MBT C
HOMOIBI0 nﬂmexuhn aToMOB WM BY MeTONOB M NOCTVMEHHN TCMIepa-—
Typ mrasMu IO xeB. Janbheliumii BBOm MoumoCcTH ( €TO BOTITIHA
W JUIITENBHOCTD ) ONpeNesaeTcs YCJIOB WS SKCHEepMMEHTa, HO HE

IpeBHIlaeT olulell LINTeJRHOCTH IS5 cex.

7.3, Harpes ¢ moMompn MHXEKLIH CucTpux atravoB ( meiirepus ).
SHEPTUS aToOMOB IPVHIMAETCSI paBHoii 80 KB, IIOTOK aTAIOB -

750 ®KB, 2 , YTO COOTBETCTBYET BBOJly B KaMepy 4,5.102IqaCT/oeI
IIp¥ HAYAIBHOM KOMMYECTBE YaCTHIl B OGHEME 400 M® oxoIO 2.1022
PN VHKEKIMU ITPOUBOINET yIBOEHWE YMCJIA YacTMil B ofbeMe 3a

5 CeK, UTO MOXET OrPAHWYUTE IUIUTEIBHOCTD VHREKINY NIPH 9HEePIuN

-aromMoB 80 k8B, W BacTaBUT NepeiiTH K MHMEKIHH Golee 9HEePTUYHEX
aToOMOB C 9Heprueit I60 koB,
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7.4, CucTeMa VHXEKIIM COCTARIAETCH U3 CICIyIUMX NIBYX THIIOB
UHXEKTOPOB :

JHEpIMit aTOMOB meilTepms . - KeB 80 I60
MomHOCTE NOTOKA aToMOB Ha
BHXOJle M3 MHKEKTOpa | A MBT 12,5 16
llorox aromos | 9KB.A 160 100
MoWHOCTE, NOIBOIVMAS K MHACKTODY:
BHCOKOE HampAxeHue MBT 32 64
HUBKOE HaIpsaxeHUe MsT 5,4 5,4

IJI1 CO3IAHUS TOTOKA aToMOB C 9HCprueii 80 KeB U MOWHOCT B0
60 MBT Tpedyercs 5 UMHREKTODPOB C OGUEHl MONMHOCTBH HUTEHMA OKOJIO
I90 Mpr. Tpm ummexTOpa C dHeprueil aromoB 160 KB oGecmeuar
BBENEHVE MOWHOCTH oxoxo 50 MBT., Ipu 5TOM LOWHOCTE SICKTPHYCCHO-
‘O NUTaHUA cocTaBuT oxkoao 2I0 Mat.

Odwast BBOIIMAA MOWHOCTE C NOTOKaMM aTadoB 80 u 160 k3B
OnHOBpeMEHHO nocTurHeT II0 MBT, a MOMHOCTE, HONDOMMMAT K HHXEH—
TOpaM cocTaBuT okxoyio 400 MpT.

IIpn HeOOXOIMMOCTN MOXHO TpHM MHxexropa I60 k3B IlepeBecTu
B pexam pacoTH 80 KsvB. B 3ToM ciyyae oduad MOmHOCTE: 80 K3B
aToMoB cocTaBuUT OKoso I00 MBT, a momBOIImMAA MOUHOCTDH K MHNEKTO-
pam nocturHeT 300 Mpt,

7.5, 3aMeTum, UTO MHXEKIUS aTOMOB C SHeprileil 160 kB o6ianaeT
ONMPEeTEJIEHHUMU TOCTOVMHCTBRAMIT ¢

I). KourdecTno 4acTull, BBOIMMHX B Kamepy Tokamaxa, IpM HEU3MeH-—
HOll MOWIIOCTY MHLEKIMN YMEHBUAETCH BIBOE, IIO cpaBneHmm ¢ 80 K3B ;
2) éaXBaT BBOJMIMLY aTAI0B B INIasMe OCYLIOBJIEH B OCHOBHOM MOHN-

saimell ( a He mepesapsamKoll ) ¥ BCJELNCTBHE BTOTO yMeHpuaeTcsa
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NOTOK Iepe3apslHHX aTOMOB Ha CTEHKU KaMepu ;
OnHaxo, MHXEKTOPH ¢ 80 K9B aToMaMyl paHblle MOI'YT GHTH

BBEJICHH B CTPOi, 1 IODTOMY MMEHHO OHN ILIAHMPYWTCS HA NepBoi:
cTanuy,

7.6. DBBox BHEPTUM HEelTPAILHHMY ITyYKaMil OCYWECTBISETCS C
IIOMOUBI) HECKOIBKIX WHXEKTOPOB, WMMEDUNX CaMOCTOSTEJBIHE CHCTELH
DIEKTPUYECKOT'0 MUTAHUA U CPENCTBA BaKyyMHOII OTKAuKu, Taroii
NPUHIII JI03BOJIET OCECHEYUTEH ONHOBPEMEHHOE DBBEICHHC NOTOKOB
aroMoB IByxX dsHeprmi ( 80 u I60 xoB ), a Taxme HaeT BOBMOZHOCTE
U3MEHATH MOWHOCTY MHXEKIINU,

YiexXosT U3 IeOMEeTPMYECKOll CIMMETPUM KaTylieK TOPOMIAIBHOTO
IIOJIS BHOMpPAETCS YeTHpe NpoMexyTka ( yepes 90° ) min YCTaHOBKU
BOCHMI IHEKTOPoB ( IO JiBa B KAXNOM IIPOLEXYTKE C IPOTUBONOIOK-
HHM IIO OTHOWEHMI0 XK TOKY B ILIA3Ne HalpaBleHueM Iyuka ). Hampas-
JEHUEe WHKEKIMM BHOMPAETCA II0 KacaTeJbHOH K OKPYXHOCTU pajuyca
K- % = 4 M, JUIMHa IOyuka B IUIasMe IOCTUTaeT 12 M.

CKBO3B ILIA3My MPOXOJUT NOTOK aTOMOB, OCJAGJECHHHI! IO MHTeH-
cuBHOCTH B 20 pas ( mpy sHeprum 80 k9B u 13 pas npu 160 K3B ).
llpy sTQ1 HA CTEHKE KaMCPH, IPOTUBOIOJORHOI BXOIHOMY OKHY KamIo-—
TO MH¥EKTOpa BHIEJSIETCS YIeJbHas MOUHOCTH OKoJo 125 BT/CMz
mpi 80 k9B 1 250 BT/ci® mpu 160 KoB.

[Ipn sHepruu arcoMoB 90 K9B CeUeHNs MOHUBALNY HA UOHAX U
nepesapsuky MPUMEPHO DaBHH, TAk YTO OKOJIO © IIOJNIOBIHHH BBONVGMEX
B IIA3My ATOMOB COBEPIUT Iepe3apAfky U oGpasyMuHecs B Pe3yJIbTaT
aToro HelTpasm ¢ sHeprueil I0 KoB MOTYT BHITH HA CTEHKY. Takim
o0pasaoM, OKOJIO 57 BBOmMMMOl B TWIA3My MOWHOCTY MORET BHIEJATLCSH
Ha CTeHHAX BB BHIe ux OomOexxu I0 KoB HeiiTpasamm
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' ( coOTBETCTBYIONAA HATDPY3Ka COCTARIAET OKOJO I BaTTa/CMz ).

7.7, Harpes c¢ nomompsn BY um CBY mMeronoB. HamGosnee NepCHEKTYBHH
caerylouue METOmH

I) CBY Harpes Ipu YacroTax, GIUSKIX K SJICKTDOHHO— IKJIOT POHHOI
( W ~6.)”€) ’

2) CBU narpcp B JUANa3oHe HUMHUX TUCPHIMHX 4YacToT (w = Yaw,, w};)
3) HarpeB ¢ NOMONBI MOHHO-IVIJIOTPOHHOTO PE3OHANCA I eT0 TapHOHIK,
a TaKXe MATHUTO-3BYKOBOII pesoHaHC ( w <&, ),

llpy MpOEKTHHX HapareTpax IIasMs BpPeMs OOMEHa SHepIueil MexIy
MOHaMM U BJIEKTPOHaMU MeHbplle I cek, W HOITOMYy Oe3pasiuyHo B

KaKylo 13 KOMIOHEHT INIa3MH BIJIAIHBAETCS YHEPTUI.

7.8, OVIEKTPOHHO-IMKJIOTPOHHUY HATDEDB ILIA3MH,

lIpy 3HAYEHNAX MATHUTHOTO NOJA 35 KI'C HEOOXOMMO HCIONL3DBATE
IManasoH YacToT ¢ A~ 3 MM, COIVIACHO pacyeTaM IOIVIOLCHIE
OCHKHOBEHHO} BOJIHH, paclpocTpaHdlelicd ¢ BHemHeil CTOpOHH Topa
NON yIVIOM K OCHOBHOMY IIOJIO -~ 600, MOXeT OHTb NPAKTUIECKH IOJ—
HIM B 30HE IMKJIOTPOHHOI'O Pe3oHaHCa. IVIaBHOL TPYIHOCTHL IpU
UCIOJIL30BaHUA unanasonalﬁnﬂﬂnmeTponmx BOJIH IJI1 HarpeBa IVIa3MH
ABIAET CA HEOGXOIUMOCTE B paspadoTke CBU TenepaTopoB Gomblioil
MOIHOCTHM, B TO X& BpEeMs BIOJIHE PpeajbHO WCIONb30BATH GOJBIOE
KOJITYCCTBO I'®HEPaTOPOB, OSHEPIWA OT KOTOPHX BBOIUTCS Uepes3 TaKoe
Xe KOJrdecTBo orBepcruil. Ilpn maiydyenumn BY SHEPTUM IOF YIJIOM B
60° & Mar' HUTHOMY ITIOJI0 ITPOUCXONUT IOJIHOE NoIvIomeHue BY sHeprun
PN OINHOM IIPOXORIEHUU BOJIHOI 30HH IMIWIOTPOHHOI'O pPe3OHaHca,
no3TOMYy HarpeB "yCeramuyx" SJEKTPOHOB MOXET OHTH BHAYUTEN BHO
YyMEHBIIEH BHOOPOM HYXHOT'O HallpaBIECHUA TOKa.

st BBOoza BY sHepruu HeoOXOIWMO WCIOAB30BaT®k OKoJo I00
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| IaTPYOKOB, DPACIOJIOXCHIMX B HPOMEXYTKAX MEXIY KATYUKaMyi TOpO-

WIAIBHOTO TIOJI. B KamNOM IPOMEXYTKE C BHeUMel CTOpOHH Topa

- PACIIONIAracTCs 0 HECKOJBKO KPYTVINX IIar pyoKoB, uagydaonyx BY

BHEpIMH C (JOKYCUpPOBKOH Ha oCh Topa noj yrioM 60° k HallpaBJICHUR

| OCHOBHOT'O MATHUTHOTO IOJA.:

CrelyeT OTMETHTBH, UTO IpH HATpEBE SJIEKTPOHOB MOXHO OXMIATH
MEHBIIET'0 3arDA3HEHNT IUIASMH, MOCKOJBKY IOBEPXHOCTHOE paCHHJIEHME
CTCHKN KaMepH I 9JICKTPOHHOI COMOApPIMpOBKE Ha IBa NODANKA
MEHBlE, YeM Np! UOHHOI{. Kpome sTOTO, mpu BY HarpeBe He BBOMWTCSH
NOTOK HEUTPANPHHX YacTHIl B KaMepy U He BOBHIUKAET IOTOKA Iiepesa-

PAMMHX aToMoB ¢ SHeprueil 10 KaB.

7.9. CBY HarpeB B IuanasoHe HINHNX THCDUIHHX YaCTOT.
OQPEKTUBHLI JINHeNHHI MexanusM IOIVIOWEHVS CBA3aH C Tpancgop-

Mamyieil ®JIEKTPOMATHUTHON BOJHH B ILIasMeHHYD. JUIA oGecHedeHus

NPOHMKHOBEHYA BBOZMMHX B ILIA3My BOJH HeOGXOLMMO MCIOJNEH30BATH

TPOJOJIBHOE 3aMelieHne. B 9TOM CJydae CICLYCT OXMIATH HaTpeBa

KaK HOHOB, TaK ¥ DJICKTPOHOB B OKPECTHOCTH HIDKHETMODUIHOIO pPe30-

Hanca. BY sHEpI'MA MOXET BBOIWTECA C IIOMOWBI CHCTEM ¢a3upoBaH-

IHX BOJIHOBOIIOB, IIOMEMEHHHX B OKHA, KOTODHE NCIOJNB3YWTCH TaKXe

AT MHHEKTOPOB CHCTPHX aTOMOB. B HEOOGXOJUMOM IMANA30HE YACTOT

( -§ ~ I000 mMrru ), samada Co3IAHMA TCHCPATOPOB HEOOXOMUMOIL

MOWHOCTH BHaUUTENILHO IIPOWEe, UeM B o0JACTH MIWIJINMETPOBHX BOJIH.

7.10. Harpes B muanasone VIOHHO-IIMIUIOTDOHHOI'O pPEe30oHalca U ero

PapMOHIK. B 9CKHSHOM IPOCKTE He NpeIyCMATDPUBAETCS ClelMaIbHas
IpopadoTia CUCTEMH BBonia BYU SHEpTuM. DTH CHCTEMH MOT'YyT CHTB
paspaGoTaHH Ha CTaIuM TEXHMYECKOI'O IIPOEKTa C MCIOJIBH30BaHUEeM

cucreMH nuranua BY Harpepa M OKOH IJIST MHREKIIN OHCT DHX aTai0B.
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7.11. g nuwranvs BY u CBY TEHepaTOPOB M MHXEKTOPOB LEJIecool-—
Pa3HO UCIOIH30BATH OCUYD CHUCTEMY SJIEKTPUYECKOI'0 NNTauuA BHCO-
KIM HaIpsxeHneM, B cuaydae npuneHeHws IJIA Harpesa ILIasMi TOJBKO
BY 1MeTomoB MO#HO UCIOJNBL30BATE BCH CUCTEMY INUTAHUSA WHREKTOPOB
¢ ofmeil momHocThlw 400 LiBT. B 3TOM ciuyuae MORHO HOyunTh 80 [IBT
BY momuocTy mpu KN reseparopoB okouo 20%, KOTOPHID JOCTUTaETCS
JPaKTIYECKl BO BCCX TMIAX I'€HEpaTopOB.

B pexme JIBYX KOMIIOHEH THOH IUIa3MH IPU ONHOBPEMECHHOI pagoTe
CBY nmarpesa u 160 K5B MHZEKTOPOB Jyid muranud CBY renepaTopon
MOXET OHTH HUCIIONH30BaHa cucTena nuraHusa 80 K3B HILKEKTODPOB C
MomHocTr oxoso 190 LBT. B sTOoM cayvae i nojayuenud CBY mom-

HocTu B 60 MBT HeoOxommM TeHepaTopd ¢ KIII He Menee 30%.

7.12. lbmanupyenuil ma T-20 KOMIICKC METOLOB Harpena oGaIanaeT
GOJIBUIVIMY BO3MOXHOCTALN VIS MaHOBPMPOBEHUSA B 3aBUCHUMOCTU OT TOIO,
Kaxas BeJuYMHa OyIeT NolydeHa Il ANTg

1) IIpn ocymecTBJeHNM Harpepa IeliTepuii-TpUTUCBOIl IMasMi B Ipel—
noJaraerHx yCNOBWIX — NT. = IOI4 cM™SCeX BBOIMMASA MOUIOCTE

60 Mer, pu T = 10 KoB MomeT ofecleunTh BesuumHy &= 2 ,

( BeymuHa Q onpeJesieTcs Kak OTHOWeHMe IIOJHOi SHEepIuu,
BHjessAemoil B I-T peawimiu, K SHEepIuM, BBOLVMON B ILIasmy ),

IIpr aroM u3 I00 MBT BHIeJssmoueics MOBHOCTH OT IT peakuum OKOJIO
20 MBT cCOCTaBUT MOWHOCTL o — YaCTULl, KOTOPas MOXET IpPHUBECTU
K JIONOJIHUTEJIPHOMY HarpeBy IiasMH, CaenoBaTes]bllo, BBOHIIAA

¥3BHE MOMHOCTEH B DTOLI CJOy4Yae MOXKET Pl g3 YMEHbUR HA CIIyCTA

2-3 CEK IocJe Hayvajga OCHOBHOI'O HarpeBa.

2) EcoM SHEPreTHYECKoe Bpemd '?5 OKaxmeTCsl MeHee 2 CeK, Halpu-—

Mep 1 cek, TO IpU COXpaHEHMM BBOIMMMOII MOwHOCTY 60 LIBT u Temmc-

PaTypH IIA3MH T = I0keB ( nT = 2,5.1013 ) MOEHO OXMIATDH



| JOCTILKXEHIS Q = I,

3) Lcau npu '?E = I ceK Temmeparypa IVIasMi He HOPEBHCUT 5 KB,

70 MpY HOMUHAJIBHOM 3HAUEHIN KOHLEHTpalmu 7= 5.IOI3 oM™

( nTc = 5.]’.0IB ) smavenve & ymamer npudausuressiio ro 0,3,
B 5TKX ClydYasdx Harpes IasMil MOXET OCYUeCTBIATHCA C IIOMOLIBI

MHXEKUMY aToMOB ¢ dHeprueil 80 KoB WM ONHWM U3 BHIE NEPEUNCICH-

mix CBY u BY METOIOB.

4) llpy WCHIONB30BaHMN VLT HATpeBa IVIG3MH aTolOB © snepméﬁ

160 xoB ¥ coxpauenuu MOWHOCTU 60 BT B YOIOBMSIX "C£ = 2 Cex,

? = I0 xep MomHO omwiarh @ = 4.

§5) B yCJOBUAX, QHANOIWYHHX 4), HO IpYU MEHBUEM DHEPIeTIYECKOM

BpeMeHUN ‘T, = I CEeK MOXHO OXUIATh BHAYEH A @ =~ I,5.

6) Lcay mpu yBeawdeHuy TeMIepaTypH IIasiiH UOHHAs TEILIONPOBOIL-

| locTh He YMEHBUMTCS U He yHacTcsa mepeiltu B “CaHaHOBHI" pCxm

( sHepreTIYECKOE BPEMI NUBHM HUOHOB T, . << 2 CEK ), TO CyuecT-

| ByeT BOBMOKHOCTD IOJNEPHAHNA TEMICPATYPH SJIEKTPOHOB Ha ypODIIe

5 k3B C TOMOWBI DJICKTPOHHO-IMKJIOTPOHHOTO pEe30oHAHCa Ha ypPOBHE

60 MBT C OIHOBDPCMEHHOII MHEEKLMell B IasMy INOTOKa aTaioB C

oneprueii 160 kKoB ¥ Moumocr b o 50 liBT. B sTOM peximie IBYX -

KOMIIOHEHTHOII ILIa3MH MOXHO OXMIATE 3HAUEHNA Q > 1, llpnm sTtux

YOIGB WX VCIIOVB3YLTCA HNOCTOMHCTBA OCOMX METONOB Harpepa € TOYKU

SpeHIsT BAKYYMHUX YCJOBIII B Kamepe ¥ HATPYy3OK Ha CTEHKM KaMepH,

' HO CTaHOBHTCS OYECHD HaIIpsLReHHHMY yCJIOBIYI HA CTEHKaX.
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8. llporpamma uccremosanuii u pexive PaCoTH .

8.I. Mccrnenmonbauust na ycTanobke ToxaMax-20 MOXHO pas0uTs Ha
caenyoue HalpaBICHUs :

I, Hecnenobamme (uauky ymepwaHus M Harpesa BOIOPOIHOIL
IIa3MH TIPU TEPMOANEPHHX IapamMeTpax.

2. Hccaenomanve pearupymueit IeiTepueno-TpUTNEBOl IUIA3MH,
BRJIOYAST ynepxanne o - yacTur oT J-T peaxiyu,

3. JIEKTPOIMHAMIYECKUE MCCJICIOBAINLI,
4. HeilrpoHHO-(U3MYeCKUEe M MATCPUATIOBEIICCKIE HcCJefoBaH U,
O. TexHoJOTMYECKNE NCCIENOBAHMSI,
BncnepnménTH II0 DASIMHEM HAIPaBIEHWIM B 3HAYUTEILHOM
MEPEe MOTYT IPOBOJUTECSA IapAJLTENBLHO, UTO OCYCJAABINBACT HEOCXO-
AIMOCTD LITPOKO DPasBETBIEHHOIO, NUATHOCTMYECKOTO KOMILIGKCA U
YETKOll KOODIVHAIY pacoT.,

| 8.2. Hccsenmobanua BOLOPONHON IIasiH Ipu TCPMOSIEPHEX IIapa-

MeTpax. '
OTOT LI MCCIENOBaHuil MpeNIoJiaracTcs IIDOBECTH Ha BOLOPOILE

. BO 1M3GeraHue CWIBbHON aKTVBalmy KaMepH. LCTeCTBeHIad [IpUMEeCHh

. JIeliTepus X BOZOPOLY IACT NPU IPOSKTHHX napamMeTpax MMITyJIbCa

‘ IOII - IOIZ HeliTPOHOB 3a UMIIYJILC,

Taxue aKTUBHOCTH GEBONACHH C CMHCJE pPaGoTH IIepcoHaa,
| 8XTVDAIMY MATEeDUATOB U PAGOTH AlNapaTypH. | |

OCHOBHOE BHUMaHME B HTAM IMKJIE JIOJIKIIO OHTDL YIEJIEHO OIlpe-—

| ICICHM0 TEIVIONPOBONHOCTY ¥ HUGAY3 NN IUIABMH IIpH TePMOSIEPHEX
' lapaMeTpax, JOCTWKEHME KOTODPHX HAMEYEHO OCYLIECTBMTH C IIOMOIEBN

. BY HarpeBa WM MIReKIIM HEliTPalIBHHX YacTill, B XOme 5THX
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uconenonanii HeOOXOMHMO OLPENENUTh NDPUMIHH, OrpaHIYNBAKLIE
HaTpeB ¥ NPUBOLAIIME K IIOTCPAM SHCPIMU U3 ILIASMH, a VMEHHO :
CTeNeHL YCTOIMMBOCTY WIM HEYCTOIUMDOCTHM, CKODOCTE HOCTYIIEHNS

npymeceil, Ha ocHoBbe aTix ucciemopami HeoGxommio IIPOBECTH
HCCHICIOBAHUA 10 ONTIMMBAIMM PEXVMA, KOTODHE BKJIOYADT B CeGf.
OnpenesieHre pexyMOB C HAUMEHBUMM B3aMMONEHCTDHEM IUIASMH CO
CTEHKOM, WCHHTaNUE PA3NUYHHNX TUIIOB JMafparm W1, eCJH BO3HUKHET
HEOOXOMIMOCTE, JNVBCPTODOB,

Ha ocHOBE NONYYEHHHX IAHHHX NOJKHH ONMTH HAHH MET O pac-
d€Ta NapaMeTpoB TEeLMOSLEPHOTO DPeakTopa, CTPYKTYPH SHEPro —
dasaHca.,

8.3. Mccaenonanun mefirepueBO-TpUTHEBON IIAsMH.  OMHTH C
TieiiTepueBo~TpUTHEBOR IIa3Moil NpelrycMar pUBanT, Ipexke BCEero,
(UBMYECKHE HCCIENOBAHUA MO YOEPHAHHD ol — YACTHL U nepenaye
SHEPIUM X IviasMe, Ha OCHOBaHUNM 9TUX MCCJACLOBAHINI NOJKIH GHTH

HNOJy9eHE YCJOBUS BLHXOJNA DPEaKkTopa B CGI’-TOHOJLILGD}I{I/IBBIOEI'IFICH PEXIM o

Tax Kax camonopuepmiBauimics pexvM He SRIAETCA eIUHCTBEHHO-
BOSMO#HHN, B XON€ MCCAENOBaHUI NOJNHH CHTE ONpeleseHH HapaMeTpu
1 L1eJI6COO0Pa3HOCTh OCYMECTBICHNS PEAKTOPA C NOCTOSHHHM IOMNOJ—~
HUTEJIBHEM HaT'PeBOM M IBYXKOMIOHEHTHOT'O peaKrTopa. IJIi BTOTO

JOJLXHH OHTBH ITPOBELEHH HCCJICNOBAHNA NBYXKOMIOHEHTHOI'O pexamia

I pexya C_NOCTOSHHHNM IMONOJHUTEJILHLM HalpeBOM.,

8.4. Peaxrrop Gymyuell TepmosmepHoil DIIEKTPOCTAHIMM TOJNCH
00nanard MAKCUMANBHO GOJBUNI DHEPrETIMEeCKNM LKIOM. B Xome
uccaenonaniil Ha ycranoske T-20 HOUXHH GHTEH BHPAGOTANH PEKOMEH—
Janl 10 ONTUMU3AIWMK SHEPreTHYeCKoro wymsa, C 3Tol Lesbb

JOJIXHH OHTH MCCJIEINOBAHH METOIH IOIONHUTEIBHOI'O HaIyCKa
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IeiiTepreBO~TPUTHAEBOM CMeCH B XOJe padodero IMIIYJIbCa BO3MOX-
HOCTH OYMCTEM ILIA3MH OT IPOILYKTOB peakuyy, paspaCoTaHH MepH

cTaCIN3all TEMICPaTypPHOTO DEXuMa,

8.5. JJIEKTPOIMHAMIYECKNE MCCJIEOBAHN,

* llespio BTOTO HAIPABJEHISI UCCAeLOBaHuil ABIAETCA UIYUEHIC
BAMNMONCHCTBIA IIAB3MEHHOT'O OCDPa30BaHILI C BHELIINMM DJIEKTPONMaI-—
HETIHMI HOJAM, B IpoLlecCe SKCHEPHMCHTOB JOJKHO OMTH M3YUYCHO
pacpesiesleHre TOKa B IwiasMe. Paspadoran: MeTonﬁ COPLOH CO
CKUHLpOBAHIEM TOKa B HAUaILHOII CTamuu Ipolecca, pexill BBOIA
IIasMEHHOTO 00pasoBaHufd B TepMOAICpiHe NapaMeTpil., B Hacrosuee
BperiA DKCIEPHMEHTANBHO NOATBEp:IeHa BO3MOXHOCTE PadoTH ycTa-
IIOBOK THIIA TOKAaMaK IPU Pa3JIMYHHX ? BIIOTEH IO /7 < 2.
OnHAKO yMEHblleHMe 7 ¢ 3 mo I-2 upmmonuT K HEKOTODOMYy
CHIZEHII0 DHEPreTHYeCKOTO BpEMeHM XU3HU. B XOIe ®SKCIEPHMEHTOB
Ha ToKamaxe-20 IPEejiCTONT BHOPAThH ONTUMANLBHOE /7 LT IocJIe-
IyIUX TEepMOANEpPHLX PeakTopoB. Takixe HeOOXOIMMO ONPELeNUTh
npenenLHue\snaquMﬂ %f 1 MeTOJH IOIIEep#aHuA TemiIepaTypHOI'o
pexﬂmé IIa3MH B paiioHe ‘f? y GIMBKIX K KPUTUIECKIM. Foxploe
SHEPTOCOLEPXaHNe IA3NMH, OCOOEHHO B VMHIYKTUBHOM CcocCTamisiei,
TpeGynT TUATeNbHOII OTPAaGOTKM pexmMa TameHus paspsapa. C sToil

LeVIBD TOJIRHH OHTH © HOCTaBJICHH CICIVANBHHE SKCIIEDMMEHTH .

8.6, HelirpoHOo(M3MUECKKEe N MaTeprayopeldecKue UCCIIEeLOBaHUM,

| 9TO HaIpaBeHue UCCJeIOBaHUii CTaBUT CBOEH LEJIbD OTPaCOTKY
MonyJeil OsaHKeTa OYyIyuX TEPMOSANEPHHX PEaKkTOpoB, KakK LI
YUCTHX PEaKTOpOB, Tak U I peakTOpoB TUOPMUHOTO Tyma. B xoze

5KCIIEPUMEHTOB NPEICTOUT, IPEKIE BCErO, ONPEHENUTH KOI((IIMEHTH



BOCIPOVSBOLCTBA TPUTWA JJIA PA3IMYHHX TWUIOD YU KOHCTDPYKINI
OJaHKeTa, MSMEPUTH HElTPOHHHE NOJA, HCIHTATEH MATEePUasH IIepBOil
CTeHKU IIOJ, BOBNEICTBUEM IIOJHOTO KOMILICKCa (akrTopos ( Heiirpol-
Hoe M3JyuyeHue, OCOMCApEMpOBKa % - yacTHUaMi, GOMGapANpPOTKa
CHCTDLIMH aToMalil, SJIEKTPOHaml , y - V3JTYy4CHNEY, CHHXPOTPOHHOC
M3IYYEHYe ). B Xome BTHUX NCCICLOBANW MOIMHH GHTH MCIHTAIH
pasyiyHHe TEIUIOHOCUTENM U KOHCTPYKUVOHHHE MaTrepuasi., Ciaemyer
OTMETUTH, UTO ycTaHobKa T-20 He IpenHaszHaveHa IJII HCIHTAHUA

KOHCTDYKIRII ¥ MATepHasioB HA MAKCUMAJIBHO TONYCTYMHII MHTEIpab-
HHII IOTOK HellTpoHosn.

8.7. TexHOIOrMYECKIe UCCIEIOBAHNA,

Braropapsi ToMy, 4YTO OCOJBUMHCTBO NHMEHEPHLX CHCTCM yCTa-—
HoBKU Toxamar-20 OyiyT ﬂBﬂﬂTﬁoﬁ IPOTOTHIIAMI CHUCTEM CYOVLeI'o
peakTopa 9JIEKTPOCTaHIMI, Ha ycTaHoBKe T-20 IpeniosaraeTrcs
NPOBECTU WHUPOKIL KOMIUICKC TEeXHOJIOTMYEeCKIUX ucciaenopaimii, K oTimM
MCCeIoBaHWAM OTHOCUTCSA OTpadoTra TPUTUEBOIO LKIA, BKIOUAL
BuJIEJIEHHEe TDPUTWI U3 OJaHKeTa U IPOLYKTOB OTKAYKU, IOITOTOBKY
padoyero BelecTBa ; TeIIOQU3NYECKUE HCCJACNOBAHUA Ha OIHTHHX
MONyJISIX OJallkeTa, B Xole SKCHepUMMEHTOB JOJKIH CHTEH OTPaCoTaHH
aBTOMaTIYECKUE CHUCTEMH YIpaBleHus, aJropuTMH ¥ alllapaTypHasd
4acTh, ONpEeleJIeHH XapaKTEePUCTUKY HANEMHOCTHU OTIEJBHHX CHCTEM
TEPMOSIIEPHOT'O PEaxTopa ¥ ONTUMAIBHHE PAsMEpH DE3E€pPBUPOBAHUA,
JTOMCH OHTBH OnpeliesieH IUATHOCTIYECKIl KOMILICKC TEepHMOSILEePHOTO
peaxTopa, NO3BOJMONLI MUHUMAIBHHMI CPEINCTBaMii HAINEeXHO KOHTPO-
JMpoBaThs ero pacdoTy.



8.8, Pexunu pagoTH,

PexyMH paGOTH YCTAHOBKM MOMHO PASIEIUTH HA DPERVMU TEXHO-
JOI'MYECKOif MOITOTOBKY YCTAHOBKY ¥ paGdoude DEKuMH., N

3

I[perycMaTpuBanTCs IBa DPEXUMA TEeXHOJOT'MUYECKOH IOITOTOBKY ¢
nporpeB BHyTpeHHell BaxyymHoli xamepu o 600°C u TPEHVPOBOYHHI]
pexyM ¢ Toxom mo I,5 Ma,

Ilporpamoll uccienoBanuil MpeIycMaTpUBAICA TPU dTana pacoTH
YyCTAHOBKH, ‘
Padora B pexume " a " ( nepsue I,5-2 rozma )

10000 paGouux ¥MIYJIBECOB HA BOLOPOUHOIL ILIasMe ¢ MHTEpBaJaMu
Mexny warynscavy IS mumyT ( IoperycMaTpuBaeTCs BO3MORHOCTE

noIyueHus cepuit us 50 UMIYIBCOB C YacTOTOL CJIENOBAHIA
- I vvysnse B 5 MuHYT ).

Padora B pexime " 6 " ( 0,5 + I,5 roma )

1000 paCoumx MIYJIBCOB Ha HEUTEpHEBO-TPUTHUEBOI ILIaslie C
MHTepBaJlaMu MeXIy IMIyJbcaMy 15 MUHYT.

Padora B pexuve " B " ( 2 + 3 roma )

100,000 marysnscoB lla IeilTepneBO-TPUTHEROI ILIasMe ¢ UHTepBa-
JaMil MexIy MMIYJIbcaryl He dosiee S MUHYT C HJMTGHBHOCTBD
HeIlpepHBIIO paGoTH B pexmMe 3 + 5 wacos,
JKasaHHHE BHIE BTall NPEINoIaraeTCA OCYIUEeCTBUTH NOCJELOBA~
TeJNbHO. [Ip¥ mepexolie OT ONHOT'O pexyMa K NPyToMy IoJxia CHTH

IPELyCMOTpEHa BO3MOXHOCTH 3aMCHH JJIEMEHTOB KaMepH.
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- HPVIIONFHIE I

KpaTkuit o03op pacqe'r'on sHeprodasuanca IJs
yerauopku T-20 ( 0.H.Jmecrpomckisi ) o

Ha ocHoBe OIHOMEPHHX MOJ(CJeil DHEPTEeTMIECKOTO (alaHCa G
i IpOBEJiCH anann3 HarpeBa IUIasMH B XoZe paspaia. B pacuerax
HCIIONB30BANNCEh "lceBnorIaccuyeckan"” ( "mcepmoruaccuxa" mis
NMEKTPOHOB, "HEOKJACCUKA" [JIA MOHOB ) ¥ "GaMOBCKaA" Momean
TEIUIONPOBOLHOCTH, YUUTHBAJKUCH TaKxe HarpeB IMIA3MH C IIOMOUB
MHREKIMM NyYKa OHCTPHX HEeHTpanoB, OXJIaxlelile 3a CueT HOPUTOKA
XOJNIONHHX HEUTpasoB U3 BaKkyyMma, IWKJIOTPOHHOC ¥ TODPMO3HOE UBJIyYe-—
HUe, Ieperadya SHEePruy OT ol - vacrun wrasme. -
JJIsT OCHOBHOI'O PacyYeTHOI'0 BAPUMAHTA HCIOJL30BANIHCH cnenyxoiuue

SHaUYeIlIVsd napameTpOB
S R =400, a=150, H= 40 Ko (1)

IIpu g = 2 9TIM napaMeTpaM COOTBETCTBYET TOK I =5.61MA s
IPUHATHII B OCHOBHOM BapuaHTe YCTaHOBKH.

B nepsoii cepuu pacyeToB BpeMd INONHEMA TOKA COCTABIAIO
600 MCex, BHUMCICHHMA IOKA3alM, UTO HAXe mu £ et = 10 mrasma
OHCTPO IIPOIPEBAETCS U IIPOMCXOMUT CWIBHOE CKUHMPOBAHHE TOLA,
TemmepaTypa SJEKTPOHOB 34 t~ I cex BospacTaeT Lo 3HavyeHu
T, ~ 3 KoB ¥ pachpereycHue TOKa BMOpamiBaeTCA. YBENUYEHUe

Zkff eme B 5 Pa3 KaueCTBEHHO HE M3MEHAET KapTUHH IIpolrecca.

(KuHOBOE BpEMSI U B 9TOM ciayuae Inpesumaer I0 - 20 ceX.
TaxiM oGpasom, Iyid CO3IaHUsA OTHOCUTE&IBHO pPaBHOMEPHOTO
pacupeliesIeHIsI TOKa MO CeYEHIN0 ILIasMH HeoGXOmyMO NpHHATH Cle-—

| IMaJbHHE MEpH @ BBECTH DABIBUXHYD MuadiparMy WX (OQINpOBATEH




37,

IWIasMy C TOMOWBI HONCPEYHUX MaTHUTHHX moseil., B JakHelunx
CepuIX BUYUCJIEHU! NpCANONarajoch, YTO Takue MEpH NPUMIFATH U
HauaTbHOE PACIpereenue TaKa CUNTAIOCH NapaGosrieckiM.

Indysuell yacTull [WiaskH M{ B pacyerax HpeHeoperai, 3a,ueé-
pasi mpoQwib IIOTHOCTH JopMyaoit : /2 ( X ) = 7 I =0.8 "Q.-?)‘

" PacueTH IO ONTUMUCTUUECKOMH "ncemmmaccmecxoii" MOZLEJIU
IpUBOJAT K crenywmeil KapriHe NOBEJEHWI paspila. K TIpu ILIOTHOCTH
| /Z,,wx= 6.1013 cm"3, eCJIY JONOJHUTEeJbHHII HarpeB OTCYTCTIBYET,
peMepaTypa masmi 3a spemi 10 — IS cex ycTaHapniBaeTed Ha
ypoBiHE T£ ~ Tp,~ 3 KOB. I mocTingenus TemuepaTyp T, ~I2 KoB
38 BpeMs 47~ 5 CeX HYXHO BBECTU JONOJHNTEIBHY SHEPIVI

W~ 3107 mx. |

Tlpn Temmeparype 4acTHll MeHBeil I0-I5 xoB OCHOBHHE IIOTEDH
ONPCLEJTOTCSA MEXaHN3IOM MOHHOI TEeIUIONPOBONHOCTH U 9HEPreTIHeC—
Koe BpeMi RU3HH C,  COCTaBIIET oxoxo I0 cex, Ipn Gousleil
TeMIepaType SJIEKTPOHOB BCTYNAeT B UTPY LINUIOTPOHHOS HUIJYUCHIC.
Ipn T, > 40 xoB noTepy NO LMKJIOTPOHHONMY KaHATY [IPEBHIAN0T
ocTaJbHHE NOTepu 13 WiIasri, [[oHOe DHEPIreTHYeCKOe BPEMA HUSHI
NPy BO3pacTaHun 7; or IS5 koB 1o 40 KoB IanaeT B < pasa,
CIIyCKasiCh IO slaueHni Z;_. ~ 5 ceK, MOMHOCTH IFKJIOTDOHHHX
HOTEPh lffce mpu T, = <0 KbBB COCTAaBIACT 4 llBT, 2 1pH
T, =40 xop W, = II limr. (Puc. 4
| I BHACHEHWS BOIPOCA O BO3MOXHOCTH U HANEXHOCTI 3amira-—
ma -7 peakiyy B PACUYETH BBOAWICT (e HOMEHOJIOT Y e CKUI
Iapamerp K ¢ » ONIpeneJIioninl O SHEPIHK L - yaCTHl,
nepejiapacMyl asme ( aJIeKTPOHaM ). Ilpemnonraranrocs, 4TO 32

BpeMsai A =5 cex n IWIA3My C IIOMOLIBI0 MHHEKTOpPA HEHTPANBHHX
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aTOMOB BBOINTCS DHEPT'HUA 3—5.107 ke ( SHEPIWA MHREKTUPYEMHX
wacTii B , = 100 kaB , TOK ¢ 2100 a ). Jlocie oOTHIOIEHNS
VHXCKTOpa peakuys NPOLoiuxaeT pasBUBATBCT Iaxe npu /(0C = 0.9.
CralioHapHoe COCTOSHUE IIPH /QL = ] yCTaHaABIMBAETCS 34 BPEMI
7 = 30 + 40 cex, Ipn koL = 0.5 - 3a Bpemd f = 60-80 CeK.,
lpu HeC ONBUNX 3IHAYEHUIX Kos(XimeHTa neperadn A’,,( = 0.0I
penmepaTypa IVAasMH CHajaeT C XapaKTepILit BpeMeHeM IopsIka
20 - 30 ceK.

Masie moTepu [0 MOHHONMY KaHaly B TaCCMaTPUBaCMOl MONETN
( Ges yueTa TOPPUPOBKN MArHUTHOTO IO ) IpUBOIAT K BECEMA
BHCOKIM TeMIepaTypai 4actTi B CTalMOHAPHOM COCTOHIM 1 Ipu
/7 = 6.10% 32 T,~ 60 xoB, T;~ 50 KoB , IpH
/2 = IZ.]‘.OIgom’3 Tp~ ’l‘(; ~ 80 KpB., B IOCJENHEM CIydae
WA 3axUTaHLA PeaKiyy JoCTATO4HO TOTIOJIHNTEJIBHON DHEPIUU
W = 108 IX, BBOIIBION 32 BpeMA 4 ZL = 5 cex., OHHaKo, pas3BUTHE
peaxipym Ipu /l = IZ.IOI'?’CM"3 BeneT K COJbLIIM 3HAYEHNAM
/6_r~8-10 1 HapyuleHmo ycJopuii PapHOBECUA U YCT O{YMBOCTHY IVIA3MH
B TOpE.

CHUXEHVE BEJWUYUHH MATHUTHOTO IIOJS L0 3HAYCHUA H= 30 Ko
U COOTBETCTByDIlee yMEHblieHEe TOKa MO I = 4.2 lla ypenrduBaeT
MOHHYO TEILIONPOBONHOCTE Y CHILXAET HOHHYK TeMiIepaTypy. B pesyiab-
TaTe YCJOBLA CaMONOMIEePRaHWA PeaKiin Ipu IWIOTHOCTU
/l = 6.]10130rv1"3 CTAHOBATCA GoJiee KPUTWUHHMI ¢ TIOCJNE BHIKJIIO-
- YyeHHUA UHREKTODa IIpH A ¢« = 1 peaKlua pasBuBacTCA Xopolio, a Tpu
/é,c = 0.5 peaxiua "riaeer", oueHb MEJYICHHO pasropaass.

Feau MaJmii papuyc Kameps CHUXaeTCHd Jo sHaveHuii a = 100 cu

T0 BaXUraHnAg DEeaKlyy HEe prOPICXO,IIPIT. [ocye OTIVINUEHUA MIRCKIIN



npy T ;™ <0 KB MOHH IIEpCCTaloT HarpeBaThCs Jaxe Hpu /é,(= I.

Iipu K C, = 0.0 peaximisi racHeT C XapaKTepHUM BpeMeHell ‘£~ 10 -

. - 15 cex.

Ilpy BHYMCICHUAX O “GAMOBCKOI" MOmENW IpelnoJaraiocs,

9TO KODGGUIMEHTH TeIVIOIPOBONHOCTY ONPeNeIAlnTCa GODPMYJIany

B 8 R
x =L x2 - ¢ lie
L e % ¢ e L e /8er )/ 2

rne A2 - () HOMCHONOTUIECKUi] KODUULIIEHT o
B COBpelMeHHHX yCTaHoBKax S8~30 - I100.

PasueTn oHeproGananca Iyl OCHOBHOTO papuanta (I) mposo-
OWICh Il B = 102 - IOB. [Ipepnonaraynocs Taxxe, YTO IONOJI-
HUTEJNBHHII HATPEB IVIa3lMH IPON3BOMNTCS HENPEPHEION MIReKIniel
IIyYKa TOpAYNX HETPAWIOB C dHeprueil L, = I00 k9B ¥ ToOKOM
¢ =100 a.

I mrotHOCTU /2 = 6.0 3018 pacuerH IIOKa3aau, 4TO Ipu
L~ 600 DeBKIWS He ABISETCS CAMONOIIepRMBaldeiics, Ba BpeMA
-5 cex Iy4OoK HarpesaeT Iwasmy Lo remueparypd T, ~~ I0-I2 xoB,
OIHAKo, IIpu 3TOM /2 2”5.4,8-9.1013, YTO HEIOCTATOYHO IYIA Nab-
Heiimero paseuTWi peaxuuu, Juum Opu G ~ 600-700 9HEepIUA,
BHIeNAeMan ¢ ol - yacTWIIaMd, CPaBHMBAETCA C SHEpruei IoyuKka
ToOpIYMX HeliTpaioB. IIpU yBedueHUM IUIOTHOCTY IVIA3MH IO BHAYEHUA
12.1013%1™3 g TOKa MILXEKTOpa IO £ =200 A IIOPOT 3axulaHusd
IO NapameTrpy X cuuraercs B 2-2.5 pasa.,

B xonie pacucTOB BHSCHSJIOCEH IOBENEHUE XOJOLHHX HeiiTpaJtos,
UOyUIX CO CTEHOK KaMCpH, ¥ MX POJIb -B BHEprodajyiaHce., B mepu-
depuiiHOM cJoe ILTa3MH Tomnm{oﬁ £~ 20-30 cM, I'me TemuepaTypa

HeUTPaJIOB HC OYEHHh BEJUKA, IPOMCXOMMT OHCTPHil CIAJ IX ILIOTHOCTY
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Ha 2 nopamka. Bo BHYTPOHHITX CJIOSIX IJIASMH TIODCNeNue IIOTHOCTH
HellTpaJoB Xopolo onnobeaeTCﬂ TGy '3 MIOHHHM npudnmennem. Ipu

T, ~ I0 x9B IUIOTHOCTH Hen'rpa.uon B IIeHTpG IWIasMH Ha 5 NIOPAIKOB

MeHLlle, YeM Ha nepufepun,

B sHepreTU4EecKOM OanaHCe XOJOJiHHE HelTpaJH HAUMHAKT UI'paTh
3aMETHYN POJb, HAuMHasd C ILIOTHOCTY HEHTDaJioB B BaKyyMe
./V ~ IOQCM"3 Vx BiufHME OCOCEHHO CYUECTBEHHO Ha Iepujepuu
unypa. Ipu ./V ~ IOIOCM MOHH IUIABMH U3-38 NepesapaiKy 0CTalTCsl
xoJonuumMr ( 7 7 a« B IPUIIOBEPXHOCTHOM CJIO€ TOJINUHOM TIOPSL-
ka 10 cM. ,HJLFI Mozeaun 6OMOBCKOI/I TEIVIONPOB ONHOCTY B CTAINIOHADHOM
pexmme Ipu A = 800 HeliTpaJi ¢ IUIOTHOCTHI Jf; IOIOCM
CHILZAIT 7;,,,“ ¢ IS5 xop o IO KoB, a IOJHOE BHEPIETIYECKOoe
Bpemt Ha 30-40% (¢ C_ ~I.8 cex mo 2, ~ I.2 cEx.).

JUIsi OLEHKY DPOVIM T'OQHPMPOBKM MATHHUTHOTO THOJA B sHeprodaraice
UCIIOJNIBE30BAJIUCE CJHeIyllMe MOICaU I KO3(()MIMEHTOB MOHHOW TeIno-
IPOBONHOCTH T e B o

Z, 277 4 xﬂ/j’o’é u X =5é- ZBoh; Zm/D/)é

Bryucenuss 0O IepBoil MOLesM MOKazasl, 4TO NPH YBEJMYEHUH IVIy-
OUHH T'ODPUPOBKY 2 & or 0 Io 0.02 sHepreTumyeckoe BpeMA B

IuanasoHe T .= I0~-30 k3B nagaeT OT 2HaUeHmi 2'5 = 7-8 cex

no £ = 3.5 - 4 cex. PacueTH IO BTOPOI MOIGIM IIPOBONWIUCEH
npn £ = 800. B erou cayuae mpu T, ax= 10 KoB 3HAUCHUS
DHEPreTUYECKOT'0 BPEMEHI YMEHBLUAWTCA OT C. £~ = 2.6 cex (57= 0)
no 2, =1I.6cex ( 24’ = 0,10 ).

B oGprx mMouensx napiplaIbHOE BHEPTETHYECKOe BpeMA I'O)PUPOB-

KU Ipu 24 =0.02 u T, — I0 xsB cocTaBIET



ripple
Z; “ 8-15 cex, TaxmMm oOpaszoM 3IHAYECLUE § =0.0I na
Tpanyile IUIa3MH SBJAETCS MaKCHMAJBHO JONYCTHUMHM, IPU KOTOPOM

oiX)eKTH IOJPMPOBKM He CKASHBAWTCA 3aMETHHM OCpa30M Ha SHEPTOo-

gaJyalce.



IPWIOXIHIT 2.

Pacuer S())eKTUDHOCTM IOIVIOWEHUSA DHEPTUN
OOHKHOBCHIOII BOJHH B ycTaHoBKe T-20 .

( 0.H.Juecrponcknuit, I'.B.llepesepsen, B.B.llapawr )

Penanacry sanavya o INOIVIOUWECHNM OCHKHOBCHHHX SJICKTPOMATHUTHHX
BOJIH C ‘IaCTOTOﬁLQ » DPABHOM 3JIEKTPOHHOII LMKJIOTPOHHOU YacTore
( B meHTpe IIA3MEHHOTO CTOJGa ) B ycTanonke T-R0. Iltasme cuu-
. - 21, (7 aks )
TaNach GECCTONKHOBUTENBHOU ¢ napameTpamu : /2, = 5 Xy (7~ zZ2

- 2
(7, = 5,100, = 2-7 (I- £5) (T=3 5; Ioxeh,

H=H, ( I-/—%[osb‘) ( H,= 35 ¥rc ), £ =5mM, a=2mM,
$2 =4}, (r=0).

CuuTanoch, YTO BOJHA IIOIVIOWAGTCA 3a CUYeT JIMHEIHOI'O LIIJIO-
TPOHHOI'O MeXaHusMa 3aTyxaHus, I[OCKONBKY OCHKHOBEHHAS BOJHA
MMeeT NOUTH KPYT'OBYI HOJIIpU3ALI0 C HallpameHHeM BpalleHud, IIpo-—
THBOIIOJORHOM BpallEHM0 DJIEKTPOHOB B MArHUTHOM Iloje, TO leKpe-—
MEHT ee 3aTyXaHud O4eHDL Manx ( ‘9%( < 107° mpm 2= &yp ).

Ha 91 paccuuTHBajIach TPaeKTOpWsI BOJIHH, IPOHMKAaKUEH B ILIa3My
CO CTOPOHH MaJIOT'0 MATHUTHOI'O IOJIST, U NOIVIOLICHUE ee SHEepIUU
BIOJIb JIy4a B BaBUCUNMOCTH OT BEJIIMUIH YIJIa & Ha Tpamme
IIa3MH ¢9=2//?/7j .

llokasano, 4ro ,ﬁ.nﬂ yroop & 3 50° pegpakua cjaado BINAET
Ha pacupocTpalleH¥e BOJHH M TPACKTODIA IPOXOIKT BOZII3U ILEHTpPa
nIasMenHoro cronda. Ipu & < 60° sa OIMH IPOXOI, TOIVIOUAeTCHd
IIPaKTUYECKY BCS DHEPIHA BOJHH ( Tak Ipu T, = 10 kelV  npu
& = 60° V7 t—‘/-‘-’g—‘-’=4,1;npné7 = 700 &2 "?5.?:1,8).

Ko WA’o//
OxasHBaeTCsI, YTO OCHOBHafA JOJISL DHEPI'UU IOTVIONAETCH BJICKTPO-—

HaMU ¢ BHeprueii £< 7; , T.€. UIEeT Ha HaArpeB OCHOBHOI
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KOMIOHGHTH ILUIASMH ; BOHA HAT'DEBA JOKAIMBOBAHA B OGHACTI

._Q‘—Q&Jm;%/’ T.e. Zf’é&_/_ , YTO IOBBOJSIET B IPUHINMIE MEHATE

JIOKAJII3aLM0 30HH HATPEBa, MEHSA BEIWMUHY NOJIA /72 WIH YacToTy
BOJMH, B pacueTax yYUTHBAIOCH BO3MOKHOC HAJITYNE B ILIARME IMy4dKa
YCKOPEHHUX BJEKTPOHOB C eneprviei’z /o 250 e %/ s - =107%.
PacueTH noxasanm, 4YTO NIpH 7;; 3 Ke o) SHEPIHU, Tepsiemoil
BOJIHOI Ha IyuYKe, IPEHECPCHMIO MAI& IO CPaBHEHU0 C 3JHCPIUEII,

UIyuell Ha HarpeB OCHOBHON KOMIOHGHTH ILIABMH .
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IPWIOLISHYT 3.

3aBUCUNOCTD DPANVAIMOHIHX NOTEPh TEPMOSIEePHOI ILTa3MU
~ OT aTOoMHOT'O HOMEpa IIpUMecH N TEMIIEPATYPH

( B.M.Tepbunc, B.U.Koran )

Paccunranu saxamcmoccm PAIVIaIIOHHEX IIOTEPE: TEPMOSICPHOI
IIasMi OT ATOMHOTO HOMEpa NPIMECH 2 1 BJIEKTPOHHOL: TenMiepa-
TYPH 7; s @ Taliie 3aBNCHMOCTH OT Z  "JeTasbHOI" OTHOCUTENb—
HOIl KOIIICHTpalMM NPIMMECH B 27 -peaKrope, PesyiapTaru Taxoro
pacuera HeoOxomlm ( B COYETAHMM C COOTBCTCTBYWUE! 3aBHCIMOCT BI
OT Z KO3((MINEHTA PACTMJICHUA ) IUIT ONTITIAIBHOTO BHOODa MaTe-
prasa CTEHKM U Iuagpardil TEPMOSIEPHOTO peaKkTopa.

Homesn, PacyeTi BENHCH HA OCHOBE MOMEJM KOPOHAJILHOTO paB-
HODCCUS JJISl NIOCTOSHHMX ¥ OUHODOMIHX /Z, , 2% u 7; /7 usre”
- KOHLIEHTpalllll 3JIEKTPOHOB U IpmMecu. Cama KOpoHaJbHaS MOUENE,
KEK IIOKa3UBacT CpaBHEHME C Pe3yJabTaTamyl [ACUYETOB IIO0 Gojee odlei
CTOJIKHOBIUT €JIEII0-PalalMOHHOI MONENH, XOPOWO IPHMEHMMA ITPH HU3—
KKX /Ze y BHCORIX 7; I QoublVX Z , CHEUUQUYUHHX JIUIA ILIa3MEH
TCpf.IOH,IIGpHOI‘O peaxkTopa, a ee cralmoHapHuii mpepmesa / £~ oo /
o0ecreuysaeTcsl BHIOJHEeHUeM KpuTepus Jloycona /2, ZV;IOI4CD.vl-3C€I{.

Vonganmnontoe cocrosHue npmieceli, O TuryGune "oGnupru"

PasiMUILX MpUMECcel MOXHO CYNUTH IO IPUBENEHIHM B Tadummie I mia
rermeparypd /., = I0 K3B OTHOCHTEJNBHHM KOHIEHTDALWLTA DABJIY-
HHX UOHOB THUTaHa, XeJje3a, MOMUCIEeHa U BOJIbGpaMa. SBesIouKoii

OTMEYEHN 3HAUEHHUA KOHLEHTpalu! Haugonee “'pelpe3eHTaTBHHX"
HOHOB.,



P 4«5“. @

Tadaua 1
2 Bapsan uwona A =FZ-4 N
OTHOCHUTCABHAS I{OI-IIleHTpaHMJI VOHAa
- |
22 oI | 20
22 :
0,66 0,30 . 0,04
i :
26 25 24 | 23 |
26 | |
0,28 | 0,48% 0,23'0,0I
42 . 40 39 |3 | @
42 : !
0,00 | 0,0  0,47¢ 0,37  0,I3 ' 0,02
> | B 7 ‘ :
65 64 63 62 |6l 60 59 | 58
" 10,08 | 0,I3 0,24 |0,29% 0,18 : 0,08 0,03 . 0,01
2 3 - | -

Vs Tadmmm I BUmHO, YTO P paccMaTpUBAaeMHX TeMIepaTypax
, €7
Apa Jaxe caMHX TSXeJHX IpuMeceil CIIOCOCHH YHEepXaTh JIMWb YUCJIO
DJIEKTPOHOB N < 10, rak uro #<<Z, 970, B YACTHOCTHU, DEBKO

VIOpomaeT y4yeT SKPAHMPOBKM B TOPMO3HOM U3JIyYeHUH,

Pamuaimiondte motepr. Ha puc. I - 3 InpencTaBiIeHH DPe3yJb—

TaTH PacyeToB MOLHOCTU DPAIVMAlIOHHHX IOTEPh Ha TOPMO3HOE, DEKON-
GuHAIMONHOe ¥ JuHeluarToe uaiaydenus / u ux cymma /, OTHECEHHEX
K ONHOII YacTule NPUMECH M K OLHOMY 3JICKTDPOHY. HEMOHOTOHHOCTH
KpVBHX CBfI3aHH C IIPOXOIOM TI'eJie~ ¥ HEOHONOLOOHHX OQOJOYEK.
Cradas 3aBUCHUMOCTH CYMMAPHHX IOTEDE 4 7 or 7;; 0CBACHAETCA

HaJM4quer B HUX Kak pacTymux, Tak ¥ YOHBamWuX C 72, cJlaraenix .
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IlocTeneHHas CMCHA XapaKTepa 3anHCIUMOCTH 4 T or 3apsna
Agpa Z / cHavaia IpUMMEpHO <> 2 4, saten oo Z > 1, HaKoHel,
co Z2 ./ oGycloBleHa CMEHON poJteil TOPMOSHOIO, DEKOMGMHAITIOH—
HOTO M JuHEYaToro MeXaHUSMOB M3JIYYEHUA.,

Kax BHIHO U3 DUC.3, IPU CPABHUTENBHO HEGONBUNX o2
/ KOTZa OGIMpKA NpUMeCH OKA3HBACTCS IPAKTIIECKU IOJNHOH [/

v rr . .
4 (£ ) Xopollo aNpoKCHMIPYeTCs TPEXWICHHOK (ODLyJIoi

Ccyrr _ 23 g3
/f/z "/5‘/025—27/*5’/0 7.1’47’ /+3/0z? Z:‘e
e

( Bacwives, llonros-Capenses, Koram, 1962 ), yumrupanumei Top -

MO3HOE M DeKOMOMHAIMONHOE WBJIYYCHUA B NPUCHWEEHHH TOJOTO fIpa
mo en .
/ Q L 27’ % g’o "‘/7 % , & JIMHEeluaToe HU3JIyueHue

- B HpM(jJII’L WCHIU 7>>Z /ey 9B, KOI'l& OTHOCHUTEJBHAsI KOHLLCHTpa—

ety J‘
1N BONOPONONIONOGHEX MOHOD yxe Mana /4 7

IBydneHHas Qopmyna

cyrs -7

4 255 1 244 %

s + 570 Z° 7
Lo r2* Zj 7 Z g <

( Koran, I959 ) cooTBeTCTByeT NpuGImxeHmo I00%-Hoi OOLVPKA ;

€€ Da3yMHEs MNOPANKOBAs TOYHOCTEL OQBSCHAETCS YACTUYHON B3AUM-—

V(74 /ae/r

HOIl KoMIeHCalleil IOJHOTO Heyuera f ¥ 3aBHIUEHNA 4 .

"JeranpHEe" KOHUEHTDALMIN,  JCIOJB3yeM Haum Pe3yJIbBTATH

IVl BHSICHEHUA 34BUCMMOCTY OT £ "“JIeTAILHOII" OTHOCHTEJBLHOI

r*
KOHUEHTpallyl IPUMECH [ZZ /—-— <, olpereJsseMoii kax Taxan

Yl
KOHLIGHTPAIlLT, HAYuHAA C KOTODOil CyMMapHHE DaluallMOHHHE IIOTepH
IPEBOCXOL/IT TEPMOANEPHOE SHEprophueneHne peakimm 27 / B
ol yacruuax / mpu Jodoit Temeparype. llpu aToM mpepnosaraeTcsd,

x

4yTo 7; = 7: y & Ap - (uxcuposano (T.e. ne sasmenr or 2ZF ).



Pesyxnprarh pacuera £ (£ ) mim I0< Z< 8 XOPOUO AalpPoKCHU~
Mupynrea Qopmynoit C (£) = 2,75.Z '1'67. Ina £ |, Fe , Mo ,
W oma maer © (6) =133, ¢ (26) ~ 1,3%, C (42)= 0,63,
C (74) = 0,2%,

HoIMuCH X DUCYHKAM ¢

Puc.I BaBucmMocT: OT Z:.' 4 Kl Kpusie I u 5 ), 4’0 A KpUBHE
2 ¥ 6), 4””” ( xpusue 3u 7 ), 2" xpmue 4 1 8 )
I yroaepona ( cmroumne xpuoie I-4.) u menesza ( IYHKTUp-
HHE KpuBhe 5-8 ),

Puc.2 To xe, uTo u puc.I, mia monmuGneHa ( cvrowrme kpunue (I-
-4) ¥ Bons(pama ( myHKTUpHME Kpupue 5-8 ).

Puc.3 3aBucmiocts ﬁcy” or £ . I -~ 7;: 10 9B, 2 - Z; =20K3x

3 - 7:0 = 40 KB ; — ¢ —+ — — = IBYWIEHHas: (opMy-—
Ja ( Koram, I959 ) ; —x—x—X— - TPeXWIEHHAsT (;op—
mysna ( Bacwibes, llonros-CaBenren, Koran, 1962 ), IBe
IIOCJIeJIHIIE KDUBHE - IJIA 79; = I0 koB,

Puc.4 3aBucumocTs wl, Wie N (ZZ. OT TEeMIEePaTYpH.
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U3 haQsrby,

Te- honHge HEpLeTUeckoe
Epema XuIHG |






