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Abstract
The article begins with a brief review of the achievements of Russian tokamaks in the active
period of their development from 1962 to 1973, under the leadership of academician L.A.
Artsimovich. During these years, the following basic issues were solved: the equilibrium
problem, the MHD stability of the plasma column, and creation of the hot plasma with intense
DD neutron radiation. It was shown that the ion confinement in tokamaks is close to the
neoclassical model, and the electron confinement is abnormal. It improves with the increasing
frequency of collisions, the opposite of the case with ions, in what is known as the alternative
model of confinement along the magnetic field. Finally, the first scaling law for the energy
lifetime of plasma was obtained, which accurately predicted the plasma parameters of the next
generation of tokamaks (the so-called T-4 scaling). The subsequent movement in this direction
(the ‘Artsimovich vector’) led to the creation of DT reactors with a fusion power of up to
10 MW (TFTR, JET) and to the ITER project. The main objective of the further development
of tokamaks is their transition to steady-state fusion operation, which is a prerequisite for their
use in industrial power generation. This makes it necessary to re-evaluate the achievements
and obstacles that have to be overcome. The first limitation which thus arises is the so-called
Py/S limit, which limits the value of the plasma heating power in a tokamak, as well as the
discharge duration At (the ‘TRIAM vector’) in current tokamaks (At ~ 1/(Py/S)!7). Analysis
of the existing experimental data shows that the most probable reason for the limitation of Py
in existing tokamaks is the breakdown of the plasma sheath in the places of direct contact of
the plasma with the wall. The reason for limiting the discharge duration At may be the gradual
accumulation of the erosion products in the contact zones of the plasma with the tokamak
first wall, which can facilitate such a breakdown. Creating a closed circulating lithium flow
between the first wall and plasma is proposed as the solution to the problem of accumulation
of the products of the first wall erosion. Preliminary studies (appendices A and B) have shown
that the undesirable accumulation of tritium in the protective lithium films can be avoided if
the temperature of the wall of the tokamak discharge chamber does not exceed 400 °C.
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Figure 1. View of TM-2 (left) and right: waveforms of main parameters of TM-2 for three shots with different toroidal magnetic field B [1].

1. Introduction: achievements of Russian tokamaks

The Russian (Soviet) program of fusion investigations
began with Stalin’s decree in 1951, more than 66 years ago.
However, it took 10 years, until the winter of 1961-62, before
E.P. Gorbunov and K.A. Razumova, in the Kurchatov Institute
in Moscow, had their first success [1]. On tokamak TM-2, they
obtained an unusual ‘macroscopically stable’ discharge with-
out deep ‘grassy’ oscillations of the waveforms of the main
plasma parameters. That was a 20 kA hydrogen shot of a few
milliseconds duration (Af) and with a plasma temperature of
up to 100eV (~10° K!), which was something of a sensation
for the plasma researchers of those times.

Figure 1 [1] presents a view of the TM-2 tokamak and a
series of waveforms of the TM-2 plasma parameters: the elec-
tron density N.(), the hard x-ray intensity X, the spectral line
H(t) as the indicator of plasma interaction with the tokamak
limiter, the intensity of Cr- spectral lines as the indicator of
plasma interaction with the chrome-nickel vacuum chamber,
the loop voltage V() as the indicator of magnetic perturba-
tions at the edge of the plasma column, and the discharge
current Jy(t) for three hydrogen discharges obtained with dif-
ferent toroidal magnetic fields B= 0.8 T, 1.1 T and 2.2 T. The
‘smooth’ behavior of V(7) and the almost constant N,(f) in the
last case of B =2.2 T were the greatest surprise for plasma
physicists.

As we can see, in the TM-2 shot with the magnetic field
of 2.2 T, the plasma density was almost constant during the
discharge, as many enthusiasts of fusion had dreamed about
at that time. These TM-2 discharge regimes looked to be a
strange exception to the rules. However, one year later, the
same modes of ‘smooth’ tokamak regimes were obtained in
the new large Russian tokamak T-3 [2]. The total current J,
was increased in T-3 up to 40 kA, and the shot duration A¢
reached 10ms. Apart from this, the safety factor g(a) was
decreased from 8 in the ‘smooth’ regimes of TM-2 down to 6.
From this moment on, one could speak about a principally new
type of macroscopically stable mode of tokamak operation.

The duration At of discharges of this type was substanti-
ally longer (up to five times) than the estimated value of the
plasma energy confinement time 7g. (The plasma temperature
was estimated in both tokamaks through the Spitzer elec-
tric conductivity with the assumption of Z = 1.) This result
(At/tg > 5) was interpreted as an indicator of the quasi-
stationary character of the new tokamak discharges. Active
investigations of such quasi-stationary tokamak discharges
then started, and they continue up to now. What are the main
results of this activity and what are the prospects as we see
them today?

The main vector of further tokamak studies (the
‘Artsimovich vector’), which were carried out in the Division
of Plasma Research of the Kurchatov Institute headed by acad-
emician Artsimovich, was directed towards optimization of
these new discharge regimes and understanding their nature.
In particular, it was directed towards the study of: plasma
equilibrium [3, 4], the plasma current and density limits [5—
10], and the plasma confinement evolution as a function of the
plasma parameters [11-15]. Special attention was given to the
development of new methods of tokamak chamber condition-
ing and to the optimal choice of materials of the plasma-facing
components (PFCs).

Figure 2 shows one of the final results of the 1961-71
‘Russian tokamaks’ activity: the waveforms of the main param-
eters of a deuterium (DD) discharge in the T-4 tokamak (1971;
[13]), accompanied by a pulse of the soft x-ray radiation from
the plasma center corresponding to an electron temperature of
up to 2.5 £ 0.5keV and a pulse of the DD neutron yield corre-
sponding to a Dayton temperature of up to 0.6-0.7keV. (The
T-4 tokamak was a development of the T-3 tokamak optimized
towards increasing the toroidal magnetic field By from 3 T to 4.5
T, and increasing J, up to 200 kA with g(a) ~ 2.5.) That was the
initial step of a transition from tokamak laboratory experiments
to the investigation of a fusion neutron source (FNS) based on
tokamaks.

Together with obtaining the first fusion neutrons, a first
scaling law for the energy confinement was produced in these
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Figure 2. Tokamak T-4 shot (1971 [13]). By =4.5T, T, ~ 3keV, T;
~0.7keV, DD plasma (At/7g > 10).

years in the Artsimovich Division. By comparing the plasma
confinement data obtained on TM-2 (TM-3) and T-3, a scaling
law was found for 7 in Ohmically-heated tokamaks. It was
first mentioned in [11] as 7¢ ~ aJpn®, where a ~ 0.3, and later
and more thoroughly in [14, 15]):

75 ~ 1.5 x 1078B, (ne)*’a® s (Bin Gauss, (n.) in 10cm ™3, aincm).

ey
Besides giving precise predictions of the absolute 7g values
for the next generation of tokamaks (T-10, PLT (Princeton
Large Torus)), this scaling gave an indication of the anoma-
lous losses of electron energy along the magnetic field in
tokamaks. The positive factor o > 0 (confirmed later by ITER
Tg-scaling [16] with a = 0.4) meant an unexpected improve-
ment of plasma confinement in tokamaks with an increase of
the collision frequency. Kadomtsev, Pogutse and Callen later
explained this paradox for closed magnetic configurations in
the framework of concepts of the ‘braided magnetic field’ [15,
17] or ‘magnetic flutter’ [18].

Figure 3 [19] presents the temporary evolution of the
power of neutron yield as obtained in worldwide tokamak
investigations during the 25 years following 1971.

Three trends of this evolution seem to be the most impor-
tant. The first was the progressive increase of tokamak dimen-
sions with a parallel increase of the plasma heating power Py
(up to almost two orders of magnitude) with the multiplication
of the total magnetic energy. The second trend was the trans-
ition from the traditional tokamak with a circular cross-section
to a more progressive, elongated plasma configuration with
the poloidal magnetic divertors (ITER-like configuration) first
suggested by Artsimovich and Shafranov in 1972 (‘Tokamak
with non-round section of the plasma loop’ [20]).
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Figure 3. Temporal dynamics of fusion power output in high
performance shots of tokamaks (PPPL [19]), arrow—‘Artsimovich
vector’ [11] from T-3 to T-10.
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Figure 4. Temporal dynamics of the triple product (circles) and
development of PFC materials (squares).

The third tokamak trend was the gradual transition from
high-Z materials (SS, Mo, W) as the coating material of the
PFC—Ilimiters, first wall, and divertors— to materials with low
Z (C, B, Be, Li) during these years. This transition occurred
under the hard pressure of experimental facts and in the face
of hard resistance from engineers who preferred the refractory
metals to graphite, beryllium and lithium. The transition to
low-Z materials as the PFC coating was the most important
component in the success of the tokamaks in the 1970-90
period.

Figure 4 illustrates the temporal dynamics of the develop-
ment of the PFC of major operating tokamaks from high-Z to
low-Z materials (squares, right axis) along the growth of the
triple product n7Trg (circles, left axis). The dotted line on the
right presents the future PFC materials of ITER.

In particular, Artsimovich was the first author of the idea of
using materials with a low Z (graphite or BeO) for the limit-
ers of the Russian tokamaks. A graphite limiter doped with
15% boron (USB-15) was first successfully realized in 1977
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Figure 5. (A) The dynamics of neutron production: Py, and Py. (B) Py (squares) on linear scale, crosses—qr = Py/S. Adapted from [25].
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on the T-4 [21] tokamak—unfortunately, after Artsimovich’s
death. With these experiments, ‘the graphite era in Russian
tokamaks’ started. After the famous PLT results (1978 [22]) it
transformed into ‘the world graphite era’.

What are the key recommendations for the future, which
we see as the results of almost 60 years of tokamak evolution?

2. The path to future tokamak applications

The most important matter is the knowledge of ‘fokamak
limits’. Their summaries (ITER Physics Basis [16]) form the
concept of ITER. The most productive method of the searches
of ‘tokamak limits’ was a comparative analysis of the plasma
activity of tokamaks, significantly different in their geometric
and energy parameters. For example, the first bright applica-
tion of this method was to obtain the scaling of the plasma den-
sity limit in tokamaks (the ‘Murakami limit’). Already, from
the early experiments on tokamak T-3 [2], it was known that
the value of the maximum achievable plasma density depends
heavily on the quality of conditioning of the tokamak cham-
ber. An additional injection of Kr in the plasma column of T-3
decreased the permissible density limit [8]. It was clear to see
that an increase in the radiation power of the plasma periphery
excited the magnetic activity of the plasma boundary finished
by disruptions. The first scaling of the density limit on T-3
(1971Y, Remax ~ (Bt Jp)'" [7]) showed that it increases with the
growth of the magnetic field By and the total discharge current
Jp, which indicated its cause: the MHD destabilization of the
plasma boundary under its cooling by the impurity radiation
[7, 8].

However, these results seemed to be particular character-
istics of only the T-3 plasma, until 1976, when Murakami et
al. [23] did not find a universal expression for the maximum
achievable density in tokamaks nemax ~ BT/R ~ g(a )Jp/a2 (the
so-called ‘Murakami limit’), which was received after analy-
sis of a sufficiently representative group of tokamaks that
were operating in the world at the time. Further activity in
this direction resulted, in 1986, in a more comfortable record-
ing of this criterion by Greenwald et al. as nepmax ~ Jp/az; the

so-called ‘Greenwald limit’ [24], allowing it to be used in a
wider range of J,. This method of comparative analysis of
finding ‘tokamak limits’ from a particular case to a common
case will be used in this paper.

All ITER ‘tokamak limits’ searches (Jp, Hemax, B-limits)
were based on the rich experience of numerous quasi-sta-
tionary tokamaks with shot durations of only 5-10 times the
energy confinement time 7 of the plasma. However, the idea
of industrial use of a tokamak as a steady-state fusion reactor
demands additional knowledge about the role of the long-term
effects of plasma behavior and, firstly, about the “permissible’
level of plasma heating (Py), which finally restricts the obtain-
ing of high plasma pressure and neutron output in a tokamak.
It demands analysis of the ‘limits problem’ again.

The first subject of such an analysis should be the ‘Py/S
limit> [25] for the so-called ‘high performance tokamak
regimes’, where Py is the total heating power of plasma,
which should be equal to the total energy losses in the quasi-
steady-state tokamaks, and S is the inner area of the tokamak
chamber facing the plasma. The ‘high performance tokamak
regimes’ are the best tokamak shots, with the maximum
plasma energy and duration.

2.1. Phenomenology of Py/S limit

Figure 5(A) presents the above-mentioned temporal dynamics
of the neutron yield (figure 3) for a number of well-known
tokamaks, but with the addition of a solid line showing the
dynamics of the plasma heating power Py used in those ‘high
performance’ experiments. Figure 5(B) shows the same Py
dynamics, but on a linear scale. As one can see, within a period
of 25 years, the interval of Py used in the high performance
tokamak regimes multiplied roughly 60 times, while the neu-
tron output increased by 12 orders of magnitude. However, if
we divide these well-measured values of Py by S, we find a
very clear result (figure 5(B), crosses). The value of the spe-
cific energy load g = Py/S in all these tokamaks remained
approximately constant (~0.2 +0.I MW m~?) through-
out the 25 years of high performance tokamak operation,
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Figure 7. Diagram of Py/S-Ar. At presents the maximum duration of discharge shots obtained in different tokamaks under given values of

PylS.

despite different methods of plasma organization and heat-
ing being employed [25]. (Note that for ITER, the value of
Pu/S = 0.2 MW m~2 was suggested [16], which is close to
this limit.) The attempts to overcome this limit are represented
in figure 5(B) by two points where Py/S ~ 0.4 MW m~? (they
are encircled), which were achieved in TFTR experiments
[26, 27] and ended with disruptions.

As the next step, figure 6 presents the achievable (‘per-
missible’) Py/S values together with Py (‘Py/S-Py diagram’)
for the ‘high-performance shots’ on a number of tokamaks
[26-34]. They differ significantly in size, and in the toroidal
magnetic field (up to 8 T in Alcator C [31]), and in the high-
Z versus low-Z coating of PFC. One example of success-
ful cooling of the plasma periphery by N, + Ar injection
(ASDEX-U [30]) is also shown. One can see that the real
achieved ‘permissible’ values of Py/S for the major part of
the tokamaks are concentrated around 0.2 + 0.1 MW m~2.
This means that we can again speak about some kind of
a soft Py/S limit. As an example of the almost successful
overcoming of this limit, figure 6 presents the TFTR shot

with Py/S ~ 0.5 MW m 2 (in the rectangle) [27], which was
obtained with an ‘excess’ of Py (40 MW), over the ‘permis-
sible’ level (~30 MW). Unfortunately, this shot also ended
with a minor disruption.

However, this figure clearly shows significant deviations
of achievable values of Py/S from the 0.2 MW m 2 level. Let
us try to determine the reason for these deviations. First, note
that the points corresponding to the tokamaks with low-Z
coatings of the first wall generally correspond to the values of
Py/S higher than 0.2 MW m~2. Secondly, the high values of
Pu/S ~ 0.6 MW m 2 were achieved on ASDEX-U, when the
impurities (N, 4+ Ar puffing) cooled the plasma periphery, and
the direct contact between the plasma and the wall was there-
fore deliberately weakened. The high values of Py/S were
also obtained on the Alcator C tokamak, which has the high-
est toroidal magnetic field, of up to 8 T. (In the other tokamaks
considered here, with the exception of TFTR, By was within
the range of 2-3 T.) As was shown [31]. On Alcator C the ‘per-
missible’” Py increases with By at degree 0.8 roughly (i-mode).
Finally, the superconductive tokamak Torus Supra, which had
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Figure 9. Waveforms of important operating parameters: plasma
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deposition during the record discharge shot of TRIAM-1M
tokamak [36]. Adapted courtesy of IAEA. Figure from [36].
Copyright 2005 IAEA.

the highest discharge duration among the current tokamaks, of
up to Af ~ 160-3005s, was operated only at low values of Py/S
(in range 0.1-0.05 MW m~?) and shows a clear trend of At
reduction along with increasing Py/S.

To clear up this trend of Ar reduction along with increas-
ing Py/S, the author presents figure 7 with a diagram of Py/S-
At following [35], where Ar was presented as the maximum
duration of discharge pulses obtained in different tokamaks
under given values of Py/S. Unlike [35], the author has
included in the Py/S-At diagram only the high performance
regimes of all the above-mentioned tokamaks, as well as old
known results published by the TRIAM-M1 tokamak group
[36] and TM-2 [1], together with some new tokamak results,
presented at the 26 FEC conference of the IAEA (Kyoto,
2016) [31, 37, 38, 39]. As we can see in figure 3, in a wide
range of variation of Az from 1 ms up to 10-20s, the Py/S
parameter looks almost constant (quasi steady-state regime)
as we have seen above, at around 0.2 + 0.1 MW m~2, but then
progressively decreases up to the TRIAM record of 20000s
[36] by following the simple equation (the ‘TRIAM vector’):

Py/S(MWm™2) ~ 1/A (s), or 2)

~1/(Pu/S)"" s 3)

If we count this restriction as being fair for all ‘high performance
quasi steady-state tokamaks’ with Py/S = 0.2 4+ 0.1 MW m~2
limit, the allowed duration of their discharge shots A¢ should be
limited to 50s only. How does it overcome this limitation, which
can be critical for the industrial applications of a tokamak?
What physical processes can be the basis constraint Py?

3. Discussion

The first question that we must ask ourselves is as follows: are
we sure that the surface area S (~Ra) of the discharge chamber
facing the plasma (rather than its volume V (~Ra?) or its lin-
ear size (e.g. R)) defines the geometric factor of the invariant?
Note that the R scaling is sometimes popular in computer sim-
ulations of virtual tokamak reactors with a magnetic geom-
etry similar to ITER. In such cases, R is used in the invariant
form Py/R. What happens if we try to spread this invariant
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for all tokamaks? Figure 8 presents the Py/R — Py diagram
for the tokamaks mentioned in figure 6. One can see that the
Py/R ratio grows monotonically with Py about 10 times as
Py increases approximately 30 times, in contrast to the slight
scatter in the Py/S ratio. Thus, the Py/S ratio may not claim
the role of an invariant across tokamaks of all sizes and Py
values. However, for a narrow areal of tokamaks with poloidal
divertors and minor radii of a = 0.5—1 m, this ratio remains
nearly constant, which justifies its use for the purposes of
computer simulation. Finally, a similar diagram Py/V — Py
shows too high a scatter in the data, which obviously excludes
the possibility of using this ratio as an invariant for any appre-
ciable group of tokamaks. Thus, the proportional increase in
the allowed values of Py from S should be interpreted as a
fundamental feature of the Py limits.

Can we explain the existence of this limit within the frame-
work of the known physical laws describing the behavior
of plasma in tokamaks? A breakdown of the plasma sheath
between the plasma boundary and the wall coated by the
deposits of the erosion product of PFC can be suggested as an
explanation of the physical nature of this limit [39].

3.1. Breakdown of the plasma sheet as a probable origin of
the Py/S limit

The growth of the upper boundary of this limit with gas puff-
ing in the scrape-off layer (SOL) between the chamber wall
and the hot plasma boundary [30], and its growth in the case
of a low-Z coating of the tokamak first wall [26, 27, 32], force
us to assume that the main physical reason for this limit is
direct plasma—wall contact. Its negative consequences are usu-
ally usually by an increase of radiation cooling of the plasma
periphery by gas puffing and low-Z injection.

The most negative consequence of direct plasma—wall
interaction is the breakdown of the plasma sheath between the
plasma and the tokamak first wall, with the formation of uni-
polar arcs (e.g. see [40]) and a rich emission of the wall ero-
sion products into the hot plasma column. The next candidate

for causing plasma pollution by the erosion materials is the
vacuum breakdown (e.g. see [41]) of the plasma sheath. The
reasons and consequences are similar in the two cases. They
are the too-high electric field E on the solid surface and the
influx of the erosion material, which can interrupt tokamak
operation.

The reason for the excitation of the electric field E on the
solid surface of the wall is the electric potential of the sheath
(~3T.) between the plasma and the wall. It reduces the electron
heat flux and maintains the ambipolar plasma flux onto the
wall, which is proportional to the mean electron pressure P,
near the place of the plasma—wall contact [40]. If we take into
account that the width of the potential sheath should have a
scale of the Debye length, then the electric field E near the first
wall of a tokamak and in the region of contact with the plasma
should be proportional to (neTe.) 12 P2 1 E is limited by
the breakdown voltage of the sheath (E¢), then it will limit the
permissible local energy flux from the plasma column onto
the wall without the too-high influx of erosion material. As a
result, this will limit the total energy flux ~Py/S from the hot
plasma column without radiation losses and energy heat flow
onto the divertor.

Taking into account the typical parameters of the periph-
eral plasma in a ‘regular’ tokamak discharge, it is possible
to estimate the order of magnitude of the electric field E at
the plasma—wall boundary. For the values of plasma density
near the wall of (3-5) x 10" m~3 and T, = 30eV, typical of
current tokamaks, the value of E at the place of the plasma—
wall contact will be about 5 x 10°V m~!, which is within the
range of vacuum breakdown, E¢ ~ 10108 V m~! [41].

One common opinion is that most of the energy flux derived
from the plasma during ‘regular’ tokamak shots should be
directed to the divertor or limiter, and only a small part in
the form of radiation falls onto the wall, thereby restricting
P, near the wall to a vanishingly small level. However, as is
known from practice with real tokamaks, a significant part of
the surface of the plasma column (no less than 20%-30%)
directly contacts the chamber wall in particular, due to the
destruction of magnetic surfaces during the development of
various types of peripheral turbulence, and in spite of the use
of various kinds of limiters or divertors. These areas probably
determine the ‘permissible’ limit of Py/S in each real tokamak.
We can assume that the relatively high variation of the ‘per-
missible’ Py/S from 0.1 to 0.3 MW m 2 (figure 5) reflects dif-
ferent roles that these ‘areas of direct interaction of the plasma
with the wall’ play in various tokamaks, with different levels
of radiation losses and energy streams onto divertors. Let us
make a simple estimation and write the critical heat load on
the area of a direct plasma—wall contact before breakdown in
the form of P¢/S. Then, the value of Pc is equal to Py — Py,
where Py is the total power flux from the hot plasma by radia-
tion and plasma energy stream onto the divertor. Its fraction
is from 0.1 to 0.7 (£0.1) of Py in real tokamaks. Therefore,
we have Pc = Py(l — K), where K can vary from 0.1 to 0.7.
Accordingly, the permissible value of Py/S will vary up to
three times at a fixed Pc. This is very close to the observed
data scatter in figure 6.
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3.2. Tokamak as an analog of an ion (getter) pump

What physical mechanism can restrain the shortening of the
quasi-stationary discharge with the growth of the Py/S param-
eter? At first glance, this may be a result of the gradual accu-
mulation of the PFC erosion products in the tokamak chamber
during the long-duration interaction of the plasma with the
wall. It is well known that a similar effect takes place dur-
ing long-term operation of the so-called ‘ion (getter) pumps’.
These are electric discharge pumps with titanium electrodes,
whose spraying provides the capture of ionized gases by tita-
nium films, which are products of the electrode discharge.
However, ion pumps fail over time and require periodic res-
toration by electric discharges, transferring the gas-saturated

films from the active to the passive elements of the pump. One
can conduct a direct parallel between the long-term activity of
a tokamak with PFC erosion and the operation of ion pumps.

The main objective of the primary conditioning of the
tokamak first wall is the removal of the impurity films from
the plasma-facing surfaces by using different types of plasma
discharges. It is well known that the presence of organic or
oxide films on the surface of a tokamak chamber leads to an
intense development of unipolar arcs. Their breakdown volt-
age increases and the arc frequency reduces as the film thick-
ness on the contact surface decreases. It is also known that the
tokamak conditioning is finished when the influence of arcs
can be neglected in the course of routine tokamak operation
with moderate Py/S. It is obvious to suppose that metal films
saturated by plasma gases in the ion pumps and tokamaks
should behave analogously to organic and oxide films as their
thickness decreases or increases.

Sometimes, cleaning by a glow discharge can be used
between a tokamak’s regular shots, with the aim of improv-
ing their reproducibility. The erosion products of active
PFCs should accumulate on the surface of passive PFCs
and the tokamak chamber wall (redeposition) during long-
term plasma operation. It is obvious that this process should
increase nonlinearly with increasing Py. This is opposite to
the discharge cleaning of the first wall. It should be taken into
account that the thickening of all deposited films (whether
organic or metal) should finish with the loss of thermal contact
with the substrate, which can be an origin of their overheat-
ing during a plasma shot. This means that long-term plasma
operation promotes an increase in the probability of the arcs’
excitation and cathode spot formation on the formerly passive
PFC by analogy with ion pumps. The visible signs of arc cra-
ters on the PFCs and first wall can be observed after long-term
tokamak operation.
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Such an analogy (model) of an ‘ion pump’ allows us to
understand the mechanism of the limiting of tokamak pulse
duration (At = 1/(Py/S)'" s, the so-called ‘TRIAM vector’
(3)) during quasi-steady tokamak operation, as a result of the
gradual accumulation of the erosion products on the surface
of the tokamak chamber. The well-known TRIAM-1M [36]
results qualitatively confirm this concept. Figure 9 from [36]
presents waveforms of several plasma parameters during the
record discharge shot (pulse) of TRIAM-1M, with a dura-
tion of up to 5h, finished with a disruption: toroidal current
Jp, = 15 kA (maintained by LH current drive), intensities of
the H, and MoXIII spectral lines as indicators of the plasma—
wall interaction, and thickness of the erosion products depos-
ited on the wall in the course of the plasma discharge.

As we can see, this superlong plasma discharge was accom-
panied by two kinds of ‘grassy’ oscillations: in general, small
and frequent spikes, but sometimes (at intervals of approxi-
mately 1000s) high local ‘explosions’ of deposited films (Mo
and H). Both types of oscillations clearly illustrate the ‘ion
pump’ model.

3.3. Ways of making steady-state tokamaks

The first method of making steady-state tokamaks is the
radiative cooling of the plasma periphery (SOL) by impu-
rity injection, increasing the Px/Py ratio to almost 1, as was
demonstrated for example in the ASDEX-U experiments [19].
However, active injection of impurities into the SOL (up to
Py/Py ~ 1) can initiate MARFE excitation and tokamak dis-
ruptions. Further, the tendency of impurities in the neoclas-
sical penetration into the plasma core will complicate the
current drive problem. This problem is usually considered to
be the main obstacle to the creation of a steady-state tokamak.
It has attracted the attention of a large part of the fusion com-
munity and significant progress has been made in this field.
For example, in experiments on DIIID [32], it was possible
to obtain a non-ohmic current of 1 MA scale for a period of
several seconds. However, these attempts often met seemingly
inexplicable difficulties (for example, TRIAM-1M, figure 7),
which was clearly associated with too high a parameter Py/S.
This allows us to set the problem of current drive as the next
item after the Py/S limit. Obviously, to facilitate its solution, it
is necessary to maintain Z.i(0) at a minimum level.

The second method assumes the simultaneous on-line
removal of the PFC erosion products and the ‘excess’ fuel
(D, T) from the tokamak chamber during the operating cycle
of the reactor by using of liquid metals. The use of liquid
lithium seems the most promising. It can be used as a PFC
protector with good transportability in the relatively broad
temperature range 7Ty, = 180 °C=700 °C [42]. This can pro-
vide, in principle, the possibility of creating closed Li circu-
lation as a product of PFC erosion with the trapped fuel (D,
T) [43]. A small nuclear charge (Z = 3) promotes good com-
patibility of Li with the hot tokamak plasma, as was shown
early in TFTR [44] and in the later tokamak experiments [45,
46]. The injection of Li spray in the SOL plasma demon-
strated its poor penetration into the plasma core as an impu-
rity in many experiments [44—46]. The emissivity of Li in

the SOL can be increased by using the so-called ‘noncoronal
regime’ of light emission (intense radiation of Li ions until
they reach the coronal equilibrium in the SOL; see appendix
A [43]). This second method seems more radical and is also
more complicated.

Today, two proposals are being discussed to remove the
products of erosion of the first wall from the tokamak chamber
during steady-state operation with the use of liquid lithium.

The first one [43, 47] is intended to provide steady-state
operation of a FNS on a tokamak basis with a lithium coat-
ing of the chamber wall. (The FNS is an intermediate step
between the laboratory fusion device and self-sustaining DT
reactors with ignition. The task of an FNS is the production
of intense fluxes of fast neutrons to meet the needs of LWR
nuclear power, in particular, for the burning of minor actinides
(the ashes of LWR) or production of fuels (***U, >**Pu) from
weakly active 233U and 23?Th for the same LWR. Prototypes of
FNSs could be the TFTR and JET DT tokamaks).

The second proposal provides steady-state operation of a
pure DT tokamak reactor with a temperature of the first wall
of at least 700 °C. This excludes the possibility of wall pro-
tection by any type of lithium coating. Liquid lithium in this
case is supposed to be used as a free jet in the divertor with
a flow rate of 100 1 s~! and more, which is close in order of
magnitude to the flow rate in the lithium jet of the neutron
source IFMIF. First of all, such a liquid lithium jet is intended
[48] to serve as the heat receiver of the tokamak divertor. The
second aim of this lithium jet is to remove the particle flow of
the ‘excessive fuel’ (D, T). Simultaneously, the products of
erosion of the chamber wall will be captured and removed.
The products of erosion can then be removed from the liquid
lithium by using a special filter placed outside the chamber.
The ‘excessive fuel’ can be separated from the liquid lithium
by various technological methods and can be sent back to the
fuel injection system.

The first practical use of lithium films flowing close to the
tokamak first wall was implemented on the EAST tokamak
[49]. It is expected that such an important direction of tokamak
research will continue for some years. However, the large
quantity of liquid lithium required for operation in a steady-
state mode should be recognized as the main drawback of the
flowing scheme. This means that there will accumulate a large
volume of the ‘excess’ DT fuel of low concentration. This can
be a serious problem for DT recovery.

In the FNS on a tokamak basis [25], the energy loads on
the wall are reduced and the lithium functions are simplified.
The temperature of the chamber walls of such an FNS will not
exceed 400 °C. This means that the FNS chamber can be made
of SS. Its surface facing the plasma may be protected from
direct plasma bombardment by a thin (~3-10 pm) lithium
film, which will be created in the course of regular tokamak
operation by using an additional lithium source (lithium emit-
ter) placed inside the chamber and into the SOL.

If one places into the SOL additional lithium collectors
connected by a lithium MHD pump to an emitter (figure 10),
this will allow one to create a closed steady-state loop of lith-
ium circulation near the chamber wall. Thus, lithium will play
the role of the erosion product of the PFC and the first wall,
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thereby ensuring the existence of a steady-state discharge
without an irreversible accumulation of the erosion deposits
on the passive areas of the discharge chamber. The noncoro-
nal radiation of lithium ions of such a loop (see appendix A)
can play the role of a UV cooler when ions travel through
the plasma periphery, which will transfer the heat flux from
the plasma column to the entire inner surface of the tokamak
chamber (the Sun model) with no additional increase in the
wall erosion. Numerical estimates show [43] that, in an FNS
with 30 MW of neutron production, the noncoronal UV radia-
tion could transfer to the chamber surface about 20 MW of
the total heat flux from the hot plasma by Li injection into the
plasma edge at a level of 1 g s~!. This should unload the diver-
tors or limiters of such an FNS.

Figure 10 is a schematic diagram of a closed loop of
lithium circulation with D + T separation, which should
provide steady-state tokamak operation. In addition to the
main aim of a closed loop of lithium circulation, which is
to prevent lithium accumulation in the vessel during steady-
state tokamak operation, the secondary aim is to decrease the
total amount of lithium in the vessel of the tokamak-reactor
in accordance with fire and radiation hazards. The straight
arrows show the drift of Li ions from the emitter through the
SOL up to the collector and the return of the collected lithium
atoms back to the emitter in a liquid state. The wavy point
arrows denote noncoronal lithium radiation as the cooler of
the plasma periphery.

To prevent splashing of the liquid metal from the surfaces
of the lithium emitter and collectors during tokamak transient
modes, Evtikhin et al [50] proposed lithium emitters and col-
lectors in the form of a lithium-filled capillary porous system
(CPS). The lithium film on the surface of a capillary solid
matrix made of ‘tungsten felt” or Mo nets with a cell size of
~10-50 pm can protect it from plasma erosion, as was shown
in numerous experiments (e.g. [43, 45-47]). According to the
diagram in figure 10, a fraction of the injected lithium will be
deposited as a lithium film on the first wall and can protect
it from direct plasma bombardment during transient tokamak
events, such as ELMs and disruptions. Most of the ‘exces-
sive fuel’ (D" and TT ions) captured by the collectors can
be extracted from the liquid lithium stream without interrup-
tion of tokamak operation by using additional heating in the
feedback branch of the circulation loop and then returning it
back into the fueling system. Note that steady-state tokamak
operation does not require the complete removal of hydrogen
isotopes from the liquid lithium. It will be sufficient to sub-
stantially reduce their content. The ITER-like version of this
diagram is presented in figure 11 [47]. The replaceable vertical
lithium CPS limiter with its rod-type geometry, placed in the
divertor SOL, plays the role of a lithium emitter. Accordingly,
the rod-like divertor targets should play the role of lithium col-
lectors. The arrows show the directions of the drifts of Li ions
from the lithium emitter to the collectors.

The rod-type lithium CPS divertor targets and emitters have
an important advantage: their ‘colder’ ends (7 < 300 °C) can
operate in the tokamak SOL as additional collectors of lith-
ium that can return to the ‘hot emission spot’ (7' > 400 °C) by
capillary forces along the rod [47]. Due to the rod geometry,
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lithium emitters and collectors can enhance lithium convec-
tion and circulation between hot plasma and the chamber,
with the additional cooling of the plasma edge by noncoronal
lithium UV. The He ash of DT fusion can be removed from the
divertor volume of a steady-state FNS by vacuum pumps [47].

For this scheme to operate efficiently it is necessary to
know the properties and permissible temperature ranges of
each of its elements: the emitter, collectors, and extractors
of hydrogen isotopes from the Li stream. These issues were
carefully investigated in numerous experiments on the circular
(R/a = 0.7/0.25 m) tokamak T-11M [47] (appendix B).

The T-11M experiments have led to important practical
conclusions about lithium and hydrogen capture by a hot CPS
collector filled with liquid lithium. The preferable temperature
interval for the efficient capture of lithium ions by a liquid
lithium-filled CPS is 200 °C-350 °C, while for the efficient
capture of deuterium, it is 200 °C-300 °C. For the efficient
removal of deuterium (and probably tritium) from liquid lith-
ium (DT recuperation), heating up to 500 °C-550 °C will be
sufficient.

The next important result of T-11M experiments with a
heated SS target, which modeled the wall of the FNS cham-
ber, is that the capture of lithium and hydrogen isotopes by
films deposited on the target surface in the course of a plasma
discharge strongly depends on the temperature of the target.
Namely, after the heating of the target to 300 °C—400 °C, the
hydrogen capture practically disappears, although the lithium
capture decreases only three- to fourfold. Thus, if the first wall
of the FNS, permanently protected by a lithium film, is heated
to 400 °C, it will play the role of a ‘mirror’ with respect to the
deuterium and tritium ions incident on it. As a result, the total
amount of tritium circulating in such a lithium fuel circuit can
be reduced to a minimal level. The temperatures indicated by
the main elements of the scheme in figure 10 correspond to the
recommended temperature ranges of their steady-state opera-
tion (appendix B).

The main technical difficulty that will arise in the imple-
mentation of such a scheme would be the prevention of poiso-
ning lithium by atmospheric gases, which will inevitably
necessitate an additional hermetic shell filled with any noble
gas (Ar, in figure 11).

If this technological obstacle is overcome, there will be
no physical limitations for the steady-state operation of a
closed lithium fuel circuit and, accordingly, no limitations
on the duration of the FNS plasma shot, with the exceptions
of the current drive problem and the cooling of the discharge
chamber.

4. Conclusions

Fifty years ago, shortly before he died, Artsimovich answered
the question of when a fusion reactor be will built: ‘As soon as
anyone will need it.” So, who needs a fusion reactor today or
in the next 50 years? First of all, it may be needed as an FNS.
The most attractive long-term goal of the current fusion pro-
grams in many countries is the creation of a traditional pure
fusion (PF) reactor, where fusion energy is obtained without
using any actinides in the tokamak blanket. As was mentioned
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above, in parallel with this PF strategy, there is another oppor-
tunity which looks more attractive and can be realized sooner.
It will be based on steady-state preburning tokamaks with DT
fusion production at a level of 20-100 MW as commercial
FNSs, to meet the needs of existing light water reactor (LWR)
energetics.

Firstly, it can be used for waste management by burning the
long-lived actinides (transuranics) that are products of LWRs
[51]. The transuranics present in the LWR spent fuel are the
primary contributors to the waste characteristics, which pose
the greatest disposal challenges. The hard neutron spectrum
leads to favorable effects for transuranic management in com-
parison with LWR neutrons [51]. This can be the first step to
‘green nuclear energetics’. Secondly, it can be used for the
production of LWR fuels (***U, 2*Pu) from weakly active and
chip 2*8U and 2*Th.

The FNS is a step between laboratory fusion devices and
self-sustaining DT reactors with ignition [25]. Prototypes of
an FNS could be DT tokamaks similar to TFTR and JET, but
operating in the steady or quasi-steady mode.

Obviously, the final opinion on the possible future applica-
tions of tokamaks can be obtained only on the basis of the
experience of ITER operation in the regime of preburning,
and that will be achieved no earlier than in 2030-35. However,
some estimates and predictions can be made on the basis of
the already available information about the behavior of plas-
mas in large and small tokamaks [16].

In particular, as could be noted by the reader, this concerns
the impact of the parameter Py/S on the duration of the dis-
charge shot. If one recognizes the validity of the presented
analysis, then the path to steady or quasi-steady tokamaks and
stellarators as nuclear energy sources is through Li, which
plays the role of an intermediate substance between the hot
hydrogen plasma and the solid wall. Otherwise, this will be
achieved by the less obvious injection of some noble gas into
the divertor chamber under the condition of strict control
over its penetration into the plasma core. Are there any other,
simpler methods? We would like to believe that there are, but
we still do not know of them. The lithium method is difficult
technologically, but it is not prohibited by the known physical
laws. It is based on the exceptional ability of lithium to return
almost all captured hydrogen and its isotopes under moderate
heating (400 °C-500 °C, Attachment B). It looks to be the
‘light at the end of a tunnel’.

Figure 12 presents two TFTR DD discharges [44] with
laser injection of lithium aerosol and without it (graphite lim-
iter) as a very impressive sample of using Li in a tokamak. The
figure shows the distributions of Z.g along R (major radius) in
the TFTR plasma column, with a current of 2.2 MA and neu-
tral injection power of Py = 18 MBT (Py/S = 0.23 MW m~2)
[44].

Lithium injection with NB heating made it possible to
decrease Z.g in the most important central zone of the plasma
column from 2.6 to almost 1, which seems to be the most strin-
gent requirement for all fusion reactors and neutron sources
on the basis of a tokamak. The neutron yield in TFTR DD shot
#104039 with lithium injection was close to 2.5 x 10'® neu-
trons per shot. In the case of DT fusion, it should increase by
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two orders of magnitude, i.e. it will be close to the lower limit
of the demands of fission specialists of the power of neutron
emission for the first research FNSs [25]. Modern estimates
suggest that this limit can be overcome by some optimization
of the discharge conditions in a tokamak with parameters like
TFTR. It will be substantially more complicated to satisfy the
next stringent condition: to switch a tokamak in a steady or
quasi-steady mode with a duration of up to several hundred
minutes. The future of tokamaks depends on success in this
direction.
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Appendix A. Lithium noncoronal radiation [43]

It well known that impurity radiation on the edge of a toka-
mak plasma column can substantially influence its macro-
scopic behavior. The effect of its influence is aggravated by
the fact that the impurity ions exist at ultimate time 7 in the
zone between the surface of the chamber and the hot plasma
boundary in the SOL, in the area with magnetic lines crossing
the wall or limiters (targets). As a result, they are forced to
‘travel’ between the wall and the plasma, with recombination
on the targets and ionization in the SOL plasma.

The radiation of such partially ionized impurities can be
several tens of times higher than the calculated value corre-
sponding to the stationary plasma, when the steady-state
charge of the impurity will be determined by the equilib-
rium between electron-impact ionization in the volume of the
plasma column and radiative recombination (so-called ‘coro-
nal equilibrium’ and ‘coronal radiation’). By analogy, the ion
radiation in a nonequilibrium state is called ‘noncoronal’. The
noncoronal radiation of Li* ions is shown in figure B2 (appen-
dix B) in the form of a green loop stretched along the magn-
etic field from the vertical lithium emitter of T-11M up to the
longitudinal lithium collector. The rate at which the coronal
equilibrium of the impurity ions is established depends on the
confinement time 7 of impurity ions in the SOL and on the
plasma density n. and the electron temperature 7, in the SOL.
The product n.7 is called the ‘nonstationary parameter’.

Figure A1 [43] shows the total radiation power of lithium
per single Li atom and per single electron, which was calcu-
lated for different electron temperatures (1-1000eV) and dif-
ferent values of the nonstationary parameter n.7 (wWhere n. is
incm ™3, Tisins, and 7. is in eV; all calculations were carried
out by D. Yu. Prokhorov [43] in the coronal approximation).
The index ‘inf’ stands for stationary coronal equilibrium. In
the electron temperature range of 30-300eV, the power of
noncoronal lithium radiation can exceed the equilibrium coro-
nal limit by two to three orders of magnitude.

To estimate the SOL cooling effect by lithium ionization
and radiation, we can use the so-called ‘energy cost of atom
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Figure A1. Total radiation power of lithium per single Li atom and
per single electron. Adapted from [43]. © IOP Publishing Ltd. All
rights reserved.
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Figure A2. ‘Ion energy cost’ as a function of the electron temperature
in the tokamak SOL for Li, Be, and C. Adapted from [43]. © IOP
Publishing Ltd. All rights reserved.

ionization’, which is the total electron energy loss during a
transition of one neutral atom into the coronal ionization bal-
ance. Figure A2 shows the ‘energy costs of atom ionization’
of Li, Be, and C atoms as functions of the electron temper-
ature. We can see that lithium is a more efficient coolant of the
plasma in the range 7. = 13-30eV in comparison, for exam-
ple, with beryllium. The experiments carried out on the T-11M
and T-10 tokamaks show that the actual ‘energy costs of Li
atom ionization’ at the plasma periphery are close to 1 keV.

Appendix B. T-11M experiment [43, 47, 52]

The main parameters of the T-11M tokamak are as follows:
R=0.7m,a = 0.2m, By = 1.2T, plasma current J, ~ 100 kA,
shot duration Ar=0.15-0.25s, n.=(1-6) x 10" m™3,
T.(0) = 400eV, n.(SOL)=(2-5) x 10"®  m=%  and
T.(SOL) = 5-30eV [45]. The main aim of the T-11M group
activity [45, 49] was to find out the permissible temperature
intervals of operation for each Li loop element: the emitter,

12

Figure B1. Diagram of the T-11M: (1) lithium CPS emitter; (2,
3) two longitudinal (tangential to Br) lithium collectors, and;
(4) movable SS target. Arrow 5 is the FOV of the video and UR
cameras of longitudinal collector 3.

~

Figure B2. View of the longitudinal limiter-collector of T-11M in
visible (1) and infrared (2) light during plasma shot. The right panel
shows a view of the longitudinal CPS collector in the infrared light.
One can see the localization of ‘warm’ (200 °C-220 °C) and ‘cold’
areas (<100 °C) of the active lithium and hydrogen collection.

collectors, and extractors of hydrogen isotopes from the Li
stream.

The diagram of T-11M (figure B1) shows the main ele-
ments of the FNS lithium loop, which was presented above:
(1) a vertical rod-type lithium CPS emitter as the main
tokamak limiter, and; (2, 3) two longitudinal (tangential to Br)
rod-type CPS limiters used as two lithium collectors. Movable
SS target 4 was used to study lithium accommodation on the
FNS first wall and the capture of hydrogen isotopes by the
deposited lithium. Arrow 5 is the field of view (FOV) of video
and UR cameras of longitudinal lithium collector 3.

Figure B2 presents a view (FOV 5) of the longitudinal
lithium CPS collector recorded in a plasma shot by color
(1) and infrared (2) video cameras. The localization of the
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Figure B3. Measured and calculated fluxes of neutral lithium versus emitter surface temperature 71 in the active phase of T-11M shot
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Figure B4. On the left: cryogenic target in T-11M: (1) plasma, (2) vertical limiter, (3) target. On the right: (A) view of the target head
before lithium collection, and; (B) after the collection experiment, with LisN film clear to see on its surface.

areas of neutral lithium collection (recombination light) is
shown in red, while green shows the spatial distribution of
Li" streams from the vertical emitter (it is placed on the
left) along the total magnetic field with the bright lithium
noncoronal radiation.

B.1. Permissible temperature range of the Li CPS emitter

The Li CPS emitter of T-11M (figure B1, item 1) operated
as a vertical tokamak limiter with an auxiliary heater. The
temperature of the limiter surface during a discharge varied
from 50 °C to 750 °C. The neutral lithium line (607.8 nm)
emission near the limiter surface was used to estimate the
lithium flux. The typical thermal load on the Li CPS surface
was about 10 MW m~2 in normal discharges and reached
100-200 MW m~? during disruptions [41]. No catastrophic
events leading to spontaneous lithium injection in the lithium
temperature range (from 20 °C to 600 °C) were observed. As
the Li temperature increased up to 650 °C, bursts of lithium
emission and visible oscillations of the limiter surface temper-
ature were detected [43]. This means that we can choose 700
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Figure B5. Amount of lithium and hydrogen captured by a metal
target per shot as a function of the target temperature 7.

°C as the upper operation limit for the Li emitter in a steady-
state tokamak.

Figure B3 shows the lithium influx measured in T-11M
shot #16869 as a function of the emitter surface temper-
ature T1. Obviously, the main mechanism of Li emission in
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Figure B6. TDS spectra of hydrogen for two target exposures in plasma discharge at 90 °C and 250 °C and heating dynamics 7(7).

the temperature range of 300 °C — 500 °C is the erosion of
liquid Li during plasma bombardment. For emitter temper-
atures higher than 7y ~ 500 °C, Li evaporation is the main
mechanism of lithium emission, which increases nearly expo-
nentially with increasing 71. Experiments with preliminary
saturation of the lithium surface of the emitter by a glow
hydrogen discharge have shown a moderate (no more than
20%) decrease in lithium emission [53].

B.2. Permissible temperature ranges of the FNS first wall
and Li CPS collectors

A massive (D = 60mm) SS target in the form of a thin-walled
cylinder was inserted into the SOL of the plasma column of
the T-11M tokamak in order to simulate the process of accu-
mulation of lithium and hydrogen by the first wall during a
lithium experiment. The target (figure B1, item 4) was intro-
duced into the chamber through a vacuum lock, which allowed
one to insert the target in the chamber or remove it between
plasma shots without a vacuum break. The cylindrical surface
of the target could be cooled from the inside to the temper-
ature of liquid nitrogen, or heated up to 600 °C. The target was
removed from the tokamak chamber after plasma exposure
in a series of plasma shots with the aim of determining the
amount of the captured lithium. Figure B4 is a scheme of the
experiment, as well as the view of the target before exposure
in a T-11M plasma discharge and after it.

The absolute amount of lithium accumulated in the form
of films on the surface of the cylinder (~200cm?) during
exposure was measured by the method of ‘dissolution in hot
water’ [54], followed by analysis of the LiOH content by
chemical and spectroscopic methods (flame atomic emission
spectrometry (FAES)). The total time of each exposure in the
plasma discharge was usually about 5s, which corresponded
to 30 shots of T-11M tokamak with durations of about 0.2s
each. The absolute number of hydrogen (or deuterium) atoms
captured by lithium during such exposures was measured
by a residual gas analyzer (RGA) by using thermal desorp-
tion spectroscopy (TDS) of the accumulated lithium films by
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heating the target in the tokamak vacuum chamber from the
initial temperature 7y to 550 °C-600 °C.

The results of such analysis are presented in figure BS. It
was found that the capture of lithium by a metal target in the
SOL remains nearly constant with increasing target temper-
ature Tj from —200 °C to 200 °C and then gradually decreases
about five- to six-fold as 7| increases to 300 °C—400 °C. The
capture of hydrogen by a steel target behaves similarly to
lithium in the temperature range of —200 °C to 100 °C, but
then decreases almost 100 times as the temperature increases
to 300 °C—400 °C. It was found that deuterium behaves like
hydrogen.

Thus, it should be expected that if the temperature of the
steel wall of the vacuum chamber of the FNS reaches 300 °C—
400 °C, a thin layer of lithium (or its chemical compounds)
coating on the inner wall of the chamber should play the role
of a ‘mirror’ for the flows of deuterium and tritium falling from
the plasma SOL. Thereby, the heating of the steel vacuum
chamber up to 7y > 300 °C—400 °C should minimize the accu-
mulation of tritium by the inner wall of the vacuum chamber
up to the lowest values during steady (quasi-steady) operation.

Similar experiments with the replacement of a steel target
with a Li CPS collector (figure B1, item 2) showed that the
capture of deuterium by the liquid lithium surface of the CPS
remains efficient up to 250 °C-300 °C. In parallel, the flux of Li
ions from the SOL is efficiently captured by the Li CPS collec-
tor up to 350 °C. Thus, the capture of ‘excess’ lithium and fuel
(DT) by the limiters or divertor collectors on the basis of a liquid
Li CPS is possible in the temperature range of 200 °C-300 °C.
Then, the captured deuterium and tritium can be transferred from
the collector to the recovery zone by the flow of liquid lithium.

The characteristic heating temperature required for their
recovery can be determined from the results of TDS of lithium
films on the surface of an SS target. Figure B6 shows TDS
spectra of hydrogen for two target exposures in the plasma
discharge at 90 °C and 250 °C and those obtained by heat-
ing to 550 °C (lower curve, position 3). One can see that
active hydrogen desorption begins at the target temperature
of 370 °C (position 1) and finishes at 500 °C (position 2). The
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recommended operating temperatures of various circuit ele-
ments are shown in figure 10.
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