
30

St. Petersburg State Polytechnical University Journal. Physics and Mathematics No. 4-2(182) 2013

UDC 533.9

F. Wagner, V.Yu. Sergeev, P.R. Goncharov

1 St. Petersburg State Polytechnical University,  

29 Politekhnicheskaya St., St. Petersburg, 195251, Russia

THE RESEARCH LABORATORY OF THE PHYSICS  
OF ADVANCED TOKAMAKS OF THE ST. PETERSBURG STATE 

POLYTECHNICAL UNIVERSITY

Ф. Вагнер, В.Ю. Сергеев, П.Р. Гончаров

ЛАБОРАТОРИЯ ФИЗИКИ УЛУчШЕННОГО УДЕРЖАНИЯ ПЛАЗМы  
ТОКАМАКОВ САНКТ-ПЕТЕРБУРГСКОГО ГОСУДАРСТВЕННОГО  

ПОЛИТЕхНИчЕСКОГО УНИВЕРСИТЕТА

Within the research laboratory of the Physics of advanced Tokamaks, which has been founded in 2011 
on the basis of a meGa-Grant, the two groups from the university and the Ioffe Institute cooperate on 
the three tokamaks, Globus-m, Tuman-3m and fT-2. The research of both partners benefitted from the 
means of the meGa-Grant. The laboratory has given itself a transparent governing structure and its annual 
outcome is assessed by an international advisory committee. a graduate school has been founded to ensure 
proper education. The laboratory could serve as a model for integrated research and education centre in 
russian thermonuclear program. The urgent need to modernize the russian fusion devices has become 
obvious. 

researcH laBoraTorY, THermo-nuclear fusIon, ToKamaK deVIces, Plasma 
confInemenT, Plasma dIaGnosTIcs, Plasma HeaTInG, THeorY and eXPerImenT, 
educaTIon WITHIn rlPaT.

В рамках лаборатории физики улучшенного удержания плазмы токамаков, организованной в 
2011 на основе меГа-гранта, две группы из университета и из Фти имени а.Ф. иоффе Ран объ-
единили свои усилия в работах по трем токамакам: Глобус-м, туман-3м и Фт-2. исследования 
обоих партнеров обеспечиваются из средств меГа-гранта. лаборатория сформировала прозрачную 
структуру управления. Результаты ее работы ежегодно оцениваются международным консультатив-
ным комитетом. Была создана школа для обеспечения выпускников университета специальным об-
разованием. лаборатория может служить моделью интеграции исследований и образования, необ-
ходимых в Российской термоядерной программе. кажется очевидной настоятельная необходимость 
модернизации российских установок термоядерного синтеза.

исследоВателЬская лаБоРатоРия, теРмоядеРный синтез, токамаки, удеР-
Жание Плазмы, диаГностика Плазмы, наГРеВ Плазмы, теоРия и эксПеРи-
мент, оБучение В РамкаХ rlPaT.

I. Introduction

The research laboratory of the Physics of 
advanced Tokamaks (rlPaT, www.rlpat.ru) 
has been founded in 2011 at the st. Petersburg 
state Polytechnical university on the basis 
of a meGa-Grant from the russian govern-
ment (agreement no. 11.G34.31.0041). The 

grant has been awarded for 2 years and termi-
nates 31.12.2013. The mission of the rlPaT 
is: «to organize a scientific laboratory in the 
university for investigating experimentally and 
theoretically regimes with improved plasma 
confinement; to provide it with equipment for 
such investigations; to actively involve gradu-
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ate and post-graduate students in the scientific 
work». The speciality of the organization of 
the laboratory is that it strengthens the tradi-
tional cooperation between sPbsPu and the 
Ioffe Physical-Technical Institute of the rus-
sian academy of sciences in the field of fusion 
research. russian science enjoys an extremely 
fruitful history in fusion research; the develop-
ment of the tokamak confinement concept is 
one of the science legacies of russia. The cul-
mination of this effort is the realization of the 
experimental fusion reactor ITer based on the 
tokamak concept. russia is one of the seven 
ITer partners and contributes within 10 % of 
the costs. The great history of fusion research 
of russia is the background of our efforts and 
represents strong responsibility and commit-
ment. 

II. Organization of the RLPAT

The laboratory comprises about 100 mem-
bers with nearly equal parts from sPbsPu and 
the Ioffe Institute. It is structured into 7 scien-
tific groups, 4 from sPbsPu and 3 from the 
Ioffe Institute:

Group of «Plasma fuelling and exhaust 1. 
and related diagnostics», headed by Prof.  
V. sergeev of sPbsPu;

Group of «Theory and modeling of 2. 
edge plasma of tokamaks», headed by Prof.  
V. rozhansky of sPbsPu; 

Group of «Tokamak plasma turbulence», 3. 
headed by Prof. V. Bulanin of sPbsPu;

Group of «rf plasma heating», headed 4. 
by Prof. G. sominski of sPbsPu;

«Globus-m» – group headed by dr.  5. 
V. Gusev from the Ioffe Institute; 

«fT-2» – group headed by Prof.  6. 
e. Gusakov from the Ioffe Institute; 

«Tuman-3m» – group headed by Prof. 7. 
s. lebedev from the Ioffe Institute.

Groups 1, 2 and 5 are the only ones in rus-
sia with experience in divertor tokamak phys-
ics. Groups 3 and 5 are the only ones working 
in russia in the field of turbulence and flow in-
teraction with spontaneous H-mode – the op-
erational regime of ITer; Groups 6 and 7 also 
contribute to the understanding this important 
topic. Group 4 specializes in the technology of 
gyrotrons – an important way to heat a future 

fusion reactor by electron-cyclotron-resonance 
heating. russian industry is also very strong 
(GYcom company) in gyrotron development. 
Groups 5 and 6 study non-inductive current 
initiation and current drive – again in a field 
of relevance for ITer and a fusion neutron 
source, fns. Groups 5 and 7 are involved in 
fast ion confinement issues.

The rlPaT has given itself a governance 
structure based on the postulate that all execu-
tive and scientific decisions should be carried 
out in a transparent form after thorough dis-
cussion within the executive committee or the 
scientific committee, respectively. The execu-
tive committee has four members from sPb-
sPu and Ioffe Institute and is chaired by the 
«leading scientist», f. Wagner, or his deputy, 
V. sergeev. The scientific committee is formed 
by the group leaders of the rlPaT. The gov-
ernance structure of the rlPaT is such that its 
leadership can easily be transferred to someone 
from the university or the Ioffe Institute. It 
does not require the presence of the leading 
scientist forever. 

To ensure regular progress control along 
international standards, an International ad-
visory committee (Iac) has been formed. Its 
members are W. morris (chair, uK), H. Wil-
son (uK), s. Kaye (usa), B. Kuteev (russia), 
a. litvak (russia). The foreign members come 
from the field of spherical tokamaks which 
Globus-m also belongs to. The Iac has had 
two meetings up to now, one in 2012, and one 
in 2013. It operates along specific «Terms of 
references» defined by the executive commit-
tee and it summarizes its findings and recom-
mendations in a report which is sent to the 
heads of university, the Ioffe Institute and to 
the rf ministry of education and science.

If properly financed, e. g. in an institutional 
form as it is necessary for fusion with its long-
term objectives, the rlPaT represents a struc-
ture which formalizes the cooperation between 
sPbsPu and an academy institute. This coop-
eration is supposed to ensure filling two gaps 
in the russian fusion program – participating 
in new devices like the upcoming Globus-m2 
tokamak and educating young people in fusion 
physics. There is a tremendous need in per-
forming the both tasks.
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II. Research of the RLPAT

With the meGa-Grant, the tokamak de-
vices of the Ioffe Institute could not be modern-
ized, but the diagnostics and heating periphery 
with which the sPbsPu staff cooperates with 
could be improved. according to the russian 
fusion program which aims at a fusion energy 
source in the cooperation with ITer and at a 
fusion neutron source as a national goal, the 
research of rlPaT centers around the needs of 
ITer and the fns. The programmatic guide-
line for the work within the rlPaT is the sce-
nario to use the potential of spherical tokamaks 
in terms of creating a neutron source. This 
development would be carried out with strong 
partners in europe and the usa. The strat-
egy of the Ioffe Institute is to replace, in near 
future, the present spherical tokamak, Glo-
bus-m, by the upgrade into Globus-m2 and 
finally to aim at Globus-m3, a non-nuclear 
device which could accompany a nuclear one 
to be built elsewhere, where the corresponding 
nuclear licensing is possible. Globus-m2 and 
more so Globus-m3 could explore the physics 
of anisotropic, strongly beam-driven plasmas.

The major topics where the rlPaT can 
contribute at present to such a strategy are:

the study of plasma confinement, specifi-
cally the conditions for this and the transition 
physics of the H-mode. The most successful 
paradigm to explain the H-mode transition is 
the non-linear interaction of turbulent eddies 
which adopt sufficient anisotropy between ra-
dial and poloidal flow components so that the 
reynolds stress develops at the plasma edge 
whose induced zonal flow adds to the l-mode 
background mean flow. as a consequence 
of sheared flow, the turbulence is ultimately 
quenched, the local confinement improved 
and a large ion pressure gradient appears at the 
plasma edge. Its related electric field stabilizes 
the new boundary conditions of low turbulence. 
In all the three tokamaks of the Ioffe Institute, 
the oscillatory form of the zonal flow (local 
exB plasma poloidal flow), so called Gams, 
due to the background turbulent field, are ob-
served [1, 2]. The recent discovery of Gams 
in Globus-m [1] has been achieved by the new 
microwave doppler reflectometry system from 
the meGa-Grant. 

as the Gam frequency depends on the ion 
mass, the study of Gams has been linked to 
that of the isotopic effect on confinement. This 
is an important field because this effect forces 
ITer to operate during the non-nuclear phase 
with helium, as the H-mode is not expected in 
hydrogen. rlPaT has an excellent potential for 
further exploring the inherent physics of the H-
mode: Globus-m operates with a spontaneously 
developed H-mode but does not show an iso-
topic effect on confinement [4]; Tuman-3m  
can operate with an induced H-mode [5] and 
displays an isotopic effect [unpublished]. Both 
devices show Gams which disappear – as ex-
pected – when the H-mode sets in. fT-2 can 
develop an alternative good confinement re-
gime to compare with and has specific diag-
nostic means to explore the non-linear relation 
of turbulence and Gams, and has interesting 
observations regarding the isotopic effect [6]. 
This is an ongoing research field.

other important areas of confinement re-
search are the strong density dependence of an 
energy confinement time τE in case of Globus-m 
compared to the saturation effects observed in 
the other two devices, and the trade-off be-
tween strong plasma current Ip scaling of τE in 
case of larger aspect ratio and strong toroidal 
magnetic field Bt scaling in case of spherical 
tokamaks [7, 4, 9]. In this context, the density 
profile shape may play a significant role (e. g. 
for the stabilization of so-called ηi-turbulence). 
The new pellet injector purchased from the 
meGa-Grant and mounted onto Tuman-
3m will help clarifying these issues. 

another important issue for both ITer and 
the fns is fast ion confinement. This can be 
studied in Globus-m and Tuman-3m. In 
Tuman-3m, the classical aspects of ion con-
finement and slowing down can be explored in 
the future with a new nPa from the meGa-
Grant. critical for ion confinement is the ra-
dial plasma location [8]. The aspects of the 
toroidal field ripple have to be investigated in 
more details. In Globus-m, the heating ions 
are not well confined owing to the low current 
and magnetic field [9]. This is clearly shown by 
neutron and by spectrally resolved charge ex-
change measurements. Though, this is a strongly 
negative aspect for plasma heating; it seems, on 
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the other hand, that this condition renders the 
beam confinement to respond sensitively to the 
mHd properties of the discharge. Both, saw-
teeth and alfven eigenmodes, lead to fast ion 
redistribution and losses. This sensitivity can be 
used to understand better how the mode-fast 
particle interaction happens on a microscopic 
scale and causes ion losses. These studies are 
of utmost importance both for ITer and an 
fns because beam current drive is essential 
and necessitates perfect beam ion confinement 
also during mHd active periods.

steady-state operation is even more man-
datory for an fns aiming more at large fluenc-
es than at pure fusion. Therefore, all current 
drive issues are of highest relevance. The theory 
group of the Ioffe Institute and the groups of 
both Globus-m and fT-2 tokamaks are well 
prepared to study lower hybrid current drive. an 
exciting period is ahead of Globus-m because a 
novel antenna arrangement which allows poloi-
dal wave launch will be operated soon [10]. 
new klystrons, provided by the meGa-Grant, 
will improve the conditions of lower Hybrid 
heating and current drive in this device.

In fT-2, the onset of ion heating by lH 
waves which stops the bulk electron interaction 
and diminishes the current drive efficiency has 
been shown to be shifted to larger density val-
ues by replacing hydrogen with deuterium. This 
is a highly relevant experimental verification of 
the theoretical expectation. It will be interest-
ing to see to what extent this aspect also affects 
non-inductive current build-up. This technique 
is mandatory for spherical tokamaks operated 
without explicit ohmically heating system. ad-
vancement in this area requires a close coop-
eration between the three teams: Globus-m, 
fT-2 and the theory group. 

a highlight in the fusion related research 
of sPbsPu is edge and divertor modeling. The 
working horse for this purpose is the B2solPs 
code series [11]. This code is the world-wide 
standard for edge modeling thanks to its ad-
vanced physics e. g. its including the effects of 
drifts. Because the russian fusion program does 
not possess a powerful divertor device, most of 
the modeling and advancements of the code 
are driven by external interests. The latest step 
in this development is the cooperation with 
ITer and the development of a custom-made 

code version B2solPs-Io. Thanks to the in-
creasing diagnostic possibilities of Globus-m to 
study the edge and divertor plasmas, also some 
of the modeling activities are concentrating on 
this device now and, starting from it, on mod-
eling the next step, Globus-m2. 

In order to improve modeling, the diagnos-
tic capabilities for the plasma edge were im-
proved thanks to the meGa-Grant support 
and will be further improved. The most crucial 
edge parameter is the scrape-off layer width in 
the plasma mid-plane. The existing data predict 
a width in the mm-range for ITer. This is a 
tremendous threat for the safe and steady-state 
operation of a fusion device and more research 
is urgently needed in this field. In the frame 
of the rlPaT, the first power deposition pro-
files at the Globus-m divertor target have been 
measured [12]. These studies will be comple-
mented by a new diagnostics, a supersonic He 
beam which allows the simultaneous measure-
ment of the density and electron temperature 
in the divertor chamber of Globus-m.

The group «rf plasma heating» of the  
rlPaT deals with the improvement of gy-
rotron technology. Gyrotrons are used for 
ecrH. This is a sophisticated technology 
used both in tokamaks and stellarators and 
also foreseen for ITer. ecrH allows heating 
without complex plasma-antenna matching as 
well as current drive and mHd control. The 
rlPaT group is engaged in improving the 
electron beam quality and enhancing gyrotron 
efficiency [13], developing electron beam di-
agnostics [14] cold field emitters [15]. It works 
in close cooperation with the developers and 
manufacturers of high-power gyrotrons from 
IaP ras and Gycom (russia), and Karlsruhe 
Institute of Technology (KIT, Germany). of 
specific interest is the diagnostics of the heli-
cal electron beam, which allows to understand 
better the physical processes possibly leading 
to higher efficiency gyrotrons [13, 14]. With-
out a suppressed collector and without space-
charge oscillations, a record efficiency of 46 
% has recently been obtained with multi-sec-
tional control electrodes and high uniformi-
ty and emission efficiency of the thermionic 
cathodes. another area of applied research 
is the development of cold field emitters for 
mm-wave and THz gyrotrons [14].
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IV. Education within RLPAT

a Graduate school has been founded with 
full recognition by the university. It embraces 
about 25 graduates. In regular meetings, they 
present the progress of their work to their su-
pervisors as well as to other professors of the 
school who are available. Presentations and 
discussions are held in english. The advantage 
of training via a Graduate school is that the 
graduates benefit from the knowledge, expe-
rience and contributions of all the professors 
of the school. In addition, the students train 
themselves in soft skills like presentation tech-
niques and language capability. deficiencies in 
supervision are more easily detected in such a 
cooperative structure. The student members of 
a graduate school are more ready to form a 
scientific community, which allows the better 
integration of newcomers. The graduate school 
invites external speakers who cover special top-
ics. This year, five lecturers were invited cover-
ing topics like ITer physics, diagnostic tech-
niques, stellarator and mirror machine physics. 
The lectures are available via the rlPaT Web 
page. successful students of the graduate school 
have been singled out to present their material 
at international conferences. a separate budget 
has been set aside for this purpose.

V. The Russian Fusion Program  
and the Need for RLPAT

for a long time, russia was leading in toka-
mak fusion research. In the last decades, russia 
has lost its leading role at least in experimen-
tal work. The devices of the russian tokamak 
program are old and do not contribute to the 
solutions of present and urgent problems as they 
are internationally defined and tackled, e. g. in 
the frame of the ITPa activity. as an outsid-
er, one can recognize the existence of a fusion 
program in russia – the participation in ITer 
and the development of a fusion neutron source. 
However, it is difficult to recognize, however, 
a clear national strategy: how to implement an 
experimental program, which would allow tack-
ling the open scientific issues in broad front or 
an administrative structure, which would allow 
implementing such a strategy. 

from the seven ITer partners, russia has 
the lowest ratio of expenses for the national 

program to those of ITer. The russian figure 
is 0.35; the average value of the other six part-
ners is 0.93. The threat is that russia will not 
provide sufficient number of people trained in 
the most relevant fusion issues and being able 
to nationalize sufficiently the know-how gained 
with ITer. The consequence of the present 
scientific infrastructure situation is that the sci-
entific presence and visibility of russian fusion 
scientists – at least in experimental research 
– is strongly limited. In the last Iaea fusion-
energy-conference in 2012 in the usa, rus-
sia was on position #6 among 7 ITer partners, 
in terms of their contributions and oral papers, 
and it was only followed by India. Two out of 4 
oral papers were given by rlPaT members.

summarizing, there is a tremendous need 
of the russian fusion program to expand the 
scientific activities in the fusion research and to 
educate a new generation of scientists capable 
of working within the national fusion program 
and with ITer. It is also necessary to broaden 
the capability to transfer the know-how gained 
by the operation of ITer into the national pro-
gram as it is the original intension connected 
with a commitment to ITer. for these goals, 
the rlPaT is the proper organizational form 
to strengthen the cooperative fusion research 
in st. Petersburg area. The first period of the 
meGa-Grant has improved strongly the re-
search possibilities of the sPbsPu to do re-
search in the field of high-temperature fusion 
plasma physics in cooperation with the experi-
mental teams of the three tokamaks of the Ioffe 
Institute. rlPaT meets all criteria of a mod-
ern institution for research and education. It is 
structured in such a way that it can contribute 
to the advancement of fusion research along 
the major development branches: (1) basic fu-
sion research, (2) preparation of the Ioffe In-
stitute device Globus-m2, (3) contributions to 
the physics basis of the russian project of the 
fusion neutron source and (4) to contribute to 
the identical physics needs of ITer. 

VI. Outlook

The Iac of the rlPaT wrote in its first re-
port: «In summary: the rlPaT presents a very 
special opportunity for fusion research in rus-
sia, and it has made an excellent start». This 
was sufficient encouragement to apply for the 
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prolongation of the rlPaT functioning beyond 
the present two funding years. fusion is a long-
term effort and therefore, the institutions work-
ing in this field need long-term support institu-
tionalized by national research priorities. since 
chernobyl and fukushima, the attractiveness 
of fission as an energy source has reduced. 
at a power capacity based on the renewable 
wind and photovoltaic energies which add up  

to 25 % of the electric load at the end of 2012, 
Germany presently experiences the limitations 
of intermittent electricity supply. Then, there 
only remains fusion.
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