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Current status
of Globus-M2 project
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Globus-M2 engineering parameters

Globus-M2
Globus-M (project/
achieved)
R, m 0.36 0.36
a, m 0.24 0.24
R/a 1.5 1.5
Bior (ON axis), T 0.4 1.0/0.9
1,1, MA 0.2 0.5/0.43
K <2.0 <2.0/<2.0
0 <0.5 <0.5/<04
Distinctive features
¥ o Wb 0.33 0.4
of the Globus-M2 tokamak:
B /R, T/m <11 <2.7 « New electromagnetic system and
t putser S 0.15 0.4 power supplies;
e Legacy vacuum vessel and in-
NBI [E, keV \ P, MW] 30\1 40\1+50\1
vessel components;
ICRH [f, MHz / P, MW] 7.5\0.3 6.0-15.0\ 0.5 e Upgraded auxiliary heating and
LHCD [f, GHz /P, MW] | 0.9\0.1 2.45\0.5 current drive systems.
= Z loffe . ,
=5 Institute The 21st International Spherical Torus Workshop  31.10 —04.11.2022 4



Auxiliary heating and CD systems

1 MW, 18-30 keV

3
NBI 1 MW, 25-50 keV 4 MW/m
LHCD 0.5 MW, 2.45 GHz
ICRH 0.5 MW, 6-15 MHz
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Thomson scattering diagnostics

» Probing laser DPSS Nd:YAG 1064 nm, E,= 0,5-3 J, 330 Hz.

« Measurements of n(R,t) and T,(R,t) in steady state mode.

» 10 spatial points (possible increase up to 20-30) are available from the side of a low
magnetic field from the separatrix to the magnetic axis with a resolution of 10 - 20
mm.

« Temperature measurements in the range from 5 eV up to 5 keV, at plasma density
from 5-1017 up to 3:102°m-3,

Scattered radiation
collection system

= |offe
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n LCFS = 1-1019

Lo m3

.5 mm

» Possibility to measure T, and n, outside the seperatrix
and, as a result, to estimate the SOL power e-folding

separatrix
~—

length.

Thomson scattering diagnostics

| « Determining the inversion radius for sawtooth
g W oscillations.

 Combined analysis of TS and magnetic reconstruction
data makes it possible to determine the dynamics of:

T~
1
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 it\/-
A - averaged plasma density;
120 140 160 180 200 220 240 260
e - energy stored by electrons.
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IR two-color dispersion interferometer

optical scheme

Linear density range | 5x1017 - 3x102° m-
Spatial resolution 2cm

Time resolution 20 ps
Probing wavelength 9.6/4.8 ym

The radiation of both wavelengths

propagates along one path

» Less sensitivity to vibrations compared
to conventional IR interferometers

== loffe
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0.6

2k

=55

laser doubler 2k plasma doubler filter det:

0.0
0.10

0.|18 0.|20 C-.|22 G.|24
t[s]

Wavelengths 9.6 and 4.8 um

» Less sensitivity to refraction in
comparison with microwave
interferometers

» Robust operation is provided by
usage of acousto-optical modulator

and quadrature analysis method

0.|12 G'.Ilti 0.|16 0.26
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» The radiation of the C>* line
(n=8 — 7) is used.
A, = 5290.525 A

» 8 spatial points located on the side of
a low magnetic field from the
separatrix to the magnetic axis.

* Measurements of the ion temperature
profile T,(R,t) and the velocity of
toroidal plasma rotation V(R,t).

300, | T T T T T
#41585 V,,, = 173,1 £ 9,8 km/s
R=0,393 m |

X t=212,5ms

T,= 3967 + 380 eV
T,=431+173 eV

Intensily, a.u.

. P
|
[ chord#|] 1 [ 2 [ 3 [ a [ 5 | 6 [ 7 [ 8 | M >< | ﬁ
GO o036 039 042 045 048 051 053 056 0 422 +4,4km/s !
magnetic 6.1 2.2 0.2 -0.5 -0.2 0.6 1.9 3.3 W65 a3 m8ss  2m05 32905 5915 52925 52935 3943 52855 32963
surf., deg. Wavelength, A

= loffe
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* The scanning system makes it
possible to change the line of
observation between tokamak shots
in the vertical plane for both analyzers_ e
and in the horizontal plane for [ =
AKORD-12. T

* In the case of discharges with NBI, an,f&
active scheme of diagnostics is |
realized. The measurements are
localized in the region where the
beam intersects with the analyzer's
observation line, which makes it
possible to reconstruct the ion
temperature profile or the spatial
distribution of fast ions.

e

L XL

y 1
L (! ¢
) o
i
3
A N
/ by,
s &

A% — incoming atoms,
A* - secondary ions,
1 — stripping unit,

2 —permanent magnet,
3 - capacitor,
4 - detectors.

Neutral beam line

 The new compact analyzer CNPA-09 has been

tested in the experiment. It allows simultaneous

registration of the entire energy spectrum from

thermal to the energy of the injected beam and is

less sensitive to stray magnetic fields.

Detecting atoms Hyor Dy
Energy range (H,) 0.8-120 keV
Energy range (D,) 0.8 - 60 keV
Mass suppression (H/D) 100
Number of energy channels 44
Energy resolution (for 15-50 keV) 10%
Time resolution 100 pus

= Z loffe
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Neutron spectrometer

Two neutron .

spectrometers based on a -
liquid scintillator BC-501A 4
(Saint Gobain Crystals) {-

To reduce the effect of

scattered neutrons and ||
§ gamma radiation, the g8

detector Is protected

were installed.

with polyethylene and
lead and equipped with

Scintillator size @51x 51 mm collimator.
Light output 28 « The BC-501A scintillator, ‘
[0 TNEEENG) provides good n/gammaf s
Density 0.84 g/cm3 separation. L
Ratio H:C atoms 1.212
Decay time Figure of merit at PH-bin #200
3.2ns
(short component ) s000b  Neutrons (b)
Wavelength of
. 5 .. 425 nm — 3000}
maximum emission 3 Measurement
Signal sampling rate > 500 MHz ‘32000 - —
: . 3
Maximum counting 1000 } Gamma
rate (with n/gamma ~10%1/s N Lead shield inside
separation) %00 450 500 550 600 650 700 polyethylene
_ Ratio (short/long) x 1024
5{5101%6 The 21st International Spherical Torus Workshop  31.10 —04.11.2022 11
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Globus-M2 experimental setup

=2 loffe
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multichannel Doppler
reflectometer

TStrap radiometer
FILD

Neutron
L spectrometer

/

f
poloidal Neutral
magnetic Beam

Injector
probes 18-30 keV

TSadjustment
vacuum bar

TS collectig
system

laser imterferometer

angle reflector }

Gas puffing
spectroscopic diagnostics ;

Scanning
Vacuum NPA
ACORD-12

toroidal
magnetic
probes

I o s 0 ® o

D_diagnostic

L L Rogowski coil™
: 24x2 SPD SQanning
video camera : NPA
e-thermomete } divertor TS WORD-MM
CXRS __:-";.f
\ \ laser interferometer

’!/m‘ el s I, thermal imaging
[5 Neutron flux / Neutral _ " movable A\ 9
[} detectors /  Beam Langmuir \

j Injector = probe
30-50 keV TS probing
ICRH antenna beam

microwave interferometer LIF diagnostic
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 Energy confinement at an increased magnetic field

e Low hybrid current drive

 Influence of TAE on the fast ion confinement

 Reducing the heat load on the divertor with nitrogen puffing
e Observation of the hot ion mode

loffe
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Energy confinement at an increased magnetic field

141 7 5.0x10" Yo
_ ¢ .
124 Globus-M 2019
_ forecast g A % 4,0x10"4| % Globus-M21=0.4 MA
104 A A X = GlobusM21=03MA ||
0 8- 04MAO8T OPE 3,0x10"1 @ GlobusM 1=02MA  ®
& IPBYS(y,2) — ‘
l.LP 6‘_ ® - forecast N 2 0x10" 1
*
M > = o
7 ¥ 1,0x10" -
2- 02MAOAT c .
O T T T T T T T T T T T T T T T T T T T 0,0 T T T . T T T T T 1
0 1 2 8 9 10 00 02 04 0,6 0,8 1,0
<ng>, 1089 m3 B, T

» An increase in the toroidal magnetic field from 0.4 to 0.8 T led to an

increase in the value of N-T-zg by an order of magnitude due to a fourfold
Increase in temperature and a threefold increase in the energy
confinement time.

== loffe
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Energy confinement at an increased magnetic field

GLB_2020 _ 0.01 - IO43+022 Bl 19140.1 . P 0.59+0.23 _ . 0.58%+0.1

g abs Ne
12 - -+ For spherical tokamaks in the
10_‘ oA A studied range of B (upto 0.8 T)
o _ _ and I, (up to 0.4 MA), a strong
E 8- - dependence of the energy
& ' ' confinement time on the
m 6 - - . .
o _ | magnetic field was confirmed,
o 4 - which differs significantly from
| ' the scaling for conventional
2 - i
_ tokamaks:
0 , : , : : : : : : : : : IPB98(y,2) 0.93 0.15 -0.69 ,0.41
0 2 4 6 8 10 12 L
Eexpenment, ms

 Using the data obtained from the spherical tokamaks START, MAST, NSTX, a
scaling for the energy confinement time was derived, taking into account the size of

the facility: Tgcal — 0.066 - IO 53 Bl 05 PabOSSS O 65 . R2.66 . ,.0.78

:.{: loffe
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250

Low hybrid current drive

Toroidal launch of the LH waves
# 38686/38694

200

1504
100
50

Ip(kA)

154

Up(V)

1.0
0.5
0.0

08-
06-
04-
02-

P.-(a.u.)

0.0

—FRF
—OH

210

t(ms)
» The efficiency of non-inductive current drive at

the level of conventional tokamaks was

demonstrated

:‘[ﬁ loffe
—fdInstitute
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B,=0.8T;1,=200KA,
<ne>=(1.0-1.5)-10¥ m3
T.(0) =500 eV, Z 4 = 2,5]

f=2.45 GHz
P,,, = 150-200 kW,
Nior = - 3.0
AU =(0,6-0,8)V; Langmuir
|LHCD >50% I, probes
= (0.2 — 0.4)-10% A-m2/W
8.35 B,=0.8 T
0.40 -
< 0.35 °
? 0.30 ] '__.'-. .
E 0.25 - "t E e
L o029 - ".3:.-,' .
S 015 . .«
< 0.10 o B,=0.7T
0.05
0,00k
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
<n>,10® m=
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Low hybrid current drive

B,=0.8T,; l, = 250 kA:;
Poloidal launch for the LH waves <n,>=1.5-1019 m3
T,(0) =550 eV, Z ;= 2,5

f=2.45GHz
P, = 200 kW,
Np0| - '2,8

AU =0,8V; AU/U =50 %
| oo = 50% |
n = 0,35-10% A-m3/W

» The efficiency of current drive
for poloidal and toroidal
launching of pump waves is

1 | ' _ _ 1 | practically the same
0 18 1% 200 200 220 230 20 > MHD instabilities lead to
t, ms disruption of current drive

== loffe
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Influence of TAE on the fast ion confinement

amplitude, a.u.

amplitude, a.u.

1.0 ;
. /
4 ’
0.8 § ’ ’ 6000 % <o ’
’ 1000 /
o 7 — o / N /7
/ ' P T
2 (7)] X 4
0.6 s - , 4 o, 800 P
o, o < 4000 o £ o,
°© 52 = 2 g
© 954 ) 68 % S 600- % o/§
0.4 ° o o Apo_ o ¢ »° %
%, o o /
o o’ o Q7 no 4004 / /
°© o, o°°° 2000 o) § 9 8
i o, 609°0 &° o o 285keV
0.2 éoﬁ ° /OD o 2004 /g o v O 22.4keV
] ? SPD, 09 NPA, transport | 7 o NPA, transport
4 co-going ions from central region / 5987 to plasma edge
0.0 . . : : 0 : : . 0 : . :
0.0 0.2 0.4 0.6 0.8 0.0 02 0.4 06 %08 ° 00 0.2 0.4 0.6 0.8
1.0 b 800 - q ; ,
] ) § % 7 ) / ) /
o o’ 1 o 7 o ‘
0.8+ ° 4 600 /
o o 7/ 600 - o/ /0 /
/ / N V4
/s 4 4 I po /
0.6 ° ’ n ’ = / /
° v ® 7 o §2) 1)
- / o
7/ - Iy c 400 /
o 4004 o o S r o9
6 [y Q© o7 o S 9 o/o
0.4 o % © / 84% 7 6
(e d o, 7. /
95 ° ° o, 7° 0
° 2 200 ©
9 © o4 ° 200+ ,/ ° & 253 keV
0.2+ L O SPD, trapped , 17 o 20kev
o % o o | and counter-going / 17/ NPA, transport
0.0 T T T T T T 1 0 T T T T T T 1 0 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
8B mT 8B mT oB mT

probe’

probe’

probe’

» Various diagnostics show a linear dependence of fast
lon losses on the TAE amplitude, which confirms the
resonant mechanism of these losses.
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Influence of TAE on the fast ion confinement

107 +— — s .
: -~ _[ Fastion transport from the
- SBIOrobe’ mT 7 ] P .
_IO_0 o 7 % central plasma region was
| O_’]_ B . . . .
b - %%/ 2 investigated using NPA with
' §2 o, 3%}@ ng?o%. equatorial LOS.
S 0.9 O %0. Q s° (;) >0
- I ﬂ o ® % ? .
= Ilzs Qe S0 Experiment:
L 12 © _go0 -0 388
S %o % % ~1,_y~1.78+0.06 p—0.84:0.04
°c% G o T ~Ip T
106_ 7/ [ O (@) —
] o 790,,° I
{ ®“ e, ° Modeling (ions interact with the
Pt wave at different I, By):
- ' - _ ~1.940.08 —1.18+0.37
10° TR TR Miatttnd : Mt

1 -1.78 -0.84
~SB *Ip *BT

» The observed dependence of fast ion transport on plasma current and
toroidal magnetic field is promising for the next generation of compact
spherical tokamaks.

=2 loffe
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Reducing the heat load on the divertor with nitrogen puffing

Flush mounred

£
» The nitrogen puffing leads to a decrease in the 3;1-5
heat flux density into the divertor by more than 0]
an order of magnitude without a significant .
deterioration in plasma performance inside the -

separatrix.

loffe
Institute
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Array of 10 Langmuir probes in the divertor area

-+ Heat flux density on the plates:
Vk isat /(eS )

éq-

y(V)—ZS—e——+2[(

wo) (1) o)
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Te,D

177ms #40458

Te,D+ N,
176ms #40459

R
R-Rsep. cm

)

’ 251

q.D

177ms #40458

q,D+N2

176ms #40459

0o 2
R-Rsep, cm

-4 -2




Observation of the hot ion mode

The hot ion mode (Ti = 4 keV) was achieved with a total injection power of 0.7 MW
Globus-M2 #41585, B =0,9 T, | =0.35 MA, <n_>=(4-5)-10'® m?3, 1z~14 ms, V=150 km/h

#41585, NBI 30 keV 0,4540.25 MW, B,=09 T, t=0,215s
0,12 0,14 0,16 0,18 0,20 0,22 024 0,26

5, m. Axis LCFS
o —lp‘l I . T . T ] : L A -I-:\IPA :
% 2,2 I NBI “\”‘E 4 1 }| 1 AT
2 - \ | |
EPUN: i P=0,45 MW b - P o1 o T
: NBI, P=0.25 MWV, E =30 keV E =30 keV l D 3 ! 1 '
00 TR | : by =l T— X I N I
— SXR -
. F | ] o2 : !
= | ) Py
© 02 : M 1 . $ o0 , A :
- i i ®
- s 1 4 ! I
015 “M | . | . ! . . él
——D, | . 0 Y — s
= 0,10 - 3 -4 035 040 045 050 055 060
© - ! ' R, m
— 005 ‘ #41585, NBI 30 keV 0,45+0,25 MW, B,=0.9 T, =0,215 5
6 ] TR S Y S N e A ._______;' 1,0x107° - m Axis LCFS
< int i 1 ' '
£ : i I I
@ 4| & TS ! b g T - 19 ] I I
O X ! - 4,'*“ ] 8,0x10 's o |
T2 ; *u ? ) e )
&t ' o . . 3 £ 6,0x10" . * )
50 x T 3 L TPRRVRY VYRV i bemamdeccadacaaa hecendamaaa b ] - ] |
YT 5 = : ° I ¢ I
E Lo AT | 5*,:!% i T 4,0x10"- , s |
: : - -4 | |
- ® -I—TS ; 1
- e . 0009000,00%99000%,0,, 2,0x10"- ! *
oooseege®eoee®®e . %00y : . |
12 . W = _I____-L-_-_J.____AI:I.____J..___- NN | . ...i : ‘
- 0w, | ] '035 0,40 045 050 055 060
- 6 L- ! "I R m
L ) L 3 4 3
= 5 - oo S .T"' o > ~ 018 m-3k
seaeeene®t®? : - Ny T ;0T = 4.5 X 10-° m™keVs
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Observation of the hot ion mode

#41585: B;=0.9 T, | =0.35 MA, <n_>=(4-5)-10%9 m?3,
D-NBI: 30 keV, 0.25+0.45 MW

120 130 140 150 160 170 180 190 200 210 220 230 240 250

60
N 5
Y4
R > The total yield of DD neutrons
S o exceeded 1012 s,
L0 . .
Q 4 el ] In terms of the DT reaction, this
N IS more than 10%* s-1,
NBI-1
9
75
N
<
- = A collimator for a neutron spectrometer has
been developed and installed.
15 » The diagnostic has been calibrated using a
reference source Am241,

=r=0 eZU T30 140 150 160 170 180 190 200 210 220 230 240 250
g,(g Institute Time. meSZISt International Spherical Torus Workshop  31.10 — 04.11.2022 22



Observation of the hot ion mode

The NUBEAM code was used to determine the deposition of the neutral beam
power to plasma electrons and ions.

Profiles of the absorbed beam power for Input power and beam energy composition
the electron and ion plasma components
PNBI' kW 450 (NBI-1) +250 (NBI-Z)
5
_ —P__ Mwim’ NBI-1 (E, E/2,E/3), % 82/13/5
4 _PeNBI’ MW/m3 NBI'Z (E, E/2,E/3), % 39/35/26

Balance of injected beam power

P.veir KW 300
Poiner KW 140
CX losses, kW 200
A Bad orbit losses, kW 50
a Shine-through losses, kW 10

* The obtained profiles of the absorbed beam power were utilized by the ASTRA code

= Z loffe
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Observation of the hot ion mode

 The ASTRA code solved the poloidal magnetic flux diffusion equation together with the Grad-
Shafranov force balance equation. The shape of the last closed magnetic surface, obtained
using the method of moving current filaments, was used as the boundary condition.

» The value of the effective charge was used to calculate the concentration of hydrogen ions and
plasma conductivity. Carbon was specified as the main impurity.

» The plasma conductivity and bootstrap current were assumed to be neoclassical and calculated
using the NCLASS code. Neoclassical thermal diffusivity was also calculated using the NCLASS
code.

« To determine the coefficients of electron and ion thermal diffusivity, the inverse problem was
solved: the coefficients of thermal diffusivity were calculated based on the measured profiles.
Measurement errors and radiation losses were taken into account.

» The ion thermal diffusivity is well described by the neoclassical theory

#41585, NBI 30 keV 0,45+0,25 MW, BT=0,9 T, t=0,215 s 10

5_- A -I-iCXRS :
1 A
44 _ A o
. | —
(;m
e 13
=
T T T T T T T T T T 1 0:1 T T T T T T T 1
E{Eloﬂze 0.35 040 0.45 050 055 0.60 0,2 04 0.6 08 1,0

E,*'iﬂ<jlnstitute R’ m The 21st International Spherical Torus Workshop 31.10-04.11.2022 rfa 24



Achieved plasma parameters

Magnetic field 09T
Plasma current 0.43 MA

lon temperature 4 keV
Electron temperature 1.6 keV
Density (averaged) 2.5(1.5) - 10 m-3
Stored energy 16 kJ

Triple product 4.5 - 108 m3.-keV:s
Neutron yield DD (DT equivalent) > 1012 (101%) st
Fraction of non-inductive current (LHCD) > 60 %

= Z loffe
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multichannel Doppler
reflectometer
radiometer
EILD

- Neutron
spectrometer

Y

Neutral /
Beam
Injector
18 -30 keV

vacuum bar NENR poloidal
\ magnetic

probes

Fast reciprocating ' N

L muir pro CXRS

-

TS collectig

system
laserimterfarometer /_ - (
§ . / . _ mmny
Upcommgexperlme |
video camera | / rY o NPA
. Triple ion scenar i .
cxis y N
) G I 0 b u S - laser interferometer
thermal imaging
e Globu .- |
[}~ Neutron flux Neutral ' movable
[~ detectors Beam r Langmuir
' Injector : '
30-50 keV TS probing
ICRH antenna beam
microwave interferometer LIF diagnostic
= |offe . .
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Triple ion H-D-(*He) scenario for ICR heating

» Simulations of the scenario of ion cyclotron heating in plasma with
three types of ions has been carried out for the Globus-M2 conditions.

= To implement the 3-ion scenario, it is necessary to choose the ratio of the H and D
concentrations in such a way as to match the cutoff position of the FMS wave for a
two-component H-D plasma with the position of the 3He cyclotron resonance.

Location of cyclotron harmonics and power distribution of the Dependence of the partial
absorbed wave in the tokamak cross section. concentration of *He on the pump
f=7MHz, B,y =0.7T,1,,= 200 kA, n, = 3.8 - 1019 m3, power required for the fraction of
wl é X[H]=66%, X[D]=33% accelerated ions with E < 80 keV to
- T St I A I L I be more thian 70%.
301 2 = - ] 20
20} Sousp 0y A i n.=0.5
é ————— Full ' —n=0.2
= 10t 3 o.10F 15{—Nn.=0.3
o = [ o\° —n,=0.4
> o} E I .
N g [ =
-10} g ().US: mI 101
20| P . ] <
-30} £
L= I-CUtOff‘ ° lons " i %o 0.2 0.4 0.6 08 1.0
-30 -20 -10 0 10 20 o o o o o - - - - - :
. 40% | 60% | 41% | 6% | 13% Py MW
o = Approbation of the method on the Globus-M2 tokamak
=|Zlofe
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Globus-3 project

» The development of the concept of a compact spherical tokamak
of the next generation, the Globus-3 project, has begun.

The main features of the facility:

* long pulse (plasma current plateau exceeds 2-3 seconds);
 high toroidal magnetic field B,, (not less than 1.5 T);

e aspect ratio is not more than 1.8;

« powerful auxiliary heating (5-8 MW).

Restrictions on the parameters due to the existing infrastructure of the
loffe Institute:

« total capacity of the power supplies is not more than 125 MVA;
 major radius R is not more than 1 m;

Several options of the electromagnetic system (EMS) are analyzed:
e warm copper EMS;

» copper EMS pre-cooled to nitrogen temperatures;

» superconducting EMS using LTSC and HTSC.

=2 loffe
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Globus-3 project

» Pre-conceptual design of a tokamak with warm copper coils was done

Main engineering parameters
R=0.76m;a=044m; A=1.73;Kys =18, Bn=1.5T; |,=0.8 MA;
Ab pjatean = 2+3 S; pulse repetition time < 30 min; overheating of coils per impulse < 40°C;
gap between the plasma and the vessel on the HFS 25 mm; Ny = 16; Aq_j,. < 0.4%.
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Globus-M2 main activities

 Achievement of a regime with maximum values of the
magnetic field (1 T) and plasma current (0.5 MA)

 Investigation of plasma heating and non-inductive current
drive by means of neutral beam injection

e Carrying out experiments on plasma heating using waves
of the ion-cyclotron frequency range

e Discharge startup and current maintenance using waves of
the lower hybrid frequency range

 Development of the next generation compact spherical
tokamak

loffe
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THANK YOU FOR YOUR ATTENTION !

Wednesday, Nov. 2 Ekaterina Tkachenko — “Analysis of Globus-M2 tokamak plasma heating
experiments using diamagnetic measurements”.
Wednesday, Nov. 2 Anna Kudriavtseva — “Verification of toroidal field coil stress analysis
based on the measurements in experiments on tokamak Globus-M2”.
Friday, Nov. 4 Nikita Zhiltsov — “Electron heating during neutral beam injection at
Globus-M2”.
= |offe
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