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ENN'’s target: p-''B Fusion Reactor based on ST*

p-11B Fusion Plasma Physics Model & Assumptions(Y.K.M.Peng&Z i)

Multi-Fluid Plasma Equilibrium

Energetic Electron Fluid

Distinguishing features & R&D goals:

B Multi-fluid spinning plasma
equilibrium (axisymmetric distributed
macroscopic force-balance)

B Orbit-confined energetic electrons
raise current-drive efficiency

B LCFS protected from edge recycling,
improving plasma confinement

B lon velocity differential and velocity
distribution anisotropy ease Lawson
Criterion triple product Tnt

Experiment and Analysis will Update Model and Continue ST Reinvention.

*Huasheng Xie's report in this session
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Mission of EXL-50: Experimental Verification of Physics Feasibility

> Steady-state solenoid-free current drive

N
> Verification of multi-fluid equilibrium = | w—_
> Investigation of energy confinement T
performance o TF Coi
lrieina
plasma - Vacuum
o Vessel
Plasma current 0.5 MA Energetic g ~ Limiter
Thermal ions major radius R; 0.58 m electron
Toroidal magentic field at R; 0.5T B
Energetic electron cloud radius 0.7m
Thermal ions aspect ratio (LCFS) 1.5
Elongation =2 Diameter 3.31m
Thermal ions temperature 1 keV Height 2.81m
Energetic electron temperature 0.23 MeV Volume 24 m?
Electron density 2 x1019/m3 ":"Vaf‘e::"s :.35t316L
@ el
Discharge TF flattop duration g;s @065_; T Bakiig Temperature 200 °C

Vacuum Level 1x106Pa
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EXL-50 Device

> Design started in Oct.2018 B g G
» Completion of machine construction and .
first plasma in Jul. 2019
| T I
» A medium-size ST without central — 1w SRS
solenoid(CS) 4 ‘_.“, [
> Benefits of CS-free ST S0 U e
Simplification of center stack structure =l
Improvement of operation reliability | Lo ol |
Enhancement of toroidal magnetic field FESSSESH — " ——
BN = 1, nt, T1, ¢ 1 A
Ptusion & <p>2 x BTZ BT4 ~ = 3 |
Is steady-state current drive possible for | \ \ =

CS-free device?




Heating and current drive system on EXL-50

H&CD system

ECRH

ICRF

LHCD
NBI

Total design power

Layout of ECRH on EXL-50

Parameters

1.75MW

Oo# 1 x 28GHz/50kW/30s
1#-3# 3 x 28GHz/400kW/5s
5# 1 x 50GHz/500kW/1s

0.14MW
3-26MHz/100kW
13.56MHz/40kW

0.2MW
2.45GHz/200kW

1.5MW
50keV/1.5MW

3.59MW

BT

i

Sketch of H& CD on EXL-50



Diagnostics on EXL-50

Magnetic measurements:

Rogowski loops, flux loops, magnetic
probes,
Mirnov coils, diamagnetic loops

Operational parameters:

Visible/IR camera,
pressure gauges, RGA

Electron density/Te/Ti:
Combined interferometer, TS, Probe, PHA,
XCS, Vis spec

Impurities and radiation:

Vis spec, Ha, CllI/Oll, AXUV, VUV, EUV,
sniffer probe(microwave stray radiation)
Energetic particles:

HXR, ECE

Multi-scale fluctuations:

Probe, ICE




Outline

Il. Research Progress on EXL-50*
> Progress of Solenoid-free current drive experiments
> Investigation of plasma current drive mechanisms

> Energetic electrons and Multi-fluid equilibrium model
> High density experiment

*Solenoid-free current drive via ECRH in EXL-50 spherical torus plasmas, Yuejiang Shi, Bing Liu,
Songdong Song, Yunyang Song, Xianming Song, et al., Nucl. Fusion. 086047(2022)



IDECRH
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High-efficiency current drive with ECRH on EXL-50
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different 28GHz ECRH heating power.

Naw = 1P/Pecry
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Prcru (kW)

Ip versus Pgy for 200 successful
shots in EXL-50



High-efficiency current drive with ECRH on EXL-50
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Plasma current in the flattop phase versus external B,
> Ip increases with field B, in the appropriate P,z range.
> Bv is not a plasma current driving source, but it affects

the maximum plasma current driven by ECRH
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» Too low density is not conducive
to an increase in plasma current.
» The suitable density for high Ip

increases with Py,

0.5
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Which current drive mechanism dominates in EXL-50?

Pfirsch-Schluter current Ips=2<P>S/RB,

PS maybe important in breakdown and initial start-up phase
Ipg is less than 1kA for the plasmas with closed flux field (CFS) equilibriain EXL-50

Bootstrap current  fpg ~VP

[5.]
(=]

— 7448
== 7449

Ip (kA)
£

fps is several percents for EXL — 50’'S plasmas

Traditional ECCD (Fisch-Boozer or 0
Ohkawa) ?

(5]
(=]
(=]

IPF5 (A)
M
un
o

to be estimated for the thermal plasma

o

[
o

Conclusion of the following result?

N. (1017 m~2)

HXR energy spectrum
and intensity

f

|
[\ ]
o

Two identical shots with same density, 2 a 6 8 10
ECRH power and PF current. The toroidal Time (s)

angle for the ECRH antenna is setting as -
16° for counter-current drive in shot 7448,

and 179 for co-current drive in shot 7449. Traditional ECCD also can be neglected

in current EXL-50’s plasma
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Observed Copious Confined Energetic Electrons, Carrying Large Fraction of Toroidal Current

328345 - oo #4930

Copious

_Fast Camera. :
8 2 Confined

Energetic
Electrons
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Random white spots indicate Plasma current, energetic electrons (Bremsstrahlung HXR intensity) and
X-ray bombardment energy content (HXR energy spectrum) are observed to increase conjointly
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Additional likely explanation for high current driven efficiency *°

> Asymmetric velocity distribution of energetic

electrons based on orbit confinement*

» Multi-harmonic resonance
> Multiple reflections and Multi-pass absorptions
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energetic electrons
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The direction of |, depends on
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of
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which

determines the asymmetric of v,,.

*1.Experimental study of non-inductive current start-up using electron cyclotron wave on
EXL-50 spherical torus, M.Y.Wang, D.Guo, Y.J.Shi, et al,PPCF(2022)075006 *2.Particle orbit

description of cyclotron-driven current-carrying energetic electrons in the EXL-50 > Overlapping ECRH area for

spherical torus, T Maekawa, YKM Peng, W Liu, submitted to Nucl. Fusion
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» Multi-harmonic resonance*
> Multiple reflections (OX mode conversion) and Multi-pass absorption*

» Current drive efficiency of O-
mode ECW is very low

0 48 kW power absorbed after 50 times reflction l 62 KW power absorbed after 36 times reflection
; 1501 (X-wave)
1251
Q -4 ~
E %10{}-
\-{; -b Q 151
) -8 501
" %
2 4 6 B 10 ol
Total number of ECR harmonics in each run 0 0 20 3 10 % S S S S A
. . . No. of reflections on wall No. of reflections on wall
Simulation of 120kW Single-pass X-mode EC wave for (a) (b)
EXL-50's plasmas » Multi-harmonic ECW
> Ip increases with harmonic numbers current drive through
» Driven current (20-35kA) up 5" harmonic with single- multi-pass absorptions

pass is much lower than experimental results (140kA)

*Investigation of the effectiveness of non-inductive ‘'multi-harmonic’ electron cyclotron current drive through
modeling multi-pass absorptions in EXL-50--D. Banerjee, et al., https://arxiv.org/abs/2109.04161
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What is the difference between EXL-50’s

energetic electron and tokamak’s runaway
electron?

What is the role of induction drive current in
EXL-50’s discharge?

15



Runaway electron  Energetic electron
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Camers

175

R (cm)
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Themal plasma inside LCFS
Energeric electrons exist inside
and outside LCSF

Real image of RE beam
in EAST (Y.J.Shi, RSI2010)

Although there is no CS coils on EXL-50,
changes in PF coil current can induce toroidal
electric field.

-2

-1 0 1 2 3 4 5
Time(s)#11783

However, discharges with
constant PF currents
Indicate  that inductive
plasma current can be

neglected in EXL-50.



Four-fluid equilibrium model with relativistic energetic electrons based
on a relativistic dynamic magneto-fluid model*

B  Multi-fluid equilibrium model with relativistic effect
V-(ynu)=0
myuV(yugep,) + VT + TVInn + qyVVe = qyu x Q, where Q = ¢ 'V X P = B+ V X (q”'mygpu)
VXB =g Yaja Where jo = qgVaNale
V-B=0
Y QaYana = 0 (the charge neutrality condition)
\/ﬁ

— €tp _ K(1/T7) i - 2 — (g) ® -zt (42 _ n—-
Jep = pmc? = ot/ with T* = T/mc? and K,,(z) = s J, dte™#(t? —1)"2

y represents relativistic effect due to macroscopic motion in the laboratory frame;
Jep represents relativistic effect due to random motion of particles contained in a fluid element concerned.

For non-relativistic fluid component, i.e., thermal plasmas, y=1 and g.,=1.

B Four-fluid equilibrium model will be used for analyzing p-B plasmas including ion velocity
differentials, and for EXL-75 design.

_ Thermal Thermal Thermal Relativistic
= + + + .
protons borons Electrons Energetic Electrons

* Four-Fluid Axisymmetric Plasma Equilibrium Model Including Relativistic Electrons and Computational Method
and Results--A Ishida, YKM Peng, W Liu; Physics of Plasmas, 28(2021)032503
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Three-fluid equilibrium theory and computation compare well with
experimental data

A 3-fluid equilibrium near-reproduction of an EXL-50 Plasma #9551@2.45s

EXL 50 Dat Calculated Contours of flux and current density
#9551 @2.45s ~28 Fatd equilibrium 15

Flattop Ip (kA) 141.04 142 .51 (error=1.0%)

Line density (m2) 1.04E+18 1.06E+18 (error=2.1%) A2 KA/m?
Energetic electron 1.0r 1140
temperature (keV) ~200 (HXR, R~0.27m) 208 (peak=237) camera figure 1og 1112
Thermal electron ‘ 3 IR 184
temperature (eV)  ~60-100 (TS, R~ 0.7m) 81 (peak=84) 0.5 112 56
Thermal ion , % 28
temperature (eV) ~20-30 (Hell ion) 25 T 80

Rlcfs (m) ~1.013 (OFIT) 1.0 (error= -1.3%) & 00r 6a 10
Major radius(m) ~0.60 (OFIT) 0.593 : lag

Minor radius(m) ~0.41 (OFIT) 0.407 o5l I35

Aspect ratio of Icfs ~1.46 1.46 '

Energetic electron 110

edge location (m) / 1.218 _10l —0
Energetic electron —— mid/. plane profile of

peak density(m-3) / 3.15E+16 (%.77=2.6%) I m;g :pglnvg p;gg;z g;]:ehtﬁ

Bt of thermal plasma / 1. 4% e, 15 pe=e Jes
Total Bt / 1.1% .0 0.5 1.0 1.5 2.0
Total Bp / 1.576 Rim)

Total energy (k]) / 4.4

* Three-fluid equilibrium is shown to exist in EXL-50 by computing equilibrium that nearly reproduces available measurements
» Energetic electrons can exist also in open-field-line region, carry most toroidal current, and form LCFS
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Investigation of energetic electrons outside LCFS* —
Verification of multi-fluid equilibrium model

A Smost
» o sy R r— s L d=1mm
B Lk B j : stainless L=3mm
shot:9702Q890f =+ - - el )
Bt AkOs
|| -
BN
210mm|

Camera

Tips of Metal probe
y o lomm  were melted by

i

i/ll energetic electrons.

Metal probe far from LCFS are
lighting by energetic electrons

* Experimental study of the characteristics of energetic electrons outside LCFS in EXL-50 spherical torus --
D.Guo, Y.J.Shi, W..Liu, T.T.Sun, B.Liu et al.; Plasma Phys. Control. Fusion 64(2022)055009
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High density current drive experiment on EXL-50

High-density discharges with

2.45 GHz ECRH at low B,.

Discharge #7063
<2
_ﬂ.
0
7
2 4
o £
25 ]
3 - wi ~  cut-off density il
-~ g for 2.45GHz ECH

Time (s)

Pecru is 20 kW. The density is about
three times as the ordinary mode
(O-mode) cut-off density

Shot 15805

Ne(101'¥m~—2

Time(s)

The plasma current reaches Ip > 80
kA for high density (>5 x 1018 m—2)
discharge with 150 kW ECRH.

High-density discharges with 28 GHz ECRH

Shot: 16420

100}
Ip(kA)
50}
0 50kW } | ECRHIC |

100 e(10m?) (R=490mm)
50

0op—r

60.0 - HCN_NE(R=525mm) 1
300 1
0.0 i 1 | |

080 Gas(BzHB) H

040

0.00

High density (1x107°m-2) discharge
with 300kw ECRH
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Survey of CS-free current drive with RF (ECRH or LHCD)

P ~ 150kW
——1 ECRH
r Py i ~ 300KW = N
| T | T T ¥ T T T T T 0.2 I T I T I T I r I r T
150 -
125 a0
- 'E 0. 15 - ® ®
100 - QUEST - E EXL-50
(=)
75 | MAST I = 0.10 -
m 60kW -
T S
50 - =
| 0-05- MAST LATE i
95 LATE.I‘)OkW.J;.—g]{)/IUW _ | ® %0 OUEST
B KSTAR 180kW . ® KSTAR
® JT-60U
0 I T 1 T I ' T T T T T 0. 00 I T I T I ' I Y T Y T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
192 192
n, (10"m”) n, (107" m™)

»Both the plasma current and current drive efficiency have reached new records in the CS-free
RF experiments on EXL-50. Y
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Summary of EXL-50 progress
> Demonstration of high efficiency steady-state CS-free
current drive with ECRH
Naw ~ TA/W Nep ~ 0.15x1019 AW-Tm~2
> Experimental verification of multi-fluid equilibrium model
» Achievement of high density (0.5~1x 107° m~2) current drive
with ECRH alone

Experiment goal in 2023

> Higher density current drive via 50GHz +28GHz ECRH
> High ion temperature plasma via NBI

» Confirmation of energy confinement time
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2024 Upgrade
EXL-50 =———> EXL-50U

TF coll g CS call

y &
e« ®

Vacuum
vessel

EXL-50U

> New vacuum vessel and TF&PF magnetic coils

> B;—>1.2T at R=0.6m Cross sectional view of the EXL-50U
> Flexible plasma shaping and current control

Main physics issues of EXL-50U

» Hot ion mode for ST (T;/T_.>1.5, T, = 3~5keV)

» ST Energy confinement scaling for wide range scan of aspect ratio (1.4~1.8)
and B, (0.5~1.2T)

> Other issues (MA non-inductive current drive,....) 24



ENN Vision To become a respectable, innovative and

intelligent enterprise by creating a modern energy
system and improving the quality of people’s life.

= '{ﬁ%ffﬁs—.ﬁgn--’ . E

Welcome to ENN for R&D of p-B1! ST fusion research!



Initial LHCD experimental results on EXL-50

A lp=16kA
1"or ' ' . ' —173
< 100p — 19734
é 90 b
_o 80r
70t

100F—19700 "
~T5 ——19701
—19702

L Time (s)

100kW LHCD can drive 20kA current in ECRH plasmas 11
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