Google: [Leonid Zakharov] — http://w3.pppl.gov/ zakharov

The next step In magnetic fusion, driving the
fusion science R&D and driven by it 1

Abraham Sternlieb!, Leonid E. Zakharov? , Ernesto Mazzucato?
in collaboration with Institute of Plasma Physics Chinese Academy of Sciences, Hefei, China
1 Directorate of Defense R&D, Israeli Ministry of Defense (retired)

2Princeton Plasma Physics Laboratory, MS-27 P.O. Box 451, Princeton NJ 08543-0451

presented by Leonid E. Zakharov

International Workshop MFE Roadmap in the ITER Era
September 09, 2011, Princeton, NJ, USA

VVVVVVVVVVVVVVVV




Contents 2127

1 Confinement: simple example of heat transfer 3
2 Fusion energy from magnetic fusion 7
3 The Liwall Fusion (LIWF) concept of magnetic fusion 15
4 Parameters of FFRF and mission 18
5 Burning plasma regime of FFRF 20
5.1 Volt-second capacities of FFRF: 40V-sec . . . . . ... . ... ... ... ...... 21
5.2 Energy confinementtime: 7-20s . . . . .. ... 23
5.3 Fusion power: 50-100 MW . . . . . . .. 24
5.4 Duration of the inductive regime: 1-2hours . . . .. ... ... ... ... ...... 25
6 Summary 26

% Leonid E. Zakharov, International Workshop MFE Roadmap in the ITER Era September 09, 2011, Princeton, NJ, USA

THEORY



1 Confinement: simple example of heat transfer 3127
cold wall
Sintered (porous) bronze filter
Hot gas g x
Injection ~ iy
C X edge

1. Hot gas is injected into the porous metal filter from left;

2. Heat is transferred to the right by thermal conduction and with gas diffusion;

3. Side surfaces are assumed to be thermally insulated.

qheat — iTgasI\hot gas __ _XdT(w) _ §T($)an(w) — iTedgeFedge—)wall’ (11)
dx 2 dx 2
(Chot gas, DU pedge—wall gre the particle fluxes).
The process depends on boundary conditions on the right surf ace.
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(a) Regime controlled by thermal conduction

427

Low right edge temperature due to high recycling

Cold wal
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(b) Pumping walls. Diffusion controlled heat transfer 5/27

Pumping walls prevent edge cooling

Pumping wall

T(x) Tedge |:|

Hot gas

C edge ;;

T(X) | 2
(60/5 keV). (60/5 = 12 keV)

| density ny free gas
gas m\ flow

- only diffusion

C X edge
Everything is very simple: T(x) =Tgas (1.3)

No dependence on thermal conduction . Wall is invisible.
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Heat transfer in porous metal and in plasma

6/27

Cold wal
Tc T(X Tedge
Hot gas
T93S ey i 80 keV
c €d9€ cold gas turbulent
T(X) (90/5 keV) no—conduction
Tgas W
gas termal conduction _recycling _ _
Ted Fusion of 5 “Bigs”
(1 keV << 9o/5 kev) edge -
c X edge Recycling
Pumping wall
T(x Tedge |
Hot gas =
T0%S 80 keV NBI
c edge LlWF
e = - (Lithium Wall Fusion)
(60/5 keV): (60/5 = 12 keV) diffusive energy
| densiny i free gas and particle losses
gas | body, flow Dﬂ
. only diffusion :
c X edge Li PFC
high metal ¢ | high X in toroidal plasmas

modest gas X4

modest diffusion D,
“fueling” by gas injection
heating by gas injection
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modest plasma diffusion D);
NBI fueling of the plasma core
NBI heating of the plasma core
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2 Fusion energy from magnetic fusion

7127
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FIG 1 Fusion power development in JET and the Tokamak Fusion Test Reactor
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After this, DT power was not produced for more than decade
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Conventional ( ) approach relies on 5 “Bigs” 8/27

ith no understanding
of turbulent losses

up to the limits on the cost

with "salt-water" numerical and the stuctural strenght

models of plasma dynamics

Every “Big” creates additional
plasma physics and technology
problems.

™has no enough legs for all “Bigs” of magnetic fusion:

+ Massive (Big # 6 !) Gas Injection (MGI)
+ Big promises of fusion power to the grid in 2035, etc

++ The cost of =g is not simply Big. It is astronomical .
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Ahead with roadmaps to nowhere 9/27

One of them:

ITER — DEMO — PROTO — Pilot plant — ... — and no destination point.

The fundamental problem of magnetic fusion is that the life t ime of the First
Wall (first 15 cm of material structure) can be expressed in ter ms of electricity
produced:

200 dpa ~ 15 MWa/m? = 1 kg T/m? = 566 - 10'? J/m?
Pelect’ric/PDT . $003t1 kW -hour (21)
0.33 $0.04 '

~ $2.2M/m? .

It is highly questionable (in fact, impossible) to cover the replacement

of first 15 cms of the FW (full of pipes, channels, joints, etc)

in toroidal (activated) device

by the limited value of electricity produced

(even if all materials are taken from a Home Depot)

Regarding this big problem of magnetic fusion, both tokamak s and stellarators are equiv-
alent (with stellarators being worse).
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The real situation with t-fusion IS worse than this 10/27

With no realistic destination,
point for its roadmaps

—&—-fusion has no even a good STARTING

Fundamental problems of plasma physics remain unsolved for decades, e.g.:

1. No understanding of anomaly of core electron transport (t he root reason of t):
every new experiment is in conflict with existing (still elect ro-static) theory.

2. Misinterpretation (“egde transport barrier” and shear flo w stabilization) of the plasma
edge and temperature pedestal, which is outside the confinem ent zone.

3. Big gaps in understanding the global stability (e.g., Gre enwald density limit, ELMs).
4. Misinterpretation (“halo” currents) of disruption measu rements.

Existing for 4 (!!!) decades a fundamental flaw in 3-D MHD codes ( including M3D,
NIMROD in the US), which with their boundary condition on the w all

Vnormal =0

treat the tokamak plasma as water in the pipe (“the salt-wate " numerical model)

6. No concept of stationary plasma (unpredictable long term plasma-wall interaction)
It is not possible to move forward anymore by relying almost e xclusively on the adopted
in —f~-fusion empirical approach
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Confinement on NSTX is consistent with LIWF 11/27

Lithium Edge Conditions Increased Pedestal
Electron and lon Temperature
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=PPPL | Confinement is not consistent with “profile consistency” 14
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DIlI-D confirmed the basic edge theory of LIWF 12/27

RMP experiments on DIII-D have determined the size of the confin ement zone

Confinement zone I

T, (keV)

1 1 1 1 1 L 1 1 L 1 L L 1 Pl
0.85 0.90 0.95 1.00
Normalized flux ()

(keV)

—_

0 1 1 | 1 | | 1 1 L 1 L I 1 1
0.85 0.90 0.95 1.00
Normalized flux (y,)

1. The pedestal TPedestal js found insensitive to RMP ~ —
d l; d
Tpedesial js the Tedse

The tip of the T, pedestal is the boundary of the con-
finement zone for electrons.

2. RMP do penetrate into the confinement zone:
The gradients
n'(z), T,(x)
in the core are reduced by RMP - indication of
“screening”.

3. Different positions of the “edge” for T.,T;, n, are pos-
sible

Claims about flow shear “stabilization” of turbulence and

suppressed transport in the pedestal are baseless.

It is just opposite: there is no electron confinement

T in the pedestal region.
S The pedestal is situated outside the confinement
_ s ! zone
|
0 i 1 1 1 | 1 i L 1 I I 1 1
0 KA, 2 kA, IrrP—coil
T.Evans at al., Nature physics 2, p.419, (2006)
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Our disruption theory is validated by JET data base 13/27

High quality of JET data was critical for validation. In 2009 J ET Disruption data base
(DdB) was created (Cbdsr code) and used for validation of theo ry

Passive Help W Help W

cmil- IH(H e 2o <sers <782 Phase diagram for all 4829 disruption shots
PIG+T}-1p (May 2009) based on all dB data from octants

7,3 (7 = 270°, 3 = 90°), black color and
5,1 (¢5 = 150°, ¢, = 0°),7 blue color

Hiro current phase

Upward VD 1

Downward‘\/\D Es

na
1

A\ Ly(p + m,t) — Ly(p,t) (vertical axis)
o ; aloldctl]rrentsh VS
would have phases ] ]
\fghrgvsv%?g%g& Miz(p+m,t)—Mjpz(p,t) (horizontal axis)
A (Mpz ~ I,6z -measured signal )

- In all 4829 JET disruptions,

phases correspond to theory 0 -fusion interpretation of toroidal asym-

metry based on “halo” currents contradicts
Miz(@+1)-Miz(p| | even the sign of measured signals

i -5 ) 5 dMIZ. MA n

Without exceptions JET disruption data are consistent with theory of
Hiro currents, rather than “halo” currents (having opposit e direction)
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Can we still go forward ? 14/27

With numerous plasma physics problems unresolved, the k approach has been
essentially exhausted at the level of TFTR and JET.

What kind of reserves is still not utilized ?
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3 The LiWall Fusion (LIWF) concept of magnetic fusion 15/27

NBI for core fueling & heating + Pumping LiWall conditions
(Limited plasma edge cooling:  Rew<ing < 0.5, 99 < TNBI)

The plasma physics is much simpler

In LIWF high edge T is OK

No VT-driven turbulence

80 keV NBI

© ENBl/c >—Peaked | (ITG/ETG)
= Elat @ Potential TEMs affect only the
diffusive energy 5 8 density level with NBI as a
and : S source
particle losses = o
D o No Greenwald Ilimit, saw-
— teeth, ELMs.
: : , Entire plasma volume pro-
Li PFC O radius @ O radius @ g,ces fusion

The BEST possible confinement
regime: energy losses are deter-
mined only by particle diffusion

Anomalous electron thermal conduction plays no role

This simplest and best possible approach is suggested for th e Chinese next step FFRF

FFRF stands for Fusion-Fission Research Facility, which is an option of the next 100-200
MW fusion device in China.
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Implementation is straightforward

16/27

D, T pumping
= and power extraction

\—He ion channel

Thermalization of the beam is much faster than the particle di ffusion.

3
Enpr = (5 + 1) (T;+Te),

T;+T. Ensr

Plasma temperature will be uniform automatically
(plasma physics is not involved)

No mystery, no tricks. LIWF implements a very simple idea:

2 5]

ENBI = 80 keV —

— (T. +T;)/2 ~ 16 keV
Liwall plates for Familiar “hot-ion” regime:

T > T

For toroidal plasma it is much more efficient to prevent plasm
neutrals from the wall than to rely on overwhelming heating p

a cooling by
ower.
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LIWF had no single failure so far in its predictions 17/27

Stored Energy (W,,yp) Increases After Li Deposition Mostly
Through Increase in Electron Stored Energy (W,)

@ nsTx
150 T 17T ‘ T T ‘ T 17 T 177 T T T T
- Deuterium 7
-|Br =0.45T - .
“l 1, = 0.9MA -
B PNBI = 4.0+0.2MW u .: 7]
100 6 N
— [~ . —
i o
LM - o —
= | oog@@@g' C ]
501 Slope =0.68 / ° ]
- \ = Fresh Li>0.1g |-
. + Without Li i
_ o Well before Li |
| | ‘ L1 1A ‘ [ T ‘ [ | | | T I |
00 50 100 150 200 250 300
WMHD<EFIT> (kJ) M. G. Bell
- Data sampled at time of peak W, 9

", which is full of embarrassing failures, the LIWF theory is e xceptionally

successful in its prediction:
1. enhanced confinement (at least, 4-fold increase in CDX-U, douled in NSTX)
2. Enhanced MHD stability (all MHD disappeared in CDX-U with liquid lithium (LiLi)).
3. no Greenwald density limit (1.4-1.8 excess over Greenwal d in averaged density FTU)

4. Edge stability (ELMs were easily stabilized on NSTX by Lic  onditioning)
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4 Parameters of FFRF and mission 18/27

z Ip=5.000000 [MA] EqRcnstr
I =8 Vsec Parameter FFRF
4 o dblanket,m 1
an, R, | 1.0,4.0
ace for Helium Vplg, SPl2 130. 230
2_ 2o 0.4
|=-1.471 E’i\ég_[ 1 20
Blanket Litde v | 24-27
space By r 4-6
0- I nia S
A\:[Jf—top,V.sec 40
‘@Q@J4J 42
TE"jec 20-7
-2 ] II:-1,471 ,
Pﬁﬁ} 2-5
n Pj\l}’—’v}, 50-100
Active fission core power 80-4000 MW. He
| | | | - cooling is possible.
0 2 4 6 r

FFRF can be potentially the next step device in PRC
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Mission 19/27

The mission of FFRF is to advance fusion to the
level of a (quasi-)stationary neutron source and
to create a technical, scientific, and technology

basis for utilization of 14 MeV fusion neutrons for
needs of nuclear energy and technology.

FFRF is a research, rather than application device.

For its justification, FFRF does not need to compete with, e.g. , fast breeder reactors

FFRF has both fusion and FFH missions
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5 Burning plasma regime of FFRF 20127

In burning plasma 90 % of «-particle energy goes to electrons, which do not produce
fusion but contribute to MHD 3.

The LIWF regime does not need «-particle heating.

The question is: will the hot-ion regime survive in the burnin g plasma ?

For spherical tokamaks the answer is almost for certain “Yes ". Even for I, = 8.4 MA, 60
% of a-particles can be intercepted at first orbits.

Is the LIWF regime applicable to the burning plasma with I, = 5 MA in conventional
tokamaks, like FFRF ?

% Leonid E. Zakharov, International Workshop MFE Roadmap in the ITER Era September 09, 2011, Princeton, NJ, USA

THEORY



5.1 Volt-second capacities of FFRF: 40 V-sec 21/27

z Ip=0.100000 [MA] EqRcnstr z Ip=5.000000 [MA] EqgRcnstr
W,=38.4 Vsec W,=-5.8 Vsec
4 _ -|:4.4919 4 _ I—4.9695
2 - I|:. 22222 2 -
0 - 0_
-2 ] II:.2922 2 ]
4 _ |=.96884 -4 _
-I:4.4919
\ \ \ \ \ \ \ \ \ \
0 2 4 6

0 2 4 6
Plasma configuration at the end of

Initial plasma configuration End of flat-top

About 40 V-sec is available for the flat-top of inductively dri ven plasma current.
(-6 T < B¢S<6T)
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ASTRA transport simulations 22127

Examples of stationary hot-ion burning plasma regimes in FFR F with
Revel = 0.5, T9% =0, f = 10 (factor of anomaly of x. = fx;:)

FFRF R=4 a=1 B=5 1 =5 g=3.25 n=3.59 Ti ne=18736 dt =500. 0 FFRF R=4 a=1 B=5 1 =5 g=3.3 n=3.91 Ti ne=16151 dt =500. 0
10 ne .01 MVt .08 Ptot .2 Sn 1.5 @S 1.5 Qe 1.5 ge 1.5 TGe 10 ne .01 MVt L1 Ptot .3 Sn 1.5 @S 1.5 Qe 1.5 ge 1.5 TGe

30 Te 30 T.i 3 i 5 q 1.5 Q‘ St 1.5 Qi 15 GSr 15 GFl 30 Te 30 T.i 3 i 3 q 1.5 Q‘ St 1.5 Qi 20 GSr 20 GF
Rcyc CF1 f PNBI betj tauE VIt PDT Q e0 <ne>Ti0O Te0 Tib Teb 1pl Rcyc CF1 f PNBI betj tauE VIt PDT Q e0 <ne>Ti0O TeO Tib Teb 1pl
A500.30010A02.07.81313.691-4629171423319267211247188504 A500.43310A03.00.96610.364-4796143453354278217256196503
q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT
1.98 20.4 26.3 .000 .000 .304 2.40 .304 1.55 3.68 4.68 4.36 2.71 21.2 27.4 .000 .000 .248 2.76 .248 2.38 5.58 5.38 5.65

=== ASTRA 6.1 === 18-02-10 23:50 === Mvdel: zFFRF === Data file: nFFRF === === ASTRA 6.1 === 19-02-10 16:58 === Mvdel: zFFRF === Data file: nFFRF ===
NBI __ NBI __
P =2 MW P =3 MW
FFRF R=4 a=1 B=5 1=5 q=3.35 n=%4. 14 Ti me=32200 dt =500. O1 FFRF R=4 a=1 B=5 1 =5 q=3.4 n=%4.31 Ti me=34607 dt =500. 0

10 ne .01 Wt .15 Ptot .5 Sn 1.5 QSr 1.5 Qe 1.5 ge 1.5 TGe 10 ne .01 Wt .15 Ptot .5 Sn 1.5 QSr 1.5 Qe 1.5 ge 1.5 TGe

30‘ ‘T‘e‘ 30‘ ‘T‘i 3‘ ‘j 8 ‘q l,5‘Q“SI" ‘1‘5‘(ii‘ 30 ‘G‘S‘r ‘30‘ ‘G‘FI‘ 30‘ ‘TLe‘ ‘30‘ ‘T‘i 3 j 8 q 1‘5‘Q"S} ‘I‘S‘Q‘i‘ 30 ‘G‘S} ‘30‘ ‘G‘FI‘
Rcyc CF1 f PNBlI betj tauE VIt PDT_ Q ne0 <ne>TiO TeO Tib Teb Ipl Rcyc CF1 f PNBI betj tauE VIt PDT Q ne0 <ne> TiO TeO Tib Teb Ipl
.500 .575 10.0 3.99 1.05 8.27 49-4 90.7 12.2 4.74 3.80 27.7 21.6 25.6 19.7 5.02 .500 .720 10.0 5.01 1.11 6.92 .004 98.4 10.6 4.88 3.99 27.3 21.3 25.1 19.6 5.01
q0 <Te> <Ti> NbmA SrtA |i beTr i PeNB PTOT PSYN PI DT q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT
3.55 21.3 27.4 .000 .000 .210 2.97 .210 3.21 7.46 5.60 6. 44 4.50 21.0 27.0 .000 .000 .184 3.08 .184 4.02 9.26 5.59 6.93

=== ASTRA 6.1 === 19-02-10 16:58 === Mdel: zFFRF === Data file: nFFRF === === ASTRA 6.1 === 19-02-10 8:02 === Mdel: zFFRF === Data file: nFFRF ===

PNBI — 4 MW PNBI — 5 MW
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5.2 Energy confinement time: 7-20 s

23/27

In calculations 50 % of «-particle energy was released in the plasma (assuming loss o f
energetic particles). Dilution of plasma was neglected.

25.

25

25

25

Ig, Sec

Tg, Sec

THEORY

Pngi 2 MW Prnei=3 MW T, Sec Pei=4 MW Tg, Sec Pui=5 MW
207w7 20 L 20 L 204 L
15 - | 154 Recychngjo.l 15 L 154 Recyciing=0.1 =
10¥ 10] Reoyoing=05 | 10 reatimoss | 101 !
| . | Sw 6| |
00 i é |°910Xe/X|3 00 i é Ioglee/x,d 00 i é log10xe/X; | 00 i log10xe/Xi 3

PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI — 5 MW
Energy confinement time in LIWF regime for different Reeve as function of
0 < logyg Xe/Xi < 3 (1 < xe/xi < 1000).
LIWF regime is not sensitive to anomalous electron thermal co nduction, which is the root
reason of problems in magnetic fusion.
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5.3 Fusion power:

50-100 MW 24/27

High recycling R*¥! > 0.6 (as in conventional fusion) is devastating for fusion power

| | | |
Por\MW Pngi=5 MW
Por, MW Prei=2 MW Pot, MW Pnei=3 MW Por, MW Pnei=4 MW | o0l " L
100 = 100 Recycling=01 |~ 100 L Recycling=0.5
sggg::zgzgé.@ X Recycling=0.33
Recycling=0.5 Recycling=0.5
Recycling=0 — Recycling=0.7 Recycling=0.33 Recycling=0.2
R ling=0.2
80l R:g&:ﬂgzo_?ﬁ L 80! L 8 Recycling=0.2 | 80+ \ Recycling=0.1 |~
— e \ Recycling=0.1

60| T 60 L 60| | 60
Recycling=0.7
40! L 40 L 40 | 40 L
Recycling=0.7
20| - 20| 1 20| L 204 L
Recycling=0.7
0 Xe/D 0 Xe/D 0 Xe/D 0 logsoXe/Xi
1 10 100 1000 1 10 100 1000 1 10 100 1000 0 i 2 3
PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI — 5 MW

Fusion power time in LIWF regime for different
0 < logyg Xe/Xi < 3 (1 < xe/xi < 1000).

Recve gs function of

At the practical level of recycling coefficient
with PPT = 50 — 100 MW is possible in FFRF

Revel < 0.5, the burning plasma regime
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5.4 Duration of the inductive regime: 1-2 hours 25/27

With limited recycling Ré%¥! < 0.5 the loop voltage in FFRF is smaller than 0.01 V.

.025 | .025 | .025 .025

Voltage, V Prgi=2 MW Voltage, V Pngi=3 MW Voltage, V Prgi=4 MW Voltage, V
Pngi=5 MW
.02 .02 F .02 F .02 =
Recycling=0
Recyclingfo.z
015 Reoyaind=033 | 0154 L 015 L 015 L
Recycling=0.7 Recycling=0
ecycling=0.. . s
Recycling=0.5 Recyclgngfo Recyc\!ng;o
Recycling=0.7 Eggg::gg_g% Eggﬁi:ﬂg%éa
ling=0." ecycling=0.!
014 - 0L - 01 Reyaing=03 01+ Recycling-07 -
.oo&/_kf 005.| L 005 L0054 L
0 10g10Xe/Xi 0 log10Xe/Xi 0 10g310Xe/Xi 0 10g10Xe/Xi
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI =5 MW

Loop voltage in stationary stage for different Reevel as function of
0 < logyg Xe/Xi < 3 (1 < xe/xi < 1000).

With 40 Vsec of the flux swing, a simple 1-2 hour inductive regi me is possible in FFRF.
This makes FFRF exceptionally consistent with its mission
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6 Summary 26/27

The LIWF suggests the Best possible burning plasma regime fo r FFRF, which makes it realistic as

a 100-200 MW fusion device:

1. the best possible (diffusion based) confinement

2. the best possible core MHD stability (no saw-teeth)
3. the best possible plasma edge stability (no ELMSs)
4

. the best possible stationary plasma-wall interaction (no thermo-force, stationary plasma
facing wall surface)

5. the comprehensive plasma control by NBI and edge conditio ns (not a hostage of
plasma unknowns)

(a) hours long inductive regime

(b) the best possible conditions for non-inductive current drive

(c) the best possible power extraction approach - synchrotr on radiation
(d) no reliance on «-heating

(e) the best possible use of plasma volume for fusion

(f) the best possible helium ash exhaust regime

The real question is “How good is the Best ?”

Plasma physics and fusion technologies, which have to be dev eloped in
parallel with the design work on FFRF in order to answer this q uestion,
are well specified.
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Achievements based on LIWF theory:
e Enhancement of the energy confinement time was predicted in D ec. 1998.

— More than 4 fold enhancement was demonstrated on CDX-U with LiLi tray in 2005.

— NSTX enhanced energy confinement time by factor of 2 (from 50 to 100 msec) using Li
evaporators (2006-2010).

— EAST obtained the H-mode in 2010 using Li conditioning.

e Enhanced global stability predicted in 1999. All MHD activity disappears in CDX-U since
introduction of LiLi in 2003.

e Absence of the density limit (Greenwald limit) was predicte d in 2003. Confirmed by
experiments on FTU in 2006.

e Stabilization of Edge Localized Modes (ELM) was predicted in 2005. Confirmed in
experiments with Lithium evaporation on NSTX in 2007.

e New understanding of the plasma edge (e.g., temperature ped estal) was created in
1999. Confirmed by experiments with Resonant Magnetic perturbations on DIII-D in 2006.

Still, all experiments so far are limited by Li conditioning, which is only a partial imple-
mentation of LIWF.

ASIPP is moving toward to make EAST in 3-4 years the first machi ne operating in the
LIWF regime with combination of NBI and Flowing LiLi system.
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