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Fusion-Fission Research Facility (FFRF) as a Practical Step To-
ward Hybrids
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1. Princeton University, Princeton Plasma Physics Laboratory MS-27, P.O.Box 451, Princeton, New
Jersey 08543

2. Institute of Plasma Physics, Chinese Academy of Sciences P.O.Box 1126, Hefei, Anhui 230031,
China

Abstract: The project of ASIPP (with PPPL participation), called FFRF, (R/a=4/1 m/m, I,,=5 MA, Bio,=4-6
T, Ppr=>50-100 MW, Pf;ssion=80-4000 MW, 1 m thick blanket) is outlined. FFRF stands for the Fusion-Fission
Research Facility with a unique fusion mission and a pioneering mission of merging fusion and fission for accumulation
of design, experimental, and operational data for future hybrid applications. The design of FFRF will use as much
as possible the EAST and ITER design experience. On the other hand, FFRF strongly relies on new, Lithium Wall
Fusion plasma regimes, the development of which has already started in the US and China.
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1 Mission and scientific strategy

FFRF is a project of ASIPP, which is an institution
working on the development of fusion applications to
nuclear energy.

The mission of FFRF is to advance fusion to the
level of a stationary neutron source and to create a
technical, scientific, and technology basis for the uti-
lization of high-energy fusion neutrons for the needs of
nuclear energy and technology.

The mission of FFRF is unique, ambitious, and at
the same time realistic. It took more than 25 years
for the ITER project [1] to approach the construction
phase, and still there are numerous uncertainties in the
design of its critical elements and systems. The major
reason of slow progress in ITER is related to uncer-
tainties in the plasma regime, whose understanding
is still evolving without giving sufficient confidence in
performance of the next step facility.

Unlike ITER, which has chosen the conventional
plasma physics concept for a burning plasma regime,
FFRF takes advantage of a new approach to magnetic
fusion, which emerged during the last decade (since
Dec. 1998) [2, 3, 4].

For magnetically confined plasma, it is much more
efficient to prevent its cooling by neutrals recycled from
the walls, rather than to rely, as the conventional ap-
proach, on extensive heating power in order to com-
pensate the otherwise essentially unlimited cooling.

In the 70s, this understanding was behind several fu-
sion reactor projects with the special magnetic con-
figurations consisting of closed, nested magnetic sur-
faces, which are separated by a separatrix from the
open magnetic surfaces. The plasma has to be confined
in the closed magnetic surfaces. The plasma particle
flux, which crosses the separatrix should be directed
along the open field lines through narrow channels to
the pumping volume. Plasma particle pumping was
the essence of this “pumping divertor” approach.

Then, in the early 80s, after discovery on the AS-
DEX device of the so-called H-mode regime with en-
hanced confinement, the idea of a pumping divertor
has been abandoned. The expectations were created
that sufficient performance can be obtained with H-
mode even in simple magnetic configurations, without
design and operational complexities of the pumping
divertor. But, in fact, the unanimous and uncriti-
cal adoption of H-mode, has deviated magnetic fusion
from its basic line. The plasma physics problems, in-
stead of being resolved, were accumulated at the larger
scale in big fusion machines. Unresolved, the same
problems were amplified in the ITER project, explain-
ing its outstanding design challenges and delays.

The fundamental shift back to the basic line in mag-
netic fusion was made in Dec. 1998 when T-11M [5, 6]
experiments have demonstrated the outstanding abili-
ties of lithium coating in absorbing deuterium plasma
particles. It was immediately understood that the



lithium plasma facing layer can eliminate the recy-
cling and prevent plasma edge cooling by the cold
neutrals.

Complemented in 2006 with the core fueling by the
Neutral Beam Injection (NBI), the lithium wall idea
resulted in the LiWall Fusion concept of magnetic fu-
sion, now completed. Its comprehensive theoretical
analysis during the last 10 years and initial experi-
ments on several machines around the world suggest
the unambiguous superiority of the LiIWF [4] over the
conventional approach. The LiWF can solve the oth-
erwise unresolvable plasma physics and fusion tech-
nology problems instead of accumulating them in the
next step devices [7, 8.

The strategy of FFRF is to design the machine in
parallel with the supporting experimental and technol-
ogy development of the LiWF regimes.

This FFRF strategy is significantly different from
the initially adopted ITER strategy with a never
realized conservative reliance on “well established
data and understanding” in plasma physics. In con-
trast, FFRF relies on development of plasma regimes,
which eliminate dependence on numerous uncertain-
ties in the tokamak plasma physics.

The mission of FFRF essentially determines the
major parameters of the machine. Based on a super-
conducting tokamak, FFRF will be a long lasting re-
search facility. The requirement of 1 m thick blanket
for protecting super-conducting coils from the neu-
tron radiation dictated the large size of the machine.
At the same time the plasma physics requirements
limit the enlargement of the machine. The compro-
mise solution is at the major radius of about 4 m and
the plasma current of about 5 MA.

Even with existing uncertainties in the plasma and
blanket regimes, these basic requirements specify the
major parameters of FFRF, thus, allowing the design
of the time- and labor-consuming systems of the ma-
chine. The design of other systems, which are related
to the details of plasma control and blanket design,
can follow upon accumulation of necessary experi-
mental information.

Being a conventional tokamak with the size be-
tween EAST [9] and ITER [10], FFRF will rely as
much as possible on their existing design. Thus,
the magnetic system, especially Toroidal Field Coils
(TFC), can take advantage of the ITER experience.
TFC in FFRF can use the same superconductor
as ITER. The plasma regimes, on the other hand,
will represent an extension of the stationary plasma
regimes on HT-7 [11] and EAST tokamaks at ASTPP.
Both pulsed inductive discharges and stationary non-
inductive Lower Hybrid Current Drive (LHCD) will

be possible (although only the first one is considered
in the present paper).

2 Reference parameters and
burning plasma regime of

FFRF

The Table below specifies the reference FFRF param-
eters

Table 1. FFRF parameters.

Parameter Value Parameter Value
Dblanket,m 1 am,Rm 10, 4.0
VPLLSPL | 130, 230 L 5.
Btor,T 4-6 A\:[jj"ftop,Vsec 40

n90 0.4 LitTe |keV 24-27

ENST 120 P 2-5
Té{\gfc 20-7 PA’:}%}, 50-100

Here, a, R are minor and major radii of the plasma,
V,S are its volume and the surface area, n is the
plasma density, EVB! is the energy of Neutral Beam
Injection, T;,T,. are electron and ion temperatures,
Bior, Iy are the toroidal magnetic field (at plasma ge-
ometric center) and the plasma current, AU ;_,, the
resistive Volt-second for the flat-top of the current,
Wz is the total thermal energy of the plasma, 75V P
is the energy confinement time (inductive regime),
PNBI is the NBI power, PPT is the fusion power.

The power of the active fission core power is not yet
specified but can be within 80-4000 MW, depending
on the fuel composition. Its design and regimes are
beyond the scope of the present paper and is covered
elsewhere (see, e.g., [12]).

The magnetic system, based on the ITER super-
conductor, would be capable of the toroidal magnetic
field of up to 6 T. In fact, for fusion power of 50 MW,
the toroidal field By, = 4 T is sufficient for the LIWF
regime. In parallel with progress in ITER plasma per-
formance, advanced plasma regimes of FFRF with a
higher plasma density and fusion power of up to 100-
150 MW could be possible at the later stage of FFRF
without enhancement in the total plasma current.

The following subsections outline the basic prop-
erties and uniqueness of the FFRF burning plasma
regime. All presented calculations have been made
with ASTRA-ESC code system (IPP, Garching [13],
PPPL, USA [14]). Plasma global stability mar-
gins for free-boundary magneto-hydrodynamic modes
(with the toroidal wave numbers n = 1,2,3) have
been calculated using KINX code [15] (CRPP, Lau-
sanne, Switzerland, Keldysh Inst., Moscow, RF) and



all presented results correspond to the plasma param-
eters within these margins.

Volt-second capacities of the poloidal
field coil system.

The polodial field coil (PFC) system should provide
activation, ramp up, and drive of the plasma current
during the flat top, as well as maintain plasma equi-
librium. As the reference choice for FFRF, a scaled
version of the EAST PFCs was taken at the moment,
as it is shown in Fig. 1(a,b).

Fig.1(a) presents an example of initial configura-
tion with a small plasma current (0.1 MA). The cen-
tral solenoid is charged positively at maximum field
of 6 T at the solenoid coils. This provides ¥, = 38.4
Vsec of poloidal flux at the plasma magnetic axis.
The reference final state of the central solenoid is
chosen at magnetic field equal to -6 T. The corre-
sponding plasma configuration is shown in Fig. 1(b).
It has ¥y = —5.8 Vsec at the plasma axis. This gives
the total poloidal flux swing of 44.2 Vsec.

z 1p=0.100000 [MA] EqRenstr z 1p=5.000000 [MA]

W=38.4 Vsec

EqRenstr
W;=-5.8 Vsec

Fig.1. (a) Initial and (b) final magnetic configu-
rations of FFRF.

The internal flux inside the plasma for I, = 5
MA is 13 Vsec. The optimal plasma current ramp
up regime consumes (without non-inductive current
drive assistance) about 1/3 of the internal flux, i.e.
4.3 Vsec. This leaves of AW¢_;,, ~ 40 resistive Vsec
for the flat top of the discharge.

As it will be seen in following sections, such a tech-
nically realistic flux swing can provide more than an
hour of burning plasma operation and makes FFRF
independent of non-inductive current drive.

Plasma edge and boundary conditions
for core transport
Plasma edge conditions play a crucial role in en-

ergy confinement, stability and overall plasma per-
formance. While in the conventional approach to

magnetic fusion there is a strong interaction of the
plasma edge with the neutral particles between the
plasma and the wall, the idea of LiWF is to reduce
as much as possible the cooling down effect of neu-
tral particles on the plasma. For this purposes, the
plasma particles coming out of the confinement zone
are directed to the lithium covered target surface,
where most of them will be absorbed. In addition,
all the gas influx to the plasma edge (from the wall,
gas puff, etc) should be eliminated. Instead, the NBI
will provide the core (rather than edge) fueling of the
plasma.

In the ideal situation (complete plasma particle ab-
sorption, no gas influx to the edge), the stationary
plasma temperature will be uniform over the entire
cross-section

T, +T. 1 NBI
~ _-F .
2 5

ENBI o @ + 1) (T, +T), (1)
This relationship is based on the fact that thermal-
ization of the neutral beam, where the energy is con-
tained in the ion component, is much faster than the
plasma losses from the magnetic configuration. The
term “3/2” in the coefficient is related simply to the
definition of the temperature in terms of energy. An-
other term, “1”, is determined by plasma losses due
to diffusion and can be slightly different from 1 for a
non-Maxwellian plasma.

The remarkable property of the LiWF regime is that
the plasma temperature is determined exclusively by
the NBI energy. Plasma physics, except for radiation,
plays no role. The plasma density is determined by
the beam current INBIT together with plasma diffusion
and is also under external control.

In the presence of an additional (to NBI) heating
power P e.g., related to a-particles, RF, etc, or
radiation P™*? the plasma temperature will not be
entirely uniform. Still its volume averaged expression
in the ideal LiWF regime will be similar

T + T 1
i +1e - = (ENBI + EouT _ Erad) , (2)
2 5
paue pauz vad _ pra FNBI - INBI (3)
- T'NBI’ - T'NBI’ - e ’
where T'WBI is the particle source from NBI,

Eevwr Erad are introduced as specific energies of the
auxiliary heating and radiation power, e is the elec-
tron charge.

In the LiWF regime, finite recycling and residual
gas flux to the edge affect confinement through the
boundary condition for the confinement zone. Out-
side the last closed magnetic surface (LCFS), the
plasma energy flux ;. is delivered to the target



edge—wall
i,e

plates convectively by the flux I' of ions and

electrons

5 —wa € e 5 —
Qi _ 7F§dge ”T.‘dg‘ Qe _ 7F:dge wallTeedge. (4)

20 v 2

The subscripts ’i, e’ stand for ion and electrons. Be-
cause of potentially different recycling coefficient, the
ion [¢49¢7wall and Tedge—wall glectron fluxes can be
potentially different. In its turn, the particle fluxes to
the wall consist of the diffusion flux from the plasma
core ['eore—edge — I'NBI regidual gas influx I'9%* from
the wall, and the flux Rf’ceydl“fige_wa” of recycled

ecycl

particles from the wall, where R

coefficient,

is the recycling

ngge—wall _ FNBI + Fgas + R?cycll—\?dge—wall
) )

1 3

edge—wall __ 12NBI gas ecyclpedge—wall
e = [NBI | as | Reeyelpe .

(5)
(6)

The Egs. (4, 6) serve as the boundary conditions for
the edge plasma temperature.

The edge plasma density, on the other hand, can
be determined from the following considerations. In
the core, the plasma flux is determined by plasma
diffusion

VB — ]f D(Vn -dS), (7)
s
where D is the diffusion coefficient, and integration is
carried out over the LCFS. In the present studies, we
neglect the favorable pinch effect. The plasma flux
outside the LCFS is convective

F;dege—wall _ ﬁnedge(f/’i?gt . d§)7 (8)

where V%" are the unidirectional velocities of plasma
components across the LCFS. For both electrons and
ions V%" can be estimated as

d;  Oe
- = (9)

Vout ~ Vout ~
e T -
' Ti  Tei

where §;,0. are the characteristic banana widths of
the ion and electron trajectories and 7;, 7; is the ion-
ion and electron-ion collision times. Egs. (7, 9) with
the assessment of V°“ (9) represent the boundary
condition for the edge plasma density in the LiWF
regime. For a 1-D transport model it can be reduced
to a form used in the simulations of this paper, i.e.,

dge—wall dge—wall
nedge _ peagewatp ledge [redgewa n/edg55_ (10)
~ I'NBIyout - NBI v
where n/¢?9¢ is the radial gradient of the plasma den-

sity at the edge of the confinement region.

Diffusion based confinement regime

If the heat fluxes are expressed in terms of the heating
power

Qi +Q1 — (ENBI + Eauz o E’rad) FNBI, (11)

the edge temperature will be given by

Tiedge +T:dge - 1— R* ENBI + pour _ Erad
2 1+ &xor 5

.(12)

where the effective recycling coefficient R* is defined
as

ccycl cl
RZ{’CZ/(’ + Rchcl Rgcycl _ Rfcyv

R =
2 * 2 .
Eour _ Erad
ENBI + Fauzx _ Erad . (13)

For R* < 0.5 and I'9%% < I'NBT the above writ-
ten boundary conditions, in fact, constitute the really
new confinement regime for magnetic fusion.

Formula (12) explicitly shows that with restriction
on recycling REY“ Reevel and the residual gas flux
to the plasma edge, the high edge temperature can
be indeed achieved regardless of plasma properties.
Independent of plasma core properties this will auto-
matically provide the fusion relevant plasma temper-
ature in the entire cross-section.

The high edge temperature reduces dramatically
the thermo-conduction losses of energy. It also elimi-
nates the ion/electron-temperature gradient turbu-
lence, which is believed to be responsible for the
energy losses in the conventional plasma regimes.
Concerning diffusion, the plasma ions behave neo-
classically regardless of turbulence even in the present
experiments.

In contrast to thermo-conduction, plasma diffusion
18 determined by the best confined component. Inde-
pendent of the behavior of electrons, which are always
anomalous, the energy losses in the LiWF regime are
determined by essentially meo-classical ions. This
property makes the LiWF regime the best possible
regime for magnetic fusion.

As a result, the following Reference Transport
Model (RTM)

I'=DVn, = x;“°Vn,
¢ = nx;°VT;, qe= fnxiVT,

(14)
(15)

is reasonable for LiWF regime. Here the diffusion
coefficient D in the particle flux I' is equal to the ion-
neoclassical thermo-conduction value x;*“°. In the en-
ergy transport equation, the precise value of thermo-
conduction coefficient is not very important for the



LiWF regime, and in the ion heat flux ¢; it is equal
to the same x7'“°. The electrons are assumed to be
anomalous (as it is in the present experiments). In
RTM, their thermo-conduction coefficient in expres-
sion for the heat flux ¢. contains an extra factor f,
which is scanned over the range 1 < f < 1000.

In the following simulations, performed for FFRF,
the stationary burning plasma parameters and pro-
files are calculated. The particle and energy source
due to NBI is assumed to be parabolic.

Because of the flattened current density profile in
the LiWF regime, the instabilities excited by the en-
ergetic a-particles are unavoidable. In order to ac-
count for the associated energetic a-particle losses,
in calculations it is assumed that only 50 % of the
a-particle power is released inside the plasma. Also,
because of uncertainty in energetic a-particle confine-
ment, the calculations neglect so far plasma dilution
by thermalized a-particles.

Four examples of different profiles, calculated in
simulations of the burning plasma regimes are shown
in Fig.2.

In each frame the abscissa is the normalized mi-
nor radius @ = /®/®Pgy, where @ is the toroidal flux
through the magnetic surface. The scales of red and
blue profiles are shown either at the top or at the bot-
tom of each frame. There, n., V1t are plasma density
and loop voltage profiles (left-top frame), Te, T; are
electron and ion temperatures (left-bottom frame),
Piot, Sy densities of the heat and particle sources, q, j
are g- and jj-profiles. Other curves represent heat
and particle fluxes in electron and ion channels. All
cases are shown for recycling coefficient R = 0.5
and electron anomaly factor f = 10.

The bremsstrahlung radiation is negligible in all
regimes considered in this paper.

At the same time, the cyclotron radiation, as was
noticed by G.Hammett (PPPL), is an important part
of the burning plasma regime of FFRF. Because of
good confinement, the LiWF regime does not need
extra heating power in addition to NBI. At the same
time, the a-particles gives 90 % of their energy to
electrons, which not only do not produce fusion but
can destabilize some global magneto-hydrodynamic
activity. The cyclotron radiation, which in the above
examples is in the range 4.5-5.7 MW, prevents over-
heating of electrons and keeps their temperature be-
low the ion one. Also, the cyclotron radiation chan-
nels the a-particle energy to the side walls rather than
allowing it to contribute to the heat flux into the di-
vertor.

FFRF R4 a=1  B=5  1=5  q=3.25 n=3.50  Tine=18736 01=500.0
.01 Mt 08 Ptot .2 Sn 1.5 QeSr 1.5 Qe 1.5 ge 1.5 TGe

/

30 Te 3 T4 5 aq 3 ; 5 Qs 1.5 Qi 15 Gs 15 GF

Reye CFL PNBI betj tauE Vit Q ned <ne>TiO_ Te0 Tib_ Teb Ipl
TEY8 B0 10.0 207 81k 136 S1'a 620 Tr.1 4733 598 2607 291 2477 188 504

g0 <Te> <Ti> NomA SrtA li  beTr Ii  PeN8 PTOT PSYN PIDT
1.98 20.4 26.3 .000 .000 .304 2.40 .304 1.55 3.68 4.68 4.36
=== ASTRA 6.1 === 18-02-10 23:50 === Mbdel: zFFRF === Data file: nFFRF ===
a)
FFRF R4 asl BS5 15 3.3 n=3.91 Time=I6151 dt=500.0,
10 _ne .01 Mt .1 Pot .3

Sn 1.5 QS 1.5 Qe 15 ge 1.5 TGe

I —

)

30 Te 3 Ti 5 a 5 |

1.5 QS 1.5 Qi 20 GS 20 GF
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.500 . 433 10.0 3.00 9661036A4796143453354278217256196503
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71 5155 57.2 1000 000 | 248 576 | 248 236 5. 5B 530 5 65
) === ASTRA 6.1 === 19-02-10 16:58 === Model : zFFRF === Data file: nFFRF ===
FFRFE Re4 a=1 B=5 1=5  q=3.35 n=4.14  Ti ne=32200 dt=500.0
10 ne .01 VIt .15 Ptot .5 Sn 1.5 QeSr 1.5 Qe 1.5 ge 1.5 TGe

|-

30 Te 3 Ti 8 aq 5 |
Reye CEL 1 PNBL betf tauE Vit
500 .575 10.0 3.99 1.0!

1.5 QSvlS Qi 30 GsSr 30 GF

PDT_ Q <ne> Ti0O_ Te0 Tib Teb_ Ipl
557 Mota 0.7 2.2 4% 580 277 2306 5.6 16°7 502

P 513 574|600 000 | 210 397 | 210 575F 7156 boud 6 44
=== ASTRA 6.1 === 19-02-10 16:58 === Mbdel : zFFRF === Data file: nFFRF ===
c)
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]
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d) === ASTRA 6.1 === 19-02-10 8:02 === Mdel: zFFRF === Data file: nFFRF ===
Fig. 2. Output profiles from ASTRA-ESC simula-

tions: (a) PNBI =2 MW, (b) PNBI =3 MW, (C)
Pypr =4 MW, (d) Pvpr =5 MW.

In present simulations the cyclotron radiation
power density was calculated using a simple model,
implemented in ASTRA,

dP sync
dV =1.32-107(T\ kv Bior.1)*”°
10n, 18
e20 (44 ), (6
a R Te,k:eV



which reflects high sensitivity of the radiation to the
electron temperature and magnetic field. Thus, the
range of possible toroidal magnetic field strengths
Bior = 4 — 6 T translates into 2.75 fold change in
the synchrotron radiation. The sensitivity of LiWF
regime to the synchrotron radiation can be utilized
purposely in FFRF for controlling the electron tem-
perature. (Because of importance of synchrotron ra-
diation, more accurate simulations should be per-
formed in future using more accurate numerical mod-
els, also available for ASTRA [16]) .

As a result of synchrotron radiation and NBI fu-
eling, in all analyzed FFRF plasma regimes, the
ion temperature is higher than electron temperature.
Such a “hot-ion” regime is favorable for fusion energy
production as well as is consistent with the present
experience with the high performance tokamak plas-
mas.

Fig. 3 shows the energy confinement time for differ-
ent values of recycling coefficient R°“Y“ as function of
logarithm of the electron anomaly factor f = xe/x:
(abscissa axis).

The calculations in Fig.3 demonstrate the major
property of the diffusion based confinement regime of
LiWF in being independent of the anomalous electron
thermo-conduction.

25 I I 25
T sec P 2 MW

Te, sec Pyg=3 MW

ably smaller than 1, the energy confinement time be-
comes insensitive to the anomaly of electron thermo-
conduction. Note, that in all other approaches to fu-
sion, the anomalous behavior of electrons represents
the major problem for plasma performance.

The green curves in Fig. 3 (and in following exam-
ples) corresponds to a realistic recycling coefficient
Reevel — (0.5, Four cases of the NBI power, pre-
sented in Fig.3, correspond to the same beam en-
ergy 120 kV, but different beam currents. Corre-
spondingly, the higher NBI power, creates the higher
plasma density n and reduces the energy confinement
time, which in RTM is inverse proportional to n. But
in all cases, the energy confinement time exceeds sig-
nificantly the values typical for conventional fusion.

Fusion power

Fig.4 shows results of calculations of fusion power
Ppr for different values of recycling coefficient Recyel
and electron anomaly factor f.

It also illustrates the dramatic drop in fusion power
when the recycling coefficient exceeds 0.5 level, e.g.,
for Reevel = (0.7. This transition to low performance
makes a clear distinction between the LIWF and con-
ventional fusion regimes.

I
Pngi=3 MW

1
Por, MW

L
Por, MW Pnei=2 MW,

Recycling=0.
100 o — Re
Zwku_, 204 L
Recycling=0.2
Recycling=0.33
15 | s reouwen|
Recycling=0.5 = 60 L
Recycling=0.33
10 L 1aw, a0
Recycling=0.7 L
Recycling=0.7 R ing=0.7
ecycling=0.
5 roo r 20| 5
Recycling=0.7
o 10g10XelX: o 10g10x/xi o Xe/D o Xe/D
0 { 3 [ { ] 10 100 1000 10 100 1000
(a) (b) (b)
2! 2!
Te: Sec Pgi=4 MW Te: sec Ppi=5 MW Pon\UW Pngi=5 MW
1004 Recycling=0.5 [
20 L 20 L Recycling=0.33
Recycing=0,
804 AN Recycling=01_I”
15] L
604 L
Recycling=0.1 Recycling=0.7
— Recycling=02
104 Recycling=0.33 - Recycling=0.7 20/
w 404 t r
w
5 ¥ 20 Foo20q [
o 10g10xe/Xi o log10xe/xi o Xe/D o logaoxe/Xi
0 1 2 1 ] 10 100 1000 [ 1 3
(c) (d) (c) (d)

Fig.3. Energy confinement time: (a) Py = 2
MW, (b) 3 MW, (c) 4 MW, (d) 5 MW.

As soon as the recycling coefficient RV is notice-

Fig.4. Fusion power: (a) Pypr = 2 MW, (b) 3
MW, (c) 4 MW, (d) 5 MW.

Despite reduction in the energy confinement time



7g at higher NBI powers, the fusion power is increas-
ing because of enhanced plasma density, as is shown
in Fig.4. The interesting result is that the fusion
power can increase with a moderate increase in recy-
cling as in Fig. 4(c,d). This effect is explained by con-
tribution of the enhanced edge plasma density into
fusion power.

Duration of inductive current drive

Fig. 5 below gives the stationary values of loop volt-
age at the plasma column for different NBI powers.
In all cases the loop voltage even for the RV = 0.5
case is in the range of 0.005-0.01 V, suggesting the du-
ration of the inductive FFRF discharges in the range
of 1-2 hours.

While the Volt-second capacities of the magnetic
system are specified by the initial and final magnetic
configurations and for FFRF is ~ 40 Vsec, duration
of the burning plasma regime is determined by the
plasma resistivity of the flat-top of the plasma current
and the bootstrap current contribution. The effect of
bootstrap current should be assessed more rigorously

in future.
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Fig.5. Loop voltage at operational stage: (a)
Pysr =2 MW, (b) 3 MW, (c) 4 MW, (d) 5 MW.

The possibility of a sensible pure inductive burn-
ing plasma regime, which minimizes reliance on the
high-tech non-inductive current drive systems, makes

FFRF especially attractive for its mission as the
fusion-fission hybrid device.

Plasma stability

For the reference plasma configuration (Fig. 1(c)) the
stable beta value (8 (the ratio of thermal and magnetic
energies inside the plasma) for the global modes (with
toroidal wave number n = 1,2, 3) was assessed using
the KINX free boundary stability code [15]. In terms
of the normalized beta Sy = By,aBior/Ip = 2.6 sta-
bility margins of FFRF are not different from the
present experiments. In the above given transport
simulations there were no attempts to reproduce the
pressure and the current profiles used in stability sim-
ulations. Nevertheless, in terms of Sy all simulations
are made with Oy < 2.5 within the stability margin.
The details of stability control are left for the future
studies.

Concerning the plasma edge stability (Edge Local-
ized Modes), the lithium conditioning easily stabilizes
them and they do not represent a concern for the
LiWF regime (unlike for the conventional approach
to fusion).

Helium ash pumping

In many aspects, the LIWF regime is superior for the
He ash removal from the plasma [17]. Because of core
fueling and pumping edge conditions, the plasma par-
ticles, including thermalized a-particles are diffusing
from the core to the edge (rather than vice-versa as
in the conventional regime). Also, the LIWF regime
does not need a-particle heating. In this regard, all
energetic a-particle instabilities are highly beneficial
for removal of a-particles from the plasma.

At the same time, much more rigorous require-
ments are set-up on the residual influx to the plasma
edge of the He particles, which contribute to the I'9%*
term in Egs. (6, 12).

The specific feature of magnetic configuration of
FFRF for addressing the He ash problem is the near
double null magnetic geometry with two separatrix
surfaces in close proximity to each other. The in-
ner separatrix has its open legs at the lower divertor
target plates with a liquid lithium layer. The target
plates absorb the heat flux, while the slowly flowing
lithium absorb the deuterium and tritium from the
plasma.

The helium ash is not absorbed by lithium. In-
stead, helium is released as low energy neutrals. Be-
cause of the magnetic mirror ratio along the field lines
on the low field side of the Scrape Off Layer (SOL),
there should be a blanket of trapped particles right



outside the SOL. These particles can ionize the he-
lium atoms, which will be directed along the legs of
the outer separatrix to the ducts of the upper diver-
tor with cryo-pumps. Such a scheme can potentially
separate the extraction of the power and plasma par-
ticles from removal of the low energy helium ash.

The actual development of the technology for He
gas pumping from the space between the plasma and
the walls is a separate crucial R&D objectives for
FFRF.

Plasma pumping and lithium replenish-
ment

The NBI particle source I'NB! in FFRF is smaller
than 3-10%° /sec. The residual I'9%* should be reduced
even to a lower level. With about 6 atomic percents
of D, T solution in the liquid lithium, the requirement
on lithium replenishment is only 0.05 g/sec. By itself
this does not represent any challenge. At the same
time, the necessary R&D should be focused on de-
veloping a stationary viscous flow of a thin lithium
layer under thermal gradients, gravity, and electro-
magnetic force fx B (due to currents from the plasma
to the target plates).

3 Fusion mission of FFRF

Even with reduction in requirements on plasma per-
formance for FFH purposes, it is still necessary to
make significant progress in fusion plasma R&D. The
reliance of FFRF for the prevention of plasma cooling
rather than on heating power is the crucial innovative
element for making progress in fusion. Exceptional
plasma control properties of this approach, absence of
temperature gradient driven turbulence, reduced en-
ergy losses from the plasma, enhanced core and edge
stability (absence of sawtooth oscillations, Edge Lo-
calized Modes and associated peaked in time thermal
loads on the plasma facing components), utilization
of the entire plasma volume for fusion power produc-
tion, absence of the thermo-force in the Scrape Off
Layer (which otherwise would drive impurities from
the target plates to the plasma), consistency with
non-inductive current drive methods (not necessary
but potentially useful) make FFRF exceptional for a
very appealing fusion mission:

1. Achieving ignition level performance in DD
plasma (p) 7y > 1 (which would be the ignition
condition in the a-heated plasma) in both induc-
tive and lower hybrid current drive regime.

2. Achieving the rate of low-density He pumping
consistent with the LiWall Fusion regime.

3. Demonstrating a short (about lmin) ignition
and long lasting (fraction of an hour) Qpr > 20
in an inductively driven current regime.

4. Obtaining a long lasting (hours), or stationary,
externally controlled, stable plasma regime with
inductive or non-inductive (not discussed) cur-
rent drive and Ppr = 50 — 100 MW.

With its fusion mission, FFRH will represent a
substantial step in non-Fission Fusion (nFF) devel-
opment, parallel and complementary to ITER, con-
sistent with the on-going world fusion program.

4 Fusion-fission mission

At this time, it is not possible to specify realistically
a definite mission (waste transmutation, fuel produc-
tion, control of a sub-critical active fission core, etc)
for a fusion-fission hybrid, which would lead either to
a solution of some problems in nuclear energy, or to a
better approach to them. Neither the plasma physics
part of fusion, nor the blanket and tritium cycle tech-
nology are ready to offer this kind of certainty.

As a research facility, FFRF represents a neces-
sary step for discovering the means of merging the
14 MeV fusion neutron spectrum with a variety of
fission blanket compositions and regimes. In this re-
gard, FFRF can address the following fission mission
of hybrids:

1. Integrate toroidal plasma with a full size (1-1.2
m) fission blanket.

2. Develop remote handling of blanket modules sit-
uated inside the toroidal magnetic field.

3. Operate safely blankets with different content of
fissile/(nuclear waste) materials at nuclear power
in the range 80-4000 MW and k.sr < 0.95.

4. Operate different kinds of blankets in toroidal
sectors of FFRF simultaneously.

5. Breed tritium with the use of both fusion and
fission neutrons.

6. Determine practical limits on the He-cooled ver-
sion of blanket.

7. Partially perform functions of a component test-
ing facility (CTF) for the purpose of nFF de-
velopment by utilizing both fusion and fission
neutrons.



Utilization of a fast neutron spectrum regime in the
fission blanket would be a significant enhancement in
the mission of FFRF.

5 Summary

The calculations presented here demonstrate the
large potential of FFRF as a neutron source for driv-
ing the fission blanket and developing the fusion-
fission technology and applications. As a fusion de-
vice, FFRF is unique in its simplicity, potential per-
formance, reliability and reliance on robust plasma
physics principles and fusion technology. Although,
many aspects of FFRF, including both plasma and
nuclear physics still have to be analyzed in the fu-
ture, the basic reference parameters are essentially
determined.

The design of the tokamak core itself does not
represent significant challenges and can already pro-
ceed to the conceptual design phase. On the other
hand, substantial R&D is urgently necessary for Li
technology, stationary NBI compatible with the neu-
tron flux, low density helium pumping, a-particle
handling technology, and for all technologies, associ-
ated with remote blanket handling inside the toroidal
magnetic field. The rapid expansion of lithium con-
ditioning research in tokamaks and stellarators, very
visible at present, gives confidence in obtaining the
necessary design information for FFRF in time for,
at least, the fusion part of the device.

The authors are thankful to Greg Hammett
(PPPL) for pointing out the importance of syn-
chrotron radiation for the high temperature regime
of FFRF.

This work is supported by US DoE contract No.
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