PLASMA FLOW EQUILIBRIUM, CONFINEMENT SCALING LAWS
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Field reversed configuration (FRC) is a prospective high b magnetic system for high efficiency D—He fusion
reactor. Sdf-consistent FRC plasma profiles and static electric field for reactor calculations are discussed in framework
of the modd including flow equilibrium and collisionless transport equations. The extrapolations to reactor regimes of

plasma confinement scaling laws are consdered.
PACS: 52.30.-q; 52.30.Ex; 52.55.Lf; 28.52.-s; 52.55.Dy

1. INTRODUCTION

The field reversed magnetic configuration (FRC) is
the cylindrical magnetic trap with high b (b istheratio of
plasma pressure to magnetic fiddld pressure). In FRC
plasma is confined in the region of the closed force lines
of the magnetic field. Magnetic field in FRC plasma is
generated both exterior magnetic coils and a diamagnetic
current. Plasma places around of a neutral layer (or a
neutra line) where pressure of plasma has a maximum,
magnetic field B=0 and b=1. Closed lines area is bounded
by the separatrix. According terminology of toroida
systems FRC has a high elongation, and it's aspect ratio
equal to unity. Usually magnetic field in the FRC is
supposed to be pure poloidal, but FRC equilibriua with
small toroidal component are possible [1].

One of the important problems of present FRCs is
high anomalous transport across magnetic field. In the
present paper possible confinement scaling laws are
discussed and compared with reported data of
experiments [2-8]. One can suppose that L-mode was
redized in mentioned experiments. Note that H-mode
formation has led to improvement of a plasma lifetime in
reversed field pinch (RFP) [9].

High b values alow consider FRC as a base for high
efficiency D—He fusion reactor. The main goa of this
work is physical justification of D—He reactor based on
FRC. To estimate confinement time for H-mode reactor
operation regimes we modify L-mode confinement
scaling laws taking into account anomalous transport
suppression by flow shear. To calculate flow ve ocities,
static electric field, plasma density and temperature
profiles we use sdf-consistent mode of plasma
equilibrium with flows and transport [10]. In this model
thermodynamic approach to flow invariants is similar to
the model of two-fluid equilibriawith flows[1].

FRC reactor parameters are calculated from power
balance of high-b D—He fusion plasma[11, 12]. We dlso
compare D—He FRC reactor concept with D-°He
spherical tokamak [13].

2. FLOW EQUILIBRIUM CALCULATIONS
Sysem of equations of flow equilibrium with

turbulent transport [10] includes diffusion and energy
equations associated with thermodynamic and Maxwell

equation. The key eguation of this system for “j”
component (j =i, €) of the plasmais

hj+1 m;u®
h kgT; + 5 +q;U =h; ;). )
i

where h; =NT; /Nn; ; kg is the Boltzmann constant; T,

n;, and u; are temperature, density and flow ve ocity; m
and g; are the mass and the charge of the particle; U isthe
potential of the static electric field; hi(y;) is the surface
function of so-called adiabatic surface; y; is the flux
function of the adiabatic surface. Using this model we
estimate the maximal ion flow shear parameter as

Oeherr > KgT; /(0 Bb?), 2
where b isthe width of flow shear region.
3. CONFINEMENT TIME SCALING LAWS
3.1. L-MODE

Recently good agreement of low-frequency drift wave
scaling laws [14] with experimenta data [2-8] was
shown. Confinement time also can be estimated using the
results of calculations of the electrostatic finite b 1 TG-like
instability driven by non-adiabatic particles and magnetic
forceline curvature [15].

Let's consider “universal” scaling for L-mode particle
confinement timein form

: 3

where C; and C, are some constants, a is the separatrix
radius, r =, mkgT; /(eBy), e is the eectron charge,
By is the external coil magnetic field (vacuum value),
T, =T, +T, isso-called total temperature.

In limiting case C, = 0 (or C, = 1) Eq. 3 corresponds
to Bohm (or gyro-Bohm) scaling.
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Fig. 1. Comparison of gyro-Bohm scaling with
experimental data

For example, gyro-Bohm scaling (in usual Sl units
exclude Ty in V) iSt g0 ponm = 4" 10°a°B{T ¥ . The
comparisons of particle confinement time values
measured in experiments [2-8] te With the gyro-Bohm
scaling are presented in Fig. 1. Note for Bohm scaing

with C;»10 [16] agreement with experimental data not
worse than for gyro-Bohm one.

3.2. H-MODE EXTRAPOLATION

Taking into account turbulence suppression by flow
shear [17] one can write confinement time

t =t (1+04et o). (4)

where t. is the turbulence correlation time having an
order of inverse linear instability increment. Correlation
time can be estimated from the overage diffusivity for L-
mode (D~,) asfollows

d?/t,»Da »a®/t, (5)

where d » b is the width of the turbulent layer near FRC
separatrix.
So, extrapolation of the confinement time to reactor

H-mode is t =t | +(d/a)?g3.,t 2. For high efficiency
reactor strong flow shear is needed: Gper>>t, 5 t >>t,,
t »(d/a)?gi.t 2. Let's consider the most pessimistic
L-mode scenario with Bohm confinement time scaling
law t | =t gohm =1Oa2eBO /(kgT;). In this case for
reactor calculation we use extrapolation in form

a’d? o

2

eB, &

2 S0 G+1002 8+ ©6)
kgT; b* &

t =10

Also for reactor configuration we assumed » b » 0.1a.
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Fig. 2. Plasma b profilefor reactor calculations
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Fig. 3. Power distributions. 1 —fusion power, 2 — neutron
power, 3 —bremsstrahlung, 4 —emitted synchrotron
radiation power, 5 — synchrotron radiation taking into
account absorption

4. FUSION PLASMA POWER BALANCE AND
FRC REACTOR CONCEPT

For FRC reactor plasma we consider temperature and

density profiles connected as follows T p n" with h = 2
and T, = T,. Corresponding b profileisplotted in Fig. 2.

D—*He fusion plasma and FRC reactor parameters we
caculate using models of D-He fuel cydes [11] and
FRC fusion plasma [12]. These models are based on
integral power balance

16 SN kgT;
§l+6ﬁ>ms =R Ry HR OV, ()
2 Vv

where Q is the plasma power amplification factor; Py,
Pn, Py and Ps are fusion power, neutron power,
bremsstrahlung power and synchrotron radiation power
integrated over plasmavolume V.

In Fig. 3 radial power distributions for D—He FRC
fusion reactor are plotted. Results of calculations are
presented in the Table. For comparison Table contains
parameters of D—>He spherical tokamak reactor [13].



Parameters of D-*He reactors based on FRC and spherical tokamak for regimes with Q=20

Reactor type FRC Spherical tokamak [13]
Fud cycle D—He, nau/Np=1 —*He with *He salf-supply,
ngHe/nD:0.36
Plasmaradius a, m 1.6 3
Aspect ratio 1 15
Elongation - 3.8
Magnetic field By, T 5 3.2
Maximeal/averaged b 1/0.46 0.95/0.54
Maximal/averaged T, keV 60/28 50/40
Synchrotron wall reflectivity G, 0.5 0.65
Confinement timet, s(scaling) 2.5 (Eq. (6)) 16 (ITER)
Fusion power Pys, MW 32.3 per meter 1500
of plasma cylinder
Bremsstrahlung power fraction Py/Pyys 0.4 0.6
Synchrotron power fraction Py/Ps,s 0.052 0.023
Neutron power fraction Pp/Prs 0.072 0.15
Neutron wall load W,, MW/m? 0.18 0.2
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PABHOBECHUE TEYEHHMH TIJIA3MBI, 3AKOHBI YIEP)KAHU A U TEPMOSIAEPHBIE IEPCIIEKTUBBI
OBPAIIEHHOU MATHUTHOU KOHOUT'YPAITUN

A.10. Yupkos

Ob6pamiennas marautHas koHurypauus (FRC), — MarauTHas JOBYIIKA C BBICOKHUM D, SIBISETCS MEPCICKTHBHOM
cuctemoit s BhIcOKOd(bdexTHBHOr0o D—"He-TepMosiiepHOro peakropa. CaMOCOIIACOBAHHBIC —PACIIPEIEICHHS
napaMetpoB Ia3Mel FRC W cTaTHYecKOro JIeKTPHYECKOro IMOJs IS PACUeTOB peakTopa OOCYKHAIOTCS B paMKax
MOJICIY, BKJIIOYAIONICH YpaBHEHWs PAaBHOBECHS TEYCHHH M OECCTOJIKHOBHTENBHOIO IiepeHoca. PaccmaTpuBaercs
OKCTPAITOJIALUS CKSHIIMHTOB ISl YCPHKAHHS ITa3MbI B 00JIaCTh PEAKTOPHBIX PEKHMOB.

PIBHOBAT A TEYIH IIJTA3ZMM, 3AKOHH YTPUMAHHSI I TEPMOSIJEPHI HEPCITEKTABH
3BEPHEHOI MATHITHOI KOH®IT'YPALII

A.10. Yupkos

3Beprena MaritHa koHQirypamis (FRC), — marniTHa macrtka 3 BHCOKHM D, € MEpCIEeKTHBHOI CHCTEMOIO IJIst
BucokoedexTuBHOro D—"He-Tepmosiieproro peaxrtopa. CaMOy3romkeHi posmomimi mapamerpis mrasmu FRC i
CTaTUYHOTO €IEKTPUIHOTO TIONS TSI pO3PaXyHKIB peakTopa 0OTrOBOPIOIOTHCS B paMKaX MOJEI, IO BKIFOYAE PIBHAHHS
piBHOBAru Tediit i 6€331MTOBXYBATBFHOTO TIEPEHOCY. PO3TIIAIaeThCs eKCTPANONALIS CKeWTIHTIB U YTPUMaHHS TIa3MHI
B 00J1aCTh PEAKTOPHUX PEIKUMIB.
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