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Particle Transport in Field-Reversed Conf{gurations
M, Tuszewski, R. K, Linford, J. Lipson and A. G. Sgro

l. Introduction

A field reversed configuration (FRC) is a compact toroid that contains no
toroidal fleld. These plasmas are observed to bhe grossly stable! for ahout
10-100 ysec. The lifetimes appear limited bv an n = 2 rotational {instahility
which mav be caused by particle loss.< Particle transport {s therefore an
important issue for these configurations. We fnvestigate particle loss with a
steadv-state, 1-D model which approximates the experimental ohservation! of
elongated FRC equilibrium with ahout constant separatrix radius.

2. Steadv-state particle transport model

We consider an FRC with a 2-D (r,2) elonpated equilibrium confined inside
a srraipht cvlindrical conducting wall. The balance bhetween plasma and
magnetic field pressures in this geometry lmpnsosi

(2> e 1 - Xl (1
2

where <> 1{s the average - = P/(Bg/?un) over the separatrix volume. B s the
externai magnetic field and x_ {s the ratio of separatrix to coaducting wall
radivs. The constraint of Fq. (1) applies to anv axfal (z) position on the
clongated portion of the FRC. We neplect end effects and consider a 1=-D model
where 2-D offects are {ncluded by using Fa. (1) as a condition on the radial
profile. We assume a steadv state where particle loss across tie separatrix s
balanced bv a source of particles from axial contraction. We assume uniform
temperatures T and T,, as supgpested by the experimental data.! We further
assumnce complete MHD stn*ilitv and aeplect  self-consistent radial electric
fields as well as flux annthilation at the fieid null. The steadv-state radial
diffusion equation {s piven hv

4+ Iy . .
Ly . T L (2)
r dr - n': rer,
where . {s the time constant of the avial contraction and . {s the particle
confinement time on open fleld lines. We take 1, = L/?vH, where v Is the
cound speed and . (s the lenpth of the FRC to model present  experiments  where
particles steadily flow alanp open fleld Tines, without anv end-plupgping.  We
assume, from experimental nhsorvntinn,’ that & {s about 707 of the coll lenpth.
In addition to Eq. (1), the second constrafnt on the radial profile comes from
matching at the separatrix the porticle fluxes trom the . losed and open fleld
1tne ropions. To satisfv this boundary condftlion, {t {1s useful to introduce an
auxiliary variable w with

KGR /dr]r - —:‘R/u. {o Y
H

where Hq {s¢ the plasma ¢ on the separatrix.  The quantity w {1 just  the ratlo
of the pradient lenpth at the separntrix to the vacuem fon pvroradios M ie® The
conditi{on rl'(rq—) = rl{(r 4) determines the value of w, The particle
confinement time 1 s dﬂf?nvd ns N/?"r_rﬁ, vhere N {s the number of particles
per unit axial lenpth within the separatrix and ?nr ' {s the radial flux of
particlen at the separatrix, per second and per unit axfal length,

We take rl= (rI)e0 (e where (rlDe is the clasafeal (Spitzer)
parttcle flux and (rl) p corresponds to anomalous  transport from the Lower
Hyhrid Drift (LAD) 7 Anertabilfry snturated by  wnve enerov bound. ! A
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quantitatively similar saturation level is obtained from electron resonance
broadening." Other saturation mechanisms such as ion trapping5 yield higher
saturation levels for the cases of interest in this work. It 1is found that
typical FRC radial profiles have a classical core near che field null (r = R)
and an anomalous region in the vicinity of the separatrix. The particle
confinement times 71, determined by LHD transport, will be shown to he in rood
agreement with the experimental data.! On the other hand, classical transport
yields 1lifetimes which do not fit the experimental data. Integrating 7. (2)
fromr = o tor =r_, and usinp Fq. (3, one obtains

(mg/m )2 (1 - )3 2¢a>
' ?1"‘ﬁf‘* ’ cS W, (4)
T /Tweyo Rg

where S = R/p, . Integrating Fq. (2) from r = rg to ro=r,, assuming an
exponential tail for the pressure profile on open field 1lines, using Eq. (4)
and particle flux continuity at *he separatrix, one obtalins

“uassB v o (m mOYE e T 2 - a2 (5)

For given m_/m,, T., Ty » &, x5, and for a given choice of w,
Fq. (2) 1is integrated numorirn?lv or r < r_, with the constraints of Eqs. (1)
and (3). This determines the value of R |, which 1in turn determines w with
Fq. (5). Ry {terative procedure, the self-consistent values of w and #_ are
found and the confinement time T is obtained from Fq. (4,. The details of this
calculation are contained in Reference 6.

3. Confinement times for FRX-B and FRX-C paramerers

We consider recent experimental data of the FRX-B dovirp,7 and the FRX-C
parameters as projected from a scaling code.! Those parameters and the
theoretical wvalues of 1, R and w are given in Tnhlo 1 for each ,Case. The
values of 1 are also plntted in Fip. 1 as function o7 thc varfable R /p R We
observe from Fig. 1 that the theoretical values of t for the FRX-R dov?co are
comparable to the experimental values of the stable periods which are also
fulicated in ¥Fip. 1. This 1s consistent with the theoretical plicture of plasma
ngln—up linked to particle t:ansport.® The empirical scaling t(usec) ~ 0.6
R',n, derived from the FRX=-B results' is also {ndicated on Fipg. 1. The
theoretical points are In good aprevment wlth this scalirp, perhaps suppesting
a somewhat stronper ccalinpg t ~ N,R RS /“in' Within the uncertainties of the
experimental data and of the transport theorv, there {1 pood apreement  between
experimeat, the LHD theory {n thl~ paper, and the nuierical results of
Hamasaki, "’ who first sugpested the R /n gcalinpg. We observe from Fipg. 1 that
this Hrd]lnn appears o npprnximntv‘v fit rhe projected performance of the
FRX=( device. One ghould also note that this acaling enlv applies for
deuterium  {fons. F?K other {on specles, Fa. (A’qﬂhﬂwﬂ a scaling of 1 as m
1ather than the ml_ dependence supgested by the R'/n'n scaling.

i

he Scaling of tie LUD transport

We {nvestipate the sealing of 1 with the three parameters, S, x , and w,
t hat control the radial ff profiles. These  parameters  usuallvy  vary
gsimiltanesusly, but {n order to test the seasftivity of 1 to each of  them, we

vary onlv one parameter on a plven scaling, keepinpg the other two constant.

The sealing with 8 corresponds approximately to the eanes of Table 1T and
Fip. | since, for these data, the variatioos of x w, and B are samall, e
numerfcal  results suppest t ~ F‘/n o which fs tho nmpirltu\ nealing dscunned
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in the previous section. In addition to this observed Rz/p o .. 'aling, the
mode1l predicts 1increased confinemert time with Increases in the 1ilues of X
and w,.

It may be desirable to form FRC’s with values of «x closer to unity in
order to minimize pressure gradie as suggested hy Fq. (1). We consider the
FRX-C cases of Table 1 and vary 1, 1rom 0.45 to 0.8, while keeping Ty S, W,
Te, and T, constant. g esults of this scalirg, given In Fig. 2, yinld the
approximate scaling tv ~ X7, so that an Increase in 1 up to a factor of seven
may bhe obtained.

It 1is concelvable to improve the open fiell line confinement 1, hy some
end-plupging *echnique or by plasma injection. A (orresponding increase 1In w
may be obhtained. We varv w for the FRX-C caqe? of Table T, at constant S and
X_. The results, given in Fipg. 3, sugpest 1 ~ w and an Iincrease of w from |
to 3 vields about a factor of 6 {ncrease in t. Furthermore, increasing w
decreases the value of the drift parameter v /v at the separatrix. This mav
greativ reduce anomalous transport 1f a dif?ereut saturation mechanism such as
fon trapping5 is relevant in the weak drift parameter regime.

5. Comparison of various Hsoundarv conditions at the separatrix.

T{ has been shown ahove that the determination of the radial profile at
thr separatrix is crucfal to the FRC confinement scaling. The detafled )hvsics
oi this profile may involve two-fluid, electric field, electrun temperature
eradient and finite-orbit etfects. In particular, It is of interest to
cvaluate the coniribution to the pressure on open field lines ot guiding
centers Inside the s-oparatrix which are assumed not to suffcr end lnss. A 1=D
transport code” {: heing used to rompare various loss rates on open . c¢ld lines
that estimate this pulding cent . r contribution. First, dn/it = n/t” {s used,
vhere = t/2v. . This corresponds to the free streaming model of this paper.
Second, an ad hoc reduct {on in loss rate 1s used with
an/atg = (n/1") . {l - exp[=(r - rs)‘,/.-vl 2]}. Third, the contribution of
vuldinpg centers Inside the separatrix s caleulated, and the loss rate on open
field lines {s decreased accordinglve This work §s In progress.
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