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Abstract

A possible interpretation of the plasma confinement scaling
in the Alcator experiment is presented. 1In the regime where
V. SWeeww, the diffusion coefficient is modified frome the pseudo-
. ‘s . 2
classical diffusion Dp.c.to Dp.csukennf/VL) due to the electron
inertia effect. This Electron-Inertia diffusion shows Cq:naZIZT;7/2

and U= 25ms for the experimental parameters if the numerical

constant is taken as 1l.2.



A new measurement about confinement time of tokamak plasma

1)

was recently reported by Alcator Group ', that is with plasma

parameters, Bt = 75kG, q = 5, a =0.1m, n = 5 x lO13 ~ 5 x lO14
/cc, the confinement time T is directly proportional to the plas-
ma density n. The temperature and the magnetic field cannot be
independently varied: thus the dependence is not clearly known.
The group also has reported that Teoc 13/5-f(q0)-l-f(q0) is

the commonly observed scaling from which one for g can be deriv-
ed. The scaling law of this energy confinement cannot be deriv-
ed from the mere pseudo-classical scalingz).

On the other hand, it is well known that in the low frequency
regime ( ( < wyemax $Ve) Where Weewmyis the maximum drift frequency
defined by Wiemax = vd/4f;3), Vg = kBTeVn/eBn and f; is the ion
Larmour radius and vV, denotes the collision frequency, the scaling
for plasma confinement is well explained by the pseudo-classical
formu1a2'4). The pseudo-classical diffusion shows that if there
is an instability and/or a fluctuation in the confined plasma
there is a net flux across the magnetic lines of force. The
derivation of this diffusion coeffiéient is based on the assum-
ption that one should be able to derive it without the detailed
knowledge of the nature of fluctuations.

In this letter we shall show that the pseudo-classical
diffusion coefficient continues to new one ( we call this Electron
Inertia Diffusion ) in the regime where V. s Whewax. In this regime
the pseudo-classical diffusion coefficient is modified by the
factor [ 1 + (UkOMV/uL)Z] due to the electron inertia effect, that

is D = Dp c [ 1+ (uhewm/yb)zl. This electron inertia diffusion
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gives T« I“a nT"—’/2

and well explaines the result of Alcator
experiments. |

With the increase of the plasma density while other parame-
ters are fixed, this Electron-Inertia Diffusion leads to the
pseudo-classical diffusion. If we increase the electron tempera-

5)

ture, the trapped electron diffusion may also appear ( Fig.l
and 2 ).
Particle flux of a plasma with electrostatic fluctuations

across a magnetic field is given by

-1 /% - -
rx = Bz {n Ey>av._ D(Vno)X ’ (1)
where the uniform magnetic field and a density gradient are taken
in the direction of the z-axis and the x-axis respectively. For

a single mode of fluctuation we choose the density perturbation as

g n, el(th + kyy + kzz )

f(x), (2)
where n, is taken to be real constant and f denotes the locali-
zation of the oscillation in the x direction, which is normalized
as the maximum value of f equals to unity. We define X as the
phase difference between T and 5’(0( is determined later ). For
low frequency oscillation such as drift waves, for a finite kz,
electrons tend to be in thermal equilibrium along the magnetic

~

lines, and n and ¢ can be expressed as

AR

0 0 g wi«t, | (3)

Mo RgTe




From Egs.(1l),(2) and (3) the diffusion constant for this single

mode is obtained as

k. T n
_ B e 1 2 .
D, = ak,( —5 )l-—no f(x)l sinx (4)

_l_
where a "= —Vno/no.

There is another way of deriving the diffusion constant

proposed by Kruskal and Kulsruds). The plasma expansion by the

diffusion v is related to the dissipation aslvap|= qJZ. This

method was successfully used to derive the Pfirsch-Schluter and

the pseudo-classical diffusion constant7’8), hence we also assume
that this result is also applicable in this regime. The diffusion

coefficient for a single mode can be expressed as

2
dia

2
D,/Dy = Veg I°/V,J

Vg 32/, L(1/B) 2 (kT k) 2 (ng/a) P (a")

where Dcl is the classical diffusion coefficient (\Q/Qk)(kBTe/eB),
We is the electron cyclotron frequency, Veﬁ is the collision

frequency of the turbulent plasma. From Eg. (4')

2 B kgTq

h%e( kBTe+ kBTi )

D1 = \)eﬁ_J

- (a/ng)? . (5)

-_’
The turbulent current must satisfy V-J = 0 ( for the fluctuation

with k«'kD, k Debye wave number ). In the case of the low

D
-
frequency instabilities where ]kL/k”|2>l, ¥v:-J = 0 leads to



J‘ =3 . (6)

In the high density plasma, that is with a high collision

frequency, we consider that the equation of motion still holds

g m
2 o -v,(nkgTe) t €N, + g Ve Jy - (7)

where the electron inertia term cannot be neglected when Veg is
reduced to Wypaax + BY expressing $ in terms of the density
perturbation N using Eq.(3), Eq.(7) can be solved for J, ( = -el,),

we therefore get noting Eq. (6),

2 4?2 Kgny 2 2 .2
3¢ = 255 — £ (T ) “sin®Le . (8)
m¢ w'+ Vogy 2
In deriving Eq. (8), the condition
| WkgTe Cl-asiwod| > | end | (9)

is assumed. This condition is discussed at the end of this

letter. From Egs.(5),(6) and (8), we obtain

4k T n 2
- Be Vewe | aky 421 L ¢y 'sinlun. (10)

eB w"+vaﬁ 14T, /T n,

Equations (4) and (10) are two expressions of the same

diffusion coefficient. Equating Eq. (4) with Eq.(10), sinX is



determined as

sin¢ = (1 +T,/T_ ) ’ (11)
We U (ak,) 2
where we assume %ﬂ=\&4 and obtain
hﬁj-e ", : he (2 2V 2
D = =8 a:?‘““ -g;!( I+ T:/7) .uim Waewex [ Vp*)
=D, [ 1+ (Wpemt/%) ], (12)

where k is evaluated by k /2~1/2f; 9) | and w~wsewax,
When the temperature is high enough for the maximum drift
frequency Wiewaxr to exceed V. , the diffusion coefficient becomes

(ca,.w;/vb)z. In this regime the confinement time obeys the

8)

D
p.c.

scaling law, with the assumption lnl/nol = 1/ak, which is used

for evaluating the pseudo-classical diffusion, as
4_ 2 -7/2

Tx a'B nT

o) e (Vc—{"‘))hmx ). (13)

With the increase of n, T increases directly proportional to n
until this diffusion becomes the pseudo-classical diffusion ( Fig.
2 ). From these results, the thermal conductivity X is expected

to have a form as

2 2
X o= Kpe. (Wremax/Ve ), Kpe= GV By (14)

where C, is a constant to be determined from the parameters of

0



devices and saturation levels of the fluctuations, and ﬁm is the
electron Larmour radius in the poloidal magnetic field. For the
values of parameters of the Alcator experiments, C0 = 1.2 gives
the confinement time T = 25ms, which is equal to the observed value.
From the energy balance equation nkBT/t = qu and Eq. (13),
we get
9/2 4

T, et 7 I°. ' (15)

3/2

Assuming that 7«:T; , we find that the electron temperature Te

depends on the plasma current I as

T > 12/3, (16)

which well compares to the experimental results Téx Ivf(qo) ( here
3/5<v<1 ). The experimental g-dependence of T, may result from

the MHD instabilities ( g : safety factor ).

Another possible interpretation of the Alcator experiments
is that this diffusion is due to the trapped electron instabilitysz
However for the values of parameters of Alcator experiments, the
electron bounce frequency wb=&€ve/qR ( V' electron thermal
velocity, € = a/R ) 1is comparable to or smaller than the effective
collision frequency of the trapped electrons Ve/e , so that the
regime of these parameters may not belong to the trapped particle
regime. In addition to it, the diffusion due to the trapped

5)

electron instability is given by



) 2
V
D, = 3 € Latsr Ve - _ e

= = = D 17
¥y £ Vet Wi+ Ve;} ® Wi V;.h p (17)

where D0 is independent of k,, so that the smaller kL gives the

larger D, because Wye is directly proportional to k, . The k; -

t
dependence of the diffusion due to the trapped electron instability
is different from that of the Electron-Inertia diffusion. The
Electron-Inertia diffusion becomes larger by the fluctuations with

10) have

larger kL' Experimental results of the FM—19) and ATC
been recently reported that ka; is the order of unity. Assuming
that this fact holds in the Alcator experiments, we find that the
diffusion in the Alcator is explained by this Electron-Inertia
dffusion.

When the fluctuation level decreases and the condition (9)

is not satisfied, it is predicted that the neo-Bohm diffusion
8)

appearss). Using the saturation amplitude \nl/no'\,l/ak_L , Egq.(9)
with Eg. (12) can be rewritten as
T. T 2.2 m
14,2 _egR e ~ -
(1+Te) T, af- Mi »1l, for ka’L,k,,qR 1 (9")

This condition is satisfied for the parameter regime of the

. . 2 2_2
Alcator. But in the FM-1 experiments, (1+Ti/Te) Teq R me/TiaMiﬂ
reduces close to unity, and in fact, the neo-Bohm diffusion
11) . . 2.2 2
appears . This suggests that in low (l+Ti/Te) R%qg meTe/TiaMiﬁ
( small aspect ratio R/a and high temperature ) machines we can

expect that the plasmas obey the neo-Bohm diffusion scaling.
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Fig. 1

Fig.2

Figure Captions

Various diffusion regimes are shown in terms of
the plasma density and the electron temperature Te ( the
case of high g operation ). The shaded portion indicates
the Electron-Inertia regime, and the rest is the peudo-
classical regime. The trapped particle regime is denot-
ed by the dotted portion.

The confinement time pv.s. the palsma density n
( both in logarithmic scales ). Two curves of the diff-
erent electron temperature are shown. All other parame-
ters are fixed. The dashed line shows the maximum value

of T ( at V.= Wxe max ).
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