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A simple physical picture of plasma transport in magnetic fusion devices allows us to deduce the de-
creasing energy confinement time with added heating power and the increasing confinement time with
added plasma current. The first is due to Bohm-like diffusion and the second is due to the characteristics
of Z pinches and a decrease of deposited power due to enhanced radiation loss. The addition of momen-
tum into a plasma by flowing current that includes noninductive current drive may lead to a Z-pinch
effect that compensates for the decrease in confinement time caused by the heating.

PACS numbers: 52.55.Ez, 52.50.Gj

The scaling of plasma confinement times with various
plasma parameters can be estimated empirically from an
examination of the large body of accumulated data, an
example being Kaye-Goldston scaling in tokamaks.' Be-
fore the invention of the tokamak, plasma energy con-
finement times were determined by Bohm-like diffusion;
that is, the cross-field diffusion coefficient increased with
plasma temperature. The tokamak overcame the limits
of Bohm-like diffusion by the addition of a plasma
current and brought the improved transport (with the
exception of electron thermal conductivity) to near neoc-
lassical theory. A new problem arose, however: the
well-known decrease in tokamaks and stellarators of the
confinement time with the addition of auxiliary heating.

In two-body collisional theory, the confinement time
increases with plasma temperature and decreases with
plasma density, resulting in an increased confinement
time with additional input power (except for cases in-
volving trapped-particle effects).? This is the opposite of
what is observed experimentally. It has often been point-
ed out that higher-order collisions are important, being
responsible for the Langmuir paradox’ and the anoma-
lous cross-field diffusion. However, many efforts to clari-
fy this problem, including pseudoclassical and neoclassi-
cal theory, remain within the framework of two-body
collisional theory. Another approach, following Bohm’s
treatment of the many-body problem in terms of
collective-wave turbulence,* has been to try to solve the
confinement-time problem using the wave-turbulence for-
mulation.> For example, attempts are often made to ex-
plain anomalous electron thermal conductivity and im-
proved confinement in terms of the drift-wave tur-
bulence® and trapped-particle instability,” respectively.
However, the predictions of these theoretical treatments
are still not confirmed experimentally. In particular, the
plasma-current dependence of the energy confinement
time cannot be explained by the drift-wave turbulence
model.?

In this paper, we abandon the wave-turbulence and
trapped-particle-instability approaches, and instead pre-
sent a simple physical picture that explains the observed
deterioration of confinement with additional heating, and
its improvement with plasma current.

Empirical scaling relations (e.g., Kaye-Goldston scal-
ing) indicate that the energy confinement time zz has a
power (P;,) dependence given approximately by tg
a P;7 %8 This is the strongest dependence among such
parameters as magnetic field, plasma current, etc. An
example of this degradation of confinement with addi-
tional heating power can be seen in data from JET,® and
this result is a serious hindrance to the development of a
design for a fusion reactor. A direct way to overcome
this problem is to increase the plasma minor radius a, or
plasma current /, since the Kaye-Goldston empirical re-
lation predicts ¢ «ca,'°I;?*. It is a matter of simple
physics that more time is necessary for plasma to escape
from a machine with larger a,, and the larger devices
have been constructed to take advantage of this fact.
The invention of the tokamak was intended to improve
the poor confinement by the addition of plasma current,
although some people had pointed out the possibility of
deterioration of confinement due to current-induced fluc-
tuations. Figure 1(a) shows rz as a function of 7, in
JT-60, in which the additional heating power is supplied
by neutral-beam injection (NBI).'® The I, dependence
is somewhat weaker than Kaye-Goldston scaling, but the
confinement does increase with I,. If we set ¢ o I, the
value of a has a dependence on power and decreases with
P;, as shown in Fig. 1(b).

On the other hand, it is reported that lower-hybrid
current drive (LHCD) improves g to near its Joule-
heated value in the relatively low-density region, despite
the additional heating power. In ASDEX'' and Alcator-
C,'? 1z with LHCD is equal to or larger than that for
Joule-heated plasmas at average plasma densities of 7,
<6%10'2 cm 73 and 7, <2.5%10"3 cm 73, respectively.
We also observe improved confinement during LHCD in
JT-60.'% Figure 2 shows the power dependence of 7g for
the combined experiment of LHCD and NBI in JT-60,
where the lower-hybrid power is 3 MW and the parallel
central refractive index n, is 1.7.'> The value of 7 is
estimated from the variation of Shafranov A, assuming
constant internal inductance I;. Since I; always de-
creases with NBI heating, neglecting changes in I; gives
an underestimate of 7g. Not only is the absolute value
of 7¢ larger than what Kaye-Goldston scaling predicts,
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FIG. 1. (a) Experimental data for the dependence of ¢ on
the plasma current I, in JT-60, where E; is the beam voltage
of NBI. (b) The parameter a (from 7¢ & I) as a function of
the input power Pi, (=P,). The error bars represent 1 stan-
dard deviation.

but £ also does not degrade with increasing NBI power
Png.

To get a simple physical picture of confinement
characteristics, we do an initial zeroth-order approxima-
tion. The temperature achieved during auxiliary heating
is obtained from balancing the input and loss powers, ex-
pressed by

d
d—,f 32 n(T,+T;)dV =Pi, — Prx

——l—f%n(Te-FT,-)dV, )

TE

where n is the plasma density, 7, and 7; are the electron
and ion temperatures, and Prx is the sum of the radia-
tive and charge-exchange losses. In the stationary state
(d/dt=0),

f%n(Tg+T,«)dV—(P;n—PRx)15. ()
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FIG. 2. 7z vs Png for combined NBI heating and LHCD in
JT-60.

First, we assume for simplicity that the energy con-
finement time is replaceable by the particle confinement
time,

tg=a}/D . 3)
Equations (2) and (3) can now be solved for ¢ as a
function of Pj;, if the nature of the diffusion coefficient D
is known. As a first example, using the classical

diffusion coefficient D —pzvocn/Bzﬁ leads to the fol-
lowing form of the confinement scaling:

TE‘rTOEPi,,a,,ZB“n—3R", (4)

where B is the magnetic field and R is the major radius
and we have assumed 7, =T;, de-na 227R =2r2a’R,
and Prx=0. The strong dependence of Pi, and n does
not change for pseudoclassical or neoclassical diffusion.
As a second example, Bohm diffusion, D=DgxT/B,
leads to

rE—tBOCPi,TO'Sa}BO'SnO'SR_'. (5)

The parameter dependence of Eq. (5) is closer to experi-
ment than that of Eq. (4).

Explanations of the improvement of 7z with I, in
tokamaks are often based on turbulence theory or on de-
creasing trapped-particle banana width due to increasing
I,. The simple mechanism of the Z pinch is apt to be
forgotten when considering tokamaks; however, it must
actually occur. The E,xBy Z pinch was considered for
linear machines as early as the beginning of magnetic
fusion research;'* E is the inductive electric field and
By is the poloidal magnetic field. In tokamak discharges,
all electrons experience a force F=¢eFE o, an antireaction
to the external momentum transfer responsible for the
flow of plasma current. Is it is not reasonable that the
FxB/eB? drift acts to improve confinement, reducing
the anomolous cross-field diffusion? This Z pinch has a
realistic physical background, in contrast to the Ware
pinch or additional inward fluxes'> which have not been
confirmed experimentally. Including the Z pinch, the to-
tal flux is

= —Dgdn/dr —nE qBe/B*= — D dn/dr , 6)

where B=(B2+ B¢)'"?, B, is the torodial magnetic field,
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and we use the Bohm diffusion coefficient in Eq. (6) be-
cause we consider the basic transport mechanisms to be
the same with and without plasma current. Equation (6)
shows that D in Eq. (3) can be replaced by

Dcﬂ‘-Doh =Dg— (nE nt/BZ)(an/ar) -1 s

and we get
a,,2 1 nEoBo | 9n -
T ™1z ™ =7 - |
£ " Dop ° B? | or
« P %3 (1+Bol,,) , @)

where By is a numerical factor. If the term
(nE oBe/B*)(3n/8r) ~! in Eq. (7) cannot be neglected,
then the Z pinch may play a significant role in the im-
proved confinement. Although this term is small at the
plasma boundary, it cannot be neglected at all plasma
minor radii since the Bohm diffusion coefficient becomes
small for small T, and large B, and because dn/dr is
small at the central region of plasma. We estimate the
global energy confinement time by substituting D.q into
the expression for the electron thermal conductivity xg.
(=p,D.q) combined with the neoclassical prediction for
the ion thermal conductivity yg;:

te =2 /xee) "+ (aj/xe) 717" (8)

The radiative and charge-exchange power-loss term is
given by

a
Pgx -j; B>(1.31x10 7 38)Z2%T)2av ;

B1 and B, are numerical factors. We solve Egs. (1), (2),
and (7) as simultaneous equations on 7, with 7z with
the aid of a computer.

An example of this calculation is shown in Fig. 3,
where we assume current and density profiles of the form
[1—(/a)?1™ (j=J,n) and use a diffusion coefficient
Dg=eT./166kB, &=r*+(1—a,—8)r*/a}+8,. This

1p (MA)

FIG. 3. Calculated values of tz vs I, for several different
neutral-beam-heating powers Png. This calculation uses the
parameter values B, =4.5 T, n.o=4.5%10'" m 73, a, =2.6, &,
=15, Bi=1.8, B2=6.4, and Z.7=2.5, appropriate for JT-60.

diffusion coefficient is equal to Bohm diffusion at the
plasma boundary (r=a,) and is &, times smaller than
the Bohm value at the plasma center (r=0). The value
of Eq is expressed as E o =nj,, where n is the Spitzer
resistivity. When the plasma temperature increases with
additional heating, n decreases at constant j,. As a re-
sult, £, decreases with increasing temperature. This
reduction of E ; in Eq. (7) may lead to a weakened pinch
effect, giving a dependence of 7z on Pj, close to 7¢
« Piy %38 for I,%0, and t¢ & P;; *° for I, =0. From the
experimental data (Fig. 1), t¢ increases with I, and the
value of a in 7g & I is less than 1.2 and decreases with
P;,, as in Fig. 3. The enhancement of the radiation loss,
which is caused by the increase of the electron tempera-
ture, equivalently leads to improvement of g as is seen
in Eq. (2). These results are consistent with the
deterioration of 7¢ with additional heating being brought
about by the increase in plasma temperature, and the
improvement with I, being due to a simple Z pinch.

A Z-pinch effect must be present for rf current drive
(RFCD) with the electric field parallel to the toroidal
direction, since the wave transfers momentum to the
plasma in a manner similar to Joule heating. For this
case, the effective diffusion coefficient in Eq. (6) is

=1
neesE B ﬂ] ©)

Deg=Dgrrcp=Dg — 57

or

where n. is the density of resonant electrons, E ¢ is the
time-averaged rf electric field, and n,E (¢ is proportional
to EZ as in the pondermotive force.'¢ It has been shown
using a Dawson-like treatment that the E, X B, term in
Eq. (9) does not cancel when the wave is traveling.!” In
the RFCD case, only resonant electrons are pinched
while for Joule heating all of the electrons are affected.
The Z pinch in LHCD is expected to be of the same or-
der as or somewhat larger than for Joule-heated plasmas
since n.s is reported to be more than several percent of
the total density in PLT LHCD experiments, 8 and Eis
expected to be about 103 times larger than E,. An ex-
ample of 7z vs NBI power calculated including the
LHCD Z-pinch effect is shown in Fig. 4, in analogy to
Fig. 2. In this calculation, yg, is reduced by the pinch
effect (yg. =B3Drrcp/~q ) and Dp in Eq. (9) is replaced
by the value predicted by Kaye-Goldston scaling. The
improvement of 7 in Fig. 4 comes from the fact that
n.s becomes maximum at a certain electron tempera-
ture, where T.o=(4.6Png+23.3)/(37,+14) and Tio
=(9Pnp+15)/(3.57,+17.5), with T.o and T the cen-
tral electron and ion temperatures in keV, power is in
MW, density is in 10'3 ¢cm ~3, and the profiles are as-
sumed to have the form [1 — (»/a)2]1°". These values are
extrapolated from JT-60 data.'® The numerical factors
an, ar, B, B2, and B; are determined so as to fit the ex-
perimental values.

A higher bulk temperature inevitably causes an
enhanced cross-field diffusion, which can be explained by
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FIG. 4. Calculated value of ¢ vs neutral-beam-heating
power Pnp for a case with combined NBI and LHCD, at
several values of the parallel central index of refraction n,.
The parameters used are B, =4 T, I, =1 MA, Ps=3 MW,
Ae=1%x10"m 3 a,=1.3, ar =2, f3=4, and Zz=1.

the Bohm diffusion or by drift-wave turbulence. Howev-
er, the I, dependence cannot be explained by convention-
al theories such as trapped-particle models or drift tur-
bulence which consider only the effect on the diffusion
coefficient without the pinch term in Eq. (6). The dis-
cussion so far may have a discrepancy in that ¢ o« I im-
plies that 7z =0 for I, =0. As shown in Fig. 1(a), we
notice that tg=0 at I, =0 rather than 7g </, just as
predicted by Eq. (7). The absolute value of ¢ at [, =0
in Fig. 1(a) coincides with the Bohm time. This provides
a smooth connection between tokamaks and stellara-
tors.?® As predicted by Kaye-Goldston scaling (t
o« B,7%%) the B, dependence is weak when I, is large
since both the Bohm flux and the pinch effect decrease
with increasing B,. But in this paper we interpret the
improvement of 7z with I, to be due to an E, X By pinch
rather than to a reduction in the diffusion coefficient it-
self. This is a very simple mechanism; however, this idea
may give new insight to the understanding of transport
theory.

When the pinch effect for inductive current drive
weakens for high plasma temperatures, one avenue of
improvement might be the injection of RFCD momen-
tum. The pinch effect for RFCD would be more
effective than that for inductive current drive since E ¢
and n. in Eq. (9) can be raised externally by increasing
the rf power and Nparaiel, and because the RFCD plasma
current is carried by higher-energy electrons and is in-
dependent of the bulk temperature. However, any non-
inductive-current-drive method that does not impart
momentum to the plasma would only create the rotation-
al transform without the benefits of the pinch effect.

In conclusion, we present a simple physical picture in
which transport for plasmas with additional heating is
still due to Bohm diffusion. Instead of a reduction in the
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diffusion coefficient, improved confinement with plasma
current is due to an inward ExB Z pinch. This suggests
that rf current drive can produce this pinch, compensat-
ing for the deterioration of the confinement due to the
additional heating.
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FIG. 1. (a) Experimental data for the dependence of 7¢ on
the plasma current I, in JT-60, where E; is the beam voltage
of NBI. (b) The parameter a (from 7z «I;) as a function of
the input power Pi, (=P.y). The error bars represent 1 stan-
dard deviation.



