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A new set of equations for the energies of the mean magnetic field and the mean 
plasma velocity is derived taking the dynamo effects into account, by which the 
anomalous phenomenon, Ti > T,, observed in some reversed field pinches (RFP’s) is 
successfully explained . 

PACS: 52.50. Gj, 52.25. Gj, 52. 55. Ez 
In the “ohmically” heated reversed field pinch (RFP),  it is often observed that the loop 

voltage increases anomalously and the ion temperature can exceed the electron temperature 
T,, namely, Ti > Te.1-4 Since the only external heating is ohmic, the only classical ion energy 
input is from collisional equipartition with the electrons. This process will always cause ‘TI < 
T,, by the second law of thermodynamics. Hence, another important ion heating mechanism 
must be present. Several specific scenarios have been proposed for revealing the ion heating 
mechanism (see, e .g . ,  Refs.5-7). The c o p o n  view in Refs.5 and 6 is that the dynamo 
fluctuations present in the RFP heat ions via classical collisional viscous damping. As pointed 
out in Ref. 7, however, because of small ion viscosity coefficient, such heating is so weak that 
it is not adequate to  explain the high ion temperatures observed in the RFP’s. Mattor et d. ,7  

according to the dual cascade and the tearing mode theory, suggested that even if the viscosity 
of plasma is zero, the turbulent magnetic cnergy can be transferred directly to the ions a t  the 
scale where w M w,i (ion cyclotron frequency). In this letter, first of all, we point out that 
because in the RFP the mean kinematic motion of plasma, U ,  is physically coupled with the 
turbulent niotion-modes as well as the mean magnetic motion B so that the originally small 
U is most likely amplified by the turbulent motion or/and the mean magnetic motion, the 
viewpoint that in the RFP the mean kinematic motion of plasma is not very important (see, 
e. g . ,  Ref. 8) is hardly justifiable. Secondly, from the mean magnetic induction equation, the 
mean motion equation, and thc mean parts of Ohm’s and Faraday’s laws, without assuming 
specific instability mode, we utilize the turbulent dynamo model8 to  derive a set of equations 
for the energies of the mean magnetic field and the mean plasma velocity. In the two energy- 
equations x and K ,  reflecting the turbulent dynamo effects, are the turbulent counterparts of 
the classical collisional viscosity Y and resistivity 71, respectively. Therefore, we call x and K.  the 
anomalous viscosity and resistivity. 

In the following, we use the ensemble mean-, to divide a magneto-hydrodynamics (MHD) 
quantity into the mean and fluctuating parts: 
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b = B + b b ,  B = b  , (2) 

p = P + b p ,  P = p  , (3) 

Then, the mean magnetic induction equation, the mean motion equation, and the mean parts 
of Ohm's and Faraday's laws can be written as 

aU/dt = - U .  V U  + p J  x B + V R, + uAU - (1/2)(Vbb>2 - V P  , ( 5 )  

pJ = V x B (7) 

with 
V . B = O  and V . U = O  . 

Here, B is the mean magnetic field measured in AlfvCn velocity units; it is defined as the 
original magnetic field divided by ( ~ p ) l / ~  ( p  is the uniform plasma density and ,U is the magnetic 
permeability). U is the mean plasma velocity, P is the mean pressure divided by p, J and E 
are the mean current density and electric field, respectively, X is the magnetic diffusivity defined 
by (up)-' ( U  is the electric conductivity), and v is the kinematic plasma viscosity, Femf is the 
turbulent electromotive force, bu x bb, and R, is the MHD stress defined ass 

R, = - - ( 6 ~ 6 ~  - bbbb) 

and for which we make use of the result' from a two-scale direct interaction approximation 
(TS DI A) 

R, = x(VU + VU')  (9) 

( V U +  is the transposed of tensor VU),  where 

x = CV(K2/&) , 
- -  

K = (1/2)[(6b)2 + ( a ~ ) ~ ]  I 

a6ba abb" aaua asua 
E = X(=)(=) + v(=)(& 

(a ,  b=l ,  2 ,  3, the summation convention is adopted for the repeated superscripts) with 

x is tile turbulent viscosity. Here, the turbulent viscosity present in the earth's magnetic 
dynamo is introduced into the RFP. Concerning the turbulent electromotive force Femf, several 
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theoretical models have been put 
Ref. 8; namely, such a dynamo model gives 

Here, we take the turbulent dynamo model in 

where 

h = bb.  (V x bb) - 6 t h .  (V  x 6th) 

with 
c, x 0.2 . 

Above, C,, CH and Cp and model constants, /3 is the turbulent magnetic diffusivity. Because the 
RFP magnetic configuration is near minimum energy state to which the plasma spontaneously 
relaxes,14 in Eq. (13) we omitted the term reflecting the inhomogeneity of fluctuations. 

From Eqs. (4)-(8) and (13), we have 

where 

D =R, U + (1/2)vVU2 - (1/2)U2U - P U  - (1/2)(6b)2U . 
Here, VL is the toroidal loop voltage, 1 is the toroidal current, and ( ) represents a volume 
integral. Equations (14) and (15) exactly are the equations for the above-mentioned energies of 
the mean magnetic field and the mean plasma velocity. This set of equations is an important new 
result obtained in the present letter; it is applicable for analyzing lots of nonlinear phenomena 
occurred in the RFP's. We are now mainly interested in explaining the anomalous phenomenon, 
'Tj > T,. The physical meaning of each term in Eqs.(14) and (15) is easily clarified. At this 
point we would like to go into rqr1,r2 and I'3 in particular. r expresses the mean magnetic 
energy transfered to  the mean kinetic energy. is the fluctuating field energy cascaded back to  
the mean magnetic field.7 I'2 is, because of the presence of classical collisional resistivity q,  the 
resistive dissipation which consists of the turbulent (6) and the Spitzer's (q) .  Analogously, r3 is 
the viscous dissipation which includes the anomalous (x) and the classical (v). As well known, 
the resistive dissipation mainly makes the electrons heat, whereas the viscous one largely renders 
the ions hot. We employ T$ and T," to  denote the electron temperatures associated with 7- and 
6-dissipations, respectively. Similarly, we have Ti" and qx. Invoking dimensional arguments 
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from MHD turbulence theory,13 we easily estimated that n - 7 and x >> v in dynamo problem 
in the RFP's, showing that T," - T2 and qx >> T/'. This, because T;" is not much less than 
T: , implies that 

z(r qx + q') > Te(- T," + T,") . 
We are discussing other applications of the set of Eqs. (14) and (15). The results will be 

published in coming papers. 
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