
A Steady State Tokamak Operation 
by Use of Magnetic Monopoles 

K. Narihara 

(Received - Dec. 4, 1991) 

NIFS—126 

JP9203131 

NIFS-126 Dec. 1991 NIFS-126 

A Steady State Tokan祖kOperation 

by Use of Magnetic Monopoles 

K. Narihara 

(Received -Dec. 4， 1991) 

NIFS--126 

JP9203131 

Dec.1991 



This report was prepared as a preprint of work performed as a collaboration 
research of the National Institute for Fusion Science (NIFS) of Japan. This document is 
intended for infonnation only and for future publication in a journal after some rearrange
ments of its contents. 

Inquiries about copyright and reproduction should be addressed to the Research 
Information Center, National Institute for Fusion Science, Nagoya 464-01, Japan. 

This report was prepared as a preprint of work perfoロnedas a collaboration 
research of the National Institute for Fusion Sci町田 (NIFS)of Japan百lisd田町lentis 
intended for infonnation only and for future publication in a joumal after some同 arrange-
ments of its contents. 

Inquiries about copyright and reproduction should be addressed to the Research 
Information Center， National Institute for Fusion Science， Nagoya 464-01， Japan目



A STEADY STATE TOKAMAK OPERATION 

BY USE OF MAGNETIC MONOPOLES 

K. Narihara 

National Institute for Fusion Science, Nagoya 464-01 Japan 

ABSTRACT 

A steady state tokamak operation based on a magnetic monopole circuit is 

considered. Circulation of a chain of iron cubes which trap magnetic 

monopoles generates the needed loop voltage. The monopole circuit is 

enclosed by a series of solenoid coils in which the magnetic field is feedback 

controlled so that the force on the circuit balance against the mechanical 

friction. The driving power is supplied through the current sources of 

poloidal, ohmic and solenoid coils. The current drive efficiency is same as 

that of the ohmic current drive. 
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UNTRODL'CTION 

Efficient steady state current drive is one of the key issues in 

realizing an economically competitive tokamak fusion reactor (Ehst et al., 

1985(a); Ehst et al., 1985(b)). In line with this recognition, intensive 

efforts have been continued to improve the efficiencies of the lower hybrid 

wave current drive (LHCD) (Abe et al., 1987), the electron cyclotron wave 

current drive (ECCD) (Tanaka et al., 1988), and the neutral beam injection 

current drive (NBCD) (Simonen et al., 1986), the principles of which have 

already been demonstrated. Also efforts have been pursued to find 

evidences of the current drives by the fast magnetosonic waves (Ando et al., 

1986) and by the helicity injection ( Ono et al., 1987). Among the recent 

results, the most impressive is the experimental demonstration that 

appreciable amount of toroidal current is carried by the bootstrap current in 

the high poloidal beta condition (Hawrylux et al., 1987). Many other 

schemes of current drives have been conceived and reviewed, together with 

the above, by Fisch (1987). Notwithstanding all these recent significant 

progress, the present state of the research seems to be that, no current 

drive scheme has yet been found which can be straightforwardly adopted to 

a steady state tokamak fusion reactor: each scheme has problems such as 

the low current drive efficiency; the large gap between the plasma 

parameter region suitable for efficient current drive and that yielding high 

fusion reaction; and the incompatibility between the spatial profile of the 

driven current and that suitable for stability and good plasma confinement. 

Thus, finding new methods of driving toroidal current is still an important 

issue in this field. 

An easily conceivable but perhaps not published scheme of 

toroidal current drive is the use of magnetic monopoles ( monopoles in brief 
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henceforth), particles which carry magnetic charge. It is Dirac (1931) who 

first put forward a persuasive argument for the existence of monopoles. He 

verified that, if monopoles exist, then the electric charge should be integer 

multiples of a fundamental unit as is actually observed in nature. A more 

persuasive argument was independently given by Polyakov (1974) and 

't Hoot (1974), who showed that any grand unification theory (GUT) of the 

strong and electroweak gauge interactions necessarily leads to the existence 

of the monopoles. Furthermore, based on the theory, the properties of 

monopoles such as the magnetic charge, the core size, and the mass are 

predictable. Because of the fundamental importance, many efforts havi-. 

been made without success to search for monopoles in cosmic rays (Cabrera 

el al., 1983) . the collision regions of high energy accelerators ( Purcel! el 

al., 1963), ferromagnetic materials (Goto el al., 1963), and extraterrestrial 

materials (Ross et al., 1973). Without confident evidence for magnetic 

monopoles, it might be absurd to consider their application to technologies. 

However, considering the great impact it would have on the fusion research 

if appreciate amount of monopoles were discovered, this may not be 

necessarily the case. With a hope that substantial amount of magnetic 

monopoles could be gathered from some exotic materials, this paper 

describes a scheme of maintaining the electric toroidal current of a tokamak 

plasma by use of magnetic monopoles. 

2. PRINCIPLE OF MAGNETIC MONOPOLE CURRENT DRIVE 

The monopc !e which we treat here is taken to be the Dirac monopole which 

carries the fundamental magnetic charge 

g o = h / e = 4.14xl(V , s Weber (1) 
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and its mass is treated as a free parameter. If a magnetic charge of g is made to go 

endlessly along a circuit which interlinks the toroidal plasma as is depicted in Fig.l, 

the magnetic field emanating from the charge is deformed, stretched, reconnected 

if possible, and wound around the plasma infinitely thereby generating ibe loop 

voltage equal to g-f with f being the circulation frequency. This is the intuitive 

explanation of the monopole current drive. A more rigorous description is given 

based on the generalized electromagnetic theory which permits the existence of 

monopoles (Jackson, 1975). If there exist magnetic charge and current densities, 

CPm. Jm), in addition to the electric one (P e, Je) , then the usual Maxwell field 

equations are generalized as 

VxH = ̂  + X, (2) 

Vxl = - £ l - ] , (3) 

V-D = p„ (4) 

?-B = pm, (5) 

where the notation for the fields are conventional. On the other hand, the 

electromagnetic force on a monopole with charge g and velocity v m is given by 

F„=g(fl-v„xD), (6) 

which should be compared with the Lorentz force exerted on a particle with an 

electric charge q and velocity v e 

F. = q(E+v,x§). (7) 

It should be noted above that the electric and magnetic fields appear in a 
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symmetric manner. This symmetry suggests that an axial magnetic current 

generates the toroidal electric field just as the axial electric current 

generates the toroidal magnetic field. To see this we consider a situation in 

which a magnetic current is flowing through the central hole of a toroidal 

plasma. Integrating Eq,(3) over the area S bounded by the circle which runs 

along the center of the plasma and using the Stokes's theorem, we obtain 

jE.d? = - f - I „ (8) 

where 

W = jJBdS (9) 

is the magnetic flux linking the ring and 

' . = J J I - d S (10) 

is the magnetic current passing through the hole of the ring. Eq.(8) shows 

that the magnetic current Ig generates the loop voltage V | o o p = - I g , which 

in turn drives the toroidal electric current in the plasma given by 

(11) 

where R p is the loop electric resistance of the plasma. This is the plasma 

current driven by the magnetic monopole current. 
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is the magnetic current passing through the hole of the ring. Eq.(8) shows 

that the magnetic current Ig generates the loop voltage V¥oop =ー Ig.which 

in turn drives the toroidal electric current in the plasma given by 
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current driven by the magnetic monopole current. 
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As stated in the previous section, a steady state toroidal current is 

maintained by circulating monopoles along a closed circuit which interlinks 

the tokamak plasma. Several methods may be imagined of circulating 

monopoles. One is to use a cyclic monopole accelerator interlinking the 

toroidal plasma, in which free monopoles are guided and focused by electric 

field and accelerated by magnetic field. This method enables the monopoles, 

if they are not too heavy, to run at such a very high speed that a sufficient 

magnetic current is obtained with a small number of monopoles, but there is 

a possibility that very expensive monopoles are gradually lost due to an 

incomplete confinement. Another way is to circulate a chain of iron blocks 

in which monopoles are trapped. We like to imagine to equip a next 

generation tokamak like FER (Fujisawa, et al„ 1986) with a monopole circuit 

of the chain type. A possible configuration is shown in Fig. 2(a). In what 

follows we examine some of the problems concerning physics and 

engineering and consider the overall features of this system. 

3-1. Necessary magnetic current 

In designing a monopole circuit for toroidal current drive, the relevant 

plasma parameters are the loop voltage V| 0 0 p and the toroidal plasma 

current Jp. In order to reduce the burden on the monopole circuit, we 

suppose that plasma formation and current ramp-up in the start-up phase is 

performed by the induction of the ohmic heating (OH) coils and the 

monopole circuit running continuously holds the established toroidal 

current. After heating and fueling to ignition, the plasma current of Jp = 10 

MA is supposed to be maintained by the loop voltage of V i o o p = 0.1 V. Then 

from Eq.(8), the required monopole current is 0.1 V. Considering the the size 
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of the tokarhak, we suppose that the chain of iron cubes, each containing 

monopoles, of 100 m in circumference circulates at the speed of 0.) 

circulation/s. Then the necessary magnetic charge is 0.1 V/ 0.1 s _ 1 = 1 

Weber, and the required number of magnetic monopoles is 

N,=Q n , /g 0 =2.4xlO , 4

1 (12) 

which is distributed along the circumference of 100 m. It is noted that a 

relatively small number of monopoles are sufficient for steady state 

operation of the next generation tokamak. 

3-2. Trapping monopoles on the iron cubes 

Just as an electric charge is trapped on the surface of a conductor or 

dielectric material by the image force, a monopole is trapped on the surface 

of a ferromagnetic material (iron) by the induced magnetization, but the 

situation is more complex because of the saturation effect. 

Goto et al (1963) calculated the trapping field H(z) on a monopole 

placed at the distance z from the infinite plane interface of a model 

ferromagnetic material: 

f -a(z)g„/32^„z 2 if z>a(z)o iR, 
H,(z) = | „ . ! , ,a(z)°-5RIV z ! , . . (13) 

|-M.[-ln(-i-i -) + 1 otherwise, 
[ 2 z 8a(z)R| 

where M s is the saturation field intensity, a(z)go is the magnetic charge of 

the image pole, and R s the saturation radius defined by 
R.=(go/4^i 0M,) a ! . (14) 
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The function a(z), ranging from 1 to 2, should be chosen so thai it gives 

correctly the induced field at all positions. Taking a model function for a(z) 

and choosing a lower cutoff distance z m i n = 0.1 nm lo avoid the logarithmic 

divergence for z—>0, they obtained the maximum trapping field Hnuix of 5.3 

T for iron ( iioMs = 2.2 T). In general Umax is expressed as 

Hm„ =KM„ (15) 

where K is a constant ranging from 1 to 3 which is weakly dependent on the 

model adopted. The extraction energy, which is often more convenient than 

the trapping force, is given by the path integration of the force 

Jg„H(z)dz, (16) 
z«un 

which is about 740 eV for the model they used and large enough to confine a 

monopole against the thermal motion at the room temperature. 

The above is about the trapping of a single monopole. When many 

monopoles are trapped, the mutual repulsion of the monopoles will weaken 

the trapping force. By analogy of the electrostatics, which is valid if no 

saturation occurs, the layer of the monopoles with the surface density o s 

generates a detrapping field H s = c sgo/|io. which is the sum of the fields due 

to the surface charge itself o-sgo/2u,n and the induced field osgo/2no. If 

saturation occurs, the induced field and then the resultant field is reduced 

somewhat. In any case, the resultant field intensity is around Hs ~ o sgo/no-

The necessary condition that H m a x » H s leads to a constraint on the surface 

density cts: 

a, « K / 4 ^ R i

2 = 1.3xl015m-2 foriron. (17) 

Against the force thus obtained, there are two dominant detrapping forces in 

addition to the thermal force already mentioned. The first is due to the 
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external magnetic field directing to the normal of the ferromagnetic 

material Hcxt- Obviously for effective monopole trapping it is necessary that 

/'o'1™ < / ' o n m. , = 5-3 T f o r i r o n - (18) 

Another detrapping force is gravitation F = G M m , where M m is the mass of 

the monopole and G is the gravitational acceleration at the position where 

the iron cubes are placed. The trapping condition, gnltmax » M m C leads to 

.1 constraint on the range of (he monopolc mass limes the gravitational 

constant : 

M „ G « 1 . 7 xlCV" KgN. (19) 

For Farth's gravitation. G= 9.8 m 2 s " ' , the delrapping mass is 1.8 x 10 " 9 kg 

-1.0 x 1 0 I S GeV/c-, which is larger than the mass expected by SU(5) GUT 

theory. M.SU(5) ~ 10 , (* GcV/c 2 . Since the trapping occurs only in the normal 

direction of the ferromagnetic material, an external force which has the 

tangential component drives monopoles along the surface. Therefore each 

iron cube should be isolated from others by non-ferromagnetic material, for 

example, stainless steal SUS304. 

3.3 Drivers of the monopole circuit and c u r r e n t dr ive efficiency 

Referring to Fig. 2(a), we first consider to drive the monopole circuit 

which interlinks the the poloidal and OH coils and the plasma by a 

conventional electric motor with some mechanical transmissions. For ease 

of analysis we suppose that the monopoles are uniformly distributed along 

the circuit with the line density of g, = 0.01 Wcbcr/m. In a steady state, the 

driving force should be equal to the path integration of the force density 

g,H along the circuit: 
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FDRV = |g<Hd? + rv r i, = g,(Xn lJ i + Jp) + rv t i,, (20) 

where J i (i=l,m; m being the number of coils) is the electric current 

passing through the i-th coil with ni windings, J p is the plasma current. 

Here the inevitable frictional force, presented by rv c j r with r being the 

coefficient of dynamical friction and v c j r the circulation speed, is added to 

the magnetic force. The power necessary to drive the motor is 

PDRV = I W * = ( f ^ J , + J„)Vloop + Tv*, (21) 

where 
V,„p = g,vti, (22) 

is the loop voltage induced by the monopole circulation. The magnitude of 

(X ni^i + V . of course, depends on the poloidal and OH coils configuration, 

but, in general, l X n i J i + I p l < K because the directions of the most coil 
i*l 

currents are opposite to that of the plasma current. Then 
Pmv^pV^+lV,*, (23) 

which means that the power to drive the motor is less than the plasma 

ohmic loss plus the circuit frictional loss. This apparent paradox is sulvu if 

we correctly take into account the power necessary to drive poloidal and OH 

coils. In the steady state, the circuit equation for the i-th coil current Ji 

(i=l,m) is given by 
RiJi = Vi + niVl00I„ (24) 

where Ri is the resistance of the i-th circuit and V, is the external 

electromotive force applied to the i-th circuit. Similarly for plasma current, 

FORV =f同dI+rv町 =g，(fn;l，+小rv町 (2

where J i (i=l，m; m being the number of coils) is th巴 electriccurrent 

passing through the i-th coil with ni windings， Jp is the plasma current目

Here the inevitable frictional force， presented by rVci， with r being the 

coefficient of dynamical friction and vcir the circulation speed， is added to 

the magnetic force. The power necessary to drive the motor is 

" 
Pnν=R回 vV町=(2.n，J， +J川岬+rv!， (21) 

1.' 
where 

V，岬=g，v回 (22) 

is the loop voltage induced by the monopole circulation. The magnitude of 

m 

{エnJ，+ Jp)， of course， depends on the poloidal and OH coils configuration， 

m 

but， in general， l2.o，J， +Jpl< Jp because the directions of the most coil 

cu口官ntsare opposite to that of the plasma currenr. Then 

PORV < JpV，岬+rv2
町 (23)

which means that the power to drive the motor is less than the plasma 

ohmic loss plus the circuit frictional loss. This apparent paradox is sulv~ .J if 

we correctly take into account the power necessary to drive poloidal and OH 

coi1s. ln the steady state， the circuit equation for the ;-th coil current 1i 

(i=l，m) is given by 

R)j=Vi +njV¥岬' (24) 

where Ri is the resistance of the i-th circuit and Vi is the external 

electromotive force app1ied to the i-th circuit. Similarly for plasma current， 
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V P = V I - I > (25) 

where R p is the loop resistance of the toroidal plasma. The total power 

necessary to drive the coil currents and the motor is 

P = f;j iV j+F D„ vv [ i , =£R i Jf + rv d r

2 + V l 0,J p. (26) 

i - l i-1 

The first term on the right hand side is the ohmic loss in the coils and 

presumably becomes negligibly small if superconducting coils are used. The 

second term is the mechanical frictional loss in the monopole circuit and 

may be small enough. If these terms are thus dropped, 
P = VloopJ1, = R pj;, (27) 

which is just the power necessary to compensate the ohmic loss in the 

plasma and therefore the current drive efficiency is the same as that of the 

ohmic current drive. This is quite natural since the monopole current drive 

is essentially inductive current drive as is apparent from Eq.(8). Another 

power loss, not accounted above, arises from the hysteresis loss of the 

ferromagnetic material due to the variation of the external field seen by iron 

cubes and the drift of monopoles along the surface as it circulates around the 

plasma, but this loss will be reduced to a tolerable level by using a same 

soft iron as is used for transformers. 

It is noted above that, of the total necessary power , JpVi o o p , to 

maintain the toroidal current, the appreciable amount, -^n j J jV^ , is 

supplied through the poloidal and OH coil systems. This fact immediately 

suggests us that we may replace the driving motor by an appropriate coil 

system. The monopole circuit is housed in a series of compensation solenoid 

coils ( Fig.2(b) ) which generates uniform magnetic field along the circuit the 

intensity of which is just to drive the circuit against the mechanical friction; 

— 1 1 -
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i・ ・1

The firsl lerm on白eright hand side is Ihe ohmic loss in the coils and 
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which is just the power necessary to compensale Ihe ohmic loss in Ihe 

plasma and Iherefore the current drive efficiency is Ihe same as thal of Ihe 

ohmic current drive. This is quite natural since the monopole current drive 

is essentially inductive current drive as is apparenl from Eq.(8). Another 

power loss， not accounted above， arises from the hysteresis loss of the 

ferromagnetic material due to Ihe varialion of the external field seen by iron 

cubes and Ihe drift of monopoles along the surface as it circulates around the 

plasma， but this loss will be reduced to a tolerable level by using a same 

soft iron as is used for transformers. 

It is noled above that， of the total necessary power ， Jp V¥oop. 10 

m 

mainlain Ihe toroidal current， the appreciable amou瓜

supplied through the poloidal and OH coil systems. This fact immedialely 

suggests us that we may replace the driving motor by an appropriate coil 

syste-m. The monopole circuit is housed in a series of compensation solenoid 

coils ( Fig.2(b) ) which generates uniform magnetic field along the circuit Ihe 

intensity of which is jusI 10 drive th巴 circuitagainst Ihe mechanical friction; 
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FDRV=0. Ill fact, it is this scheme that guarantees the effective trapping 

of the monopoles in the otherwise very strong magnetic fields. This scheme 

is also very favorable for making the monopole circuit very compact since 

the tension on the circuit is very small. However, the operation at the start 

up should be carefully pursued; otherwise, the monopoles may be 

detrapped and the joint of the circuit be broken by the strong magnetic field 

due to incorrect compensation. With pickup coils and a computer aided 

current control system, it may be quite easy to maintain the magnetic field 

along the circuit at the appropriate intensity. 

3.4. Consideration of the overall system 

Now that we have examined some of the key issues and obtained 

several constrains, we consider an overall system consistent with the above 

constrains. It is assumed that the monopole circuit of 100 m in 

circumference consists of 2000 iron cubes with a base of 0.02 m long, each 

containing 1,2 x 10 " monopoles. The surface density of the monopole is 

then 3.0 x 10 ' 4 m"2, which is smaller than the critical surface density, 

Eq(17), at which monopoles will be detrapped due to mutual repulsion. 

Here we assume that monopoles are localized in one surface of the cube 

under the external force fields. As shown in Fig.2(c), each iron cube is 

buried in a non-magnei.fc stainless steal (SUS 304) block with joints at both 

ends in order to magnetically isolate each iron cube from others. The cross 

section of the joint is 2.25 x 10"4 m 2 , which will safely withstand the 

tension of up to 2 x 104 N. If we neglect the mass of the monopoles, the total 

mass of the chain amounts to 720 kg and the corresponding kinetic energy is 

36 kJ. 
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For monopoles not to be detrapped, the magnetic field along the 

monopole circuit should be less than the trapping field of 5.3 T. The 

monopole circuit is housed inside a series of compensation solenoid coils in 

which the the magnetic field is feedback controlled at the level just to drive 

the circuit against the mechanical frictional force, if the frictional force is 

assumed to be 1000 N, which gives the e-folding time of 7.2 s for the freely 

decaying circulation, the necessary magnetic field is 12.5 x 10' 4 T, which is 

much smaller than the detrapping field of 5.3 T. The 0.1 m diameter bore of 

the compensation coils is large enough to house the chain of SUS 304 block 

and wheels which support the chain ( Fig. 2(b)). The monopole circuit draws 

an straight lines in the central and outer parts and semi-circles in the 

upper and lower parts. The maximum curvature of the circuit is around 10 

m and the centrifugal acceleration is then GCcn ~ 10 ms-2. which is 

comparable i:i magnitude to the earth's gravitation and then will not 

introduce the problem concerning the detapping of monopoles from the iron 

cubes. 

The monopole circuit generates magnetic field as v,ell as toroidal 

electric field. This magnetic field is of great concern because it may break 

axisymrnetry of the lokamak, which in turn, may deteriorate the 

confinement properties of the tokamak. The central part of the monopole 

circuit generates an axial symmetric radial magnetic field of BR - 3.2 x 10 " 4 

T at R=5 m, which will deform the magnetic surfaces but will not induce to 

form the magnetic island because it preserves the axisymmetry. Contrary 

to this, the other part of the circuit generates an asymmetric magnetic field, 

magnitude of which is roughly estimated to be of the order of 1 0 4 T at the 

edge of the plasma, which seems within a tolerable level in comparing with 

the toroidal ripple due to the finite number of toroidal coils. 
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Since the monopole current is essentially an inductive drive as is 

evident from Eq.(8), the efficiency of the current drive and the spatial 

profile of the driven current are same as those of OH current drive. 

4. DISCUSSION AND CONCLUSION 

Among many questions not yet addressed, the most critical one is the 

sources of monopoles. The long history of intense searches for monopoles 

without a confident evidence in all conceivable sourced around us indicates 

that the possibility of finding large amount of monopoles is extremely 

small. Upper bound of F m = 1 x 10 ' n r 2 si-1 sec - 1 on the monopole flux of 

cosmic origin was estimated on the basis of the survival argument of the 

galactic magnetic field ( Parker, 1970). If the mass of monopole is as heavy 

as that predicted by GUT, there will be no possibility of generating 

monopoles by the foreseen particle accelerators. Therefore the possible 

sources should be explored in the not experienced places, such as the 

interior of the earth, sun and the collapsed star. Exotic matter such a mini-

black hole, if present, may be a possible candidate of the monopole source 

because it is a relic of the early universe, at which time plenty of monopoles 

are assumed to be present ( Hiscock, 1983). Although exploring such exotic 

places is far beyond the present day human ability, no one can deny the far 

future possibility of collecting plenty of monopoles in such places. 

Since monopoles generate and interact with electromagnetic fields, on 

which the present day technology heavily depends, many other applications 

may be considered. One of them is the monopole motor, a variant of which 

was already used here for driving the monopole circuit . 

In conclusion, construction of a steady state next generation tokamak 

based on the monopole current drive system seems to be feasible from the 
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view points of physics and engineering. The problem is where we can find 

plenty of monopoles. 
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FIGURE CAPTIONS 

Fig.l. A field line behavior as a magnetic charge circulates along a circuit 

which interlink a toroidal plasma. The magnetic charge winds field 

lines along the toroidal plasma infinitely thereby generating a loop 

voltage equal to the circulation frequency times the magnetic charge. 

Fig.2. (a) A next generation tokamak equipped with a magnetic monopole 

circuit. 

(b) A section of the magnetic monopole circuit. A chain of the 

stainless steel blocks is housed in a solenoid coils in which the 

magnetic field intensity is controlled so that the magnetic force on 

the chain balance with the frictional force. 

(c) One piece of the chain. Magnetic monopolcs are trapped on the 

surfaces of the iron cube which is buried inside the 

nonmagnetic stainless steel (SUS 304) blocks with joints at both 

sides. 
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Fig. 2(c) One piece of the chain. Magnetic monopoles are trapped 

on the surfaces of the iron cube which is buried inside a 

nonmagnetic stainless steel ( SUS 304) block with joints at 

both sides. 
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