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Abstract. We clarify the notion of magnetic field lines in In space physics the field line concept has been used in
plasma by referring to sub-microscale (quantum mechania variety of problems, most prominently in the theoretical
cal) particle dynamics. It is demonstrated that magnetic fieldtreatment of magnetic field transport/convection in plasma.
lines in afield of strengt® carry single magnetic flux quanta Here the magnetic field is considered to be tied to a plasma
®g=h/e. The radius of a field line in the given magnetic volume. This convection has been attempted to be described
field B is calculated. It is shown that such field lines can by Euler potentialsx(x,?),8(x,t) (cf., e.g., Stern 1966
merge and annihilate only over the lengihof their strictly 1967 which are just a different representation of the mag-
anti-parallel sections, for which case we estimate the powenetic vector potentiad (x,¢) under the Coulomb gauge con-
generated. The lengtty becomes a function of the inclina- dition V-A =0.

tion angleé of the two merging magnetic flux tubes (field  Field lines are also essential in the problem of magnetic
lines). Merging is possible only in the interv%h <0 =<m. reconnection where in addition to convective transport it is
This provides a sub-microscopic basis for “component re-asserted that field lines can diffuse, be cut, merge, change
connection” in classical macro-scale reconnection. We alsaopology, and exert stresses on the plasma which cause
find that the magnetic diffusion coefficient in plasma ap- plasma acceleration and formation of plasma jets (cf., e.g.,
pears in quantddy = e®Po/me=h/me. This lets us con-  Paschmann et all979. Though an intuitive picture can be
clude that the bulk perpendicular plasma resistivity is lim- drawn, it still remains unclear what physically is happening
ited and cannot be less thag, = uoe®Po/me= poh/me~ when field lines move or merge. In order to arrive at a deeper
10-° Ohmm. This resistance is an invariant. understanding one should ask for the sub-microscale physics
underlying the field-line concept.

In the following we provide a brief inquiry into the phys-
ical nature of magnetic field lines. For this one has to recall
some simple quantum-mechanical concepts developed long
agd by Landau (1930 and Aharonov and Bohn(1959.

This approach, as it turns out, is not entirely academic; it

.. . leads to some interesting physical consequences.
Central among the concepts of space plasma physics is the g pny a

concept of magnetic field lines. It had been introduced for
practical reasons by Michael Faraday in the 1830s in his in- g .

X . . e . 2 Magnetic field lines
genious attempt to visualise the direction of magnetic forces
in air. In Faraday’s view field lines were purely geometrical
entities, the vector direction of the magnetic field, not having

any physical substance.

Keywords. Space plasma physics (Magnetic reconnection)

1 Introduction

In order to arrive at a deeper understanding of a magnetic
field line, one has to acknowledge that the definition of a field
line as a physical entity makes sense only in magnetically

Correspondence tdR. A. Treumann lLandau(1930 treated the quantum-mechanical motion of an
(rudolf.treumann@geophysik.uni- electron in a homogeneous magnetic fieldharonov and Bohm
BY

muenchen.de) (1959 considered electrons moving around magnetic flux tubes.
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is quantised. One easily realises that in a magnetic mir-
ror geometry where the particles oscillate between the mir-
ror points the parallel energy of the electron bounce mo-
tion pﬁ/Zme = ep = hawp(s+ 3) would also be quantised with
electron bounce frequencwy, < w.. and parallel quantum number
orbit s =0,1,2,3...q thus splitting the Landau energy levels. In
fact, under space conditions the lowest Landau energy level
is very small; in a magnetic field @ =100 nT is amounts
just toe, ~ 10~ eV, which is also the spacing between the
Landau levels. Classically these energies form a continuum.
The decisive step towards an understanding of magnetic
field lines is done when extending Landau’s method and con-
sider the particle motion around one singled-out magnetic
flux tube of flux ®, following Aharonov and Bohn{1959.
Again choosing an elementary charge (i.e. an electron) one
flux tube asks for the electron response to the presence of the flux tube
N outside the flux tube. In classical physics there is no sign of
_ the magnetic flux contained in the flux tube outside it. This,
Fig. 1. Geometry of the Aharonov-Bohm effect. The electron (any poever, is not true in quantum physics. For outside the flux
charged p‘?‘rF'C'e) moves at some ang_laround a magnetic flux 1 1be where there are no sources of the magnetic field in the
tube containing some magnetic fldx Since outside the flux tube . e e ) .
tube, the magnetic vector potential in Satlinger’s equation

the magnetic flux vanishes, the vector potential in this region re-

duces to a scalar potential which can be gauged away. Howevelr,ﬂUSt be compensated by a gauge figlde. the gradient of a

quantum mechanically its effect is remarkable, forcing the flux to scalar potent.ial field according K):.V(p. This introduces a
be quantised. phase factor in the state eigenfunctidrx, ¢) of the electron,

the solution of the Sckdinger equation, in the form

magnetic

active matter, i.e. for charged particles which are sensitive to(p(x 1,4) ~ exp(—i%> WX, 1) ©)
the presence of magnetic flux, for instance. i

Clearly, this phase factor is unimportant in determining prob-
abilities |y |2, which is the essence of the gauging, since only

Under this proposition, a clear definition of a field line can be Probabilities connect to the classical world.

derived from a quantum-mechanical treatment of magnetic The physical importance of the scalar fiejdbecomes
fields in active matter containing electric charges which in-clear, however, when returning to the motion of the free elec-
teract with the magnetic field. Since all charges are attache&fon on some orbit near the magnetic flux tube (cf. Rig.

to masses, one considers the motion of a particle just carlhe flux, the electron feels quantum-mechanically is given
rying one elementary charge e.g. an electron of magse. by the surface integral of the magnetic fidBdover the part

Its motion (which itself is not of interest here) in a magnetic Of the field-line cross sectionFdl respectively the line inte-

2.1 Field lines carry just one flux quantum

field is described by a Scbdinger equation gral of the vector potentiad along the electron orbitd
HYy (x.0)=€p(x.1) 1) <1>=/ B-dF:/ A-ds =/ V- ds @)
cross-sect orbit orbit

whereH is the Hamilton operator of the electrafithe elec-

tron wave function, and are the energy eigenvalues of the Since the orbitin the scalar potential figaan be arbitrarily

electron. deformed, one needs to consider only its projection into the
There is no need to explicitly solve the Sotinger equa-  plane perpendicular to the flux tube. The value of the line

tion of motion of an electron (or any other charged particle) integral then depends only on the electron rotation a#gle

in a magnetic field as this was done more than half a centurysee Figl), yielding from Eq. ) for the potential 2 ¢ (0) =

ago byLandau(1930 for an electron moving in a homoge- 6®. This value, after inserting fap into the phase factor,

neous magnetic field. The essential result was that the energyives just

of the electron in a magnetic field is quantised

O
2 exp(—ieze—h> (5)
JT
) =5 - +thoelg+d)  ¢=0123.. (2
e which is the result derived bjharonov and Bohn§1959.
with quantum numbey and parallel momenturnp;. Ac- In ¢ gyrations the electron would possibly perform around

tually, only the perpendicular energy of the gyro-motion the flux tube, the phase factor would increase by ,2and

Ann. Geophys., 29, 1121427 2011 www.ann-geophys.net/29/1121/2011/
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the wave function/ would, artificially, become discontinu-

ous. Since this is unphysical and not permitted in quantum

physics, the fluxb = £®g in the encircled flux tube is a mul-
tiple of an elementary flux quantiénAharonov and Bohm
1959
Do=2rh/e~41x107° Wb (6)

(One may notice that this holds for any electric charge-
dependent on its sign.)

2.2 Field line radius

As we will show, the above expression precisely defines a

magnetic field liné in magnetically active matter, where the

charged particle (electron) is “magnetised”, i.e. responds to

the presence of the magnetic flux.

The magnetic flux element (quantum) corresponds to a

magnetic field of magnitude

B=®o/mA2 ()
which, for a given magnetic field strengtB, defines a
(smallest possible) magnetic flux tube radiuarfday 1930
unaware of the flux quantum, formally arrived from different
considerations at a similar “magnetic length”, not identify-
ing it with field lines), which is the “radius of a magnetic

field line”
1
2%\ 2
(%)

(8)

o0\ }
0
Am=|—

1123

\

) a4~/
nion

M
d
"

Fig. 2. A few of the Ng = Te/hw.. Mmagnetic field lines belonging

to the bundle of field lines (flux elements of diametey,2 that are
contained in the cross section of an electron gyratigr<{ Te in eV,

By = BinnT). Because flux can only annihilate in quanta, implying
that only strictly antiparallel field line segments reconnect, none
of these field lines can reconnect, however, even though they may
get in touch at some inclination angle. Reconnection requires that
at least some genuinely antiparallel external field lines are added
from the outside. This happens in colliding magnetised plasmas
with oppositely directed fields where some field lines will always
find their strictly antiparallel partners.

the narrowest possible flux tube in a magnetic field of givenmagnetically active matter is given by the ratlg = #/e,

field strengthB. It just carries one quanturdhg of magnetic
flux. One may note that,, is independent of the mass of the
particle which helped identifying the field line. The particle

the flux carried by a magnetic field line.
This fundamental result oAharonov and Bohn{1959
yields the precise physical definition of a magnetic field line.

just served as a carrier of the elementary charge. It depends, One may calculate the numbai; of magnetic field lines
however, on the chargebecause it is the charge that couples contained, for instance, in an electron cyclotron orbit by

the particle to the field (via the Lorentz force).

comparing the area of the electron-gyration cim:k?e with

This radius is inversely proportional to the square root ofthe cross sectionA?n of a field line. For an electron of tem-

the magnetic field/B. Strong magnetic fields correspond to

peratureTezmvg/Z in a magnetic fieldB this yields the

narrow field lines, weak magnetic fields have broader fieldlarge number

lines. The field line of a weak magnetic field 8f=1nT
has radius of ordex,, ~ 10-3m, which is in the detectable

meso-scale domain! The weakest magnetic fields in the Uni-

verse have strengths 8> 0.1 nT. Their field lines have ra-
diusx,, <lcm.

-1
Te 1o Te (B
hiwee lev/\1nT

which is the ratio of thermal electron energy to the Lan-
dau energyiw,. of an electron of cyclotron frequenay., =

Np= )

Here we havg singled out just one field-line fluxtube. Of ./, This number increases with, and decreases with
course, magnetic fluxes may form bundles of such elemenmagnetic fieldB. In a field of B=1nT and for an electron
tary flux quanta, but the smallest possible magnetic flux INtemperature of jusle = 1 eV, this number becomes roughly

2This could have been inferred already from simple dimensional

reasoning observing tha has dimension of an action with action
quantuma.

of the orderN ~ 103, One electron gyration circle thus
contains a huge number of magnetic field lines (seeZjig.

3A first unelaborated hint had already been included by one of

us (RT) in a review on reconnection-related probletnsi et al.,
2005.

www.ann-geophys.net/29/1121/2011/
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by fLorentz= j x B. With the currentj = 2B /oA, “sur-
rounding” one elementary flux tube this force becomes

1
JSiorentz= Mal (2334/77) ’ (10)

For parallel flux tubes (field lines) this force is repulsive
keeping the parallel field lines at the largest possible mutual
distance, an effect well-known from the tendency of mag-
netic fields to expand into field-free space, while anti-parallel
flux tubes attract each other.
e A~ The implication is that, in elementary field-line merging
Ny events in which two anti-parallel sections of field lines at-
tract and touch each other, the amount &p2f magnetic
flux will be annihilated. The annihilated amount of flux is
exactly 2bg because each field line carries just one flux quan-
tum, and because flux quanta cannot be divided into half or
any fraction such that there is no half flux quantum available
i o ; - which could be added to another half in order to annihilate
tacting magnetic field lines of diametex,2, each carrying just one

flux quantum®gq. Annihilation proceeds over the antiparallel length 1do. Conversely, since f'_eld lines are Cf_’mpf_’se"_ of one flux
¢, only, thereby creating two new field lines each one, as before quantum only they contributedi to annihilation in merg-

carrying just one flux quanturg. The annihilation releases the iNg, not more and not less. This annihilation happens in a
magnetic energy stored in the common voluig=2722,¢; of ~ certain timeAr. Thus the elementary flux annihilation cor-
the two contacting strictly antiparallel flux tube sections. The re- responds to the generation of an induced electromotive force
leased energy heats the plasma locally. The strong bending of théemf)

remaining (reconnected) parts of the field lines causes relaxation

Fig. 3. Annihilation of the strictly antiparallel sections of two con-

and stretching of the newly reconnected field lines but does not ex{U| =d®/dt =~ 2dg/ At (11)
ert any forces on the plasma on the narrow sub-gyroscale of one . W
single field line, causing them to relax as if in vacuum. Multiplying with the elementary charge, the “equivalent cur-

rent density”j surrounding the flux element (which is paral-
lel to the emf), and the total volumié ~ 27 A2 ¢ of the an-

3 “Annihilating” field lines tiparallel sections of the two contacting field lines, we obtain
the total power that is generated in such a field-line merging

Asking what, in principle, will be going on when two oppo- €vent

sitely directed field lines, i.e. flux elements containing oppo- 2Bh 17

sitely directed magnetic fluxes, encounter each other, one refo~ Wﬁl\ ~1077(BY) W (12)
alises that the outcome of the encounter depends sensitively

on the inclination angle under which the two flux elements, WhereB is measured in nT, ang in m. It is assumed this
respectively field lines, contact. In the following we distin- total power is converted into kinetic energy of the plasma.
guish between field-line merging and annihilation on the oneTwo annihilating field lines of anti-parallel lengtlig ~ 1 m
hand and macroscopic reconnection on the other. The forand magnetic fieldd ~ 1 nT thus provide a power that is just
mer two apply to the microscopic process when two antipar-Of the order of~ 10-7w.

allel field lines come into contact; the latter is reserved for It is of interest to ask how much time the annihilation
the macroscopic reconnection effect which involves macro-of two anti-parallel field lines needs. Previously the corre-

scopic flux tubes and very large numbers of field lines. sponding amount of energyU| was stored in the volume
Vo of contacting antiparallel field lines. It thus corresponds
3.1 Merging of two field lines to the magnetic energyo B2 /2.0 stored in the two field-line

elements such that we find for the annihilation time of two
Magnetic flux can only be exchanged in quartg=/ /e. contacting strictly antiparallel flux elements from Egj1)

Because of this obvious and undeniable property, flux anni- h epo 17 .

hilation takes place only when the field lines are preciselyAf ~ elUl ~ g~ 107 (B~ s (13)
anti-parallel a certain distandg along the elementary flux I

tubes. This is shown schematically in Fiy One should note  where againB is in nT and¢; in m. This time is extremely
that because of this reason any obliquely touching field linesshort, i.e. flux elements annihilate instantaneously if and only
(elementary flux tubes) in Fi® cannot annihilate! More- if they come into antiparallel contact. Microscopically, from
over, the Lorentz force density between flux tubes is giventhe point of view of field lines (or contacting elementary

Ann. Geophys., 29, 1121427 2011 www.ann-geophys.net/29/1121/2011/
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flux elements), the question of reconnection thus reduces toerging of two field lines with the decisive difference that
two problems: (a) how many flux quanta in an approachingfield lines are very narrow entities of diametee 2),,.
plasma volume element can be turned antiparallel over a cer- Nevertheless, assume that two field lines meet under an
tain length¢;, and (b) how can they be brought into close angleé =x and co® = —1 over a distancé, then the field
contact? These questions cannot be answered on the basislofes are exactly anti-parallel and once contacting will merge
considering the fluid motion of a magnetised plasma volumeand annihilate their flux elements over the length in ques-
tion. When the angle i = :—an, however, we have cés=0
3.2 Maximum available power the field lines are exactly perpendicular, and merging will be
o ) inhibited. The field lines in this case touch in a point, and
Nothing is known about the length of the antiparallel sec-  there is no anti-parallel flux component to annihilate. For
tions of two field lines. Assuming that the field lines would angles betweeén <6 <1, on the other hand, a small anti-
be antiparallel over the ion inertial lengith, the largest pos-  parallel component exists as the antiparallel length shrinks
sible length¢; ~ A; in macroscopic collisionless reconnec- rapidly. The calculation is a little more complicated in this
tion (i.e. the total linear extension of the ion-inertial region, case than in the macro-scale component reconnection case
see, e.g.Sonnerup1979, this number would become the \yhere one assumes that the whole thing happens in an in-
order of Po(%;) ~ 2.5 1(_)_1?(3‘/_N) W, with densityN in - finjtely extended plane. Here, in our case of sub-microscale
cm3. If all the magnetic field lines in one electron gyro- merging, the two field lines have, however, a transverse ex-
radius would reconnect simultaneously over this length weyansion of only 2,,.
wquld multiply by the number of field lined/, obtaining During symmetric rotation by an angiearound the cen-
(with Te in eV) tre of the anti-parallel contact length the line of contact

shrinks quite fast according to
Po(ki,NB)~10(Tgx/N> W (14) a g

(17)

Ay COSH
. . L0 =
In the rather extreme case when all the electrons in the ion'! .
ST . © A A /€ cos) + . /1—22 /¢2(rr) sind
inertial volume would indeed annihilate their field lines, one (on /61 GT)] + A
had to multiply by the number of eIectrol%Nk? in the ion

. 1 _
inertial volume, and the total power would amount to as can easily be shown. Whén= 3, the length of con

tact is zero while for9 =z one recovers the full length
Pt~ 10° <T9N3> W (15) G =¢ of contact. Each time _the amount ofbg of
flux annihilates in the merging while the available power
Po(6) = Pot(0) decreases rapidly with angle. So the condi-
tion of anti-parallelity is still satisfied but has been modified
according to the finite rotation anghe
Esubstormr~ 1012 J (16) This indeed resembles “component reconnection” but ap-
plies here to two single touching field lines thus providing
some orders of magnitude higher than measured. Clearlyjthe notion of “component reconnection” a sub-microscopic
this is an extreme upper limit of what can be obtained injustification.
macroscopic reconnection in the magnetospheric tail under
the (rather unreasonable) assumption that it is the total num3.4  Field line relaxation after merging
ber of electrons which (inside the “ion diffusion region” ) ) ) )
z < Ai, i.e. inthin current sheets) are responsible for and con/Another paint of discussion refers to the strongly kinked
tribute to reconnection. The energy increases with electrofn@gnetic field line produced in the process of merging and
number density and temperaturg.. Apparently, it is inde- ann|h|_lat|on of_flux over the lengthy. This _kmk in the mag-
pendent of the magnetic fiel), but this is not so because the netic field line is of course not stable. It will relax after merg-
elementary magnetic flu®g is contained in the fundamental ing has ceased and the field line will stretch itself to reach a

During a substorm of durationr ~ 10° s this corresponds to
a released energy of

expression Eq.10). new equilibrium with minimum curvature. Surely this will
happenif only the field line is allowed to stretch. It could thus
3.3 Sub-micro-scale “component reconnection” be claimed that this would be the most important effect on the

plasma of the entire merging process similar to that what is
Our claim used so far that the field lines can annihilate onlyknown from macroscopic reconnection where the relaxation
over their antiparallel sections could be challenged on theof the kinked magnetic field lines accelerates the plasma into
observation that macroscopic reconnection has been founthe famous reconnection jets (first observedPlagchmann et
to depend on the mutual inclination angle of the interactingal., 1979 which emanate from the reconnection sites.
magnetic fields. In that case one speaks of “component re- However, this is not the case in the sub-microscale merg-
connection” referring to the components of the magnetic fielding process. On the sub-microscopic scale the relaxation of
involved. In principle something similar applies also to the the magnetic field lines has no effect at all on the plasma

www.ann-geophys.net/29/1121/2011/ Ann. Geophys., 29, MPAZ-2011



1126 R. A. Treumann et al.: Flux quanta and field lines

as long as the curvature radius, whose initial value is of theest quantunDg' of the magnetic diffusivity such that the dif-
order of,,, remains much smaller than the electron gyro- fusion coefficient in a magnetic field of fluk = £&dg can be
radiusr... The plasma is affected only when the field has written as
stretched so much that the curvature radius exceeds the elec- ”
tron gyro-radius. Until this happens the electrons remainPe ~ ¢Dp ; teN (19)
_non—magnetic and the relaxatior_w 01_‘ the kinked field proceelds]-hiS can be realised when multiplyirio by the ratioe/me
in the same way as any_magn_etlc field relaxes in vacuum, i.e¢ elementary charge to electron mass yielding
it proceeds at the velocity of light,

When, after a while, the time-scale of rel_axqtion becomesD6n - iCDo _ h ~104 mis! (20)
comparable to the time-scale of plasma oscillatidnse ~ 1 Me Me

and the curvaturg rad.|us becomes c.omparab!e to the Deby?f\?hich has the correct dimension of a diffusion coefficient:
length, the relaxing fields start feeling the dielectric prop-

. _ . . JD’”] =m?s~L. Thus, diffusion in a magnetic field proceeds
erties of the plasma, the relaxation then takes place in in steps or elementary jumps from field line to field line
medium of dielectric functior (w) = 1— w?/w? with the ef- P Y jump N

o . .. whichi ite an intuitive picture of the diffusion pr .
fect that in this phase the curvature radius of the relaxing field ¢ squteg tut ep'ctu'eo t efj usion process
Correspondingly, the diffusion time;; over a certain

rapidly increases to reach the electron gyro-radius, while thﬁen thL (measured in meters) is then given b
expansion velocity slows drastically down. 9 9 y
These consequences can be concluded from inspection eft — 104(L%/e) s  £=1,23... (21)

the relevant dispersion relation
The expressichEq. (20) can be derived in two ways. First

k2 = 0® — w} (18)  assuming with Bohm that the maximum perpendicular dis-
placement within one electron-gyration time during the ele-
mentary diffusion process is just of the order of one field-line
diameter

Forkc ~ ci ;! one hasy ~ At~1 > w,, and the plasma fre-
quency plays no role; the relaxing field is a high-frequency
electromagnetic mode which relaxes with veloaity With
increasing curvature one hias> 0 andw — w, from above, D™ ~ 432 ., /27 (22)
i.e. the relaxation timeAr ~ w1 increases. Ultimately for
k ~ r.. the electrons become magnetised in the field and starf Nis yields immediately for
feeling its relaxation. Then the above dispersion relation 4h
ceases to hold. This has two drastic consequences: firstlyD" =~
the electron inertia causes a rapid mass loading of the field
which retards the further relaxation while, secondly, the re-Otherwise one may use the definition of the diffusion coeffi-
laxing field accelerates the local fraction of electrons up tocient through energy
the electron-Alféen velocity. Further slow relaxation of the
field proceeds until the curvature radius meets the ion gyro’ ~ 4T€0L/Mewce (24)
radius. Then the expansion of the field is slowed down evenyheree,, = %hwce is the perpendicular Landau zero point
further and the ions become accelerated up to the ionéAlfv  gjectron energy (quantum numbges 0). This yields
velocity generating the famous reconnection jets.

In these last steps, however, many field lines have alreadyym @ (25)
become involved and the merging has made the transition me

from sub-microscopic field-line merging and flux annihila- Both expressions agree wilh{! up to a numerical factor of
tion to reconnection at macroscopic scales. The remaini”%rderO(l)

problem is thus reduced to the undefstandlng of how.mgny 4 Since otherwise the magnetic diffusivity is defined through
very large number of antiparallel or inclined magnetic field resistivityn, one also has

lines, i.e. elementary flux tubes, can be brought into close '
contact because once they contact each other flux annihiIaD(r)n _nL (26)
tion, magnetic merging, topological change and re-ordering J2%]

of the tr)‘r|1agnet|c f'Tld is inevitable. Tﬂ!shlsl,_, hc;wever, ,3 ms' an equation which immediately shows that the perpendicu-
Jor problem central to reconnection which lies far outside the ordinary resistivity in a magnetised plasma is itself quan-

scope of this communication. tised,n,1 = £no., and cannot be less than its quantum

(23)

TTMme

Hnoe wnoh 1n—9
4 Magnetic diffusivity noL= m—e% = e 1077 Ohmm 27)

Before proceeding to the conclusions we briefly note that the  4its independence on chargand magnetic field identifies it
existence of a magnetic flux quantum implies as well a small-as a general quantum of diffusivity valid for stream lines in a fluid.

Ann. Geophys., 29, 1121427 2011 www.ann-geophys.net/29/1121/2011/



R. A. Treumann et al.: Flux quanta and field lines 1127

This fact restricts the ordinary perpendicular conductivity plasma when their radius of curvature exceeds the electron

o1 =o0gp. /¢ in aplasma to values gyro-radius.
¢ 4 This takes place in the late evolution of the stretching and
oor <1 Sm (28) relaxation of the field line when many field lines become in-

Though this upper bound on the plasma conductivity is stiIIVOIVed' In this way the sub-microscale physics makes the

high it shows that magnetised plasmas retain a small residransition into classical physics at the macro-physical scales.

tance which is an invariant the origin of which is to be found .We have alsp shpyvn .that the exgtence OT flux quantg 'm-
in the quantum nature of the magnetic flux. plies that the diffusivity in a plasma is quantised. The diffu-

sion process can be understood as the particle jumping from
field line to field line. This fact implies, in addition, an up-
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