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Test particle transport in perturbed magnetic fields in tokamaks
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Numerical calculations of magnetic field line trajectories in a tokamak are used to investigate the
common hypotheses th@j field lines in a chaotic field make a Gaussian random walk(@ahthat

the poloidal component of the magnetic field is uniform in regions with a chaotic magnetic field.
Both hypotheses are found invalid in typical tokamak conditions. A test particle transport model in
the so-called “collisionless diffusion” limit is presented, based on the field line excursions in
numerical simulations. Decorrelation mechanisms that effectively enhance the transport in a
stochastic field are investigated. 99 American Institute of Physid§1070-664X99)02406-4

I. INTRODUCTION dal angle, which is like the conventional poloidal angle

) ) Then 2my; and 2w, can be identified as the toroidal and
Tpkamaké confine thermonuclear plasmas in a torus by, q|qiqa magnetic flux in the magnetic field picture, or we

a hellgal magnetic f|eld: To a good approximation, the field.,, regard Eq.(1) as Hamilton's equations, with

lines lie on nested toroidal surfaces, so-called flux surfaces (41.,0) the Hamiltonian andp the time coordinate.

Transport perpendicular to those surfaces is 10—12 orders . . o
. , ! From this analogy, it can be concluded that it is a ge-
magnitude smaller than the transport along the field lines, sg

. . . -neric, mathematical property that surfaces on which field
that the flux surfaces are effectively isothermal and isobari o
Tgwes close back on themselves after a finite number of tor-

surfaces. Experimental observations show that the cross-fie : o .
) o ) . oidal turns are topologically unstableSo-called “magnetic
ion heat conduction is a few times larger than predicted by

. i ; slands” will form as is apparent in the universal represen-

neoclassical theory, which assumes that radial transport only .: . o
. . .tation of slightly perturbed Hamiltonian systems near closed
arises when particles move from surface to surface by colli: . . ; : X :
X : trajectorie€ Where islands overlap, regions with chaotic
sions. For the electron heat transport the anomaly is even one; ;. . . S -
. 1eld line trajectories will arise. For sufficiently smdil,,

to two orders of magnitude.

these regions are limited, so that good surfaces repiah

Generally, electrostatic turbulence is invoked to explain
the anomaly’. Recently, conditions have been achieved in the 1odorov Amold Moser(KAM) theorerti]. Hence, the ge

DIII-D tokamak? in which the ion heat conduction dropped neric topology of the field in a tokamak consists of magnetic

. . . islands, regions with good surfaces, and chaotic regions.
to the neoclassical value, while the electrostatic turbulence ; oo . .
There is an extensive literature @mansport in chaotic

level be_camg vanishingly small. However, the electron heart’nagnetic fieldgsee, e.g., Refs. 9—13These papers use the
conduction did stay strongly anomalous. ; : ; . ; X . .
. assumption that in a chaotic region, neighboring field lines
A possible cause for the anomalous electron heat COMiverge exponentially. The exponential divergence shows u
duction is magnetic turbulendsee, e.g., Ref.)4 A rough 9 P Y. P 9 P

estimate shows that the radial excursions of field lines due t%)n the time needed for a particle to decorrelate from a field

- ) IR o Ine. The process is often visualized by following the evolu-
a perturbing fieldb,=B/B=10"", could significantly en- , of the cross section of a bunch of correlated field lines
hance the electron heat transport. Measurements of the magy heir way around the torus. The cross section, which is

) e e ik et _ : _ |

netic fluctuations in Tore Suptaiid yield b, ~10"°-10"%, (5,0 circular(with a radius equal to the perpendicular cor-

while ultrahigh resolution measurements of the electron temz4|5tion length of field linesat the start, is assumed to de-

. . e . . 6 L

perature profile in the Rijnhuizen Tokamak Projé&TP)”  yejoh into a complex structure of thin long arms spreading in

show coherent structures compatible with perturbing fields of 5ious directions.

b.=<10"3. Thus, there is an incentive for investigations of

thermal transport in a tokamak plasma with a slightly per-5;y moves away from its initial field linée.g., due to colli-

turbed magn_etlc field. L ) siong, while at the same time the bunch deforms into a
Concerning the magnetic field, it should be noted thaly,he with ever thinner arms. A particle is said to be com-

the field line equations for a time independent magnetic fielty e ely decorrelated from the initial field line when its dis-

A particle moving along the bunch of field lines gradu-

in a tokamak are analogous to Hamilton’s equations: tance from this field line equals the width of the arms at that
— moment. This defines the decorrelation timeand the par-
%: _ ‘9_‘/’9 ﬁ: '9_% (1) allel decorrelation distancy(7).
de g0 do g The radial distance traveled(z(7)), is then obtained

. from a suitable model of the field line excursions. Usually,
In this, we have to make use of a coordinate systerh (6), the Rechester and RosenbfUtbrmula for the scaling of the
expressing the minor radius, the toroidal angle, and a poloidiffusivity y with the test particle velocity, along the field
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line, is used to compute test particle transport in a stationary XZRg
chaotic field: 4(x)=0o+(da=90) 2z )
X=Dwv;. )

The “magnetic diffusion coefficient,'D,,, can be approxi-

mated by the quasilineaestimateD,~Lb?, whenb_L,,  with go=0.8 the value at the magnetic axis ang=4.5 at
<L, , with L., andL., denoting the longitudinal and trans- the plasma edge. For the torus, parameters of RTP are used:
versal correlation lengths of the perturbing magnetic fieldR,=0.72m,B,=2.2 T, minor radius 0.16 m.

Formula (2) pertains to the so-called “collisionless diffu- For the perturbing field, two limiting cases have been
sion” regime, which is applicable whety<<7.. Herer. is  ysed in separate simulatiors} very localized perturbations

the collision time andytq is the length along a field line  to the current density profile induced by small closed current
after which a radial displacement by one gyroradigg) (S filamentd® and (i) the conventional model of less localized,
sufficient to move the test particle to an uncorrelated f'eld‘global,” perturbations to the magnetic flux in the form of a

line. The validity of Eq.(2) and the quasilinear estimate of g, o Fourier components resonant at surfaces with rational
Dy has been the subject of much discussion in the literatur

(examples are Refs. 4, 13, and)l#kgarding the decorrela- Current filaments are modeled as closed current carrying
tion mechanisms involved in the resulting time and spatial . . L . .
scales lengths. wires running parallel to mggnetlc field Im_es on ratlpnal sur-
Summarizing, there are three essential ingredients fofraces of the .unperturbed f'.e'd' A set of fllame-nts 1S chosen
calculating test particle transpoiti) the model for the de- such that th_elrtotal current is zero. The perturbing field is the
crease of the arm widthgii) the model for the radial excur- SUM Of the fields of all filaments. Using a currérather than
sions of field lines{iii) the assumption of a stationary cha- flux) distribution to computeB, has the advantage that un-
otic field. In this paper, we will investigate the validity of the Physical situationge.g., often the flux perturbations taken in
first two assumptions. To this end, we will use argumentghe literature(see, e.g., Ref. Jhave no radial dependence,

arising from a sophisticated numerical code as well as ana¥hich corresponds to a diverging current density on the mag-
lytical ones. netic axig§ are avoided. Moreover, this setup provides a way

to numerically handle systems that in a flux representation
would require extremely long Fourier series.
1I. NUMERICAL IMPLEMENTATION Knowing the magnetic field on each grld point, the field
line equations are solved between cross sections to construct
To generate large numbers of different magnetic fieldmapping functions. With simple but effective interpolation
realizations we developed a set of computer programs baseg@hemes, these mapping functions give the position of a field
on so-called mapping functiort$:° Dividing the torus in @ jine at a particular cross section given its position at the
number of cross sections, covered with rectangular grids, Wgrevious cross section. As all the information of the field is
compute the magnetic field on each grid point, as the sum Qforeq in the mapping functions this method allows one to
an ideal fieldB, and a(smal) perturbing parB, that causes trace any number of field lines simultaneously. The CPU-
the chgotic behavior of the field Iinégachnical details of the time consumed in the mapping construction process is paid
Eﬁz)neer;f?ble%rct)gﬁs;rss gglré tﬁ ]:;)uurnrcljulrmte?ﬁ:gprzizgmv:/éh&e doff by the interpolation process, making this method faster
than conventional schemes that integrate the field line equa-

Bg X 3 tions for each field line individually.
T+xcosg | &~ q(x) € ) Both the filaments and the Fourier series perturbations
in the righthanded toroidal coordinate systemx ( produced the generic layered topology, with islands and sto-
—1/Ry..6), i.e., the ratio of the distance to the magneticChaStiC regiongFigs. §a) and &d) for the system with fila-
- 0¥ y .Gy . .
axis over the major radius, the toroidal angle, and the poloi-mentg' However, the Fourl_er perturbations needed a larger
dal angle, with orthonormal basis vectaes, e,, ande,. b, by a factor 10, than the filaments to produce chaotic zones
This tokamak field3) is known in the Iiteratured) as the stan- ©f similar width. This results from the fact that global modes

dard modet” giving the correct magnetic field in the large contribute tob, also where they are not resonant, i.e., where
aspect ratio approximatioa/Ry<1 with a the minor radius  they do not cause field stochastization, whereas the effect of

Bo(X, 0) =

of the tokamak, and satisfying -B,=0. the filaments is concentrated near their resonances.

The safety facton(x) is a dimensionless function, ex- For the perturbations, we used Fourier mode numbers up
pressing the pitch angle of the magnetic field. For a cylindri-to m=15 or up to 21 filaments.
cal plasma carrying a plasma currentl,(x) As an example of a chaotic magnetic field generated
= ZWRSf’aj (x)x dx, with j(x) the current densityg is writ-  with the code, Fig. 1 gives the Poincaptt for a field per-
ten turbed with a set of 19 filaments, each carrying on average

0.05% of the total plasma current. The perturbing field had a

2mx?RyBy S -
Q(X)ZQcy|=|—- (4 strengthb_=B_/By~10"". This is an upper limit for what
Hol pi(X) is expected in a tokamal 0 # is measured by Zoat al. in
For our modelg(x) takes the(realistio parabolic form® Ref. 5, and is suitable to make our points clear.
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FIG. 2. (g) as a function of the average radial coordinabeof a field line.
Gray line: unperturbed magnetic field; circles: results for 150 initial radial
0.0 T T T - positions, averaged over 100 initial angkeach and 100 toroidal turns, for
0.0 05 1.0 15 20 b,~10"2 (see Fig. ]; boxes: standard deviatiang of {g).
O/n
FIG. 1. Poincareplot for a magnetic field perturbed by a large number of In this plot, the positions of the Iarge islands can be

small current filaments producing a perturbation lebgk102. For the . . . . .
unperturbed magnetic field, parameters of the Rijnhuizen Tokamak Projegtecogmzed by the gaps in the string of circles. The important

are used: minor radiua=0.16 m, major radiu®R=0.72 m: toroidal mag- conclusion of Fig. 2 is that in the chaotic regions the shear is
netic field B=2.2 T; q(r)=0q(0)+ (q(a) —q(0))r?/a?, q(a)=4.35, q(0) not reduced. The perturbing fields do give rise to statistical
=0.8. The 60 o_rbits plotted here for 600 transits each are denoted by crossggyriations ing, as can be judged from the values @{CJ)
after one transit. — —1r/q2\ — 27172
=(a)"[(a%) —(a)“]™=

We have found these results to be independert af
the range £N=200 and independent of the spectrior-
oidal mode numbers up to 13 and poloidal mode numbers up
to 14) and amplitudgranging from 5< 10 ° to 5x 10 %) of

Theories of transport in chaotic magnetic fields com-the perturbations. The limiN=200 is chosen on plasma
monly neglect the effect of magnetic she@ae., a nonuni- Physical grounds: A few hundred toroidal turns is an upper
form q) in the chaotic regiongsee Refs. 9, 12, and 13, and estimate of the mean free path of a thermal electron in the
for very weak shear see Ref. )1(]n tokamakS, magnetic hot core of a tokamak. As the outcome is independem,Of
shear results from the nonuniformity of the poloidal compo-the absence of shearless regions cannot be explained by a
nent. In an ideal magnetic field topo'ogy with nested t0r0|da|||m|ted Wandering of the field lines in the radial direction in
surfaces, the field line pitch is a surface property, expresseghaotic regions. Indeed, we have found identical results for
by the functionq(r). fields with stronger perturbations, where the field lines could

However, our calculations demonstrate the existence ofross large chaotic regions within 10 toroidal transits. Hence,
finite shear in perturbed topologies, by following 150 field We have demonstrated that shear does exist in the regions
lines with different initial radii(inside and outside chaotic With chaotic magnetic field. In fact, the existence of finite
regions, for N transits around the torus, witkl initial po- ~ shear in a chaotic layer is to be expected. The poloidal field

IIl. IMPORTANCE OF SHEAR IN CHAOTIC MAGNETIC
FIELD

loidal angles for each starting radius. componentB, still exists after adding the perturbations and
The average value, defined as is much larger than the perturbatioB,/By~10"* vs b,
" <10 3. The answer to the question hdy, can change in a
(@=M O region which is filled by a single field line, is that the field
= line does not visit every point in this region with the same
. frequency.
with We now have to consider the effect of shear on trans-
q=27N6; 1(N), (6)  port: How does the presence of shear influence the diver-

gence of the field lines? In the following we assume the
profile q(r) to monotonically increase with, and consider
Mo rong the ¢ evolution of the cross section of a bunch of correlated
(ry=(2aNM)~1Y] f r(¢,6,)de, (7)  field lines, which is initially circular with a radius. Com-
=1 Jo pared to the radial position. of the center of the circlesis
with ¢ the toroidal angle. Heré,(N) is the running poloidal small.

is computed as a function of the average radius

angle, which started &, afterN turns. The result is shown We follow a set of field lines that, ap=0, lie on the
in Fig. 2 for the perturbing field wittb_~10"2 (shown in  circle. In an unperturbed field, we observe thaiat0 the
Fig. 1), andN=M=100. circle is stretched in poloidal direction. The reason is the
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FIG. 3. Deformation of the cross section of a bunch of field lines in a
chaotic region of the field shown in Fig. 1. Yellow, red, magenta, dark blue,
light blue, and green correspond to one to six toroidal transits. The branc 0.05—
extending clockwise is close to tlgg=1 magnetic island, and shows the
well-known stickiness of the islan@imost no chaotic deformation

—

difference ing values of the surfaces on which the field lines £ oo
lie, and not the hyperbolicity of the system. With the as- "™
sumed q(r) profile, the field line started at.+s will
“move” slower (and the field line started at—s will move
faste) in the poloidal direction than the central field line.
Due to the conservation of the magnetic flux through the
deformed circle, the stretching in the poloidal direction is
accompanied by a reduction of the width in the radial direc-
tion. ' '

Obviously, the stretching does not give rise to an expo- 0.65 0.7 0.75 0.8
nential divergence of field lines. Hence, in a chaotic mag- R (m)
netic field with a realistic shear, the divergence of field lines .
has a nonexpone_nua! contributi¢due to th.e Shea.rand an FIG. 4. Comparison of the deformation of a bunch of field lines in the
eXponen“al contributior(due to the chaotic motion The perturbed magnetic field of Fig. 1 and an unperturbed field. Conditions as in
latter appears when a perturbing field is added. We comparegy. 3, but with the center of bunch at a larger radius. Gray curves: the effect
the growth rates of the arm lengths in cases with and withoutf shear alone; in black: the combined effect of shear and chaotic motion for
perturbing field. For a toroidal length scale of one to two '@ one and five andb) ten toroidal transits. The gray circle in paria) is

. . _ the initial bunch of field lines.
transits, we found an increase of only ¥%or b .~10"3.
For more transits the chaotic behavior distorts the appear-
ance of the circle in the radial direction, so that a comparison
of growth rates is not feasible anymore. Exponential diverthe assumption that deformation is as strong in the radial as
gence will win in the long run, but also here the effect ofin the poloidal direction, which is made in the cited litera-
shear still plays an important role, as we will demonstrate. ture.

In Figs. 3 and 4 two examples are shown to illustrate the  Qualitatively the plots in Figs. 3 and 4 can be understood
combined effect of an ideal magnetic field with an additionalwith arguments similar to those we gave earlier for the de-
small perturbation. formation of the circle in an ideal sheared magnetic field.

We started X 10° points on a small circle, for various Starting with a circle with radius<r, the field lines with
field perturbations, produced with current filaments. The rar <r. “move” faster in the poloidal direction and the field
dius of the circle was chosen to be the average distance bénes withr>r; lag behind.
tween the perturbing filaments. It is clear that shear plays a Initially the chaotic movement due to the field perturba-
major role in the deformation of the circle; deformation is tion is of secondary importance: stretching is the dominant
obviously biased toward the poloidal direction, in contrast toeffect. However, following the field lines over a longer in-

-0.05—
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a tokamak, the perturbing fields are generated by the current
Q distribution inside the plasma. The current perturbations
must be field aligned or nearly so. Hence, the allowed modes
Y for current perturbations have/n~q, whereq is the local
: safety factor. Since hight current perturbations have a short
range, at any place in the plasma only low mode numbers
Y and mode numbers centered aroumth=q are felt. Thus, a
wide, global spectrum of perturbing modes, and so the as-
sumption of Brownian field line motion, is unphysical.
Figures @b) and Ge) show contours of the rm s radial
* displacemento) of a field line as a function of its starting

radiusry and the toroidal angle, averaged over 500 field
C%\\ lines with the same . This representation highlights the
= layered structure of the magnetic topology: layers in which
FIG. 5. Schematic explanation for the patterns in Figs. 3 and 4. field lines make large radial excursions alternate with layers
with “good” surfaces. The same quantity is plotted for five
starting positions of field lines in Figs(@& and &f) to show
terval, the elongated cross section becomes distorted due tat three types of behavior can be discerned: field lines that
the chaotic movements in the radial direction. More armsstay close tor, (nonstochastic or very thin stochastic re-
will result from these distortions, and each individual armgions; field lines that exhibit oscillatory behavidcaught
will be subject to the effect of shear. This process is schewithin or very close to magnetic islandsand field lines
matically illustrated in Fig. 5. A comparison with rolling taking large radial steps for a few toroidal transits and trav-
water waves comes to mind. eling much more slowly thereaftéchaotic regions Impor-
An important observation is that the stretching is now atantly, none of these three types of excursions can be char-
strongly inhomogeneous process; some parts of the bunch afterized as a Brownian motion.
field lines remain compact, while other parts undergo very  Although Dy, can only be properly defined in the long
strong stretching. This comes about because the majority dfme limit of the Ornstein—Uhlenbeck process, we can ask
the field lines is trapped in “rolling wave” patterns, that whether concentrating the discussion on the chaotic regions
become more and more compact and complex as a result ébuld result in a usefuD,,. Selecting field lines in these
the repeated folding of the brancHesg., Fig. 4b)]. Conse- regions and averaging their trajectories, results in an average
quently, the arms connecting these compact structures bdisplacement as a function of toroidal angle{¢)), as de-
come infinitely thin. Because of the compact regions con+icted in Fig. 7. Curves are shown for different levelsof
nected with infinitely stretched regions, it is unclear whetherdemonstrating that the shape(ef ¢)) is almost independent
or not exponential divergence is a correct picture for theof b.. Clearly, this displacement is not a Gaussian random
decorrelation processes. Since the divergence due to shea@lk, which would have(o)x¢*? so Dy cannot be de-
alone is in a first approximation linear i, the combined fined. A good fit to the curves is given by
effect of the two processes is at least linear. However, if it is
exponential, characteristic lengths for a sheared field should (o)« In£/14+ 0.22)2,0 77<¢<207T. (8)
play an important role in the exponential decay length. ¢ ¢ g
Krommeset al® investigated just this in the framework By inspection of the field line distribution as a function of
of quasilinear theory for a magnetic field with a relatively the number of toroidal transits, boundary effects were ex-
weak background shear. The tokamak, however, is in theluded as a cause of the roll-over.
region with relatively strong shear. The same procedure has been carried out with different
Although we have restricted ourselves to tokamaks irsets of current filaments, and also with global perturbations
this discussion, the conclusions are in fact generic for Hamil{mode numbers up tmm=12) instead of current filaments,
tonian systems with shear. and with our sets of initial conditions for the field lines, the
qualitative behavior ofo(¢)) was always the same.

IV. RADIAL TRANSPORT IN CHAOTIC LAYERS

L . . V. TEST PARTICLE TRANSPORT
Bearing in mind that we should take shear into account

in the chaotic regions, we will now have a closer look at the ~ Making the step from field line behavior to test particle
behavior of the field lines in these regions. transport, we follow the classical treatménysing two

In the literature, a “Brownian” motion of the field lines modifications. First, the probabilistic description of a non-
is usually assumed, described by an Ornstein—Uhlenbedaussian process is too complex to define a valuefgr,
process. Inherent in such a process is an infinite spectrum éércing us to resort to the numerical results of our simula-
perturbing modes, frequently approximated by a large numtions for the average field line behavior in a chaotic field i.e.,
ber of poloidal mode numbenms (as, e.g., in Ref. 9 or  the oy, and o4 curves shown in Fig. 7. Second, because the
toroidal mode numbers (e.g., in Ref. 20, or both. With  field line trajectory is superdiffusive on the short track, but
such a spectrum of modes, a fundamental problem arises. Bubdiffusive in the long run, we need to distinguish between
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FIG. 6. For a slightly perturbed magnetic field with the perturbing part induced by 19 current filamentb, wibk 10~ andb =102 for the top panels
and the bottom panels, respectivelg. and(d) Poincareplots. (b) and(e) The average displaceme,(¢) as a function of the initial radial positiar . (c)
and(f) Projections of the contour plote) and(e), respectively, for five different starting positiongeach. The colors of the contour plots run from blue via
yellow to red, where dark blue signifies the smallest values,gf{up to 0.5 mm and pink the largestd,,> 14 mm). The Poincarplots were produced from

60 orbits with 600 transitions each.
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FIG. 7. The average displacemén} in chaotic regions, as a function of the

toroidal angle¢, as observed in numerical simulations. The solid lines rep-

resent the data for values bf between 10° and 103, scaled to theb,
=102 data. Form< ¢$< 20w a good fit is given byo,*In(1+0.2¢) and
for large ¢ by o< ¢Y% The dashed line labeled,, is the quasilinear
diffusion prediction folb, =102, using a numerically determined value for
Lcl\ '

discrete collisionga discrete radial step of size, after a
time 7.) and continuous small angle scattering. The latter
process gives the dominant contribution to the effective col-
lision frequency in a hot plasma. For the actual decorrelation
of the test particles from their field lines, various mecha-
nisms are proposed in the literature, which combined with
our findings so far, lead to different scalings pfwith v).
Several mechanisms are discussed below, and the resulting
scalings can be found in Table I. The diffusivity is calculated
from x=(0o?(z(ty)))/(2tg), with t4 the decorrelation timeg

the distance traveled along the magnetic field line, and
given by 8 for nondiffusive field lines, and

5 ZDMZ, 7> LO
(o%(2))= b3z? z<L, ©)
for diffusive field lines, withL, the correlation length along
the magnetic field line. Note that discrete collisions and con-
tinuous scattering do only lead to different scalingg efith
v, for the case of sheared non-Gaussian field lines.

In the case of small angle scattering, the distadfg
between the test particle and the field line it started on, in-
creases in time as’% Simultaneously, due to the chaotic

motion of the field lines, the stef{¢) needed to move to an
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TABLE I. The effect of using non-Gaussian behavior of magnetic field IiHESperturbation must be regarded as magnetic turbulence. Ex-

comblr_]ed V\_/lth sheared dpcorrelatlon, as compared to the classical p.lcture ferimental spectra of magnetic fluctuations measured in Tore
Gaussian field lines being exponentially decorrelated for three differen

decorrelation mechanisms. The velocity paralpgrpendiculgrto the mag- _upra typically extend to f_requencﬁeef s_everal hundreds of

netic fieldB is denotedv; (v ) and theExB drift velocity is writtenve . kilohertz. _CrUdely assuming tha_t part_|C|e_S_ are _decorrelated

The sheared non-Gaussian case corresponds to typical tokamak conditiof§0m the field every 1Qus, results in a significant increase of

X, with a factor~2, bringing it in the range of the experi-
Exponential Sheared mental values fob,=10"2 (see Fig. &

Gaussian non-Gaussian Gaussian non-Gaussian AS a new mechanism enhanciggsynergistic effects of

; electrostatic and magnetic turbulence are proposed. In this

Discrete collisions vy vy vy vuviz ; ; i

Continuous scattering o, o v, p 13,13 case, the fluctuatm@.xB erfts cause the test pgrtlcle to

ExB drift 23 113 decorrelate from the field line. Now the electrostatic fluctua-
XB drifts vy vy Uy U Ve

tions cause the decorrelation, while the step size is deter-
mined by the excursions of the magnetic field lines. To make

lated field line. d his d ) a rough estimate of this the effect, a constant drift velocity
uncorrelated field line, decreases. This decrease Is exponep- _gn0m/s, based on experimental work in the Texas Ex-
tial in a shearless, fully chaotic field. However, as is demon

_ _ _ _ = perimental Tokamak TEXT! can be used. This results in
strated in Sec. Ill, with perturbation levels in a realistic rang

b =10"3) sh o in chaofic | q Cdecorrelation times of 2—20 toroidal turns, enlargingith a
(b.=10"%), shear remains important in chaotic layers and i oy 5 pringing it in the range of experimental values

indeed the dominant cause for the divergen(_:e of field lines y~1mPsY) (see Fig. 8 The resulting scaling of is put
A test particle now makes a random radial step when a]En Table I for comparison.
t=t4 the gyroradiup.= 8(¢). Throughp., the perpendicu-
lar velocity,v | , enters into the expression fer
Table | shows that using numerically determined field
line trajectories instead of a Brownian motion of field lines VI- CONCLUSIONS AND DISCUSSION
and the quasilinear estimate of the associfigd results in
a weaker scaling witly, (except for discrete collisions
For realistic values ob.<10 3, the value ofy due to
collisional decorrelation in the chaotic magnetic field is
lower than the experimental valye~1 n?s %, as can be

In summary, we have found that the divergence of field
lines in a chaotic field in a tokamak differs essentially from
the picture by Rechester and Rosenbluéimd subsequent
papers by others. A strong poloidal background field results

seen in Fig. 8. Therefore. it cannot explain the measurei a divergence of field lines that is dominated by simple
9- ¢ ' "XP . stretching. Only after many toroidal transits does the perturb-
anomalous electron transport. Additional decorrelation

. ; . . ing part of the field show its influence. The effects of a
mechanisms are called for if magnetic turbulence is to CaUS&heared field in the poloidal direction with an additional
the the electron transport anomaly.

small perturbing field on the resulting picture could be un-

One obvious decorrelation mechanism is a time depenge, gy qualitatively. From our computations and argu-

:egt;?isfﬁtgfj rcvaa%nzggljﬁg dpﬁ:]tugbg:?;;é\li\/h'lfs':];h?hib]fi);’f ents it does not seem to be justified to neglect the effect of
' P hear when considering chaotic magnetic fields.

Also, we find that even at perturbation amplitudes as
high asb,=10"3, the tokamak field does not become fully
chaotic, but retains a structure of nested shells. In the chaotic
regions, the excursions of field lines differ essentially from
Brownian motions. The behavior goes from superdiffusive to
subdiffusive as the toroidal angle grows. Test particle trans-
port is significantly smaller than predicted by Eg), unless
additional mechanisms are invoked to decorrelate the test
particles from the field lines, such as temporal fluctuations of
the magnetic field or electrostatic fluctuations. Interestingly,
the scaling of test particle diffusivity with, is weaker than
linear, which is significant in the view of the observation that

temp. Tluctuations

10 +——1 771 T T T T runaway electrons often show superior confineniént.
110’ 11108 Based on our findings, transport theories in chaotic mag-
v (ms’) netic fields should deal with three adjustmertisthe diver-

o o . , gence of field lines is not exponentidli) the folding and
FIG. 8. The diffusion coefficieny is plotted as a function of the velocity . . . .
parallel to the magnetic field for a magnetic perturbation leyet 10 3. StretChm_g process 1s ygry complex,. resulting in mhom_oge-
Three different decorrelation mechanisms are plotted here: collisions, eledi€ous divergence, an@i) decorrelation of the particle in-
trostatic fluctuationgwith E x B drift velocity ve), and temporal fluctuations  side a compact structure may not lead to actual decorrelation,
(with frequencyf). y, andxe have been plotted as well for comparison. For a5 field lines that were correlated at the start are still close
the computationsn=4x10m °, ve=500ms", and f=100kHz are .\ oniract other parts of a bunch of field lines undergo
used. Changingg or f within a factor of 10, changes the curves for elec- . B . .
trostatic and temporal fluctuations by a factor of 1.5 and 3, respectively. AVETY strong stretching, which might lead to fast decorrelation
change ofn, over a factor 3 does not bring significant changes. and result in a strong contribution to transport.
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(MR, z5), M (RE 25) crossed thekth plane at R,Z). This set of functions is
k+1 ‘ created by numerically integrating the field line equations
k

dR By dz _B,
_:R_! _:R_!
d¢ B, dé By

from a grid point Rikj ,z:}) on thekth plane to the point on
the (k+1)th plane M§(RY z),MA(RY ,zf)) (see Fig. 9.
Spline interpolation schemes between grid points are used to
/‘ v construct the functions over the whole plane. In this way the
IR 0 functionM&(R,z) gives theR coordinate at planek(+ 1) for
a field line started atR,2 on planek, and similarly for

FIG. 9. Graphical illustration of the mapping technique used for computingy 4 k ; ; k k
the magnetic topology. The field lines are mapped from a grid gojinton M Z(R’Z) and thez coordinate. The functions/ R and MZ

sectionk to sectionk+1 by integration of the field line equations. Also with k:Naﬁ complete the circle in the toroidal direction.
shown are the directions of the unit vectors. For the integration scheme, we use the generic Hamil-
tonian property of conservation of area to ensure numerical
accuracy. The magnetic field components are interpolated
To finish the discussion, we stress that although in thisvith a spline interpolation scheme over the poloidal planes
work we have restricted ourselves to regions of stochastiand with a fourth-order Lagrange polynomial interpolation
field line trajectories, a complete description of transport in eéetween planes.
tokamak should incorporate both regions of chaotic field and  Using the mapping functions, the motion of a field line is
regions of quiescent magnetic field. Until recently, it hasdescribed by the series of poin®'(z') for | =1,...Ni,N,, of
been beyond experimental capabilities to distinguish beerossings with the poloidal planes, starting from the initial
tween these regions. Now, in Ref. 23 it has been reportegoint (R!,z'); N, gives the total number of revolutions
that the picture of a tokamak plasma consisting of alternatingiround the torus.
layers of good and bad confinement can in fact be repro-
duced experimentally, putting experiment and theory into
better agreement. 1J. WessonTokamaks2nd ed.(Clarendon, Oxford, 1997
2p. C. Liewer, Nucl. Fusior25, 543(1985.
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