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Drift wave maps, area preserving maps that describe the motion of charged particles in drift waves,
are derived. The maps allow the integration of particle orbits on the long time scale needed to
describe transport. Calculations using the drift wave maps show that dramatic improvement in the
particle confinement, in the presence of a given level and spectrum ofE3B turbulence, can occur
for q(r ) profiles with reversed shear. A similar reduction in the transport, i.e., one that is
independent of the turbulence, is observed in the presence of an equilibrium radial electric field with
shear. The transport reduction, caused by the combined effects of radial electric field shear and both
monotonic and reversed shear magneticq profiles, is also investigated. ©1998 American Institute
of Physics.@S1070-664X~98!03711-2#
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I. INTRODUCTION

In the reversed magnetic shear experiments on the
kamak Fusion Test Reactor~TFTR!,1 the particle transpor
behaves as though a barrier to transport exists near a m
mum of the safety factor,qmin . This transport barrier persist
through the course of the high-power portion of the d
charge (t.2.5– 3.5 s) and correlates with the location of
qmin that occurs initially atr /a.0.35 and subsequently de
creases tor /a.0.3 at t.3 s, at which timeq(0).3.5 and
qmin>2. It is reported that an interpretation of the partic
transport with a diffusivityDe without a pinch term shows a
decrease inDe by a factor of about 40 in the reversed she
region @q8(r ),0#. Changes in the temperature profiles a
less dramatic than those in the density profiles, altho
power balance studies with the transport codeTRANSP2 show
a large drop in the ion thermal diffusivity. Also, the electro
temperature profiles change little andxe decreases, at mos
by a factor of 2. Explaining these changes provides a pu
that we address in this paper.

The above results are consistent with a model of
electron thermal transport caused by ambient drift wave
bulence, where modest changes in the turbulence levels
consistent with small changes in the growth rates found
detailed eigenmode study of Reversed Shear~RS! and En-
hanced Reversed Shear~ERS! plasma.3 Donget al.4 also find
only modest changes in the Ion Temperature Gradient~ITG!
and trapped electron mode growth rates induced by rev
shear. Thus, we are led to a picture in which there is a d
matic improvement in the particle confinement with revers
shear profiles, without necessarily a significant change in
turbulence level. Here we show how such a reduction
3911070-664X/98/5(11)/3910/8/$15.00
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transport can be explained by considering test particle m
tions in a fixed level of drift wave activity.

A consequence of the reduced particle transport ac
the q-reversed surface is the onset of a growth of the c
density and pressure gradient, which, in turn, produce
growing Shafranov shift of the core plasma. Both the
creasing Shafranov shift and the increasingEr shear reduce
the drift wave growth rates. These consequences would
consistent with the change in the turbulence reported in M
zucatoet al.3

An important technique that allows the long-time int
gration of particle orbits is to replace the actual guidin
center orbits with those of a symplectic map, a map that
the same Hamiltonian structure as the guiding-center eq
tions. Individual orbits obtained from the map can diff
qualitatively from those obtained from the differential equ
tions, but statistically maps tend to give correct quantitat
predictions. In related studies by Parket al.,5 the exact ion
orbits in full toroidal geometry are followed, and these r
sults complement the present study by maps. As a prac
matter, however, only with maps can one follow orbits acc
rately for the 106 time steps required to go from the wav
correlation time scaletc;1/Dv;1025 s to the transport
time scale oft tr;a2/D;1 – 10 s.

We derive maps that describe particle orbits in dr
waves. These maps reveal that the improved confinemen
the reversed shear profile arises from a change in the to
ogy of islands and the concomitant persistence of invar
curves in a layer in the vicinity of the point where the she
reverses, the shearless point. Away from the shearless p
we show in Sec. II how the transport degrades to that gi
by the standard map. Near the shearless point, however
0 © 1998 American Institute of Physics
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3911Phys. Plasmas, Vol. 5, No. 11, November 1998 Horton et al.
map characterizing the motion is a nontwist map~see Refs.
6–8! that possesses two parameters. For the same fluctu
spectrum we show that the transport is substantially redu
for the reversed shear profile.

Specifically, in Sec. II we derive local drift wave map
that describe the plasma transport in the vicinity of a giv
radial position with a givenq value ~or rotational transform
;1/q). Away from the shearless point, the local drift wa
map possesses the form of the standard map, but at the s
less point it has the form of thestandard nontwist mapthat
was introduced in Refs. 6–8. In Sec. III, we derive the glo
drift wave map, which retains the entire radial information
the q profile. The global drift wave map is used in Secs.
and V, where we investigate the dependence of trans
upon magnetic shear and the inclusion of the radial elec
field with shear. A detailed depiction of the structure of t
maps in the vicinity of the shearless point is given in Sec.
We summarize and conclude in Sec. VII.

II. DRIFT WAVE MAPS

The physical motivation and justification for introducin
a map in place of the differential equations follows from t
electromagnetic~laser and microwave! scattering experi-
ments that show a wide frequency spectrum for a fixed s
tering vectork.9,10 Numerous experiments indicate that f
each drift wave vector wave number there is a broad sp
trum nv0 , n51,2,...,N of frequencies. Herev0 is the lowest
angular frequency with substantial amplitude in the d
wave spectrum. We idealize this spectrum by taking the li
N→` and, furthermore, assuming phase coherence of
components. We show presently that the result of these
sumptions for normal magnetic shear profiles is to prod
the standard map with the well-knownE3B diffusivity DE

5 ṽE
2p/v0 for both the ions and electrons. Here,ṽE

5cẼ3B/B2 is the drift velocity induced by turbulent fluc
tuation. This albeit oversimplification of the drift wave spe
trum captures the essential features of theE3B turbulent
transport in monotonicq(r ) profiles.

We consider an electric field that possess a radial m
part plus a fluctuating part. For the fluctuating part we u
the model drift wave spectrum,

f̃~x,t !5 (
m,l ,n

fm,l cos~mq2 lw2nv0t !, ~1!

wheref̃ is the electrostatic potential such thatẼ52“f̃. In
this section we assumefm,l to be constant for local maps
though we will consider it as a function ofu and r for the
global map in Sec. III. In Gaussian units, the guiding-cen
equations of motion are

dx

dt
5v i

B

B
1

cE3B

B2 , ~2!

giving

dr

dt
52

c

B

1

r

]f̃

]q
, ~3!
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dq

dt
5v i

Bq

B
1

c

B

]f̃

]r
2

cĒr

B
, ~4!

R
dw

dt
5v i , ~5!

wherex5(r ,q,w) and Ēr is the equilibrium radial electric
field. For electrostatic modes,Br50 and magnetic field er-
rors are neglected. We also assumedB.Bw@Bq as usual.

From Eqs.~1! and ~3!,

dr

dt
52

c

B

1

r

]

]q (
m,l ,n

fm,l@cos~mq2 lw!cos~nv0t !

1sin~mq2 lw!sin~nv0t !#. ~6!

Since

(
n52`

1`

cos~nv0t !52p( d~v0t22pn!

and (
n52`

1`

sin~nv0t !50, ~7!

by symmetry,

dr

dt
5

2pc

Br (
m,l ,n

mfm,l sin~mq2 lw!d~v0t22pn!, ~8!

for this model spectrum, giving impulsive jumps inr at times
tn52pn/v0 . The jumps imply that every correlation timetc

the particle takes a newE3B step.
Now, for convenience, define the actionI[(r /a)2,

wherea is the minor radius of the torus. Assuming one mo
M, L dominates in Eq.~8!, we have

dI

dt
5

2r

a2

dr

dt
5

4pc

a2B
MfM ,L sin~Mq2Lw!

3(
n

d~v0t22pn!. ~9!

Integrating Eq.~9! over one jump and dropping the subscri
on the electrostatic potentialf gives

I N115I N1
4pc

a2B

Mf

v0
sin~MqN2LwN!. ~10!

Defining the relative phasec[Mq(t)2Lw(t), from
Eqs.~4! and ~5! we have

dc

dt
5M

Bq

rB S v i2
cĒr

Bq
D 2L

v i

R
. ~11!

For ions in an H mode or an ERS-confinement mode,
need to keepĒr . For electrons or ions in the L-mode dro
cĒr /Bq!v i . We ignore the term in this section and retu
to theEr effect in Sec. V. Integrating Eq.~11! between the
jumps in Eq.~9!,
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3912 Phys. Plasmas, Vol. 5, No. 11, November 1998 Horton et al.
cN115cN1
2pv i

v0

Bq

rB S M2L
rB

RBq
D

5cN1
2p

v0

v i

qR
~M2Lq!. ~12!

We wish to write a map forI, c that has the form of the
Standard Nontwist Map~SNM! of Refs. 6–8:

XN115XN1a~12YN11
2 !, YN115YN2b sin~2pXN!.

~13!

Suppose we have a toroidal magnetic field withq(r )
5rBw /RBq with a local minimumqm5q(r m), q8(r m)50.
Sincedq/dI5(dq/dr)(dr/dI)50 at r m , q has a local mini-
mum atI m5I (r m). Considering the motion of a particle ne
r m and Taylor expandingq aboutI m yields

q~ I !5qm1
qm9

2
~ I 2I m!2, ~14!

where qm9 5q9(I m). Substitutingq from Eq. ~14! into Eq.
~12! yields

dc

dt
5

v iS M2Lqm2
L

2
qm9 ~ I 2I m!2D

RS qm1
qm9

2
~ I 2I m!2D . ~15!

To put dc/dt into the form of the SNM, we Taylor expan
Eq. ~15! aboutI 5I m to find

dc

dt
5

v i

Rqm
S M2Lqm2

Mqm9

2qm
~ I 2I m!2D . ~16!

We integrate Eq.~16! over the time steptc to get

cN115cN1
2p

v0

v i

Rqm
S d2

Mqm9

2qm
~ I N112I m!2D , ~17!

whered[M2Lqm . For I on the right-hand side, we choos
I N11 to make the map area preserving.

Introducing the variables

X5
c

2p
, Y5S Mqm9

2qmd D 1/2

~ I 2I m!5k~ I 2I m!, ~18!

we can write the map in the form of the SNM:

XN115XN1
v id

Rqmv0
~12YN11

2 !5XN1a~12YN11
2 !,

~19!

YN115YN2S 22pcMf

a2Bv0
D S 2Mqm9

qmd D 1/2

sin~2pXN!

5YN2b sin~2pXN!. ~20!

All of the variablesX, Y, a, andb are dimensionless. We ca
transform these dimensionless variables back to the phy
ones by

a5
v id

Rqmv0
, b5S 22pcMf

a2Bv0
D S 2Mqm9

qmd D 1/2

, ~21!
Downloaded 20 Sep 2004 to 161.67.37.13. Redistribution subject to AIP 
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c52pX, r 25a2S 2qmd

Mqm9
D 1/2

Y1r m
2 . ~22!

Now consider the diffusion from a pointr 0 nearr m . We
define the diffusion coefficientDr by

Dr[ lim
N→`

^~r N2r 0!2&
2tN

. ~23!

Assuming thate[u(r N2r 0)/r 0u!1, we obtain

^~r N
2 2r 0

2!2&.4r 0
2^~r N2r 0!2&, ~24!

and thusDr is given by

Dr5 lim
N→`

^~r N
2 2r 0

2!2&

8tNr 0
2

5 lim
N→`

^~ I N2I 0!2&a2

8tNr 0
2 5 lim

N→`

K S YN

k
1I m2I 0D 2L a2

8tNr 0
2 .

~25!

Integrating through Eq.~20!,

YN5Y02b (
i 50

N21

sin~2pXi !, ~26!

taking the average

^YN
2 &5^Y0

2&22Y0bK (
i 50

N21

sin~2pXi !L
1b2K S (

i 50

N21

sin~2pXi !D 2L , ~27!

and assuming that the phase is uncorrelated between su
sive iterations, gives

^YN
2 &5Y0

21b2K (
i 50

N21

sin2~2pXi !L 5Y0
21

Nb2

2
. ~28!

Noting thatY05k(I 02I m), it is seen that all constant term
in Eq. ~25! vanish. SettingN5v0t/2p, we can solve Eq.
~23! for Dr :

Dr5
Nb2a2

16tk2r 0
2

5
p

2v0
S cMf

Br0
D 2

. ~29!

The conditions ona and b for Eq. ~29! to apply must be
determined numerically.

Now consider the motion of a particle near a pointr
5r * away fromr m . Assumingq

*
8 [q8(r * )Þ0, to first or-

der in r 2r * , we have

q~r !5q* 1q
*
8 ~r 2r * !. ~30!

From Eq. ~8!, we know that if one mode, sayL,M, domi-
nates, then

dr

dt
5

2pcMf

Br
sin c (

n52`

`

d~v0t22pn!. ~31!
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3913Phys. Plasmas, Vol. 5, No. 11, November 1998 Horton et al.
If we integrate over one jump, as we did to obtain Eq.~10!,
we obtain the Standard Twist Map~STM!:

r N115r N1
2pcMf

BrNv0
sin cN , ~32!

cN115cN1
2pv i

q* Rv0
S d2M

q
*
8

q*
~r N112r * ! D . ~33!

Calculating the diffusion coefficient about a pointr 0 nearr *
gives

Dr5 lim
t→`

^~r N2r 0!2&
2t

5
p

2v0
S cMf

Br0
D 2

, ~34!

which is the sameDr as in Eq.~29!. The conditions for the
onset of diffusion are different, but once diffusion sets in t
diffusivity is the same, regardless of whether or not theq
profile a has vanishing derivative.

III. THE GLOBAL MAP

The standard twist and nontwist maps derived above
local maps that apply in the neighborhoods of points with
characteristic features of the rotational transform selected
the expansion. When maps are advanced far into the fu
however, the particle may leave these local neighborho
Thus, it is of considerable practical importance to write g
bal maps, even if qualitative in terms of the particle traje
tories in the true tokamak system, that describe the par
orbits for all r /a<1.

The problem we wish to address is the particle transp
barrier in the RS and ERS experiments. In the reversed m
netic shear experiment the particles act as though there
a barrier at the edge of the reversal region.1 Within the con-
text of a model, we will show that it is the nonmonotonici
of the 1/q(r ) profile, resulting from the hollow current pro
files, that causes, generically, a particle transport barrier.
show this phenomenon here without changing the fluctua
level for the onset condition for a transport barrier. The ba
reason for the change in the nature of the transport is
change in the particle–wave phase relation at theqmin sur-
face. The same type of effect occurs when certain conditi
are met with shear in theĒr profile. Whether or not the
magnetic or electric field shear profiles dominate, depend
the species and pitch angle of the particles.

For the global map, in order to determine the spa
variation of the mode amplitudefm,l , we adapt the model o
Connor and Taylor11 for drift waves in toroidal geometry. In
their model, electrostatic drift wave fluctuations of frequen
v0 are given by

f̃~r ,q,w!5f̃0(
m

exp@s1~x2m!2/2#•cos@2sR~x2m!2/2

2~m1M !q1Lw2v0t#, ~35!

where f̃0 is the mode amplitude,sR and s1 are real and
imaginary parts ofs, x5krs, k5Lq/r , r5r 2r 0 is the ra-
dial distance from the rational surface given byM
5Lq(r 0), and s(r )[(r /q)(dq/dr) is the magnetic shea
function.
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In Eq. ~35! we chooses ass5(v* /v0)(ec /bs) for the
fluctuation in the positive shear region and ass5(v* /v0)
3(ec /bs) for that in the negative shear region in order
represent outgoing waves propagating away from their ra
nal surfaces. Thus,s1,0 gives a convergent sum in Eq.~35!
in both cases. Here, the diamagnetic frequencyv*
5(kcTe)/(eBLn), Ln is the density scale length,ec

5Ln /(qR0t), R0 is the major radius of magnetic axis,t
5Te /Ti , b5k2r i

2, andr i is the ion gyroradius.
Assuming the same spatial variation of the mode am

tude in Eq.~35! for the whole frequency spectrumnv0 , we
can get from Eqs.~3!–~5!, the global map:

I N115I N1
4pc

v0a2B

]f̃

]u
, ~36!

qN115qN1
2p

Rv0
S v i

q~ I N11!
1

2cR

a2B

]f̃

]I
~ I N11! D , ~37!

wN115wN1
2pv i

Rv0
. ~38!

Tracking the particle dynamics with the map rather than w
the differential equations, allows us to effect long time (Dt
;1 s) integration. Integration on this time scale would
prohibitive with the differential equations given in Pa
et al.5

IV. MAGNETIC SHEAR DEPENDENCE OF
TRANSPORT

We now investigate numerically the transport propert
of ions by integrating the drift wave map, Eqs.~36!–~38!, for
the model fluctuations of Eq.~35!, together with the Monte
Carlo Coulomb collisional pitch angle scattering.

Assuming that small angle Coulomb scattering chan
the direction, but not the magnitude, of the velocity, the c
lisional scattering operator for the change of the veloc
variables was derived in Ref. 5:

~r i! f5~r i! i cosg1A2m i

Bi
sin g cosa, ~39!

2m f

Bf
5S ~r i! i

21
2m i

Bi
D sin2 g sin2 a

1SA2m i

Bi
cosg2~r i! i sin g cosa D 2

. ~40!

Here, r i[v i /V i , V i is the ion gyrofrequency at the mag
netic axis, andm[mv'

2 /2B is the magnetic moment. In Eqs
~39!–~40!, subscriptsi and f refer to the initial and final
values, respectively. Two anglesa and g are determined
from two random numbersh1 andh2 on @0,1# as

a52ph1 , g5@2ndt ln~12h2!#1/2, ~41!

wheren is collision rate andndt!1 is required.
We have performed simulations for the TFTR and Tex

Experimental Tokamak~TEXT!12 system parameters. Fo
the Levinton et al.1 discharge in TFTR, we useR
5260 cm,a590 cm, andB54.6 T. For TEXT we use ma-
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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jor radiusR05100 cm, minor radiusa526 cm, and center-
line field B53 T. The results are qualitatively similar for th
sameq profiles. While TEXT did not operate in the RS re
gime, our earlier study5 of transport used TEXT parameter
Two q profiles, the normalq(r )51.9911.94(r /a)2 and the
reversedq(r )51.9917.76(r /a20.5)2, are used~see Fig. 1!.
We choosev051.933105, L56, M515, Ln /R050.2, and
d50.5, which do not contradict the assumptions for Eq.~35!.

In Fig. 2 we show the time dependences of the runn
diffusion coefficients,

D~ t !5
1

2t

1

N (
j 51

N

@r j~ t !2r j~0!#2, ~42!

for an ensemble ofD1 ions composed of 1024 passing pa
ticles that initially haver 5227.2 cm for core ions and ran
dom q’s with the kinetic energyE51 keV and l[m/E

5131029 with f 0̃50.3 eV andn51 s21. The integration
time step is 0.132p/v0.3.26ms and total integration time
T is 106 time steps.

The running diffusion coefficients converge to we
defined constant values, indicating that the radial transpo
a diffusion process. We can obtain the diffusion coefficie
from the time series ofD(t) as

D̄5
1

T2T0
E

T0

T

D~ t !dt, ~43!

whereT0 is the time at which convergence is observed to
in.

The diffusion coefficient is smaller for the reversed sh
case, and it can be seen that the radial position of the m
mum shear acts as a barrier to radial transport in that c
This shows that the change in the particle–wave phase
tion at the minimum-q surface induces the change in th
nature of the transport.

FIG. 1. Radial profiles of safety factorq(r ) and shears(r )[r /qdq/dr for
normal @~a! and ~b!# and reversed@~c! and ~d!# shear cases.
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V. ELECTRIC SHEAR DEPENDENCE OF TRANSPORT

A decorrelation of the drift wave fluctuations with th
plasma, which is similar to that induced by the reversed m
netic shear, also occurs if the shear in theĒr profile is large
enough. Foruv iu,cuĒr /Bqu, the rotation inq is dominated
by the Er profile, rather than by the magnetic shear. E
dently, in Eq.~37! we should replace theq with

qN115qN1
2p

v0R F v i

q~ I N11!
1

2cR

Ba2

3S ]f̃

]I
~ I N11!2ĒI~ I N11! D G . ~44!

In Fig. 3 we present the running diffusion coefficients
the presence ofĒr by solving Eqs.~36!, ~38!, and~44! for the
ensemble and system parameters used in the calculatio
Fig. 2. The normalq profile of Fig. 1~a! is used. The inte-
gration time step is 0.232p/v0.6.51ms and the total inte-
gration timeT is 106 time steps. We use two equilibrium
potentials for this calculation, in order to show the effect
shear on theE3B poloidal velocity generated byĒr . In the
first case,F01(r )52F0(12(r /a)2), which inducesvp /r
5cĒr /(rBt);11e; i.e., the profile induces small shear
the E3B poloidal velocity. In contrast, the second equili
rium potentialF0252F0(12(r /a)2)exp(12r/a), results in
a strongly shearedvp /r profile.

For F01, which has little shear, the diffusion coefficien
is not much different from that of the noĒr case of Fig. 2~a!.
In contrast, the results forF02 shows thatĒr generates
enough shear in theE3B poloidal velocity to suppress th
transport induced by the drift wave electrostatic fluctuatio
as first proposed by Biglariet al.13 and numerically con-
firmed for the global toroidal system in Ref. 5 by solving th

FIG. 2. Time dependences of the running diffusion coefficients and
location of particles on the poloidal section at the last moment of simula
for normal @~a! and ~b!# and reversed@~c! and ~d!# shear cases.
license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3915Phys. Plasmas, Vol. 5, No. 11, November 1998 Horton et al.
coupled ordinary differential equations for the exact guidin
center trajectories. When we use theĒr profiles in Fig. 3 in
the reversedq equilibrium, we get diffusion coefficients
each of which is smaller than their counterparts in Fig. 3

For uv iu;cuĒr /Bqu the rotation inq is induced by both
the q and Ēr profiles, and the relative direction of rotatio
generated by the magnetic and electric shear is import
The rotation components might add up, or compensate e
other, as can be easily seen in Eq.~44!. In Fig. 4 we present
the running diffusion coefficients in the presence ofĒr with
the reversedq profile given in Fig. 1~c! by solving Eqs.~36!,

FIG. 3. Radial profiles of equilibrium potential and running diffusion co
ficients forF01 @~a! and~b!# andF02 @~c! and~d!# in normalq equilibrium.

FIG. 4. Radial profiles of equilibrium potential and running diffusion co
ficients forF03 @~a! and~b!# andF04 @~c! and~d!# in reversedq equilibrium.
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~38!, and~44!. The ensemble and system parameters use
these calculations are the same as those of Fig. 2. The
gration time step is 0.232p/v0.6.51ms and the total inte-
gration timeT is 106 time steps. In the first case,F03(r )
5F0@12(122r /a)2#, which induces vp /r 5cĒr /(rBt)
.0 for r ,a/2, and vice versa. In this case withF0

51 keV, the electric field induces poloidal velocity in th
opposite direction to that induced by the magnetic shear,
the diffusion coefficient is larger than that of Fig. 2~c! for the
case without a radial electric field. In contrast,F045F0(1
22r /a)2 inducesvp /r 5cĒr /(rBt),0 for r ,a/2, and vice
versa. In this case the diffusion coefficient is smaller th
that of Fig. 2~c!.

VI. MAP STRUCTURES IN A REVERSED SHEAR
PLASMA

To isolate the effects of reversed shear and radial elec
field profiles from those of the radial variation of mode am
plitude, random noise of collisions, and others, we consi
the simple global map, including a single mode of,M,L, with
no radial variation of the mode amplitude. We solve the f
lowing mapping equation, which is similar to Eqs.~10! and
~12!, but includes the effect of an equilibrium radial electr
field:

I N115I N1
4pc

a2B0

Mf

v0
sin~MqN2LwN!, ~45!

XN115XN1R1~ I N11!1R2~ I N11!, ~46!

R1~ I !5
v i~ I !

v0qR
@M2Lq~ I !#, ~47!

R2~ I !52
cM

v0aB0

Ēr~ I !

AI
, ~48!

v i~ I !5A2

m
@E t2eF0~ I !#~12lB0!. ~49!

Here the equilibrium radial electric field Ēr(I )
52]F0 /]r ur 5aAI , the initial total energy isE t , ande is the
charge of the particle considered. We investigate the m
phase space structure by calculating particle trajectories
various initial conditions in configuration space, for the r
versed shear case above. In Figs. 5 and 6 we present the
phase space for cases withE t5167 and 370 eV, which were
chosen to make the denominator of the major rational ro
tion number near the minimumq surface be odd and eve
integers for each case. In the case of Fig. 5 the surface
the rotation number 1 is located near the minimumq surface,
and in the case of Fig. 6 the surface with the rotation num
3
2 exists. All the other parameters are same as those use
the calculations of Figs. 2~c!–2~d!. In these calculations we
do not consider the equilibrium electric field. Figures 5 an
show the role of the minimumq surface, i.e., the shearles
curve, in producing a transport barrier, and the typical se
ratrix reconnection of odd-period and even-period orbits
the SNM~see Ref. 7!. We show the rotation number profile
for both cases in Fig. 7.
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To see the modification of the rotation number profi
due to the radial electric field, we consider the model elec
field,

Ēr52
0.6rE0

aF1180S r 2

a220.8D 2G . ~50!

FIG. 5. The surface of section for the structures in the map in Eqs.~45!–
~49!. The drift wave potential amplitudes are~a! f50.3 eV, ~b! f53 eV,
~c! f55 eV, and~d! f58 eV in the case that a period-odd orbit exists ne
the shearless curve of a minimum-q surface.

FIG. 6. Map structures for~a! f55 eV, ~b! f58 eV, ~c! f512 eV, and
~d! f518 eV in the case that a period-even orbit exists near the shea
curve of a minimum-q surface.
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The magnitude of above radial electrostatic potential (aE0)
is a few keV, which is enough to appreciably modify th
rotation number profile. The resultant total rotation numb
profile has three extremum surfaces, as shown in Fig. 8~b!.
All of these surfaces act as confinement barriers, as ca
seen in Fig. 8~d!. We usedf56 eV andE t51 keV for this
calculation. Observe that the transport is suppressed w
the total rotation number profileR11R2 is shearless, which
is a universal property in area preserving nontwist maps7

r

ss

FIG. 7. Rotation number profiles for the cases in Figs. 5 and 6.

FIG. 8. Rotation number profiles and the surface of section for the m
structures without~a! and ~c! and with ~b! and ~d! a radial electric field in
Eq. ~50!.
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VII. CONCLUSIONS

We derived the drift wave maps to allow the integrati
of orbits on the long transport time scales, which is pra
cally impossible for the differential equations governing t
exact guiding-center orbits. Calculations using the drift wa
map showed that a dramatic improvement in the particle c
finement, in the presence ofE3B turbulence, can occur fo
reversed shearq(r ) profiles, without necessarily a significan
change in the turbulence level.

The improved confinement results from the change
the form~topology! of the invariant torii associated with th
nonmonotonic winding number in the area preserving m
The conditions for the presence of a barrier involve both
dimensionless wave amplitude parameterb and the phase
parametera of the standard nontwist map. We show th
once theb parameter is large enough for the onset of dif
sion across theqmin surface, the diffusivity is exactly the
same value as that obtained for the chaotic regime of
standard map, which applies in the case of monotonic~nor-
mal! q profiles. Similar results exist in the case of combin
Er shear and reversed shearq profiles when account is take
of the actual rotation number profile for the transport of p
ticles with a specified kinetic energy, pitch angle, a
charge-to-mass ratio~species!.

A change in the particle-to-drift wave fluctuation pha
relation, similar to that induced by reversed magnetic sh
also occurs if the shear in theĒr profile is large enough. Fo
uv iu[cuĒr /Bqu, the rotation inq is induced by bothq and
Er profiles, and the relative direction of the phase rotat
generated from magnetic and electric shear is important.
two rotational components might add up, or compensate e
other, as shown in the examples.
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