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Abstract

The character of charged particle motion in an axisymmetric toroidal system with
a constant radial electric field is investigated both analytically and numerically. Ion
radial mobility caused by the combined effects of the radial electric field and charge
ekcha,nge is found. A simple moment argument in the banana regime matches the
simulation results well. Relation of present work and high confinement (H-mode) ex-

periment is also discussed.
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After the first H-mode observation,! many experiments have been done.?~¢ It is found
that the spontaneous H-mode plasmas always have sheared negative radial electric field
near the plasma edge. Biased electrode triggered H-mode experiments found asymmetry
behaviour between bias potential and plasma confinement.”®

There are several theoretical works about the influence of radial electric field shear on
the charged particle motion®!° and suppression of turbulence,’~*® but the effects of radial
electric field on charged particle motion deserves more attention.

The familiar equation of motion,

e 1

—(E+-VxB)=vV

m c

where v is represents some velocity damping rate, can be solved in cylindrical coordinates,

with B = Bz, E = E,7. We obtain classical radial mobility:

14
V= O + 1v2/0?) Ve

where ) = eB/mc, is the gyrofrequency and Vg = cE,/B is the E x B drift velocity.
Gyromotion Monte-Carlo simulation matches this result very well.

The real physics of this radial mobility is that a radial electric field in the plasma tends
to drive ions in the direction of lower electric potential. Without collisions, the ions will stay
in the closed orbits, the radial electric field given only a poloidal rotation due to the E x B
drift. But with collisions, such as, charge exchange, the pert.urbed ions should walk along
that direction and cause a radial mobility. |

One thing that should be noted here is that the perturbations of electron and ion mobili-
ties are quite different. Perturbation from electron-ion collisions can cause electron mobility!4
and the electron radial momentum can be compensated by the ion’s. But neither ion-electron
collisions nor ion-ion collisions can cause the ion mobility because of radial momentum con-

servation. The most probable perturbation for the ion mobility is ion-neutral collision, or
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charge exchange, which is common near the plasma edge. In this case ion radial momentum
can be balanced by the neutrals.

In the toroidal geometry, the radial electric field can affect ion orbits dramatically. Fig-
ure 1 is the ion guiding center orbit calculated with different radial electric fields. We find
that the negative radial electric field (inward) always tends to push‘the ion inward and the
positive radial electric field (outward) always tends to drag the ion outward. When the
radial electric field becomes very large, whether positive or negative, almost all ions become
passing particles and the orbit shifts approach to zero. We can understand these orbits from
the existing theory.'®?8
| For the case of weak pitch angle scattering (v < wy, where w;, = v}/ Rq is the bounce fre-

quency, ¢ = rB;/ RB, is the safety factor) the toroidal angular momentum is approximately

still invariant

mRAv — < B,RAr ~ 0 . (1)
c
With total energy conservation
mv)Av) + pAB + ed'Ar =0, (2)
and the pitch angle scattering
A¢ = —¢vAt (3)

where ¢ = v)|/v is the pitch angle, we can obtain the neoclassical radial mobility:

vVEp
= 4
= 0,0+ 2VE, o) )
with the assumption |eE,| > |uAB/Ar|. Where E, = —¢', Vg, = ¢E, /By, Qp, = eB,/mc is
“the poloidal gyrofrequency.

This is consistent with the Monte-Carlo simulation results with pitch angle scattering

collision operator,'” as show in Fig. 2.



Because the orbit is the intrinsic property of the ion motion, we expect that different colli-
sion processes will not change the basic property of the ion mobility. Monte-Carlo simulation
results with charge exchange collision operator shown in Fig. 3 proved our expectation.

Next we put the ions near the plasma edge, in order to study how the radial electric field
affects the ion orbit loss by Monte-Carlo simulation. The result of the ion orbit loss with
charge exchange collision operator under different radial electric fields is shown in Fig. 4.
Simulation with pitch angle scattering collision operator gives a similar result. We find
that without radial electric field the ion orbit loss is due to neoclassical diffusion caused by
collisions, charge exchange or pitch angle scattering. When the radial electric field is negative,
the inward ion mobility reduces the ion orbit loss significantly, and quickly stops the ion loss
when radial electric field increases negatively. We can use this property to understand the
transport barrier near the spontaneous H-mode plasma edge. Note that for the spontaneous
H-mode plasma there is always a negative electric field near the edge. Thus the inward
mobility of the ion may sharply slow down the outward ion flow, and cause the transport
barrier. When radial electric field increases positively, the ion orbit loss increases very fast at
first. However, when the electric field further increases, most ions become passing particles,
and ion losses drop dramatically. When the radial electric field becomes very large, almost
all ions are fixed on their original flux surface: thus the ion orbit loss tends to zero. The
different mechanisms of transport barrier due to the negative radial electric field and positive
radial electric field can be employed to understand the asymmetry of the bias potential and
plasma confinement observed in the experiments.

In summary, an ion radial mobility due to the combined effects of radial électric field and
collision with background is found both numerically and analytically. It may provide a new

approach to understanding both spontaneous and biased electrode triggered H-mode.



Acknowledgment

We acknowledge the discussions with Dr. P. Yushmanov. Author H. Xiao is grateful for
helpful discussions with Dr. S. T. Tsai and Dr. J. Q. Dong.

This work was supported by the U.S. Department of Energy contract #DE-FG05-80ET-
53088.



References

1. F. Wagner, G. Becker, K. Behringer, D. Campbell, A. Eberhangen. W. Engelhardst,
G. Fussmann, O. Gehre, J. Gernhardt, G. v. Gierke, G. Hass, M. Huang, F. Karger,
M. Keilhacker, O. Kluber, M. Kornherr, K. Lackner, G. Lisitano, G. G. Lister, H. M.
Mayer, D. Meisel, E.R. Muller, H. Murmann, H. Niedermeyer, W. Poschenrieder, H.
Rapp, H. Rohr, F. Schneider, G. Siller, E. Speth, A. Stabler, K. H. Steuer, G. Venus,
and O. Vollmer, Phys. Rev. Lett. 49, 1408 (1982).

2. S. M. Kaye, M. G. Bell, K. Bol, D. Boyd, K. Brau, D. Buchenauer, R. Budny, A.
Cavallo, P. Couture, T. Crowley, D. S. Darrow, H. Eubank, R. J. Fonck, R. Goldston,
B. Grek, K. P. Jaehnig, D. Johnson, R. Kaita, H. Kugel, B. LeBlanc, J. Manicam,.D.
Manos, D. Mansfield, E. Mazzucato, R. McCann, K. McGuire, D. Mueller, A. Murdock,
M. Okabayashi, K. Okano, D. K. Owens, D. E. Post, M. Reusch, G. L. Schmidt, S.
Sesnic, R. Slusher, S. Suckewer, C. Surko, H. Takahashi, F. Tenney, H. Towner, and

J. Valley, J. Nucl. Mater. 121, 115 (1984).

3. A. Tanga, K. H. Behringer, A. E. Costley, M. Brusati, B. Denne, A. Edwards, A.
Gibson, R. D. Gill, N. Gottardi, R. Granetz, P. J. Harbour, H. Jackel, M. Keihacker,
E. Lazzaro, M. Malacarne, P. D. Morgan, P. Noll, J. Orourke, P. E. Stott, D. R.
Summers, J. A. Tagle, and P. R. Thomas, Nucl. Fusion 27, 1877 (1987).

4. S. Sengoku, A. Finahashi, M. Hasegawa, K. Hoshino, S. Kasai, T. Kawakami, H.
Kawashima, T. Maatoba, T. Matsuda, H. Matsumoto, Y. Miura, M. Mori, H. Ogawa,
T. Ohtsuka, T. Shoji, N. Suzuki, H. Tamai, Y. Uesugi, T. Yamamoto, and T. Yamauchi,
Phys. Rev. Lett. 59, 450, (1987).

5. C. E. Bush, R. J. Goldston, S. D. Scott, E. D. Fredrickson, K. McGuire, J. Schivell, G.



10.

11.

12.

13.

14.

13

Taylor, C. W. Barnes, M. G. Bell, R. L. Boivin, N. Bretz, R. V. Budny, A. Cavallo, P.
C. Efthimion, B. Grek, R. Hawryluk, K. Hill, R. A. Hulse, A. Janos, D. W. Johnson,
S. Kilpatrick; D. M. Manos, D. K. Mansfield, D. M. Meade, H. Park, A. T. Ramsey,
B. Stratton, E. J. Synakowski, H. H. Towner, R. M. Wieland, M. C. Zarnstorff, and S.
Zweben, Phys. Rev. Lett. 65, 424 (1990).

T. H. Osborne, N. H. Brooks, K. H. Burrell, T. N. Carlstrom, R. J. Groebner, W.
Howl, A. G. Kellman, L. L. Lao, T. S. Taylor, D. N. Hill, N. Ohyabu, and M. E. Perry,
Nucl. Fusion 30, 2023 (1990).

R. R. Weynants and R. J. Taylor, Nucl. Fusion 30, 945 (1990).

R. R. Weynants, G. Van Oost, G. Bertschinger, J. Boedo, P. Brys, T. Delvigne, K. H.
Dippel, F. Durodié, H. Euringer, K. H. Finken, D. S. Fray, J. D. Hey, D. L. Hillis, J.
T. Hogan, L. Konen, R. Leners, A. M. Messiaen, A. Pospieszczyck, U. Samm, R. P.

Schornm B. Schweer, G. Telesca, R. Van Nieuwenhove, P. E. Vandenplas, Nucl. Fusion

32, 837 (1992).

R.D.Hazeltine, Phys. Fluids B 1, 2031 (1989). )
Y.-Q. Tao, R.W. Conn, L. Schmitz, G. Tyﬁan, Phys. Fluids 5, 344 (1993).

H. Biglari, P.H. Diamond, and P.W. Terry, Phys. Fluids B 2, 1 (1990).

Y. Z. Zhang and S. M. Mahajan, Phys. Fluids B 4, 1385 (1992).

G. M. Staebler and R. R. Dominguez, Nucl. Fusion 31, 1891 (1991).

Lyman Spitzer, Jr. Physics of Fully Ionized Gases, Iﬁterscience Publisher, Inc., 1956,

p- 33.
S. I. Krasheninnikov, P. N. Yushmanov, private communication, 1993.

7



16. James a. Rome and Y-K. M. Peng, Nucl. Fusion 19, 1193 (1979).

17. H. Xiao, R.D. Hazeltine, Y.Z. Zhang, H. Ye and P.M. Valanju, Monte-Carlo Simulation
Studies of Effects of Radial Electric Field on Particle Motion in the Tokamak Plasma,
1993 International Sherwood Fusion Theory Conference, New Port, RI, U.S.A., 2C36,
1993.



Figure Captions

1. Ion guiding center orbits with different radial electric fields.

2. Comparison with ananytical and numerical results of ion radial mobility with pitch
angle scattering. The parameters are ¢ = 0.2, ¢, = 4.0, p/a = 0.002, ro/a = 1/2
and vpiten/(ve/R) = 0.005, where v; is ion thermal velocity. The radial electric field

normalized to mv?/ea.

3. Ion radial mobility with different radial electric fields with charge exchange collision

operator, vox/(v;/R) = 0.005.

4. Ion orbit loss with different radial electric fields with charge exchange collision operator,

I/ox/(vt/R) = (.005.
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Fig. 3
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Fig. 4
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