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Abstract

The radial sheath structure in ignited plasmas is studied based on the self-consistent
effects of alpha particle’s guiding-center orbits and E x B-induced toroidal rotation.
The slowing—down alphé particle distribution determines the structure of the radial

sheath through finite Larmor radius effects.
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I. Introduction

In the tokamak plasma edge there is a thin layer in which the plasma density drops dramat-
ically. A strong radial potential sheath has been observed in this layer in several devices.!
In the H-mode of tokamak operation, a strong radial electric field has been predicted? and
observed.®* The reason for the formation of an axial sheath in the shadow of a tokamak
limiter (scrape-off layer) is that the electrons are lost very quickly by directly following the
field line and colliding with the limiter. But the ions are quite different; their gyroradii are
much larger than the electron gyroradius, so that they are not lost by hitting the limiter.
Instead they form an ‘ion halo’ which determines the structure of the radial sheath.?

In burning plasma the alpha particles produced in D-T fusion reactions with initial energy
Ey = 3.5MeV are the important constituent. After a slowing-down time (75, =~ 0.4 sec for
typical ignition conditions T; = T, = 10keV and n; = n, = 102°m=3), they transfer their
energies to the electrons through collisions, yielding the so called slowing-down distribution of
alpha particles. After a thermalization time, T3 ~ 1007,,, the slowing-down alpha particles
become fully thermalized. The energy of the slowing-down alphas ranges roughly from 3MeV
to 0.5 MeV, and their density can reach 1% of the total plasma density. Since the slowing-
down alpha particles have much larger gyroradius (by more than one order of magnitude)
than that of the back-ground ion, their effect on the radial sheath should be significant.
After the alpha particle thermalization (T,,, ~ T;) and accumulation, the density of thermal
alpha particles can reach 10% of the total plasma density. Thus the Helium ashes also have
been considered have some effect on the radial sheath formation.

We consider here both thermal and slowing-down alpha particles in the plasma and use

both Maxwellian and slowing-down distributions in the alpha particles in our analysis.®

The method used in this letter can also be used in analysis of edge electric field for neutral



beam heated tokamak plasma. We don’t discuss it here because of the length limitation.
In Sec. II we discuss the guiding-center orbits of the ions and alpha particles in the

plasma. The collisional effects of the slowing-down alpha particles are studied in Sec. IIL

The radial sheath equation is derived from the Poisson equation and orbit squeéze condition

in Sec. IV. The solution of the sheath equation is discussed in Sec. V.
II. Guiding-Center Orbits

Because the ion Larmor radius is much larger than the electron Larmor radius (p; > p.),
the ion and the slowing-down alpha particle densities in a magnetized plasma are relatively
fuzzy. The ion density cannot follow sharp changes of the electron density, especially in

the edge layer. If the plasma induces a large d’n./d?r at its border, a charge halo will be
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produced.

For a toroidal magnetically confined plasma, an intensive halo can be induced by banana -

motion of the ion and alpha particles. This effect should be stronger than the conventional

gyro-motion because the banana width is much larger than the gyroradius. The banana

radial width can be expressed as

r
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Arp = <§> Po X2 pp > P

where pp is the gyroradius in the poloidal ﬁeld,_a,n& p is the gyroradius in the toroidal field.

pp/p = BB, = Rq/r ~ 10 in typical tokamaks. Here R is the major radius, r is the minor

radius and ¢ is the safety factor.

~VV¢ use the large aspect ratio approximation, r/R < 1, and suppose that the pqloidal
sheath potential variation is relatively small. In this case we can follbwing the previous
analysis of the tokamak orbits.”®

The angular momentum of the guiding-center of the alpha particles is

" ZeX
Pe = mRv” -

c




where { deuotes the toroidal angle, m is the particle mass, vy is the parallel velocity, Z is
the ion charge number, X is the poloidal flux and B, = X'/R. In an axisymmetric system p;

is invariant. In the large aspect ratio approximation we have:
Yle =1 -

Poloidal guiding-center motion results from streaming as well as poloidal E x B drifts,

B B cE,
5= (F) = (F)n-5-

The Vg = cE x B/B term is retained here because the v) is reduced by an inverse aspect

ratio.

At the bounce points the trapped particles satisfy vp(7s, 6y) = 0, where r, and 6, are the

radius and the poloidal angle at the bounce point respectively. We define

cE,
U(r) = —
"=

then

v”(rb, 05) = U(T‘b) .

Using the condition:

Ap; =0 (2)
and the local approximation
A A Z :'IA 2 UIA 2
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we obtain the equation:

2
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Let Arg denote the conventional banana width:
Arg = Ar(U, =0) .
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The squeezed orbit is described by

Ar?
Ar? = —£
"TTS
with
U} '
5= |1 - 5)
. . 2. 7. ob!!
For deuterium ions ,; = 4, so that §; = Sy = —~1 — ﬁ%i-

ITI. Collisional Effect

Coulomb collisions have important effects on the formation of the radial sheath. There are
two types of effects: orbit randomization (when eﬁ’gctive collision frequency veg exceeds the
banana bounce frequency ws) and rotational relaxation (which more importantly determines
the space charge even when veg < wy). |

To investigate the rotation effect on the slowing-down alpha particle we follow the ar-
gument of Hinton and Wong.® First consider the zeroth order Fokker-Planck equation in a

reference frame with velocity ug:

8t +(v(|b+uo)-Vfo—-n;b-V(I)0+ [at +(’0||b+uo>-Vu0:| . -a—v'ﬁ
vi Ofo _ v 0fo| W11 3. vy, .3 Yo _ |
+ 5 (v-3) [ i avJ 5 [V 1o =5 Vu, - 3] 5 = Clfo) (6)

where b = B /B and C(fp) is the lowest order collision operator for alpha particle‘ with

distribution f;. For the slowing-down distribution, fo can be written as:!°

(7)

ng(r) H(vy —v)
) =
fol) In (1 + %%) v? + 03
where v is the magnitude of the particle velocity, v, = (2Eq/mq)'?, ve = (2T./me) 2, v, =
(37/?m, Z; [Am¢) v, is the so-called critical velocity, where Z; = E#e(njmaZ /nem;), Z;

is the charge number, and H(z) is the usual Heaviside step function.



Since 0f5/0ts, C(fo) =0, and

dfo _u afo —0
Ov| v Ovy

we can use the relation
1 8 fo 3’02

fo Ov T3 403

to rewrite the Fokker-Planck equation as

ig - V&g + (v,,Z + uo) -Vug - 5] |
m

L (vug-Vna +ugp - Vna) - { {

Mo

+E’2i[v.u0_$.vuo-3]}—3”—=o.

v3 + 03

By comparing the coefficients of the v°, )|, V), vlzlv, v3 and vﬁ’v terms, we obtain:

uo-Vna=0

b-Vn,=0
ig‘V@o-FUo‘VUo'Z:O
m

~ ~ 1
b~vuo-b+§-v-uo=0

V'(nal.lo) =0.

Assuming the form uy = wReé, + FB, it is easy to prove that F = 0. Thus we have:

uo = w(¥)Re, .

(8)

(9)
(10)
(11)
(12)
(13)

(14)

Therefore, in the slowing-down distribution the zeroth-order flow velocity is only allowed in

the toroidal direction, ug = U(r).

Equation (6) is zeroth-order with respect to the ratio of the radial orbit width to the

gradient scale length. Thus the function w(¥) in Eq. (14) must be nearly constant over the

width of a banana orbit. It will appear that this circumstance is consistent with orbital

squeezing.



IV. Radial Sheath Equation in an Ignited Plasma

The density of the ions and the alpha particles near the piasma edge can be obtained following

Ref. 5. From the orbit equation and the local approximation we have

Y| '
r—r =t (15)
P

where vy = v — U (r). Then the normalized velocity limit can be found as

T = |a —7|S/pp  for ions

ym = |la —7|S/pps  for slowing-down a-particles

zy = |la —r|S/pp, for thermal a-particles
where po, and p,,, are the poloidal Larmor radii of the slowing-down and thermal alpha
particles respectively.

The ion and alpha particle densities can be written as:
n= /g(v,r)dv . (16)

For simplicity, we consider:

(0 forr>a
9= a—rfo forr<a

Tn

with

2 v\, 3  ng  Hve—v)
f0=§n_°exp<_‘; )_*_ ?M: exp(___v_)+ Mo (ve — v) (17

LERT Vi) w2 od, Vhe)  4mIn(1+03) 3402
where v = \/v_zL_-i——vl’?, no, Nso and npro are the total densities of the ions, the slowing-down
alpha particles and the thermal alpha particles, respectively. Here we assumed that ions
and thermal alpha particles satisfy the Maxwellian distribution with toridal rotation®® and

the slowing-down alpha particlesv satisfy the slowing-down distribution with toridal rotation

obtained in Eq. (14).4The total density can be written as

n=n;+ 2n4s + 2naM
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where the ion density is®

n;:i [a—r+|a—r|erf(5’:v)+ \/_exp( -S*z )l (18)

the slowing-down alpha particle density is

_ 3ngpla—r) [ta 27ry ¥
nas_ 47rrn1n(1+yg) ym 1+ 3 /mdc (1 C) (19)

and the thermal alpha particle density is

nafo Poat

Pase = 5 [a —r+ |a—r|erf(zp) + N exp(—:cMz)] | (20)

with y = v/ve, ¢ = V)|/v, Yo = Va/Ve, T = |a = 7|/ ppiy Trar = (Ppif Par)ST and Y = Yaym =
(Ppi/ Ppa)YaSz. Where
erf(z) = 2 /w exp(—u?)du
V7 ) Jo
is the error function.

We use the following model for the electron density distribution profile®:

ne = (no + 2na0) - r@(a -r). (21)

This density distribution is chosen to ensure the plasma quasi-neutrality inside of the plasma

far from the plasma edge (ja — r| > r,). Using Poisson’s equation

¢" = —47 e(ni + 2nas + 200y, — Ne) (22)
and the expression:
2 "
_ pm Z,-e¢
S=-1 “oT

we obtain the sheath equation

§S(S +1) = 71; exp(—S%s?) — Sz erf (Sz)

3o pas 1 (2ym, 1433
o pu Im(1+43)| 3 1443

) ( + ya)2(y72n — Ym + 1)

5 ( T (1+ym)?(¥2 — Y +1)




| 1 200 — 1 © o 2Ym —1 |
Yo F Ym + —= tan ——=— — arctan
Yot¥ \/§<arcan V3 A )J

+27:2_—]:r0 %— [% exp(—fxﬂ) — oy erf (:cM)] | : (23)

- where § is the sheath parameter:

= (32) () @)

and Ap is the Debye length with density ng

YA

4drnge?

We can obtain § = S(:z:) from the solution of Eq. (23).
V. Discussion

Solving the Eq. (23) numerically and using S = —1—pZ, Z;e¢” /2T;, we obtain the electric field

and the sheath potential near the plasma border. Calculation with § = 1072, nq, /no = 1072,

Ny /R0 = 10"1', Pas ip,— = 10? and p, : =1 V2. Since no experimental results are
M ‘ P Pone/ Pp , : _

availablé on ‘the ignited ‘fokamak plasmas, the boundary conditions have been chosen as
¢(0) = 11 and E(0) = 0 in arbitrary units. Some results are shown in Fig. 1 and 2, which
represent the i)roﬁles of the potential ¢, electric field E and squeezing factor S when slowing-
downé!nd thermal alpha particles (Fig. 1) and only slowing-down alpha particles (Fig. 2) are
taken into account in 'fhe calcultion. We find that the alpha particles, especially the slowing-
down alpha particles, havé a substantial effect on the radial sheath of an ignited tokamak
plasma. The appearance of alpha particles in the ignited plasma increases the squeezing
effect of the guiding—center orbits of both ions and alpha particles, changes the edge radial
sheath potential profile and increases the edge radial electric field (in absolute value). The

major reason for the increase in the squeezing factor is that the slowing-down alpha particles
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have much larger gyroradius than the ions thus they interact with the radial electric field
more effectively. This result is important because the squeezing of the alpha particle orbits
can directly affect the wall bombardment and the increase of the radial electric field near
the plasma border can weaken the alpha particle radial loss.

From the calculation we also find that the thermal alpha particles have very little effect
on the radial sheath, because their gyroradius is almost the same as the ion gyroradius, while
their density is much lower. We find that when the density slowing-down alpha particles is
a few percent of total density, its effect is on the radial sheath is substantial. If the density

is very low, for instance, less than 0.1% of the total density, the effect is weak.

K. Itoh et al. recently have studied the effect of a radial electric field near the plasma
edge on the loss of the ripple trapped alpha particles in a burning tokamak.!! They have
found that when the potential difference is of the order of the plasma temperature, the
peaking of the localized heat deposition on the first wall becomes weaker, owing to the
energy distribution of the ripple-trapped loss particles. Since the loss of alpha particles will
increase the radial electric field, the self-consistent treatment of the radial electric field and
alpha particle transport is needed for the better understanding of alpha particle transport

in the ignited tokamak plasma.

10



References

1.

10.

11.

Ritz, Ch P., Brower, D.L., Rhodes, T.L., Bengtson, R.D., Levinson, S.J., Luhmann,
N.C., Jr., Peebles, W.A., Powers, E.J., Nucl. Fusion 27, 1125 (1987).

Itoh, S.-I., Ttoh, K., Phys. Rev. Lett. 60, 2276 (1988).
Groebner, R.J., Burrel, K.H., Seraydarian, R.P., Phys. Rev. Lett. 64, 3015 (1990).

Ida, K., Hidekurﬁa, S., Miura, Y., Fijita, T., Mori, M., Hoshino, K., Suzuki, N.,
Yamaguchi, T., JFT-2M Group, Phys. Rev. Lett. 65, 1364 (1990)..-

Hazeltine, R.D., Phys. Fluids B 1, 2031 (1989).
Rewoldt, G., Phys. Fluids 31, 3727 (1988).

Berk, H.L., Galeev, A.A.,.Phys. Fluids lb, 441 (1967).

) Furth, H.P., and Rosenbluth, M.N., in Plasma Physics and Controlled Nuclear Fusion

Research (IAEA, Vienna, 1969) Vol. 1, p. 821.
Hinton, F.L., Wong, S.K., Phys. Fluids 28, 3062 (1985).
Graffey, J.D. Jr., J. Plasma Phys. 16, 149 (1976).

Itoh, K., Sanuki, H., Itoh, S.-I., Tani, K., Effect of Radial Electric Field on a-Particle
Loss in Tokamaks, NIFS-66, National Institute For Fusion Science, Nagoyé, Japan
(1990). |

11



12.587

10.-/

Pa




Pas

Sas

12.5"‘

10.4

ST







v'Ssn

0901-21484 SYXAL ‘NILSNY

8LZLL W

NILSNY 1V SVX3L 4O ALISYIAINN FHL
S3IANLS NOISNd 404 FLNLILSNI






