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Abstract

Effects of elliptically polarized Alfvén waves on thermal ions are inves-
tigated. Both regular oscillations and stochastic motion of the particles
are observed. It is found that during regular oscillations the energy of the
thermal ions can reach magnitudes well exceeding the plasma tempera-
ture, the effect being largest in low-3 plasmas (/3 is the ratio of the plasma
pressure to the magnetic field pressure). Conditions of a low stochasticity
threshold are obtained. It is shown that stochasticity can arise even for
waves propagating along the magnetic field provided that the frequency
spectrum is non-monochromatic. The analysis carried out is based on
equations derived by using a Lagrangian formalism. A code solving these
equations is developed. Steady-state perturbations and perturbations with

the amplitude slowly varying in time are considered.

I. INTRODUCTION

The interaction of Alfvén waves and ions plays an important role in both space
and laboratory plasmas. In particular, the acceleration of the ions by Alfvén waves
is a possible source of the energetic particles in solar-terrestrial environment, various
mechanisms of such an acceleration being proposed, see, e.g., Ref. 1-3. Recently it was
shown that non-linear resonances on sub-harmonics of the ion gyrofrequency, wg;, can
lead to the particle stochastic motion and concomitant plasma heating.* It was found
that the increase of the transverse energy dominates the increase of the longitudinal

energy. Therefore, it was concluded that the sub-harmonic heating can be responsible for



the fact, that the plasma temperature across the magnetic field exceeds the longitudinal
temperature in the lower Solar corona. In addition, this mechanism can contribute to the
plasma heating during an instability caused by the injected ions in the National Spherical
Torus Experiment (NSTX)?, in which case, however, fast magnetoacousic waves, rather
then Alfvén waves, were generated by the injected ions.® Note that non-linear resonances
on sub-harmonics of the particle gyrofrequency has been known for as long as 45 years.”
However, it was not known till 2001* that they can lead to stochasticity of the particle
motion.

In this work, we consider the particle motion influenced by Alfvén waves with the fre-
quencies comparable to the ion cyclotron frequency, wp; (the subscript ”i” will be omitted
below when it will not lead to misunderstanding). For these waves, the mentioned non-
linear resonances are especially important. On the other hand, the dispersion relation of
these waves considerably differs from the linear one ( it is known that w = kjva, where
k is the longitudinal wave number and vy is the Alfvén velocity, only for w < wg). Fur-
thermore, for finite ratio of the wave frequency to the particle gyrofrequency the waves
are essentially non-linearly polarized. These facts were disregarded in previous studies
although they affect the particle motion and the stochasticity threshold. They are taken
into account in the present work.

The structure of the work is as follows. In Sec. II, using Lagrangian formalism,
we derive equations of the particle motion affected by Alfvén waves. The structure of
the derived equations considerably differs from the structure of the previously studied
equations. In Sec. III, we solve the obtained equations numerically. We build Poincare
maps for the case of a monochromatic wave and investigate temporal evolution for the
case when several waves are present. In addition to the previously studied case of a
steady-state perturbation, we study the particle behavior in the presence of the waves
with slowly varying amplitudes. In Sec. IV we summarize the results obtained. In the

Appendix the features of Alfvén waves with finite w/wp are considered.

II. BASIC EQUATIONS AND NON-LINEAR RESONANCES

We begin with a derivation of equations of the particle motion in the electromagnetic
field. With this purpose, we use a Lagrange equation, with the Langrangean

mir2

L=—"+ %‘»jAj — ed(r), (1)

where r = (z,y, z), A is the vector potential of the electromagnetic field, ® is the field



scalar potential, two repeating subscripts (j) in a product mean the summation, 7"]2 =TT,

and 7; = dr;/dt. The Lagrange equation with L given by Eq. (1) can be written as
e . aAJ (9(1)

.. € .
mr; + *Ai = *T‘j
C

¢’ or _667’2-' (2)

We assume that the electromagnetic field consists of an equilibrium homogeneous straight
magnetic field, By = (0,0, By) and waves propagating in the (z,z) plane. In this
case Ay = (—Byy,0,0) and &, = 0, where the subscript ”0” denotes the equilib-
rium (unperturbed) quantities and the waves are described by the perturbed vector
potential A and scalar potential d. We take a perturbed quantity, X , in the form
X = e X = Xkexp(i\lfk) with ¥, = k,x + k.2 — wit, where k is the wave vector

and wy, is the corresponding wave frequency. Then Eq. (2) yields:

B GB . e =~ (8 . .
mi — ?Oy + EA:E = Z Elkx(xAkw + G Ary

k
FiA) = eik, Py, (3)
k
. €5 eBy .
SA - =20 4
my + oy c z, (4)
K k

Alfvén waves are known to be linearly polarized, E = (E’x, 0,0) for B, =0, k, =0,
in the ideal MHD approximation. Vanishing B, impies that the terms of the order w Jwp
are neglected in the dispersion relation and polarization. For these waves one can take
A, =0 and use the equation

T ot
to connect A, and ®. On the other hand, when A, = 0, Egs. (3)-(5) lead to Eq. (12) of

E —18Az—vzci>zo

Ref. 4. However, we are interested in waves with finite w/wp. For these waves, BII #0.
Therefore, only one component of the perturbed vector potential (or &D) is arbitrary.
We use the gauge A, = 0 in order to describe elliptically polarized Alfvén waves. The
longitudinal component of the electric field of these waves is vanishing in ideal MHD. In
kinetic MHD, it is small, Ey,/Ey, ~ fw?/wg for ki ~ kj (see Appendix), where (3 is the
ratio of the plasma pressure to the magnetic field pressure, and will be neglected in our
analysis.

Let us express all the perturbed quantities through the y component of the wave

magnetic field. This can be done by using the following equations (see Appendix):
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Aky = —OékBky/kz, with ap = ZEky/Ekxa Akz = _Bky/<2kz)7 Cbk = iWBky/(Ckzkm). Then
integrating Eq. (4) once and taking into account that Ay, = ihp Ay, = i(kpt+k,2—w) Ay,

we obtain:
d*z dy w4+ ap dZ
5 _ a9 — = 1
dr? % dr| zk: k. px dr e sin Wi
. dy apby , .
S A U, —sin U
+ {a: Zo - ) zk: y (sin ¥y, — sin ko)}
X Z iakl;k COS \Ilk — Z il ZA)k sin \I/ko, (6)
dy Uy A . e73 . . dy
—~ == =1 — bi Uy —sin ¥ —= 7
e To— T + Zk: Fopn (sin Uy, — sin Wyg) + i . , (7)
d?z 1dv, dz dy -
vr_ 2% _ 9 U, — S by cos Uy,
dr?2 — v, dr  dr zk: s W dr Zk:Oék k€05 Tk ®)
Here
@2 N2
k x 71{/\%7 9
"= - ep % ¥
1+ k/(2k*) +vVD . k4 k2
N2 = th D=-—% 1 10
: 1+ k2 k2 Wi et TR\ (10)
P R

B 1= N2(1+k1/R2)

the normalized quantities are introduced: T = z/ps, ¥ = y/px, 2 = 2/ps, Or = wWi/wWg,
p« = v./wp is a characteristic Larmor radius, v, is a characteristic particle velocity,
T = wpt, U4 = Va/V,, Z)k = Bky/BO, Uy = kppsd + kopiz2 — wpT. Three last equations
determine the Alfvén wave dispersion relation and polarization shown in Fig. 1.

These equations differ from the corresponding equations of Refs. 4, 8, where the same
problem was studied. In particular, it was assumed in Ref. 8 that w = kjv4, which is not
true for @ 2 1/2, see Fig. 1. The derived equations differs from those of Ref. 4 not only
by the presence of additional terms proportional to the wave amplitude but also by the
presence of a term proportional to the square of the wave amplitude. The latter term
affects the wave-particle interaction. To see it we linearize Eqs. (6)-(8) by following the
procedure of Ref. 4. First of all, we note that due to the fact that v, ~ const, the phase

of the wave-particle interaction can be written as ¥y, = k,x + k,z — wipt = s + Qf, with



s = ky(x —20), 2t = kyxo + k.20 — Wi, W}, = wy, — k,v,. Then assuming s < 1 we obtain
an equation of the following type:
d?s
dt?

+ [a + eexp(2if)} s = peexp(2it) + qe* exp(4it), (12)

where € x @k, a, p, q are constant coefficients. We solve Eq. (12) perturbatively by using
a small parameter e. Writing s = 3, s;, with s; o< € and i = 0,1,2...N.., we obtain
the resonances ag\l,) = N2, which corresponds to the Mathieu equation resonances® and,
in addition, the resonances ag\Q,) = 2N?%. Taking into account that a = 4w%/w? we
have the following resonance frequencies: w'")/wp = 2/N (Mathieu resonances) and
w'® Jwp = 1/N. We conclude that the presence of the quadratic term provides additional
resonances for given N. This term, however, does not produce new resonant frequencies
because w'") for even N coincides with w'().
When £k, =0, Eq. (6) is reduced to

i+ whr = eexp {—z’/(w - k‘zvz)dt] : (13)

Equation (13) contains only Cherenkov resonance, w = k,v,, which selects the resonant
particles with a special magnitude of the longitudinal velocity v /v, = 041 —&. For
this reason, the waves propagating along the magnetic field do not lead to stochasticity of
the particle motion.* However, this conclusion is relevant only to monochromatic waves.
The situation changes in the presence of non-monochromatic waves. To see it we write

the following equation obtained from Eqs. (3)-(5) for the case of k; =0, g = 20 =0 :

dv? . w 2 :
= (5 ) o), (14)

where v =, /vZ +v}. Taking into account that v, can be written as v, = v cos T+ oM
with Uél) X > Bk exp(iW;) we can conclude that when there are two waves with the
frequencies w; and ws and the longitudinal wave numbers k; and ks, a particle can

interact with the waves through the non-linear resonance
Wy — W1 = (k’g + k’l)Uﬁes, (15)

where ky2ps04 = £@19//T —wy2 according to Eq. (A11l). Depending on wy/wy, this
resonance can provide a wave-particle interaction for various magnitudes of the ratio

Uﬁes

/va, see Fig. 2. When there are many waves with the frequencies close to each other,
the particle motion can become stochastic. Our calculations in the next section confirm
this possibility. It is clear that these resonances exist for any k£, rather than for k; =0

only and can decrease the stochasticity threshold when &k, # 0.



III. ANALYSIS OF THE PARTICLE MOTION

Below we investigate the particle motion by solving numerically Eqgs. (6)-(8). The
parameters of the mentioned equations are the wave amplitudes (Bk), the normalized
wave frequencies (wy), the direction of the wave propagation (k. /kj), the normalized
Alfvén velocity (04), and the wave spectrum. Alfvén velocity is normalized to v,.. We
take v, = vy, where vy, = /2T;/M; and T; is the ion temperature, in which case
v/v, = 1 for the thermal particles, whereas v/v, > 1 for the superthermal particles.

Let us consider first the ion motion in the presence of a monochromatic wave. In
this case, a Poincaré map can be used to show the character of the particle motion.
We build Poincaré sections of v} /v, ¢y and vjf/vZ, 1, by taking points where v, = 0,
¥y > 0 during the particle Larmor rotation. Note that, in contrast to the case of the
linearly polarized waves, the x-coordinate is not conserved after a cyclotron period, i.e.,
in general, z;.1 # x; # xo with j the integer. This follows from Eq. (7).

We take @ = 1/2, k; = kj, 04 = 10 (this corresponds to 3; = 8mp;/B* = 1%)
and vary the wave amplitude in order to observe the transition from regular motion to
the stochastic motion. The results for the elliptically polarized waves [with « given by
Eq. (11)] are shown in Figs. 3, 4. We observe that the particle motion is regular for
b= 0.1, whereas it becomes stochastic for by = 0.2.

This result implies that when 4 = 10, plasma heating by a monochromatic wave
with @ = 1/2 and k; = k) is possible provided that by, exceeds 0.1. To demonstrate this
effect, we consider the same wave but assume that its amplitude slowly varies in time as

b(t) = by exp l_(t_tgt*)j : (16)
where t, > w™!, i.e., the perturbation is slowly switched on and then, after its amplitude
reached a maximum, it is slowly switched off. Note that although Egs. (6)-(8) are derived
for the steady-state perturbation amplitude, they are valid also for sufficiently slowly
varied amplitudes. Under regular motion (by = 0.1) particle energy is conserved by the
perturbation because the process is adiabatic, see Fig. ba. In contrast to this chaotic
motion changes the energy irreversibly, as shown in Fig. 5b for by = 0.2.

One can expect that the stochasticity will be possible for lower wave amplitudes when
the wave spectrum is non-monochromatic, in which case the resonance given by Eq. (15)
will work. Let us see how strongly the stochasticity threshold can be reduced. Because
different waves have different W, we investigate the temporal evolution of the particle

energy instead of building Poincaré maps. We decrease wave amplitudes by a factor of



ten in comparison to the amplitude considered in Fig. 5. We find that adding one wave
with @ = 2/3 is sufficient to produce stochasticity, but the particle energy increases by
less than by a factor of two for the considered time t, = 100tp, with t5 = 27/wp (the
wave amplitude is about its maximum value for t, ~ 300tp), Fig. 6a. Adding waves
with 1/2 < w < 2/3 strongly enhances the effect. Figure 6b shows that the energy
of a thermal particle increases by a factor of forty when there are many waves in the
considered frequency interval, i.e., when Aw = w, 1 — w,, with n integer, is very small.
On the other hand, calculations show that the heating rate does not necessarily grow
with the number of waves. The rate grows provided that the increase of the number of
waves is accompanied by the decrease of Aw.

The elliptically polarized wave can be considered as a superposition of two linearly
polarized waves. Therefore, one can expect that the stochasticity threshold will be higher
for the linearly polarized waves. The calculation confirms this, see Fig. 7.

A peculiarity of the regular motion is that the particle energy can strongly oscillate.
According to Fig. 2, the transverse energy of a thermal particle reaches the magnitude
&, 2 10T during its motion. The maximum energy should grow with 94 because the
term proportional to the wave amplitude in Eq. (6) is proportional to 04, [1/k) o< v4, see
Eq. (9)]. On the other hand, taking larger 04 we decrease k, for given @ and k; = k.
This fact in unfavorable for stochasticity. For instance, let us consider a monochromatic
wave with b = 0.2, ky = kj and take v4 = 50. We obtain a picture with the regular
motion (in contrast to the results shown in Figs. 4, 5b for by = 0.2) and a very strong

enlargement, by a factor of 250, of the wave amplitude.

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have derived equations of the particle motion in the presence of
elliptically polarized Alfvén waves. The equations are valid for arbitrary frequencies of
Alfvén waves, which is of importance because non-linear resonances are most efficient
when w is comparable to wg;. It is found that, in addition to the Mathieu resonances
@ = 2/N determining the interaction of the ions and linearly polarized waves, there exist
the resonances @ = 1/N when the waves are elliptically polarized. Although this does
not lead to new resonance frequencies as compared to Mathieu resonances, it provides
some additional interaction leading to additional frequencies in a given order of the
perturbation theory (i.e., for given N).

Solving the obtained equations numerically we obtained the following results. First,



we showed that the stochasticity threshold is lower by a factor of two in comparison to
the case of the linearly polarized weaves. Second, we confirmed the result of Ref.? that
the stochasticity threshold can be strongly reduced (by several orders of magnitude) in
the presence of many waves, w, with n = 1,2,3...n,,.. > 1. However, we found that
this will be the case only when Aw = |w, 11 — wn| K wy, the heating efficiency growing
with (Aw)~!. Third, we found that the oscillation of the particle energy when the wave
amplitude is below threshold value can be significant, especially in low-( plasmas. In
particular, in the considered case of by = 0.2 the amplitude of the energy oscillations of

thermal ions reached E7"** /T = 300 for 04 = 50 (3; = 0.04%).
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APPENDIX A: FEATURES OF ALFVEN WAVES WITH FINITE w/wpr

The dispersion relation and polarization of Alfvén waves are well known, but typically
the approximation w < wp; is used. Below we consider Alfvén waves without making
this approximation. We consider the waves in the frame with %, = 0 assuming that the

following conditions are satisfied:
kipi <1, kipi <1, w> kv, (A1)

where p; = vr;/wpi, v = 1/2T;/M;. Eliminating the magnetic field from the equations
wB = clk x E| and c[k x B|, = —we,3Ep, where €,5 the dielectric permeability tensor,
and taking into account that €,, ~ 0 due to Eq. (A1) we have:

k22 ok
(6136 — 2 ) Ekx -+ €xyEky =+ 702Ekz = O, <A2)
k2c?
—EmyEkx + <€yy — (,()2> Eky + GyZEkz = 0, (AS)
kxkz k?CCg
702Ekx — EyzEk‘y —+ (622’ — w2 ) Ekz = O (A4)

Here the components of €,3 are as follows:



Whi w 4 4

€rx = T2 20 €ry = —€yg N U—C€gyg, €rz = €z = O(kl 1)’
W — Wp; WhBi
~ 2 2 2 2

ny ~ €xx fOI“ kJ_pZ < w /wBi7 <A5)
CWri ke Z “he
l@fj for w> kZUTe w2 for w>> ksze

Gyz — _ezy — wg" k;z €2z = 2“-’;275 1 . w f ka

) Pt Ra
it for w < k,vr. ng%e( + zﬁkme) or w <K K Ure

where Z; is the ion charge number.

Using Eq. (A5) and combining Eqgs. (A3), (A4) we obtain:

o 2

E, B kxkzv%s [kzvi 1 (AG)

2T ()1 — W) |

where vps = /2T, /M;. Due to Eq. (A1), E./Ey. < 1. The terms propotional to Fy, in
Egs. (A2), (A3) are small provided that k2k2p} < (3;. Assuming that this is the case we

T

obtain from Eqgs. (A2), (A3) the ratio of Ej,/Ej, and the dispersion relation as follows:

Eky €y
_ A

Eyr €y — k%Jw? (AT)

k‘2 2
(1— N?) 1—N3<1+k§)]—;=0, (A8)

[ Bi

where NV, is defined as

N? = ki) (WPes). (A9)

The last equation leads to Eq. (9). Equations (A7), (A8) lead to Egs. (11), (10), respec-
tively. Note that if we select another root of Eq. (A8) we would obtain the dispersion

relation of the fast magnetoacoustc waves [instead of Eq. (10)]. In the limited case of
w/wp < 1, Egs. (A6)-(A9) yield:

Ek (I}k‘Q Ek kok ’02 1
—k y ;0 P s ) A10
b BT TR e e | RE-ea B
For the waves propagating along the magnetic field we obtain:
2 E
R = —— Wi By =0. (A11)

1 —w/wp’ Ei

Because the equations of the particle motion [Egs. (6)-(8)] are written in terms of the

vector potential A and scalar potential <f>, let us express A and ® through a component

9



of the perturbed magnetic field. Using x, y- components of the equations B = ik x A
and ck x E = wB and taking z'Ey/Ex = g, we find:

i OB A-—-Lp, (A12)

ik, 7

Then taking into account that E.~0and E, = —ik.® + iwA, and using Eq. (A12) we

obtain
~ W~
®=—PD.. Al13
kzkx Yy ( )
Other useful relationships are

~ ck, ~ ~ ck, ~ ~ cky ~
B,=—-——2FE, B,=—"FE, B,=-—%FE,. Al4
w Y y w o Y ( )
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FIG. 1. Effect of the finite ratio of w/wp on features of Alfvén waves: a, wave dispersion for
ki/ ky=0,1,3 (curves 1, 2, 3, respectively; the dotted line corresponds to linear dispersion);

b, wave polarization for k; /k =0,1/3,1,3 (curves 1, 2, 3, 4, respectively).
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given by Eq. (15).



iR 0.4m 1.5 .27 l.6x i

-
&
o

ﬂ
Vel v

0=
O (.4 .57 1.2x 1.67 i |
Wy

FIG. 3. Poincare map showing the change of the particle emergy across and along the
Lz T {8 (=1
magnetic field in the presence of a monochromatic elliptically polarized wave for ¢4 = UL

ky kg =1, 8 =12, b = 0.1



70

iR 0.4m 1.5 .27 l.6x i

P
50—
(b}

FIG. 4. The same as in Fig. 3, but for b = 0.2



4 —
* 3 —
E
N—|
>
2 —
1 —
1@ Mn
0 1000 2000 3000 4000
T
16

i

0 1000 2000 3000 4000
T

FIG. 5. Temporal evolution of the transverse particle energy when the perturbation is
slowly varying as b(t) = bgexp[(t — 3t,)2/t2] with t, = 100tg, 78 = 27 /wp, for the same

parameters as in Fig. 3. The perturbation is maximum at 7 = 1880: a, bo = 0.1; b, by = 0.2.

16



0.4

(a)

0

60

I
1000

I
2000

T

I
3000

4000

40 —

v2 /v,
1

20 —

(b)

0

I
1000

I
2000

T

I
3000

4000

FIG. 6. The same as in Fig. 5, but for several waves with by = 0.02: a, w; = 1/2, we = 2/3;
b, w; = 0.5+ 0.0045, j = 0,1,2..50;

17



Ve fve,

iR 0.4m 1.5 .27 l.6x n
P

.|
]

-

O (.4 .57 1.2x 1.67 i |
Wy

FIG. 7. Pomncard map showing the change of the transverse particle energy in the presence

af a linearly polarized monochromatic wave {ay, = 0) with @ = 1/2, k)

1

=k when &5 a

b =02 b, by =0.4.



300

- M “ MM |

FIG. 8. Strong acceleration of a thermal particle [v; (7 = 0) = v,] below stochasticity
i i ith by, = 0.2, ki = ky, 04 =



External Distribution

Plasma Research Laboratory, Australian National University, Australia
Professor I.R. Jones, Flinders University, Australia

Professor Jodo Canalle, Instituto de Fisica DEQ/IF - UERJ, Brazil

Mr. Gerson O. Ludwig, Instituto Nacional de Pesquisas, Brazil

Dr. P.H. Sakanaka, Instituto Fisica, Brazil

The Librarian, Culham Science Center, England

Mrs. S.A. Hutchinson, JET Library, England

Professor M.N. Bussac, Ecole Polytechnique, France

Librarian, Max-Planck-Institut fiir Plasmaphysik, Germany

Jolan Moldvai, Reports Library, Hungarian Academy of Sciences, Central Research
Institute for Physics, Hungary

Dr. P. Kaw, Institute for Plasma Research, India

Ms. P.J. Pathak, Librarian, Institute for Plasma Research, India

Dr. Pandji Triadyaksa, Fakultas MIPA Universitas Diponegoro, Indonesia
Professor Sami Cuperman, Plasma Physics Group, Tel Aviv University, Israel
Ms. Clelia De Palo, Associazione EURATOM-ENEA, Italy

Dr. G. Grosso, Instituto di Fisica del Plasma, Italy

Librarian, Naka Fusion Research Establishment, JAERI, Japan

Library, Laboratory for Complex Energy Processes, Institute for Advanced Study,
Kyoto University, Japan

Research Information Center, National Institute for Fusion Science, Japan

Professor Toshitaka Idehara, Director, Research Center for Development of Far-Infrared Region,
Fukui University, Japan

Dr. O. Mitarai, Kyushu Tokai University, Japan

Mr. Adefila Olumide, Ilorin, Kwara State, Nigeria

Dr. Jiangang Li, Institute of Plasma Physics, Chinese Academy of Sciences, People’s Republic of China
Professor Yuping Huo, School of Physical Science and Technology, People’s Republic of China

Library, Academia Sinica, Institute of Plasma Physics, People’s Republic of China

Librarian, Institute of Physics, Chinese Academy of Sciences, People’s Republic of China

Dr. S. Mirnov, TRINITI, Troitsk, Russian Federation, Russia

Dr. V.S. Strelkov, Kurchatov Institute, Russian Federation, Russia

Kazi Firoz, UPJS, Kosice, Slovakia

Professor Peter Lukac, Katedra Fyziky Plazmy MFF UK, Mlynska dolina F-2, Komenskeho Univerzita,
SK-842 15 Bratislava, Slovakia

Dr. G.S. Lee, Korea Basic Science Institute, South Korea

Dr. Rasulkhozha S. Sharafiddinov, Theoretical Physics Division, Insitute of Nuclear Physics, Uzbekistan
Institute for Plasma Research, University of Maryland, USA

Librarian, Fusion Energy Division, Oak Ridge National Laboratory, USA

Librarian, Institute of Fusion Studies, University of Texas, USA

Librarian, Magnetic Fusion Program, Lawrence Livermore National Laboratory, USA

Library, General Atomics, USA

Plasma Physics Group, Fusion Energy Research Program, University of California at San Diego, USA
Plasma Physics Library, Columbia University, USA

Alkesh Punjabi, Center for Fusion Research and Training, Hampton University, USA

Dr. W.M. Stacey, Fusion Research Center, Georgia Institute of Technology, USA

Director, Research Division, OFES, Washington, D.C. 20585-1290

05/16/05



The Princeton Plasma Physics Laboratory is operated
by Princeton University under contract
with the U.S. Department of Energy.

Information Services
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543

Phone: 609-243-2750
Fax: 609-243-2751
e-mail: pppl_info@pppl.gov
Internet Address: http:/www.pppl.gov





