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HYBRID KINETIC-FLUID PLASMA
MODELING AND APPLICATIONS
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Francesco and | have co-authored
31 peer-reviewed articles over a

period of more than 20 years:
1984-2006



Leitmotif of our research:
dialogue between fluid and kinetic theories

or

The problem of fluid closures: when are they
possible, and how



Statement (open to discussion)

Fluid closures are not possible when one (or both)
of these two situations arise:

mode-particle resonances
non-local effects

The converse is also true: rigorous fluid closures are
always possible, in principle, when the two effects

indicated above are not important.

The correct fluid closure is problem-dependent.
How does one determine it?



Example of fluid closure: Equation of
state for relativistic plasma waves

Equation of state for relativistic piasma waves

F. Pegoraro and F. Porcelli
Scuola Normale Superiore, 56100 Pisa, Iraly

(Received 10 October 1983; accepted 9 March 1984)

It is shown that in a fully relativistic plasma an isothermal equation of state must be assumed in
order to obtain from fluid equations the correct dispersion equation of longitudinal plasma waves.
This isothermal equation of state contrasts with the adiabatic equation that applies to a non-
relativistic plasma. For arbitrary values of the ratio a between the particle rest mass and particle
temperature, a polytropic equation of state must be introduced. The dependence of the polytropic
index ¢ on « can be derived from the relativistic Vlasov equation and can be shown to join the

adiabatic (@> 1) and the isothermal (@< 1) regimes smoothly.



The non-relativistic limit is a textbook
calculation (see, e.g., Krall and Trivelpiece)

The fluid derivation yields

dne’
0t = — (14 ykL)
M,
The Vlasov theory reveals the correct equation of state to be
used in a fluid theory

/=3

corresponding to a 1D adiabatic compression.

Why not compute gamma directly in terms of moments of the
solution of the linearized Vlasov equation?



The relativistic limit is more tricky,
and the result is somewhat
surprising
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Early example of non local effects: when
the width of the reconnection layer is
determined by the ion Larmor radius

Internal kink modes in the ion-kinetic regime

F. Pegoraro®
Scuola Normale Superiore, 56100 Pisa, Italy

F. Porcelli®
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

T.dJ. Schep ‘
FOM-Instituut voor Plasmafysica, Rijnhuizen, Nieuwegein, The Netherlands

~ (Received 13 June 1988; accepted 22 September 1988)

The m = 1 kink mode is investigated in the high temperature regime where the width of the
singular layer is determined by the mean ion gyroradius. This regime is reached in a number of
present-day fusion experiments with strong auxiliary heating. A dispersion relation that
contains the full kinetic response of the ions is derived and analyzed. The growth rates are
larger than the corresponding ones obtained from fluid theory. Diamagnetic stabilization is
~weaker than in the fluid case. Ion temperature gradients are shown to be stabilizing at low
values of the diamagnetic frequency and destabilizing at large values.
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This result was later extended to the
collisionless regime (PRL 1991)

66, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUA

Collisionless m =1 Tearing Mode

Francesco Porcelli

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, United Kingdom
(Received 4 September 1990)

The instability of a magnetically confined plasma against macroscopic modes is analyzed in collision-
less regimes where magnetic reconnection occurs because of finite electron inertia and the ion gyroradius
pi replaces the skin depth 4 as the width of the mode boundary layer. Growth rates
Y/wa~(d/r;)(pi/d)?? are found, with w4 the Alfvén frequency and 7, the radius of the reconnecting
surface. For typical JET parameters, y ~'~50-100 us, which compares favorably with the observed in-
stability growth time of internal plasma relaxations.
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The nonlinear evolution of reconnecting modes
in the large ion gyroradius, weakly collisional
regimes, was studied after 1991 on the basis of
reduced, fluid-like models = the early work by
Francesco was fundamental for these
developments.

For instance, today we believe that the fast
time-scale of the sawtooth crash in tokamak
plasmas is no longer an issue, although details of
the nonlinear evolution of the m=1 magnetic
island are yet not fully understood.



Fast particle effects on MHD

modes in tokamak plasmas:

the development of a hybrid
kinetic-MHD model



Adiabatic invariants of charged particle motion in
Tokamak configurations
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Third adiabatic invariant: magnetic flux enclosed by the
precessional drift orbit



Precessional drift motion of banana orbits
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Sawtooth oscillations
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Relaxation oscillations observed in all Tokamak discharges




Monster sawteeth at JET
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Rreak-down of third adsabatic imvanance

The criferion w« wy, can be viotated
in two siuafions of inferest :

L) Fast part(c&s not su#{den@ fast

LL) too many fast pari‘{cfes

Violation of Third adiabetic iavariance
v

fesona rLJC uwp@[ng O~ leL

‘ /
+ishbones |

L) Dl'ainaéme}fc Frshbones : O~ Wy Wpy
(Gopp(% Porce 8 PRL “36)

LL) Precessionst dridft Fishbones : g > Bt
(Chew, Whate ZRosenbluth. PRL “8%.) W Oy (0%)

F Forcelll, PPCF ‘34 and oher velerences Therein



ted plasmas

-injec

Fishbones in PBX Beam

esisieor O

00}

<

1

I ] I l | m

< N O o A_wf ™ N

(‘ne) ApAISs|we (ne)eubis®g  (‘ne) Aunissiwe uonnaN
Kel-x 1J0S »

L

2UBIS16OF _

490 500
Time (msec)

480

—

9 ©
(‘ne) AyAIssiwe
Ael-x 1108

(‘n'e) jeubis ®

o0

(‘n'e) AuAissiwe uolinaN

Time (msec)



When the third adiabatic invariant is conserved, the
relevant “quasi-particle” is the full precessional drift
orpit.

This orbit is as large as the system size!

Even for a perturbation that is localized in space,
the precessional drift orbit will react as a whole in
order to conserve the enclosed magnetic flux

- non-local response
—impossibility of a fluid closure!!



Hybrid kinetic-MHD model

00,
2 9 (e 0
pw\{lzz = AR v S -9 -
dt vPc \"P}\ + ‘Ei' x B d
afb)_
PanX i dt( ")‘ ¢
h= Pud+(py~p, )‘.e”e" "

. (4
= m f3 Y .
s M & 34 Pwmh/d%vm



Drift-Kinetics

Solution of the drift-kinetic equation for global plasma modes and finite
particle orbit widths

F. Porcelli, R. Stankiewicz,® and W. Kerner
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, England

H. L. Berk
Institute for Fusion Studies, University of Texas, Austin, Texas 78712

(Received 19 August 1993; accepted 9 November 1993)

The response of a collisionless plasma to global electromagnetic perturbations of an
axisymmetric toroidal equilibrium is derived. By adopting a variational formulation for guiding
center motion, the perturbed distribution function is expressed in terms of the linearized guiding
center Lagrangian. Finite orbit widths are retained. In particular, the high particle energy limit
where mirror-trapped banana orbits are distorted into “potato-shaped” orbits is considered. In
this limit, the time scales associated with the drift and bounce motions of a mirror-trapped orbit
become comparable, yielding important consequences on plasma stability, Quadratic forms are
constructed in the context of kinetic-magnetohydrodynamic (MHD) models of plasmas
composed of a thermal component obeying fluid-like equations and a high-energy component
described in terms of the collisionless drift-kinetic equation. Relevant applications include
improved modeling of energetic ion effects on toroidicity-induced Alfvén gap modes and internal
kinks.

Inspired by Antonsen and Lane, 1980; Antonsen and Lee, 1982.



Quadratic form
(perturbed energy
Integral)

Work done on fast particles by an
elﬁctromaqnefuc perturbatlon (aB/at--chE ):

Wi = [defdt' HE >0
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Hssumpt — thermal plasma obeys ideal MHD :
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Perturbed fastT (on pressure.
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FIG. 1. Real and imaginary parts of Ax(w/@,,)
=508 ja €6 Ak (0/Bp, ), where A is the alpha-particle contribution to
the dispersion relation [see Eq. (22) ]. A parabolic g profile inside the g = 1

surface with g(0) = 0.8 has been assumed.



Conclusions

The things that | understood better in plasma physics
have been inspired for the most part by Francesco.

The theory of magnetic reconnection in the ion-kinetic
regime was the key to the development of a model for
the sawtooth period and amplitude in realistic
tokamak regimes.

Kinetic-MHD closures were fundamental to the
understanding of fast ion stabilization of MHD modes.

Consideration of the relevant kinetic effects and the
analogy between conserved quantities in collisionless
magnetic reconnection and phase mixing in Vlasov
theory were key points for the understanding of
nonlinear reconnection theory in collisionless regimes.



