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Phase Space Vortices or Holes as Key Elements
in Plasma Dynamics *

‘Hans Schamel (University of Bayreuth, Germany)
and .
- Alejandro Luque (University of Bayreuth & Bochum, Germany)

1. Introduction ,
standard wave concept (SWC) ; anomalous transport in linearly stable plasmas ?

2. Numerical observation of holes
in linearly two-stream unstable and stable plasmas

3. List of recent observations of hole-like structures
in space, nonneutral plasmas and particle beams; periodic structures im kbs

4. Theory of hole-like structures ( "BGK - modes")
-nonpropagating,solitary and periodic e-holes (immob.ions)
-fraveling,solitary e-holes and further generalizations
-energy density of hole carrying plasmas

5. Linearity vs nonlinearity
-a comparison (analytic and numeric) ; nontopological distributions

6. Hole scenario of linearly stable , current carrying pair plasmas
-damping phase and preparationof a seed hole
-multiple generation and preparation of holes
-saturation and fully developed structural turbulence
-relaxation to a new collisionless equilibrium

7.Extensions and Applications
-finite amplitudes -the Risoe-experiment
-collisional effects -the Sendai- experiment
-relativistic corrections -the Greifswald-Kiel-experiment
-quantum corrections ~ -holes at FERMI-lab,CERN &
-holes in particle accelerators BROOKHAVEN

8. Summary and conclusions
-analogy to vortices in incompressible fluids,ideal MHD plasmas etc

* Lecture for Autumn College on Plasma Physics , ICTP, Trieste,Sep_t.ZOOS.



' Standard wave concept '
| in plasma theory

Small Aamplitude wavés in' the
infinitesimal amplitilde limit can
be predicted and descrlbed by a

llnearlzed version

of the governing equations.
Only for larger amplitudes

nonlinear effects come into play.
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MoRSE & NIELSON

Vorume 23, Numser 19 PHYSICAL REVIEW LETTERS 23,1027 10 Novemsex 1969
R X in Refs. 3 and 4 with greater L, showing forma-
- - tion, coalescing, and long-time persistence of
s = Bernstein, Green, and Kruskal (B.G.K.) modes®
>t 3 as seen here in Fig. 2. The initial perturbations
w T - in all runs are introduced by the randoms num-
- / = bers used, in conjunction with a saapping famc-
i) ,Lu_u\; tion in the velocity initialization as described m
' 40 0 Refs. 3 and 4. Each column in Fig. 2 shows twe
POSITION(X) T+0 ~ VELOCGITY T%0 (x,v,) phase plots, the tirst at field-energy-sat-
FIG. 1. Initial CORdi“O!!S fOl' two equal counterstream- uration time and the second at.the final time of
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¥IG. 2. Results of two equal beam simulations in one, two, and three dimensions.
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- ahd Av,,. This also implies that the smaller cells—where the
" contributions to P{( 5f) will be due almost entirely to dis-
crcte ‘particle’ fluctuations—will have a (nearly) Gaussian
P( b'f) The P{ 5f) measirements discussed in this paper
are significantly broadened above the discrete particle level.
‘We stress again the importance of this low discrete particle
collisionality in the simulations. Use of too few particles
leads to the destruction of the clumps’ small-scale velocity
structure.
IV. SIMULATION RESULTS
AL Random starts and the deve!opment of hole
intermittency

We made a series of runs with random starts (see Sec.
III) and various electron drift vclocxtxes below the linear sta-
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IVAuRwultsfor.a refmscntatwerunthhv,-;,j.“ ‘are
shown in Figs. 1-4. Figure 1 showsthequm

ualxonphasespacensshownmlﬁ.ﬁ
3, such a plasma is nonlinearly wmatable. |
lop and considerable distortion of ﬁcm
tion and flattening of the electrom b
place (see Fig. 1). Thxspkmdﬁp.
ﬁmcuonappwstobcthcsamn&nMd‘&cm-
stability. As discussed in Ref. 3, sisnilar feateres dave been
observed for drift velocities in the range l%%c%
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3.Some recent observations {a Hgt )

a)Holes in nonneutral plasmas and particle beams

J.D Moody and D.F.Driscoll holes (rarefaction pulses) in magnetized
Phys.Plasmas 2,4482 (1995) pure electron plasma column
W _Bertsche et al excitation of holes by sweeping an applied

Phys.Rev.Lett.91,265003-1(03) voltage downward in frequency (chirping)

P.L.Colestock and L.K Spentzouris notches in distribution fct-measured by

Tamura Symp.,Austin(1994) WCM (wall current monitor)at FERMI lab
S Koscielniak et al periodic holes on coasfing proton beam <—
Phys.Rev.ST-AB 4,044201(01) at CERN synchrotron '

- MBlaskiewczetal - humps on bunched beams at RHIC - «
Phys.Rev.ST-AB 7,044402(04) Brookhavn

b)Periodic structures at V_th , '
C.Franck et al periodic ion humps in Kiel double plasma- .
Phys.Plasmas 8,4271 (01) ' sudden transition to C_s wave train
D.S.Montgomery et al N slow electron acoustic ﬁlode generation by

Phys.Rev.Lett.87,155001(01) stim.laser scattering in Los Alamos lab

c)Space observations

R.E.Ergun et al

Phys.Rev.Lett.87,045003-1(01) DLs and holes in downward current
L.Anderson et al region of aurora -

Phys.Plasmas 9,3600(02) : '

R.E.Frgun et al oblique DLs and holes in upward current
Phys.Plasmas 9,3685,95(02) region of aurora by FAST satellite
C.Cattell et al ‘  large amplitude holes in near earth’s
Nonlin.Proc.in Geophysics =~ - magnetosphere,magnetopause and
10,13(03) bow shock by POLAR and CLUSTER

-->} Holes and Double Layers are ubiquitous structures in driven plasmas}




Experimental result:

1.3 of a solitary ¢ (x) 20
2; vortex structure in phase space
3. VEH < Vin < VKav
4. den51ty ’.dip at celitef |

5. AEﬁ < Akav (smaller halfwidth)
6. EH disappears if pn is increased

7.Inelastic scattering (e.g. coalescence)

How to explain these results analytically
especially the fact that ven < v ?
(Landau damping?!)
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We choose f. and f; as plausnble functions of the
constants of motion:
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Nonlinear destabilization of plasmas by
negative enerqy holes
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5 L neard'y Versus
“another special solntxon ot’ Vlasov——Poxsson ' stenr ,

harmokic Z @/\N2k)=0 |
soluton , _V(@:%q)(w__‘b)
(e‘bmacl.) ' IR =

- i contrast' Lm; heory
[k’ -1 Z (w / \/" k)

@ =+iyY

in thermal range v = O Jk 1

YL 0: stmng Landau dampmg
=

| nonex:stence of undamped modes . |
" m thermal velocity range within -
Landau theory

. Fo
resolution of discrepancy: N el
' ‘ m’byelog\a
. lmearlzatmn in Vlasov eq.means - | distidubion
E negli ‘blewrt. Ed, SR |
o, f gligi Jo —v -
0(z) - 0(9) )
¢ e—hole equilibria, however, demand
l E o, f l comparable with ! E 9, fo ] o

= | the smallness of f; not ¢ resonant |
necessarily implies the - - :elocity
smallness of 9, f; ! " —

= for e-hole equlhbna Ed, fl is not neghglble
no matter how small: |E L, |f1] are.

=» |Phase space vo-rtices require a solution of the full Vlasov—~
Poisson system even in the infinitesimal amplitude limit; these |
modes are lost in the process of linearization | ;
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SUMMARY AND CONCLUSIONS

}

- No doubt , linear wave theories are deficient for low amplitude

plasma dynamlcs ( turbulence) if mu.a of pastichs o find elawass

===>FAILURE OF STANDARD WAVE CONCEPT

-Like in fluid dynamics nonlinear stationary solutions of
governing eqs play a central role (secondary, tertiary solutions,...)

-In the classical two-stream problem this is manifest in a nonlinear
instability even if Vd <Vd*
provided that fluctuations are present that violate linear criterion

-Seed holes of zero/negative energy are spontaneously created which
experience acceleration and growth

===> NEW PARADIGM FOR PLASMA STABILITY

-In weakly dissipative plasmas a similar scenario holds provided that
initial fluctuation exceeds a threshold (which disappears w1th
collision frequency)

——=> ANOMALOUS TRANSPORT WITH ENHANCED
RESISTIVITY BY PRESENCE OF SELF-GENERATED
 HOLES

-Pair plasmas are best suited to investigate and understand the
underlying dynamics
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