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The wave-induced chaotic radial transport of energetic electrons has been observed in a laboratory
terrella, the Collisionless Terrella Experimé@iTX) [H. P. Warren and M. E. Mauel, Phys. Plasmas

2, 4185(1995)]. In the experiment electron-cyclotron-resonance hedfi@RH) is used to create

a localized population of trapped energetic electrons which excite drift-resonant electrostatic
fluctuations. Measurements with multiple high-impedance floating potential probes are used to
determine the amplitude, frequency, and mode structure of the observed fluctuations. Energetic
electron transport is observed with gridded particle detectors. Poisudiaees of section indicate

that increases in the flux of energetic electrons to the detectors occur only when fluctuations which
meet the conditions for global chaos are present. Quasilinear transport simulations do not reproduce
several important features of the experimental measurements. In contrast, Hamiltonian simulations
reproduce many of the salient temporal characteristics of the experimental measurements and
indicate that the persistence of phase-space correlations plays an important role in the energetic
electron transport observed in the experiment. 1896 American Institute of Physics.
[S1070-664X%96)91405-X|

I. INTRODUCTION During both times, the observed fluctuations have a compli-
cated time-dependent frequency content.

Understanding the transport of energetic particles is a By computing Poincarsurfaces of section we find that
fundamental problem of laboratory, astrophysical, and spaceuring the instability bursts the measured spectral character-
plasmas. Of particular interest is transport in collisionlessstics of the drift-resonant fluctuations meet the conditions
plasmas driven by non-linear wave-particle resonances. Faequired for global chaotic particle transport. Coincident
example, chaotic radial transport which preserves the firsiith the instability bursts, energetic electron transport is ob-
two adiabatic invariantg. andJ but breaksy is an essential  served with gridded particle detectors located outside the hot
mechanism for both the injection of particles into the Earth'selectron ring. The observed transport is strongly modulated
magnetosphere and their accelerafiofihis transport is at frequencies related to the precessional drift-frequency of
driven by sudden, large-scale perturbations in the Earth'the energetic electrons. During the afterglow, Poincare
geomagnetic and convection electric fields caused by varidaces of section indicate that the instability wave spectrum
tions in the solar wind and interplanetary magnetic ffeld.  does not satisfy the conditions for global chaos and no en-

Previously we reported the first observation of wave-hanced transport is observed experimentally.
induced chaotic radial transport in a laboratory terrella ex- The Poincaresurfaces of section which model particle
periment, the Collisionless Terrella Experimef@TX).3>*  motion during the instability bursts show that phase space is
One of the primary goals of CTX is to study the process ofstrongly chaotic and suggest that quasilinear theory should
chaotic radial transport in dipole magnetic fields which pre-be applicable. However, in order to model the spatial and
serves the first two adiabatic invariantsandJ.® In particu-  temporal evolution of particle fluxes observed in the experi-
lar, these experiments investigate the relationship betweement, simulations using the guiding center drift Hamiltonian
fluctuation spectra and models of energetic particle transpogtre necessary. One such simulation involves computing the
and provide the first laboratory tests of Hamiltonian methodglux of equatorial particle trajectories to a small region of
which can be used to simulate transport in collisionless plasphase space which represents the particle detector. This
mas. simulation reproduces the modulation depth and frequency

In the experiment electron-cyclotron-resonance heatin@f the experimentally observed electron flux. When the re-
(ECRH) is used to create a highly localized population of sults of the Hamiltonian transport simulation are compared
magnetically trapped energetic electr8nalhile the ECRH  with a simple quasilinear transport model we find that the
is on, the energetic electrons excite quasiperiodic bursts dgiredictions of the quasilinear model do not reproduce the
electrostatic fluctuations which resonate with the precesexperimentally observed modulations and underestimate the
sional drift motion of the trapped particles. Drift-resonantmaximum particle fluxes measured in the experiment.
electrostatic waves are also observed during the afterglow of

the plasma discharge, when the ECRH has been turned oﬁ. THE COLLISIONLESS TERRELLA EXPERIMENT

“Paper 21AL, Bull. Am. Phys. Sod0, 1666(1995. The CTX experimental dev!ce co.nS|sts of. a dlpole'elec-
"lnvited speaker. tromagnet suspended mechgnlcglly in an axisymmetric alu-
dpresent address: Naval Research Laboratory, Washington, DC 20375. minum vacuum vessel 1.4 m in diameter. The magnet is sup-
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chamber both near the equatorial midplane and in the polar
region. The equatorial particle detector is supported by a
metal rod which extends from the vacuum chamber wall and

\ can be repositioned to measure particle flux at different ra-
Fay dial positions. There are five polar particle detectors which

hard x-ray detector

are situated so that the magnetic field at each detector is the
same. The gridded particle detectors are biased to repel ions
and electrons with energies less than 100 eV.

T
g’ ; Fa'ada}’ Cups Five Faraday cups are also located in the polar region of
-§ o| ' Dipole Magnet the dipole magqetic _field. The Faraday cups are _situated to
a : — view the same field lines as the polar gridded particle detec-
s s Gridded tors but rotated 90° in azimuthal angle. The Faraday cups are
k] g Detector : :
E o - ) biased to repel ions.
Three photodiodes are positioned to measure radiation
lon Satpration emitted from the plasma at wavelengths from 400—1100 nm.
40 / , | The photodiodes can be collimated to look at the inside of
Photodiode R
B the hot electron ring R<27 cm), the center of plasma
Gridded Particle (27 cm<R<54 cm), and the outside of the plasma
60 Detector (R>54 cm).
40 20 0 20 40

Axial Distance (cm)

lll. EXPERIMENTAL OBSERVATIONS
FIG. 1. The magnetic field geometry of CTX. The solid lines represent

magngtic field lines a_lnd the dotted lines reprgsent s_urfaces of constanF mag- The intensity of the hot electron population is character-
netic field. The location of several plasma diagnostics and the approximate . .
location of the hot electron ring are also shown. 1zed by the hard x-ray emission produced by electron-ion and
electron-neutral bremsstrahlung. A fraction of these x-rays
are detected with the krypton proportional counter. The ob-
ported by a stainless steel casing which houses the electricaérved distributions are non-Maxwellian, characteristic of
and cooling leads. The strength of the dipole magnetic fieldnicrowave-heated electrofsThe electrons with energies
is approximately 15 kG at the face of the magnet and falls ofbetween 1—-10 keV are referred to as the “warm” popula-
to less than 50 G at the wall. The magnetic field lines andion, and electrons with energies above 10 keV are referred
mod-B surfaces of the dipole magnet used in CTX and argo as the “hot” population. When the microwave power is
shown in Fig. 1. switched off, the “hot” population persists for 5—-20 ms, de-
A pulse of microwaves lasting approximately 0.5 s isfining the discharge “afterglow.”
used to break down and heat hydrogen gas which is puffed When an intense hot electron population is produced,
into the vacuum chamber both at the beginning and during drift-resonant fluctuations«d~ wq;,) are observed both while
discharge. The microwave source is a continuous wave maghe ECR heating is on and in the afterglow. During the heat-
netron which has a peak output of 1.5 kW at a frequency ofng, the fluctuations occur in quasiperiodic bursts lasting ap-
2.45 GHz. The electron gyrofrequency equals the frequencproximately 300—-500us. During the afterglow, the drift-
of the applied microwaves along the surface defined byesonant oscillations persist for as long as several
Bo=B=875 G. The equatorial field strength of the dipole milliseconds. At both times, the observed instabilities propa-
magnet has this value at a radial distancd&RgER=27 cm  gate azimuthally in the direction of the electr@B drift, are
and this defines the center of the hot electron ring or artificiaflute-like with a constant phase along a field-line, and have a
radiation belt. broad radial structure extending throughout the plasma. The
Plasma diagnostics include a series of Langmuir andaturated amplitudes of the floating potential oscillations
high impedance floating potential probes situated at five lopresent at both times are similar, typically 20200 V.
cations throughout the vacuum vessel. The probes can be Fourier analysis indicates that the quasiperiodic bursts
repositioned radially to examine the density and potentiatonsist of incoherent, broad-band fluctuations with frequen-
fluctuations at different flux surfaces. Multiple probe mea-cies typically below 2 MHz, although some particularly in-
surements allow the direction of propagation, the azimuthatense bursts have frequencies as high as 5 MHz. The insta-
mode number and radial mode structure of the observed fludilities observed during the afterglow are more coherent than
tuations to be determined. those observed during the ECRH and have a higher range of
A krypton proportional counter is positioned at the mid- frequenciesf ~ 1-12 MHz.
plane of the magnetic field and is used to measure hard x-ray The fluctuations observed during the ECRH also differ
emission at energies between 1-60 keV. The counter is cofrom those observed in the afterglow in terms of their azi-
limated to view the equatorial region of the dipole magneticmuthal mode number. During the quasiperiodic instability
field. X-ray spectra are collected and stored at 50 ms interbursts, the azimuthal mode number is usually limited to
vals during the plasma discharge. m=1, except in the most intense bursts when some high-
Gridded particle detectors are located inside the vacuurfrequency, m=2 modes are observed. In the afterglow,

2144 Phys. Plasmas, Vol. 3, No. 5, May 1996 Warren et al.

Downloaded-29-0ct-2010-t0-157.182.110.229.-Redistribution-subject-to-AlP-license-or-copyright;-=see-http://pop.aip.org/about/rights_and_permissions



Faraday cups is strongly modulated at frequencies related to
the precessional drift-frequency electrons. The connection
between the spectral content of the fluctuations and the elec-
tron flux will be examined in detail in the next section.

Float Probe (AU}

IV. WAVE-INDUCED PARTICLE TRANSPORT

5) The interaction of energetic electrons with the drift-

3 resonant electrostatic waves observed in the experiment can

27081 7 be described by the guiding center drift Hamiltorifan

5 meC cB

= 10 ® T= zee p7B2+ p— —cd, (1)

2 wherem, and e are the electron mass and charges the

8 o5l ‘ i speed of light,B is the magnitude of the dipole magnetic

E field, ,uzmvf/ZB is the magnetic momeng=v /B, and

T © & is the electrostatic potential. For a curl-free magnetic field,
s ” » > 5 the canonical coordinates of the guiding center drift Hamil-

Time (msec) tonian, (p),x), and @, ¢), are essentially the magnetic co-

ordinates defined byB=V¢XxXVe=Vy. The function
FIG. 2. Simultaneous measurements of drift-resonant fluctuations and ene[/y: M sin2 O/R is proportional to the magnetic flux bounded

getic electron transport during the microwave heat{agFloating potential . . S .
oscillations illustrate intense, quasiperiodic bursts correlated (bjthapid by a field line and the functioy=M cos 6IR is related to

. . . _ 3 .
increase of electron flux to the Faraday cup égjdvisible photon emission  the distance along a field line. Note thst=BgRj is the
from the plasma measured by the center photodiode. moment of the dipole magnet anR,(p, #) are spherical co-
ordinates. Also note that the guiding center drift Hamiltonian

: : i ropriate sin nergetic electrons produced in the ex-
m=6, and there are often multiple waves with the same azis> APPIOPrate Since energetic electrons p oduced ©e

. periment are non-relativistic.
muthal mode number present simultaneously. . S . .
) . . . When the particle motion is confined to the equatorial
The drift-resonant fluctuations observed in the experi-

ment are related to the hot electron interchange instabilitm'ﬂzlt?;fsoglfh;g:%%n?:g flr?algﬁc:e)é:tg'Szir(t;pc)L;I:er g:ﬁ] le
that has been observed in other ECR heated magnetic mirr?rq P y b

experiment&? The linear theory of the hot electron inter- orm. In general, particles will have a finite parallel velocity

: .. _.and will not be confined to the equatorial midplane. How-
change, assuming slab geometry and a monoenergetic distri-

o fecrons,was deveoped by K < a1 1€ PIOCSS0ne oo 5 ey per
by Berk! for w~ w.; and the characteristics of the observed P g P

fluctuations are generally similar to those predicted by thes,l(-:)'e 5|gn|f|cantly altered by mclu_dmg paral_lel ve_locny. .
The experimental observations described in the previous

smple_thgones. . . section indicate that the observed fluctuations can be mod-
Coincident with the bursts of wave activity observed . .
eled as a sum of traveling waves of the form:

during the ECRH are increases in the flux of energetic elec-

trons to the equatorial gridded particle detector and the polar D, N

gridded particle detectors. As shown in Fig. 2, the radiaton ~ P(¢,t)= \/—(—/zl am cogMe—wt+¢)), ()

detected by the center photodiode also rises significantly dur- s

ing the instability bursts and is diminished between themwhere =3, |lan|2. The relative amplitudes, azimuthal

This last fact is particularly interesting. Recall that the use ofmode numbers, frequencies, and phases are determined from

microwave heating leads to a highly localized plasma. Bethe Fourier analysis of experimentally measured Langmuir

yond the hot electron ring the density of neutral hydrogerprobe signals. The waves observed in the experiment have a

should increase rapidly. As the drift-resonant fluctuationgime-dependent frequency content, however, typically

drive energetic electrons out radially, they can ionize the surty,d log(a,,)/dt<1 and here we consider transport processes

rounding neutral gas. Also recall that and J conserving which occur on the time scale of several drift-periods.

radial transport leads to an adiabatic decompression with par- For a single electrostatic wave the island half-width,

ticle energy decreasing as1/R3. This increases the Cou- Ay, at the resonant surface defined byw,

lomb cross section and makes both electron-neutral and- mwgn(u,¥l,) =0, is given by:A = (2c® o/ wgp) 2.

electron-ion collisions more frequent. When multiple drift-resonant waves with sufficiently large
The characteristics of the transport measurements sugimplitude are present, islands will overlap and lead to cha-

gest a definite relationship between the spectral content dadtic transport. The topological properties of particle trajecto-

the waves and the observed energetic particle flux. The leveles can be determined by constructing the Poinsaréace

of the electron flux is not simply related to the amplitude of of section which is formed by plottingX, ¢) at multiples of

the fluctuations but depends on the spectral content of ththe mapping time. For a spectrum of waves, the mapping

wave. Also note that the energetic electron flux observedime is the least common multiple of the periods of the wave

both with the equatorial gridded particle detector and themotion: Ty, =LCM(T,=27/w,).® In practice, the frequen-
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FIG. 3. A spectrum of waves taken from experimental measurements ofIG. 4. A spectrum of waves taken from experimental measurements of
fluctuations observed during the afterglow and a corresponding Poincarguctuations observed during the ECRH and a corresponding Poisoare
surface of section. The chaos is localized to a thin, radia”y localized banqace of section. The fluctuations Spectrum leads to Chammr the radial
near the hot electron ring and consistent with the absence of electron flux tgxtent of the plasma. The magnetic momept, is chosen so that

the particle detector. The magnetic moment, is chosen so that B =4keV; other parameters a®,=150V, N=10, and Ty =100 us.

1Bo=10keV; other parameters afle,=150 V,N=10, andT =100 us.  Note that the surface of section is plotted R, §) coordinates.
Note that the surface of section is plotted R, {) coordinates.

modulation of the current and the spectral content of the

cies are rounded off to keep, from becoming too large. observed fluctuations, we have simulated the time-evolution
The equations of motion are integrated using the Graggef the flux of electrons to a small region of phase space
Burlish-Stoer implementation of Richardson extrapolatibn. which represents the particle detector. In the simulation, we

An example of a fluctuation spectrum used to model theandomly selected an ensemble of 5000 particle trajectories
electrostatic potential observed during the afterglow isthat are at the “gridded particle detector” at tihe T. Us-
shown in Fig. 3a. For electrons with energies aboveng spectral information from the experiment to construct the
uBo=~10 keV this spectrum leads to resonant wave-particleslectrostatic potential in the form of E), the equations of
interactions. However, as the Poincaserface of section motion are integrated backwards in time framT to t=0
shown in Fig. 3b illustrates, the thin bands of chaog/iare  and the probability that the trajectory came from an assumed
limited to the proximity of the hot electron ring and do not hot electron distributionF(u«,#), is computed. This pro-
extend out to the radial location of the gridded particle decess is repeated in order to compute the current as a function
tector unless the amplitude of the potential fluctuations iof time.
very large. The result of one such simulation is presented in Fig. 5

A number of model fluctuation spectra have been conwhere it is compared with the corresponding energetic elec-
structed to model the potential fluctuations observed duringron flux measurement from the experiment. Also shown in
the ECRH. For the wave spectrum shown in Fig. 4a, which id=ig. 5 is the Fourier transform of the simulated and measured
taken from the initial part of an instability burst, drift- electrostatic fluctuations as well as the Fourier transform of
resonances exist for electrons with energies between 1-1Be simulated and measured energetic electron flux. The
keV (i.e., the “warm” electrong from the center of the hot simulation successfully reproduces the frequency of the ob-
electron ring to the wall of the vacuum chamber. As shownserved modulations as well as the relative amplitude. Since
in Fig. 4b, this spectrum of waves leads to chaog/iover  the phases of the measured waves and other profile param-
the radial extent of the plasma. Examination of the phaseters are unknown, the simulation cannot be expected to re-
space portraits indicates that when the wave amplitude iproduce the temporal evolution of the particle flux exactly.

above ®,~75V, there are no encircling Kolmogorov- We have written a simple numerical simulation in order
Arnol'd-Moser (KAM) surface® preventing global trans- to compare the predictions of Hamiltonian and quasilinear
port. descriptions of particle transport. In the code the simulated

In order to demonstrate the relationship between thelectron current is approximated by:
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requency (MHz) create a localized population of energetic, magnetically

. . . . _ trapped electrons. The trapped electrons excite quasiperiodic,
FIG. 5. A comparison of experiment and a simulation which reproduces the, . . . . -

gross frequency and depth of the modulati@h Detected energetic electron drift-resonant fluctuations which are identified as the hot
flux, and(b) Fourier transform of the detected flux. electron interchange instability. Increases in the flux of ener-
getic particles to both the gridded particle detector situated
near the equatorial midplane and the array of particle detec-
tors located in the polar region are well correlated with the
presence of the fluctuations. The radiation detected by the
center photodiode also rises significantly during the instabil-
where(v) is the average velocity of particles reaching theity bursts and is diminished between them. The measured
detector. The functiona(#,t) evolves according to a particle fluxes are modulated at frequencies related to the
diffusion-like equation: precessional drift motion of the energetic electrons.

This paper has also presented the detailed results of nu-
merical simulations based on the guiding center drift equa-
tions which model transport processes observed in the ex-
whereD ,, is the diffusion coefficient averaged over reso- periment. Most significantly, the simulations confirm that the
nant velocities. The second term in Hg) models particle observed transport is the result of non-linear wave-particle
losses due to the probe aldy— i4) is the unit step func- interactions: transport is only observed when the wave-
tion. The boundary conditions are set so that the solutiosPectrum meets the conditions for global chaos; no transport
goes to zero at the wall and the magnet casing. is observed when the fluctuations lead to thin, radially local-

The diffusion coefficient can be determined from inte-ized bands of stochasticity.
grating the equations of motion. In this case the diffusion ~ The results of Hamiltonian simulations which explore
coefficient is computed using the formula: the temporal details of the observed particle transport have

O (0))2 also been presented. The relationship between chaotic mix-
sz«z,//( )~ ¢(0)%) ing and the experimental measurements has been demon-

2t strated by a simulation which models the flux of energetic

and the numerically determined value is used in the quasilinParticles to a small region of phase space. The simulation
ear simulation. reproduces the frequency and depth of the observed modula-

The result of a single run representative of the quasilin-tion- In contrast, qua_silinear models_ of transport do not re-
ear simulation is shown in Fig. 6 where it is compared withProduce the modulation of the particle flux and underesti-
the result from the corresponding Hamiltonian simulation.mate the maximum particle fluxes observed in the
Significantly, the predictions of the quasilinear model do no€XPerment. _
reproduce the experimentally observed modulations and un- The simulations described here model transport pro-
derestimate the maximum particle fluxes measured in th§€SS€s which occur on the time scale of several drift-periods.
experiment. This time scale is short when compared with the evolution of
an entire instability burst. Future research will focus on cou-
pling transport simulations to a dispersion relation for the

instability in order to investigate the self-consistent, non-
This paper describes the experimental observation olinear evolution of the plasma. This will allow us to address

wave-induced chaotic radial transport of energetic electronsome of the unresolved questions related to the saturation of
in a laboratory terrella. In the experiment ECRH is used tathe instability and the chirping of the wave frequencies.

|<t>~eAf FovF il da,)~eAna(da, (), ()

(9a_ Jd — Jda «
E_a_z/;DWI//_Ea(‘/’_‘”d)’ (4)

V. SUMMARY AND DISCUSSION
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