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ABSTRACT OF THE DISSERTATION

Fast lons and Shear Alfvén Waves

By
Yang Zhang
Doctor of Philosophy in Physics
University of California, Irvine, 2008
Professor William W. Heidbrink, Co-Chair

Professor Roger McWilliams, Co-Chair

In order to study the interaction of ions of intedrate energies with plasma
fluctuations, two plasma immersible lithium ion sces, based on solid—state thermionic
emitters (Li aluminosilicate) were developed. Comeplato discharge based ion sources,
they are compact, have zero gas load, small erdsggrsion, and can be operated at any
angle with respect to an ambient magnetic fieldupfto 4.0 kG. Beam energies range
from 400 eV to 2.0 keV with typical beam currenmsiéies in the 1 mA/cfrange.
Because of the low ion mass, beam velocities of 20800 km/s are in the range of
Alfvén speeds in typical helium plasmas in the L&ARjJasma Device (LAPD).

The Doppler-shifted cyclotron resonanee- kv, = Q) between fast ions and shear
Alfvén waves is experimentally investigated. (vave frequencyk,: axial wavenumber;
v,. fast-ion axial speed?s. fast-ion cyclotron frequency. ) A test particlean of fast
ions is launched by a Lisource in the helium plasma of the Large PlasmsgidBe

(LAPD), with shear Alfvén waves (SAW) (amplitud® / B up to 1%) launched by a
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loop antenna. A collimated fast-ion energy analymeasures the non-classical spreading
of the beam, which is proportional to the resonamitke the wave. A resonance spectrum
is observed by launching SAWs at 0.3 — @8 Both the magnitude and frequency
dependence of the beam-spreading are in agreenitbnthe theoretical prediction using
a Monte Carlo Lorentz code that launches fast witls an initial spread in real/velocity
space and random phases relative to the wave. kghsvave magnetic field data are
used in the simulation. Measurements of fast-igmas on selected fast-ion energies
confirm that the particles gain/lose energy fronthie® wave.

A multiple magnetic mirror array is formed at theARD to study axial
periodicity-influenced Alfvén spectra. SAWs arerdabed by antennas inserted in the
LAPD plasma and diagnosed by B-dot probes at masigi docations. Alfvén wave
spectral gaps and continua are formed similar toeewmaropagation in other periodic
media due to the Bragg effect. The measured wititheopropagation gap increases with
the modulation amplitude as predicted by the sohs#tito Mathieu’s equation. A 2-D
finite-difference code modeling SAW in a mirror ayr configuration shows similar
spectral features. Machine end-reflection cond#iand damping mechanisms including
electron-ion Coulomb collision and electron Landdamping are important for

simulation.
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Chapter 1

INTRODUCTION

1.1 Fast lons and Alfvén Waves In Plasmas

Fast ions are ions with energies that are muctetattan typical thermal energies of
plasma constituents. In laboratory experimentg, itas are produced by neutral or ion
beam injection, by ion cyclotron or lower hybridatieg, and by fusion reactions. In
astrophysical and space plasmas, instabilitiesshndks generate fast ions. Fast ions also
are found when a hot plasma merges with a coldekgnaund plasma, as when the solar
wind collides with the magnetosphere.

Alfvén waves are also pervasive in both natural &&fwbratory plasmas. Alfvén
waves constitute the dominant components of thetrelmagnetic wave spectra in the
solar-terrestrial plasma environments and, consgfyyecan play crucial roles in
mechanisms from solar corona heating to acceleraifocharged particles in the solar
wind® 2 aurora and the Earth’s radiation belts. Resormbetween energetic particles
and Alfvén waves are also suggested as one gamgragchanism for the waves.

In many toroidal laboratory devices, Alfvén waves/en unstable by fast ions are
observed with an intense fast-ion population. Fokangle, the famous
toroidicity-induced Alfvén eigenmode® (TAE) is the most extensively studied among

numerous other modes excited by energetic parficRBast ions can also be expelled by



these Alfvén instabilities and damage vessel compt:in fusion experimenfs.’
Resonant heating of fast ions by Alfvén waves Welow the ion cyclotron resonance
frequency might cause ion heating in toroidal fasievices ® °

The interaction of fast ions with waves and indiids is challenging to study
experimentally because of difficulties in diagnasthe fast-ion distribution function and
the wave fields accurately, in either hot fusiowides or space plasmas. Conventional
experimental approaches are limited to non-contaet,or volume averaged methods in
a tokamak, such as various spectrometers and eitgélators/collectors for fast iofis
The Interplanetary Scintillation (IPS) array budt the Mullard Radio Astronomy
Observatory was a representative remote diagnofbicamonitoring the solar wind
activities. Expensive spacecraft measurements theaearth can cover but a fraction of

the daunting space influenced by the solar wind.

Fast particle
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FIG. 1.1. lllustrations of wave-particle interactions in fusion devices and space
plasmas.

left: wave-particle interaction in a toroidal fusion device (Pinches, Ph. D. Thesis
right: Solar and Heliospheric Observatory (SOHO) image demonstrating the
influence of the solar wind on earth’s magnetosphere.
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1.2 Fast-ion Transport Project at UC Irvine

Starting from September 2004, this thesis work iooess the effort that was awarded
$326K from 8/15/2003- 8/14/2006 as DOE grant DE-BBBER54720, entitled
“Fast-ion studies in the Large Plasma Device”, whée Large Plasma Device (LAPD)
at UCLA is a national user facility for basic plasmesearch. In May 2006, UC Irvine
team was renewed to be funded at $100K per yeathfee years. Fast-ion transport
studies are carried out with three phases. Clddsisiion transport during the afterglow
of the LAPD was investigated during Phase | (2003005, Dr. L. Zhao). Phase Il is
finished during this thesis work, which concentsat@ the interactions between fast-ions
and Alfvén waves. Fast-ion nonlinear heating aaddport in turbulent fluctuations will
be studied during Phase llII.

During this thesis work, we have developed twoidith sources that are capable of
working at large pitch angles, published an insenta paper on the lithium sourc@s,
developed collimated fast-ion analyzers that detfast-ion signals during the active
discharge plasma in the LAPD, published a physasep on spectral gaps of Alfvén
waves in a magnetic mirror arr&y,submitted a physics paper on resonant interactibns
fast ions with shear Alfvén wavé$,established collaborations with research teamms fro
three institutions including UCLA, University of Xas, Austin (UT Austin) and the
Ecole Polytechnique Federale de Lausanne (EPFLJ, prasented papers at various
domestic and international conferences.

The fast-ion sources developed are the major pie€egiuipments contributed by

UC Irvine. The laboratory facilities at UC Irvinerqvide a valuable testbed for



developmental activities. The Irvine Mirror and &l®n-Positron Machine (EPM) have
been modified to accommodate the entire sourcerapsa New probes and source
improvements are conveniently tested at UC Irvine.

As part of their 5-year renewal (2005 — 2010), tb&PD will include two
campaign¥’ in their program—a fusion-related and a spaceedlaampaign. These
campaigns are supported by personnel and equipthantis supplied by the facility.
Approximately one month of experimental runtimelvioé devoted to each campaign.
The fusion-related campaign is led by Professorli&il Heidbrink and the focus is
“energetic ion physics of relevance to fusion resled Many experimentalists, theorists,
and modelers from various institutions including U@ne and UT Austin have actively

participated. This thesis work is part of this fmst campaign.

1.3 Previous Classical Fast-ion Transport Study

During Phase | of the fast-ion transport projedd0@ — 2005, Dr. Liangji Zhao),
classical fast-ion transport during the afterglofvtlte LAPD is investigated. A 3-cm
diameter rf ion gun launches a pulsed, ~300 eVomnbkhaped argon ion beam parallel to
or at 15 degrees to the magnetic field in the LAFDe parallel energy of the beam is
measured by a two-grid energy analyzer at two do@tions (z =0.32 mand z = 6.4 m)
from the ion gun in LAPD. To measure cross-fielasport, the beam is launched at 15
degrees to the magnetic field. To avoid geometrspakading, the radial beam profile
measurements are performed at different axial ioeat where the ion beam is
periodically focused. The measured cross-fieldspant is in agreement to within 15%

with the analytical classical collision theory ah@ solution to the Fokker-Planck kinetic



equation. Collisions with neutrals have a neglgil@ffect on the beam transport
measurement but do attenuate the beam current. bHaam energy distribution

measurements are calibrated by LIF (laser indudedrdscence) measuremehts

performed in the Irvine Mirror.

The slowing-downof the fast-ion beam has been measured when thgeimm source
was in the direction parallel with the uniform maga field in the LAPD. The ion beam
deceleration is mainly due to the Coulomb dragh®ythermal electrons. The measured
energy loss time is in agreement within 10% witd skandard theoretical prediction.

The cross-field diffusion was measured when the ribbon shape ion beam was
launched at 15 degrees to the magnetic field. Tossefield spreading of the beam was
observed by scanning over the different planes abrim the magnetic field. The
measured diffusion coefficient is consistent witi6% with the classical Coulomb
collision theory and the solution to the Fokkerfelakinetic equation.

The energy diffusion was not observed in this experiment. The beam ionhe

current experiment move so fast in the paralledction and the fast-ion travel time is so

short ¢ ~6x10° sec.) that the parallel velocity diffusion (enedjffusion time 7 ~ 2
sec) is obscured by initial energy spreading ofitinebeam (~15 eV).

The charge-exchange and elastic scatteringith the neutral particles does not have
significant effects on the measurements of the-itastransport in this experiment, but
the beam current decreases exponentially due téo#iseof the fast ions caused by the
collisions with the neutrals. The observations @vasistent with the theoretical (Monte

Carlo simulation) predictions.



1.4 Shear Alfvén Waves in the Upgraded LAPD

The LAPD is ideal for studying SAW because its é&aphysical size, and sufficiently
high plasma density and magnetic field, allow it docommodate multiple Alfvén
wavelengths. Research on SAW properties in the LARE2s back to 1994 when a pair
of theoretical®'’ and experimentl'® papers were published on SAWs radiated from
small perpendicular scale sources in the LAPD. &uiently, other mechanisms were
discovered to generate Alfvén waves including aetarof inserted antennas, resonance
between the LAPD cathode and the semi-transparendea—the Alfvén Maséf, and a
dense laser-produced plasma exparfdion

Two regimes of plasma parameters for SAW propagdiave been investigated for
the cylindrical LAPD plasma with uniform axial magjit field: the Kinetic Alfvén Wave
(KAW) for plasma electrons having a Boltzmann dsttion in the presence of the
Alfvén wave fields and the Inertial Alfvén Wave (M for electrons responding
inertially to the wave. The KAW is more relevaatthe physics of the interior regions

of tokamak plasmas and the IAW to the edge andtdimiegions. A dimensionless

parameter—g, = V2 /v? is a quantitative measure of how inertial or kimet plasma
region is, whereV, =./2T,/m, is the thermal electron speed willa the electron

temperature. If,Ee >>1, the region is kinetic; iﬁe <<1, then it is inertial. The standard

MHD (magnetohydrodynamic) SAW dispersion relatien i

2 2 4 5
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which can be reduced to the following form in timeitl of k, <<k,

o’ 1k; =vi(l-a?), (1.2)

where o =w /o, andkj is the component of the wave vector parallel to thekground
magnetic fieldThe corrections to the dispersion relation for Ki#&V are proportional to

k’p2, where k, is the perpendicular wave number ane is the ion sound

gyro-radius p, = c,/w, with c,=(T./m)"?. The IAW correction is proportional to

: : : n.e”
kids, where 5, is the electron skin depthy, =c/w, with o = |—=— as the
&M,

plasma frequency. In this experimental work, batlrection factors are on the order of
0.1 and thus negligible.

An important departure from MHD is that a componaitthe wave electric field may
be sustained parallel &, due to finite electron pressure (KAW) or inertiaW/). This
parallel electric field can lead to energizatiortltd background electrons and thus excite
the wave, which can be done by direct applicatibanooscillating  charge density to a
flat, circular mesh “disk antenr@’within the plasma, or it may be excited inductjvel
using a “blade antenn®’*® which is an externally fed current with one leghiri the
plasma parallel to the background field. For eittecitation mechanism, there are some
general characteristics of the radiated wave frdtterns which may be illustrated by
considering the disk exciter in detail. Within dose to the inertial regime, a single SAW

cone can be excited from both antennas. Assumimgudlzal symmetry, the wave

magnetic field has one dominant componeﬁ;t as a function of andz"®

sink, a
kL

B, o Lo TdkL J(k nexplik, 4, (1.3)
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in which l4n is the antenna current amplitude aadis the radius of the antenna
cross-section. There are three characteristic feqitof the radial profiles: 1) the field is
always zero at the disk center; 2) it increaseh e radial distance away from the disk
center until reaching a peak value, the radial tlonaof which increases with axial
distance away from the exciter; 3) upon reachirg gbsition,reqqe (the location of the

outer Alfvén cone), defined by
redge:£V£5;/\/1—a_)2]+ a, (1.4)
A

the wave magnetic field decreased as

1.5 Content of Thesis

This thesis is composed based on two major expetsnelhe first experiment
launches test-particle fast-ion beams in the LAPEhva narrow initial distribution
function in phase space using plasma immersibteidassource¥ %> The unique LAPD
provides a probe-accessible plasma that featurswerdions comparable to fusion
devices, which can accommodate both large Alfvéwewangths and fast-ion gyro orbits.
The fast-ion beam is readily detected by a colledaast-ion analyzer. With resonance
overlap of fast ions and shear Alfvén waves, resbbaam transport in addition to the
well calibrated classical transport is analyzechwibod phase-space resolution.

The second experiment studies shear Alfvén wavé\(Spropagation and forbidden
gap formation in a periodic magnetic mirror arréipe experiments are performed in the
Large Plasma Device (LAPD). Although the numbemator cells is limited, the LAPD

is capable of generating a magnetic mirror arragmebling the multi-mirror magnetic



confinement fusion deviced: 2°

in Novosibirsk, Russia. An advantage of the
low-temperature plasma in the LAPD is its accefigibio a variety of probes. Alfvén
wave propagation and interference can be studidu spatial resolution of ~ 1 — 10 mm.
To further investigate the Alfvén spectral gaps aadtinua, a cold-plasma wave c6te
is adapted to launch Alfvén waves in a virtual LARIh the number of mirror cells
ranging from a few to infinite. Measured plasmaapaeters are used in the code to
simulate wave spectra which are compared with exyertal observations.

The arrangement of this thesis is as follows. Mafsthe important experimental
hardware including the lithium fast-ion sourcested®rs and the LAPD facility are
introduced inChapter 2 The results of fast-ion Doppler-shifted cyclotrogsonance
experiment are presented@hapter 3and the phenomenon of SAW spectral gaps in the

LAPD mirror array is discussed @hapter 4 A conclusion to the Phase Il of the fast-ion

transport project and future work in the coming $&hHll are stated i€hapter 5
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Chapter 2

EXPERIMENTAL APPARATUSES

For modern experimental physicists, conventionapaagtuses and emerging
electronic devices are necessities for a succesgpdriment. Computational models on
the other hand are often regarded as theoristsiapetools. This thesis work requires
applications of all of the above. This chapter déses hardware tools used in this

project:

® Sec. 2.1: The upgraded LAPD, the discharge plasma;

® Sec. 2.2: Irvine Electron-Positron chamber—the lbesk in Irvine;
® Sec. 2.3: Fast-ion sources developed at UC Irvine;

® Sec. 2.4: Shear Alfvén wave antennas;

® Sec. 2.5: Diagnostic tools for plasma, fast iorg Alfvén waves.

2.1 Basic Plasma Science Facility at UCLA—the Upgraded
LAPD

The Basic Plasma Science Facility at UCLA commenpedugust of 2001. It is a
frontier plasma research user facility. The corehef facility is a modern, large plasma

device (the LAPD) constructed by Professor Waltek&man (the facility director) and

12



his staff of reserch scientists and techniciang flist plasma was achieved in July, 2001
and the machine is now in operation. Usage of #lcditly is available to scientists from
national and international institutions, as wellradustry. The unique nature of the LAPD
enables understanding of topics on the fundam@ntglerties of plasmas related both to
fusion energy and space science.

The cylindrical vacuum chamber of the LAPD is oneten in diameter, ~ 20 m long,
and has excellent diagnostic access. The devicgupes reproducible plasmas at 1 Hz
continuously. The magnetically confined, lineargntea is generated by applying a 50 —
100 V voltage pulse between a 75 cm diameter Bafixide cathode and a grid anode
with a ~ 2 kA discharging current pulse at a 1 Elzetition rate. Operating gases include
hydrogen, helium, argon and neon with partial press controlled by individual leak
valves and monitored by a central Residual Gas yxeal(RGA). During the discharge
of 8 - 10 ms duration, the plasma density can regoh 10? cm® with an electron
temperature of 10 eV. The plasma density decaybdnafterglow with an initial time
constant of ~10 ms; the plasma temperature drogsnwt+100us. While the plasma
contains various modes of turbulence during thehdigge, it is quiet in the afterglow.
Normally, a uniform, ~1 kG magnetic field is empdolybut reconfiguration of the coils
and higher field strengths are possible. Plasmampeirers and fluctuations are diagnosed
with a millimeter wave interferometer (at port 23)angmuir probes of various
configurations and three axig-dot probes for the measurement of magnetic field
fluctuations, for example of Alfvén waves. A sopluated data acquisition system
consisting of computer-controlled actuators, digits, and workstations accommodate

automated probe scans.

13



For this thesis work and the planned fast-ion itigeasons of plasma turbulence,
helium is the major working gas. It will primarilipcus on fast-ion interactions with
waves and turbulence during the high-density digghavhen the fast-ion beam density

of 5.0 x 18 cm?® is typically four orders of magnitude smaller th#e plasma density

during the discharge.

FIG. 2.1. A photograph of the LAPD machine and the experimenter.

14
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FIG. 2.2 Diagram of the upgraded LArge Plasma Device (the LAPD) with port
numbers labeled. Port 7, 13, 35, 41 and 47 are currently installed with a top
rectangular port large enough for fast-ion sources and SAW antennas installation.
Port 35 has a side-access rectangular port in addition.

" http://plasma.physics.ucla.edu/bapsf/pages/diage. ht
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The LAPD has excellent access for probes and opftesre are 450 radial ports, 64

of which are rectangular quartz windows, allowinghearly 360 degree view of the

plasma in 8 locations along the machine lehglthere are sixty rotatable "ball valve"

flanges, which allow probe placement anywhere englasma volume between pairs of

axial field magnets. Large devices can be introdudgough the rectangular ports at

seven locations using custom-built square valves.

Aside from the large size and excellent accessibiine LAPD has other attractive

features:

Programmable confining magnetic field can be uf.®okG with error less than
3%.

Three portable cryo-pump vacuum stations and numsergate valves for

differential pumping when probes or other devicesraoved in and out of the
system without breaking vacuum.

Computer controlled 2D stepping motors can moveb@sowith 0.5 mm

accuracy throughout the plasma column.

Data acquisition system with 12 channels of 8 BilGS/sdigitizers, and 32

channels of 14-bit, 10MS/sdigitizers.

Plasma density diagnostics include a G6lz microwave interferometer for
line-integrated density measurements and four navsljalled interferometers
located at port 15, 23, 32 and 40.

Fifteen Digital Oscilloscopes ranging from 2 chdntiés MHz/channel to 4

channel-2 GHz/channel, 6 Stanford digital delayegators (1 ps accuracy), 2

BNC 8 channel pulse generators ( 1 ns accuracgCkoy arbitrary waveform

16



generator (10 MHz), 2 Agilent arbitrary waveformngeators (80 MHz), HP
8568B spectrum analyzer, 3 LeCroy 1820A Differdnthamplifiers/Filters,

Agilent Network Analyzser (to 180 MHz), 2 four chre Tektronix-Sony 100
MHz optical isolators, 2 microscopes for probe ¢ouion (one with

micro-manipulators).

2.2 Irvine Electron-Positron Chamber

The Irvine Electron-Positron chamber is located tie McWilliams Plasma
Laboratory at UC Irvine. The machine was used lecteon-positron plasma study by Dr.
H. Boehmer because of its high-vacuum capabiliomato 8.0 x 18 torr) with a Varian
Turbo-450 pump system (Model: 969-9042). A phota dypical setup of the chamber is
shown in FIG. 2.3. Most of the developing and testof the lithium fast-ion sources,
including the initial activation of a lithium alumosilicate source, the beam radial-profile
and energy scan measurements, and other equipmmesiscfor a coming LAPD run, are
conducted in the Electron-Positron chamber.

The Electron-Positron chamber has been modifiedversatile test bed of equipment.
The original chamber is about 15 cm in diameter laasl three sections connected using
conflat copper o-rings for excellent vacuum sealifige total length is about 1.2 m. A 13
cm diameter stainless steel collector and a smallddn diameter rotary probe are
mounted on top of the center section. The turbogpunet is connected to the bottom of
the center section with a screen in between teptdbe blades in the turbo pump. A new
cross section is added to extend the original cleambhe newly developed lithium

source re-coating device is currently installedhe cross. An aluminum square spool
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similar to the rectangular port on the LAPD is cected with the cross through a KF-50
quick-disconnect valve. This spool can accommodaber the 0.6” lithium source or the
RF source. There are two sets of water cooled niagogrovide a mirrored background
magnetic field in the vacuum chamber if necessBing magnetic field can be up to 2.4

kG at the center of the magnets and 1.2 kG atehtec section with 100 A coil current.
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FIG. 2.3. Electron-Positron chamber of UC Irvine

a) Setup of UC Irvine Electron-Positron chamber with the RF fast-ion source in the
square spool and the Mini-LiGun from side KF-50 port; b) Schematics of the
Electron-Positron chamber.
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2.3 Irvine Fast-ion Sources

The proposed investigations and the fact that dhesburce has to be immersed in

the plasma put severe constraints on the propetidg ion gun. An ideal source for this

research should have these featutedle 1):

Wide energy range (400 — 2000 eV) to investigatedahergy dependence of the
interaction;

Low beam ion mass to be able to match the phaseitelof Alfvén waves in
helium plasmas;

Operation at magnetic fields up to 4 kG and at@tgh angle;

Low beam divergence to make the beam observablelarge distances;

Small energy dispersion;

High current density to facilitate diagnostics, bsinhall enough to prevent
collective wave excitation (test particle investiga);

Small gas load;

Source operation independent of plasma conditidesgty, temperature, etc.);
Small size to minimize the perturbation of the lrokind plasma;

No magnetic material.
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Initially in this program, a commercial argon ioargfrom lonTech, featuring a RF
discharge as the ion source, was modified for djperan the LAPD and used to
investigate classical transpbrand for preliminary turbulent transport measuretsien
(Sec. 2.3.2). Although fairly reliable in operatigincould not be operated at pitch angles
larger than 25and only at magnetic fields of ~ 1 kG or less.tkemmore, it has much
reduced beam production with helium compared tomripecause the higher ionization
potential prevents the formation of a sufficientigh plasma density in the source RF
coil. A new fast-ion source with features compeingathe RF source is necessary, and

presumably with different mechanism in fast-ion gyation.

2.3.1 Thermionic Lithium Aluminosilicate lon Sources

Alternatives to plasmas discharges as chargedcfgaburce are the solid-state
thermionic emitters. While they are widely used edsctron emitters, they are used
infrequently as ion sources because of their lichtarrent density. Of particular interest
as a thermionic ion emitter for the fast-ion praogrna lithium aluminosilicate (LAS). The
type of aluminosilicate used in this article is 8&ucryptité®. Apart from lithium, these
ceramics are also available for other alkali ismdium, potassium and cesium. Because
of their ceramic nature, these emitters are ineratmospheric constituents at room
temperature, but deteriorate in the presence ofj@xyvacuum oil, etc. at operating
conditions (1000 — 1200° C).

LAS sources have been used before in plasma redaqeetiments. A small gridded

22



lithium ion source was used to investigate iontdanibits in the vacuum magnetic field of
the Compact Auburn TorsatrorLithium ion and neutral beam sources, placedraathy

to the plasma chamber, are also used for optichlb@am probe diagnostics in tokamak
and stellarator configuratioi§"%**? Since these sources are operated in the absénce o
plasma electrons and system magnetic fields, theyemnploy a Pierce configuration

which generates low emittance, high current dermigms.

a)

3K .05 30
Fe Mounting— 500 ——s=t=— 50

Struts B 120°

Mo Body ——w J]u oo

| E—
HT Mo Heoter Leud_/
With Cooling Overwrop

Aluming Potting =7 —
Ma Heat Shield Fack

Emission Surface

b) 2,010 3¥Resw Heater Wlire
/wth @007 HT Mo Overwrnp

™_#015 Re 3 ] ™
Places @ 120° / 49
| 5X 5

Moly Bod Iy Emission Surfoce
oy oey See Table A

FIG. 2.4. Schematics and photographs of lithium ion sources from Heat Wave Inc.
(a) Model 101142 0.6” Dia. lon source; (b) Model 101139 0.25” Dia. lon source.
http://www.cathode.com/i_alkali.htm
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A. Lithium lon Source Design And Characterization

The Pierce geometry is the ideal configurationdbarged particle sources since it
has no beam perturbing grid structures. Unfortupate can not be used for the
investigations of fast-ion behavior in plasmas lbeea the background plasma
constituents streaming into the gun will modify tleeuum electric field of the electrodes.
In addition, the external magnetic field will mogithe beam orbits within the large
physical structure of a Pierce source. Thereforgridded gun configuration was chosen
in which the emitter — extraction grid separatioasvemall enough to render beam orbit

modifications within the gun structure byxB, and ExB, forces insignificant.

Two lithium ion guns with lithium aluminosilicatesahermionic emitters of different
sizes (0.6” and 0.25” diameter, Heat Wave fjcwere designed, constructed and
characterized at UC Irvine. Lithium emitters wiyipical isotope concentrations of 92.5%
Li-7 and 7.5% Li-6 are chosen for testing the fast-sources. Li-7 isotopically purified
emitters are used for the fast-ion transport expents (Chapter 3). The cross section of a
generic lithium ion gun is schematically shown IGF2.5. The actual configurations are
scaled to the two different emitter sizes (Appen@ix While the gun with the 0.6”
emitter is the prototype, the smaller gun was dgyad to decrease the perturbation of
the LAPD plasma by the gun housing and to be ablase standard 50 mm diameter
vacuum interlock valves of LAPD. Both guns weretédsfirst in the Electron-Positron

chamber’s ultrahigh vacuum environment.
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LAPD
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shield at negative ~— Ppositive
reference | bias T Bias
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FIG. 2.5. Cross sectional view of a generic lithium ion source in the LAPD plasma

at a pitch angle of 30°.
Shaded area corresponds to the beam extraction region, which is also the domain

used to simulate the field line configuration in FIG. 2.10
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Since the ion emission from LAS is not purely arthally activated process but can
be enhanced by an external electric field (Schogtfgct), it is desirable to have a high
potential difference between the emitter and thst fgrid. Therefore, to produce
sufficient beam currents even at low beam energiescceleration—deceleration strategy
is employed where the emitter is biased positivith(wespect to the gun housing and the
second grid) to the desired beam energy while itke drid is biased to an appropriately
high negative potential. Measured by a laser bedmm, optical transparency of the
grid-system poses an upper bound for the beam nvas®n efficiency (collection
current/emission current). Strong field line distms or space charge effect will cause
the beam transmission efficiency to decrease flwoptical transparency.

The ion guns are first tested in the Electron-fPoisichamber, usually without the
presence of a plasma to neutralize the beam sgasgec The distance from emitter to
exit, respectively, is 1.88 cm for 0.6” emitter smaiand 1.45 cm for 0.25” emitter source.
During vacuum operations, it was observed thatcthleector and the probe have to be
within a few centimeters from the source exit toaswge the beam current. As indicated
in FIG. 2.2 a), a collector plate, a radial rotprgbe and a Faraday cup are all installed on
the top flange of the center section. The probebearotated manually to cross the center
of the beam for measurement, or kept away frombeteam while using the collector or

the Faraday cup.
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FIG. 2.6. Beam diagnostics installed in the Electron-Positron chamber.

To test the basic performance of the ion gunsethission current was monitored as
a function of emitter temperature as measured byjtical pyrometer viewing the
emitter through a quartz vacuum window at one einthe Electron-Positron chamber.
The emissivity of the emitter surface, assuming 0.8, could cause ~ 65 °C of

temperature underestimate. In this work, the emitenperature is recorded without

emissivity corrections and serves as a relativeeatdr of beam current performance.

FIG. 2.7. Photograph viewing from Electron-Positron chamber end port.
0.6” emitter lithium source heater on: 5.0 V, 8.4 A (left) and 5.68 V, 9.24 A (right).
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For the 0.6” emitter at 1150 °C and biased to 2tk observed current is 2 mA
which corresponds to a current density of 1 mAlcBecause the 0.6” diameter beam is
more than sufficient for this fast-ion transporvestigation, to achieve a better spatial
resolution, this gun is usually operated with a B miameter circular aperture. The
secondary electron emission from thegtid is measured to be less than 1% of emission
current, which causes less than 10% of ion trarsamsoverestimate. With two 40 lines
per inch (Ipi), 91% transmission Molybdenum grithe optical transparency is 81%. FIG.
2.8 compares the emission current and the curceahtoutside collector (2.5 cm from
the emitter) as a function of extraction voltagehwhe emitter temperature at 1050 °C.
The space charge limit at 1000 V of extraction agdt is ~20QuA, which indicates that
most of the current levels are limited by therm@oemission instead of space charge
effect. On average, near 80% of the ion beam isstnétted through the grid holes with
the acceleration voltage above 500 V. Positionimg gun axis at an angle of “4®ith
respect to an external magnetic field of up to 4dinot result in a change of emission
current. FIG. 2.9 (a) shows the beam cross-se&iom outside the gun in the UC Irvine
chamber, using a 3 mm diameter disk collector, destrating good beam optics. It
should be noted that in FIG. 2.9, the emitter autrveas intentionally kept low at (a) ~ 0.1
mA and (b) ~ 1QuA to reduce radial space charge modification ofltkam profile. In
FIG. 2.9 (b), the beam radial profile is still witkl by ~ 10% from the radial

expansion.
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FIG. 2.8. 0.6” emitter gun emission and collection current versus acceleration gap
voltage.

Beam transmission efficiency is calculated for each pair of current levels. (Total
grid optical transparency is 81%.)
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FIG. 2.9. Emitted beam profiles of lithium sources.

(a) 0.6” emitter gun beam profile across beam center collected 5 cm away from
the beam exit. Profiles are taken with +2.0 kV emitter bias and 1050°C emitter
temperature; (b) Comparison of 0.25” emitter gun beam profiles before and after
modifying 1% grid structure. Profiles are taken with +600 V emitter bias, —100 V 1%
grid bias and 1050°C emitter temperature.
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Distortion of the ion orbits within the gun strustucan be caused by the fringing
fields at the edge of the emitter and the grid suppngs as well as by equipotential
surface deviations from being strictly paralleldlose vicinity of the grid wires. These
effects are more prevalent for the small diametaitter. Furthermore, care must be
taken to place insulating structures in such a wWey accumulated charges will not
distort the field. To visualize the electric figdattern within the actual gun structures, the
Femlab software (COMSOL, Inc.) is used to calculdte 2D equipotential lines in
cylindrical coordinates and estimate the spacegehaffect (FIG. 2.10 (a), (b) and (c)).
The models’ boundary conditions are set at typogarating conditions. Since Femlab
lacks a poisson solver, the space charge effetheofbeam is estimated by imposing
uniformly distributed space charge along the beath.pA 0.1 mA/crf, Li ion beam at
600 eV energy corresponds to a reference chargsitdesf po (7.23 x 1¢ C/n?). A
potential barrier comparable to the beam energ\s chmé¢ appear in the source until the
imposed charge density is increased topdOld can be seen that for the 0.6” emitter gun
(FIG. 2.10 a) the fringing fields and the field tddions around the grid wires are
minimal. Since this ion gun is usually operatedhwet0.5 cm aperture, sampling only the
center part of the beam, it produces a high quéaksgm. In contrast, the 0.25” emitter
gun, where, to reduce edge effects, the emittenid-gpacing was reduced from 2.50 to
1.25 mm, these effects are more severe. FIG. 2.%8dws the field pattern for the 0.25”
emitter gun initial design using a 40 Ipi firstdyrBecause the grid is much closer to the
emitter, the equipotential lines are greatly digdraround the grid wires, compared to
FIG. 2.10 a) where the same grid size but a lasgacing was used. In addition, in the

deceleration stage, the fringing field in the gsigpport ring reaches to the center of the
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beam. As a result of both effects, the radial b@aafile for this gun is wider than the
emitter diameter (FIG. 2.9 (b)) and the transmitbeédm current is greatly reduced (~
30% of emission current). To improve the beam t¢yadi 90 Ipi first grid was installed
and an additional 40 Ipi grid was installed on tpposite side of the grid support ring
with a wider aperture (0.40” 1.D.). The improvemertthe field pattern is evident from
FIG. 2.10 c¢). Although the radial distribution dfet beam (FIG. 2.9 (b)) is similar, the
transmitted beam current doubles with the modifiedign, in spite of the total optical
transparency dropping from 81% to 64%. The beamstmession efficiency is also
improved to be ~ 49 — 66 % (uncertainty causeddssible secondary electron emission)

that is comparable to the optical transparency.

32



1.2 Lol
1.1 :  0.5cmBeam
1 : Exit Aperture
E 0 9 2" Grid :_ e

Emitter +600 V

-04 02 0 02 04

r (inch)

08 0.6 c-n?;eam (b)
Exit Aperture

0.7 st}

-03-02-01 0 0.1 0.2 03

r (inch)

Emitter +600 V

-03-02-01 0 01 02 03
r (inch)

FIG. 2.10. Electrostatic potential lines calculated according to different gun
configurations.

(a) 0.6” emitter gun; (b) 0.25” emitter gun initial design with a single 1% grid next to
the emitter; (c) 0.25” emitter gun modified design with two 1° grids biased
negatively. Cylindrical symmetry is assumed in simulations and all grid sizes are
to scale (may appear to be a single dot). Dashed boxes show where space charge
is uniformly distributed along the beam paths. Simulations are powered by
Femlab (COMSOL, Inc.).
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The large diameter planar collector that measuregdtal emitted beam current was
used to acquire the energy distribution of the bdamtaking the derivative of the
collected current with respect to the collectosbiaG. 2.11 gives examples of the beam
energy distributions for the 0.25” emitter gun. Madth is about 4% of the beam energy
without deconvolving the energy resolution of thelector. For these LAS emitters ,
the actual energy spread of a near zero energy heagiven by a Maxwellian
distribution determined by emitter temperature,clhis about 0.25 eV. The low energy
tail of the distributions, becoming more prominemith increasing beam extraction
voltage, is likely due to the field line deviatiof®m directions perpendicular to the
emitter, e.g. those around the wires of the extraarids, as well as increased resolution
width of the collector at higher beam energy.

From these results it is evident, that great ¢wre to be taken in the design of
gridded guns for good performance, and that thépetgntial surfaces in the acceleration
and deceleration stages of the gun should dewviate planes as little as possible since
these field errors influence both the energy speeatithe divergence of the beams. Edge
effects can be minimized by extending the paral@hes defined by emitter and first grid
to larger radii. In the acceleration stage, thisacgcomplished by providing a shield
structure around the emitter and by the grid suppieg. In the deceleration stage, again
to provide flat equipotential planes, extra grids sometimes necessary even though they

decrease the total optical transparency.
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FIG. 2.11. Energy distributions from 0.25” emitter gun with different emitter biases.
Data taken with — 100 V 1% grid bias and 1100 °C emitter temperature.

With a specially fabricated power supply (Appen@ixfor high voltages and heater
current, the ion guns can be operated either inOBemode or pulsed at the 1 Hz
repetition rate of the LAPD plasma using a minim&B ms pulse length. From the
experience of operating the larger gun at LAPD, e¢hdtter lifetime was found to be
about 20 hours for an average beam current density mA/cnf. In a high vacuum

environment, the lifetime is considerably longet@ding to Heat Wave Labs, Inc.
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B. Operation Of Lithium Sources In The LAPD

The introduction of the lithium fast-ion sourcesoirthe LAPD machine is a time
consuming process, mainly due to the out gassirtheoheater. The lithium sources are
transported to UCLA with freshly replaced emitteeqnstalled. Several layers of tight
bagging are convenient to prevent excessive watgorvduring transportation. Taking #
35 side rectangular port on the LAPD as an examlé, emitter source is first
mechanically installed on the spool, pumped dowr ® x 1C° torr using a cryo-pump
system in about two hours. Then the source needsetout gassed at ~ 5.0 A and
monitored by an RGA for ¥D partial pressure since oxygen is a major poisorite
LAPD cathode. The O partial pressure will first rise up then drop aote ~ 6 x 16 in
another two hours before opening the gate valvis. ddvisable to coordinate the whole
process with other activities for efficiency.

Supported by stainless steel tubes that also tlaerjreater and high voltage cables,
the ion guns are placed into the LAPD vacuum chambearious points along the axis
of the system. Differentially pumped chevron sedlew radial motion and rotation of
the guns without vacuum leaks. The ion gun and p®upply system can be separated
electrically from the vacuum chamber ground. THisves the ion gun to float at the
plasma potential, decreasing the perturbation @fpasma by the ion gun housing. The

plasma — ion gun configuration at LAPD is shownesohtically in FIG. 2.12.
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z=0.96 m z=0.00 m
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FIG. 2.12. Fast-ion experimental configuration in the LAPD plasma (schematic).
Figure shows that fast ion completes three cyclotron orbits before being collected
by the fast-ion analyzer three ports away from the source (0.96 m). The analyzer
scans in x-y plane for beam spatial profile.

Operation of these ion guns inside a plasma enmient has pros and cons
compared to operation in a vacuum field chambethénLAPD plasma, the beam with
the maximum current output is charge neutralizedth® plasma electrons since the
plasma charge density, even during the aftergloweeds that of the beam by three
orders of magnitude, which is an obvious benefit tfee fast-ion beam orbit studies.
There are also issues to be aware of when the esasiienmersed in a plasma. Firstly,
since the ion sources are often floated to redilesna perturbation, the exiting fast-ion
energy is referenced to plasma floating potentiddich is subject to change of plasma
conditions. For example the floating potential lve discharge is ~10 V higher than that
in the afterglow, which causes ~10 eV of differencebeam energy given identical
extraction grid biases. Secondly, because the emsitat the positive beam voltage and
because the grid holes, for any useful plasma teraie large compared to the Debye

length, plasma electrons can reach the emittetrele of the ion gun. For operation in

the afterglow phase of the LAPD plasma, this jukisaa few mA to the load of the high
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voltage power supply, but otherwise does not imgaar function of the ion gun. On the
other hand, during the high-density discharge, ¢hisent becomes excessively large. In
this case, the ion gun must be positioned at acseftly large pitch angle so that the
plasma electrons, tied to the magnetic field limes, prevented from reaching the emitter,

which is schematically indicated in FIG. 2.5.

C. Experimental Determination of Lithium Isotope Concentration

The natural abundance of lithium-7 is 93%, with tl@maining fraction to be
lithium-6. HeatWave Labs Inc. claimed their isotigily purified lithium-7 sources reach
99.99% grade of purity. To be objective about thisnber, a separate experiment was
conducted to determine the bottom line of the dithi7 purity in a commercial 0.6” Dia.
lithium-7 source—using the LAPD as a large masstspeneter chamber (data set
indicated in Appendix B).

The plasma-fast-ion parameters are based on thpl&agsonance case (lll) used in
Chapter 2. At first, a theoretical calculation potsl a ~ 90° difference in the collected
gyro phase between the Li-7 peak and Li-6 peak.typieal beam spread along the gyro
direction is ~ 40°, which means a weak Li-6 peakildas negligible effect on the main
Li-7 spot. Then in the experiment, a Li-7 spotaarmed withBy = 1200 G, followed by
another scan witB, changed to 1110 G, which would move the Li-6 sgany, to the
center of the same grid. The lithium source is gailsn for ~ 20 ms with a initial rising
time of ~10 ms and a eventual decaying time of S0

The data with the flat-energy duration (FIG. 2.)®bthe lithium source pulse shows
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> 91% purity. Averaged fast-ion net signal over tia¢-energy time slot and the area of
the beam spot is calculated for 1200 G and 111@&t&. dhe 1200 G data show a strong
Li-7 spot as expected with the correct energy;ttHE0 G data has a strong influence from
the Li-7 spot with lower beam energies (~ 575 eu) & weak Li-6 spot does show up
towards the end of the flat-energy duration.

The slow decaying duration of the emitter bias esyvuseful for calibrating the
fast-ion energy, as shown in FIG. 2.13 a). Fast-ibraveled different numbers of
gyro-cycles with different initial energies at thellection plane, which corresponds to
multiple peaks shown in a). The energies of thekpeand the theoretical gyro-cycles
match in FIG. 2.13 c), which facilitates the idéottion of a lithium-6 center. This

technique yields a lithium-7 purity estimation af & 1.5 %.
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FIG. 2.13. Experiment for lithium-7 isotope purity.

(a) Fast-ion signal with multiple energy beams during the bias decaying time; (b)
Emitter bias corresponding to the beam instant energy; (c) calibration using
fast-ion beams traveled various numbers of gyro-cycles before collection.
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D. Lithium Aluminosilicate Source Re-coating Project

Due to the finite source life time (~ 20 hrs) anghhprice marks (> 1100 $ for a new
0.6” Dia. Source), options were researched formdigves, including having Heat Wave
Labs Inc. “re-imp” (company preferred jargon fora@ating) the depleted sources, and a
project to perform re-coating in the Electron-Poastchamber at UC Irvine.

Heat Wave Labs Inc. offers ~ 50% discount if a digul source is sent and re-coated
there. The Sep. and Dec. 2007 LAPD data run prahedsimilar lifetime for the
refurbished sources. During a data run, it is ingodrto have two refurbished sources
ready before the experiment. The Dec. 2007 runretiiire the back-up source since the
first one had a grainy emission surface that caesegssive beam divergence. Before
requesting a re-coating from the company, it isommended to remove the depleted
material (Dremel tools) before sending the package to emphasize “polish emission
surface at best effort”.

An independent heating device was designed (Appefdiand installed in the
Electron-Positron chamber. The goal is to uniforntgat up the raw lithium
aluminosilicate powder (Heat Wave labs Inc. #101@5) in the container of an empty
lithium 0.6” emitter. The original heater insideethource and an auxiliary tungsten heater
are used to increase the sample temperature to 42DB00°C. The closeness of the
melting temperature and the boiling temperaturethef powder makes it critical to
maintain the temperature within the small gap. Oone fill of the powder is melted

down to form a glassy structure as preferred, thelevdevice is cooled down slowly
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over a two hour range to prevent cracking of tlessy structure. Another fill is repeated
by the same process until the whole cap of thetemis filled with fresh emission
material. A method to grind the surface flat isdezkin the near future before completely

relying on this re-coating technique.

E. Calibration of a Time-of-Flight Neutral Particle Analyzer—Another

Application of the Lithium Fast-ion Source (0.25” Da.)

The energy calibration of a time-of-flight (TOF) adnostic (Wayne Harris)
implemented on the Irvine Field Reversed Configara{lIFRC) was accomplished with
the 0.25” Dia. Lithium fast-ion source (mini-LiGun)he purpose of the TOF diagnostic
is to obtain an energy distribution function frolracge-exchanged neutral hydrogen. The
diagnostic includes a 13cm radius slotted disktimgaat 165Hz in vacuum which chops
the emitted neutrals at a rate of 26 kHz. In-giturtg verification was performed with a
DC xenon discharge lamp with an uncertainty leenthOOns for a 38us chopping

period.

Aperfure
Slit Bypass / .
_ / . .  Photodiode
Mini- \ | Slit Collimator . Channel Electron Multiplier
LiGun Flight Tube
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.| ==

Reference
Laser

Slit Bypass

T Chopper

Mtor

FIG. 2.14. lllustration of the mini-LiGun and the TOF diagnostic

Using a 500V emitter bias for the source, energyQffeV was assumed to be correct

42



to calculate the slot open time. The lithium soum®duces a beam current of
0.1-1mA/cm2, which corresponds to a maximum of<L " ions/s. Taking into account
the beam divergence of 3° and the flux reductioa wuthe slit geometry, the maximum
expected ion rate was around 9 ions/us. The mahsgent rate was low enough to

detect individual particles. A sample shot is shawRIG. 2.15.
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FIG. 2.15. Individual Pulses from lithium ion source.
Emitter Bias 800V, Chop Frequency 26 kHz

The ion source bias voltage was varied from 3003060V for an energy scan. The
oscilloscope was triggered off of the TTL signahgeated from the reference laser and
the pulse times were all measured from the poinivfath the signal was 5% of the
maximum on the leading edge. For the data showii@ 2.16, the delay between the
reference laser and the average pulse positionmeasured for a 500V emitter bias on

the ion source. The delay between the slot opeea &ind the reference laser signal was
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used to calculate the slot open time for various émergies as the emitter bias was
scanned. The standard deviation of the 500V biss was 1.06ps and can be attributed
to the finite slit open time. As shown, the fittirek of the averaged data differs from the

expected energies by only 2%.
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FIG. 2.16. Lithium ion energy scan.

Expected trend (solid) represents a 1:1 correspondence between ion energy and
emitter bias. Best-fit line (dashed) falls within error bars. Error bars calculated by
the deviation from the mean at each bias voltage.

To determine the lithium energy distribution fulctj 650 pulses were sampled at an

800V emitter bias and binned according to the tilifference between the reference laser
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and the arrival time as shown in FIG. 2.17. The eexpd flux from a drifting

Maxwell-Boltzman distribution with peak energy dd@V and temperature of 60eV is
shown for comparison, in addition to data takemnmfrine biased planar collector in the
Electron-Positron Chamber. The Maxwell-Boltzmantribsition and the collector data
have both been transformed to the time-domain angialuted with the aperture function
in order to compare with the TOF data. As discussatier, the 60 eV empirical beam
temperature is largely due to the resolution ofdlagnostics—the TOF or the collection
plate. The theoretical initial temperature of thhilm sources are still around 0.25 eV

determined by the surface temperature.
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FIG. 2.17. Lithium ion distribution function.

For 800V bias in time domain as measured by TOF diagnostic (boxes) where data
are binned into 500ns intervals. Maxwell-Boltzman distribution comparison (solid)
with 60eV temperature and 800eV drift convoluted with aperture function and
compared with convoluted data from ion beam energy distribution from FIG. 2.11.
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2.3.2 3-cm RF lon Source Modification

The 3-cm RF fast-ion source used to have the vadeedthroughs on Teflon o-ring
seals, which developed a critical leak during anPDArun. The final solution was to
replace the bottom of the cylindrical chamber fatching capacitors next to the RF coil
with a detachable flange (Appendix C). Four feealtighs including a Swagelok for gas
feed are welded on to the flange. The original éhcapacitors are enclosed in the
cylindrical chamber with replaceable o-rings onhbtite front and the bottom flange. A
new RF matching efficiency curvéPifwarda / Piota) 1S Shown in FIG. 2.18, with best
efficiency up to 95% at ~ 20 MHz frequency. The &¥arce has its own features as been
able to operate at 0 to 20 degrees pitch anglehayidthroughput (> 10 mA ion current)
which is suitable for proposed test-particle Landasonance experiment in the future

(Sec. 5.3).
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FIG. 2.18. Matching efficiency curve of the modified connection of the RF source.
Data taken 3.12.2006

2.4 Shear Alfvén Waves Antennas

In order to launch magnitude and frequency colatioté shear Alfvén waves in the LAPB,total
of three different antenna designs are used in @Rgeriment for different azimuthal
mode numbersnf). For m = 0O, the disk antenna is the standard small sowite a
diameter (1.0 cm) comparable to the electron skiptlil 6 ~ 0.5 cm). A phase locked rf
tone burst at a variable frequency (below the mimmetyclotron frequency atoBis fed
to the positively-biased disk to drive SAW. Theldialigned blade antenna is made of a
solid copper cylinder 0.96 cm in diameter. A sindabrf current of ~ 2.0 A (rms) flows
in the long leg aligned along axis and azimuthally inductively coupled to thegmha
with minimal influences from the two radial leg® launch aimm = 1 mode, a rectangular

loop antenna containing two parallel current ch#éian be used. The resulting field
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pattern resembles two small disk or blade antesaparated by a small distance only in
perpendicular plane and driven with currents 180° af phas& '”. Two intersecting
Alfvén cone structures constructively interfere twieach other to form a linearly
polarized wave field propagating through the loopeana axis that also aligns with the
background magnetic field. Due to different prefees, the loop antenna is used in the
fast-ion Doppler resonance experiment, and thd Bégned blade antenna and the small

disk antenna are most frequently used in the SA¥¢tsal gap experiment.

FIG. 2.19. Photograph of the loop antenna. (T. Carter, B. Brugman, UCLA)

2.5 Diagnostic Tools

Apart from the fast-ion sources and SAW antennas, diagnostic tools are
indispensable in detecting the desired fast-ionag ensuring plasma and waves behave
normally, and guiding the improvement of the exments. They are really the “eyes” of

an experimentalist to “see” the invisible fast-lseams and SAWSs.
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2.5.1 Collimated/Gridded Fast-ion Analyzers

Several probe designs to determine the positiah erergy distribution of the ion
beam in the LAPD plasma were tested. To have gquadia resolution as well as
sufficient collecting area, the probe collector hadiameter of typically 3.2 mm. With a
beam current density considerably less than 1 mAfgpical probe current signals are in
the 0.1 - 1uA range at large distances from the ion gun. D&tecif these small signals
at the LAPD, particularly during the dischargeclmllenging. The kiloamp level plasma
discharge current pulse causes stray signals dgetmd loops and capacitive as well as
inductive coupling, which have to be eliminateddogper grounding and shielding. More
important is the influx of background plasma ions &lectrons into the detector/analyzer.
Fast-ion analyzers taking advantage of either etettor geometricaf shielding have
been developed but none of them can detect fassigimals during the discharge. The
best design combines both shielding techniquesthiegeto detect fast-ion signal

successfully in the discharge (FIG. 2.20).
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FIG. 2.20. lllustration of the Fast-ion Analyzer that distinguishes Fast-ion signals
from thermal particles.
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The collector of the fast-ion analyzer is biasedifpgely at various voltages to obtain
the energy distribution of the ion beam in the LApPBsma. For a 600 eV beam with a
pitch angle of 28°, measured 1” away from the beaiin the LAPD afterglow plasma,
the energy spread (3%) is similar to that measuned vacuum magnetic field. A
continuous low-energy tail is observed in the dsition.

For small pitch angles (<15°), the collector of tfest-ion Analyzer is biased
sufficiently positive (~+50 V) to reject plasma ®nSince this would result in the
collection of plasma electrons, an intermediate ggibiased negative (~ - 50 V). In the
discharge plasma, the Debye length (n is smaller than the grid holes (~®) that
become partially transparent for electrons. Singdsgwith sufficiently small holes are
not practical, two successive grids on the samentiad were employed, the first grid
reducing the plasma density and therefore incrgasia Debye length for the second grid
to become effective. For larger pitch angle (>X&ams, the tubular housing surrounding
the recessed collector is directed parallel tolakbal ion beam trajectory. The collector is
recessed in the housing by more than the plasnr@teand ion Larmor radii (FIG. 2.20)
to shield the collector from thermal particles getmeally. Thus one of the advantages
of choosing a large pitch angle (>15°) beam fos tigisearch is obvious: both electrical
and geometrical shielding can work together to mdze the fast-ion signal to noise ratio.
The acceptance angle of the probe is also ~ 15¢wdefines the angular resolution of
the probe. During an experiment, the pitch anglethef probe can be optimized by

maximizing the fast-ion signal on a scope.
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FIG. 2.21 shows signal traces of a typical éapgch angle beam diagnostics. They
are, as in four separate plots, the temporal elemuif the LAPD plasma line density, the
voltage pulse applied to the emitter, the emitt@rent and the probe current for gun
operation in the afterglow and during the dischaiflee afterglow and the discharge
traces are scanned independently but presentedtidgether according to their timings
relative to the LAPD plasma discharge. Both timadeiws, (1) and (2) in the figure, start
from 20 ms after each emitter bias trigger andftasé ms, during which time the plasma
conditions and ion gun performance are steady. giireis operated at an angle of 28°
with respect to a 1.5 kG magnetic field. The be@nads are measured one port from the
gun (32 cm) where the ion beam has performed on®tecgn orbit. The probe signal
carries some residual fluctuations due to the pdapuoise especially in the discharge, but
the net signal is clearly revealed after subtrgctie beam-off signal from the beam-on

signal.
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FIG. 2.21. Typical Fast-ion Analyzer collected signal with reference to LAPD
plasma density and lithium source properties (0.6” emitter gun).

Conditions: B=1.5 kG; peak emitter bias=554 V; 1st grid bias= -100 V; analyzer
axial distance from source=32 cm; analyzer grids biases are +50 V, -50 V. Two
different time windows: (1) Discharge (averaging every 15 shots and every 128
continuous samples; sample rate at 50 MHz; 6 ms duration). Beam-on
(red-dashed) signal is compared to beam-off (dashed). Net signal is shown as
beam-on minus beam-off; (2) Afterglow (averaging every 3 shots and every 128
continuous samples; sample rate at 25 MHz; 6 ms duration). Beam-on (blue)
signal is compared to beam-off (dashed).

Measurements of the beam profile in the LAPD plasngashown in FIG. 2.22 where
the fast-ion analyzer is scanned in the x-y pldf&.(2.12) with spatial steps of 1.0 mm

in x and 2.0 mm in y. In all cases, the 0.6” emiith gun is operated with a 5 mm
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aperture. FIG. 2.22 (a) displays the transversenh@afile for a zero pitch angle beam in
the afterglow plasma, 2.5 cm from the ion gun. RR@2 (b) is a beam contour taken
during the afterglow plasma [time window (2) in FI&21]. It was found in our previous
fast-ion beam investigations with argon ions, that, for helical beams, the Hlig
divergent beam emanating from the gun is refociadedteger numbers of gyro orbits.
Therefore, orbits are always selected to completeger numbers of gyro orbits that
coincide with the location of diagnostic ports.RIG. 2.22 (b) the beam has completed
approximately one gyro orbit before reaching thalgrer at one port away (32 cm)
along the z direction. The beam spot is elongatetea direction of gyro motion. A likely
explanation for this effect is that, due to a énénergy spread, ions with different axial

velocities take different amounts of time to redloh z position of the detector. The gyro

Q. Az
phase ¢ at the detector isf—se, where Q, is the cyclotron frequencyAz is the
VCOo

fast-ion traveled distance in the z direction, ¥his fast-ion speed and@d is the fast-ion

pitch angle. SinceQ, is independent of energy, ions with different gmes reach the

detector with different gyro phases. The variaiiogyro phase with energyA¢, can be

expressed as

QAZ L
Ag= V 00519 ’ @

where m, is the mass of lithium fast-ion andE is the variation of fast-ion energy.

For a 20 eV beam energy spread, using parametéisin2.22 (b), the variation is 6.5
degrees in gyro phase and 0.31 cm in beam heigihg &he gyro orbit. This results in the
extra spread along the gyro direction. In contrdst, radial beam width is determined

primarily by the emitted radius of the beam.
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FIG. 2.22. Contours of 0.6”
emitter gun beam profile in
the LAPD plasma (color bars
in  pA; origin at LAPD
machine center).

White solid circle: 0.5 cm
diameter aperture (ideal
beam spot); Black cross hair:
beam center; Black dash
ellipse: ellipse with semimajor
and semiminor axes
calculated from 2D Gaussian
fit of beam contour; White
dash curve: part of the beam
orbit projection of x-y plane
with theoretical radius of 2.73
cm; White long dash line:
radial line connecting beam
center and orbit center.



The curvature of the gyro orbit at the beam caltecpoint causes a small portion of
the beam to be absorbed on the probe wall bef@aehiteg the recessed collector, which
is the vignetting effect discussed in Ref. [18hc®i the analyzer is always rotated in the
y-z plane to match the incoming beam, the colleeftective aperture in the y direction
is close to the collector diameter of 3.2 mm. Tlodlector effective aperture in the x
direction is determined to be ~ 2.7 mm by a simoifabf an ensemble of fast-ion orbits
in the analyzer geometry in the x-z plane. If dqr5 mm diameter beam is collected in
this manner, the widths of the beam along the xyamiirections, convoluted with the
collector effective aperture, are 5.7 mm and 5.9 nespectively.

To analyze the radial beam profile, the white dasive is first fitted in FIG. 2.22 (b)
to indicate the beam trajectory in the x-y planéhva radius of 2.7 cm that is calculated
from the beam launching conditions. Then the peaféita are extracted along radial lines
and fitted to Gaussian distributions with the goesinof fitting §°) recorded as statistical
weights®. An example of a radial line is shown in FIG. 2(B} connecting the cross hair
and the orbit center.

Radial profiles of the beam are shown in FIG. Z&23he discharge and the afterglow
signals. Both profiles are weighted averages oftlall available radial lines with
sufficient signal intensity. The profiles are aatety represented by Gaussian
distributions. The error bars correspond to temppfluatuations of beam local intensity
and they are calculated by taking standard deviat(®&TD) of 60 continuous time bins
(0.1 ms) of beam intensity at each radial locatibime discharge beam signal is noisier
than the afterglow signal. The full width at halaxmum (FWHM) for each curve is

close to the expected beam collection width.
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FIG. 2.23. Weighted average radial beam profile in the discharge and the
afterglow.

r=2.7 (cm) corresponds to the predicted center of the gyro orbit. The horizontal
line indicates the FWHM for each curve.
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2.5.2 B-dot Probes for Wave Magnetic Field

The wave magnetic field is measured by a set aitidelly designedb-dot probes
featuring three orthogonal induction coil-pairs @hhiare sensitive to the time derivative
of the wave magnetic field Each coil-pair is connected to a differential éifigs to
select magnetic signal and reject common mode nolse calibration information of the
ten b-dot probes is in Appendix D. During the experiments tmagnetic coils are
oriented so that the three components of the wale dlign with the LAPD coordinate

system.

_— Bo

FIG. 2.24. An example of the orthogonal coils in a b-dot probe.
(Figure from S. Vincena Ph. D. thesis)
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Chapter 3

FAST-ION DOPPLER SHIFTED
CYCLOTRON RESONANCE WITH

SHEAR ALFVEN WAVES

This chapter presents the direct experimental nmmeasent of fast-ion cross-field

transport induced by SAWSs in the linear regime.

o Sec. 3.1: Analytical resonance theory
o Sec. 3.2: SAW dispersion relation

e  Sec. 3.3: Simulation codes

o Sec. 3.4: Experimental setup

° Sec. 3.5: Resonance results
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3.1 Resonance Theory

A charged patrticle is in cyclotron resonance wittiaamsverse wave if the oscillation
of wave electric fieldE matches the Doppler-shifted cyclotron motion af farticlé,
when the particle and the wave exchange energygta##dy. The condition for such a
resonance between fast ions and SAWs propagatiajjgddo the ambient magnetic field
Bo (along thez direction) is

o-Kkyv,=+tQ ., (3.1)

zZ zZ— —

where w and k; are the wave frequency and parallel wave numbey;is the parallel
velocity of the fast ions in the lab frame; a@d= By / nx is the cyclotron frequency of
the fast ions. For MHD shear Alfvén waves, the éispn relation isw = k; va with

v, =B,/ u,nm as the wave phase velocity (the Alfvén speegt), is the mass density

of the plasma. The upper/lower sign in Eq. (3.1)responds to the normal/anomalous
Doppler resonance where fast ions travel slowegfatan the wave phase velocity along
Bo. In the following experiments, normal Doppler reance is investigated. The goodness
of the resonance is first evaluated by this normealidifference

AD=(0-kv,-Q,)/Q, <1 (3.2)

The positiorx and velocityv of the fast ion is given by the Lorentz force law,

%Zq—f(E-FVXBO-FVXB)
tom | (3.3)
dx
— =V
dt

where Eand B are the wave fields of SAW. Adopting Cartesian rciimates, the wave
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electric field can be modeled as linearly polarizethey-z plane,

E(y.z0)=(E,y+E 3 cosp t k v+0, | (3.4)
wheregy is the launched phase of the fast ion relativhéowave and assumin&X =0.

From Ampere’s law,E, is related toB, through:

E, =-—*, (3.5
whereue is determined by the plasma dispersion relaticet(S.2). In the experiment,
Ey has a perpendicular pattern determined by theacteristics of the SAW antenna

(see Sec. 3.4.4). ReplacB in Eq. (3.3), then the changes of fast-ion vejocit

components become

Yy I (v, xB,)

dt m

dv I N
<_y:i —V, x By + 1_a)ugvz ‘B, (3.6)
at  m | X ’ -
dv, _ 90 E,+ 2% vy-Eyj

dt m

which shows that perpendicular acceleration is @iyng they direction, and that the

parallel acceleration is associated with the réahange of perpendicular kinetic energy
as well as acceleration frorf,. At the exact Doppler resonance condition, grows
linearly with t. The phase of Ey seen by the fast ion changes and eventually turns

opposite, when the fast ion accelerates in the sigpalirection. The amplitudes of the
parallel and perpendicular velocities undergo stswillations over time and space much
longer compared to the period and wavelength ofvéee. This oscillation is actually the

fast ion’s trapping in the SAW. From Ref. [1], ttrapping period .y can be calculated
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as

| 8rmw (3.7)
Tirap = kzzquyVOZ ! :

where V; is the initial parallel velocity. The distanceueted along the direction intrrap
is defined aslap the trapping length.

The Landau resonance is another resonance mechdoisthe fast-ion beam to
exchange energy with the SAW. The resonance comndiitir this case seems conceptually
simpler than the Doppler resonance:

o-kv, =0. (3.8)

zZ Z—

However, it requires a fastLion (> 2 keV) at a relatively small initial pitangle, which
is currently not an operational regime for thisrth®nic emission source (see Sec. 2.3.1).
One example of the Landau resonance conditiorsiediin Table 2, where the plasma

conditions are modified from usual LAPD operatiamgrder to slow down the wave.

3.2 SAW Dispersion Relation

There are two regimes of plasma parameters for S#@pagation: the Kinetic
Alfivén Wave (KAW) for plasma electrons having a &ahann distribution in the
presence of the Alfvén wave fields and the Ineriflén Wave (IAW) for electrons
responding inertially to the wave. The KAW is mardevant to the physics of the
interior regions of tokamak plasmas and the IAWh® edge and limiter regions. In this

experiment, KAWSs launched during the dischargehefltAPD are investigated.

A dimensionless parameterf-=V2/v? is a quantitative measure of how inertial
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or kinetic a plasma region is, whefe, = /2T, /m, is the thermal electron speed with
the electron temperature. Lﬁe >>1, as in the discharge plasma of the LAPD, it is

kinetic; if B, <<1, as in most of the afterglow, inertial. For the WA the dispersion
relation is

w0’ 1k; =vil-a°+k’p)), (3.9)
wherek; is the component of the wave vector parallel ® tlackground magnetic fields, is the
perpendicular wave number angp, is the ion sound gyro-radiusp, =C /@, with
C, = (Te /'m )1/2 . The intensity of the parallel wave electric figgt?

. iok o2 .
E,= — u L_P; 7 oL
Val-07)1-0"+K'p;)

(3.10)

E//

A typical ratio of E is 0.01, which means that the non-vanishing paralectric field
1

will modify v, in the resonance experiment. The perpendiculastredefield can be

calculated from Ampére’s law and the dispersioatieh:

E | v,(1-2?%)
8| (1- a—fz+k2p2)”2' (-1
1 1 /~s

3.3 Resonance Orbit Simulation Code

3.3.1 Single particle simulation

If the cross field transport of the test-particlkealn is much smaller than the scale
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length of the wave fields, then a single particrdntz code is capable of predicting the
expected resonance beam profile by launching pestiat an ensemble of initial phases
(90)-

In the plasma physics literature, cross-fieldukitbn usually refers to radial transport
of guiding centers. In this experiment, the fastsimnly execute a few Larmor orbits
prior to measurement, so it is conceptually simpéeexamine the full helical Lorentz
orbit rather than the guiding-center orbit. A tydi©oppler resonance fast-ion trajectory
is shown in FIG. 3.1 a). Fast ion and wave pararsdflable 2) are chosen to satisfy the
Doppler resonance condition oo < 0.1, using feasible experiment conditions. To
indicate the relative strength of different SAWs;.Bis defined as the maximum
amplitude of B, in a specificzplane. If B, =B__X att =0, the ions, initiated in phase
with the wave, would lose energy (FIG. 3.1 b) cambusly from the wave and the

magnetic moment 4 =mv>/2B) decreases. At several gyro-cycles away in the z

direction, the fast-ion energWM) andu changes linearly with the traveling time/distance,;
as W changes, the initial phasg will eventually change top, = 7, whenW starts to
change in the opposite direction. The trapping ey is ~ 46 m from the origina

position (FIG. 3.1 b). The fast ion oscillates ihape space over long periods—the

trapping of fast ions in the wave frame.
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FIG.3.1  Single-particle simulation results.

a) An x-y projection of SAW influenced gyro-orbit (solid black) is compared with
the unperturbed one (dotted cyan). Bnax = 10 G; b) Fast-ion energy and magnetic
moment trapping in the SAW. Bnax = 1 G. (9o = O, fast-ion parameters refer to
Doppler resonance case Il in Table 2)
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If an ensemble of ions are launched with randomseharelative to the wave,
®, €10, 2r], other initial conditions being identical, theingitions on the collection plane
mark the spatial spreading caused by the pertorm&tbm the wave field (FIG.3.2 a). The
maximum displacements from the undisturbed positdtong the r and 43 directions

are defined aar androA®. It is obvious thatAr is a direct indicator of the change in

Q. Az
perpendicular ion energy\M). The gyro phase at the collection plane is—— , where
v

z

Az is the distance traveled by fast ions in zldirection. ThugoA® indicates the change

in parallel energy\W).
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FIG.3.2. Single-particle simulation results, cont.

a) Fast ion collection positions at Az = 0.96 m with 16 uniformly distributed values
of initial wave phase o (color crosses). Black box is the unperturbed collection
position. Bmax = 1 G; b) Doppler resonance spectra of Ar at variable z and Bax.
(Fast-ion parameters refer to Doppler resonance case Il in Table 2)
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In the simulation, varying the wave frequency fr@i to 1.0w (singly-ionized
helium ion cyclotron frequency), one can obtain spectrum of spatial displacements
caused by the SAW perturbation. In FIG.3.2 &) and rpA® are plotted against
o =olog, where the frequency satisfying the resonanceitond Ao = 0) is 0.65wi.
Resonance spectra show that the maximum displa¢ernenrs at the expected frequency.
At larger Az (less thaniyad4), the resonance frequency is closer to Q@ 5and the
resonance peak is sharper. At shorter lengths,sewgral gyro-cycles away, the quality
factor of the resonance is degraded but a clearimuem is still observed. The spatial
displacements are proportional to the SAW wavedfiamplitude, as expected for
moderate field perturbation8E / B < 1%) in the linear regime.

The simulation code was first used to find the mpticonditions for conducting the
resonance experiments with fast-ion sources irL&fRD. Realistic ranges for parameters
listed in Table 2 are evaluated in the code fap , Ar androA®. Those sets of parameters
satisfying Ao <1 while producing observabler androA® are selected for experiments

at the LAPD. Three lithium fast-ion Doppler resooarconditions in Table 2 are realized

and measured experimentally. In this article, it ntherwise specified, the resonance

parameters are foti, Doppler resonance case (Il).
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Li Li: Li:

Lit7 Landau
Doppler (I) Doppler (1) Doppler (I11)
Parameter
B (kG) 1.6 1.74 1.2 0.5
W (eV) 600 600 600 2000
0 (deg) 29.5 44.8 49.3 15
p (cm) 2.9 3.8 5.9 8.2
Gyro-cycle/port 1/1 4/3 1/1 1/6
ne (10" cnr3) 2.0 2.5 2.5 4
Te(eV) 6 6 6 4
fei (kHz) 610 663 457 191
Ar (cm)
(Az = 0.96 m) 0.43 0.5 0.5 n/a
Resonancen 0.63 0.63 0.65 128

Table 2 List of parameters for typical cases of fast ion and SAW resonance.

3.3.2 Monte-Carlo simulation

Since the single-particle model cannot simulatieiee beam with spatial and energy
distributions, an existing Monte-Carlo fast-ion ibrbodé€ is upgraded to include the
SAW induced fast-ion transport, as well as thesitad transport caused by thermal ions
and electrons. In the LAPD discharge plasma, thectelns dominate Coulomb
slowing-down, while thermal ions dominate the pitoigle scattering rate. A number of
fast ions are launched numerically according to itligal beam divergence in phase
space (5 deg. in pitch angle and ~ 5 eV in enelug to the difference in time scales

of the transport mechanisms shown in Table 3, thesical transport effects can be
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readily de-coupled from the SAW influence.

Transport Time Scales Time (Ms)
Pitch angle scatteringpas 5
Coulomb energy-lossiw 1

SAW period:tsaw 0.002 - 0.02
Cyclotron Motion:zcyciotron ~0.003

Table 3 Comparison of time rates for different transport mechanisms. By = 1.2 kG

During the simulation of each fast-ion orbit, théclp angle scattering event is
considered at a randomly selected timet(), by which each gyro-period is divided into
two partitions {cycioron = 1 + t2). FIG.3.3 shows the flow chart of the simulatioogess.
The single-particle Lorentz code is carried on tigtwout { and ¢ for SAW perturbation.
At the end of each time partition, the fast-ion rggeis updated by the Coulomb

slowing-down effect:

W'= Wexp{—i} : (3.12)

2-W
At t = t;, a Monte-Carlo collision operafodeveloped from the Coulomb scattering
theory is loaded to scatter the direction of the fast-iaiocity without changing its
magnitude. After the desired number of gyro-perisdiished, the fast-ion velocity and

coordinates are recorded in the computer memorynartfast-ion orbit is launched.
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Using the same linearly polarized shear Alfvén whelels as for the single-particle
simulation, thousands of fast-ion orbits are la@achwith random phasespd) to
contribute to the beam profile several gyro-cyctegay. The SAW-perturbed beam
profiles are compared in FIG.3.4 with the classpalfiles at different distances traveled
by fast ions. Notice in FIG.3.4, all the fast iotwlected in the x-y plane are included
regardless of their final velocities. The classibabm profile produced by a 0.5 cm
diameter source aperture is shown in FIG.3.4 a).tk® SAW-perturbed beam profiles,

Bmax IS set at 10 G. At the resonance peak frequeniy.3F# b, » = 0.65), substantial

profile widening happens along both thie (gyro-radius) andq; (gyro-angle) directions.
The widening effect increases with the distanceetissd by the fast ion. At the resonance
null frequency (FIG.3.4 cw = 0.20), on the contrary, fast ions only perforniftichg
motions along with the guiding center, whereas thgo-radius as well as the
perpendicular energy doesn’t change muchAAt 0.32 m and 0.64 m, beam profiles at
different phase¢p) form a ellipse. AtAz = 0.96 m, where fast ions finish 3 gyro-cycles,
beam profile (FIG.3.4 ¢) has minimal drifting arsl dlose to the unperturbed one in
FIG.3.4 a). These results from the Monte-Carlo rhaatgee with the experimental

findings in Sec. 3.5.
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FIG.3.4. Monte-Carlo model simulated fast-ion beam profiles with different SAW
perturbations.

The color of the dots indicates fast ion collection at different z planes: black (Az =
0 m), blue (Az = 0.32 m), green (Az = 0.64 m) and orange (Az = 0.96 m). (a) no
SAW present; (b) SAW at o = 0.65 (resonance peak), BX =10G; (c) SAW at o =

0.20 (resonance null), B,=10G.

3.4 Resonance Experimental Setup

3.4.1 Overview

This experiment is performed in the upgraded LARDjch has a 17.56-m-long,
1-m-diameter cylindrical main vacuum chamber. Rulgasmas (~ 10 ms in duration, 1
Hz repetition rate and £10% spatial uniformity) ameated by a discharge between a
barium oxide coated cathode and a gridded molyhuesmoodé. The cathode and anode
are separated by 50 cm and are both located abtitb end of the machine. The working

gas is helium at a partial pressure ~ 3 X Torr with less than 3% of impurities. Typical

76



average plasma parameters for this experimennare2.5x 10" cmi>, Te~ 6 eV,T, ~ 1.0
+0.5eV.

a) Fast Ion Analyzer Fast Ion Source SAW Antenna
z=0.96m z=0.00m z=-3.52m

t g Fast Ion
-z Orbit
[=]
% 1
) &Pﬁla;;ma. -
Asaw ~ 4 m
Analyzer Source Antenna
b) 1500¢ e :
@ 1000 - ;
B 500F » E
Ot ]

O 5 1015 20 25 30 35 40 45 50 55 60 65
LAPD port (#)

FIG.3.5. Experimental setup at the LAPD.

a) Overview of instruments; b) ambient magnetic field profile versus LAPD port

number. The distance between two adjacent ports is 0.32 m. Instruments’ typical
locations are marked by dashed perpendicular lines.

FIG.3.5 a) illustrates the hardware configuratifmsthis experiment. The origin of
the z axis is defined as the location of the lithiumtfem® source (Sec. 2.3.1). The
beam-wave interaction region is ~ 10 meters dowastr of the cathode to ensure
radially uniform background plasma properties. BV antenna (Sec. 2.4) is located at
z=- 3.52 m to avoid the near field effect (typiS@AW wavelength parallel tBy is ~ 4
m). The fast-ion analyzer (Sec. 2.5.1) scans tastsignals in the-y plane 0.32 to 0.96
m away from the source to vary the interaction tbeeveen wave and particle. FIG.3.5 b)

shows the actual LAPD port locations of all thetrasents relative to the ambient
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magnetic field profile. The distance between twgaeeint ports is 0.32 m. One set of
magnets next to the anode-cathode carries a higlreent corresponding to a 1.4 kG
field to avoid strong Alfvén maser formatmvhich is a major source of wave field
noise. A dissipating magnetic beach on the northafrthe machine is used to suppress
reflection of the waves at the end of the machiriee axial magnetic field profiles are
calculated from the actual current distribution &irthe magnets in the machfn&he
estimated axial field ripple amplitude at the radaf the machine is less than 2% for a

constant field configuration.

3.4.2 Fast-ion Signal Detection

The stainless steel source outer-shield (3" x 3fanges local plasma parameters
(especially when the outer shield is grounded & ltAPD chamber as is preferred). A
measurement of plasma floating potentiad (Mear the source region shows up to 10 V of
decrease, which causes a small adjustment of tam nergy. SAWs launched from
inserted antennas can also be influenced if theceois aligned axially with the
oscillating current channels that create the w8ex(3.4.4).

A special synchronization between the lithium seusnd the LAPD plasma is
employed, so that the ~ 20 ms fast-ion pulse igeiron and off every two plasma
discharges, with an adjustable delay and durafitwe. background signal is taken when
the source is disabled for one shot right afterpiteious beam-on shot. Even number of
shots is repeated at one spatial location befa@tbbe drive moves on. The signals with
the source on are subtracted by the sighals wéttstlurce off. The fast-ion signals shown

in this work are net signals with background sutitoas.
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An electrical diagram for the experiment is showrFIiG.3.6. Apart from the Alfvén
Maser signal, which is usually avoided as statediegathere exist two major noise
sources: the ~ 6 kA plasma discharge pulse causgag signals at 1 — 1000 Hz due to
capacitive and inductive couplings; the SAW rf drgrcircuit generates EM noise
outside of the chamber as well as SAW propagatisidé the plasma. It is thus very
important for the lithium source to have a solidwgrd reference to the LAPD chamber
ground with a complete shield around the heating lasing circuit. Two Mu-metal
shielded high-voltage power suppliesias the emitter and the accel-decel grid at edsir
voltages with < 0.05% ripple rate (< 0.3 Vpp ripple600 V), monitored by a Tektronix

P6015A high voltage probe.
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FIG.3.6 Electrical configurations and shielding solutions for fast-ion generation

and diagnostics.

(Drawings are topologically correct but not to scale.)

After the beam travels in the plasma/wave fiemsollimated fast-ion analyzer is
employed to produce a good fast-ion signal-to-noiséer strong rf noise environment
during the LAPD discharge. It packages a 3.2 mmabdlector, an identical dummy for
differential amplification and three molybdenumdgrifor variable electrical barriers.
Typical probe current signals are in the 0.1Alrange at large distances from the ion
gun. At operational pitch angles for the source28%), the tubular housing is directed

parallel to the local ion beam trajectory (FIG.3)5 in which the collector is recessed by
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more than the plasma ion Larmor radii to block tirparticles’ entrance geometrically.
The second grid is biased positive (~ + 50 V) dmlfirst grid is biased negative (~ - 10
V) to further reject plasma ions and electrons telgadly. Another application of the

analyzer is to sweep the bias of the second gridoup00 V to obtain the energy

distribution of the ion beam. For a 600 eV beanmhwitpitch angle of 28 measured 1”

away from the beam exit in the LAPD afterglow plasnthe energy spread (3%) is
similar to that measured in a vacuum magnetic fialdontinuous low-energy tail in the
energy distribution function is observed in thetrhsition in the presence of the plasma.

The fast-ion current and the dummy pickup sign&l fed through a RG 178B/U
coaxial cable twisted pair, shielded by the sta@®l6.95 cm O.D. shaft. Due to the shaft
length that’s required by the LAPD standard prolieedas well as a minimum of ~ 1 m
for external connection, the total capacitanceawhecoaxial signal line is ~ 270 pf. For
this work, a 1 M) input resistance is needed for sufficient fastsagmal as well as for
filtering out strong rf pickups. Signals are prepdifited by a Lecroy DA1822A
differential amplifier. A SONY/Techtronix A6907 dpal isolator separates the fast-ion
current reference and the data collection grousdiJces the offset caused by the plasma
discharge, and amplifies the beam signal for tl@®&NIBiz, 8 bit digitizer.

Measurements of the beam profile and wave fiellizeita 2D probe drive systemt(
0.5 mm precision) and highly reproducible plasmatstof the LAPD. At each spatial
location, multiple time traces are collected withuamber of plasma shots repeated. The
probe tip is then moved to the next spatial positocording to the pre-selected grid and
the process is repeated.

The fast-ion signal data and other channels sucth@sSAW antenna current are
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collected simultaneously by a computer controllégitider board. A Labview program
controls the data collection sequence includingnigand triggering, probe driving, and
antenna frequency sweeping. HDF5 formatted files aampiled after each data run to
document all the fundamental information includiig plasma discharge current and
density, chamber partial pressures, cathode temyerainterferometer trace and
magnetic field configuration. A typical fast-iongfite during the discharge of the LAPD
plasma is reconstructed from the data array andisho FIG.3.7. The collimated fast-ion

analyzer has good fast-ion signal-to-noise andapatolution.
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FIG.3.7. A typical lithium fast-ion beam profile during the discharge of the LAPD
plasma, with superimposed curves to aid further analysis.

Fast-ion analyzer located at z = 0.96 m. Gaussian center of x profiles: white
diamond; Fitted gyro-orbit from Gaussian centers: white-dashed; Radial cuts
every 1 degree: white-dotted; Minimum and maximum radial range: white-solid.
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3.4.3 SAWSs Launched by Loop Antenna

The LAPD’s large physical size and sufficiently imiglasma density and magnetic
field accommodates multiple Alfvén wavelengths. &&sh on SAW properties in the
LAPD dates back to 1994 when pairs of theoréetitaind experimentdl' ** papers were
published on SAWSs radiated from small perpendicideale sources in the LAPD.
Subsequently, other mechanisms were discovere@rergte Alfvén waves including a
variety of inserted antennas, resonance between UABPD cathode and the

semi-transparent anode—the Alfvén Mdaseand a dense laser-produced plasma
expansioff. In 2005, Palméf measured thermal ion polarization aftkB, drifts
caused by SAW fields.

To date, there are two different SAW perpendiculades that are actively launched

from inserted antennae in the LAPD. An azimuthaynmetric SAW pattern (m = 0)
with E, along the radial direction can be excited by dieggplication of an oscillating

charge density to a flat, circular mesh (r ~ 0.5 omexternal feeding of an oscillating
current through a thin copper rod parallelBge By adding another identical current
channel alon@, at the opposite phase, a few centimeters awdyeir-y plane, an m =1

mode can be excited with a linearly polariz@ region near the center of two current

channels.
This work uses an insulated rectangular coppepfoas an antenna. It is 30 cm
alongBpand 15 cm along thg axis. Currents flowing through the two parallereg

along By generate an m = 1 perpendicular field pattern. liffearly polarized region of
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the m = 1 pattern is aligned with part of the ggrbit to produce the Doppler resonance
effect. FIG.3.8) shows the typical alignment of théorbit and the SAW fields in they
plane, where the resonant fast ion gets a “kick/dmvery time it “swings” by the
maximum field region. The geometry and positiontlef source head is also drawn to
show that, for larger gyro-orbit condition, the smihead is farther away from the SAW

current channels and has less effect on the fields.
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FIG.3.8.  Arrangement of fast-ion source (red dashed) and the SAW fields on a
perpendicular plane.
Electric field data (white arrows, length proportional to field intensity, maximum at

34.3 V/m) are calculated from measured magnetic field data (B, shown by color

contour) takenatz= 0.64 m. f=297 kHz. The unperturbed fast-ion orbit is the
black dashed circle.
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Two different circuits drive the loop antenna. Tgrenary rf supply drives up to 2 kA
through the loop and generates Alfvén wave ammgudip to 10 G at variable
frequencies up to 0.8 (FIG.3.8). An Ethernet controlled Agilent wavefoganerator
manages the frequency of the output SAWs. The oumave form is triangular and
contains harmonics of the fundamental. Since th&/SAre expected to be strongly
damped near and abowg;'® the harmonics are usually inconsequential but filecta
waves launched at fundamental frequencies lowar thd w.. The secondary driving
circuit produces a nearly sinusoidal wave form tagjuires matching capacitors for each
SAW frequency. It produces amplitudes up to 1 Ghin following, the default antenna

current drive is the triangular one unless otheswnisted.
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FIG.3.9. Spectra of BX and loop antenna current by triangular drive.
B-dot probe signal taken at the radial center of z = - 0.32 m during Sep. 2007

LAPD run. (Data acquired with 100 MHz sampling rate, averaging 8 samples and
8 consecutive plasma shots).

The fluctuations of theéx spectrum (FIG.3.9) asp varies are due to the
field-line-resonance effect studied by C. Mitcheflal'® *’. Although a flaring field at

the north end of the machine is configured to redins effect (FIG.3.5 b), there are still

reflected waves to interfere with the primary wavBseb-dotprobes measures the linear
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addition of all wave fields. Since only the forwanméve can satisfy the normal Doppler
resonance condition, using thHedot probe measured fields for Doppler resonance

calculation would incur systematic error which denestimated from FIG.3.9.

3.4.4 SAW Perpendicular Pattern
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FIG.3.10. Perpendicular SAW magnetic field patterns.
a) port 36 (z =-0.32 m), f =297 kHz; b) port 33 (z =0.64 m), f = 297 kHz; c) port
31(z=1.28 m), =297 kHz; d) port 31 (z=1.28 m), f =154 kHz.

B-dot probes plane scans at multiple ports show thaaxied variations of the wave
field perpendicular pattern are small for the sdammching frequency. The influence of
the grounded fast-ion source on the wave pattemoigeable and frequency scans at
various frequencies reveal different levels of taffect on the wave pattern near the
source. Higher frequency SAWSs, corresponding tortehgarallel wavelengths, have
more distortion in the wave pattern (FIG.3.10 whidttion). While a generic wave
perpendicular pattern can be employed first toredt the theoretical resonance effect,

simulations using experimental wave field data flifferent frequencies are still

necessary to make careful comparison between tlamrgxperiment (Sec. 3.5.2).
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3.5 Resonance Experiment Results

3.5.1 Fast-ion Signal Shows SAWnduced Transport

As discussed earlier, the ~ 20 ms fast-ion bearsepiglturned on and off every two
LAPD plasma discharges. Close to the end of easbhdrge, the plasma parameters
reach the best uniformity in time and space, wihenldop antenna drives an adjustable rf
current for 0.5 — 0.8 ms, launching SAWs at thecHjgel frequency. When the beam
pulse is on, it overlaps in time with the 10 ms IDABlischarge. The data collection
time-window opens for 2 ms with ~ 0.5 ms before aftdr SAW duration. A typical time
history of a Doppler resonance experiment is showrG.3.11, with SAWSs launched at
the resonance frequency (297 kHz for Doppler resomaase Ill). The triangular wave
form of the SAW current is magnified in the insétdG.3.11 c). Fast-ion net signals are
shown in FIG.3.11 a) and b) where the source isqalibn for the whole ~ 2 ms window.

The fast-ion signals in FIG.3.11 a) and b) changaifgcantly in intensity, towards
different directions, when SAWSs propagate to thealmn of the fast-ion orbit several
microseconds after current drives through the anateifhe spatial locations of the two
time traces are different: a) is taken at the cemtehe beam spot whereas b) is near the
edge, which are accurately indicated in FIG.3.li8c&the RC time is much longer than

the SAW period, fast-ion signal variation at SAWduency is filtered out. However the
averaged beam profile would still widen in thie and q§ directions, as shown in the

Monte-Carlo simulation results (FIG.3.4). With pele conservation in mind, the fast
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ions are transported from the center of the beathdcedge, during Doppler resonance.
This effect in experiment is shown in FIG.3.11 whdhe beam center/edge signal
decreases/increases when the SAW is turned on. WieeBAW is turned off, the signal
restores back to the unperturbed values. The greeres in FIG.3.11 a) and b) are the
fitted RC decay/rise curves yielding an RC timeO& +0.05ms, which is in agreement
with the estimated value.

In the following analysis, the SAW-influenced beaignal uses the averaged signal
from 0.6 ms after the onset of the antenna cursdmgyn in FIG.3.11 a) and b) with the
red-dashed time window. This average has underastm of the signal change if the
SAW-influence time was infinite, which means théuat fast-ion transport effect in the
experiment is up to ~ 8% more significant thanvamoby the current data. The
unperturbed beam signal, as a reference, is thege®ver the blue-dotted time window

before SAW-influence.
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FIG.3.11. Typical fast-ion signal time traces influenced by SAWs at the Doppler
resonance frequency.
a) beam center signal RC decay; b) beam edge signal RC rise; ¢) Loop antenna
current. Inset: magnified triangular current signal for the initial 0.5 ms. (SAW
frequency 297 kHz; Data acquired with 25 MHz sampling rate, averaging 8
samples and 8 consecutive plasma shots, Dec. 07 LAPD run).

Time traces taken at a selected spatial grid avegssed to show the fast-ion beam
profile at thex-y plane. Fast-ion signals with and without SAW ieffice show significant
difference in FIG.3.12, in agreement to the tramspéiect at resonance frequency. From

the 3D visualization in FIG.3.12 a), fast-ion indéy migrates from the center of the

beam to the edge, causing widening along theand ¢3 directions. The beam profile
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along each direction is acquired using the statittiechnique mentioned in Sec. 2.5.1.

Both profiles are widened as the SAW is turned on.

Normalized Weighted Radial Profile Normalized Gyro-Direction Profile
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FIG.3.12. Comparison of fast-ion beam profile with and without SAW influence.
a) 3D visualization of beam profiles with (gridded surface) and without SAW
influence (shaded surface); b) Normalized weighted radial profiles with (red-solid)
and without SAW influence (blue-dashed); ¢) Normalized gyro-direction profiles
with (red-solid) and without SAW influence (blue-dotted) (SAW frequency 297 kHz;
Data acquired with 100 MHz sampling rate, averaging 8 samples and 10
consecutive plasma shots, Sep. 07 LAPD run).
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3.5.2 Measured Doppler Resonance Spectra

In this section, quantitative agreement betweenmbasured and predicted resonant
spatial broadening is demonstrated. The resonangectra of SAW-induced
displacements are measured and compared with ¢oectical spectra.

Based on the theoretical spectra in FIG.3.2 bit@sSAW frequencies is selected to
cover the important features of the spectra, eegkp and nulls of the resonance. For
each of these frequencies, the antenna is drivemidtiple plasma shots (8 — 10) and
fast-ion signals are taken at the same spatiatimtaAfter completing all the frequencies
and shots, the fast-ion analyzer is moved to th peint on thex-y grid. The total time
of the spectra measurement is usually kept withiro@rs (~ 1/10 of source lifetime) to
avoid significant change in the lithium source perfance.

The spatial profile at each frequency is acquirednfthe data array and analyzed as
shown in FIG.3.7. As mentioned in Sec. 3.3, bdtland pA®D are measurable indicators
of the resonance effect ana is more favorable, which corresponds to the changhe
perpendicular fast-ion energy. In FIG.3.13 a), pidgl set of radial profiles for the
selected frequencies (colored) are shown, to wtiiehclassical profile (black-dashed) is
compared. The fast-ion migrating effect variestasftequency, which peaks at 0.65
and diminishes at 0.20 and 0.4};, as expected from the theory. In FIG.3.13 b) and c
plotted are the frequency dependences of full-widil-maximum (FWHM) and the

beam intensity coefficient() calculated from the Gaussian fit of the profile:
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2 c

P(r)=PR, exp[— r ;rO)Z ] +PR, (3.13)

whereP is the radial profilep is proportional to the FWHM anB. is the background
level. It is obvious that the variations of bothagtities have similar dependence an

as expected.
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In order to determine\r quantitatively from the experimental beam prgfitee
profile WITHOUT SAW is displaced digitally to findn empiricalAr that produces the
best fit of a specific profile WITH SAW. The singtarticle result in FIG.3.2 a) shows
that the fast-ion collection position undergoesipgtial displacements with SAW
perturbations at different phases)( The projection of the SAW displaced beam center
(rsaw) along the f direction can be thus modeled by:

Fsaw =T Far Sin(@,), (3.14)
whererg is the classical radial position ankt is as defined in Sec. 3.1. Then the

integration of all the displaced profiles acrosg ttegion of ¢, €[0,27] yields an

empirical profile that is dependent @m. If such a profile has the begt fit to a SAW
perturbed profile, then the correspondixigis regarded as the displacement inferred from
experimental data (FIG.3.14). For well-behaved Giums distributions like the beam

classical profiles in Eqg. 3.13, that integration & written as

P(r,Ar):z—t:ﬂPo exp{— (r=r, _At:fin(“ ))2]+ Pc}d%. (3.15)

This algorithm converges rapidly agintegration step goes belowt/200.

96



< r,+Ar 1, 1-4r

FIG.3.14. lllustration of widened beam spot caused by beam displacement along
the ' direction.

FIG.3.15 shows the Doppler resonance spectra auleded Ar from measured
fast-ion beam profiles. For Doppler resonance tisevo different sets of data acquired
during two LAPD runs (Sep. and Dec. 2007) are ptbtin FIG.3.15 a), both using the
triangular wave drive at similar intensities. Thagse-particle model using a generic
wave field pattern produces the continuous theamvee The measured wave field
amplitude spectrum (FIG.3.9) is used in the simotatAlthough slightly different in the
wave field strength and the source-antenna arraegebetween the Sep. and the Dec.
run, the resonance spectrum is similarly charadriby both data sets. The absolute
magnitude ofAr shows good agreement between experiment andytheoFI1G.3.15 b),
Doppler resonance case Il is plotted with its otwotretical resonance curve. Agreement
is still good even though this case has smallet-ifas gyro-radius (3.8 cm) and the

source has more perturbation on the SAW field patt€lG.3.10).
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FIG.3.15. Doppler resonance spectra: experimental and theoretical.

a) Doppler resonace case Il (0 = 5.9 cm). Bnax= 1.8 G (Dec. 2007 LAPD run):
red-triangles are data taken with the triangular wave drive; Red-diamonds are
sine wave drive. Bmax= 1.8 G (Sep. 2007 LAPD run): green-boxes are data with
the triangle wave drive. b) Doppler resonance case Il (0 = 3.8 cm). (Sep. 2007
LAPD run). Red-triangles: data taken with the triangular wave drive; Blue-boxes:
calculated displacements using experimental wave magnetic field data.
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The error bargn FIG.3.15 are random errors calculated among tatan at 8
consecutive LAPD shots. During each shot, 5000 $&snpre averaged to get beam
signal at one spatial location, with and without VEAThe highly repeatable
plasma-fast-ion-SAW system contributes to the mims random errors. Potential
systematic errors do exist in this complicated measent: Source-antenna alignment is
routinely done with a telescope through a quargzvpiort at the north end of the LAPD
with+= 1 mm error; Theb-dot probe measurements at multiple ports along fast-io
trajectory ensures the wave perpendicular pattegentered at the antenna center with
+ 1 cm error; The collection of fast-ion beam integgro-cycles away by design shows
a strong boundary for the errors in the fast-ioiahmean energy (600+ 1 eV)and
pitch angle (49.3+ 0.2°); The ~ 10 % of fluctuation in wave magnédigd spectrum
caused by the field-line-resonance modes. Howenag of these above error sources
can contribute to the non-linear resonance specinufhG.3.15, especially with the nulls
and peaks observed experimentally.

It is obvious in FIG.3.15 a) that, using the trialag-wave antenna drivar does not
become a complete null at 0.26; as predicted by the theory curve assuming single
mode SAW fields. As a matter of fact, the triangwi@veform of the antenna current and
magnetic field contains"2 (if not perfectly triangular) andharmonics (FIG.3.16). For
@ below 0.5, # harmonic can still be effective, and so do@harmonic for @ below
0.3. The sine-wave drive, although needs differemdtching capacitance at each
frequency, provides clean single mode wave for @mpn. The displacements
measured with the sine-wave driver at 0.20, 0.2BGA3w.; are reported in FIG.3.15 a)

as red-diamonds. There is a complete null effec0f@0w. At 0.73w.;, the results from
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triangle and sine wave drive are very similar sitiee higher harmonics are expected to

be strongly cyclotron-damped.

10000 ' ' 0.22 e 3rd .
1000 0.22 ®ci Fundamental 0.66 Wi Fundamentalﬁ:
Q :
E« 1?8 l\ 0.22®mc 2nd _

4
1 // Hk W » ]
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FIG.3.16. Typical FFTs of BX signal launched by the triangular wave antenna

drive.
Blue: w=0.22 w, ; Red: w= 0.66 wy;.

3.5.3 Energy Test of Fast lon Doppler Resonance

Simulation results also predict that fast-ion besmargy is changed up to ~ 23 eV at
the Doppler resonance condition (FIG. 3.17) wite G wave magnetic field amplitude.
The observed beam profile broadenings along theand 43 directions are good
indicators of perpendicular and parallel energyngiea To verify that the wave actually
affects the fast-ion energy, th82yrid of the fast-ion analyzer is biased at ~ + 480
relative to the beam energy reference (the LAPDdahto effectively reject around half
of the fast-ion population in the beam energy distion. The fast-ion signal at the beam
center drops to less than half of the one with +V/5€ollector bias. The fast ions with
insufficient energy to pass the potential barrieithe analyzer will be cut off and the

SAW-induced energy change can thus become twiobasus.
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FIG. 3.17. Fast-ion energy change versus @ atresonant frequency (Simulation).

Several experiments with high collector bias wepaducted and the results show
partial agreements with the theory. It has beeabdished that the collection position is
correlated with the energies of the fast ions dwr tinitial distribution in phase space.
When SAW is in resonance with the beam, fast icaisigg energy would move to a
position with a larger radius (left in tixey plane) and lower in gyro-phase. A typical scan
is shown in FIG. 3.18 where the SAW perturbed beaofile is shown in a) and its
difference with the unperturbed profile is in b)hWe the fast-ion signal decreased along
the gyro direction, there are several spots whigneasincreased substantially (~ 50 %),
where the gyro-radius is higher. One would alsoeekpat much lower gyro phase
(higher energy), stronger fast-ion signals corredptg to the gaining of the fast-ion

energy. A complete energy scan at selected beatwaoand without SAW is feasible.
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FIG. 3.18 Fast-ion signal detected with collector at high bias (+ 480 V).

a) SAW perturbed fast-ion beam profile;
fast-ion signal with and without SAW.

b) Contour plot of the difference of
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Chapter 4

SPECTRAL GAP OF SHEAR ALFVEN

WAVES IN A PERIODIC ARRAY OF

MAGNETIC MIRRORS

This chapter presents the first experimental olzg@w of an Alfvén spectral gap in

a periodic magnetic mirror array.

Sec. 4.1: motivation and previous studies of Alfwéaves in the LAPD

Sec. 4.2: analytical results from Mathieu’s equaiiman infinite magnetic mirror
array;

Sec. 4.3: experimental setup including the mirroayaconfiguration, and plasma
and wave diagnostics;

Sec. 4.4: spectral gap results

Sec. 4.5: Numerical simulation of the mirror-inddapectral features.
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4.1 Motivation

Waves propagating in periodic media have spectth atiowed bands separated by
forbidden gaps. This phenomenon was first discuss&887 by Strutt (Lord Rayleigh)
who recognized that it is characterized by the Hild Mathieu differential equations.
One naturally-existing periodic system is a matadiiystal lattice, where the valence
electron wave function couples with the one profiagan the opposite direction when
the Bragg conditioh is satisfied as:
k=k,=nz/L, Q)
wherek is the wave number,L is the distance between two adjacent ions indttecé
and n is an integer. Two standing wave solutions arenéa corresponding to two
distinct energy states with a prohibited energy gapbetween. For electromagnetic
waves, similar propagation frequency gaps occunamy periodic systems, e.g., optical
fiber Bragg gratings, Distributed Feedback LasdpfL)® * and waveguide Bragg
reflectors’®>. When the perfect translational symmetry is disedpby a defect, e.g.,
donor/acceptor atoms in a semiconductor or holes jiotonic crystal® eigenmodes
can exist with frequencies inside the gap.

The propagation of TE and TM waves are treatedy#inally in a plasma with a
stratified density profile in 1968, where the spectral gap and continuum structures ar
found for both waves. Similar phenomena occur fdfvéh waves in magnetically

confined plasma¥’ The Alfvén speedv, depends on the magnetic field, Bnd

105



plasma mass density as= B, /\/z,nm, so periodic variations in either the magnetic

field or the mass density introduce periodic vaoia in the index of refraction. Gaps in
the shear Alfvén wave spectrum are associated pdtiodic variations in Bcaused by

! elongation™® or triangularity*> of flux surfaces, and many other

toroidicity, *
geometrical effects! The bands of propagation between these spectpsl gee called
the Alfvén continuum. Excitations in the continuwsually damp rapidly due to phase
mixing.

A number of previous studies on Alfvén modes wenedeicted in the LAPD plasma
with different boundary conditions, the resultswdfich this experimental work benefits

from. C. Mitchell et at> ®

in 2001 used an impulsive driving current to stutig
Field-Line-Resonance spectra for a constant magnitid with strong reflective
boundary conditions (a conductive end-plate at ené and the anode/cathode at the
other end). A series of Field-Line-Resonance eigeiens were discovered having
frequencies proportional to Alfvén velocity and émnsely proportional to the length of the
machine with the finite ion cyclotron frequency w@mtion. Later the same year, S.
Vincena et al’ created a section (~3 m) of magnetic field gradierthe center of the
LAPD and studied Alfvén wave propagation in bothragllal and perpendicular
directions. Upon reaching the cyclotron resonancation in the magnetic field gradient,
the wave was almost completely absorbed with nieaegdbn observed. A WKB model
was used to find the ray of wave group velocitytgex and estimate the major damping

mechanisms. Soon after in 2002, C. Mitchell et®aéxpanded the magnetic field

gradient to ~ 9 meters and perpendicular SAW ré&fraavas characterized as the Alfvén

wave traveled from the KAWA, ~10) to the IAW (5, ~ 0.003) region.
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4.2 Spectral Gap Analytical Theory

In this section, the expected generation of thetspkegap by a magnetic mirror array
field is estimated from the electromagnetic waveagpns. Consider a periodic magnetic

field given by:

B_+B.
B,, = —me* B [1_ 1 cod 24|, 4.1)
2 L.

whereL, is the mirror length andM = (B, ., — B;,) /(B + B )s the mirror depth.

min

The refraction index for SAW is

2
Ne=S =0T g, (4.2)
Vi By

wherec is the speed of light an@, is the vacuum permittivitySubstituting (4.1) into

(4.2) gives

N? = B 4niBm 2 . 2 ~8p[l+ v co{iﬂ zB (4.3)
max+ min g €

° [l— M CO{ZL” ZB °

for weak modulation amplitudé << 1), wheres = 4nm /(B + B,.)’.

The wave equation for the transverse electric Wi is
V,Z,Ey(Z)Jra)Z,uOgo N? E(2=0. (4.4)

The magnetic field can be obtained from Maxwelkgiations. Using a dimensionless

variable & :f—z, Eqg. (4.4) is cast into the form of the canonicatMeu’s equatiott

m

2

dé?

E, +(a—2qcos(Z ))E, = ( (4.5)

where the two coefficients are respectively,
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L.\ £ )
a:(fj (wzﬂogp)ZLfBragg}

L\ |
q:_(_mj (a)z,uogp)M =—-aM

The ideal Bragg frequency is defined dg,,, :ZVTA, at which the Bragg condition is

m

(4.6)

satisfied and the wave propagation is suppressaauiyple reflections from the mirror

cells. Here the average Alfvén spe&q is used andk Li Using the power

m

Bragg =

series fora andq from Ref. [19], with mode number = 1, there are two branches of

solutions as:
2
a, :1—q—%...
q° 4.7)
a =1+qg-——...
N q 3

Dropping the nonlinear terms and solving for thepemp and lower continuum

eigen-frequencies by inserting (4.6) into (4.5)egiv

|, [ 1
fBragg 1-M

: (4.8)
f 1
fomg 1+ M
Thus the width of the SAW spectral gap is
Af =, —f ~Mfg . (4.9)

which varies linearly with the field modulation alitypde M of an infinite magnetic
mirror array. There are two major premises for thsult: infinite number of mirror cells
and a much-less-than-unitf—both are experimentally difficult to implement.
Nevertheless, Eqg. (4.9) provides qualitative guidarfor the following experimental

studies.
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An alternative treatment of this problem also révehat the coupling between the
forward and backward waves causes the spectral jgsip as in other physical
environments. In the case of shear Alfvén wavegagating parallel to a constant
magnetic field, the dispersion relations for fordvand backward waves are, = kv, .

If the backward wave is purely contributed by refilens from a periodic magnetic
mirror array, the dispersion relation is modifiedde o = —(k,, _2kBragg)VA in order to
satisfy the conservation of momentunwat 0. They are shown as two intersecting lines
in aw — ky plot as in FIG. 4.1. The coupling of these two asean be formally described
by equating the product of their dispersion relaiavith a coupling terrg T2

(@-kvy) x(@ + (K, -2ky00) Va) = CT. (4.10)
Solving fore yields two similar branches of solutions:

0. = KayagqV a /(K — Karagg) V2t CT. (4.11)
At the Bragg condition, k =dftgg this frequency gap is given by

Ao =2\CT (4.12)

Choosing a specific value f@T ~ %, a coupled dispersion relation is plotted in FIG.
4.1, which demonstrates both the forbidden gapth@dorward and reflected brancles

k= kBragg
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FIG. 4.1. lllustration of coupled shear Alfvén wave in an infinite magnetic mirror
array configuration.

Parameters used for calculation are: CT = (21 x 25x10%)? (s?), Lm = 3.63 (M), va =
1.23 x 10° (m/s).

4.3 SAW Spectral Gap Experimental Setup

4.3.1 Mirror Array in the LAPD

The upgraded LAPD main vacuum chamber is surrourmeten sets of pancake
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electromagnets (90 in total) fed by ten independpotver supplies—this offers a
maximum of five magnetic mirror cells (each celjuges two sets of magnets). Typical
average plasma parameters for mirror array expetsrgren, ~ 1x 102 cm>, Te ~ 6 eV,

T, ~ 1.0 £ 0.5 eV. The low plasma density is chosematoid strong Alfvén maser
formation as a major source of wave field noisee Working gas is helium at a partial
pressure ~ 1.6 x 10Torr with less than 3% of impurities.

FIG. 4.2 shows the baseline mirror array configarafM = 0.25 for this experiment
together with the axial arrangement of SAW anteraras plasma/wave diagnostics. This
figure serves as a reference of relative z postitor the port numbers mentioned
throughout Chapter 4. The two sets of magnets tioetkte anode-cathode (south) are both
carrying the higher current corresponding to a Kb field to sustain a steady plasma
discharge, which leaves four and a half mirrorscallailable to form the array. A strong
dissipating magnetic beach on the north end ofthehine was initially included in the
mirror array field design to suppress the cavityde®that would otherwise overlap with
multiple-mirror induced modes. The axial magneigddf profiles are calculated from the
actual current distribution for all the magnetgtie machin&". The estimated axial field
ripple amplitude at the radius of the machine issl¢han 2% for a constant field

configuration.
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FIG. 4.2. Side view of the baseline mirror array configuration (M = 0.25) at LAPD
(lower half of the chamber is semi-transparent).

Red arrows illustrate the vectors (not to scale) of mirror magnetic field. Circled
numbers indicate port numbers of inserted instruments. Axial distance between
two adjacent ports is 0.32 meter. Port 23: Microwave interferometers for column
integrated plasma density calibration; Port 13, 15, 19, 35: Triple probes for local
Te, Ni measurements; Port 51: SAW small disk antenna; Port 46-49: SAW blade
antenna; Port 47: rectangular loop antenna; Port 14, 16, 18, 20, 36, 38: B-dot
probes for local SAW magnetic field measurements.

Since the LAPD was not previously diagnosed foragmetic mirror array, plasma
parameter rf;, T¢) profiles from triple Langmuir probe scans are rakeed before and
monitored during the SAW experiment to ensure thatplasma column is only slightly
perturbed by the mirror field. Chamber-wide (1 depsfor 96 cm) line scans along tke
axis (FIG. 4.2) are taken at port 13, 15, 19 andwdth the baseline mirror array
configuration™M = 0.25. A stationary 56 GHz interferometer at port 23 sugas the

real time line-integrated plasma density which sedito calibrate triple probe data.
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Plasma density and temperature data are then wsedl¢ulate the thermal electron
velocity, the local Alfvén speed agl. FIG. 4.3 shows the calculated quantities along a
horizontal line ¥ = 0) to represent the radial profiles assumingnathal symmetry.
Comparing data of port 19 ¢B.y) to port 13 (Bmin), the difference inv, and ,Ee are
due to the difference in local magnetic field. P&Bt(Bomin) data are also plotted next to
those of port 13 (Bwn) to demonstrate the plasma uniformity along thaxis. S,
alternates to be above and below 1.0 as exterfialdBBchanges betweenBn and Bmax

which implies that the shear Alfvén waves alterri@tveen the kinetic,[_(e > 1) and the

inertial (B, < 1) regime.
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a) the plasma density ne ~ n;, solid curve is a fit using n(r) = 9x10™ exp [ - 1.02 x
107 1] (cm™); b) the Alfvén speed va; c) the electron thermal speed vie and d) 4.,

dashed line shows ,Ee: 1. All in the LAPD baseline mirror array configuration (M

= 0.25). Triple probe data including n; and T, are acquired with 50 MHz sampling

rate of the digitizer, averaging 128 samples and 10 plasma shots. Random error <

10 %.
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4.3.2 Launching SAWSs in the Magnetic Mirror Array

As depicted in FIG. 4.2, three different antenaees individually placed at the radial
center of the cylindrical plasma column where th@lalocation of each antenna is
defined to bez = 0 for each probe. The advantage of studying aiparallel)
periodicity-induced SAW spectra with various an@sm@and launching mechanisms is to
exclude any spectral features controlled by thesjgiay characteristics of the antenna.
The disk and rectangular loop antenna are usedfonlyreliminary studies of this work
and the spectral results are similar to those usiegblade antenna. Unless otherwise
specified, all experimental results here are froentilade antenna.

During the experiment, the SAW antenna is driverahy sine wave train of ~ 200
periods at one frequency for a desired number otfsshefore changing to the next
frequency. A frequency scan from 75 kHz to 275 kidth a step size of 5 kHz is typical.
The antenna current is found to be frequency dep@ndteadily decreasing from 8.5 A at
25 kHz to 2.0 A at 325 kHz (FIG. 4.6). Measuremaritthe forward and reflected power

show that resonances in antenna coupling are absenthis frequency range.
Relative wave amplitudes§(9 /B,) of up to 10 are observed 3.2 meters away from

the antenna. That distance is approximately h&A®/ wavelength (near field influence
range) in uniform field LAPD plasma with an intemhngte frequency. The wave activity
is in the linear response regime, which is a prditmm for the following discussions of

spectral features.
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FIG. 4.4 shows typicalﬁg amplitude (averaged over 0.02 ms) radial profieport

14 (axial distance from the antenna south endd@tbbeAz = 10.24 m) comparing two
background field configurations: uniform field abdseline mirror array configuration
(M = 0.25). These profiles match the prediction of Eb3) with peak wave field
amplitude ~ 5 cm away from the minimum. With thegmetic mirror array, the wave

field drops drastically nedgragg~ 159 kHz [ ~ 3.63 m).

0] I N 1 o L
| (a) Uniform 1.2 kG [ (b) Mirror Array 0.9 - 1.5 kG
I _' ' e Ty = 0.80
80 . . 80 %9 -
3 ; Y 1 - I flfﬂragg = 105
i L I f/fBragg = 127
5 1@ '
£ | £
)| AN e :
20 ﬂfBragg = 080 i i
i - f/fEragg = 105‘ ]
L < Tt HfBragg = 127 1
0 5 10 15 0 5 10 15
X (cm) X (cm)

FIG. 4.4. §@ radial profiles at Az = 10.24 m (port 14).

(a) uniform magnetic field 1.2 kG, average ne= 2.0 x 10™? cm®, fgragq = 124 kHz; (b)
baseline mirror array configuration (M = 0.25), 0.9 — 1.5 kG, average n.= 1.0 x
10" cm, fgagq = 160 kHz. (Field amplitude data acquired with 100 MHz sampling
rate, averaging 8 samples. (b) shows random error bars calculated from 5
consecutive plasma shots.)
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4.4 SAW Spectral Gap Experimental Results

4.4.1 Characteristics of Wave Spectra

In the following sections, the spectral intenstyserved at various axial points and
transverse to the magnetic field are plotted asnation of frequency. In a cylindrical
system,U is defined as the wave magnetic energy densiggmated over the azimuthal
and radial coordinates,

redge

U = 7| [B,(r)’rdr +b2 In(r)
0

:p\asma , (4 13)

edge

wherebeqqeis the magnitude of wave magnetic field at AlfeEme edg@eqgeandrpjasma~
30 cm is the average radius of the plasma colunmmceSJAz yields the total wave

magnetic energy of a thin disk at one axial logatid can be also referred to as the “disk

energy density’

In practice, é8-dotprobe data scan at one axial position covers fgdram O to 14

cm at a stepping of 1 cm. This range includes &k pof §6(r) and part of thel/r

falling tail. beqgeCan be reasonably replaced by tﬁg(r value atr = 14 cm.

The ideal Bragg frequency is used to normalizefteguency. There are two error
sources for estimatinfgagg First, the number of mirror cells is not infiniks the Bragg
theory requires. Having as many mirror cells asses is again important in this sense.
Second, the value of the average Alfvén speetias some uncertainty. Her®,, is
calculated two ways: 1) by using the average pladersity and magnetic field in the

v, formula and 2) by dividing the wave travel distartsy the launch-detection delay

time acquired from the cross-covariance analysie average of both methods is used

117



and they usually agree with each other to withi#o10

4.4.2 Dependence of SAW Spectra on the Number of Mirror €lls

The existence of the mirror-induced SAW spectrgd geas first observed in the
experimental results shown in FIG. 4.5, where thevavspectra for various mirror
configurations are plotted: from zero (uniform digto four mirror cells. The small disk
antenna is placed at port 51, defining tve 0 position. AB-dotprobe is inserted in port
14 z =11. 80 m) and radial scans are taken with SEfuency swept from 50 kHz to

180 kHz at intervals of 5 kHz. The wave spectrdemsity is the maximum field
amplitude §6(r ) of each radial wave field profile. The spectrgb ¢gecomes evident for

the 4-mirror configuration where the wave field ditojple forms a trough nediagg
(=120 kHz). At higher frequencies above 150 kHe, shaded area corresponds to large
under-estimate of field amplitude since these earldial scans were taken uprte 10

cm and the peak amplitude of high frequencies wefteout. Nevertheless, this test
shows that the spectral gap feature arises whea Hre a sufficient number of periods in

the mirror array configuration.
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FIG. 4.5. SAW spectra with various numbers of mirror cells in LAPD.
(a) magnetic mirror configurations including the uniform case, where the axial
magnetic field is plotted against LAPD port number. (Axial distance between two

adjacent ports is 0.32 meter.) (b) B, versus SAW frequency, curves labeled

according to the mirror array configuration. (Field amplitude data acquired with
100 MHz sampling rate, averaging 8 samples and 16 consecutive plasma shots.
Maximum vertical error is less than 10% and horizontal + 1 kHz).

4.4.3 Characteristics of Spectral Gap and Continua

With expanded radial scan range (up to 14 cm) and frequency scan range (75 kHz

to 275 kHz), distinct spectral gap and two contineat to the gap can now be studied in

detail. FIG. 4.6 shows the SAW field spectrum fog baseline mirror array configuration

(M = 0.25). In FIG. 4.6 a) the radial-peak magndigdd and b) the “disk energy
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density” are plotted versus the normalized freqygh¢ feragg). Both plots reveal the gap
and two continua distinctly but the “disk energysigéy” spectrum has a better contrast
between the peak and trough in addition to itsepephysical representation of the
spectral intensity. Also in FIG. 4.6 a), the cutrenthe antenna is frequency dependent
but there are clearly no resonances. Here somdrapésatures are defined for future
discussionsfe and f. are in turn the gap center frequency and the ugloever)
continuum frequency; the spectral intensityfais defined asJs andU.(, at f.(,; the
spectral Full-Width-at-Half-Maximum (FWHM) &t is defined ag.(); the spectral gap

width A4fg is the difference betwedn andf..
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FIG. 4.6. Two different representations of the SAW spectrum at port 14 with the
baseline mirror configuration (M = 0.25).

a) normalized B, versus f/ fgragg; antenna current rms value is also over-plotted

(error bars may be too small to be distinguished from the curve); b) “disk energy
density” normalized using a constant (1.0 x 10%/ y,z ) versus f / faagg. faragg= 160

kHz. (All data acquired with 100 MHz sampling rate, averaging 8 samples and 5
consecutive plasma shots. Maximum horizontal error is £ 0.01.)
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4.4.4 Varying Mirror Depth (M)

In order to verify the dependence of SAW spectegd gidth Af) on the mirror depth
(M), four mirror array configurations are tested Ile tLAPD with different magnetic
mirror depths (FIG. 4.7). The axially aligned blg8lawW antenna extends from port 46 to
port 49 for about 96 cm. The LAPD anode/cathoddss&tcated 14 meters away to the
south of port 46, which provides a strong reflesthoundary conditicr 1 At the north
end of the machine, a 2.6 meter long magnetic beaphesented for all configurations
for a strong absorbing boundary condition. BAlot probe is inserted in port 14 €
10.24 m) for radial scans. Notice that the backgdomagnetic field configuration to the
south of port 14 is kept constant for all mirropttes in order to preserve both a steady
performance of the LAPD discharge and a steadyn@asnvironment for the SAW

diagnostics.
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FIG. 4.7. Four magnetic mirror array configurations with gradually increased
mirror depth

(M calculated with B field from port 20 to port 53; axial distance between two
adjacent ports is 0.32 meter.)
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FIG. 4.8. SAW spectra for four magnetic mirror array configurations with different
mirror depth (M) at port 14.

(&) maximum E’;@(r) versus f / fgragg @and (b) “disk energy density” normalized
using a constant (1.0 x 10%/ o) versus f / faragg. Vertical error bars calculated
from 5 consecutive plasma shots. Maximum horizontal error is = 0.01.

The resulting spectra from all four mirror arraytsgs are shown in FIG. 4.8 where
the gap width gradually increases with the mirreptth. Although each mirror array
configuration has different plasma density and tthiferent w, the mirror array spectra
(normalized tofgagy have a nearly identical gap centerfat fgragg ~ 1.05. With the
uniform 1.2 kG magnetic field, there is only oneedpal peak that splits into two

branches onchl is increased above zero.
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FIG. 4.9. Dependence of spectral gap width on mirror depth (M).

a) Experiment: diamond with error bars; Simulation: box; Green dotted line:
theoretical prediction of Mathieu’s equation (Eq. 4.9) for an infinite system; Blue
dashed line: analytical prediction from TAE model (Ref. 23); (b) transmitted
wave field amplitude Bg and disk energy density U versus mirror depth (M).
(Vertical and horizontal error bars are random errors calculated from 5
consecutive plasma shots.)
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The dependence of the normalized spectral gap witltk / fg) on the magnetic
mirror depth M) is shown in FIG. 4.9 (a). In both experiment anthulation (see Sec.
4.5.3.), the spectral gap width increases withrtingor depth. The agreement between
the experiment and the simulation is good for batfall and large values &f. As M
goes significantly above 0.1, the gap width dewdtem the linear dependence predicted
analytically in the smalM limit (Eq. 4.9). The gap width is larger than thediction in
both experiment and simulation. Simulations withr@mite number of mirror cells (Sec.
4.5.2) agree well with Eq. 4.9, showing that thitedence is caused by the finite number
of mirror cells in the experiment. The transmitigdve field amplitude and disk energy
density affg are shown in FIG. 4.9 (b). It is noticeable threg spectral intensity at the gap
center decreases with highkt, which suggests that higher modulation strengtla in

periodic system cause higher reflectivity of theveia

4.4.5 Verification: Interference Causes Spectral Gap

It is interesting to examine how the spectral feaglcome into being over time. All
previous data analysis is done with rf magnetitdfi@sponse averaged over ~ 0.2 ms
containing 15 full wave cycles for the lowest labimg frequency (75 kHz). To have the
best temporal resolution, the cross-covarianceyaisahverages over one wave period of
each SAW frequency and progresses at a small tiepe(8.2us) forward from the onset
of the antenna current signal. The temporal remulus determined roughly by the order
of the wave period so that the higher frequencyb®ter resolution (up to 34%). The
contour plot in FIG. 4.10 a) shows the wave fietdpéitude versus frequency and time in

order to reveal the onset of mirror array-inducpdcsral features. The left curve shows
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the time that it takes the wave front to propadiaim the antenna to thHe-dot probe the
first time, calculated from dividing the axial disice (10.24 m) by the parallel group
velocity in the cold-plasma (black solid) approxtma. The curvature agrees with the
contour plot in that the higher frequency SAW tlaweith slower group velocity in the
parallel direction. It is important to notice thhgfore the wave is reflected back from the
anode/cathode, the gap and continua features @&dgl formed, which shows that the
mirror cells alone can cause strong modificationhef spectrum. The features then grow
to the fullest contrast upon reaching the curveheright, which is the time that it takes
the wave to reflect from the anode/cathode and bagiort 14, again calculated from the
dispersion relation. From FIG. 4.10 b), where thavev field amplitudes are plotted
against time for three characteristic frequendiesf{ andf.), it is obvious that the wave
amplitude at the gap frequenty peaks when the first forward wave front reflecéslo

(~ 16 us) and then is further suppressed by the desteudtiterference between the
forward and reflected waves. All the features tato steady state as seen in the previous

sections after the initial 4@s.
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FIG. 4.10. Time history of the running cross-covariance between the wave field
and the antenna current with the baseline mirror array configuration (M = 0.25) at
port 14.

a) contour plot of wave field intensity versus frequency and time. The first white
curve indicates the time that takes the wave to travel towards the probe one-way;
the second white curve indicates the time that takes the wave to return to the
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probe after being reflected at the anode/cathode the first time. b) Temporal plot of
wave field intensity growth at three characteristic frequencies: f. (215 kHz), f. (130
kHz) and fg (175 kHz).

4.4.6 Continuum Quality Factor Varying with Density

The quality factors of the continuum depend ondbelping mechanisms of SAW
propagation, the refraction and reflection at eaator cell as well as the machine end
condition. Here theoretical damping estimation istraight field LAPD plasma column
is used as the only contribution to the theoretmadlity factor. In Ref. [17], SAW
damping along the ray path through the backgroield gradient were determined to be
mainly from three mechanisms: the ion-cyclotron gdang, the electron Landau damping
and the electron-ion Coulomb collisions. In thedbags mirror array configurationV =
0.25), the upper continuurhh is lower than 0.6f; at Bymin, Which means that the
ion-cyclotron damping is negligible. For a generasonant mode» , the theoretical
guality factor can be expressed as:

Q=2- Mo [ﬁ] (w—} , (4.14)
y my(vy+v k, )

&Landau)

where v,, is the electron-ion Coulomb collision rate amd ..., <c @ is the effective

collision frequency for electron Landau dampingerétee Eq. 4.20). Several spectra are
taken with various, in the LAPD as shown in FIG. 4.11, where the hamtal axis is the
normalized frequency// fgragg ceNtered to the upper continuum of each curve.\the
density drops from 2.66 10" m® to 1.26x 10'® m*, the normalized spectral width drops
as predicted by Eq. 4.14 as shown in the inseis Hlso noticeable that the spectral

intensity at the gap center increases with thedrigiensity, which implies that if there
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are any modes within the gap region, they are objest to the continuum damping.
More quantitative discussions of mode damping meisihas will be included in the

simulation works of Sec. 4.5.
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FIG. 4.11. Upper continuum spectra width (. / f ) with three different plasma
densities.

The upper continuum of each spectrum is centered at the horizontal origin. The
inset shows the normalized spectra width versus plasma density. The error bars
as well as the Gaussian fit of the f, peak are shown for n = 1.26 x 10*® m™ case.
(All data acquired with 100 MHz sampling rate, averaging 8 samples and 5
consecutive plasma shots. Maximum horizontal error is £ 0.01.)
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4.5 SAW Spectral Gap Simulation

A linear electro-magnetic wave solver for cold metgged plasma (Guangye Chen,
Univ. Texas, Austin) is employed to treat a magnetirror array configuration. The
details of the solver are described in Ref. [2d4]which the solver was used to study

helicon modes.

4.5.1 Electro-Magnetic Wave Solver

The wave field is governed by Maxwell's equationshe frequency domain

VxE=iwB,

. . 4.15
iV><B:—|a)D+ja, ( )
Ho

whereE andB are the electric and magnetic fields, is the permeability of free space,

D is the electric displacement vectan, is the antenna frequency, apds the antenna
current density. The cold plasma approximationdgehe following relation between the

electric displacement vector and the electric fielf, D,, = ¢,,E,,, or equivalently

of
D =¢,(eE+Ig[E xDb] + (17— &)(E - b)b) (4.16)
where b =B, /B, is the unit vector along the external magnetiki faand

2
(7

o +iv
€ = 1_2 - - paz 2
o (o+iv,) —-of,

2
a)

g = X

a0 (a)+lv)

no=

Here the subscriptx labels particle species (electrons and ions), is the plasma

(4.17)

2 H

a)(a)+lv )

frequency, o , is the gyro-frequency, andat, is the collision frequency. Singly-ionized
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helium ions are assumed. Equation (4.15) is sofved given azimuthal mode numbrer
on a 2D domainr(2).

The external magnetic field,is axisymmetric, withB, << B;,, and By, = Q It
is therefore appropriate to use a near axis exparier the magnetic field, which means

that B,, is treated as a function pbnly and

1 0B,(2)
2 oz
The antenna is a blade antenna showFi@ 4.2 The components of antenna current

B, (r,2)=- (4.18)

density for them=0 mode are given by

— o H(N[5(z-2,) - 6(z— 2, - L),
2

Jar

ja@ = O! (419)

I0 . _ _
:gH(z z,)H(z,+L,—-2)6(r-R,),

Jaz

where |, is the amplitude of the current,, is the antenna lengthz, is the antenna

position as shown in FIG. 4. 2R is the radius of the horizontal rod, aktlis the

Heaviside step function.

4.5.2 Periodic Array of Mirrors

It is convenient to first consider a single mirreell (0<z<L,) with periodic

boundary conditions, which provides an ideal casstudy the Bragg reflection induced
spectral gap as well as a benchmark for the reakstulations of finite number of
mirrors. This single mirror cell has the same sidial profile of the magnetic field
described in Eq. (4.1). The following boundary ctinds are used:

1. The chamber wall at= 0.5 m is assumed to be a conducting boundaryenter

tangential components of the electric field vanish;
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2. Since all the field components are regularrat> 0, there are:B,| =0 and
(rfE;)|_,=0 for m=0; E| =0 and (1E,) ,=0 for m=0;
3. Periodic boundary condition(E,B)|zsz = (EB)|,,€", where ¢, is the given

phase difference between the field componentgal0 and z=1L,,.

The experimentally measured radial profile of thesma density is used in the code
as shown in FIG. 4.3. The density is assumed tontependent ok The collision

frequency for electrons is calculated as the edeeivn Coulomb collision frequenty
v, = 291x10nT *2InA , where T, and n, are expressed in eV and®m

respectively. The electron temperature is takehed8 eV; the Coulomb logarithm is

taken to beln A= 12. The collision frequency for ions is set toaze

In this simulation,L, = 08m, z, =1 m, and R, = 015 m. Although the antenna

launches several azimuthal modes, the amplitudesallofmodes with m=0 are
significantly smaller than that of then = 0 mode. Therefore, onlyn = 0 mode is

considered here.

The amplitude ofB, is recorded atr(= 0.04 m ,z= 3 m) and normalized by the
antenna currentl, with different values of the phase angie € (027 (BIG. 4.12. a).
In a uniform system, the phase angle determines the value ok, =¢,/L,. In the
mirror configuration, the forbidden band appearsuad k =7z/L,. There are two
peaks in B, for each value ofp,. For various ¢, € (0,7 ) the lower-frequency peak

represents a right-traveling wave, and the onéeathigher frequency is a left-traveling

wave.
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FIG. 4.12. a): simulation of wave excitation as a function of ¢, and frequency. A
sharp forbidden gap of wave excitation is evident between two branches of
traveling waves. Here the wave amplitude is normalized by the antenna current.
b): the dispersion relation of excited waves from the simulation, in which f
corresponds to the maximum of each peak and k,=¢_/L,.

At larger values ofg, (¢, € (z,27) ), the waves in both branches change the direction

of propagation, switching from the right to thet lef the lower branch, and from the left
to the right in the upper branch. At the transitiovhere ¢, ~ 7) the wave becomes a
standing wave, almost fully reflected by the misrdue to the Bragg reflection. It is clear
that a gap is formed where the wave excitationgaificantly suppressed as illustrated
with an envelope (solid line) in FIG. 4.12 (a). THespersion curves found in the
simulation (FIG. 4.12 b) evidently reproduced HIG. More importantly, because of the
definite k; in the simulation, the gap width can be determiaecurately ak, = kn,, which

matches the prediction of Eq. (4.9).
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4.5.3 Simulation of Mirror Array in the LAPD

Now the mirror array configuration in the LAPD iersidered realistically as shown
in FIG. 4.13, with a magnetic beach as an absorbimtand the anode as a reflecting end.
The magnetic beach here is longer (7.74 m) than ithahe experiment to ensure

complete absorption of the waves. A finite ion is@in frequencyv, is introduced to

resolve the ion cyclotron resonance in the beael.afhe boundary conditions in the

radial direction remain the same as in the casefiofte periodic system.

r (m)
Metal
@ e /
a)
Anode
T
3l | PLASMA
antemna
z(m) <&V - - ——i-————
14.23 2.03 7.74
S Mirror Beach
b) I T ] T 1
1500 _
B aVaVaVal :
5 1000 r -+ 13700 =.
m ; e >
500 |
O | L J: 1 O
10 5 0 -5
zZ(m)

FIG. 4.13. Computational setup used to simulate the mirror array in the LAPD
shown in FIG. 4.2.
a): the computational domain. b): the z component of the external magnetic field
(left) and the finite ion collision frequency in the beach area (right).
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FIG. 4.14. The radial profiles of azimuthal B field (rms) at three frequencies
comparing simulation and experimental results.
This simulation uses « =4 which is defined in Eq. (4.20).

To be consistent with the experiment, theoordinates is pointing from right to left;

the origin is set at the left leg of the blade antewith L, = 1.0 m, and R, = 0. 005m.

The variable antenna current due to rf couplingcieificy at different frequencies (FIG.

4.6) is used to calculate the wave field amplituiee radial profile ofB, for three
frequencies f = 127 kHz, 167 kHz and 202 kHz issghan FIG. 4.14, compared with the
experimental measurementzat 10.25 m (port 14). The calculated quant®B; in the
plot is |Be(f,r,z)|/\/§, which is equivalent to the rms average dB, from the
measurement. The frequency scan of the radial marimalue of B, atz = 3.21 m

(port 36) andz = 10.25 m (port 14) are compared with the expertadegata in FIG. 4.15.
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Both in the simulation and the experiment, the wsig@al at port 14 exhibits a gap at the
same frequency as in the periodic system, whil@pat 36, the gap is less obvious
because the detector is only one mirror away frieenaintenna.

Additional damping mechanism beside electron-ioml@mb collisions is needed to
match the absolute value of wave amplitude. Siree dlectron thermal velocity is
comparable to the wave phase velocity in this stetbctron Landau damping can play
an important role in the wave propagation. To tae account of the effect of Landau
damping, an effective electron collision frequergintroduced as

v, = aM (4.20)

e-Landau — !
A

where « is a numerical factor. As a result of the frequedependence of, ..., the
wave amplitude is more suppressed in the higheuéecy region, which makes the
shape of the scan close to that in the experindegbod agreement of the position, depth
and width of the gap at port 14 is reached in th&uwation with « = 4. The
agreement at port 14 is better than that at parivBé&ch may be due to near-field effects

at port 36.
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FIG. 4.15. Comparison of B, : experiment versus the simulation.

a): port 14 and b): port 36. The plots show the radial maximum of B, as a

function of frequency. Three « values represent possible estimates of effective
collision frequencies for Landau damping.
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With the antenna placed in the last mirror, the @gaare launched in both directions. It

is instructive to characterize wave propagatiotheywave energy densfty

E E, 0(0°s' )
wW=—2 - 4.21
4 wow ' (4.21)

where &' ; is the Hermitian part of the dielectric tensor leeting the collision

frequency. FIG. 4.16 shows the 2-D contour plotsh&f wave energy density for a
frequency below the forbidden gapfat 120 kHz, a frequency inside the gag at 170
kHz, and a frequency above the gap at220 kHz. It is seen that the wave energy is the
highest at the antenna. For the frequencies aveay the forbidden gap, i.€= 120 kHz
and 220 kHz, the wave propagates leftwards andatsflas it reaches the boundary, the
anode in the experiment. The magnitude of the weamergy decreases along the
propagation due to damping and absorption. Thespattof wave energy density are
similar at these two frequencies. In the forbiddep region, e.d. = 170 kHz, the wave
amplitude decreases faster due to the multipleectdins from the mirror cells. As a result,
the wave energy diminishes as it reaches the a@the other hand, for all the cases, the

waves propagate rightwards without much reflectiotil absorbed at the magnetic beach.
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FIG. 4.16. The contour plots of wave energy density obtained from Eq. (4.21) for

three frequencies.
a): f =120 kHz below the gap; b): f = 170 kHz in the gap; c): f = 220 kHz above the

gap.
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Chapter 5

CONCLUSIONS

5.1 Summary

Two basic plasma experiments are accomplished gitinia thesis work.

In preparing the hardware for the first experimdtitjium ion sources using lithium —
aluminosilicate as a thermionic emitter were depetb and characterized. Two
commercially available emitter sizes (0.6” and 0)2with integrated heater assembly
were used. A compact ion gun structure was chosaturing grids for acceleration —
deceleration sections. In principle, the ion guas be operated at any angle with respect
to the magnetic field. At high plasma density eonment, e. g. the discharge plasma of
the LAPD, a minimum pitch angle must be used toichpdasma electron loading of the
emitter circuit. Typical ion beam densities arettie 1 mA/cm range at beam voltages
between 400 V and 2000 V. The ion guns successfigrated in the discharge of the
LAPD. Collimated/gridded fast-ion analyzers are eleped to detect the fast-ion signals
in the LAPD discharge with good signal-to-noise apdtial resolution.

In the first experiment, Doppler shifted cyclotraesonance effect is directly
measured from the beam spatial non-classical spirgadused by single and multi-mode

shear Alfvén waves. Both qualitative and quantitatagreements of the SAW-induced
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spatial displacements with theory are achievedn&wy and subordinate resonance peaks
in frequency are seen in experiment and simula#osubordinate resonance is caused by
partial overlapping of the fast ion and wave phaséen the frequency is an integer
fraction of the primary frequency. With a pure swave drive, a null effect point is
discovered in the resonance spectrum as predictethdmry. This null effect is absent
with a triangle wave drive because higher harmor®msse an extra resonance effect.
Resonance effect is kept within linear regime wisgratial displacements are proportional
to SAW amplitude. Both single-particle and Monted@aimulation codes proved robust
for predicting fast-ion resonance experiment. Bh&AW-induced energy change of fast
ions was verified by variable potential barriergha fast-ion analyzer.

In the second experiment, the axial magnetic paikydnduced Alfvén spectral gaps
and continua are discovered and characterized iexpetally for the first time. The gap
spectral width is found to increase with the Magnatirror depth 1), which is predicted
by solving Mathieu’s equation as well as the codpl@ve theory in TAE studiés’. The
running cross-covariance analysis shows that teflecwave from the LAPD
anode/cathode enhances the features of the spgapralhe quality factor of the spectral
upper continuum is found to decrease with the pdadansity.

A finite-difference simulation code successfully ats this experiment in a 2-bBz
plane. The results from an ideal case with peridshandary conditions, i.e. infinite
number of mirrors, show wave energy reflection rtbarfrequency satisfying the Bragg
condition. In a realistic simulation using experita conditions at the LAPD machine,
two candidate damping mechanisms, the electrorf€mmomb collision and the electron

Landau damping, are both essential in order to mabe calculated spectra to the
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experimental ones.

5.2 Implications

To emphasize the correlation of the second workh wilte TAE studies, the
similarities between the two are summarized in @abhlwhere in both cases a frequency
gap arises due to a periodic modulation of the antbmagnetic field. Due to the toroidal
coupling in a tokamak and the magnetic shear, taicediscrete frequency can exist

inside the gap, i.e. TAE modes.

Experiments . .
Properties TAE SAW in Mirror Array
o Magnetic field: Magnetic field:
Periodicity Bo (0) | Bo (2)
Periodic length 27gR Mirror length:Ly,
Bo modulation & [Ref. 2] M = BmoBun
Strength o Bmax"'Bmin
Wave function ~exp(in®) ~exp(iky z)
Bragg Condition k;/=n/2qR ky=nz/Ly,
Spect(al Gap/ Yes Yes
Continuum
Eigenmodes Yes ?

Table 4 Similarities between TAE and mirror array Alfvén experiment.

In a toroidal geometry, at rationafj (safety factor) magnetic surfaces,

whereq = (m+1/2)/|n, two different poloidal modes m and m+1 couplestzh other

. . , 1 m ,
since their wave vector satlslkym:—k,,mﬂaﬂmr—]. Solving the two coupled
q

eigenmode equations for poloidal electric fiéldke frequency difference between two
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continuum frequency branches is defined as the tspecgap width:
Ao =0, -o_~2|vk,,|. From the analogy in Table 4, with proper substitu of

relevant quantities, the expressions for the spegap width in the magnetic mirror array

experiment iSAf, = f — f ~2Mf This is shown as the blue dash line in FIG. 4.9.

Bragg *
This work in the LAPD can provide further understeng of the TAE mode due to the

benefits of simplicity and outstanding spatial &swhporal resolutions.

5.3 Future work

Several improvements are possible for future erxpenis. In addition to having a
well-polished emitter surface, a new extractiordgtesign with less heat expansion can
help maintain the collimation of the fast-ion beawer long operation hours. The fast-ion
signal-to-noise is usually a limit for conductirgsonance experiment at large numbers of
gyro-cycles. Coulomb scattering, beam divergenakthe intensity loss of the beam to
the plasma make distant observations more difficlilte beam emission current is
usually kept low (< 1 mA) since it is inversely pastional to the source lifetime (~ 20
hrs). The cost of LAPD run time to replace the seunn site (~ 6 hr) and the monetary
expense are both significant. A customized lithialminosilicate refilling vacuum

furnace has been designed and tested to be capiapteduce glassy emission material
using low-cost raw powder (Heatwave Labs, Inc.)erfually a Li; source containing

two times the emission material (thicker scab) alf the cost would be practical to
operate at much higher emission curreAnother way to improve the fast-ion

signal-to-noise is to design a pre-amplitiér right next to the fast-ion analyzer in order
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to drive the ~ 10 ft long signal line. This would@enable the analyzer to observe SAW
frequency signal at chosen spatial locations.

An antenna containing two current loops at theexirphase difference can produce
left-circularly polarized SAW. A small gyro-radius- 2.5 cm) fast-ion orbit can be
designed to stay in phase and direction with theewalectric field for near a complete
cycle, which further enhances the resonance effesmaller footprint of lithium source
is required for this experiment and the existin@50.diameter lithium souréé is
suitable.

Fast-ion trapping in the SAW frame requires upht® full length of LAPD plasma.
Orbit designs with fast ions finishing multiple gycycles per port can have the SAW
modified fast-ion energy oscillate faster along zhdrection. Then it is convenient to fit
at least one energy oscillating cycle as in FIG.1§.

Resonance experiments with other types of wavegs,eectrostatic waves, can also
be considered. Landau resonance experiments wittstilong, low pitch angle Arrf
source or the LAPD intense rf fast-ion source aenbdesigned to implement in the near
future.

For UC Irvine fast-ion group, this experiment hastablished a foundation for

fast-ion transport experiments in turbulence fieldsnlinear heating of fast-ion beam
with much stronger SAW fields (amplitud®B / B up to 1%) is one adjacent experiment
to try based on L. Chen’s multi-mode heating thedthe natural multi-mode triangular
wave drive can be used to launch SAWs with multipbgiuencies and random phases

simultaneously. A conductive, fast-ion gyro-diamesized disk was inserted into the

LAPD plasma and Alfvén-drift wave turbulence wagated downstream (FIG. 5.1).
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Fast-ion orbit designed to overlap with the striungpulence fields showed non-classical

transport effects. Further experiments like thi8 la@ conducted.

FIG. 5.1. Fast ion transport under turbulence fields experiment in the LAPD
plasma.
RF source was used in the July 2004 experiment.

It will be further intriguing to study fast-ion tnaport in modes similar to the TAE
mode in a Tokamak. In order to create eigenmodehignsystem, the axial periodicity
has to be broken with a strong defect, which cambde possible by introducing a sector
of magnet with much stronger background field (aBt5 kG) compared to the regular
mirror field (FIG. 5.2). The mirror field periodslsa need to match the reflective
boundary locations at both ends in order to provigehigher Q factor for the possible

modes.

148



3000
©» 2000

po—

m 1000
Q

—-1510-5 0 5 10 15 20 25 30 35 40 45 50 55 60 865
LAPD port (#)

FIG. 5.2. Magnetic field with defect in the mirror array in the LAPD.
(July 2006 LAPD run)
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APPENDIX A: Typical lon Beam and the LAPD Plasma Rirameters

I. The LAPD plasma (Helium plasma)

Magnetic field, B 1.0 -2.0 kG
Pressure, P 2.3x10° Torr
Electron density in afterglown, 10" cm®
Electron density in Dischargen, 2x10% cm®
Neutral densityp, 6x10* cn®
Electron temperature in afterglow, 0.13 eV
Electron temperature in Dischargé, 6-7eV

lon temperature in afterglow, 0.1eVv

lon temperature in Discharde, leVv
Plasma column length 18 m
Plasma column diameter 70 cm
Cathode-anode discharge current 5-6 KA
Cathode-anode discharge frequency 1Hz
Afterglow time 50-60 ms
Discharge time 8 -10ms
Floating potential 45-50 V
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Il. Fast-ion beam (argon beam) and ion gun

Beam energy,W

Beam current density,
Beam size

Pitch angleg
Gyro-radius of fast iong
Emitter voltage
Accelerator voltage
Energy spread\E

Beam divergence

~ 600 eV

1 mA/ cni
0.5 cm Dia.

28 - 50°

3-6¢cm

600V

-100V

~15 eV

~5 degrees
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APPENDIX B: Important Data Sets Supporting Experimental Results

In the LAPD backup folder (usually two copies or thhb computers), a data run
between July 2004 and Dec 2007 can be found in ‘$NMA\Fast lon
Turbulence\UCLA\". Each data run has a separatefolith the month or the first day
of the experiment to be the folder name. A mastpegment log is in MS Excel format
and named “Exp log 5.9.2005", for example, whicimtains the details of the data sets
taken during that run. If the data set contains hatfpies, then it is convenient to use an
IDL program called “read_parameters.pro” to load éxperimental setups for each data
set. Important data set names and correspondingyars related to the results shown in

this thesis is listed as follows.

|. Fast lon Doppler Resonance Experiment

Programs can be found in PLASMA\Fast lon
Turbulence\UCLA\\LAPDdata\9.11.2007FIAR\FIAR.prj
Figure Data Set(s) IDL programs
FIG. 3.1 Figl_FIAR_bdata.dat saw_init_59mm.pro

derivs_alfven_59mm.pro

PLASMA\Fast lon
Turbulence\simulation\single particle lorentz_saw_59mm.pro
alfven motion

Figl_FIAR.pro

jan20_0.1_0.8 0.005wci_norec_40ports.
FIG.3.2 dat
jan28_0.1_0.8 0.005wci_norec_3ports.d
at
jan28_0.1_0.8 0.005wci_norec_10ports.
dat
feb12_0.1_0.8_0.005wci_norec_3ports_1
0G.dat
PLASMA\Fast lon
Turbulence\simulation\single particle

Fig2_FIAR_a.pro

fig2b_FIAR.pro
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alfven motion

FIG.3.4 orbit_MC 0.650000Feb140G.dat DSC_FIAR.pro
orbit. MC 0.650000Jan25.2008.dat orbits_SAW.pro
orbit_MC 0.200000Feb1510G.dat Fig_4 FIAR.pro
PLASMA\Fast lon
Turbulence\simulation\Monte_Carlo_ SAW
10th_HYBIIl_p32_sine_95kHz. SIS : . .
FIG.3.7 3301 dat Fig_active_beam_profile_FIAR.pro
10th_HYBIIl_p32_sine_95kHz.hdf5
(Use only the no SAW data)
\LAPDdata\12.04.2007FIAR
FIG.3.8 | 6th b6 p33 50V_297kHz.SIS 3301.dat Fig88_FIAR.pro
\LAPDdata\12.04.2007FIAR
16th_b9 p36_fscan_50-500_10kHz_120 .
FIG.3.9 0Gflare_80V. SIS 3301.dat Fig7b_rms_FIAR.pro
\LAPDdata\9.11.2007FIAR (7bis old label)
\LAPDdata\9.11.2007FIAR\16th_b9 p36_ :
FIG.3.10 plane_fscan_80V. SIS 3301.dat Figl0_FIAR.pro
\LAPDdata\12.04.2007FIAR\10th_b6 p33
_SAW_8f. SIS 3301.dat
\LAPDdata\9.11.2007FIAR\17th_b10_p31
_plane_fscan_80V. SIS 3301.dat
\LAPDdata\12.04.2007FIAR\9th_HYBIII_
FIG.3.11 032 SAW_8f. SIS 3301.dat FIG_RC_SAW.pro
FIG_RC_SAW_plot.pro
\LAPDdata\9.11.2007FIAR\16th_FIAR_H
FIG.3.12 YBIIl_297kHz_80V. SIS 3301.dat rdsaw10shots_911 saveallshots.pro
Figl2_FIAR.pro
Figl2a_FIAR.pro
Figl2bc_FIAR.pro
read_saw_1s 6chn_911.pro
FIG.3.13 \LAPDdata\9.11.2007FIAR\16th_FIAR_H Figl3a_FIAR.pro

YBIIl_297kHz_80V. SIS 3301.dat

Fig13bc_FIAR.pro

Fig13bc_FIAR_plot.pro
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\LAPDdata\12.04.2007FIAR\9th_HYBIII_

FIG.3.15 032 SAW._8f. SIS 3301.dat Figl5a_FIAR.pro
Figl5a_FIAR_plot.pro
Figl5b_FIAR_plot.pro

FIG.3.16 16th_b9_p36_fscan_50-500_10kHz_120 Fig16_FIAR.pro

OGflare_80V. SIS 3301.dat

\LAPDdata\9.11.2007FIAR

Figl6_FIAR_data.pro
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Il . SAW Spectra Gap in the LAPD Mirror Array

Programs can be found IiRLASMA\Fast lon
\MAE2007Jan.prj

Turbulence\UCLA\1.25.2007 MAE\data

Figure

Data Set(s)

IDL programs

FIG. 4.3

triple_jan27_p13f_m1200base_13ne. SIS
3301.dat

Figure_2_plasma.pro

triple_jan26_p19m_m1200base_13ne_c.
SIS 3301.dat

triple_jan27_p35m_m1200base_13ne.
SIS 3301.dat

PLASMA\Fast lon
Turbulence\UCLA\1.25.2007 MAE\data

FIG. 4.4

Jan26th_pl14 no6_fscan_m1200 _rod_13
ne. SIS 3301.dat

Figure_b_vs_r.pro

Figure_rb2_vs r.pro

FIG. 4.6

Jan26th_pl14 no6_fscan_m1200_rod_13
ne. SIS 3301.dat

Figure_5_U_character.pro

PLASMA\Fast lon
Turbulence\UCLA\1.25.2007 MAE\data

Fig5_iant.pro

Jan26th_pl14 no6_fscan_m1200_rod_13
ne

FIG. 4.8

Jan26th_pl14 no6_fscan_m1200_rod_13
ne

Fig7a.pro

pl4 p36_m1200deep_10ne

Fig7a_flat.pro

pl4 p36_m1200shal25percent_13ne

Fig7b_disk.pro

Jan25th_pl14 no6_fscan_flat1200_rod

PLASMA\Fast lon
Turbulence\UCLA\1.25.2007 MAE\data

FIG. 4.10

Jan26th_pl14 no6_fscan_m1200_rod_13
ne. SIS 3301.dat

Fig9.pro

PLASMA\Fast lon
Turbulence\UCLA\1.25.2007 MAE\data

running_ccov.pro
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APPENDIX C: Schematics for Experimental Apparatuses

l. 0.6” dia. Emitter Lithium Fast-ion Source (LiGun)

- -
0.6" Lit+ ‘
Emitter -
e
© I : H I~10 &
«tpp— 8 B U
garn_ & 0 ' oo
_ = D5 =Y
" = a 1T W
0.5 cm | -HY
Aperture -
GND

FIG. 0.1 Photograph (left) and inside structure (right) of the 0.6” emitter lithium
source (LiGun).
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FIG. 0.2. Dimensions for original inner structures of 0.6” emitter lithium source.
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4,.78"

3.007

FIG. 0.3. Modified grid structure of 0.6” emitter lithium source showing 28° of
incident angle to the edge of the emitter, with 0.5 cm diameter aperture.
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Il. 0.25” dia. Emitter Lithium Fast-ion Source (mini-Li Gun)
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IV. Lithium Source Re-coating Device Schematics
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V. RF-Gun Feedthrough Modifications
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APPENDIX D: Instrument Calibration Data

Calibration of b-dot probes at the LAPD

PROBE Amp Box V/B (V/G) R"2 V/B @ 5MHz V/B @ 10MHz
measured  calculated measured calculated
#1 #1 X (5.9899e-08)f  0.99404 0.310 0.299 0.576 0.599
Y (5.5862e-08)f 0.99165 0.290 0.279 0.528 0.279
Z (5.8158e-08)f  0.99475 0.306 0.291 0.561 0.291
#2 #2 X  (6.6878e-08)f 0.9929 0.350 0.334 0.631 0.669
Y (5.3393e-08)f 0.99387 0.271 0.267 0.516 0.534
A (5.2683e-08)f 0.99379 0.275 0.263 0.513 0.527
#3 #3 X  (2.6969e-08)f  0.98945 0.143 0.135 0.259 0.270
Y (4.6448e-08)f 0.99253 0.240 0.232 0.445 0.464
Z (5.9999e-08)f 0.99239 0.318 0.300 0.582 0.600
#4 #4 X (6.273e-08)f 0.98955 0.323 0.314 0.594 0.627
Y  (5.8457e-08)f  0.98933 0.309 0.292 0.544 0.585
Z  (5.3393e-08)f 0.9923 0.273 0.267 0.521 0.534
#5 #5 X  (6.4868e-07)f  0.99336 3.397 3.243 6.214 6.487
Y (5.573e-07)f 0.99444 2.894 2.787 5.352 5.573
Z (4.954e-07)f 0.99438 2.577 2.477 4770 4,954
#6 #6 X (6.2737e-07)f 0.99068 3.315 3.137 5.960 6.274
Y (5.1941e-07)f 0.99358 2717 2.597 4.973 5.194
Z (6.0082e-07)f 0.99172 3.165 3.004 R.724 6.008
#7 #7 X  (5.6474e-07)f  0.99291 2.972 2.824 5.387 5.647
Y (6.4637e-07)f 0.99394 3.377 3.232 8.217 6.464
Z (6.0086e-07)f 0.99557 3.126 3.004 5.800 6.009
#8 #8 X (5.8764e-07)f 0.99197 3.099 2.938 5599 . 5.876
Y (6.4915e-07)f 0.98767 3.468 3.246 6.092 6.492
Z (6.1804e-07)f 0.99254 3.252 . 3.090 5.881 6.180
#9 #9 X  (5.8474e-07)f  0.98837 3.107 2.924 5.492 5.847
Y (6.7606e-07)f  0.99022 3.592 3.380 6.403 6.761
Z (5.4620e-07)f 0.99318 2.863 2.731 5.218 5.462
#10 #10 X (5.5993e-07)f 0.99092 2.951 2.800 5.306 5.599
Y (6.3245e-07)f 0.99139 3.346 3.162 6.005 6.325
Z (4.7036e-07)f 0.99316 2.468 2.352 A#97 4.704
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