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Measurements of shear Alfvén waves are used to test thecpoed of a variety of different electron colli-
sion operators, including several Krook collision opersitas well as a Lorentz collision operator. New expres-
sions for the collisional warm-plasma dielectric tens@uténg from the use of the fully-magnetized collisional
Boltzmann equation are presented here. Theoretical pieador the parallel phase velocity and damping as a
function of perpendicular wave numbley are derived from the dielectric tensor. Laboratory measerds of
the parallel phase velocity and damping of shear Alfvénesavere made to test these theoretical predictions
in both the kinetic Yt va) and inertial ¥t va ) parameter regimes and at several wave frequencies
(! <! ). Results show that in the inertial regime, the best matdtvdéen measurements and theory occur
when any of the Krook operators are used to describe electitinions. In contrast, the best agreement in the
kinetic regime is found when collisions are completely iggth

PACS numbers: 52.35.Hr, 52.20.Fs, 52.72.+v

I. INTRODUCTION Krook collision operators (a nice summary of which is given
by Opher et aP) and their applicability to the current experi-

A dif cult problem that often arises when trying to derive ment is discussed. As we will detail later, many of the earlie
theoretical predictions for the behavior of waves in a plasm treatments of Krook collisions (speci cally the number-dan
is how to include effects of particle collisions in the thgdn ~ €Nergy-conserving operators) derived results using gssum
the limit of very low collisionality, one can typically igme ~ tions that are not appropriate to this current experimeit: A
the effects of collisions completely. In the limit of veryghi ditionally, while several authots’ have compared pre(_1|ct|ons
collisionality, a uid approach such as that developed bg-Br of these models to each other and to other computational mod-
ginskiil can be used to describe wave behavior. It is the casg!S: féw have compared these predictions to experimertel da

of intermediate collisionality that bridges these two ertes In this paper, we present the results of experiments con-
where the problem of how to account for collisions must beducted using the LArge Plasma Device (LAPY the Uni-
addressed. versity of California at Los Angeles (UCLA) that measured

Some of the rst researchers to try to bridge the divide be-th€ parallel phase velocity and damping rates as a function
tween the very high and very low collisionality were Bhatna-©f Perpendicular wave numbge for the kinetic {re > v a)
gar, Gross, and Krook. In a series of papetsthey devel- and |r_1ert|al Vie < Va) regimes. '!'hese experlmen'gal results
oped a set of collisional operators that could be introdiced are directly compared to theoretical curves including the e
the Boltzmann equation. These collisional operators vell b fécts of electron collisions, allowing us to perform sewsit
referred to as Krook operators for the remainder of this pape®Sts Of the accuracy of these operators. We will begin with
(though they can also often be referred to as BGK collisior? d€scription of shear Alfvén waves in Section II. Desaiibe
operators). Several collision operators of varying comple " Seg:tlon 1, the elect(o.n collisions are mod.eled using-se
ity were constructed in these papers, each type distingdish €ral different Krook collision operators of varying comyity
from the others by which conservation properties it cormery @S Well as pitch-angle scattering described by a Lorentz col
instantaneously (number of particles, energy, or noneljt al lision operator. Section IV WI|| include a description ofeth
Although these operators represent a crude attempt tadaclu €XPeriment whose results will then be matched to our theo-
the effects of collisionality in the Boltzmann equationeyh retical pred|C|on_s. The re_sults o_f these comparisons vell b
are still one of the few analytically tractable methods of de Presented and discussed in Sections V and V1.
scribing collisional effects. Due to the crudeness of therap
tors, one may initially expect results arising from the irsibn

of Krook operators to provide only a qualitative descriptad Il. SHEAR ALFV EN WAVES
wave behavior, but in fact, these operators often providge ve
good quantitative descriptions of wave behavior. Alfvén waves were rst predicted by Hannes Alfivem

We will develop theoretical predictions for the behavior of 1942. Using basic magnetohydrodynamic (MHD) equations,
shear Alfvén waves including kinetic effects and electoh  he derived the dispersion erguation for an “ideal” Alfvénma
lisional effects by including Krook collision operators &n ! = vakj, whereva = Bo= ~onimj, By is the background
warm-plasma derivation. We then test these predictions bynagnetic eld,k; is the component of the wave number par-
comparing them to experimental results. Earlier treatsyefit  allel to the background magnetic eld, amg andm; are the



ion density and mass. The Alfvén wave is an electromagnetithe ability of the parallel electric eld component of the
wave that exists at frequencies for whith< | . Inthe shear Alfvén wave to accelerate charged particles along
MHD approximation, the Alfvén wave can only transport en-the magnetic eld is thought to play an important role in
ergy along the magnetic eld since the group velocity is gon the magnetosphere-ionosphere system, speci cally inraliro
the magnetic eld. It can be shown that the electric and magelectron acceleratiotf:13
netic elds of the wave are always perpendicular to the back- Many authors have derived theoretical dispersion relation
ground magnetic eld which is in stark contrast to the Alfvé for the shear Alfvén wave and studied laboratory and space
wave when kinetic effects are included. physics applications where shear Alfvén waves play an impo

Early attempts to include particle kinetic effects into a de tant role. Even so, there have been few detailed experithenta
scription of the Alfvén wave were discussed by Stétdnt veri cations of the dispersion relation in the laboratoSev-
Hasegawé!, and Goertz and Boswél. For the purposes of eral Australian researchers were among the rst to study the
this paper, we will use the term shear Alfvén waves to rebehavior of Alfvén waves with small perpendicular struetu
fer to Alfvén waves including particle kinetic effects. @  in linear** and toroidal® geometries. More recently, groups at
papers showed that the shear Alfvén wave can be separatefCLA have conducted experiments in the LAPD to measure
into tWB regimes, characterized by the ratiovgf=va where the dispersion relation and related properties of shearéhlf
Vie = Te=mg is the electron thermal speefi(is in units ~ waves®% In these experiments, shear Alfvén waves were
of Joules unless otherwise stated) apds the MHD Alfvén  launched by a small-disk antenna that emitted a wave with
velocity given above. In the kinetic regime,e va and  power distributed over a broad range of value&of though
2me=m; < < 1where = 2(me=m;)(Vie=Va)2. This the size of the disks were chosen to give some preference to
regime is applicable in the magnetosphere beyond approxscale sizes near.. The wave was measured at several dif-
mately 5 Earth radii and in the solar wind. The necessarg ratiferent axial positions in order to determine the evolutién o
is typically achieved in a laboratory plasma with high dgnsi  the radial pro le of the wave, and then this radial pro le was
high electron temperature, and low magnetic eld. This iscompared to a theory derived by Morales et’d!
the situation that is discussed by Haseg&wahere he uses
two- uid theory to derive a dispersion relation for the kiige
Alfvén wave . THEORY

q__

L. va 1+ k32 2 (1) i _
Ki ' Previous experience of the UCLA group has shown that

whereks is the component of the wave number per endiCu_electron collisional effects tend to be important in actelsa
? P . - _perpe describing the dynamics of the shear Alfvén wave in the
lar to the background m%gnetlc eldg = Cs=! is the ion

. . : : ) LAPD. In fact, under our experimental conditions, the elec-
acoustic gyroradiu€s = Te=m; is the ion acoustic speed

. . ' tron collision frequency ise = 1:4 MHz in the kinetic regime
and! i |sth§ 1on cyqlotr_on frequency. For small valuesef, and ¢ = 7:0 MHz in the inertial regime, where the electron
the dispersion relation is the same as the MHD case. As th@ollision frequency

perpendicular spatial structure of the kinetic Alfvén wale-

creases and approaches(so thatk, s 1), kinetic effects 4p 5e4Znaln Znaln
become important and the parallel phase velocity increases e = TSO 29 10 6% 3)
abovev, . MeVie Te

In the inertial regimeyve Vp SO that < 2me=m;,

which is satis ed in the ionosphere and out to 4-5 Earth radii as been taken from Braginskiand is a characteristic elec-
In the laboratory, this regime is achieved in a plasma with [o tron collision frequency including effects due to collis®o
density, low electron temperature, and high magnetic eld.With ions as well as other electrons. In this expressios, 1
Goertz and Boswelf derived a two- uid expression for the for singly-ionized helium, ande is in units of eV. This results

dispersion relation of the inertial Alfvén wave given as in values of ¢=! ranging from 10 to 20 in the kinetic regime
and 18 to 28 in the inertial regime. Thus, we can investigate

2=, _ (2) & variety of different electron collision operatg@ f=@) to
Kij 1+ks5 2 determine which, if any, show adequate agreement with data.

]

In the inertial regime, particle kinetic effects become im-
portant as the perpendicular spatial structure of the ialert
Alfvén wave decreases and approaches the electron skin dep
e = C=!pe Where! e is the electron plasma frequency. Just
as in the kinetic regime, the parallel phase velocity of the i In order to test the effects of various electron collision op
ertial Alfvén wave isva for smallk, values. Unlike in the erators, warm plasma theory for Alfvén waves is developed
kinetic regime, the parallel phase velocity decreasds as- here. This theory includes important particle kinetic effe
creases. in the determination of the theoretical phase velocity idiad
Unlike in the MHD derivation, the inclusion of parti- tion to providing a theoretical prediction for the dampiatgr,
cle kinetic effects leads to a component of the wave elecwhich, in general, tends to be dominated by Landau damping
tric eld that is parallel to the background magnetic eld. and electron collisions in the LAPD. Electron-ion collisa

A. Warm plasma theory, no collisions



effects were included via a collision operator in the el@ttr
Boltzmann equation

@t @t
@t @t .

where the electron distribution function fg(x;v;t) =
feo(V) + fer(X;v;t) andfeg is an equilibrium distribution
function (it is assumed to be a Maxwellian distribution irr ou
derivations).

The wave equation is given by

(4)
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where" = 1+ "¢+ "; is the warm plasma dielectric tensor.
Initially, collisions will be assumed to be unimportant,that
(@f=@). = 0. Under this assumptiori, has been derived
in many texts (e.g. Swansé?), so the full tensor will not be
given here. In the low frequency limit (! ), equation 5
can be reduced to

(nj? "wx)'zz n'?) "wx =0 (6)

wheren; = ck;=!,n, = ck, =!, and the relevarit tensor
elements are given as

X !Si 1 2
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P kv @
P51 o)
1 2 1 2 .
ci : [
X !FZ)' 0
"2=1 \9—7] n(j)njz(nj)
2KV o= ®
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The approximations given in Equations 7 and 8 have been

given previously by Gekelman et &.and result from the
assumptions that  ce, ! n' ¢ whenn > 1,
and ¢ 1 so that o &) land ,( &) 0 when
n 6 0. In these equation$, represents species for elec-
trons,i forions), ; = k3 ?, ; is the particle gyroradius,
n(j) = e 11a( ), I”Q() is the modi ed Bessel func-
tion, n = (! nlg)=C 2kjVvy), Z( nj) is the plasma
dispersion functiof?, andZ% nj) = 2[1+ 5 Z( nj)]is
the derivative of the plasma dispersion function with respe

to n . From these equations, the following approximate dis-

persion relation can be derived:
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Finite-Larmor radius effects are incorporated throughdne

c?k3 |

| 2

(9)

1 o i). Asthe perpendicular scale of the electric eld ap-
proaches and becomes smaller than the size of the ion gyroraf . This is not the same as just changing

3

forareductionin the electric eld that anion experiences

the value at the guiding center to an average over the whole
Larmor orbif*. The nite-frequency effects are included via
thel !2=12Z term. When! I ¢, this term approaches
unity. As! ! 1, the wave dynamics signi cantly disrupt
the ion cyclotron motion.

B. Krook collisions

The Krook collision operators represent a simplied at-
tempt to model particle collisions and their effect on thevava
dynamics. Instead of focussing on the dynamics of indiidua
collisions, the operators instead represent an assumibiddn
collisions will drive a slightly non-Maxwellian electrongdri-
butionf . back to a Maxwellian distributiofieg in a time on
the order ofl= (v) wherefg = feo+ fe1 and (v) is a veloc-
ity dependent collision frequency. The relaxation ratefis o
ten approximated using a velocity-independent collisiea f
guency, ¢ (in the case of electron collisions), and our deriva-
tions will be no different. These approximations allow us to
derive the collisional dielectric tensor using the samehmet
as was used in the collisionless case (i.e. the same as in-Swan
sorf?) with only minor modi cations to the procedure. As
such, the derivations will not be presented here, but ordy th
relevant results will be given. Itis important to note thatile
these approximations greatly simplify the derivation of th
wave dispersion relations from the Boltzmann equation (as
compared with a full Fokker-Planck collision integral)ette-
sulting collision operators are not able to properly ddszaill
of the collisional effects. In many cases, however, it cas pr
vide at least a semi-quantitative view of the effects ofieoll
sions on wave propagation and damping with varying degrees
of success.

The simplest type of Krook collision operator, and the
one that is most often used in analytic derivations, is a non-
conserving Krook operatér

@t _
@t .

e(f e feO)

(10)

efe1:

This represents the idea that in a collision, electrons bre a
sorbed based on the current distributibn and re-emitted
based on the background Maxwellian distributi@g, leading
to the number of particles being conserved only when averag-
ing over a disturbance cycle (the time scale over which the
uctuating density component varies).
Since ions are far more massive than electrons, to a rst ap-

proximation only the electron terms of the dielectric tariso

are modi ed by electron collisions whetfe= 1+ "¢+ "j.
The resulting electron dielectric tengd)nc has the same
form as in the collisionless case, but all elements in the-ele
tron dielectric tensor pre modied so thate ! e Where

ne = (! N ce)=( 2KjVie), = 1+ i ¢=!, and the
derivative of the plasma dispersion function is now in terms
I +1i cas

dius (or, as j approaches and exceeds 1), this term accounts often stated for cold-plasma theory, as there are faofdrs



arising from Maxwell's equations that should not be modi ed by the expression

by the Krook collision operator. In fact, the same is truereve " #
in cold plasma theory, where it is typically more accurate to X n(s)
use the shortcuhe | me(1+i ¢=!). Justasin the collision- Gs = k« ——Zo(ns) R
less case, the wave dynamics are approximately governed by w o n=1 s #
Equation 6 where the parallel dielectric tensor in Equa8on LG 0
is modi ed to become 'kx@ n( $)Zo(ns) ¥ (15)
X 1z % Co .
" - " pi Y 70 !
("zz)ne =1 ‘ BT”VU . n( i) nZ(ni) + pice n( S)ZO( hs) 2
] " (12) p =t
2 and =i <( ikﬂ Vie ). The analog to the approximation in
> _|- pe vell+ 0eZ( 0o)l: (12) Equation 8 is then given by
2y 12 1+ 00Z( 0c)
n A be Oe Oe) .
This approximate expression for the parallel dielectrtste ("z2)um 2”§!k i Vie 7+ Z (0e) (16)

agrees with that given by Vincena et'@The non-conserving

Krook mode! has the virtue_ of ease of use, but suffersin thati Neither of the two models above provide a description of

does not satisfy conservation laws for the number of padicl energy-conserving collisions. In their 1954 paper, Bhgama

momentum, or energy. et al3 extended the previous models to account for energy
As noted, the Krook model above only conserves the NUMggnservation (in addition to conserving particle numb&he

ber of particles when a_veraged over a disturbance cycle. 'rlénergy-conserving collision operator is given by
stantaneous conservation of particle number can be indlude

through a relatively minor modi cation to the non-consenyi @t n n2
collision operatot so that @t —fe+ —Feo
¢ z
n(x;t f
@ oy, DD = efe O dufe (17)
@t c No No
oo Z (13) f V2 L
= = 3 — 1 d — 3 f
e fer o d°uf e1 2no 3Vt2e u Vtze el
R o
wheren(x;t) =  d®vfe(v) = no + ng, ng is the equilib- whereng= = ¢, andF¢g has the form of a Maxwellian dis-

rium density, andh; is the uctuating density component. In tribution, but instead of using a constant temperafiye=

this case, electrons with velocities betwaeandv + dv are  Teo (as we had up until this point), we instead allow the tem-
absorbed based on the current distribution functioand re-  perature to vary so thale(x;t) = Teo + Te1r(X;t). In this
emitted with a velocity distribution governed by, (just as  case, electrons with velocities betweeandv + dv are ab-
above), but now the re-emission rate is proportional to thesorbed based on the distributibg and at a rate proportional
uctuating densityn(x;t). The resulting modi ed dielectric ton(x;t), and are then re-emitted based on the distribuion

tensor is given by and at a rate proportional to’.
It is possible, though tedious, to derive an expression
("e)num =("e)nc ) for ",,e from the Boltzmann equation, again following the
126G 3 # 1 method used in the previous two cases. An expression for
__pePer Ve 14 n( e)Z( ne) the full dielectric tensor is far too complicated to be usédu
P1Zg 2k e 1 reproduce here, although a relatively compact approxamati

(14)  t0"zze can be given (using the same approximations used to
produce Equation 8). In this case, the new dielectric tensor
whereGe+ G is the outer product of two vectors de ned elementis given approximately as

12 2 172 Z1Z3+ Z2+ Z()Z2 27172523+ ZZZ4 + 2022
" op_ Pe 7 < 741 3 1 1 3 18
(o2 Jereray 2k jvie 3 1+2 U7, 7,474 +2 2(22 23+ ZoZa) (18)
|
where we let The expressions for the number-conserving dielectric ten-
L Z, e U sor given by Equation 14 and for the energy-conserving di-
Zn = p— du: (19)
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electric tensor element given by Equation 18 have not been Equation 20 leads to the parallel dielectric tensor element
previously published to our knowledge. Other authors have

treated these collision operators, but often assumingieond _—_— ' pe Ze ( o) (22)
tions that are not appropriate to our experiments. For exam- == P35 v eTPR e

ple, Clemmow and Doughertyand Fried et af® treated the g

non-conserving and energy-conserving Krook operators réyhere the functiofZs ( oe) is derived by Pefiano et &.and
spectively and derived scalar dielectric susceptibditrethe 5 given by the following equations:

case of no background magnetic eld, a case which is incon-

sistent with the description of an Alfvén wave. Alexandrov y
et al?” also addressed the number-conserving Krook operatoz ( o) = - 5 .

and derived an expression for the full warm-plasma dielec- 0 2 3 Get® 6 e 0et6 cet*(a2=a1)=5
tric tensor assuming a background magnetic eld. His ex- (23)
pressions for the dielectric tensor nearly agree with the ex

pressions given in this paper. There are differences in the

12

8= )texp( t2)dt

sign of the off-diagonal elements of the collisionlesseiiglic an _ b,

tensor, and thé&,, term of the collisionless dielectric tensor an 1 Oy + by (an+1 =an) (24)
given by Alexandrov et af/ appears to contain a typographi-

cal error, but we have no independent veri cation of thigfro

other sources. Additionally, in order for his expressiontfe . nt* 4= et + en(n+1)
number-conserving dielectric tensor to match the expoassi by = 'm' n= 1 on+1

presented here, what he calls the particle species cotitribu (25)
to the collisionless dielectric tensofaf.,.naroy ) CaN be re-

lated to what we call the collisionless particle speciestiton \here o = i o =(p 2kjj vie). The Lorentz collision operator
bution (* ) by the expressiofpexanaey, = 1+ " Where igsimilar to the energy-conserving Krook operator in thaii
"= 1+ "+ " isourexpression for the complete collision- myltaneously conserves particle number, momentum, and en-

less dielectric tensor. Rewoldt et &treated all of the Krook ergy. Unlike the Krook operators above which relax the elec-

operators discussed in this paper, though he made use of a gyon distribution function to a Maxwellian form, the Lorent

rokinetic approach to derive scalar dielectric suscefitd8.  operator causes the electron distribution function toctdea

Since his resulting scalar dielectric susceptibility foe non-  form that is isotropic with respect to the io#fsThe Lorentz

conserving Krook operator does not agree with the expressiocollision operator does have some drawbacks, howevet, Firs

given by Equation 11, there is no reason to believe that thé the limit of low collisionality, the convergence of therco

scalar susceptibilities he gives for the other two Krookrape  tinyed fractiona,=a; is very slow and must be carried out

tors should be appropriate for our experiment. to very highn. Also, as Opher et dl.points out, Pefiano's
derivation of theZp ( ) function was performed for the case
of instabilities where the wave grows with time, and thatish

C. Pitch-angle scattering not been rigorously shown that this same function is valid fo
damping problems (such as the experiments presented in this
One of the main disadvantages of the above models is thaaper).
they do not incorporate a velocity-dependent collision fre
quency. The Lorentz (or pitch-angle) collision oper&toep-

resents an attempt to overcome this de ciency. The coliisio IV.  EXPERIMENT
operator represents electron-ion collisions as a serietasf
tic binary collisions where the electron's direction, bot the A. LAPD

magnitude of the electron's velocity, is changed in a cialfis
with a stationary ion. The Lorentz collision operator isagiv The LAPD is a cylindrical device in which a discharge

by plasma is produced that is approximately 40 cm in diameter
and 16 min length. The plasma discharges have a duration on

@ - (v)—@ 1 2)% (20) the order of 10 ms, and a repetition rate of 1 Hz. Experiments

@t | @ @ were performed using a helium plasma in which a uniform ax-

) ) _ _ial (2) magnetic eld was applied. Electron density and tem-
WhereVZ = v . Asthis Opel’atOI’ de%:”bes electron-ion colli- perature measurements were made using a Swept Langmuir

sions only, we mustuse(v) = &i(" 2ve=V)® where probe, with the density then scaled to match measurements
. from a microwave interferometer.
o= 2n ol In 19 10 gNoln (1) While operating in the kinetic regime, an axial magnetic
m2(" 2Vie)® 732 eld of 600 G was applied. Experiments were conducted

in the “ at top” of the discharge when the density and tem-
has been taken from Pefiano efa(T, is in units of eV for  perature were relatively high. Results from Langmuir probe
this expression). measurements showed the resulting plasma had an electron



density of 1:1  10'2 c¢m 3, and an electron temperature 1 TTO Feedthrough

of 8.0 eV. Although the Langmuir probe density measure-

ment was scaled to a line-integrated measurement from a mi- B — [ — F

crowave interferometer, our results showed a need to reduce dOEK D( Seion Grid Pieces

the scaled density by 14% (in both the kinetic and inertial
regimes), resulting in a density &5 10 cm 3. This
systematic effect could be the result of a calibration issue
possibly a slight density gradient in tiedirection (as the in-
terferometer was nearly 3 m closer to the cathode than the
langmuir probe was). The ion temperature was estimated to =
be approximately 1.25 eV based on previous interferometric
measurements in a similar plasma, although no ion tempera-
ture measurement was available at the time our experiments
were performed. The resulting ratig =va = 1:8 places our
experiments in the kinetic regime.

For the inertial regime, a higher magnetic eld and
lower electron density and temperature were desired so that
Vie=Va < 1. In order to achieve this, an axial magnetic eld FIG. 1: This is a schematic vigw of the dispersive AIfV(fen.wam-
of 2300 G was applied, and experiments were conducted dufenna as seen along the z-axis of the LAPD. Each grid is _made of
ing the afterglow (the peroid after the discharge has endedCPPer mesh, and they are separated by 0.635 cm. Each gritlenay

: . driven separately, allowing good control over the perpeuldr wave
here approximately 920s after the end of the discharge). number. The dashed line shows thandy positions at which raw

In the afterglow, electron density and temperature deereasyaa js acquired by b-dot probes placed at sevepaisitions.
rapidly, reducing the ratiote =va. EXxperiments were per-

formed at a point in the afterglow when the electron density

was6:5 10 cm 3 (after the 14% decrease) and the electron ~ Relative Power in Antenna Patterns
temperature was 1.9 eV. Just as in the kinetic experimergs, t

ion temperature was estimated to be approximately 1.25 eV. 1.07
The resulting ratiovie =va = 0:18places these experiments in g I
the inertial regime. 5 0.8r ]
=¥ [
N—’ O 6 L ,
> e
B. Antenna g I
= 0.4r 1
Shear Alfvén waves were launched using an antenna in- g 0 2k 1
serted into the plasma with the axial magnetic eld perpen- o I
dicular to the antenna face shown in Figure 1. The antenna A~ NelE ==
is co_mposed of 48 copper-mesh_elements, each extending ap- 0.1 kS
proximately 30.5 cm in the verticaf§ direction. As a re- 10¢

sult, the wave eld shows minimal vertical variation at the

location of the wave measurements. The antenna elemenfsG. 2: (Color) This plot shows how the spatial perpendicstauc-

are spaced by 0.635 cm in thedirection. Each element is ture of the wave can be controlled by adjusting the antenttarpa
connected to its own independent signal driver, allowing-co Megsurements of the normalized power distribution as atfomof

trol over the current supplied to each individual antenrea el k2 iS shown for the four different antenna patterns (represeby
ment. A common signal is split and fed into each of the signafhe four different colored lines) used in the inertial expents.

drivers, which then control the signal amplitude and phése (

or 180) as well as introduce a DC bias to each antenna ele-

ment. The DC bias is used to ensure that the current on eaellar wave numbers, as seen in Figure 2. This gure shows
antenna element is driven in a regime where the characterithe measured distribution of power as a functiorkef for

tic I-V curve of the plasma is linear, minimizing the amount four different antenna patterns. This becomes particuiari

of power that is deposited into harmonics of the fundamentagbortant when launching a wave with very small perpendicular
driven frequency. This helps us to avoid signal recti catio structure. These waves are heavily damped, so putting rhost o
that results from trying to draw ion current. Control of the the antenna power into a single high perpendicular wave num-
signal amplitude and phase allows a user to create a waveforbrer ensures that the signal will be strong enough to be detect
along ther-axis with an arbitrary spatial structure, thereby several meters from the antenna. Experiments were pertbrme
controlling the structure of the perpendicular electritd ®  using several different wave patterns, each of which calere
the wave. One of the primary advantages this antenna holdsdifferent subset df, values. The results found while using
over antennas used in other dispersion experiments is thatthese patterns were then superimposed in order to determine
user can control how power is distributed among perpendicexperimental dispersion and damping for a wide rande, of



The signal that was fed to the signal drivers was a limited-shown in Figure 5a. It can be seen that the signal received by
duration sinusoidal tone burst containing 5-10 periodshef t the probe far from the antenna is smaller in amplitude and de-
wave and windowed temporally (the rst and last signal peaklayed in time with respect to the signal from the close probe.
were only half the amplitude of the rest of the signal). Thiswe made the assumption that the time and amplitude differ-
temporal windowing was used to minimize the disturbancesnces between the two received signals were due only ta linea
to the plasma due to the sudden presence of the wave. Thmopagation and damping of the wave as it travels through the
wave frequency was set near 25% and 50% of the ion cyplasma. In the analysis, the phase velocity and damping fac-
clotron frequency, resulting in wave frequencies of 70 kHztor of this wave were found by determining how much the lag
and 130 kHz in the kinetic regime (the ion cyclotron frequenc and the amplitude of the far-probe signal would have to be
was 229 kHz) and in the inertial regime, the wave frequencieadjusted in order to minimize the? value for the compari-
were 250 kHz and 380 kHz (the ion cyclotron frequency wasson of the two signals. Care was taken to correlate only the
876 kHz). This tone burst was then added to a DC bias thatenter sections of the two waves in order to ensure a measure-
was chosen to maximize the amount of signal being driven anent of the phase velocity rather than the group velocity cor
the fundamental frequency while minimizing the amount ofresponding to the envelope. The resulting correlated gna
power being deposited into harmonics due to current recti -are shown in Figure 5b, with a plot of and the correlation
cation in the sheath. “R” value in Figure 5c as a function of lag. Using the best

lag and amplitude adjustment as de ned by the maximum of
R and the minimum of 2, along with the probe separation
C. Data acquisition and wave frequency, we calculated the parallel phase wgloci
vp = != Re(kj) as well as the damping factor (ik; )=Re(k;; )
for the selected value &, . This procedure was repeated for
each value ok, in order to generate values of parallel phase
velocity and damping as a function lof .

Instead of measuring the predicted radial pro le of the
wave®19 in this analysis the wave is separated ikfocom-
ponents and the parallel phase velocity is determined fdr ea
component. The current analysis procedure is a re nement of
the procedure used by Kletzing et®aIThe ratios ofvie =va

are more extreme than the intermediate regime presented in V. RESULTS
the earlier paper and our ability to launch and detect shear
Alfvén waves has been signi cantly improved. Results of kinetic Alfvén wave experiments are shown in

The waves were detected using three-axis magnetic sear¢tigures 6 and 7. Figure 6 shows plots of the normalized phase
coil probes (or “B-dot” probes). These probes consist ofvelocity (v,=va) as a function ok, s, while gure 7 show
40 loops in each orthogonal direction, with a loop diameterplots of the normalized damping factor ((k))=Re(k;)) as
of 1.2 mm. The probes also include an integrated ampli era function ofk, 5. The theoretical curves represent the re-
circuit located on the probe head within the vacuum chambesults from using several different collisional models. The
allowing us to amplify the relatively small signals befoney  three black curves represent the results when collisionser
are subjected to noise contamination on their path out of thglected, with the center curve assuming the plasma praserti
vacuum chamber. Two probes were inserted into the plasmagported in Section IV, and the two outer curves assuming ran
separated by 1.92 m along the axis of the device (see Figiom uncertainties in density, electron temperature, ang- ma
ure 3). An automated motion system was used to measure thtic eld (3%, 10%, and 5% respectively for the kinetic case
wave at 181 horizontak() positions spaced by 2 mm across and 5%, 7%, and 5% for the inertial case). The random uncer-
the diameter of the plasma and vertically located at theetent tainties for the density and electron temperature weredoun
of the plasma and antenna (see Figure 1). by calculating the standard deviation of the plasma progeert

At each spatial position, a time series was recorded at across the plasma diameter for the time at which experiments
sampling rate of 12.5 MHz. Since the plasma conditionswvere conducted. All of the other curves represent the result
were very reproducible between discharges on the LAPD, thérom the various collisional models discussed earlier ¢ate
signal-to-noise ratio was able to be increased throughwthe aing to the plot legend). Data points in these gures show the
eraging of multiple shots at each spatial position. Avarggi result of superimposing the data found from one (70 kHz case)
20-30 shots per spatial position provided a suitable sigmal or two (130 kHz case) different antenna patterns that were
noise ratio for the purposes of this experiment. Figure 4wsho used to cover th&, spectra. Data points were only included
a plot of theg-component of the time-varying magnetic eld for values ofk, where the amplitude signal-to-noise ratio of
as a function of position and time. Only tffecomponent of the probe farthest from the antenna exceeded a value of 6, and
the wave magnetic eld is shown since the wave electric eldthe linear correlation value “R” exceeded a value of 0.9. The
is almost completely in thR-direction, resulting in an almost source of uncertainty in the data points arises from an uncer
purelyB, magnetic eld. tainty in the correlation process. The error bars are déiwuin

In order to separate the wave irkp components, data like by scaling the 2 value so that the reduced- = 1, and then
those shown in Figure 4 were passed through a spatial Fourigarying the lag and multiplicative factor independentlyrtd
transform. This was done for the data measured at both athe values of the lag and multiplicative factor that make
ial probe positions. For each value lof , a time-series cut increase by 2.3, which corresponds to a 68.3% con dence in-
was taken from each probe location, an example of which iserval (see p. 697 of Press et3).appropriate for a 1 error.



=
5 5 E
E E =
(- "] (-9 5
dB/dt
g 3 X 7 \Angma
i 2 zhLY
Plasma Column
Top View |
Not To Scale 1.92m 128 m

FIG. 3: (Color online) This schematic shows the placemenhefb-dot probes with respect to the cathode and antennaed/éae launched
toward the cathode. The wave is then measured by two propesated by a couple of meters.
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The rst thing to notice in these plots is that the damping
values predicted by all of the collisional models are signif

icantly hlgher. than the Opserved damplng Values'. Not OnIXf:IG. 5: (a) Signals from the probe closest to the antenndéthsand
are the damping vaIue_s_hlgh, but there IS also very I|ttleagr_ the probe further from the antenna (solid) before corretetias been
ment between the collisional models, with the non-cons@rvi herformed. As expected, the far signal is seen at a later dimiis
Krook model showing the least agreement with experimentadmajler because it has been damped. (b) The result of thelation
values. The best agreement for the kinetic results are whefchnique where the far signal has been shifted in time amditace
electron collisions are completely ignored and damping isn order to best match the near signal. (c) Values®ofsolid) and the

Lag (pts)

purely Landau damping. correlation parameter R (dashed) as a function of signad) 2itae.
The inertial results are presented in Figures 8 and 9. Adhe ,\b?St;j'ag and amplitude occur wheré is minimized and R is
maximized.

in the kinetic regime results, these gures show plots of the’
normalized phase velocity{=va) and normalized damping
factor (Im(k; )=Re(k;;)), wherek- is now normalized to the
electron skin depthe on the x-axis. In both the 250 kHz and dispersion and damping prediction over the rang&-offor
380 kHz cases, data points taken from 4 antenna patterms (Seghich we can compare to experimental values. The results
in Figure 2) are superimposed in order to coverkherange  from the inclusion of a Lorentz collision operator result in
of interest. damping values between those predicted by Landau damping
Unlike in the kinetic regime, Landau damping alone fails toand the Krook collision values, and tends to be lower than the
account for the observed wave damping in the inertial regimeobserved values. The phase velocity prediction from Larent
Another important difference is that in the inertial regime damping is relatively close to the predictions from the Keoo
all three Krook collision models provide essentially thensa operators, and falls within error bars of the observed \alue
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FIG. 6: (Color) Kinetic Alfvén wave parallel phase velgcinea-
surements compared to warm plasma theory for (a) 70 kBizi()
and (b) 130 kHz 67! ). The effects of different models for elec-
tron collisions are represented according to the legendvé€rgence
issues prevent the curve arising from the use of the Lorepézean
tor from being extended much beyokd s = 1 for these plasma
parameters.

FIG. 7: (Color) Kinetic Alfvén wave damping measurementsne
pared to warm plasma theory for (a) 70 kH2!(; ) and (b) 130 kHz
(57" o).

when collisionality is neglected. In the inertial regimieete

is also far better agreement between the predictions ofalhe ¢

lisional models. In fact, the phase velocity and damping pre
VI. DISCUSSION dictions from the Krook models nearly overlap each other (as

well as the data) over the range lof values for which we

Results from the kinetic and inertial regimes show very dif-have measurements. It should be noted that the prediction
ferent behaviors with respect to collisionality. When glea  from the Lorentz collision operator does not agree with the
collisions are included in the Boltzmann equation for the ki observed values or the Krook predictions for the inertiakca
netic regime, the resulting theoretical phase velocitywsho  Focusing rst on the comparison of experimental values to
very little agreement with the observed phase velocity, andhe predictions from Krook operators, it is clear that thedi
the theoretical damping factor is much larger than observeghodel does a better job predicting the dispersion and dagmpin
values. This shows that the collision operators examined inf the wave in the inertial regime than it does in the kinetic
this paper tend to overestimate the effect of electronsiolis  regime. However, the physical reasoning behind this differ
for this wave mode. Additionally, there is not much agree-ence is not completely understood. One possibility is that
ment in the damping values predicted by the different colli-the kinetic regime experiments were conducted in a param-
sion operators in this regime, nor even an obvious trendeas theter regime in which the Krook collision operator is not well
complexity of the collision operator increases. In orddrést  suited to describing collisions effectively. Electromioolli-
match the experimentally observed values, electron amliss  sions are not isotropic in the presence of a magnetic eldh wi
must be completely neglected. the parallel collision frequency multiplied by a factor ob@
In contrast, it is essential to include electron collisioefa ~ with respect to the perpendicular collision frequency €tak

fects to describe wave behavior in the inertial regime. Lanas i) in many two- uid treatments (e.g. Braginsk)i Even
dau damping alone predicts far less damping than what ig this factor of two were included in all three directions, i
observed. Additionally, higher phase velocities are potedi  still does not change the theoretical curves enough to match
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FIG. 8: (Color) Inertial Alfvén wave parallel phase velyaineasure- ¢ g (Color) Inertial Alfvén wave damping measuremenos-
ments compared to warm plasma theory for () 250 kel (a)and  pareq to warm plasma theory for () 250 kH29! i) and (b)

(b) 380 kiHz (43! ). Note the extremely good agreement betWeensgp iz (431 ;). Note the extremely good agreement between the
the three Krook operator results. three Krook oparator results.

e

experimental results in the Kinetic regime. o - _

Instead, we suspect the above difference to be related i€ distributions. Additionally, since the electrons agtar
the difference in the electron physics in the kinetic and-ine tively cold, they are unable to thermalize quickly in the ab-
tial regimes. Electrons are relatively hotter and respadifid d Sence of electron-electron collisions in the event thaetae-
ferently to the wave in the kinetic regime than in the inértia tron distribution departs from a Boltzmann distributionn-U
regime. In the Kinetic regimese > va. This means that der these conditions, the importance of electron collision
from the electron frame, the electric eld of the wave apjgear creases in the Krook collision term of Equation 4. This could
quasi-static. The electrons are able to thermalize quickly €xplain why electron collisions are absolutely necessary f
the presence of this wave electric eld and are effectively a 900d agreement in the inertial regime, but must be neglected
equilibrium distribution. This is basically the same resisg N the kinetic regime. Work is being done to quantitatively i
presented by Goertz and Bosw&livhen they assume that in Cclude this qualitative argument into the warm-plasma theor
the kinetic regime, the electrons react rapidly to the ciamng A rst attempt to include particle velocity dependency into
parallel electric eldE,, resulting in a Boltzmann electron the description of electron collisions included a modiicat
distribution. Since the electrons are already in a Boltzmanz9 ) ! Zp( ) in the parallel dielectric tensor elemeht,
distribution, the role of electron collisions in Equatiorbd-  in order to include effects of pitch-angle scattering ofcele
comes negligible. trons off ions. Pitch-angle scattering incorporated tigtothe

In the inertial regime, the cold electrons are treated as ase of the Lorentz collision operator failed to agree wité th
cold uid. So, as the shear Alfvén wave passes, the distri-observed dispersion and damping values in either regime. In
bution “sloshes” back and forth due to the time-varying waveboth cases, the predicted damping values lie between those
electric eld uniformly accelerating all electrons in thésd  predicted by Krook collisions and those predicted in the-Lan
tribution. Since the acceleration of the ions by the paralledau damping case. As such, the damping predictions are
wave electric eld will be opposite that of the electrons|-co closer than those given by the Krook models in the kinetic
lisions between electrons and ions impede this sloshing afegime, but the opposite is true in the inertial regime. ltgdr
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et al.” points out that one de ciency of the Lorentz colli- oretical curves were found using several collisional msdel

sional model is that it does not include energy scatterikg li to describe electron collisions, as well as curves foundhén t

the Krook models do. The Lorentz collisional model alsocollisionless case. In the kinetic regime, good agreemast w

only addresses electron-ion collisions, ignoring theaftd  found between experiment and the collisionless case, \ithile

electron-electron collisions. As such, it may be possib&t was necessary to include electron collisions via a Krook col

the Lorentz operator may be as bad (in the kinetic regime)lision operator to see the same level of agreement with exper

or even worse (in the inertial regime), than the conservingment in the inertial regime. Physically, we believe thi§ di

Krook operators in describing electron collisions, evenuh ~ ference arises due to the fundamentally different respohse

it has the advantage of a velocity-dependent collision frethe electron distribution function to the presence of theava

qguency. Additionally, to our knowledge, no formal derigatti  in the two shear Alfvén wave regimes.

exists showing that the substitutidf ) ! Zp( ) by Peflano

et al?? is valid in the purely damping casdt should also be
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