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ABSTRACT OF THE DISSERTATION

Measurement of the Anisotropic Temperature Relaxation

Rate in a Magnetized Pure Electron Flasma

by

Alan Walter Hyatt
Doctor of Fhilosophy in Physics
University of California, San Diego, 1988

Professor John H, Malmberg, Chairperson

The anisotropic temperature relaxation rate is obtained from
the measured time evolution of TJ. and T” in 2 magnetized plasma
consisting of only electrons, The magnetic field defines the parallel
axis, The velocity space.anis otropy is induced in a plasma which has
evolved to a quiescent Maxwellian state, An essentially one-dimen-

while T, re-

sional axial compression {or expansion) changes T, 1

mains essentially unchanged, The time scale over which the compres-
sion occurs is short compared to the electron-electron collision time,
The nature of the compression is such that the parallel velocity dis-
tribution remains approximately Maxwellian after the compression,

albeit with a different tempe rature, The perpendicular velocity

*>ii



distribution remains essentially unaffected during the compression

 since few momenturn exchanging collisions occur,

After the compression is completed the temperature anisotropy

relaxes to a final equilibrium on the collisional time scale, The relax-

ation rate is obtained from measurements of T.L and Tﬂ as functions
of time, The relaxation of the anisotropy is found to be nearly expo-
nential,

The relaxation rate is obtained as a function of the measured
plasma density and the final equilibrium temperature, The measured
rate is compared with the absolute (no adjutable parameters) predic-
tion of a Fokker-Planck theory calculated in the weak field regime by
Ichimaru and Rosenbluth, and which is modified by a strong magnetic
field approxirmation due to Montgomery, Joyce and Turner. The
measured rate is also compared with the theoretical prediction of
Ichimaru and Rosenbluth without the strong magnetic field approxima-
tion, The measured rate and the prediction of the modified theory are

found to statistically agree to about 5%. The unmodified theory pre-

dicts a rate which is over 20% larger than the measured rate.







1. Introduction

In this thesis I describe a simp1‘e and direct experiment which
measures the rate at which an experimentally induced velocity space
anisotropy in a magnetized pure electron plasma relaxes to equilib-
rium via electron-electron collisions. This anistropy is characte;-

ized by TJ. # T, , the temperature associated with the degrees of

[
freedom perpendicular and parallel to the applied magnetic field,

This anisotropic temperature relaxation is a specific case of
céllisional velocity space transport in plasmas. .’I'he study of velocity
space transport in plasmas involves investigation into how the mutual
interaction-s of a system of charged particles modify the particles'
distribution of velocities in time. Collisional transport refers to
particles interacting with partic-les, or more properly, with properties
of the plasma which reflect the discrete particle nature of the plasma,
such as the electric field fluctuations caused by the random motions of
the particles. Collective transport, the interaction of particles with
averaged, ﬂu.id properties of the plasma, can also change the distribu-
tion function in time,

Ceollisional velocity space transport is of fundamental interest
to plasma physics. A few of the areas of plasma physics in which this

transport can play a dominant role are in determining the rate at

which equipartition of energy occurs in plasmas, the rate at which

" particles are scattered into the velocity space loss cone in a magnetic




mirror confinement device, and in determining the momentum trans-

fer between electrons and ions, This momentum scattering underlies
the concept of plasma resistivity, and hence is important to the Ohmic
heating schemes employed in tokamaks, Each of these effects depend
upon the collisional transfer of momentum among the plasma particles.

A theoretical description of collisional velocity space trans -
port in pia.sma.s has been the subject of continuing interest for over
70 years, Small momentum transfer collisions are thought to domi-
nate, which has led to a Fokker-Planck formulation of the transport
process. Such a formulation neglects the effects of the (assumed)
rare large momentum transfer collisions, In fact, there are many °
assumptions and approximations made of necessity when rates are
analytically calculated for specific cases from gene ra,]T Fokker-Planck
theories,

While there have been many experimental measurements of
configuration space transport, there have been only a few experi-
mental measurements of collisional velocity space transport rates in
plasmas. For the most part, these experiments have uncertainties of
the order of unity or larger, Hiskes and Futchl present measure-
ments of the rate at which ions are transported into the loss cone of a
magnetic mirror for several devices, and find that at best the agree-
ment with collisional theory is i1‘1 the factor-of-two range, The theo-

retical rates are generated by a Fokker-Planck code which requires



the input of initial conditions, and in some cases, there are free

parameters which are adjusted to bring the output of the code into
agreement with some measured quantity, Burke and Pr:.~st2 present the
results of their experimenté on fast test ions slowing in a neutral
plasma, and contrast these results with those of other similar experi-
ments, Their results differ from theory by a factor of 3 with uncer-
tainties of order unity. The other experimental results referred to by
Burke and Post differ from theory by factors of 1/3 to 8,

The resistivity measurements of Lin et al. and Mohler3 to-
gether agree quite well with the theoretical predictions of Spitzer and
Harm, s over a reascnable range of temperatures and densities, with
experimental accuracies on the order of 10-20%, They measure the
average conductivity in the shock wave front of 2 gas, This shock
wave is produced in a shock tube, The average charge density and
shock wave temperature are calculated from the measured Mach num-
ber, Although a resistivity measurement does not measure a trans-
port rate per se, it does measure one of the bedrocks of ceollisional
velocity space trangport in plasmas - the effective cross-section for
momentum transfer between charged particles in a plasma.

In our experiment we directly measure the relevant parame-
as they

teré of charge density, and the temperatures T, and 'I'!

1 I

relax to a common equilibrium. Further, the experimental conditions

are contrived so that both the density and total thermal energy remain



egsentially constant in space over the measured volume and constant
in time over the relaxation to final thermal equilibrium. To my
knowledge, this experiment is the. first measurement of this relaxa-
tion rate, and is the first unambiguous precision measuremert of
collisional velocity space transport. I compare the experimental re-
sults, obtained over a two decade range of measurt-ad relaxation rates,
with a Fokker-Planck theoretical calculation of those rates, arnd find
absolute (there are no adjustable parameters) agreement to about 5%,
This thesis is orga.nizgd as follows, The second chapter dis-
cusses the basis of the Fokker-Planck approach and the relevant
theory, including the anisotropic temperature relaxation rate calcula-
tion, This rate is calculated in the weak magnetic field limit., The
approximation which suitably modifies this rate for application to the
strongly magnetized regime of our pure electron plasma‘is also dis-
cussed., The third chapter describes the experimental apparatus, its
operation, and the equilibrium pure electron plasima it produces. The
diagnostics for the density and temperature T.L and TH are also dis-
cussed. The fourth chapter describes the experiment and how the
anisotropic temperature relaxation rates are measured, The method
of analysis whereby the raw relaxation data is reduced to yield a rate
which can be corﬁpared with theory is also discussed, The fifth chap-
ter presents a summary of the results, compares those results with

theory and states the conclusions.



II. Theory

A general theory of ;::ollisioq_a.l velocity space transportin
magnetized plasmas has been developed by Ichimaru and Ros enbluth5’6
(I-R), A similar theory, address‘ed to a single species plasma in a
uniform neutralizing background, has been developed by Montgomery,
Joyce and Turner7’8 M-J-T}. I-R calculate the rate for our specific
anisotropy, although only for a weak magnetic field, M-J-T have
proposed an approximation that in geuneral will allow the use of
non-magnetized rate calculations to be applied in the strong field
regime, Both theories are based upon the Fokker-Planck formalism,

Th;e Fokker-Planck formalism calculates fhe statistical
evolution of a particle's {or a distribution of particles’) phase
space coor&inates in time as the particle is subjected to rapidly fluc-
tuating forces, When applied in configuration space, the Fokker-
Planck formalism gives rise to Brownian motion, such as that of a
heavy particle in a fluid, first theoretically described by Einstein, ?
This motion is determined by two effects: a frictional opposition to
the particle motion due to the relative wind of fluid the particle sees in
its own frame, and é diffusive 'random walk'' in space due to the ran-
dom accelerations produced by the fluctuations, Particles also display
Brownian motion in velocity space; the particle's velocity undergoes a
frictional slowing, and a diffusive random walk in velocity space.

These two effects tend to drive an ensemble of Brownian particles




into equilibrium with the fluid: the average relative velocity of the

Brownian particles with respect to the fluid tends to zero, and the
average kinetic energy of the Brownian particles tends to that of the -

fluid particles,

A. The Maxwell-Boltzmann Formalism

Historically, transport in gases of particles (including particles
with interact via a 1/r potential, such as unmagnetized plasmas and
stellar clusters) was first treated theoretically by the Maxwell-
Boltzmann formalism, This formalism, embodied in the Boltzmann
equation, 10 generalizes the Liouville equation to calculate the rate of
change of the single particle distribution function in a volume element
of phase space due to particle interactions which are treated as iso-
lated two-body collisions. Individual collisions can move participants
into or out of the phase space volume element, The Boltzmann equa-
tion calculates the rate of change of the distribution function due to
these collisions by summing over probabilities of occurrence of all
collisions which transport particles into or out of the volume element,
This probability is parameterized by the impact parameter b, the
distance of closest approach in the absence o.f any interaction,

The Maxwell-Boltzmann formalism should work very well in -
calculating transport coefficients for gases of particles whose inter-
actions are such that the average interparticle separation is much

larger than the interaction range, and whose average kinetic energy is




much larger than its average potential energy. Chapman and

Eﬁskogll devised a general method of solving the integro-differential
. Boltzmann equation, and show that the Boltzmann equation is well
verified experimentally for several molecular gases, where the inter-
action potentials drop off quite sharply.

A plasma (or a stellar cluster) is a gas of particles which
undergo long range interactions. One aspect of the long-ra.ng-e inter-
action is the Debye shielding effect, which sets the effective range
over which thermal particles can interact at about the Debye length,

J\D.- By definition, the plasma parameter A = nkD3 (the mumber of

particles within the interaction range of a given particle), where n
is the particle density, must be much larger than unity for a charged
gas to be a plasma, (In our pure electron plasmas A = 10 - 108.)
All particles within a Debye length about a given particle are some-
what correlated in position with that particle, and are more or less
simultareously interacting with each other and with the éiven particle,
At first glance, it would appear that the Maxwell-Boltzrmann
formalism is ill-suited to des cribe transport in, 1/r potential gases,
However, by estimating the cumulative effect of all the two body colli-
sions (as if each occurred in isolation) on a thermal particle which
traverses a Debye sphere, it can easily be shown that the net effect of
this traversal (excluding the rare single large angle scattering colli-

sion) is only a very small change in the particle's velocity, From



classical mechanics and the Coulomb potential, we see that, in the
center of mass frame, the relative velocity vector, v, is rotated by a

single collision through an angle

- 2
8 = 2 tan I{qqu/bmv ) 2. A,1)

in a plane defined by the initial conditions, - The qi's are the respec-

tive charges, m is the reduced mass, and b is the impact parameter,

When b ~ }LD, then & ~ A-l. Even for the relatively rare case

-1/3 L m2l3

b ~n then € , which is still quite small, Assume A

separate collisions with random 68-plane orientations, and neglect the

effect of the relatively rare collision with b < n-lf?’ by assuming

g ~ A-l for all collisions, The individual €'s statistically add to

2
Alj ®, which gives ar estimate of &_, the total deflection a thermal

-1/2
particle suffers in crossing a Debye sphere, as A 1/ = QT. To this

approximation, the total deflection is then on the order of 10-'3 radians
{less than 1°) for most plasmas,

(Slightly more rigorous estimates of 9T lead to an estimate

of the ""mean-free path'' (the distance a thermal particle must travel

]
before the effects of distant collisions add to give &_ ~ unity) of

T

m,f,p. ~ A KD/ln A. A similar estimate of the mean free path tra-
veled before a single large angle scattering collision occurs gives a

m.f.p, ~ AX Since In A ~ 10-20, large scattering collisions can

D.

be neglected to an accuracy of ~10% or so,)



The fact that a particle's tra;.jectory is hardly perturbed by all
its surrounding neighbors as it passes through their mutual inter-
action region means that to good approximation the interaction be-
tween a.ﬁy two particles may be treated as if it occurs in isolation,
This, in turn, implies that the Maxwell-Boltzmann formalism should
be adequate to describe the transport properties of a plasma with a
sufficiently iarge A, providing the interaction is somehow cut off at a

This can be done either by invoking the dielectric

12,13

range of about KD .
nature of the plasma in order to modify the interaction potential,
or by simply setting )LD as the upper limit of possible impact param-

14
eters in the Boltzmann equation,

B. The Fokker-Planck Formalism
The fact that the sum of many individua]: collisions in a plasma

leads to only a small deflection of a particle's trajectory (i.e., 2
small A':r)), and that large angle collisions are relatively rare, has
led to the development of a Fokker-Planck formulation of transport in
a plasma, This formalism -should be more generally valid in that
_transport need not be calculated from considerations of isolated two-
body interactions. In practice, however, the complexity of calculating
the friction and diffusion coefficients has led to essentia.llir the same
assumption of isolated trajectories, either in assuming only small de-
flections are important and expanding the Boltzmann equation in powers

of small Av, which yields a Fokker-Planck equation, 7,8,13,15-17 or




in the calculation of total force field fluctuations at the particle posi-

5 - ' '
L 6,18,20-23 Calculations from either approach have led to

tion
identical results for the friction and diffusion coefficiénts, at least
when there is no magnetic field., The main utility of the Fokker-
Planck formulation, as presently applied to plasmas (and gravitating
particles), seems to be in the display of the frictional and diffusive
(Brownian) nature of the transport,

The Fokker-Planck coefficients for an unmagnetized plasma
with an arbitrary velocity distribution were first derived by
Rosenbluth, McDonald and Judd, 17 and Thompson and Hubbard, 22,23
using the Boltzmann and net force approaches, respectively, The
Lenard-Balescu equation24’ 25 (the Vlasov equation generalized to
include two particle interactions) can be put into Fokker-Planck form,

The Fokker-Planck equation is usually derived from the fol-
lowing assurmnptions: 1) the particle velocity changes only infinitesi-
mally on a time scale T, which is muchllonger than characteristic
time scale of a force field fluctuation; and 2) the fluctuatio.ﬁs felt by
the particle depend only upon the particle's phase space coordinates,
not on its past history {a Markov process). (See ref, 6 for a deriva-
tion of the Fokker-Planck equation from these assumptions,) The

Fokker-Planck equation, in the absence of external fields and spatial

gradients, is

10



"?‘—fa-(-—;) = -9z . (F) £)) +

3
: DE)EF)) , (2.B.1)

1
2722

-
where f(\_r)) is the velocity distribution function, and f(\_r)) and B(;))

respectively, are the coefficients of friction and diffusion in velocity

space. These coefficients are given by

-
B = 82 (2.B.2)
5 |
B@) = <A¥TA\?) . (2.B. 3)

The "{ )" indicates an ensemble average of the resulting net A:.r)
and AV AV calculated from the effects of the fluctuating force on the
particle over the (relatively) long time T, When the fluctuating force
approach is taken, the calculation of AV is performed by integrating
the fluctuating forces on the particle along its trajectory, This calcu-
lation is fairly stra.ightfor-ward when a magnetic field is absent; the
trajectory is then calculated by expanding the force about the unper-
turbed trajectory, which is a straight line, The unperturbed trajec-
tory becomes a helical path when a magnetic field is present; this
increases the complexity of the calculation considerably, except when
the field strength is such that J:'g , the pafticle gyroradius,; is much
greater than hD. In this small field limit, the trajectory can be
approximated as straight, In addition, the dielectric shielding prop-

erties of the plasma are modified by the magnetic field,

it



-29

Several workers, as well as I-R and M-J-T, have
developed Fokker-.Pla.nck a.pproachés to transport in magnetized
plasmas, The rest of this chapter, however, is devoted to the theory
of I-R, aﬁd a discussion of an approximation proposed by M-J-T use-

ful in simplifying the evaluation of the Fokker-Planck coesfficients

when the plasma is strongly magnetized,

C, The Theory of Ichimaru and Rosenbluth

Rather than re-deriving the general magnetized theory of I-R,
which can be found in detailed form in refs, 5-6, the discussion is
limited to some of the features a.nd_a.ppfoximations within the theory,
The method of calculating energy relaxation rates is given, and the
results of the specific calculation of the relaxation of the aniso_tro oic
temperature distribution, assuming a bi-Maxwellian velocity distribu-
tion function, is discussed.

- - -

The I-R procedure for calculating {Av{T)) and {Av(T) Av(T))
is to calculate 3(t) from the time integration of the Taylor expanded
total electric field fT(?o(t), t) about the particle's unperturbed tra-

. - . e - - - . . . .
jectory, ro(t). By definition, Av(t) = v(t}) - v(0). This expansion is in
accord with the Fokker-Planck assumption that’ A-x;('r) becomes
infinitesimal as T becomes small. The total electric field is aApprox-

imated as

ET(?D(t), {) = Eind (?o(t), £) + Ef(?o(t), £ . (2.C. 1)

12




find(;o(t), t) is‘the polarization field the particle induces in the
plasma. This field is calculated from all the rest of the particles
treated as a dielectric medium responding to a moving ''test' charge.
This medium cannot respond infinitely fast, since it too is composed
of moving particles, Therefore, as the medium attempts to shield the
moving test particle, the test particle has moved away frofn the sym-
metry center of the shielding. The test particle thus sees 2
retarding electric field induced by its own motion through the dielec-
tric medium. On the other hand, the fluctuating field, i:’f(?o(t), t), is
calculated at the position of the test charge as if the test charge was
not present; ]:ZI)f is then due ornly to the statistical fluctuations in the
dielectric medium, The spectrum of Ef is agsumed to be stationary
in time and space. I-R calculate the fluctuating field at a particular
point due to the motion of all the particles, each acting as a test
particle moving along u.npe.rturbed trajectories and interacting with
the dielectric medium.

From the above discussion it is easy to see that |§ind[ #
for any test particle with nonzero velocity, and (ﬁ)f) = 0, as long as
the plasma has no spatial gradients . The brackets refer to an en-

semble average, The ensemble fluctuations of Ei can be neglected

nd
in favor of the average value,

> Y
The quantity Av is then calculated as an integration of ET by

>
expanding ET(r(t}, t) to second order along the unperturbed trajectory
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* . - - - 7
and integrating from t=0 to t=7. {Av(T)) and {Av('r) Av(t’)) are
then calculated from the lowest surviving ensemble averaged order in

1 .
the expansion., Usihg an argument due to Hubbard, 8 who concluded

> 2 S = g R . .
that lEindI < I <EfEf) I, I-R neglect IEindl in the diffusion
:; o = . R . .. = =
tensor D{v). E, is retained in the friction coefficient, F(v).

ind

. -
Since <Ef) = 0, the lowest surviving term of the ensemble averaged Ef

- >
E.>. The time integral of <EfEf) is then seen as the

-
expansion is (Ef £

—

autocorrelation function of Ef .
- = -
The quantities <EfEf) and E, . are calculated assum-

ing; 1) the fluctuations are longitudinal, which simplifies the form of
-
<Ef§f> to the product of a unit diagonal tensor times a function: and
2) that the dielectric medium can be calculated in the electrostatic
approximation, in which a scalar dielectric response function describes

the linearized longitudinal response of the magnetized plasma to a test

charge. The simplified Fokker-Planck coefficients then take the form

5 Dty vy) 0
=N
D{v) = DJ_(VH’ VJ_) (2.C.2)
0 D”(v”, V'J_)
_)
F(¥) =5 95+ D) +2E, (¢ 2.C.3
(v 5 V2 (V) + o E g™ (2.C.3)

where the magnetic field defines the parallel direction. The terms

— B
DJ_’ Dl and E . a are calculated from the plasma distribution

; in
- . = = = '
function, f(v), from which (EfEf) and E g 2Fe calculated. Since

the Fokker-Planck coefficients are calculated from the linearized

14



dielectric respounse of the plasma, Debye shielding is retained in the

coefficients; an impact parameter éutoff at KD appears naturally.
However, an imposed cutoff at small impact parameter must be
adopted to avoid a logarithmic divergence in the coefficients. This
divergence can be traced to the calculation of the dielectric
response function, This calculation is made in the plasma fluid
limit (essentially an expansion in powers of A-l), and doesn't
correctly describe the plasma response when the test particle closely
encounters a plasma particle. The small img;act parameter cutoff is
chosen to be the classical distance of closest approach, bo = qlqu'],‘.
This value of b produces a large angle collision, and can be viewed
as the point where a Fokker-Planck formulation breaks down,
Energy relaxation rates are calculated from the expression
for the rate of change of an ensemble of test particles with the same

velocity:

‘ (3 mac?) o,
<d_c11; \‘%m‘-"Z‘D: 2 - =-;—I}r<lv+évlz—|v]2> (2.C. 4)

which is then multiplied by the test particle velocity distribution and

integrated over all velocities. Equation {2.C.4) can be put in terms

of the Fokker-Planck coefficients:

% (—1- mvz] = mv - f(-;) +

> Tr D)  2.C.5)

where "Tr'' is the trace operation,
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D. Anisotropic Temperature Relaxation Rate
This procedure of I-R for calculating energy relaxation
rates is applied to the calculation of the rates at which the parallel

aud perpendicular energy (referred to the magnetic axis) changes:

_) -
{Av,)

dl "2y = n: m, > .2

(—ﬁ(—z—mvn ) = mv" . - + > <AV”AV”> {2.D. 1}

(av )
g i1l 2)_ - AVL m

5 (zmv) 1T

<a$la$i> (2.D. 2)

whnich in terms of the Fokker-Planck coefficients are

2 (L) = mt

- m
gt Flvps vid +#7 Dylvys vy) (2.D. 3)

1 2 > -
d ( ) mv, + F(v,, v)) +mD (v, v) (2.D. 4)

Equations (2,D. 3) and (2.D. 4) are then multiplied by a bi-Maxwellian

velocity distribution

v m 2 [ om) myf |
f(v_L, v,) = (ZTTTL)(ZW T”) exp| - Z'I'l - ZT” {(2.D. 5)

and integrated over vy and v, » The friction and diffusion coeffi-
cients are also determined from the bi-Maxwellian distribution. The
values of TJ. and 'I“ need not be close to each other, since this method
is not dependent upon an expansion about equilibrium.
The velocity integrations can, in principle, be carried out for “

any value of magnetic field. However, in order to actually integrate

the resultant product of (2.D.3) or (2.D.4) with (2.D.5), the limit of
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small magnetic field is taken by I-R. This approximation (essentially

b

one of performing the calculation in the weak field regime rg = lD
along with the assumption of Maxwellian \ and Vi distributions,
leads to a series of terms involving the impact parameter, Only one
of these terms, ln(lD/bmin), diverges as bmin - 0, The other
terms are hence neglected in its favor by I-R. This is the well- .
known "dominant term'’ approximation of Chandrasekhar. 30 Adoption
of this approximation renders the calculation of the rate uncertain at
the 1/ln A level (about 10%). A further simplification is made by
assuming only a single species plasma neutralized by a static dielec-
tric background. (The equivalent background is- provided by the mag-
netic field in a pure electron plasma.)

With thes= approximations, the coupled collisional anisotropic

temperature relaxation rate equations are given by I-R as

, 1/2

4
d _ 14 _8(_1:“_) ng ImA R
d_tT_L_-Zdt TH_ i5\m T372 (T” TJ_) (2.D.6)
eff

2
Here A is given as RD/bo , where b =g /T is the average classi-
cal distance of closest approach; A is tlius seen as the plasma parame-

3
ter nA_ . The effective temperature, T is given by I-R as

D eff’

1

2 2
-3/2 15 f de 22 {1 -x )
T = = . (2.D.7)
eff 4 [(1 ) XZ)TL " XZ T”]3/2

-1

17



This integral can be solved by parameterizing the anisotropy as

A = 'I‘_LfTIl = 15 then

ftan'lmr@; A>0
-3/2 _15 _-3/2 -2
T =2 7T A -3 +(A+3)
-1
tanh’ NTE/NTA; A <0

(2.D.8)

Equaticas (2.D.6) and (2.D.8) are seen to give the same anisotropic
31
temperature relaxation rate as is given by Book ; there is no

reference given by Book for this rate.

The I-R rate equations (2.D.6) can be decoupled if there are uno

external sources or sinks of thermal energy. Ty and T.L are then

1 2
related through 3 'I'” + 3 TJ. = Tf = constant. Then the two rate equa-

tions become identical, with T“ and TJ- interchangeable, as

d . .
(T~ T = v (T, - T (2.D.9)

where the rate, v, , can be written as

L
/2 4
_ 8 _:F_) ng InA
V-L——s'(m ?2—' H(A) . (Z.D.IO)
f

The function H(A) is then found from (2.D.8) and the definition of A to be

r 3/2 tan 'NA/NA; A>0
is 3'A+1)
H(A) = = (———2 -3 4 (A+3) (2.D. 11)
A

'tanh"le “A/NTA; A<O




H(A)~> 1 as A > 0. The evolutionin the limit of vanishing anisotropy

is seen to be exponential with a rate

1/2 4
_8 _T:F_) ng IlnA
\JJ_ =3 .(m ) ——-—-——3/2 2.D.12)
o Tf

For comparison purposes, the rate at which an isotropic
Maxwellian distribution (at temperature Tt) of test particles comes

into equilibrium with an unmagnetized isotropic Maxwellian plasma at

32,33
temperature T is given by Spitzer, as well as I-K, as
1/2 4
4 {m nqg InA 5
= — ——— T 2. . 3
Vo 3(rn) 372 -6 VL (2.D.13)
T o
f
in the limit Tt - Tf . The two rates \JO and \)J_ are not identical
o

in the limit of vanishing anisotropy because the functional forms of
- = j -~
F(v) and D(v) are different, even in the limit.

The rate given by (2.D.10) as it stands is unsuitable to
describe the relaxation process in a strongly magnetized plasma,
defined by the parameter regime ?LD > rg . However, using a general

7, . .
result of M-J-T, 8 equation (2.D,10) can be applied in the strongly
magnetized regime to good approximation as long as the Coulomb

logarithm, ln A, is modified by the substitution of ;g for KD in A

i.e. InA = ln('r'gfbo). ?g is the thermal velocity gyroradius.

This substitution implies that the largest effective impact

parameter is ;g ., not the Debye shielding length. Physically, this
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result is seen to be in agreement with the concept of adiabatic invari-
ance as applied to the .gyrom.otion of the particle around its guiding
center., The gyromotion is viewed as the motion of an oscillator of
enefggr E = -%mvf and frequency 'LU = gB/mec. According to adia-
batic theory, 34 such an oscillator has an adiabatic invariant, I =E/w,

which remains constant so long as the parameters (which includes

v

field quantities) of the oscillator are changed slowly compared to @,
In a constant magnetic field B, the invariant I (with all constants
suppressed, 1 is usually referred to as o = vf/B, the particle gyro-
moment} will result in a constant perpendicular energy even in the
presence of slowly varying electric fields.

A Coulomb collision involves the action of just such varying
electric fields upon a particle. The electric field of each particle in
a magnetized plasma can be thought of as the sum of three parts; an
average monopole term, which falls off as r2 , a dipole term due to
the gyromotion, which falls off as r3, and higher order poles. Con-
sider a test particle interacting with the first two field terms of
another particle, i.e. a ''collision." If the particles pass each other
at a distance much 1arge1" than rg ; but smaller than kD , then the
momnopole field at the test particle position‘ will vary only slowly dur-
ing the passage, and the dipole term will have been greatly reduced
by its r-3 dependence, The perpendicular energy of the test particle

will thus hardly be affected, and although the particles may exchange
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parallel energy, such two-particle exchanges do not contributé to

isotropization. Only when the particles pass by each other on the
scale of rg does the monopole field vary rapidly enough to break the
adiabatic invariant c;f the test particle and affect its perpendicular
energy. This exchange of perpendicular and parallel energy does
tend to isctropize both the perpendicular and parallel degrees of
freedom.

The component of the friction coefficient in the parallel direc?—

tion that is due to the collective response of the fluid (Ein however,

By
may well continue to have an interaction range of lD , since it is
essentially due only to the monopole terms of the interaction. Never-
theless, approximating an effective impact para.méter cutoff at 7
seems physically reasounable, and recent numerical studies of this
anisotropy by I—Ijorth35 indicate that in the regime bo << rg << )LD
the M-J-T approximation is correct.

The theoretical predictions of I-R and M-J-T are not without
some CONtroversy. Ka.iser36 has disputed the I-R method of calcu-
lating energy loss rates in magnetized plasmas, due to oversimplifi-
cations in the evaluation of ]:D;(z) and in the expansion of E along the
unperturbed orbits. He concludes, however, that the final expression
is valid, basically because the magnetic field does no work on the
particles. Matsuda?ﬁ has gquestioned the validity of the M-J-T

approximation, and suggests that, in the strongly magnetized regime

(such as that of our plasma), corrections to the Coulomb logarithm



rﬁa.y be as large as 1ln A for certain vellocity classes. No Maxwellian
averaged correction was quoted, a.nd from the few numerical predic-
tions, it is not clear what form such a correction would take.

The magnetized pure electron plasma used in this study of the
anisotropic temperature relaxation rate is in the magnetized regime
Fg << KD . The appropriate theoretical rate calculation is then
given by the I-R calculation (2.D. 9} with the argument of the Coulomb
logarithm suitably modified to ln Ae = 1ln Fg/bo as per the M-J-T

approximation.
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III. The Experimental Device

A, The Equilibrium Plasma

The experimental device used for this study is the third gen-
eration of a family of devices pioneered by Malmberg and deGrassie.
These devices produce and confine a nonneutral plasma consisting of
only electrons within a series of conducting coaxial cylinders. The
basic ggorﬁetry of these devices is ¢ylindrically symmetric. The
radial confinement of the plasma is provided by a uniform axial mag-
netic field produced by a concentric external solenoi.d. The axial
confinement is provided by applying sufficiently strong potentials to
conducting cylinders whose axial separation fix the plasma length.
This creates potential energy barriers that are sufficiently la;t'ge
enough to reflect any ele ctron back into the confinement region.

Malmberg and O'-l\l'eil?9 and O'Neiljm' 41 have shown that in
the absence of external torques applied to the plasma (such as those
caused by collisions with neutrals or interactions with fields which
break cylindrical symmetry), these nonneutral plasmas can, in
principle, be confined indefinitely.

The key to indefinite confinement of a pure electron plasma is
the comservation of total canonical angular momentum ofﬂ the electrons,

P, = ; (mvej -(%) Ae(rj)) T (3.4A.1)
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where r., VB_ are the jth electrons radial coordinate and azimuthal
velocity, respi:ctively, and Ae(r)' =.Bzr/2 is the vector potential of
the uniform axial ﬁ'lé.gnetic field, The electron charge and mass is -e
and m , respectively, and c¢ is the speed of light in a vacuum. For

Bz sufficiently large, the diamagnetic field can be neglected in Ay

and the electron angular momentum, mr, vy » can also be neglected

J
-{mQ/2) T rf , where Q = eBZ/mc is the

3
electron gyrofrequency. Conservation of PB implies conservation of

in the sum. Thus PB =
the mean square radius of the plasma, and hence in the absence of-
torques the plasma can be radially confined indefinitely., The pres-
ence of image charges on the confining cylinders doesn't materially
change this result,

It is easy to show that the mrvy component of the Py, sum
may be neglected with respect to the field component, Let veé (§
is the azimuthal direction in cylindrical coordinates) be composed of
two parts. One part is the gyrocenter drift velocity : s Which is

-
given by v

- - 2 ~ .
dn = cE(rc) X Bz /Bz = wd(rc) T 8. It is caused by the

column's radial electric field E(rc)'ﬁ' at the electron gyrocenter, r .
<

The other part is the € component of the electron gyrovelocity, ?rg s
- - - =
v = rg X Q, where J:g is the gyroradius.

After some manipulation, {3.A.1) can be rewritten as

about the gyrocenter,

= —?g O -2 wd(rcj)]{rzj - rcj) . (3.A.2)
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For our plasmas, wd(rj) ~ uJZIQ << {1, where UJP is the plasma
P

" frequency, and the mean squared gyroradius is much smaller than the

mean squared radius of the plasma, and hence Pe = - g_nz_ﬂ. z rczj .
i

If the plasma can be confined long enougH. the interactions
among the electrons will eventually drive the system to a global
thermal equilibrium. The distribution of such an equilibrium state
42, 43

is given by

(4.7 =2 texpl-(m -wPy)/T] (3.A.3)

where H 1is the Hamiltonian for the electrons in a magnetic field,
and Z is the partition sum. Such a distribution is stable against
2ll fluctuations and hence is quiescent. These distributions describe
a rigid body rotating with angular frequency ® (i.e., no shear in
azimuthal velocity) about the axis of symmetry, a global Maxwellian
velocity distribution (of temperature T) in a frame rotating with the
body, and 2 density distribution which is a monotonically decreasing
function of radius. This density function is characterized by a
central density n extending out to some radius, after which the
density rapidly decreases to zero over the scale of a few Debye
lengths. The values of W, T and n are set by the initial condi-
tions of the plasma: N electrons, total energy E, and total canoni-
cal angular momentum P9 .
Prasad and O'Neil44 have shown that when a local coordinate

which is perpendicular to the surface is employed, the equilibrium




plasma density monotonically decreases to zero on_the scale of a few
Debye lengths ov.er the entire pla.sn-za surface. Thus, while the de-
tailed shape of the end o.f the plasma can be quite complicated, in
general. the z-dependence of the density distribution for long plasmas
is straightforward; n(r, z) is essentially constant along =z until near
the end of the plasma, where the density decreases to zero over the
scale of a few Debye lengths.

These thermal equilibrium distributions can be completely
realized in an ideal device: omne that is characterized by a perfect
vacuum (no neutrals or contaminating ions) and perfectly & sym-
metric fields., Such a device cannot be constructed. However, if the
torgue input to the plasma can be kept small enough so that the rate
at which the mean plasma radius changes (externé.l transport proc-
esses) is much smaller than the rate at which the plasma moves
towards thermal equilibrium (intermal transport), then states closely
approaching thermal equilibrium can be observed,

A plasma in such an equilibrium state is very interesting
experimentally. Internal transport processes become more armen-
able to experiment as the external tra.nspor.t processes decr-ea.se in
magnitude. The pursuit of the equilibrium state has, in part, driven
the évolution of the pure electron containment devices. Better vacuum
systems and construction techniques allowed more precise control of

neutrals. More attention toc maintaining the cylindrical symmetry of

26




the group of cm:;n.fining cylinders reduced electrosta.tic-field asym-
metries. Using nonmagnetic materials where possible, and requiring-
symmetric geometries where magnetic materials {such as stainless
steel) must be used, reduced magnetic field asymmetries, Taking
great care with the design and construction of both the main solenoid
and the axial alignment "trimming' ceils also reduced magnetic f_ield .
asymmetries.

The third generation device was de signgd and constructed so
as to reduce external transpért enough to allow observation gf the
thermal equilibrium state. It was therefore given the a.ppellatioﬁ
"EV" - Equilibrium Voltage confinement - following the nomencla-
ture of its predecessors. EV's diagnostic capabilities include the
ability to scan both the density and the plasma kinetic energy compo-
nent perpendicular to the field as a function of radius., Transport
can then be measured by obtaining the density and energy profiles as
functions of time., Driscoll et al, 45 have done this for spatial trans-
port of electrons and thermal energy. They have shown a confined
electron plasma approaching the global thermal equilibrium state
inEV,

Such an equilibrium plasma is an ideal subject for the produc-
tion of velocity space anisotropies characterized by two different
Maxwellian temperatures, T.L £ ’.["11 (the magnetic field provides the

reference axis), and the measurement of the subsequent collisional
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relaxation. The characteristic rella.xa.tion rate can be much larger.
than the rate of external transport, depending upon Bz , _apd thus the
relaxation can be: measured under conditions of temporally constant
total thermal énergy and density. Furthermore, by measuring the
rates in a radially localized region about the axis, the radial gradi-

ents of density and temperature are also essentially zero.

B. The Experimental Apparatus - EV

The confinement and analysis regions of the EV apparatus,
which has been previously described, 46 are schematically shown in
Figure 1. The confinement region consists of eight electrically iso-
lated coaxial cylinders of inner -radius Ruu = 3.81 cm; all have a
length of 7.62 cm except for L2, which is 3.81 cm long. Ome cylinder
has four electrically isolated wall sections evenly spaced around the
cylinder; these sections can be used to launch and/or detect plasma
waves but for these experiments are interconnected to emulate a uni-
form cylinder. There is also a spirally wound tungsten filament,
which when heated by a D. C. electric current provides a source of
electrons, An accelerating grid is placed just in front of the fiiarnent.
Alnother grid is placed just behind the filament and is electrically
connected to the filament center. v

The analysis region includes an electrically isolated circular
collimator plate whose axis is offset from and parallel to the confine-

ment region’'s symmetry axis, The collimator plate is free to rotate
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Figure 1, The EV apparatus. The confinement region extends from the source to
cylinder G2, The analysis region extends from the collimator plate to
the collector,




about its axis, This plate has three small holes of various diameters
(1/8", 3/16", 1/4') spaced 120° apart on a radius of 1. 9”; which is
equal to the axial offset. In principie, any hole can be rotated to co-
incide with the device's symmetry axis, or to any desired radius from
that axis. In practice, a stepping motor (400 steps = 2T) can move the
desired hole to one of the many pessible incremented radial locations,
with an estimated uncertainty of about one half step. Behind the plate,
coaxial with the confinement region's symmetry axis, are four elec-
trically isolated cylinders with Rw = 3.8)1 cm; all have iengths of
12,70 cm except for A4, which is 7,62 cm long. Behind these is an
electrically isolated charge collection electrode. All confinement

and analysis cylinders, as well as the charge collection electrode

and the collimator plate, are made from OFHC copper. All cylin-
ders, the collimator plate, and the collection electrode are gold-
plated after machining to control oxidation. Concentric with and

centered lengthwise upon cyli.nder A, is a small solencid of length

3
20.45 cm. This solenoid is water cooled, and is placed in a stain-
less steel jacket. It provides a secondary magnetic field used for
energy analysis.

The confinement and analysis regions are supported within a
concentric cylindrical vacuum vessel constructed of low permeability
stainless steel. The system is initially r‘oughed out by LN2 cooled
absorption pumps. A 5001 /s ion pump, a LN2 cold trap, and a Ti

30



-1 -10
sublimation pump maintain an operating pressure of 10 1-10 ! torr

after the complete system is baked to 200°C. Surrounding the vacuum

vessel is the water-cooled main solenoid, which is precision wound

on aluminum coil form. This solenoid is ca.;pable of producing uniform
axial magnetic fields from 0 to 470 Gauss. The solenoid has a

40. 3 cm diameter and is 217.3 c¢m long. In addition, there are two
sets of rectangular trimming coils outside of the main solenoid. They
produce magnetic fields, Bx and BY , .Which are perpendicular to the
main field and each other, They were originally intended to provide a

precision method of aligning the resultant B field direction with the

confinement region symmetry axis, but, as will be noted in Appendix B,
they also can be employed to provide a very effective means of reduc-
ing the level of density fluctuations in the confined plasma. Fluctua-
tion reduction can léad to enhanced statistical accuracy of density and
temperature measurements.

A microcomputer was used to monitor, direct, and analyze the
experiment, although a purely manual mode of operation was often
used when new experimental configurations were tried, since it was
usually easier to turm a knob than modify a program,. Utilizing the
computer during a data set run was a necessity, since each tempera-
ture or density measurement required computer analysis of a large
amount of data generated by hundreds of individual shots, Each shot

requires the generation of a nearly identical plasma upon which the
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same experiment is conducted. At an appropriate point during the

experiment, a destructive measurement is made.

f

C. Operation of EV

The anisotropic temperature relaxation rate measurement
requires the creation of a known anisotropy and measurement of the
subsequent temporal evo-l{ztion of that anisotropy. The anisotropy is
measured by measuring the perpsndicular tem.perature of the plasma
and the average plasma density (averaged along the magnetic field
line) to an accuracy of about 5% at any radius. The parallel tempera-
ture can easily be measured only on the plasma axis, and only for the
energetic tail of the parallel velocity distribution, The a.t:Cur'a.cy of‘
this measurement is on the order of 10%. Each of these measure-
ments require many individual destructive shots, each of which in-
volves a dump of the plasma to measure the charge (sometimes as a
function of energy) along field lines at a _chosen plasma radius,

This means that the operation of EV is geared toward cyclic
operation; each cycle must produce an identical plasma, create the
identical anisotropy, and make a measurement at the same time of
evolution. Each cycle consists of four phases: (1) an inject phase,
where the plasma column is formed and captured; (2) a "sample
preparation'' phase, where the plasma is manipulated to the desired
density and temperature in a near equilibrium state; (3) an experi-

ment phase where the desired thermal anisotropy is created and then
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allowed to relax for a fixed amount of time; (4) a "dump and measure"

phase, where a charge measuremeﬁt is made as the plasma is de-
stroyed, which leaves the -device ready for the next cycle.

When enough indiﬁdual measurements have been made to en-
able a density or temperature measurement of sufficient accuracy, the
fixed time of evélution in the experiment phase can be changed and the
process begun again. The amount of data (number of shots) required
by each measurement varies; up to hundreds of individual identical
shots may be required to measure a density or temperature with suffi-
cient pr;aciSion. Thousands of shots are required to monitor énough
of the temporal evolution of a given anisotropy to r;:alcula.te its relaxa-
tion rate.

All of these shots must be performed with nearly identical

plasmas. OSince they cannot be exactly identical, the fluctuations in

along field lines at any given plasma radius will, to an extent, deter-
mine how many shots will be required for a given accuracy level,
Sinpe each shot takes from 1-2 seconds, and hence the measurement
of a rate can take hours, a technique which lowers the level 6f fluctua-
tions was investigated and then put into service for some of the rates
ﬁeasued in the latter stages of this study. Appendix B describes this
technique. It permits measurements of greater accuracy for a given

\
|
the amount of charge, and the energy distribution of the particles
time spent. ;
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C.1. The Inject Phase

The inject phase starts with all confinement cylinders held at
ground potential except for the two cylinders chosen as the confine-
ment barriers (Gl and L5, say), which have large negative potentials
applied to them. The inject gate (Gl in this case) potential is rapidly
switched to ground and held there. Electrons the;rrnionica.lly emitted
from a negatively biased tungsten filament then form a column that
extends from the source through the grounded cylinders to the poten-
tial barrier formed by the large negative potential applied to the
dump gate {L5).

The dynamics of the column formation are not well understood,
and such understanding seems a formidable problem, but the equilib-
rium characteristics of the column have been addressed by a simple
model of Malmberg and deGrassie. 38 The essence of the model is
twofold: electrons do not significantly move across field lines, and
the potential within the column {(due to space charge) far from the
source matches that of the source to lowest order. The column is
assurned long enough so that the potential is independent of z. The
EV device employs a tungsten wire filament with a planar Archimedes
spiral geometry perpendicular to and centered on the confinement
axis, The filament is resistively heated by passing a D.C, current
through éhe wire. This source geometry produces, to lowest order,

a parabolic radial potential across the filament. This potential is
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then matched by the potential of a column whose charge density is
radially uniform out to at most the maximum radius of the filament.
The radius of the plasma is determined by the requirement that the
potential at the column axis match that of the filament center, which
can be adjusted with an independent bias supply. The magnitude of
the charge density is set by the ratio of the potential drop across the
filament to the square of the filament radius., The narrow range of
appli.ed D, C. filament current which yields sufficient thermionic

emission yet doesn't cause structural weakness results in a charge

density of about 107 electrons/cmB. In principle, this density can be

raised by applying a short duration voltage pulse to the filament, in

addition to the D, C, heating current. This increases the potential

drop across the filameunt for the duration of the pulse. Capture could
then be effected once the column is established at the enhanced dens-
ity determined by the voltage pulse. The pulse duration must be kept
"short in order to limit the heat load on the filament, This technique
has not as yet been implemented on EV.

Once the column is established, the inject gate potential is
ramped from ground to the final confinement potential, Vc . This
pinches off the column from the source and traps it between the inject
and dump gates. Figure 2a shows a captured plasma schematically.
The time required to establish the column is on the order of a few

electron transit times - approximately 10 tUsec. The inject gate
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potential is usually ramped to Vc on a time scale that avoids the
occurrence of the diocotren wave of lowest azimuthal mode number,

g = 1.47-49

The ramp time scale must be much longer than the
diocotron period. With an approp.ria.te choice of inject and dump
gates, and by varying the magnitude of Vc , confined plasma lengths
over the range 4 = Lp = 40 .cm can be attained, The plasma. radius
is about that of the filament (Rp = Z cm) and the plasma density is
about 10° cm .

C.2. The Sample Preparation Phase

The captured plasma can be axially expanded or compressed
if densities other than 1{}7 cm—3 are desired., Assume the initially
confined plasma is trapped between Gl and G2, i.e. is contained in
L1 through I.5. If the potential on L1-L4 is then ramped to Vc , the
electrons of the plasma, which are continually bouncing along field
lines between Gl and G2, will eventually be unable to penetrate the
rising potential barrier within L1-L4, Figure 2b schematically
shows an axially compressed plasma. The plasma is then axially
confined in L5 and S only, which means the density will approxi-
mately triple., If we reverse the process, then the plasma will
eventually reenter L1-L4, This axial exp:a\.nsion will then lower the
density by approximately a factor of 3. We attain our measured

6 - -
density range of 3X 10 cm < n< 3.5X% 107 cm 3 from compress-

ing or expanding the initially captured plasma. In both compression
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Figure 2, (a) The captured plasma is axially confined between the
inject and dump gates by applied potentials. (b) An axial
compression is accomplished by slowly ramping the
potential V. applied to the compress gates (I.1-L4) until
all electrons are excluded from the compress volume,
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and expansion cases, there will be a poiariza.tion drift in the radial
direction due to the net change in the column's radial space charge
electric field as the density increases or decreases. This effect is
discussed in Appendix F, and is shown to be negligilble for the range
of compressions used in this study. Hence, these compressions are
essentially axial, as is shown in Figure 3,

Figure 3 shows three plots of measured projection densify,
Q(r), where Q{r) is the total charge along field lines that pass
through the collimator hole {see section 3..4.iii), taken (a) just
before an expansion; {(b) 0.3 msec after an expansion, and (¢) 50 msec
after the expansion, when the initial anisotropy has relaxed to equilib-
rium, Also shown are measurements of 'I'_L)r) at various radii -
{isolated crosses). 'I‘_L is measured in eV with the full vertical scale
equal to 5 eV, The vertical extent of the cross is an estimated RMS3
error bar. Qr) is measured in volts with the full vertical scale
equal to 10 volts, The solid curve is drawn between average values
of Q(r) at given values of r; the individual measurements of Q(r)
are given by the short horizontal lines. The horizontal axis is the
radius in units of 0.5 cm; r =0 is the vertical solid line at the center
of the graph. The dashed vertical lines represent the confinement
cylinder wall radius, The data is taken as a function of collimator
hole position, which is varied along an arc which passes through the

confinement axis., The data is not exactly symmetric about the r =0
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Figure 3. Three plots of Q(r), the number of electrons along iield

lines (measured in volts), and T,(r), the perpendicular

temperature, taken at various radii:
expansion; (b) 0.3 msec after the expansion, and

{c) 50 msec after the expansion, when the anisotropy
has relaxed to equilibrium. The solid line connects
averaged values of Q{r).
cross denotes an estimated RMS error bar.

(a) just before an

The vertical extent of the T (r)

scale is 10 V for Q(r), and 5 eV for T} (r).
vertical line is the approximate position of the r =0 axis;
the two vertical dashed lines represent the cylinder wall

radius.
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line due to both the fluctuating nature of the individual measurements
and the uncertainty in hole position relative to the confirement axis,
The true symmmetry axis may vary from graph to graph; tlsle r=0 line .
is just a guideline. There are two important points to be drawn from
these figures. Omne is that Q{r) is unchanged by the expansion, which
implies no net radial transport of electrons. The other is that T_L(r)
is essentially independent of r in the vicinity of the symmetry axis
during the relaxation of the anisotropy.

The desired temperature is obtained by cyclically compressing
and expanding the plasma axially in such a manner as to perform a
net amount of work on the plasma each cycle, At the end of each
cycle, the .density has returmed to its initial value, and the tempera-
ture has increased due to the net amount of work done on the plasma,
This process is described in Appendix A. The essential feature is the
utilization of a one dimensional axial compression. Such a compres-
sion heats only the parallel degree of f_reedom. It must be accom-
plished on a time scale small enough so that there are no collisions
which transfer energy- into the perpendicular degrees of freedom,
The power supply which provides the compressing potential does work
on the plasma, and the amount of work it does depends, in part, on

T the temperature of the parallel motion. This work raises T

I’ K

but T_L’ the perpendicula.l; temperature, remains unchanged. By

keeping the plasma compressed for a time comparable to 2 collision
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time, the parallel and perpendicular degrees of freedom relax

towards a common value. This lowers T.” (and raises T.L)’ and thus
when the plasma undergoes a 1-D expansion back to its original vol-
ume, the amcunf of work done by the plasma on the power supply in
expansion is less than the amount of work done by the supply on the
plasma during compression. There is thus a net amount of work done
on the plasma over one cycle.

Neither the density nor temperature can be increased arbi-
trarily, since raising either increases the total energy of each elec-
tron. If the applied potential barriers are insufficient to reflect these
electrons, then they are no longer axially confined. The currently
available high voltage operational amplifier electronics limit Vc to
about -300 V., Figure 4a shows an idealized schematic of the potential
energy as a function of z. Also shown is a Maxwellian parallel
kinetic energy distribution measured at z =0, the plasma center.
Electrons cannot be confined when the sum of their parallel kinetic
energy and potential energy exceed the confining barrier height,

If the radial electric and pressure forces on a charged fluid
element of the plasma are too great, the axial magnetic field cannot
radially confine the element. The maximum charge density (which
produces the radial electric field) that can be confined by a given

50,51

magnetic field is determined by the Brillouin limit, This maxi-

mum density is decreased by the presence of radial pressure
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Figure 4. Axial or radial deconfinement can occur if temperature
or density limits are exceeded, {a2) shows axial deceonfine-
ment when excessive thermal energy exceeds the height of
the confining potential energy well, 2z is the axial co-
ordinate and the ordinate is the potential energy as a func-
tion of z. A Maxwellian parallel kinetic energy distribu-
tion is schematically added to the potential at = =0; the
sum of this potential and the parallel kinetic energy of an
electron is the relevant total energy of the electron. The
electrous in the cross hatched tail region are not confined
by the well, (b) shows a radial force diagram on a charge
fluid element. The azimuthal velocity, v, , is due to the
sum of the radial electric field and pressure gradient
drift velocities,

42



(temperature effects). The Brillouin limit can easily be derived from

consideration of the radial forces onl a2 charged fluid element, shown in
Figure 4b. The electric and pressure forces cause an azimuthal drift
of the fluid element. This azimuthal movement of charge in a mag-
netic field in turn causes a radially inward magnetic force. It is the
sum of these radial forces which determine the orbit of the fluid ele-
ments about the axis., The Brillouin limit is reached when the net
centripedal force required for circular orbits, which increases as the
square of the azimuthal velocity, can no longer be provided by the
magnetic force, which increases only linearly with the azimuthal
velocity. At this limit, the sum of fhe electric and pressure forces

is exactly half of the magnetic force. The angular velocity of the

fluid element, @, is equal to /2 at the Brillouin limit, This limit
can be rewritten as ngz = l;. Thus the pure electron plasmas pro-
duced in these electrostatic/magnetic confinement devices are always
in the strongly magnetized regime, rg < I'xD , of transport theory.

If the temperature is elevated to a level at which a significant
fraction of the electrons are energetic enough to ionize the back-
ground neutrals at a sufficiently rapid rate, then the additional physics
of ionization can complicate the data analysis of fhe processes under
study. The temperatures used in this study ranged over 0.7 eV =
T = 8.5 eV, The densities and temperatures studied were not limited

by the effects described above, which tends to limit high density and
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temperature combinations. Ra.ther‘, low density and high temperature
combinations were limited by experimental conditions. The basic
scaling of the collisional velocity space equilibration rate i.s density/
(temp)sfz-low densities coupled with high temperatures yield low
rates. A desire to keep this rate mu-ch larger than other background
transport rates limited the combinations of d;ansities and temperatures
chosen, as did the available compression/expansion ratios.

Once the desired density and temperature are attained, the
plasma is then allowed to evolve to a state of near thermal equilibrium,
The time scale of this evolution is on the order of 1 sec at 281 Gauss,
the magnetic field strength .primarily used in this study, 4281 Gauss
was chosen so as to minimize the thermal equilibration time - which
seems to increase linearly with Bz 49 - and yet maintain an acceptably
large characteristic extermnal transport time - which increases as the
square of Bz . 46 At the end of this holding.period the plasma is
ready for the experiment phase to proceed,

At some point during this sample preparation the fluctuation
reducing technique described in Appendix B may be employed to im-
prove shot-to-shot reproducibility. This techuique is rnost effective

when the plasma is long and Bz is greater than about 150 Gauss,

44




C: 3. The Experiment Phase

The experiment phase begins with a 1-D axial compression
(or expa.ﬁsion) that creates the initial anisotropy in velocity space.
This anisotropy is characterized by two esseuntially Maxwellian veloc-
ity distributions with temperatures TH # T_L . The compression typi-
cally takes approximately 1 ms to complete, After the compression
is finished, the induced anisotropy relaxes for an amount of time
determined by a timing circuit which is started at the end of the com-
pression. The timing circuit triggers a plasma dump and measure-
ment at the end of the desired time interval,

The compression (or expansion) which produces the initial
anisotropy also changes the density, and it could be asked whether or
rlot this change in parameters, which certainly moves the state of the
plasma away from the original thermal equilibrium, would also
initiate further transport which might complicate the relaxation
process by providing sources or sinks of energy and/or deusity.
However, the fact that the large densitf and temperatufe fluctuations
have already been smoothed out during the holding stage tends to keep
any such transport rates small. See Figure 3, which shows the num-
ber of electrons along field lines and temperature data taken just be-
fore an expansion, just after, and after the induced anisotropy has re-
laxed. To within the accuracy of the charge measurements, there

has been no net radial particle transport over the time of relaxation.
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Also, temperature measurements taken after the anisotropy has re-

laxed are essentially constant over time s.c:ales comparakble to the

relaxation time, Figure 5 shows a typical anisotropy relaxation data -
set,' which is comprised of temperatures taken just before the velocity

space aunisotropy is created, during its relaxation, and after it has

decayed., Note there is no significant temperature change following

the relaxation over several relaxation time periods. Thesé two exper-

imental re sulté allow the deduction that the relaxation occurs in condi-

tions of essentially constant density and thermal enérgy.

The essence of the measur-ement of the anisotropic tempera-
ture relaxation rate is in following the time evolution of the anisotropy
after it has been created. This is done by measuring the a.ni.sotropy
repeatedly at various times after the anisotropy is induced. These
intervals are chosen to adequately cover the relaxation throughout the
decay and well into the final equilibriuin. The measured time evolu-
tion of the anisotropy is then analyzed to yield a relaxation rate.

The dump and measure phase is triggered after the desired
time interval of relaxation has been counted out by a digital clock cir-
cuit which has a fundamental clock rate of 10 Mz provided by a
crystal-controlled oscillator. Interval timing uncertainty is of the
order of 1 Usec with this circuit., The interval starts at the eund of the

compress (or expand) potential ramp. The initial anisotropy is de-

fined to be that which exists at the end of the compress ramp.
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The relaxation of a given anisotropy to equilibrium is
shown by a plot of (E;) and T||e measurements made as
functions of time, The Plasma is in equilibrium for times
t < 0. Note the T, value measured at t< 0. The expan-
sion which induces the initial anis otropy starts at t=0
and continues for roughly 1 msec. The solid lines repre-
sent the best fit of a simple exponential decay model to the
data. The rate best fit to the (E,) data is vV, =146 %

14 sec"l; the rate best fit to the Tje data is v, = 90 2

6 secl. T, =1.07 eV and 5 =0.54%107 cm-3,

Charac-
teristic error bars are shown att=10 msec.
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C.4. The Dump and Measure Phase |

The dump and measure phase depends upon which ty pe.of
measurement is to be made - perpendicular tempera:ture-, 'I'J_ )
parallel temperature, 'I'II » or density, n, In all cases, triggering
the dump and measure phase initiates a‘process which allows the con-
fined plasma to escape past the dump gate by reducing the dump gate
poteuntial energy bé.rrier. The escaped electrons then travel axially
down the field lines, where they eventually encounter the positive ly
biased collimator plate. Most of the electrons are stopped and col-
lected by the plate, but some will be on field lines that pass through
the hole in the plafe. These electrons pass through the collimator
hole to enter the analysis region. Figure 6 schematically shows the
trajectories of the durmped electr.ons.

Depending upon the particular measurement desired, some or
all of these electrons will pass through the analysis region to en-
counter and be collected by the positively biased collector electrode.
The amount of collected charge is calculated from thtf_- measured rise
in voltage at the input of the first stage amplifier (Figure 7 shows the
charge measurement circuit diagram) due to the increase in charge
on the total distributed capacitance of the input to the amplifier. This
distributed capacitance and the gains of the amplifiers are carefully -

calibrated to an accuracy of about 3%.

48




4

Radially Positionable

Collimator Hole Secondary
<
] At A2 A3 A4
Solenoid

Figure 6,

Collector

The dumped electrons travel axially down the field lines,
Most electrons encounter the collimator plate, but those
on field lines which pass through the collimator hole enter

the analyzer region,
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Block schematic of the charge collection and measurement circuit., An initial input
"dump request'' pulse is generated by the experimental timing circuitry at the desired
time. The three output pulses generated by the measurement circuit are timed so that
sample and hold "A'' holds the signal measured just before the electrons are dumped
and sample and hold "B" holds the signal just after. The typical interval between "A"
and "B" holds is on the order of 10 Usec, The low noise amplifier section includes a
heavily filtered biasing potential, V; , which enhances charge collection efficiency,
The sample and hold circuitry follows the input signal while the trigger pulse is up
and holds the signal value at the time the pulse falls,




This charge induced voltage is measured by a differential
sample and hold circuit which is triggered by a "predump'' pulse after
a specified evolution time. The sample a.nd‘ hold circuit then measures
the output of the collector amplifier chain both before and after the
plasma is dumped, and subtracts them, This differencing scheme is
helpful in that it filters out noise whose frequency is much lower than
the inverse difference time (about 30 kHz).

(i} Perpendicular Temperature Measurement

The perpendicular temperature measurement measures the
average perpendicular kinetic energy, <E_L(r)), of the plasma at any
chosen radius to an accuracy believed better than 5%. The average
is over the distribution of perpendicular wvelocities along the field
lines which pass thréugh the collimator hole. "We assume there is no
z dependence to this distribution. The measurement of (E_L) is
accomplished by first measuring the change in the number of col-
limated electrons which pass through an electrostatic potential energy
barrier as the barrier height is varied about a chosen value. Second,
the barrier height is fixed at that value and the change in the number
of electrons which pass through both the barrier and an additional
seéondary magnetic field as that additional field varies about zero is
measured. This extra field forms a magnetic mirror {or cusp) field
which subtracts {or adds) an amount of parallel kinetic energy from

each electron within it. This amount is in proportion to the electron
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perpendicular energy as measured before entering the mirror. The

ratio of these two measurements yields <E_L> directly.

The perpeﬁdicula.r temperature measurement requires many
individual shots to acquire the data necessary for analysis. These
shots are taken with plasmas that are as similar as possible. Each
shot ordvides one charge measurement. The analyzer parameters
under which each charge measurement is made, such as analyzer
cylinder potential or secondary magnetic field‘ strength, are adjusted
between shots,

The basic measurement is initiated when the potential applied
to the dump gate is abruptly switchéd to ground. The now unconfined
plasma then axially expands under the combined influence of its un-
opposed axial electric space charge field and kinetic energy. Far
downstream from the original confinement volume, the unconfined
expanded plasma has a greatly reduced space charge potential energy.
The lost potential energy has gone into parallel kinetic energy. Con-
seqguently, the parallel kinetic energy distribution, f(E W of the un-
confined plasma contains a complicated mix of the original confined
parallel kinetic energies and space charge potential energies, which
is determined by the dynamics of the disassembly. process, Since
plasmas in EV usually have space charge potential energies which are
much larger than kinetic energy, f(E”) bears little resemblance to

the confined distribution.
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The perpendicular kinetic energy distribution, h{EJ_), of the
disassembled plasma remains essentially identical to that of the con-
fined plasma., This is due to a wide separation of characteristic fre-
quencies: the relatively large gyrofrequency, the inverse time
period over which the space charge electric fields change during dis-
assembly, anfi the relatively low _frequency of collisions.

The characteristic time scale over which the electric fields
change during the dump disaséembly is estimated by measuring the
time interval over which electrons, which have passed through the
collimator, encounter the positively biased collection electrode after
a dump. This tirne is on the order of 1 Usec. Collision frequencies
are typically 10-1000 sec-l. The electron gyrofrequency a.t. 281
Gauss, on the other hand, is approximately 5 X 109 rad/sec. This
separation of frequencies insures that the electron gyromagnetic mo-
ment, here written with all constants suppressed as W = vf/B, re-
mains an adiabatic invariant throughout the disassembly process.
Since Bz remains fixed, vf is also unchanging, and thus h(EJ_)
remains unchanged by the disassembly process, Also, there is no
time for collisions te affect h(E.L)'

The measurement technique used to probe h(E.L) was first
employed by deGrassie, 52 and was based on previous work by Hsu and
I-Ii.::‘shfield.sz)J The following theory discussion is similar to that of

deGrassie. Assume the collimated beam of escaped electrons has a
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kinetic energy distribution which is separable, i.e., g(E”, EJ_) =
f(Eu) h{E.L)' Let cylinders Al, A2 and A-4 be grounded, and let
cylindér A3 have an applied negative potential VA . Further assume
that the beam has essentially no space ;:harge. Finally, let tﬁe
secondary magnetic field solenoid induce field strength Bs(z) in the
same direction as Bz . We ask what the parallel kinetic energy of

an electron must be in order to pass through A3 to reach the collector.
We find that it must b:e greater than .-eVA plus an amount proportional
to E.!. .

We calculate the change a dumped electron's parallel kinetic
energy suffers in tra.veliné from well outside of the secondary field {o
the axial position of maximum secondary field (i.e., well within the
mirror). The ma?.gnetic field varies over this path from B = Bz to
B = BZ + Bs . where Bs denotes the maximum of Bs(z). We assume
that 1 remsains a good adiabatic invariant over this path. Then, the
constancy of U = vf/B over this path coupled with the conservation
of total energy (-é—m(vf + VI;Z) = const.) leads to AE“ = Y ax E_L ,
where AE“ is the amount the electron parallel energy changes over

the path, E, is the electron perpendicular energy as measured well

L

outside of the secondary field (which is its value in the confined
plasma), and y 1is the ratio BS/BZ .

E. well outside the field

Since any electron of energies EII By

*
will have parallel energy E =

E.-vE

" i in the center of the field,
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we may think of the secondary field as providing an additional, addi-

tive "effective'' energy barrier to the electron. This effective mag-

netic barrier height is equal to v E.L . It adds to the electro-
max

static potential barrier provided by V Since the solenoid and Ag

A L]
are designed so that the individual barrier maxima are achieved at

the same axial position, the maximum barrier height preseunted to an

is -eV, +vE

n A Le Thus

electron of initial perpendicular energy E

an electron must have a parallel energy E | > -eVA + \{EJ_ in order

j
to pass through the barrier to reach the charge collector.

In fact, the solenoid -A3 combination is designed so that the
maximum total barrier height is given by -eVA + YEJ_ even for nega-
tive values of ¥ (a cusp field configuration). This requires sole-
noidal field exteunsion past both ends of the pbtential barrier. There-
fore the design of the solencid is such as to require it to be longer
than and axially centered upon Ay . Were this not the case, then
negative values of ¥ might only cause a local dip in the barrier
height, leaving the ﬁaﬁmum independent of yv. In the subsequent
discussion, it will be assumed that the maximum barrier height is
always dependent upon y. Figure 8 schematically shows the two
barrier components presented to an electron of energy EJ_ as func-
tions of z for both positive and negative v, as well as the total

barrier height. The axial extent of both the solenoid and A3 is long

enough so that the barrier heights are to good approximation inde-

peundent of radius near the axial center.
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Figure 8, The analyzing section is shown in schematic form, along
with graphs of the electrostatic and effective magnetic
barriers as functions of axial position z. The dashed lines
represent barriers generated by values of vy < 0. The
solenoid and cylinder A3 are axially positioned so that the
maximum effective barrier height is given by the sum of
the individual barrier maximums.
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Figure 9 gra.phically. shows the region of energy space for

which an electron will be transmitted through the analyzer region to
the collector. The boundary between transmission and reflection is -

derived from E 2 -eV, 6K + vE

0 A Ik Integrating the energy distribution

function over the region of transmission then gives the total number

of electrons which reach the collector:

N(V,, Y) = N [dE / dE f(E )hE ), (3.C.i.1)
| -V, +VE, :

- where N’I is the number of electrons which have passed through the

collimator hole. Both f(E_L) and h(E_L) are normed to unity, i.e.,
N(0,0) = NT . Two simple partial derivatives with respect to the

lower limit of integration of the E, variable yie.ld:

=]

AN(V ,,¥)

A - - 3,C.i. 2
A __ dELELh(EL)f( eVA+YE_L)‘ ( i. 2)

oy T

0
aN(VA,v)
- - + {
8VA _eNT dEJ.h(EJ_)f( eVA YE.L) (3. C.1.3)

If these derivatives are evaluted at vy = 0, then

o

= 'NT f(-eVA)[ dElhELh(EL) (3.C.1.4)
0

BN(VA

9y
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Figure 9. Reflection and transmission regions in energy space.
E), E)| are the electron perpendicular and parallel
kinetic energies an electron has after it is dumped but
is still far from the secondary solencid, -eVA +YE),
is the maximum effective barrier height presented to
an electron of energy £, ,
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BN(VA, 0)

ov

R = eNT f(-eVA) . (3. C.1.5)

and thus, if both derivatives are evaluated at the same value of

VA = VHA chosen such that f(-e;fA) is not zero), then

(3N(V,, 0) BN(V , , 0) ” '
-e (_EW__ )/ _ﬁ____) =f dE E W(E)) = (EL) ,
0

A
(3.C.1.6)

where <E_L> is the average perpendicular kinetic energy of those
confined electrons which are at the same radius as the collimator

hole. This result is independent of the form of h(E_L)’ and of %A .

as long as f(-eVA) £#0 and g(Eil'E.L) is separable, Of course, if
h(EJ_) is a Maxwellian distribution, then <E_L> = T_L . The experi-
mental details of how <EJ.> is measured are give"a:ih Appendix C,

If the energy distribution function g(E EJ.) is not separable,

B’

then the measured value of <E.L> will be a function of V A true

A -
measurement of <E_L> will then require an average of measured

<EJ.> over all V Measurements of <E_L> at various VA values

A L
lead to the conclusion that to good approximation <Ei> is independent

of V, and hence g(E

A E ) is separable. Figure 10a shows

i’
N(VA, 0), the transmitted electron charge {when vy =0) as a function
of VA » for a plasma which is not yet in thermal equilibrium but was

held long enough to be Maxwellian in kinetic energy, All measure-

ments were taken on axis (r =0). Figure 10b shows <E_L> measured

59



N(Va,0)
N(0,0)

Figure 10,

A (a)

1.0

0.5

1.0

1 H L |

! [ )
0 0.1 02 ¢3 04 05 0.6 0.7 0.8 0.5

N{Va,0)/N{0,C)

‘The transmitted portion of the total electron charge divided

by the total charge is plotted against the maximum electro-
static barrier length, -eV, , for the condition y=0 in (a).
(b} shows <EJ_> plotted as a function of relative transmitted
charge, which is a function of V, . The <E_L> values have
errors of approximately % 5%, ‘e\i’ is usually setto V, ,
zvhere N(VA ,0)/N(0, 0) = 0.5 for all measurements of
ED.
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as a function of VA . The x-axis is the relative signal,
N(V,, 0)/N(0, 0). It can be seen that <EJ_) is indeed independent
of MVA over a wide range. Measurements of (EJ_> made as %A - 0,

(i.e. N(NVA, 0)/N(0,0) » 1) and as % 2 @ [i,e, N(%A,O)/N(O,O)AO)

A
were not made since each limit requires measuring two very small
{and hence uncertain) slopes and then dividi;ng them. We believe that
the <E_L> measurement is to good approximation independent of %A
when N(“VA, 0)/N(0, 0) ~ 1/2.

Although we expect F‘_.n and E_L to be somewhat coupled during
the evolution of a velocity space anisotropy (due to the velocity depend-
ence of the Coulomb cross-section), we also expect that the dis-
assembly process would act to decouple Ei! and EJ_ . This is due to
the fact that the spatial separation of two electrons with the same
E”, EJ_ will most likely result in different parallel energies after the
disassembly, which is dominated by space charge potentizl energy
conversion, A study of the possible dependence of <E_L> as a function
of VA during the collisional relaxation was not undertaken, We be-
lieve that the net effect any residual coupling would have on our meas-

ured rates is small. However, this effect remains as a possible

source of a small systematic error.,
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(ii} Parallel Temperature Measurement

The. ’IIZ'u measurement technique described here is not well
suited for a precision measurement of the anisotropic relaxation rate
since only the temperature of the energetic tail of the velocity distribu-
tion is actually measured. The average parallel kinetic energy of the
entire distribution can- be inferred if the distribution is Max-
wellian., Hence the 'I'“ measurement does serve as an indepsndent
check of the T_L measurement when the plasma is in eguilibrium,
Also, data obtained with both the T“ and T.L measurements at various
times during the evolution of the anisotropic relaxation give striking
evidence of the creation and subsequent relaxation of that anisotropy,.
as is showp in Figure 5. Thus, while the 'I'Il dat;. is not used in the
analysis which yields the relaxation rates, the 'I;H measurement
served a useful purpose in this study.

The measurement technique gives an experimentally simple
method of measuring 'I‘I| » the parallel temperature of a Maxwellian
plasma, to an accuracy of about 10%. The method consists of slowly
decreasing the dump barrier height, thus allowing the most energetic
electrons to escape :Eirst.. The rate at which charge escapes as the
barrier height is reduced then yields ‘I‘II , at least within the confines
of several rather severe restrictions. These restrictions are mostly
due to considerations of theoretical tractability and simplicity. Neces- -

sary corrections to the simple model are discussed, The experi-

mental procedure and the analysis of the data is described.
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The parallel temperature diagnostic used in this study is a

result of the contributions of many in the Malmberg group. Measuring
T“ by rhea.su.ring the parallel ]ftinetic energy of the dumped plasma
must contend with the complications of the dump process itself con-
verting the relatively large space charge energy of the plasma into
parallel kinetic energy. The measurement technique used here repre- -
sents a partial solution to this problem. It has the advantage of meas-
uring T” in'one shot, but also has some disadvantages, These dis-
advantages are: 'I'II can be measured only on axis (r = 0); the value of
'I'II measured must be corrected for factors that vary with different
plasmas, andleac;h correction can be of the order of 10%; and, most
irnpartantly, the actual measurement is made only over the energetic
tail of the parallel velocity distribution, f(vH). If f(v”) is not Max-
wellian, then this measurement technique gives ounly an average energy
scale characteristic of the energetic tail of f(v“). See Appendix D,
A technique which allows a more comprehensive measurement of T[I ’ |
including measurement at r # 0 and effective measurement over the
entire distribution, has been developed by Eggleston. >4 However, this
technique is very computationally involved and time consuming, and
was not used in this study.

The Tll measurement deals with the space-charge energy to
kinetic energy conversion problem in a straightforward way. By

employing a technique which allows a simple model.of the dump
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process to be made, a straightforward analysis of that model, at

least dulling the initial stages of the dump, can be accomplished. The
technique which simplifies the dump process is to slowly reduce the
coﬁfini;ag potential energy barfie: by ramping Vd » the potential
applied to the durnp gate, to ground. This ramping is done on a time
scale which is very slow compafed to an electron axial bounce time,
yvet which is very fast compared to a collision time. This is the same
time.sca,le ordering required for the 1-D compression, see Appendix A,
The relatively large bounce frequency insures that electrons in the
plasma will encounter the dump gate barrier af a given barrier height,
since the barrier doesn't essentially change over the time required for
any electron to travel the length of the plasma. For simplicity, further
assume that the dump gate is very long in comparison to its diameter,

Then the maximum potential barrier height is given by -eV ., and is

d
essentially independent o\f raaius. (It turns out that a quadratic radial
dependence doesn't affect the measurement.) At some point during thé
slow reduction of the barrier height, the most energetic electrons will
begin to escape past the barrier. We can then ask how many electrons
escape as a function of Vd .

In the absence of any collisions, the sum of the potential a.r;d
parallel kinetic energies of each electron remains essentially fixed
throughout the process. We can then evaluate this sum at any axial

position, and it is simplest to do so at z =0, the axial center of the

plasma. Each electron will escape past the dump barrier when this
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sum exceeds -eVd » the barrier height:

1 2 2 .
-ep(z, 0) -l-—va” i = -eVd (3.C.ii. 1)

is the condition for the escape of any electron at radius r. We ex-
pect the first electrons to escape will be on or near the axis (r =0),
whnere the sbace charge potential energy is the most negative.

We can now calculate the escaped charge as a function of the

barrier voltage, Vd . Several simplifying assumptions and restric-

tions will be necessary to keep the calculation analytically tractable,
Within these assumptions, we will find that at least initially the charge

escapes from a region of a few A_ about the axis and that the total

D

escaped charge displays (to an accuracy of about 10%) an exponential

dependence upon the barrier height -eV , with T, as the character-

d il

istic scale. One of the restrictions necessary to derive this result is

that T | be measured only over the energetic tail of f(v”), the

parallel velocity distribution of the confined plasma.
Assume that f(v”) is independent of r and z, and is normed

so that its integral over all v, is unity. The total number of escapsd

Il

electrons, Qe(ro; rc), which pass through the collimator hole (of
radius T centered on position ro), is then calculated as a function

of Vd by integrating fwll) n({r,z}, the initial confined electron dis-

tribution function, over all z; the collimator hole area; and v

using equation (3, C.ii. 1) as the lower velocity limit:
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[=-]

Qe(ro;rc)=-E[ dz f da n(r,z}[ dvﬂ f(V”) :

all z coliimator
area [‘-ZE—V QSrO)]l/Z 3.C.ii 2
m(d-(') (3.C.ii, 2)
where #(r,0) is the self-consistent potential;
1/2

vzqﬁ(r, z} = 4Te n{r, z) dv” f{v”) .

/[ 2 (g - ¢z 0]

0
(3. C.1ii. 3)

Equation (3. C.ii. 3) simply adjus;ts the value of ¢ to reflect the
diminished space charge as electrons escape. Strictly speaking, the
instantaneous value of Vd must form part of the boundary condi-
tions, but for long plasmas, end effects are unimportant and an
infinite length plasma calculation of ¢ {r,z) suffices.

We restrict the analysis of equations (3. C,ii. 2) and
{3.C.ii, 3) to the regime of approximately Maxwellian distributions
of tempsrature T, » and for Vd such that -e(V .- OI’}/T“ >> 1, Then
to good approximation the upper limit of the i integral in equation
(3. C. 11 3) can be set to infinity, So few electrons have escaped that
we can approximate the potential by the initial potential, ¢o s so that

@(r,0) = (Iﬁo(r, 0} = constant independent of V Liet the escapea

g-
charge calculated using this assumption be Q;(ro; rc). We assume

a given f(v”} v({r,z) and ask when QF: significantly diverges from

Qe calculated using the fully self-consistent ¢ (r,2). This has been
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done on a computer  for a plasma with a Maxwellian f(v”), a density

u(r, z) that is. constant in radius over several AD , and a length that
is independent of r. The condition that QE: = Qe is then ;‘.bund to be
that the central density may only decrease by about 1%. ~Further, |
within this limit, electrons only escape from a region which is a few
Debye lengths in radius about the axis. Thus the approximation
$(r,0) == @'JO {r, 0) is wvalid fqr the near Maxwellian velocity distribu-
tions expected in this study, as long as: 1) the analysis is done
only on the axis, and 4) the analysis is limited to observation to the
first 1% of the eschaped electrons. These electrons have velocities
larger t.ha.n about two thermal velocities {2\7”).

(The above discussion is valid only for plasma columns whose
radii are greater than a few Debye lengths, that is, plasmas whose
space charge potential energy is much larger than its kinetic energy.
For very dilute or very hot plasmas whose column radii are much
smaller than a Debye 1éngth, temperatures can be measured at any
radius, and &{r,0) = 0 is a good approximation which remains valid
for most, if not all, of the disassembly.)

With 2 few more reasonable assumptions, equation (3. C.ii. 2)
‘can be.a.nalytically integrated to give the dependence of Qe upon Vd .
We assume 1) a2 density that is constant over the collimator hole area,
which is‘centered on the axis; 2) the plasma is long enough to. neglect

e_nd effects; 3) the tail of the parallel velocity distribution is
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Maxwellian with a temperature, 'I‘” , that is independent of radius.
i iti -'[ 2 v % (x,0 1
We write the escape condition as v?3 "= ( g o(r, ))] .

and rewrite equation (3. C,ii, 2) as

r. @
Qe(O,rc) = -eLpnof rdrf dv" f(v“) (3.C.1i. 4)
0 v
e
where
21.ne o 2
floy). = (Tﬁ’”' exp [-mv, /2T ]

We find ¢o(r, 0) from assumptions {1) and (2) and Poisson'’s equation

= zexR‘” 2 _ gl (3.C.ii. 5)
!ﬁo(r,O)---TTenO 1+ n?;- r o -r + b . C.ii.

over the range 0sr s T where RuJ is the cylinder-i'adius and i_b>
is the constant contribution to the inner region (r < rc) potential due
to 2ll charge ocutside of ro- Note &(r,0) = qbo + Trenorz in the
region of interest, where ¢o is the space charge potential on axis.
(See Appendix D for an alternate form of equation (3.C.ii. 4) suitable
for an arbitrary velocity distribution).

Equation (3.C < 3. 4) can then be integra.te-d to give:
5 [62+(rc/21D)2]”2

2 -x

- 2| =x 1 xe
Qe(O,rc) = -noeLp{ZlD) 5~ erfe(x) + 7 erf(x) - Wi .

(3.C.ii.6)




1™

where erf(x), erfc{x) are the error function and its complement,
and Bz = -e(Vyg - ¢0)/T“ is the snia.llest scaled energy of any of the
escaped electrons on the axis, Since 8 # 2 by restriction (i.e.,
the electrons which have escaped on the axi; have stayed within the
restriction v”/'v"” = 2), we use the asymptotic expansion of erfc(x) to

obtain the approximate solution

2 2
(noeL ) > e-_BZ e-rc/(z ;\D)
Q (0,r )= -| =B })mEr_) 1 - .
© ¢ 2N b i (14 /21 _g)21t/?
e D
(3. C.3i.7)
AS rc/Z xD -+ 0 (small collimator hole limit),
noeLp 2 e-B
Qe(O,rc)a - ( N )‘I'Trc 5 : (3. C.1ii. 8)
and as rc/2 KD 2 o (large collimator hole limit),
noeL 2 e-Bz
-2k ii
Qe(O.rC) - ( = ) TT(Z?LD) 3 . (3. C.ii. 9)

We then find that, upon taking the natural logarithm of

-Qe(Os rc) in equation (3.(3_.11.7), and differentiating with respect to Vd ,

d 1 1 2 2 2
de 2n (-Qe(O, rc)) T_" (l + 2—;3 + P(rC/(Z KD) . B ))’

L
e

(3. C.ii. 10)
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2 2 2. -2 '
where P(rc /47\D s B) gives a small (~ 10  maximum) correction
: 3
‘due to finite collimator hole size, and can be neglected, The (28) 1
- 2
term can be neglected at the 10 ! accuracy level (10%), since B 2 4,

The T, measurement is implemented by digitizing the out-

It
put of the collector amplifier, the gain of which is chosen so that the
digitizer saturates when about 2%-5% of the total possible charge has
egscaped through the axially centered collimator hole. The clock rate
is typically 1 MHZ; the digitizer resolution is 10 bits; and there is
8K of digitizer memory, Anocther digitizer, which is driven by the
same clock_ as the first digitizer, is.used to measure Vd . 'i'he
clock is triggered by a timing pulse which also starts a linear

ramping of V., towards ground. The ramping rate is chosen so

d
that the 1-D expansion conditions are met. The digitized informa-
tion is supplied to the system computer, which searches the Qe data
for the point of saturation, brackets this point with a window, and
displays the Qe and Vd data within this window on a monitor screen.
Also displayed is the mnatural log of the Qe data. The

window is chosen to be large enough s0 that a properly zeroed
baseline for the Qe data can be calcﬁla.ted. If necessary, a linear
slope can also be removed from Qe . These manipulations (prior to
taking the log) may be required to remove low frequency (acoustic)

noise generated by microphonics in the EV device and its associated

cabling. The logarithm of the treated Qe is then taken (2 very small
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arbitrary lower bound to Qe is enforced to prevent divergence of

the 1og)l, and a linear regression algorithm is used to least-squares
fit a straight line (between two experimenter chosen end pointsi to the
logarithm of the Qe data. The end points are visually chosen to
cover the log data which is most nearly straight, and to include as
many decades of Qe data as possible, within the "nearly straight"
restriction. This is typically 1.0-2.5 decades of Qe ; 3 decades of
data can be displayed with 10 bit resolution. Figure 11 shows a

sample of the Qe and ln[Qe] data, along with V, data, as seen on

d

the computer monitor screen,

The slope of V., is similarly measured, using the same

d
window, Since each slope is measured with respect to time (or

clock rate) as the independent variable, it is easy to attain the de-

sired slope by evaluating the ratio:

|
|
{A @nQe/At)HAVd/at) = (Aln Q, S.7(A v, Y eTI'Il (3.C.ii.11)

2
chosen region of 8 ; the value of T, thus measured is about 10%

The brackets denote the least-squares fitting of a single slope over the |
il
lower than the actual T“ as can be seen from equation {3.C.ii. 10).

A word should be said about the possibility of the measurement
of Qe being contaminated by a diocotron instability caused by the in-
creasingly hollowed out radial density profile.'56 This instability
could cause a local increase in plasma potential, which would in turn

allow an excess of electrons to penetrate V_ . No obvious signature,

d
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arb. units

Figure 11, Plot of digitized Q oft), In |Q (t)|, and V (t) as functions
of t. Imposed upon the In IQ l data is a fltted straight
line in the region of szgnlﬁca.nt Qg The vertical logarith-
mic scale covers 4 decades., As can be seen, the behavior
of 1le | is essentially linear over about 3 decades of Q

data.
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such as staircasing, is observed in the restricted region BZ z 4,
although staircasing has been observed when the central density haé
decreased by more than 10% or so. Since the conditions of the meas-
urement resirict the hollowing to a very small amount, we believe
there is no contamination due to the diocotron instability.

This constitutes the basic measurement of Tli . As has been
noted here, and is shown further in Appendix D, this measurement is
really only a measure of the energy scaling of the high velocity
(v” 2 2'\?'”) tail of the parallel velo.city distribution. Unlike the <E.L>
measurement, it does not measure the average energy of the entire
distribution, and thus we expect it to be an increasingly inaccurate
description of the distribution as it further deviates from a Max-
wellian,

Due to the relative unimportance this diagnostic has in obtain-
ing the measured relaxation rates, a special effort to improve
the accuracy was not undertaken. A short list of those correc-
tions which were made is: (1) the fitted 'I“ was increased
by approximately 10% (depending upon the range of 82 actually
fitted) to correct for the (2?12)"1 term in equation (3.C.1i, 10); _(2) the
potential at the center of the finite length dump gate was used

instead of the applied potential V . (giving a reducing correction to

d
T” of approximately -10%, depending upon dump gate length); and (3),

a correction of approximately +10% to +40% {depending upon the
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confined plasma length and Vd) to T“ is made to account for the in-
eﬁtable T” cooling the fully confined plasma suffers as the plasma ex-
pands while Vd is ramped to ground, The correction is calculated by
utilizing ti1e density measurement to determine the fully confined axial

path length, L(Z?”), of those electrons with v, = 2?” , and then esti-

f
mating the correction from a 1-D axial expansion. The electrons are
assumed deconfined when they cross the geometrical boundary sepa-

rating the dump gate and confinement cylinder, The percentage cor-

rection, €, is then calculated as a 1-D expansion (see Appendix A):

2
€ = (% L(zvnj +-;j Lgeo) /LZ(ZFH) , {(3.C.ii. 12)
where Lgeo is the geometric length of the counfining volume.

There are additional effects which could conceivably also gen-
erate ~10% corrections to the value of ‘I‘” . These inc.lude: (1} the
effect of a finite Vd poteuntial ramp rate, which can cause electrons
at the far end of the plasma to exit at a lower potential barrier than
expected, thus broadening the class of velocities that escape at a given
Vd ; (2) the effect of the plasma space charge on the analyzing poten-
tial {the effective barrier height); (3) the effect of the space charge on
the axial position of deconfinement. There are probably others.

We conclude this section on the T, diagnostic by noting that

the many corrections to the basic measurement, both kmwn and
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unknown, argue against success in improving the accuracy beyond the
10% level._ Forfuna.tely, the rneasurt;:ment of relaxation rates does
not depend upon an accurate measurement of TlI « In this study, the
T” measurement was utilized only to provide an independent check on
the T.L temperature of a plasma in equilibrium, to illustrate the relax-
ation of the tail of the distribution, and as an initial indication of the
validity of the 1-D compression model (see Appendix A). When used
as a check of T_L (with all corrections made), T.L = T” to within about
10%, and the error in T, is believed to be about 5%. Figure 12 shows
a compariscon betweet measured values of T.L and Til » and shows the
values of Til when all corrections are made. Finﬁlly, in order to
aveid confusion, the symbol ”'I'”e” » mMmeaning the "temperature'! of the
energetic tail of :E(v“ ), is used to denote a measured value using the
'I'II measurement technique.

(ii1) Density and Potential Measurement

This measurement involves the use of a computer code to cal-
culate the density and potential as functions of r and z from :he
measured data set. This data set consists of measurements of Q{zr),
the amount of charge in a tube centered at radius r, whose cross-
sectional area is that of the collimator hole and whose length extends
axially through the plasma, and T(r), the temperature. The compu-

tational technique was previously employed by Prasad to check thea-

44 .
retical predictions of plasma equilibria, The technigue was later
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Figure 12, The measured values of <E.L> and Ty, are plotted on
semi-log axes as a function of time, The raw T\ data
are given by the open boxes; each is the measured value
A 1In IQel /Avd. The solid boxes represent corrected

T"e values.




modified to accept experimental data by Fine and Driscoll, 57 T};e
code computes the density,“ n(r, z), | and the potential, @ (r, z), self-
consistently using a 2-D form of Poisson's equation. Cyiindri.ca.l sym-
metry is assumed, The confinement geometry and applied confine- |
ment potentials supply the boundary conditions. The measured Q(r)
and T{(r) data, when coupled with an assumption of local thermal
equilibrium along field lines, provide equations of constraint from
which n(r,z) and %{(r,z) are uniquely determined.

There is one Q{r) measurement made per plasma shot. Q(r)
is 2 measurement of the total charge that passes through the colli-
mator hole (area = Ac), which is centered at radius r. Q(r) is typi-
cally mea.sttred at 30 to 50 different radii. By neglecting the small
fadial polarization drift caused by the dump process (see Appendix F),
we assume that the electrons remain at the same radius when dumped,
and thus Q(r), the number of electrons which pass through the col-
limator hole positioned at radius r, can be calculated from the con-

fined plasma density n{r,z) as

Qr) = -e[f dxdyf dz n(r, z) = —eAcf dz n(r,z) (3.C.iii. 1)
AC all = all =z

The collimator hele radius is 0,32 ¢m, which is typically one Debye
length or smaller.
Applying the assumption of local thermal equilibrium aleng

field lines, which can be written as
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-ed(r, z}/T (x)

a(r,z) = C_(x) e , (3. C.iii, 2)

where Co(r) is determined by insertion of (3. C,iii. 2) into (3.C. iii. 1},
requires knowledge of T” (f). We can deduce a value for T"(r) by
measuring 'I‘_L(r) when the plasma is in equilibrium. In equilibrium,

'I'“(r) = 'I‘-L(r). The T measurement employed in this study cannot

fle
be directly used since it is valid only on the axis, TJ_(r) is typically
m;:a.su.red at 8-12 different radii. The large number of shots required
to measure T_L usually has the effect of keeping.the number of 'I'l(r)
data points smaller than the number of Q(r) data points. Figure 3c
shows a typical set of Q(r) and T_L(r) measurements for a plasma
near equilibrium.

A computer program takes the Q(r), T-L(r) data as input and

self-consistently solves the 2-D Poisson equation,

VZ¢(r,z) = 4Ten(r, z) . (3. C.iii. 3)

The program uses a fast Fourier transform to calculate an initial
potential a(r, z) from the boundary c.onditions and an initial density
ﬁ(r, z) calculated on an r,z grid from the assumption that nr, z) is
uniformly distributed in z between the confining end eylinders, and
from the requirement that measurements of this initial density repro-
duce the measured Q(r). The grid typically hé.s 64X 128 cells,

(Care must be taken to insure at least two cell lengths per Debye

length in both r and z.) With 5(1‘,2) calculated, a new n{r,z) is
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calculated using (3. C.iii. 1) and {3, C.iii.2). A wvariable per;::entage
of the new E(r,z) is added to the old n{r,z) and a new a(r, z) is
calculated. This process is iterated until the new and old densities
have a maximum percentage difference of less than 0.1% in any cell.
At this point the final densities and potentials are self-consistent to

about 0.1%; these are the measured values of nu(r,z) and @(r, z).

A couple of points concerning the Q{r}) and Tl(r) data should

be made. The solution to (3.C.iii, 3) using 64 cells in the radial direc-
tion requires values of Q(r) and Tl(r) = 'I'“(r) at 64 different radii
to fill these cells. The measured Q(r) and Tl(r) data set does not

usually fit this requirement. Also, the exact location of the colli-

mator hole center relative to the cylinder axis may be in error by up
to about 1 mum. This means the actual positions of the Q(r), T_L(r)
data displayed in Figure 3c could be shifted as a group to the right or
left by up to 1 mm. 1 mumn is greater than one cell length when a grid of
64 radial cells is used. The program handles this possible shift by first
calculating the radial offset to the Q(r) data that results in equal
numbers of electrons for both r< 0 and r> 0, and then fitting
smoothed curves through the average of the offset Q{r), 'I‘_L(r) data
and the offset Q{r), 'I'J_(r) data reflected through the axis, The
values of Q(r), 'I'J_(r) é,t the appropriate radii are then taken from
these adjusted curves and supplied as input to the subprogram that

calculates the self-consistent n(r,z} and ¢(r,z).



The accuracy of the n and ¥ measurement depends critically
upon the accuracy with which the charge, Q{r), is measured by the _
charge collection circuitry and the collection efficiency of the-
charge collecting electrode. {The T.L and T“ measurements are
not critically dependent upon the charge measurement accuracy, since
the T.L measurement involves ratios, ar;d the TH measurement in-
volves the derivative of the log of Q.) The collecting electrode is
typically bié.sed from +100 V to +180 V, with cylinders Al1-A4 biased
from +9 V to +45 V, in_ordel; to enhance collection efficiency. The
gain and total effective capacitance of the charge collection circuitry
were carefully calibrated to about * 3% overall.

The accuracy of the n aud ¢ measurement depends upon an
accurate measurement of Qr). A check of the accuracy of the Q(r)
measurement is made by integrating the measured n(r,z) over the
entire confinement volume and comparing the resultant total charge
with 2 measurement of that total charge by utilizing the collimator
plate, which has a separate charge collection circuit {(similar to the
circuit of the collecting electrode), as a collector. These agree to
within about 1% to 2%. An independent check can be made by meas-
uring the image charge on one central confinement cylinder when a
long plasma is confined. From Gauss' Law, this measured image

charge should be equal to the integral of the measured n(r, z) over

30
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the volume of the cylinder. This check also agrees to within 5%,
We thus consider the density n(r,z}) and potential @(r, z) té) be

. ~ accurate to within 5%,

§1



IV. Measurement of the Anisotropic Temperature
Relaxation Rate

The anisotropic temperature J:;elaxation can easily be measured
after the initial anisotropy is created in the sample plasma, The
te:ﬁperature on axis is measured as a function of time after creation
of the anisotropy. The density is measured after the plasma has re-
laxed. The difference between the instantaneous measurement of the
mean perpendicular energy, <El(t)> , and the final equilibrium tem-
perature, 'I'f , displays an essentially exponential relaxation beha.vior.
The measurement of the ""temperature of the tail of the parallel dis-
tribution, Tlle: (t), is likewise analyzed, and shows similar relaxation
behavior but with a longer characteristic time scale. This discrep-
ancy in rates is explained by the energy dependence of the collisional
Coulomb cross-section.

The data is also anélyzed by applying a non-linear least-
squares fit of the solution to the Ichimaru-Rosenbluth relaxation
model equation (2.D,9). This equation is shown to produce near-
exponential relaxation over the range of anisotropies utilized in this
study. The rates obtained by this analysis statistically agree with the
theoretical prediction of Ichimaru—Rosenblﬁth modified by the
Montgomery-Joyce-Turner approximation to within about 5%, which
is well within the approximate 10% uncertainty in the theoretical rate

calculation.
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Posgible sources of systematic errors are analyzed, and an

upper limit to overall systematic error of approximately 10% is esti-

mated.

A. Raw Data Measurement
A relaxation measurement is made in the following sequence:
1) The plasma sample is prepared with the desired initial density and

_thermal equilibrium temperature T, = TJ_ = 'I'i . 2) The desired

Il
anisotropy is induced by a 1-D compression or expansion. 3) (Ej_(t)) s
and Tlie(t)’ are measured on the axis at various times after the
anisotropy is created. The times are chosen to cover the relaxation
from the initial anisotropy to the equilibrium temperature 'I'f .
4) The density, n{0, 2), is measured after the anisotropy relaxes to
equilibrium. 5) The raw data is then analyzed to reduce the measured
relaxation to a single rate for comparison with theory.

The plasma sample preparation may include the use of the
density fluctuation reduction te chnique; this allows the measurement
of <E_L(t)) » etc., with greater statistical accuracy for a given number
of shots. The technique was discovered by K. Fin657 late in the game,
however, so there are many rates measured without its benefits.

From theoretical considerations we would like to keep the
initial anisotropy as small as possible ('1‘” = T_L); this would keep the

1 and v, distributions very close to Maxwellian throughout the relax-

ation. Practical considerations of the uncertainties involved in
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measuring the temperatures would argue for large anisotropies

(T, == TJ_ or T

" << T)) so that they can easily be observed. The

Il
relevant quantity is the measured relative anisotropy defined as

((EL(tD - Tf)/'I‘

£ where Tf is the final equilibrium temperature,
The initial anisotropy can be estimated from the 1-D approximation
('I'”f'I'-L)i = (LU'/LC)2 » where Lu, Lc are the plasma lengths esti-
mated by the axial separation between the chosen confinement barrier
cylinders when the plasma is uncompressed and compressed.

All relaxation rates are measured on the plla.sma. axis (r =0)
using the 1/4'' diameter collimator hole, The reasons for choosing
the axis are twofold. First, the Tlle measurement is valid only on
the axis. Second, the radial density and temperature variations are
smallest on the axis, and, in fact, for all of thg rates measured the
density and temperature variations over oune collector hole radius are
negligible. For example, see Figure 3,

The density is easily measured after the anisotropy has re-

laxed and T, =T, =T

I 1 g A density measurement made during the

relaxation of the anisotropy is more difficult to achieve, since

'I“ (r) # Tl(r), and T, cannotbe measured off the axis by the T

i e

measurement. We would like to know if the density at r =0 changes
during the relaxation, and by how much, An estimate of the initial
density is made by calculating 'I'”(r) from the measured values of T

f
and 'I‘_L{r), and supplying those calculated values along with the
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measured Q(r) data as input to the density solving computer code.

A comparison of the average initial deusity (see equation (4.B. 5))
estimated this way with the average density measured after the relax-
ation shows a difference -on the order of 1%. The density is thus
assumed to be constant during th__e .:-relaxa.tion. The average densities
used in the analysis are therefore measured after relaxation to
equilibrium.

The anisotropic temperature relaxation rate of a plasma with
a given density and T_f is derived from an analysis of the time evolu-
tion of (EJ_> measured at various times during the relaxation.
Figure 5 shows a typical data set of measured temperature evolution.
For completeness, and to graphically show that both the v, and v

1 il

distributions do relax to equilibrium, both (Ej_> and Tile data are
plotted as functions of time., On this graph, the time, t, starts at the
beginning of the plasma expansion. During times t < 0, the plasma
is captured and prepared so that just before the expansion the plasma
is close to global thermal equilibrium at temperature Ti = 1.47 &V,
At t=0, the expansion begins and lasts for approximately 1 msec. At
the end of this e}-:pa.nsion, the parallel temperature is lowered by
approximately a factor of three, while the perpendicular temperature

is ounly slightly affected. Note the two T measurements at t< 0

lle
and t = 1 msec. (All of the 'I'“E: measurements incorporate all of the

corrections discussed in section 3.D.ii,)
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The time evolution of the relaxation is then measured at:
various times t Z 1 msec by the (EJ_> and Tlle measurements.
Each (E_L) value requires hundreds of shots, and each Tiie value
plotted is the average of a few hundred individual measurements of
Tl[e . Characteristic error bars are shown on the t=10 msec data
points, The two .solid lines are given by a simple exponential relaxa-
tion model least squares fitted to the data. This model is discussed
in the next section. Note that there is data taken well after the relax-
ation has decayed which clearly shows that the final temperature, Tf ’
is essentiaily constant over a time comparable to the relaxation time,

'I'he‘rela.xation to equilibrium displayed by the <E.L> data is
clearly more rapid than that displayed by the Tlle data, This differ-
ence i-s explained in the next section as due to the fact that the Tlle
measurement extends only over the energetic tail of the parallel
veloa;_-ity distribution, The relaxation rate analyzed from Tltt—: data
is then the rate at which a portion of the distribution relaxes, The
rate displayed by the <EL> data is due to an average of su(:l-l rates

over the entire distribution., It is for this reason that ounly rates de-

rived from <EJ_> evolution are compared with theory,

B. Simple Analysis of the Relaxation Rate
The relaxation data displayed in Figure 5 shows that the relax-
ation seems almost purely exponential. One is. tempted to assume

_that the relaxation is indeed exponential and to then reduce the data to
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a rate under this assumption. Such a course of action has the benefit
of producing a rate which fairly aécura.tely describeslthe‘- expefirnental
aata without requiring an analysis of the data based upon the theoreti-
cal model of the relaxation proposed 5:{ I-R. This section discusses
the analysis of the data using the simple exponential assumption. The
data can also be reduced with the assumption that the theory of I-R
describes the relaxation, and this procedure is followed in the next
section.

We reduce the <E_L) dé.ta to a single rate by assuming a

sirnple model of exponential relaxation of the anisotropy:

(E{(t)) - T, = exp [-at+ 8] (4.B.1)

A weighted least squares fit of {4.B. 1) to the data, with B and a as
the fitting parameters, yields the rate. The data points are weighted
by their calculated statistical errors.

The fitted value of 8 then gives the best fit value of the initial
anisotropy. The fitted value of the parameter @ is \J_L , the meas-
ured relaxation rate. The statistical error in the value of vy is

estimated by rewriting (4.B.1) as

1n(<EJ_(t)> -T,) =InB-at . {(4.R, 2)

The error in the fitted slope (\JJ_) is calculated from the statistical

errors of two experimental points (one at t=0 and one in the vicinity

-1 . . —
of t = \J_L ). This serves as an estimate of the statistical error of
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the fit, 1If there are other experimental points, the statistical error

in \Jl is decreased as the square root of the number of points.
The same analysis procedure can also be applied to the

T”e(t)_ - T_ anisotropy. As can be seen from the T!Ie(t) data of

f

Figure 5, the measured value of vy using the Tlle(t) data is signifi-

cantly lower than the value found from the <El(t)> data. This is

explained by the fact that the measurement of T, is measured only

fle

in the energetic tail of the v, distribution. The collisional relaxa-

Il
tion of this high energy portion of the distribution is expected to. be
slower than that of the entire distribution.

This expectation comes from simple argumeﬁts. The relaxa-
tion rate is in some sense a measure of the collision frequency aver-

aged over the distribution. The collision frequency, V, is dependent

upon the density and the velocity of the electrons:

Veop ~ TV (4.B.3)

wnere O is the collisional cross-section, and v is the relative

velocity between two electrons. The Coulomb cross-section, O, has

-

2
the approximate form

4
16T e
o) -—2—'4—'11‘11'\ s (4.B.4)
m v

where InA is the Coulomb logarithm. The collision frequency is

proportional to the inverse cube of the relative velocity between two




electrons. Therefore, the electrons in the energetic tail of the
velocity distribution, which all have réla.tively large v, should relax
at a slower rate than the bulk ’of the distribution, and this rate should
become even slower as the measured portion of the distribution begins
at higher energies in the tail.

A rough estimate of how much slower the T,  measured

e

anisotropy relaxes can be made by noting that the Tnel measurement
covers only parallel velocities greater than or equal to about two
parallel thermal velocities (ZFH). We approximate (4.B.3) as Vi the
bulk relaxation rate (as measured from <E.L> data), by calculating
(4.B, 3) for the average relative velocity of therina.l particles inter-
acting with 2 scattering background of thermal particles. The tail
relaxation rate, \Jt , is similarly approximated for particles which
have thermal perpendicular velocities and a parallel velocity of 2\-.!'” .

The important quantity is the relative speed between the scat-
tering background particles and the given scattered particle, We first
calculate this relative speed by choosing the scattered particles'
direction of travel as the polar axis and finding the square of the aver-
age relative velocity between the scattered particle (of speed vo) and
the background particles (of speed v and random orietnation). The
coordinate system is shown in Figure 13, When averaged over all
angles, we find that the average relative speed is given by v, =

_\?2+v2'.
]
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Figure 13, The coordinate system used to calculate the average
relative speed, (1/4m)/ dQ ‘Vrl , between a particle
with speed v and background of particles uniformly
distributed in velocity space with thermal speed

v=3T/m.

90




The ratio of the energetic tail relaxation rate to the bulk rate

is then roughly estimated as

;2 +$2)3/2
3/2

_ (T +3m)3/?
(3T + 61)>/2

{

-2 -t
(v + 2v )

I__Cl ,.,.<

0.54 (4.B.5)
The data displayed in Figure 5 yield exponential relaxation rates |
v, = 146 sec and \Jt = 90 sec-l, which gives a ratio of 0.61 - !
reasonably close to the estimated ratio considering the rough approx-
imations used, |
We wish to compare our measured rates with the predictions
of the theory of Ichimaru and Rosenbluth. Their predicted rates are
calcula.ti_-d over the entire {Maxwellian) distribution of i and v -
We therefort;.- compare with theory only the relaxation rates which
result from analysis of <EJ.(t)> evolution., The T”e(t) evolution
data is used only to display the overall relaxation to a common equilib-

rium, as in Figure 5,

In Figure 14 we plot the simply derived rates (all measured at

3/2

Bz = 281 Gauss) against the (n/‘I‘f

)In Ae scaling expected from any
rate which at root depends upon the basic electron-electron collision

rate given by (4.B. 3) and (4.B.4) plus the M-J-T approximation. For

comparison purposes, the predicted rate of Ichimaru-Rosenbluth in

the limit of small anisotropy (2.D, 10) is plotted as the solid line. The

two different types of anisotropies have different symbols. Open
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Figure 14, A plot of relaxation rates analyzed using a simple expo-

nential model. The x-axis is the theoretically expected
scaling of the relaxation rate: V| * nln Ae/T 3 . A is
the anisotropy parameter; A = T_;_I'I'” -1, Open symbols

“have statistical errors of ~ 15%, solid symbols ~ 3% .

The solid line is the absolute prediction of I-R with the
M-J-T approximation in the limit of vanishing anisotropy.
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symbols have estimated relative errors of about 15%, solid symbols

about 3%.

We plot the data in Figure 14 using an average density, n, in .
order to account for plasma end effects. -'I'he measured rates are
derived from the evolution of the average perpendicular energy of all
electrons along magnetic field lines a.Lt r =0, The density along the
field lines is not constant, at least in the end sheaths. The measured

rates are then an axial average over rates at all axial positions, For

comparison with theory, we assume the anisotro Py remains inde-

pendent of the axial coordinate, z, and compute an average density as:-

n{0) = [ n(0, z} n(0, z) dz/f n{0, z) dz . (4.8, 5)
all z all z

This average is essentially the average density in the vicinity of each
electron. Using this averaging method is valid when the two velocity
distributions are cohstant in 2z; this seems reasonable as long as the
electron axial bounce frequency is very much larger than the collision
rate. Equivalently, one can think of (4.B.5) as an axial average over
collision frequencies when temperature is independent of axial posi-
tion, This average density, n{0), is generally about 1-10% less than
the central deansity =n(0,0), de pending upon the plasma length and

o temperature,
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C. Data Analysis Using the Ichimaru-Rosenbluth Rate Equation

In this section we show the relaxation predicted by I-R is
approximately exponential, with the instantaneous rate only weakly
dependent upon the value of a suitably parameterized anisotropy. The
predicted behavior is then used as a model, which is least-squares
fitted to the relaxation data, Omne of the fit parameters of this mo&el
is shown to be the relaxation rate in the limit of vanishing anisotropy.
Rates measured with this model are then compared with the predicted
rates of I-R.

The finite anisotropy evolution data is more properly compared
with the theoretical prediction of that evolution when the data is re-
duced using the theoretical model of evolution., Strictly speaking, the
I-R prediction of the evolution of a temperature anisotropy character-

ized by Tlt # T.L was calculated only for Maxwellian v, and vy

Il
distributions, 'I'he rate prediction of I-R is not self-consistent in the
sense that it assumes the distributions will stay Maxwellian as the
relaxation proceeds. Properly speaking, I-R calculate a prediction of
the instantaneous rate presuming the distributions are Maxwellian,

If we assume that the distributions remain Maxwellian during

the relaxation, then we can use the instantaneous rate prediction of

I-R to describe the entire relaxation process, We believe that the

actual experimental conditions are such as to make the approximation

<EJ_(t)> = 'I‘J_(t) (i.e., the distributions remain Maxwellian) a




reasonably good one. First, the anisotropy starts off with essentially
two Maxwellians that are not radically far from equilibrium {the initial
anisotropy is not large). Second, thermal energy is essentially con-
served during the_?elaxation. This implies that there is no external
source or sink of energy which could locally disturb the distribution.
Third, we believe there is no important collective process (waves)
which is transferring energy via resonant electrons between the two
distributions (see se;:tion D). This lack of resonance effects implies
that there are no peaks or valleys generated in the distributions, and
that the collisional process dominates the relaxation. Finally, since
the electron-electron collision frequency is a smoothly decreasing
function of speed (= v-3), we expect that the initial Maxwellian will
smoothly deform in time until eguilibrium is reached. During this
deformation the shape of the distribution should then be reasonably
close to an intermediate Maxwellian characterized by a temperature
T.L(t) = <E_L(t)) . We therefore assums (E_L(t)) = T,(t) is essentially
Maxwellian for comparison purposes.

(There exists a2 method which could, in principle, experi-
mentally verify the assumption of the distributions remaining nearly
Maxwellian during the relaxation by measuring the v distribution.
It is discussed in Appendix E, At the present time, its development
as a measurement of the v, distribution function is insufficient to

1

allow an experimental verification of the assumption. The problem is
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basically one of noise (fluctuations); the recent advent of the ''noise

killer' technique may allow further progress on this measurement. )
We deduce that to good approximation the thermal energy is a

constant during the relaxation, i,e.

1 2

3 T“(t) + 3 T_L{t) =T (4.C.1)

f

This deduction is based upon the measured constancy of <E_L(t)) and
T!Ie(t) after equilibration. For example, see the right side of Fig-
ure 5. The data from which Figure 5 was plotted extepds in time for
another order of magnitude. Amrnalysis of this behavior yields an ex-
ternal thermal input source of approximately 10-4 eV/msec/el. This
gives a correction to the simply analyzed relaxation rate that is less
than 1%, and we neglect it. All rates are analyzed with the assump-
tion (4. C. 1).

We therefore use the constant energy form of the Ichimaru-
Rosenbluth anisotropic rate equation written in terms of the measured
quantities (E_L(t)> = T_L(t)’ Tf, n{0) = 7, and Bz as our model of

relaxation:

_(T.L-T) = -\Jl('I'_L, Tf,Bz', 'ﬁ)(T_L-Tf). _ (4. C.2)

Here

3/2 H(A) {4.C.3)

f

g/ m 1/2 ?134111:\
Vi(T)» Tey B o» W) =§(n‘?)
e T




where A = T_L /'I'” -~ 1 is the parameterization of the anisot-
ropy, which can be writtenas A = 3(TJ_" 'Zi.'f)/(3'I'f - ZT_L) under the
constant energy assumption. H{A) is given by (2.D.11}. The modi-
fied Coulomb logarithm, ln[\e ) con‘tains the Bz dependence as per
the M-J-T approximation.

For convenience, we restate (2.D,11):

)3/2 tan INA/NA; A> 0 {expansion)

1_2(3 A+l
P
: A

H(A) = ~3+(A+3)

tanh INI-EN -A; A €0 (compression)
(4. C. 4)

Note that H{A) behaves slightly differeuntly for T, < TJ. {A> Q)
anisotropies than for T” P 'I'J_ {A < 0) anisotropies., In the limit of
small anisotropy, H(A) > 1 for both cases.

We restate equation (2.D.12):

8fm 1/2 Ee4 ln A 5 ‘
lo 5 me T
f
and rewrite {4, C.2) as
d .. 4. C.6)
—_— - = - - T . O
ar (Tp- TP = -V HANT - T (

If H(A) varies slowly enough as the finite anisotropy relaxes, then

(4. C.6) indicates nearfy exponential relaxation should be observed.
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We use a computer to numerically integrate equation (4. C.6).
We first note that (4. C.6) can be written in terms of scaled variables

T = \Jlot and & = (T_L-—'I'f)/'I‘f , and rewrite (4. C.6) as

_H'(%)e (4.C.7)

i :
where A = 3£/(1-2€). Figure 15 shows a plot of the time evolution .

of the logarithm of \8[ » for both compression and expansion anisot-
ropy cases, over a range which encompasses the largest experi-
mental anisotropies encountered in this study, The dashed line rep-
resents the evolution of || assuming H(3&/1-2€) is identic‘a.lly.l
(i.e., the evolution is purely exponen’c‘ial). The slope of log(] 8(1‘)“
at any T is the instantaneous relaxation rate scaled to Vior® As can
be seen from Figure 15, this rate does not change much over the
raunge of anisotropies measured, and therefore the relaxation is pre-
dicted by I-R to be nearly expomnential,

We use the numerical solution to (4, C.7) as the model of relax-
ation written in scaled variables €, T, The scaled time, T, is given

by 7= at+B. This parameterization of T is completely analogous

to the parameterization used in the simple exponential model (4.3B. 1)

discussed in the previous section. The only differences between the
models are that the anisotropy is scaled in this model, and the expo-
nential function is replaced by a numerically generated function. The

value of the fitted parameter o gives \J_Lo » the measured relaxation
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Figure'IE. The predicted relaxation of the scaled energy g = ('I'J_-'I'f)/Tf

plotted as a function of scaled time T = Vv, t. The relaxation
of both positive and negative anisotropies are shown as solid
lines. The dashed line represents pure exponential relaxa-
tion. The slope of the 1n l&\ line at a given T is the scaled
instantaneous rate VJ_(r)/\JJ_o .
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rate, for comparison with the theory prediction of I-R. Note that

lo

vy - v.l.o in the limit £ - 0.

Vv is the relaxation rate in the limit of vanishing anisotropy; that is,

A plot of the measured values of Vio is given in Figure 16,

" This figure represents the rmost important result of the investigation
described in this dissertation. The measured values of v, are
plotted against the expected scaling of rates predicted by the theory of
I-R as modified by the M-J-T approximation. The plotted rates have
mermbers of both types of anisotropies: A > 0 .(plotted as circles) and
A < 0 (plotted as triangles). The characteristic errors of rates
measu.‘rs‘.-d with the fluctuation reduction scheme (solid symbols) is
about 3%; the others (open symbols) have errors of about 15%. The
v.L;J prediction of the modified theory of I-R is given as the solid line;
there are no adjustable parameters. It should be restated that the
tﬁeoretical prediction is calculated using the '"dominant term" approx-
imation, which neglects terms of order 1/In he . TYor these mag-
netized pure electron plasmas, 1/ln Ae ~ 10%. Hence the theoretical
prediction (the location of the solid line) is also uncertain to about 10%.
An error weighted least squares fit of the measured rates to a
model that keeps the scaling of the modified I-R theory but allows the

fit I-R

coefficient to vary, i.e. Vv =av; o, gives o ™ 0.95 as the best

lo

fit value, This would give a line parallel to and only 5% below the

solid line of Figure 16. This shows that the measured rates and the
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Figure 16, Plot of fitted relaxation rates using the solution to the I-R

rate equation as the model. The x-axis is the theoretical
I-R rate scaling: v, < n 1nAe/Tf3/2 . A is the anisotropy
parameter; A = 'I'J_/L'I(;)H - 1. Open symbols have ~15% error;
solid symbols ~ 3%, The solid line is the absolute prediction
of I-R with the M-J-T approximation in the limit of vanishing
anisotropy.
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absolute prediction of the modified theory of I-R agree to about 5%
over two decades of measured rates.
We can also plot these measured rates, appropriately scaled,

to display either the density or temperature scaling. Figure 17 shows

3/

the rates multiplied by Tf

2 In I\e plotted against the measured dens-
ity n, and Figure 18 shows the rates divided by nln I\e plotted

" against the temperature dependence "I'3 In both cases, the pre-

f »
diction of Ichimaru-Rosenbluth is plotted as the solid line.

The measured rates unfortunately have too much scatter to
clearly delineate the logarithmic temperature dependence expected

3/'2). The dashed line of Figure 18 shows the

from 1n Ae (Ae°= T
dependence the plotted data would take assuming there is no logarith-
mic temperature dependence, Since there is no theoretical prediction
which incorporates this assumption, the dashed curve was vertically
adjusted to coincide with the I-R prediction in the center of the data.
While the data doeé seem to better conform to the solid line, Ithe data
is not good enough to exclude the dashed line as a correct model,

The gquestion of whether or not the Montgomery-Joyce-Turner
approximation is valid can be somewhat more c;learly answered by the
data, although the absence of B, scaling data and the experimental
uncertainty in the data makes the affirmative indication less than com-
pelling, Figure 19 shows a plot of the measured rates vs the scaling

dependence of the weak field I-R theory {(i.e., InA =1In KD/b ). The
. . o
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Figure 17. The measured rates are scaled by T 3/Ziln Ae and plotted
against the measured density, n. The theoretical prediction
of I-R and M-J-T is the solid line,
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Figure 18, The measured rates are scaled by (n lnA )" -1 and plotted
against the measured final equilibrium temperature, Te .
The absolute theoretical prediction of I-R and M-J-T is the
solid line., The dashed line is the dependence the scaled
rates would have if there was no ln(Tf3 ) dependence,
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predict-io-n of I-R is shown as the solid line. The prediction clearly
lies above the measured data; the ﬁeighted begt-fit line lies over 20%
below the prediction.

Given that both the theoretical prediction of I-R and the best-fit
line have uncertainties of the order of 10%, the indication of Figure 19
does not rule out InA =11 ?\leo. Since the separation between rate
predictions using the A = ;g/bo and A = J\D/'bc-) approximations for
this plasma is only in the range of 20% or so, a clear delineation could
be made only by demonstrating the logarithmic scaling of Bz . The EV
device has a usable maénetic field that can be varied by about a2 factor
of 5, This means a total deviation in rates of about 15% from the high-
est field to the lowest. Imasmuch as the fluctuation reduction technique
doesn't seem to work as well at the lower fields, measuring this 15%

deviation in the EV device will probably require a large number of

measured rates for statistical analysis, (This is the same order of

difficulty as delineating between the solid and dashed lines of Figure 18.)

As of now, the best that can be said is that the M-J-T approximation in
the magnetized regime (i"g << lD) is indicated by our measured rates,

but is not provern.

D. Soutrces and Estimates of Systematic Errors
There are several candidates for systematic error sources in
the measurement of the anisotropic temperature relaxation rate and

the comparison of those measured rates with theory. Setting
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Figure 19, Measured rates V 5 plotted against the weak magnetic
field rate calculation of I-R. The solid line is the absolute
prediction of I-R in the weak field regime.
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édE 'I'f = 0 (the constant thermal energy assumption) during the relaxa-

tion, for instance, is a deduction based upon some measured rates of

4

after equilibration. These rates all give T,~ 10"~ eV/

change of T £

f

msec, which would result in less than a 1% error in measured rates.

"

However, ’i‘f could conceivably be different during the relaxation.
Linear systematic errors in the measurements of <E}.> and n (i.e,,
error proportional to <EJ.) and n) wouldn't necessarily change the
value of the meé.sure_d rates, but would affect the comparison between
experiment and theory. Both the density and temperature measure-
' ments are believed to be better than 5%.

Another neglected effect that- could affect the measured rate is
electron-neutral cellisions.  Such collisions can exchange parallel
energy with perpendicular. We esti:nat.e. the electron~-neutral colli-

sion rate of using the simple rate equation
v = gn v (4.D.1)

-15 2 . .
where 0 = 10 cm is the approximate neutral cross-section, v

is the neutral density in EV at pressures of 10“10 Torr (nn ==

3.3% 106 neutrals/cc), and Ve is the electron thermal speeci (the
room temperature neutrals are essentially at rest). This crude
model gives Vv n” 0.1-1.0 sec-l, increasing with the electron tem-

perature, and thus electron-neutral collisions could give significant

corrections to the measured rates only for those few rates measured
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at the lower 1eftlof Figure 16. For most of the rates measured this
effect should contribute less than 1%.

Collective effects could also affect the measured rates by pro-
viding alternate routes to equilibrium. The free energy associated
with T.L > T” » for instance, could drive a collective instability which,
in turn, could release the energy of the instability back into the parallel
motion via resonant electrons.

Instabilitieé driven by features of the particle distribution
in velocity space are often termed microinstabilities. Microinstabili-
ties can be mzajor sources of velocity space transport in magnetic
mirror confinement devices. However, most of the microinstability
problems associated with magnetic mirror devices are driven by pe-
culiar velocity space distributions not usually found in electrostatic
confinement devices such as EV, This peculiar distribution is charac-
terized bvla lack of low v particles (due to the loss cone of the mir-
ror). The relative abundance of high perpendicular energy particles
gives a system with a lot of available free energy. The electrostatic
confinement of EV has no similar loss cone.

Some of the microinstabilities associated with velocity space
anisotropies have been treated by Davidson59 in the linear approxima-
tion., Most are not applicable to the EV plasma for the reason given
above, i,e. Bf(vl)favf = 0 throughout the relaxation. The three
different cases which might apply are all fot_;nd to predict suppression

of instability rather than growth.
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The first case is thé electromagnetic Whistler (also known as
the electron cyclotron) instability. Suppression of this instability is
predicted for any reasonable anisotropy T =T, due basically
£o the fact that wi << QZ for any plasma studied in EV. The
second case, called the ele‘ctrostatic ordinary mode instability, is
suppressed by the low § = 8‘-‘rnT/BZZ of the studied plasmas. The
third case, called the Weibel instability, is suppressed by the finite
length and the low densities of the plasmas studied, at least for any
reasonable T_L > :I'” . There could, of course, be other linear insta-
bilities, as well as non-linear ones, which are present in the EV
plasma during relaxation. |

We believe that there is no significant enhancement of our
measured rates due to instabilities, Our argument is a simple
one, although it is not definitive. Qur measured rates incluéle
both types of anisotropy, ’J.‘_L> and <.T" . Each of the cases
" of instabilities studied above predict growth of only one or the other
type of anisotropy (the 0-mode case can only go for T, > T_L)' We
argue that this holds true for any relevant instability. In that case, we

would expect Figure 16 to show a marked deviation between expansion

and compression generated rates at any given value of nln Ae/Ti.fz .
Noune are seem, which argues against rates contaminated by instability.
Any collective instability which is capable of changing | = vf /B,

the gyromotion adiabatic invariant, must have a frequency on the order
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of Qc or higher. EV was not designed for diagnostics in this range

(O.c ~ 1 GHz), and the experimental evidence argued against expending
the consideral;le effort that would be required to rmeasure such phe-
nomena with precision. From the evidence of Figure 16, we estimate
that instability constitutes a systematic error source of 5% or less in
the comparison between experiment and theory,.

The last possibility considered as a source of systematic error
was discussed in section C. This is the deviation of the two distribu-
tions from their respective Maxwellians T.L and T“I. We consider
this deviation to be the most likely source of systematic error in the
comparison between experiment and theory., Although it is difficult to
estimate the magnitude of this error, we can make a very rough esti-
mate of that magnitude. We note that vJ.o is the rate when Til = T.L .
and that in theory the instantaneous rate, V) s displays at most a 30%-
40% deviation from V|, when the two temperatures differ by a factor

of 6 (A = +5 or -5/6). This suggests that v is fairly insensitive to

lo
deviations of the entire velocity distribution from a Maxwellian of

temperature T Anisotropies of A =+5 or ~5/6 are typical of the

f -
initial stages of the relaxation where the distributions are approxi-
mately Maxwellian, We would expect the distributions to have the

greatest deviation from Maxwellian form at about one collision time

into the relaxation process, Figure 15 shows the deviation of Vi

from V_Lo to be about 10% at that time, and we expect the deviation of




the actual distributions from Maxwellian to change vy by at most the
same percentage. We thus estimate the deviation of the measured
v_Lo {measured from all values of \)l during the relaxation) from the
ideal Yio (ds would be measured if the dist.ributions remain Max-
wellian) to be at most about 10%, We thus estirmate the overall sys-
tematic error in our comparison between experiment and theory to be
on the order of 10%. This is the same order of error as that given by
the statistical (random) measurement error of the best-fit line to the

mecasured rates,

111



V. Summary of Results and Conclusions

A. Summary of Results

This section is a summary of the important results of this
investigation into anisotropic temperature relaxation in a magnetized
pure electron plasma, A finite temperature anisotropy can easily be
initially induced in the plasma by an axial compression or expansion
that is approximately one dimensiounal, The initial anisotropy is
described by two approximately Maxwellian electron velocity distribu-
tion functions which have different temperatures T_L 7 TH . The mag-
netic field direction provides th;a parallel axis reference, |

The initial anisotropy and its subsequent relaxation t;:a equilib-
rium are mt;.asured on the plasma axis (where radial density and tem-
perature gradients are small) by a techuique which measures <E.L> ,
the average energy of the perpendicular velocity distribution, for all
electrons on the axis as a function of time. For comparison to theory,
(E_L) is assumed to be the perpendicular temperature; that is, the
perpendicular velocity distribution is assumed to be always Maxwell-
ian during the relaxation.

The relaxation is shown to take place under conditions of
nearly constant density and thermal energy. Hence the measured
anisctropy can be characterized by the difference between (E_L) and
the final equilibrium temperature, ‘I'f . A typical initial anisotropy

is graphically shown to relax approximately exponentially in Figure 5,

112



which plots (EJ_> measurements as functions of timea.

measurements, The T

Also plotted in Figure 5 are TIIe e

data also display the exponential decay of the anisotropy (here de_fined
as. 'I'”\g - 'I'-f), but this decay has a longer time scale than that of the
<E_L) data. The different.rates of rellaxatiorjzt-for the (E_L) and Tile
measurements of the same anisotropy are explained by the fact that

the T

jje Measuremant only measures the temperature of the energetic
tail of the parallel velocity distribution. These more energetic tail
electrons have a smaller average frequency of collisions with an
'average thermal electron, due to the (energy)-z dependence of the
Coulomb cross—-sectioﬁ. Thus the relaxation of the energetic tail
electrons measured from 'I'”\g data is expected to display a slower
rate than the relaxation of the entire distribution measureci from

<E_L> data. The difference in the two measured rates is shown to be
in approximate accord with a simple collisional estimate of those two
rates.

For comparison with theory, the relaxation rate is found from
the measured <EJ.> data by using the I-R theoretical prediction of
that relaxation as a model, which is least-squares fit to fhe data to
yield the measured rate. The relaxation rate is measured in this man-
ner from relaxations of anisotropies initiated by both compression

((E_L) - ‘I‘f < 0) and expansion ((El) - 'I‘f Z 0) in plasmas of varying

densities and final equilibrium temperatures, These rates are plotted
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3/2

in Figure 16 against the theoretig;l scaling {u ln Ae /Tf ) predicted
by I-R using the M-J-T apprc;ximation which allows the prediction of
I-R to be used in the sfrongly magnetized regime. ‘II‘1e measured
rates statistically agree with the absolute theoretical predliction
{(there are no adjustable parameters; all variables are measured) to
about 5%. Thé solid line plotted in Figure 16 is the absolute theoreti-
cal prediction (see equations {2,.D,9).to (2.D,12)), The rates are
measured over two decades in the expected parameter scaling. Both
the deusity and fina.l_ equilibrium temperature are individually varied
over one decade‘.

The rates are also plotted in Figures 17 and 18 to show scaling
with density and equilibrium temp(’arature, respectivelyr The theoreti-
cal prediction of I-R plus M-J-T is plotted as the solid line in each
figure. The dashed line of Figure 18 is the path the data would be
expected to follow if there was no logarithmic temperature depend-
ence. Although the data does seem to fit the solid line slightly better
than the dashed line, statistically the dashed line dependence cannot
be ruled out.

Finally, the data are compared with the .weak field theory of
I-R; i.e, the Coulomb logarithm (In A) is used instead of the M-J-T
approximation (In Ae). A plot of the measured rates against this

/

theoretical scaling (n ln A/T? 2) is given in Figure 19, The solid line

. is the absolute prediction of the theory. The data.clearly lie below
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the prediction, and in fact, the data statistically give a value which

is over 20% below the prediction.

Estimates of the uncertainties in the measurements and the
theory must be made before conclusions may be drawn from the
comparison between experiment and theory. The rate prediction of
I-R is calculated using Chandrasekhar's "dominant term' approxima-
tion, in which terms of relative order (1/lnA) are neglected., The
M-J-T approximation (In A > 1n Ae) is then applied to the I-R rate
calculation, and for our experiments 1/InA ~ 1/ln A, ~ 10%. Thus
a more rigorous calculatio_n of the theoretical rate may result in a
change in the value of the rate prediction which is on the order of 10%.

The statistical nature of the measured rates is such that any
best-fit line to the data is statistically accurate only to about 10%,
The absolute prediction of I-R + M-J-T (see Figure 16) falls within
this range, while the absolute prediction of I-R alone (see Figure 19)
does not., There is also the possibility of systematic eérror, which is
estimated to be at most ou the order of 10%,

B, Conclusions
Our conclusions address two questions. The first, and most

important, is whether or not the anisotropic temperature relaxation

rate calculation of Ichimaru and Rosenbluth as modified by the approx- |
imation of Montgomery, Joyce and Turner correctly predicts the |
|

values of those rates measured in a magnetized electron plasma, The
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excellent statistical agreement between the absolute prediction and

the measured rates ( to about 5%.) over two decades leads unequivo- ,
cally to the conclusion that the I-R + M-J-T calculation does indeed
correctly predict the rate of relaxation., Agreement to 5% is remark-
able, considering the number of approximations involved in the rate
calculation (and in the general theory from which it is calculated), and
considering the rates are measured from the rela.xatioﬁ of anisotropies
which are only approximately Maxwellian.

The second question-is whether or not the data is statistically
accurate enough to verify the M-J-T approximation. A more rigorous
rate calculation (one in which the dominant term approximation is not
employed) could possibly lower the rate prediction of I-R by an amount
on the order of 10%. Thié would bring the prediction into the raunge of
statistical agreement with the data without requiring the M-J-T
approximation. Thus we conclude that the data can neither conclu-
sively verify nor reject the M-J-T approximation, although the data

strongly supports the validity of the approxima.ti-on.'
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APPENDIX A: 1-D Compression and Expansion

An essentially one dimensionai compression is used to create a
pé.rtit;ulaf Yelocity space anisotropy from an initial Maxwellian
equilibrium. This anisotropy is characterized by two different approx-
imately Maxwellian distributions, :E(v”) and h(V_L)' which, in turn, are
characterized by unequal temperatures Tli # TJ. . The parallel direc-
tion is along the magnetic field and counfinement geometry symmetry
axis. This unusual compression is made possible by exploiting the
wide separation of two fundamental frequencies of the plasmas studied -
the relatively large axial bounce irequency, wB , and the perpendicular

and parallel energy exchange rate, V- In the plasmas studied, uJB ~

1l usec and vy~ 10 msec.

(i) Theory - a simple model
A very simple conceptual model is first used to describe a com-
pression applied to an electron plasma which initially has an equilib-

rium Maxwellian velocity distribution, Fi(v.“. vl)

2 2
m(v” + VJ_] )
’ (Al)

Fi(v.v,) = filvyhb, (v ) = C; exp (' 2T,

1

where Ci is a normalization constant, and Ti = ’I'IIi = T.Li in the initial
equilibrium temperature. The following discussion refers to Figure
20. The electrons are initially trapped in cylinders Ll and L2 be-

tween two end plates held at potential VO . All electrons are assumed
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L1 | L2

Piston [ : Plasma

£
—\/ _ - Vo _—-
T B;——> k2

Figure 20, The movable plate on the leff and the fixed plate on the
right are held at potential V, . The plasma length is
assumed to be the separation between the plates.
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to have their parallel motion exactly reflected by the plate potential at

the plate face regardless of the magnitude of v the length of the

plasma is then unambiguously given as the separation between the end

plates, This approximation becomes more valid as the plasma length,
I..P, to Debye length, lD, ratio increases. We can now ask how the

electrons respond as Lp, which by assumption is the plate separation,

is decreased from Lp = (I.J1 + LZ) = Li to Lp = L2 = Lf by moving
the piston towards the fixed plate, To further simplify the model,

\Jl is assumead to be zero. All of the following discussion is equally

valid for an expansion as well, ‘
The bounce parallel motion of any electron can be thought of as ‘

is the parallel

an oscillator of frequency W, = 'rrv”/L , where v

B I

-1
speed. If the parameter Lp is changed slowly compared to w =, then
the axial bounce adiabatic invariant j{v”dz = I“ remains a constant
during the change. For this simple system the integral is trivial;

I = Zv”L at any point during the compression. By equating the values

of I, at the start and end of the compression, we find the ratio of

il

final to initial velocities is Vllf/vlli = Li /Lf . Thus the parallel

‘ ' 1 2

kinetic energy of the electron is changed by the ratio —;: mvﬁf/z mv,. =

(L./L )2 . Since there are no collisions, v,,. = v,. . Since all final
i" T f if li

_para.llel kinetic energies are scaled by the same factor, Li/Lf}Z , the

final velocity distribution is then
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I 1
Fevpv) = £v) hlv ) = cpexp | - o= - o= 1 (A2)
183 Li
where
2
Li) )
Tyg = Tlli._i; (A3)

is the final parallel temperature and (Li/Lf) is the compression ratiec
of initial to final plasma lengths. This model of compression then
produces, to within the model approximations, an anisotropic velocity
space distribution characterized by two Maxwellians of unequal tem-
perature T, # T,.
The temperature relationship (A3) can also be derived using
thermodynamic arguments with an ideal gas approximation and the
assumption of no collisions which transfer energy between the per-
pendicular and paralle.l degrees of freedom. An ideal gas which
undergoes a quasistatic and adiabatic compression (adiabatic here

60

means no heat transfer into or out of the gas) obeys the relationship

T. =V, "T, , (A4)

y = , (A5)

where <, is the molar specific heat at constant volume and R is

the gas constant.
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L

For an ideal gas, each degree of freedom adds >

R to ¢ . The

_ v

standard ideal gas then has v = 5/3; there are three degrees of free-
dom. In the absence of any communication {collisions) between the -
.perpendicular and parallel degrees of freedom, however, the parallel
motions of the electrons can be thought of as the motions of a one-
dimensional ideal gas. Then ¥ =3, and (A4) becomes

2 2
(TTAprf) 'I'f = (TrApiLi) 'I‘i S . {A6)

which is identical to (A3), since AP . the cross sectional area of the
plasma, doesn't change.

(i1) Theory - a more complicated model

The above discussion misses any end effects associated with the
Debye sheath at the plasma ends, The effect of a finite Debye sheath
at the plasma ends will be considered in this section. The compres-
sion process will be assumed to preserve the axial bounce adiabatic
invariant, but the details of the process will be left unspecified, A
more realistic model of the compression prdcess than the simple
moving piston model will be considered in section {iv).

The followiﬁg discussion refers to Figure 21, Consider the

plasma to be initially confined in cylinders L, and L., with VC , the

1 2

potential applied to L., initially set to ground. L_ is always

1 2

grounded. The confinement gate potentials are fixed at V The

0"

plasma is assumed to be in an equilibrium state; this means the
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-Vf

Figure 21,

—-vw—L

.space plots of the trajectory of a given electron when the

A 1-D compression is shown in (a); L1 and L2 are the
lengths of the two confining cylinders, Simple phase

plasma is uncompressed and compressed are shown in (b}, -
along with the idealizations L, the length of the const

potential region, and l(v ), the stopping distance. The
cross-hatched areas of both phase-space plots are equal, -
since phase space volume is conserved for a 1-D com-

pression.
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potential ¢(r,-z), is essentially constant in z except in the plasma
end sheaths, where ¢ be comeslz;rlore negat‘ive with a scale length of
AD . VC is then .slowly' lowered in such a way as to adiabatically
compress the plasma into L2 only; the compression is completed
when Vc = VO . There are assumed to be no collisions during the
compress, and the axial bounce invariant, I“ » is assumed to be pre-
served-.

Regardless of the mechanism of compression, the phase space
plots of a given electron in the initial and final configurations will
look similar to the respective phase space plots in Figure 21(b}. In
this figure and throughout the rest of this section, the !l subscript is
suppressed, The cross-hatched areas must be equal, since
_)g vdz =1 is constant. From the approximation that ¢ is constant

in z over some plasma length L, the area, ¢, enclosed by either

curve in Figure 21(b) can be written as

EZQ- =vL +2Gvi({v) = constant (A7)
where A(v) is the distance an electron of velocity v travels into an
end sheath, G is thé ratio of the cross-hatched area in one end
sheath region to the larger area 2vA(v). G 1is, of course, deter-
mined by the details of the potential dependence in the end sheath, and
could in general become a complicated function of v when V_ is

0

only barely sufficient to confine the plasma. For simplicity, we
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assume that VO is sufficiently negative so that G is essentially
independent éf v. (Foxr example',‘ if the sheath potential varies as
zz , then the electron motion considered solely over both end sheaths
is that of a simple harmonic oscillator., The electron's path in phase
space is then half of an ellipse in a sheath region, and G = T /2,)

‘Then (A7) can be rewritten as

const = v(L + 2GA{v})) = vLeff[v) . (A8)

For thermal electrons, Af{v) = A The effective length,

D"
Leff(v)’ is now a function of electron Velocity'. Leff(v) is not egqual .
to the distance between the electron's turning points (unless G = 1),
nor is it equal to the geometric length of the containment volume,
Leﬁ.{v) can also be a function of radius,

Since Leff(v) is now a function of velocity, any given com-
pression of an initial Maxwellian will not result in a final Maxwellian,

A crude estimate of ratio of the final velocity, v. , to the initial

2

velocity, v, , is found by equating (A8) for two different effective

1
lengths:

Vl(Ll + 2G A 1(v1)) = VZ(LZ + ZGKZ(VZ)) . (A9)

Ll’ I...2 are now the respective constant ¢ region lengths, not the

geometrical confinement lengths. The initial distribution is Max-

wellian at temperature 'I1 , and the plasma has an initial Debye length

;\Dl . We estimate the end sheath penetration distance as




D 2 | . 3
ll(vl) lDlmvl /Tl . We further assume LI,Z > 2G lDl,Z (in

our plasmas, J\D/L ~ 10-2). By assuming the compression results

in an approximate Maxwellian at T2 , we estimate A'Dz 2
1/2

' 2 o 2 .
)LDI(LI/LZ) , and v, /TZ VI /Tl for the purpose of calculating

Z(VZ). Thus we approximate l(vz) in terms of \SL Ll’ L2’ lDl

and '1"1 as

/

_ 12, 2
l(vz) KDI(LI/LZ) (mvlle) . . (Al0)

Within these approximations, vl/v is found as

2
V1t Aoy [y \[(%) )
;— o L_ (1 + 2G 'r'- '—T—"' E"‘ -1 N (All)
2 1 1 1 2’ .
For thermal electrons, mvllel = ], The percentage devia-

7

2 obtained if the compression

tion of vy from the corresponding v

were described by the simple piston model of compression ratio
' l]:)l Ll 3/2
1 +2G — —_— -1 (Al12)
Ll LZ

2
A Ap1 [(Ll)z,/z ][ m"l]
2Zoa o, 22 o1 . (A13)
v, L, [\L T, |
2

2
For L1 = 2L2, G~1, ;S.DI/L1 ~ 10, (Al13) is evaluated to be

. 2 5
/v] =0.04 (1 -mv /T ), Thus, over arange 0Sv, & 27 , the

eff

~J
,...t-‘ ]Nl""

eff

is given by

V2

resultant VZ distribution is estimated to be within about 10% of the
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[

Maxwellian distribution of velocities v, determined by a simple

2
pistohlike compression between two effective lengths Leff =
1
(Ll + ZG?\DI) and Leff =(L, + ZGXDZ).

2
Although this model of compression is admittedly crude (G,

for instance, may also be a function of velocity, and A{v) may not
simply scale with the kinetic energy), the estimate of the resultant
velocity distribution's deviation from a Maxwellian (a.bout 10% over
the bulk of the distribution) is probably close fo the actual case for
the studied range of compreséions and lengths. Thus the approxi-

mation that an initial Maxwellian results in a final Maxwellian after
compression is seen to be reasonably good,

(iii) Experimental measurement of ¥

An experimental determination of ¥y was made from Tlle
data in order to see if an egsentially 1-.D compression was indeed the
result of a compression of the studied plasmas, This determination
is not meant to be an exact analysis of the compression, but rather
it is to be viewed as a confirmation of the 1-D compression assump-
tion,

An experimental measurement of y can be made from meas-
urements of Tlle (parallel tail energy scale) just prior to and just
after a compression., These measurements must, of course, be cor-
rected for the cooling experienced as the dump confinement voltage

is reduced (see section 3, C,il and equation (3, C,ii, 12),) The




effective lengths were estimated £fom the density and potential meas-
urement da.ta.. The results are givén in Figure 22, The plot shows

the data points (Tllef/Tllei) vs (Leffi(Z\_ri)/Lefff(Z\_rf)). The solid lire is
the 1-D prediction of vy = 3, The data points are best fit by vy = 2,88.
That the measured vy is very near 3 suggests that the one-dimensional
adiabatic compression is a reasdnably good mc:_del, at least for the
higher energy electrons,

Because the collisionality of the electrons decreases wifh
increasing energy as the 3/2 power, one can worry that the bulk of
the electrons (v <¥ = (T /m)”z) may significantly depress <y when
it is determined from measurements over the entire distribution.

An indication of this averaged vy can be given by measuring T.!. just
before and well after the compression, when the induced anisotropy
has decayed to the final equilibrium. Then, assuming that there are
no collisions during the compression and that there is conservation
of energy during the anisotropic decay, the final temperature, Te ,
is found from

+-§-T =T . (Al4)

1
3 T L eq,

where T” and T.!. are measured at any time after the anisotropy is
induced, With these assumptions, a 1-D compression will result in

the following relationship:
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Figure 22,
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Leff,/Letf;

T) . data is taken just before the compression, and Tllef
1

is taken at the end of the compress potential ramp. The

ratios are corrected for dump cooling using the estimate

(3.D.3i. 12}, and are plotted against the estimated effective .
length ratios. The point at T{/T; ~ 4.6 is considered '
unreliable due to the large cooling correction required,

The estimated errors in both.the measured length and : *
temperature ratios is about 0% for the other points. The

dashed line is the vy = 3 theoretical prediction,
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where T and L, are the equilibrium temperature and effec-
eq; ¢ i, £
¥
tive lengths before and well after the compression.
Figure 23 shows a plot of some data points (for both com-

pression and expansion), where Li/L is figured from lengths cal-

f
culated using the density and potential diagnostic to find the region of
essentially unchanging potential, The solid line is the relationship
(Al5). A best fit line through the origin gives y* = 2,62, but y*
is not a mea.surérnent of y since a straight line in these variables
presupposes a 1-D compression with no collisions, Nevertheless,
this plot indicates that y ~ 3, and that both perpendicular and parallel
distributions will be approximately Maxwellian after a compression
albeit with different temperatures.

{iv) T = 0 compression in long cylinders

In this section we discuss a simple model of the process
whereby a very long plasma, such as the plasma occupying L1 and
L2 in Figure 21(a), is excluded from L1 by the application of a2 slowly
changing potential, VC , to L1. We will find that, for a long, cold

plasma, the plasma is axially excluded from the L. region in thin

1

cylindrical shells of successively smaller radii, These shells en-

hance the density in L2 at their respective radii, - This model of
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Figure 23. Plot similar to Figure 22, but using (E > data. The

dashed line is the 1-D prediction of theory
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axial compression is shown to conserve the adiabatic bounce invariant

I P and thus leads to the same general results as those of section

!
(i) - (ii)a
We insure a simple model by assuming that the plasma tem-

the radius of the plasma, is very many

perature is so low that R2 s

- Debye lengths in extent. In the limit RZ/RD - =, the kinetic energy
of the electrons can be neglected, All electrons are assumed to re-
main on field lines,

The potentials {r} in Ll' L2 are assumed to have neg -

¢ 1,2
ligible z dependence ﬁong cylinders and plasma), at least when cal-

culated well away from the ends of L_, L We asgsurne that the

1t T2
plasma will act in such a way as to keep the potential functions ¢1(r),
gbz(r) equal where possible; this means matching the potentials

q&l(r) = Q&z(r) at all radii where nl(r) and nz(r) # 0, When Vc= o,
this requirement is trivially satisfied, As .Vc slowly changes from

zero, however, the potential cbl(r) is then given by the solution to

the 2-D Poisson equation with Vc as the boundary condition and

pl(r) as the density function:

1 d d — (A16)
—- — —_— = 4£TTe P s
r dr o dr ¢1(r) © 1(1')

By integrating in r twice, an integral equation for the potential at

any radius is obtained:
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W, , '
dr o " "
Qﬁl(r) = -4Te J’ -—*-r, J r Dl(r ydrm +V_ . {A17)
T 0

R, is the cylinder wall radius and VC is the boundary condition

applied to L, . As can be seen from {Al7), changing Vc ounly changes

1
the overall potential level of each electron in I.,1 » at least near the
axial center of Ll; the functional form of q’:l(r) is unchanged. The
potential &,(r) well within L, canbe similarly found:

¥
Rw 4o .r
_ ———— i I /]
¢Z(r)—-4ﬁef r,f r pz(r ydr”® . {A18)

r 0
We then equate le(r) = ¢2(r) wherever pl(r) and pz(r) are both
non-zéro, Before the compression starts, Vc = 0, and plo(r) =
pzo(r) = po(r) for all r is the initial condition which satisfies

- 4 -

qbl(r) = Qﬁz(r). When Vc 70, pl(r) = pz(r) over some range

rs Rl < R2 where Rl and R2 are the plasma radii in L1 and L

29
respectively, This is because the detailed balance of Qﬁl(r) = q&z(r)
over this range requires 1':he same radial dependence where there is
plasma; this balance is only satisfied if pl(r} = pz(r) in this region
regardless of Vc .

Thus changing Vc causes the plasma in a cylindrical shell
between Rl and R2 to be moved from L1 into L2 . This causes

pl(r) in the remaining plasma to be uniformly lowered (by some
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factor less than Vc), and ¢2(r) to be identically lowered over the
same radius (by the additional cha:rge outside r = Rl)'
The potential equality condition, ¢1(r) = Q)Z(r) for r = R1

= Apz(r) L2 for

and the particle conservation equation, -A.Ol(r) Ll

r> R1 » can be written as one integral equation by equating (A17) and -

(AI8) to yield

R r’ v
# " = . <
j dr” r"p,y(r") [1‘1‘1_(1' 'Rz)] T 4me(l+L,/L,)

(A19)

where Hix)} is the Heaviside step function; i.e, H(x) =1 for x> 0,

H(x) = 0 otherwise, Equation (A19) can, in principle, be solved for

R1 as a function of Vc for a given initial density profile po(r).

For example, a constant density po(r) = p . gives the transcendental

¢

. equation for R1 3

v

c
Te(l +L1/L2)

(A20)

2 2 2 2, _
R, (1 +InR,/R,)"} - R] (1 + 1R IR)7) = -
The prediction of the analysis is simple. As Vc is slowly
changed, the radius of the plasma in L1 shrinks, The density within
that radius in L2 stays constant, but the density in the outer radial
regions is increased., Although the result (A20) neglects any temn-

perature effects, i,e, particles have no parallel kinetic energy in this

model, (AZ20} is expected to be approximately correct when the plasma




"is many Debye lengths in radius,

Since this model of axial éompression assumes that the elec-
tron's kinetic energy is negligible, it cannot directly address the
question of compressive heating., We tlhe refore look at an individual
electron, and consider its kinetic energy as a function of Vc . In the
spirit of the above compression model we start this electron at

velocity Vz » in L and follow it as VC slowly changes from zero.

1

We will find that the bounce adiabatic moment, I o’ will again remain

i
conserved if Vc is changed slowly enough, and that eventually the

electron will be unable to enter L1 from LZ, .

The mechanism which changes v, is found in equation (Al7).

1

Assume an electron has velocity Vo1 after it enters the radial

Debye sheath region of the plasma in Ll , which has already been
partially compressed, (See Figure 24.) The Debkye sheath is, of
course, due to a distribution of parallel velocities; the electrons with
relatively large velocities will be able to surmount the axial potential

gradient at the L. -L

"L boundary, while slower ones won't. The elec-

trons which do reach I,.1 will remalin in L1 for approximately

2]’.41/'~rz1 sec. During this time, V  will change by an amount

dv 2L
c

. 3
e @ g - {A21)
zl

AV

This means the potential energy of the electron has increased by

-eAVC when it is ready to re-enter L Since there are no axial

2 L]
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L1 L2

- Figure 24, Partially compressed long plasma in the vicinity of
the compress boundary.
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electric fields in Ll (except at the reflecting end and at the Ll-LZ-

boundary), v, remains constant while the potential energy of the

1
electron increzases, To the approximation that there has been no
change in density in LZ {i.e. neglect the change in space charge

from the particle compression), all of the gain in potential energy

will appear as an increase in v the

gained in traversing L 22 °

1
electron velocity in L2 .

If VC is changed slowly enough, then the oscillatory descrip-
tion of the electrons! motion in J'.;1 and LZ will contain a conserved
bounce adiabatic invariant, fvz dz ., In this case, the slowly varying
parameter of the motion is the field ¢1(r). The congervation of
the adiabatic bounce invariant in turn means that all the compression
results of sections (i) and (ii) will apply to this hybrid model as well.
Thus this simple model of long plasma compression can also result
in a 1-D compression providing the collision rate is also sufficiently
low,

(v} Cyeclic heating

The method of adjusting the initial temperature (before the
anisotropy is induced for evolution studies) of the plasma is described
by a simple model of alternate 1-D expansions and compressions inter-
spersed with waiting periods which allow cellisional equilibration be-
tween T, and T - Thé final volume of the plasrné. is the same as

the original, but final temperature has been increased due to the net

increase in entropy caused by the two collisional processes, Since the
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~ plasma lengths accessible to the EV device are limited, fine control

of the final equilibrium tempera.tufe is provided by adjusting the
amount of time available for collisions during the equilibration phase
of the cycle, Many cycles can be put together to attain a large in-
crease in the final temperature,

For simplicity, the 1-D adiabatic ideal gas compression model
of sections (i} and (ii) is assumed, along with a long plasma assump-

tion that compressions take a Maxwellian v, to a new Maxwellian,

I
Figure 25 shows a plot of parallel temperatures vs the L, the effec-

tive plasma length, around one heating cycle, An initial expansion
was chosen: similar results are obtained for an initial compression,

State (a) starts in equilibrium T

I=T = T with length LO'

| L 0

A 1-D {collisionless) expansion to length 1L takes the plasma to

1
state (b), where T” = TO(LOXLI)Z < TJ. = TO « The plasma is then
allowed to remain at length L1 while collisions bring T” and T L

into equilibrium, The new equilibrium temperature at state (c¢) is

L

calculated to be Tl = 3

TO(Z + (LOXL].)?)' Similar calculations can
be made in taking the plasma to state {d) via 2 1.D adiabatic com-

pression, and to state (e) via collisional equilibration, which causes

a further increase in entropy. In the final state (e), the plasma has

returned to its original volume, and has an increased equilibrium

temperature TE} H

1 2
Ta =g Tpl2 +(L /L) )2 + (LOILI)_Z) . (A22)
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Figure 25, The parallel temperature, T, plotted as a function of
plasma length L over one full heating cycle., Full
equilibration is assumed going from peints (b) - (¢} and
from (d)-- {e). The final temperature, Tc: ; is given by

r 2 2 .
T. = (T0/9) [2+ (LllLO) 1L 2 + (Lole) 1 . The differ-

ence T’ - To can be adjusted by reducing the time
allowed for equilibration,
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This increg.se in temperature is a result of net work done on
the plasma by the compress poteﬁtial’s power supp}y. Figure 26
shows a p-V plot for the cycle; the net work done on the plasma is
given by the cross-hatched area and is equal to fp-dv around the
cycle. By using the ideal gas relationship pV = NT, the net work

done on the plasma is given by

NTO LOZ Ll)2
Wiet = = 3 \1- L—l‘) 1 - (L_O g (A23)

where N is the total number of electrons, There is no net work
done associated with the plasma potential energy in this approxima-
tion. Equation {A22)} is easily recovered from (AZ23) by using

' - - r
AW . = C AT = (3/2)N(Tg - T

0).

143



Figure 26, The pressure as a function of length for the same case

as Figure 25. The total work done on the plasma, AW,
is the cross-hatched area,
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'APPENDIX B: Density Fluctuation Reduction Technique

This appendix describes a technique which drives down the
level of fluctuations of the basic measurement, Q(r), by as much as a
factor of five. (Q(r) is the number of electrons which pass t1‘1rough
the collimator hole.) This in turn allows up to a fivefold decrease in
the random error in the measurement of T_L (and the relaxation rate

derived from the T, evolution) for the same amount of data. The

L
same decrease in random error would require up to 25 times as much
data if the technique was not employed, This would take a prohibi-
tively long time. The technique itself is a very simple one.

The technique is simply to tiit the magnetic field away from
the axis defined by the confinement geometry after the plasma has
been injected and confined, The technique, and some of its conse-
quences, was first investigated by K. Fine. The field is tilted by the
trimming coils, which were designed to remove the earth's magnetic
field, and align the total field with the confinement geometry axis.
These coils produce essentially uniform fields within the confinement
volume that are perpendicular to the main solencidal field and each
other. By applying more perpendicular field tha;n is necessary for
alignﬁent. the total field can be precisely tilted away from alignment.
This additional perpendicular field is applied for several tenths of a
second, starting just after the plasma is confined. The level of fluc-

61

tuations in Q(r) decline during the tilt period at an enhanced rate,
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At the end of the desired tilt period, the field is realigned with the
confinement axis, and the rest of f:he 'ex'perimer;t p;oceecis normally.
Part of the tilt period is devoted to the tirme the chaﬁged perpendicular
field requireg to fully penetrate the stainless steel vacuum ja.ci:et.
This time is on the order of a tenth of a second.

Figure 27 shows measurements of the root mean square per-
centage deviation of the fluctuations, 0, made on the axis as a function
of the tilt angle in degrees, A8 = &BX/BZ , where ABX is the per-

pendicular field magnitude. The RMS percentage deviation is defined

1/2
_11 - 2 —_
¢ = [NZI (Qi(O) - Qi(o)) ] / Qi(O) (B1)

where 5(0) is the average value of the total number of electrons to

as

pass througﬁ the axially centered collimator hole, and N is the
number of measurements of Qi(O). Bz is 281 Gauss, and the plasma
is contained within L1-L.4, ABx is turned on 30 msec after injection
and is kept on for 0.8 sec. The plasma is dumped and Qi(O) is
measured at 1 sec after inject. The line shown is the result of a fit
by eye to the measured O (A9} da.ta- taken at various valués of AS,
There is a fivefold reductionin 0 when A8 2 0,5 degrees; increas-
ingl AR beyond that doesn't yield much more improvement.

The technique becomszs less effective as the length of the

plasma is decreased, Therefore the technique was always employed
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Figure 27, Plot of 0 (A8), the percentage RMS deviation in individually measured Q(r), as a
function of A = Bj_/Bz , the tilt angle between the magnetic field and the confine-
ment symmetry axis. The 1/4" collimator hole is centered on the axis, and
B, = 281 Gauss. The solid line is determined by an eyeball fit to the 0(A8) data,



when the plasma length was a maximum; the effect is not destroyed ‘bfr
subsequent axial compression. The tilt angler which produces the
.mininlum ¢ is a function of Bz . Figure 28 shows curves similar to
that of Figure 27 for several values of BZ . The time the tilt was on
is 1.9 sec for this series, Note that for the two lower fields O dis-
plays a minimum at soms particular value of A8 = Aem . Figure 2%
plots Aem as a function of BZ; where no minimum is found A8
iz set to be where O no longer changes rapidly with A6, &Gm
seems to scale like B: . At present, it is not known why there is
not a well defined minimum of o(A98) for BZ = 281 Gauss. Presum-
ably the lack of a minimum can also be found at higher values of Bz .

The overall effect of this technique on the plasma can be seen
in Figure 30, which shows the plasma radial profile at 2 sec both with
and without utilizing the technique. There is a striking difference in
the two prefiles. This difference appears to be brought about by an
enhanced internal rearrangement caused by the tilted field, along with
an enhanced external transport (increased mean square radius). The
temperature has risen and become more uniform, most probably due
to a transformation of electrostatic energy to thermal energy as the
plasma density profile changes.

There is as yet no theoretical model which describes the
effect of the tilted field upon @, although existing theories of resonant

particle-wave interaction may eventually explain the transport features

148




1.0 1 ; - L v .

0.8 B,=94G

L1-14

0.7 Afly onfor1.9s

0.6
0.5 B,=187 G
0.4

o(A8) (in percent)

5 0.3 B, = 468 G .
0.2+ | |
0.1 F  B,=281G -
0 ] 1 . i | 1 ]
0 01 02 03 04 05 06 07
A0 (deg)

Figure 28, Plots similar to that of Figure 27 for various values of B, , The three fitted lines
representing 0(49) data for B, = 281 Gauss are plotted out to the maximum A8
attainable with the Bz power supply.
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Figure 29. Plot of the most effective A8 vs, B_ . Data taken
from Figure 28. The most effective A8 is either
a2 minimum of C(AS) or the value of A® where
o(AB) stops significantly changing.
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Figure 30,

Radial density profiles (with 4 (E;) data points also
shown) taken at 2 sec both without any tilt (a), and
with 1.9 s of A8 = 0,35 degrees of tilt (b)., See

Figure 3 for an explanation of the graph structure and
scales. The total number of electrons is the same for
graphs (a} and (b).

151



and the damping of the density fluctuations. Since the plasma is
rotating in the lab frame, the static tilted field appears to oscillate in
a frame rotating with the plasma, and therefore this "wave" could
interact with both plasma collective modes and particles {wave-wave
and wave-particle interactions if linear, or a more complicated inter-
action if non-linear). This effect has not been studied beyond the
amount necessary to u_tilize it as a means of reducing ¢ and verify-
ing that such reduction does indeed result in improvements in the
measurement of T and relaxation rates., Since the tilted field is
realigned with the confinement axis several collisions times before an
anisotropy is induced, any lingering disturbance to the velocify dis-
tribution should be removed by electron-electron collisions. Thus
this tilted field technique should not affect any of our measured relax-

ation rates.




APPENDIX C: TJ.: First Order Correction Technique

Figuré -10a silows a typical curve of N(VA, vy = 0)/N(0, 0), the
fraction of incident electrons which pass through the analyzing cylin-
der A3; as a function of the negative potential, VA’ applied to A3, The
secondary field, Bs’ is equal to zero., Also shown is the relative
fraction chosen for all (EJ_> measurements, N({TA, 0}/N{0, 0) = 0.5,

In generall, the {}A so chosen will depend upon the confined plasma's

—

space cha.rge. potential and parallel kinetic energy distribution. VA
is experimentally found by firsf measuring N{(0, 0) and then N(VA, 0)
on successive shots as VA is decremented, until the desired ratio is
bracketed. {;A is then estimated by interpolation, and checked by
measurement, and if necess.ary iterated until N({}A’ 0)/N(0, 0) is
within 5% of the desired value. Greater accuracy in the choice of i}A
seems unnecessary, |

The two derivatives, aN({rA, 0)/oV, and aN(i}A, 0)/8y , are
then measured, Historically,Szeach was measured using a two-point
method,

aN&A,O) N({'rA +4V,,0) - N("CrA,O)

/= ’
BVA AVA

(Cl)

and similarly for the vy derivative. N(VA, 0) is typically not a linear

» and so AV must be very small for an accurate slope

function of V

P A

measurement. Repeated measurements of N(VA, 0), etc., in general

display statistical variations about some average value, If we assume
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a "normal' or Gaussian distribution of values of standard deviation ©

about the mean value, that AVA has no associated measurement error,

and that each point, N(%A + &VA, 0) and N&A’ 0}, are measured J
times, then the statistically derived standard error in the measure-
ment of the slope is
2 2 1/2
g~ o=
@, +av )" ¥

A A

std. Er.
Z
Jl/

AVA

2

1/2
where the standard deviation, [O‘ VN ] , Is measured as
A

J
12
1 —~ —
-1 izl [Ni(VA. 0) - N(VA.O)] ,

J
= 1 z ~
= — , 0
N(VA,O) 7 L Ni(vA )

is the mean value. Maintaining an acceptably small ¢ while decreas-

. . 1/2 . . . .
ing AV _ requires J / to increase, which rapidly increases the

A
total time each <EJ_) measurement requires.

Unfortunately, a finite AVA {and/or Avy), leads to a first
order systematic error in the measured <El) when slopes are meas-
ured using the approximation (Cl). If we Taylor expand eéuations
(3.C.i, 2) and (3,C.1i.3) about ¥ = 0 and VA = %A , respectively, we

find, to first order.




ANV _, 0) -
e AA . f'(eVA) (Ef)
- Y= () =(E)|1+7 —== (ay; 3 - eAv,
AN(V '0) Imeas. f(ev ) EJ..
A A
N (C5)

The systematic error term can be of order 10% or larger.

This level of error can be reduced by simply centering
the two point measurement on Q}A (and v=0), that is, measuring
N(?IA - (AV,/2),0) and N&A +(AV,/2),0). The level of error due
to finite AVA is then second order in A'VA, AY. Analternate
method, and the one used for this study, is to bracket {?'A (and v=0)
with several different values of VA (and v). A least-squares curve
fitting algorithm .is then applied to the data, which in turn gives the
desired derivative. This method is capable of measuring (although
with decreasing accuracy), the higher order partial derivatives. By

repeated differentiation of equations (3.C.i.2) and (3.C.i.3), it is

easy to show that

8'yn

—
2 N(VA’ 0}

(-e)n(arﬁ\r(vA, 0))

= (EE} y (C6)

ov "

A

where (Ef) is the nth moment of the perpendicular energy distribu-

tion. This information was not used, nor investigated, in this study.
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There is another source of systematic error that must be
addressed. When the second#rv solencid is energized so that v > 0,
the field lines in the confinement region are slightly convergent on
the axis. The amount of convergence is dependent upon distance from
the secondary solenoid. Thus if we follow the field lines which pass
through the collimator hole back into the confinement region, we see
them slightly diverge to cover a larger area. Hence, if the collimator
hole is positioned at r = 0, there will be more electrons passing
through the collimator hole when y >0 than when vy =0, The situa-
tion when the collimator hole is off axis and the density is a function
of radius is more difficult to predict. There may be rﬁore or fewer
electrons, depending upon where the field lines which pass through the
hole originate in the plasma. This effect makes the total number of
electrons thrc.nugh the collimator hole, NT , a function of v, Let
Nm({}A , ¥) be the measured quantity, and let NO({TA, ¥} be the

-~

value Nm(VA, v) would have if NT

if Np(v) = Np(0). Then

were not a function of vy, i.e.

NT(Y)
N(0)

Nm(VA,Y) = NO(VA,Y) (C7)

Simple differentiation with respect to v, along with isolating the

desired quantity aNO({'rA, 0)/9y, yields
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; ¥ v ,0 aN_(0)
aN(V,,0)  BN_(V,.0) o 1N
A’ NT(O) By

- LN (V
I

+ (C8)
3y oY

The second term on the right hand side of the equation is the correc-
tion for varying sample size .to the measured derivative. This correc-
tion is measured by measuring BNT(O)/BY using the same method as
the measurement of the slope Nm({;A’ 0)/8v except {}A is set to
zero. This correction can be of the order of 10% for measurements

of <E.L> on axis, and can be larger when r # 0, We believe that the

present method of measuring <E.L> is accurate to better than 5%,
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APPENDIX D: TH: Analysis for Arbitrary f(vu) :

An alternate method of integration can be employed to obtain a
simple analytical solution to equation (3. C.ii, 4) when f(v") is left as
an arbitrary function of i (still independent of r). For simplicity,
r. is allowed to become infinite, although a finite r_ can be accom-

modated with an increase in the complexity of the results. Equa-

tion (3.C,ii.4) is restated using Vg = ZeIm(vd ~ ¢{r, 0)) 1/2 as the
minimum escape velocity:
@ -]
Q = .1 L d 2) dv, £{v,) D1
e %% (x MM (1)
0 Ve

The analysis is again performed within the restricted regime of

Q; o= Qe , i.e., where the potential ¢(r,0) may be assumed unper-

turbed by the loss of Qe . The radial density is assumed to be con-
stant out to the radius where essentially no electrons escape to con-
tribute to Qe . For a Maxwellian f(v”), this radius is a few ?LD .

AR the other restrictions of the 'I‘” restriction model are retained,

2
¢{r,0) = cbo - TTnOer (D2}

where ¢y is the potential at r=0 and u, is the density. An
examination of the lower limit of the i integral of (D1) shows a

parabolic ra.dia.l.dependence to Vg,
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2 2e 2
— b— —-—
Vi (V 3 cbo + T no er ) , {(D3)

. 2
which is of the parabolic form y = a(x- xo). Figure 31 shows the
area in [v“, r2] space over which f(vH) must be integrated to yield
Qe . The lower hound of i is the parabolic line which crosses the

. _ 2e 1/2 . .
v, axis at Yie =7 m (Vd - @0) . The analytic solution to equa-

tion (D1) essentially involves integrating f(v“) over v, to generate

It

o, A 2
area element (I}, then integrating these elements over r . However,

2
advantage can be taken of the independence of :E(v”) from r to form

area element (II) first, and then integrating over v . We simply
solve {D3) for rz
max
2 ' 5 2 (Zﬂnoez)
= - —_—, D4
Fmax ["E "no] m (D4)
which leads to the alternate integral form of (DI1):
‘ “max
= . d D5
Qe TrnoeLpf V. f(vE) d(r ). (D5)
Vit
This is trivially integrated:
=] .
mL 2 2
2= - 6
Qe = " Zem f dvy vy = o) 2y (Do)
Viio

where the integration variable has been rewritten as v From (D6),

In-

and the definition of Yilo ? it is easy to show that
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Figure 31. The transmission and reflection regiouns in v, rz space.
The lower boundary is given by the smallest v, that can
penetrate the dump barrier at that radius., Area element
1 is found by integrating along v, ; area element IT is
found by integrating along r-.




. dQe dln Qe 1
1 e = ((E,). -E, )7}, (D7)
eQe dVd _ d(eVd) L= o .

where <E”>> is the average parallel kinetic energy of the electrons
' 2

L
2 mvﬂo B

averaged over f(v“) from Vilo to infinity, and Ello
Thus, for a.ﬁ arbitrary f(v,), [d1n Qefd(eVd)] "1 s the average
energy in the tail of the distribution over the range of the slowest
-which escapes (Ello}.' to the fastest, minus the energy of the slowest
to escape, Eilo . If f(v”) is in fact Maxwellian, at least over the
range v, = VHS @, i, e, f(v“) =S exp(—mv];ZIZTue) where Vi z io *
fle

with T,  the 'temperature’ of the tail, then L(E“ )> - Ellc;]—‘—l be-

comes identical with the right side of equation (3. C.ii. 10) in the limit
2

r - o ,and T is substituted for T, .
C e I
Other manipulations of {(D6) are also instructive; for instance
[=-3
dQe
dvd = Lp[ dv" f(v”) (D8)
“lio
or
2
d Q, ELp
TRE . m e Mg (D9)
V'd

can yield detailed information about the tail of f(v”). Of course, to

. . ) 2e 1/2
avoid scale errors in the value of v. = [-—- v, -¢ )]
m d o

ito ] ¢0 must

be known. Both Lp and Céo can be accurately determined via the

density measurement.
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APPENDIX E: Measurement of h(vi)

This appendix describes a measurement technique which allows
the measurement of an arbitrary perpendicular veloc.ity distribution
function h(vi.)' This measurement uses the same hardware as the ',rl.
measurement. In its preseunt state of development, this measurement
gives only a rough picture of h(vl), but with improvements in tech-
nique this measurement may become a precision tool.

We start the discussion by rewr?’.ting equation (3.C,i. 1), the
expression for the number of electrons which pass through the electro-
static analyzer cylinder and secondary magnetic field solenoid com-
bination:

e .

N(VA! ¥) =NTf dE_L dE| f(E”)h(El); (E1)
0 ~eVA+'YEJ_

with the same notation as in section 3.C,4,i. We emphasize that

NT is the total number of electrons which could possibly pass through

to the collector, We take the partial derivative with respect to the

analyzer potential VA:
-3
SN en dE h(E, ) f(-eV . +VE
v, T P BE ) H-eV  +HYE; ). (E2)
0

If we can so arrange {(E H) » the parallel energy distribution of the

dumped electrons, so that it approximates a delta function
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fE) ~ 5(E“-F_.o) ‘ (E.3)

where Eo is the parallel energy of the dumped electrdns, then

9
AN eN dE, h(E } §{-eV_ +vE -E ) (E.4)
av- T 1 1 A 1 o
A
0
eN E -E B}
~ T4 (_.A___E) (E. 5)
Y Y
where E, = -eV , Thus, to the approximation f(E )} =3%(E, -E ),
A A n 1l o

the change in the fractional number of passed electrons at analyzer
energy EA is proportional to the perpendicular energy distribution

evaluated at the energy difference E

O Eo s which is then magnified

by a factor of y. It is trivial to convert h(E_L) to the corresponding

per pendicular velocity distribution h(vl):

E -E - | N(E ,y))
A o - 3 A :
h([my/z } ) = o-ym BE , ( N (E-6)

Fortunately, dumping the electrons in such a way as to approx-

imate a moncenergetic beam is simply accomplished, Consider the
dump gate potential to be fixed at Vo . Any electron in the confined

plasma can escape past the dump gate if its total parallel energy,

1 2
U" = -ed(r, z) + > mv”(r, z), exceeds -eVO

E . Let V be the
o P

potential applied to the cylinder in which the plasma is confined,
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(Figure 2a schematically shows a confined plasma, and for this case-
Vp would be applied to L1-L5,) Initially, Vp is set at ground, and
U“ < Eo for all electrons. As Vp is slovirly made more negative,
UII is increased by -eVP » and eventually U” reaches Eo . At that
time, the electron escapes past the barrier, and ends up with parallel
kinetic energy EII = Uli = Eo + Thus each electron that escapes has
parallel kinetic energy E“ = Eo .

The selective deconfinement of electrons is then completely
analogous to that of the slow dumping procedure used for the THE
diagnostic (see section 4. C.4.ii), In this case, however, the final
energy distribution of the deconfined electrons is ideally the single
value EO « In practice, the beam energy has some finite spread in
energy froz:n Eo to Eo +4. This spread is primarily due to the
fact that the rate of the slowly changing potential applied to the
conta.inme.nt cylinders is not infinitesimally small, and that the
electron axial bounce frequency is not infinitely large, The meas-
urement's resolutign of the structure of h(EL) is then limited to. a
scale length of approximately A/y,

The relevant quantity i.n this measurement is the relative signal
N(V,; 'Y)/NT + Unfortunately, N_. is not just the total number of
electrons on field lines which pass through the collimator hole, If

this were true, the measurement of N'I' would be simple and the

fluctuation level of N'I would be quite small (on the order of one
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percent). However, in practice, N'I‘ is limited to only a few percent
of the total possible by the onset o-f a diocotron instability c"t_riv-en by
the slow hollowing out of the plasma column. 21 (This instability is
also mentioned in the Tlle diagnostic section.)

Consequently, the plasma is dumped in such a way as to only
a-.llow the slow deconfinement to proceed over a fixed range of Vp .
‘When the end of this range is reached, the Vp is rapidly switched
back to ground, and no more electrons can escape confinement. N’I‘
is then the number of electrons which pass through the collimator
hole while the containment voltage is varied over the fixed range. The
fluctuation level of N'I‘ produced this way is on the order of 5-10%,
and thus a great number of shots are needed to produce an accurate
measurement of h(vl).

Although very little development work has been done on this
measurement, its potential can be seen from Figure 32, which shows
traces of N(VA » ¥} (in arb. units) plotted against VA for the same
plasma at various times after a compression has occurred. The
distribution function, h(E_L), is simply given by the product of the
slope of the N(VA.Y) data times v /eN{0,y). The parameter y is
held at 1 for all traces except two, where Y is set to zero to show
the approxitnafe resolution, NT = N(0,v) is the value of the signal

as VA > 0 and all electrons can pass through the analyzer.
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Plots of N(VA ¥) as functions of V The plasma is initially compressed from
Ly-Ly into Ly at t=0, and dumpeaqat time T, for measurement of N, The
collimator hole was centered on axis, and y=1 for most of the shots. B, =188 G,
There are two plots of N(VA, 0), which show the effective resolution w1dth of the
other plots. The plots were horizontally adjusted to line up at N=0, and vertically
scaled to coincide at N(0, 0)., The slope of each plot gives the perpendicular dis-
tribution h{El) times a constant,
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APPENDIX F: Polarization Drift

A time dependent radial electric field will impart a radial

drift velocity to an electron in an axially magnetized plasma, This is
a polarization drift, and can be thought of as arising from the effective
azimuthal force an electron feels in an accelerated frame wherein the
changing Erx_ﬁ azimuthal drift velocity is zero. This effective force
is analogous to the centrifugal force of circular motion, The effective
force in turn causes an FxB drift in that frame. For radial electric
fields that vary in tirﬁe. this results in a radial drift.. This situation
occurs naturally in the studied plasmas whenever they are compressed
or expanded, and also during the dump process,

The magnitude of this polarization drift velocity is given by

4 _
v_ = - +E, (F1)

where Q 1is the electron gyrofrequency and Er is the radial electric
field, The radial drift velocity of the gyro center is Vo - An estimate
of the largest radial displacement expected from a dump, compress

or expansicn can be made by integrating (F1) to get

c
QBZ AE =7 QBZ E. (F2)

Ar = -

where AE has been approximated as ~ £ Er . Er is approximated

by th;e radial electric field from a uniform density plasma,
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= 2T .
Er 2 ejaor . _ (F3)

Then, expressing the density, n_, in terms of the plasma frequency,

0
W,
|%
2
L ¥
Ar ~F 2 B | (F4)
2 2 .
0
] 2,.2 -2
For the plasmas studied, Lllp /O < 10 , but for plasmas near the

Brillouin limit (Zw: = Qz), Ar will be significant,

As long as the time rate of change of Er is slow enough so
that Q-l < }E‘.r(dErldt)-1 , the gyromagnetic moment, 4, of the
electron will remain constant, In our plasmas, the smallest
Er (dEr/dt)-l is on the order of a microsecond, while Q-l ~ 1
nanosecond., Thus U = vf/B remains constant, and when B is also
constant, then vf is also constant, Therefore, even though the
form qf (F4) gives a uniform radial compression or expansion, there
is no associated heating or cooling of the perpendicular degrees of
freedom.

Of course, the dump process is much more complicated than a
simple Er » but the Ar associated with the dump is probably on the
order of the estimate of (F4), This estimate gives a systematic error
to .our calculations of =n(r,z) and @¢(r,z) omn the order of 2{Ar/r);
this is seen to be less than 1% . The closer the plasma gets to the

Brillouin limit, the more counsideration these errors rust be given,
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The syst.ema.tic error in the T.L measurement should be much smaller

than 1%, since the measurement is basically a simple ratio of meas-

ured densities at constant r.

It is perhaps worth noting that this polarization displacement
is necessary to conserve angular momentum. Since the compress,
expand and dump processes are 9 -symmetric, they impart no net
torque to the plasma. The total canonical angular momentum of the
plasma, L, = L r (P -2 A (r )) | is then a constant. Here

_ T8 Tivier e ety !

B

2
A {(r.)r, = E 2 rf s the field component of L and r P, =
c BT ¢ 2 7§ i

g’ 8i

mr, ei is the mechanical component, which consists of two parts;
the individual gyromotion and the overall column rotation. The
individual gyromotion portion remains fixed., The columma rotation is
determined by Er » which is of course changed. Thus the change in

LB due to the change in Er must be balanced by a corresponding

. change in the field component; the mean square radius must change.
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