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The Helios Program*
by
Harry S. Robertson
University of Miami, Coral Gables, Florida 33124, U.S.A.

Abstract

HELIOS (for Heated Lithium lon System) is a nearly campleted fucility
for quiescent, steady-state plasma studies. Lithium fons are injected
through two rhenium Tonizing nozzles into a 2- to -1 mirror field with four
internal loffe bars. Electrons are heated by octave-band microwave noise
over the electron gyrofrequency range, and 1ons are heated by wide-band
noise around the 1on gyrofrequencles. The daries of the plasma are
formed by a cage of fron wires, each floating electrically and free to as-
sume its own potential. The system is designed to minimize instabilities
by eliminating, insofar as possible, all free-energy sources such as cur-
rents and temperature gradients. The stochastic heating 1s also helpful in
suppressing certain instabilities, and the boundary cage not only prevents
the naturally-present plasma potent'l al differences from producing currents
via the vacuum chamber walls, but also the local ripples in the lngnetic
field contribute to containment. Initial experiments 1n the partial]
pleted system haye produced plasmas with electron temperature of 35 e
densities of 1011/cm® using 200 watts of microwave power.

Introduction

The Helos system was concelved as the solution to a design problem
with a set of ten boundary conditions, 1isted below. These criterfa were
established before any device was considered, and the Helios system should
be regarded as a vehicle for basic research studies, and not an end in 1t-
self, The design will doubtless be changed as the research progresses.

In the 11ght of present knowledge of plasma instabllities and loss
processes, university research needs, the present state of the art, and the
kind of general plasma research device that seems to be needed as a second-
gene;ﬁl:ndreplncunt for the Q-machine, the following basic criteria were
estab] ished:

{'I Basically steady state (or long time constant).
Minimal sources of free energy to drive instabilities.



3) Ion and electron temperatures of the order of 100 eV.

4) High, controllable density (up to 1013 - 10!%/em’), at very
high fractional fonization.

(5) Dimensions of the plasma chamber >10 ion gyroradii for

interesting ion energy. v

Favorable magnetic field geometry.

High degree of flexibility and versatility.

Modest size and cost.

9) Maxiwmum utilizatfon of present facilities.

(10) High degree of current value, both as an educational vehicle
and as a research tool.

s
0~ O

The system to be described has produced interesting preliminary plasmas,
but a number of the design features that should contribute to its good be-
havior have not yet been incorporated.

General Description

The Helios system may be described briefly as a stochastically heated
Tithium-1on plasma 1n a combined wirror and 1inear multipole field. As shown
in Fig. 1, 11thium is to be evaporated from its electrically heated niobium
reservoir, through a tubular, incandescent, ohmically heated rhenium fonizer,
into the one~meter-long plasma chamber. The cold (-0.2e¥), partially fonized
Tithium spray 1s subjected to steady-state microwave heating by broad-band
microwave notse power, introduced axially via radiators at the ends of the
plasma charber.

The stochastic heating field 1s intended to heat the electrons through-
out the entire plasma volume to approximately the same temperature, thereby
preventing instabilities that arise because of electron temperature
gradients. A double-humped distributfon with a population of run-away hot
electrons 15 regarded as fncompatible with criterion 2, and therefore to be
avoided. Supplementary stochastic heating of the {ons is also mecessary.

The broad-band noise source, which operates over the spectrum of
electron gyrofrequencies in the plasma, may be thought of as a microwave heat
Tamp, operating in a region of the spectrum for which the electron component
of the plasma is highly absorbent. Even without detailed calculation, it 1s
evident that this kind of heating is capable of producing a well-thermalized
electron comprnent of the plasma. Other advantages are that the phase in-
coherence of e heating source prevents the growth of electron-cyclotron
waves and at the same time inhibits the growth of other micro-instabilfties,
since the electrons act as if they are being stirred so rapidly that col-
Tective effects are dispersed before they are sufficiently organized to be-
come disruptive, yet so gently that the process of stirring causes no
perturbation,

The approach to stability control through elimination of free-ene
sources has been developed conceptually by Fowler'. The Helios designrﬁs
attempted to eliminate every possible source of free energy that might drive
instebilities, and theinitial experiments will evaluate the relative success
of alternate techniques. No velocity-space instability is expected, since
both the electron and the fon distributions are intended to be ¢lose to
Maxwellfan, (There will be a modified mirror loss cone, but the combination
of magnetic field geomatry and plasma boundary design is expected to diminish
it. and the heating method should minimize velocity space anisotropies.) .
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There are to be no essential imposed d.c. potentials. The plasma is in a
cage, similar to that shown in Fig. 1, such that the electric fields at the
boundaries minimize plasma losses (or maximize plasma density). The boundary
fields are expected to be much more compatible with the natural boundary con-
ditions of the plasma than are the usual metallic walls, and much less sub-
Ject to build-up of electrostatic fields than is possible with insulating
wells. Recent work by Geissler? shows that conducting walls impose an un-
natural equipotential surface at the plasma boundary that en hances the
plasma loss rate by orders of magnitude, whereas with insulating walls the
non-classical part of the diffusion loss was much reduced. Similarly,
Ferrari and Kuckes3 have shown that the presence of a metal end 1n an ECR
plasma is clearly destabilizing. On the other hand, an insulating wall,
when clean, permits the accumilation of local charged spots and their re-
sultant electric fields, whereas an accumlation of 11thium can result after
a time 1n essentially a metal-plated, conducting wall. A boundary of the
type proposed here (and apparently not yet tried anywhere) seems to be the
obvious and necessary means of minimizing the plasma-sheath free energy
sources.

There are to be no direct or low-frequency currents in the Helios
lasma, except perhaps a small differentisl particle current at the source
|()nl: low energy) to compensate for possible umequal 1on and electron loss
rates at the boundaries. No beans of energetic particles and mo selective
or highly localized heating of any component or element of the plasma should
exist. Expansion free energy is minimized by favorable magnetic field
geometry.

The one unavoidable source of free energy resides in the confinement of
the plasma, with consequent pressure gradient, leading usually to some forn
of the universal fnstability. The stochastic heating field in Hellos {5 ex-
pected to suppress instability growth of the drift-wave type, both by
minimizing the intermal pressure gradients that drive 4t and by continuously
disorganizing the electrons. A suppression of this type has been reported
by Puri*:5, and both Dand1's® group and Ferrari and Kuckes3 have found an
onset of a violent instabi1ity after vemoval of (coherent) heating power.
PurtS was able to sugeyress instabfITties in a sm1l plasma with only 250 mi
of noise power, and demonstrated that a ccherent field of the same power
Tevel had no such effect. (Presumably, fn view of the observed suppression
of instabilities at high coherent power levels3s5, 1t 1s possible to over-
ride and disrupt any Tnstability that arfses from collective and organized
plasma motion, provided sufficient power is available. Recent work at Oak
Ridge7*8 shows the effectiveness of off-resonance heating in the suppression
of instabilities, but the energy absorption by the plasma is so Tow that off-
resonance heating turms out to be far less efficient than stochastic heating
at frequencies around resonance.) -

Plasmas of thermonuclear interest should at least be warm, dense enough
to have Debye lengths small compared to the container dimensions, and as
stable as possible. Single particle containment (or containment of very
tenuous plasma) 1s often possible, but dense plasmas can be most elusive.
Charge exchange and instabilities have been rinciple loss mechanisms
for most plasma :‘sm. Helfos quite effectively eliminates the former by
the choice of 11thium as the plasm source, since 1{thium neutrals are
readily absorbed on the walls, where they effectively form an active getter-
ing surface. At room temperature, the vapor pressure of the adsorbed back-
ground 1ithium 1s Tess than 10-8 Torr, and the relatively low flux of



-4 -

entering neutrals is expected to be singly fonized (and thus trapped) by the
heated electron comp t of the plasma. Recombimation neutrals are

to be rare, since volume recombination cvoss sections are smll, and the
survival tise of these (or any other) neutrals should be so short that any
Toss from this source is negligible.

Most. if not all, of the known instabilities should be suppressed by the
magnetic field geometry and the stochastic heating field. Therefore the loss
rate shouid be governed by almost classical diffusion up to a plasm density
such that the stochastic field no longer penetrates enough to inhibit in-
stabilities.

Three distinct features of the n?netic Field geometry should be men-
tioned; e.g., the wirror field, the multipole field, and the boundary field.
The wirror s formed by two sets of eight coils each set and run at 2100
Gauss at the center, with a 2/1 mirror ratia.

The use of a winimum -B configuration is well known to be effective in
eliminating hydromagnetic and other 1ow-frequency instabilities. The Hellos
quadrupole field is unusual in that 1t is inside the plasm system, as shom
in Fig. 1. The reasons for so placing it are as follows: the mltipole
field drops off rather rapidly with distance from the currenis that produce
it, so it 1s most effective when close to the plasma. But if the so-called
Ioffe-bars were putside the plasma chamber, fons and electrons drifting
along field 1ines that intercept the wall would be Tost. As Kerst1® and
other have shown, the multipole field itself my be regarded as a set of
magnetic surfaces defining a region of stable confinement and another,
unstable, on. The stable on surrounds the conductors producing 1t,
so that the {ons may be able to drift radfally beyond the conductor, circle
it, and return to the central region without befng lost to the walls. The
presence of the mirror fleld cn?'licatcs the analysis of magnetic surfaces,
but the same general effect should exist.

The presence of Ioffe bars within the plasma chamber 1s not expected to
increase plasma loss on the walls (the Ioffe bars themselves) because the
high currents in the loffe bars create a sufficiently T“t magnetic pres-
sure barrier to repel incident plasma. Thus the stabil1zing effect of the
multipole field appears to be enhanced by the invernal placement. The com-
bined mirror and sultipole f1eld should improve the thermal mixing and help
to eliminate temperature gradients lr‘lsﬂ:‘g’ from non-uniformities in the
stochastic heating field. Puri* points this out and remarks that a non-
uniform magnetic field tomis to “Mxwellfanize® the particle velocity distri-
bution. He also shows that when the electric field bandwidth is large enough
to span the mirror gyrofrequencies, all the particles have approximately the
same heating rate. Helios is therefore expected to be a well-thermalized
and well-stabilized plasma system, with almst a1l known instability sources
aliminated by design.

The third feature of the magnetic field geometry, the bourdary field,
may be the most interesting. It should certainly pe the subject of caveful
experimentation as an attempt to superpose localized small-scale perturba-
tions on the min fields at the system boundary in order to inhibit plasma
Toss. The cage that bounds the plasm 1s made of nickel-plated iron wire,
0.63 cn in diameter, spaced 0.63 cm apart. In addition to the already dis-
cussed electrical advantages®, the radial cage boundary produces a locally



rippled magnetic field that presents, on the average, favorable curvature o
the plasma, and the end boundary produces local modification of the wirro.
field that should reduce mirvor losses by increasing the local magnetic
gradient!! (at least in one dimension), as shown in Fig. 2.

Technical Details of Helios

General - A preliminary, semi-quantitative assessment of the design
parameters of Helios is given as an indication of the kind of plasm that way
be obtained when the system is fully operational and as a gquide to points
that need further experimental and theoretical attention. (It should be
emphasized that the imediate attainment of the idealized plasma to be des-
cribed here 1s neither expected nor essential to the value of Helios as a re-
search tool. As is well known, plasmas almost never behave entirely as
planned, and much of our knowledge of them arises in the attempt to under-
stand their idiosyncresies.)

For this development, the plasma is assumed tn be operating in a steady
state, free of instabilities, with the electron and ion temperatures, Te and
Ti. constant throughout the plasma. The fon and electron losses to the walls
are compensated by a flux of new fons and electrons from the hot rhenfum
fonfzers the plasma density is assumed to be so high that the incoming fons
and electrons are very quickly thermalized by collisfons with their back-
ground species. At first, ions are assumed to be heated by electron-ion
collisiens, though modification of the calculations to include direct fon
heating 1s easy. The total intermal emergy of the plasm {s treated as 1f it
were divided between the fons and the electrons, and denoted as U = Uy + Ue.
(For present purposes, the assignment of energy is rather arbitrary; it 1s
essential only that energy flows be properly evaluated.) In steady state,
the time rate of change of each of the emergies is zero.

lons - The rate of change of the ion energy is given by
Ui - ((l1 )e + (ﬂi)c (1)

where (Ug)e is the rate at which energy is given to the fons by the elactrons
and (01)c ?s the rate at which the ion energy changes because of 1on losses
from the system (contaimment losses). Since the total mumber of ions s
taken to be constant, and the fon potential energy is not changed by heating,
the term (0f)e may be written as (3N4k/2)¥i, where T is the rate at which
th: 1on temperature would incresse if the only effect were electron heating,
and 1s given by

1' - (Te - T1 )If.lt . (2)

whera tj¢ is the ion thermalizing time for Coulomb collisions with electrons.
A reasonably accurate expression for v4y is

tyy = [(CameZx2)/aiaing mI[(KTy/m) + (T mJTY2, (3]

where n{ is the ion number density, the q's are charges, and A is tha well
known Debys cutoff factor. For calculations where it mttars, tna will be
tahen as approximately 15, corresponding to a density of about 1012cad and
a tewperature of 10-100 eV.



The containment loss term may be written as
(0)); = = <cpBy/vyes “®

where <ci> is the average energy of the escaping fons and 7y is the fon
containment time.

The ons enter as Li*, presumably, but they may be lost as LiZ* or Li3*,
thereby carrying away an energy equal to the difference in the ionization
energies, &V§. If jon potential energy is ignored, then, and if the escaping
fons are assumed to have the same kinetic emergy as the ions in the plasma,
the factor <ci{> may be written

<> = esly + (XT,)/2, (5)

When “i = 0, the ion energy balance yields the result
To = Tyl + g/ ) + (mvi/aa,(x"/xic); (6)

It is thus evident that the electron temperature must exceed that of
the ions, though the difference can be small 1f TE<Tie

The dowinant fon less term 1s probably mirror leakage -though the loss
cone, and it is also the most difficult to calculate. Judd, MacDonald and
Rosenbluth have produced a simplified calculation for the fon containment
in a parabolic mirror (the lossiest of simple geometries) for a singly- -
charged particle. If the velocity distribution is Maxwellian, this confine-
ment time reduces to

e [6/Z +%/ 2e2my 1/2 (kT‘)"Zlong]/ [ne*2nAl, (71

where R 1s the mirror retio. The ratio of the fon thermalization time, from
Eq. (:1!), to 1jg when the electron temperature is greater than that of the
ons is

/Ty = (/M )Y2 (T/T,)%/2/3/Z Tog, (R (8

For singly ionized 1ithium in Helios, with the electron and jon temperatures
equal and R = 2, Tit/Tim = 89, & value that indicates the need for supple-
mentary ion heating.

Lithium Source - The source of Li* and of electrons is a pair of in-
candescent rhenium tubes, each about 0.63 cm in outside diameter and 2.5 ca
Tong. The neutral 1ithium atoms enter the {ontzer from the 1ithium reser-
voir at a pressure determined by the temperaturs of the reservoir (1000°C
corresponds to about 50 Torr). The necessary flow rate is regulated by
contro] of the reservoir tesperature.

In order to supply ions at the simple mirror loss rate (calculated to be
of the order of 102%/sec -- or about 1 mg/sec -- for density near 10'3/cm3),
the flux frox the fon source must be n;lv = 1020/3ec where ng is the ion
denstty in the source, A {s the area o t‘o aperture, pres 1y about
4(10)-‘:.’. and vg i3 the average fon velocity, approximately thermal at the



{onizer temperature, or -2.5(10)° cn/sec. Then ng = 101¢/cm?, corresponding
to an ion pressure {at the 0.2 eV fonizer temperature) of 2.6 Torr. Thus the
niobium reservoir will be easily able to supply the requisite source pressure.

Electrons - Ions ard electrons are supplied from volume ionfzation at
the same rata. From the incandescent rhenium source, however, the fon {nput
rate 1s determined by the reservoir pressure, whereas electrons are therm-
fonically emitted from the hot rhenfum at a rate govermed by rhenium
temperature and work function and by the space charge cloud near the rhenium
surface. Q-machine experience has shown that the independent control of
neutral atom influx and of fonizer temperature permits regulation of the ion
and electron fluxes over a wide operating range. Electron containment and
heating, rather than injectfon, are the main problems to be examined.

In keeping with Eq. (1), the time rate of change of the electron energy
may be written,

.

U = Pag + ()4 + (B), + (), 0]

where Py 1S the microwave heating power absorbed by the electrons,

{0e)i == (01)e is the energy given to the electrons by the fons, (Op)c is
the time rate of change of electron energy attributable to imperfect coptain-
ment, and (Ue)r 45 the Joss rate as radiated power. For steady state, Ue= 0,
and appropriate substitutfons into Eq. (9) yleld

Pre = (MKI2N (T T M1y + <edMyf1qe + Prg + MV /r, s (10)

where the first terw 1s the rate of heating of jons by electron, the second,
containment loss termm could be written with cge> = (3/2)Te, Tec 15 the
electron containment time, Ppe is the power radiated by electrens or by
electron-excited optical transitions, and the 1ast term 1s the rate of energy
Toss via escape of L12* and L1+, where sV{ 1s here the average ionization
potential energy gain of the ent{re ion population.

A'Ithou?h Helios will attempt to heat the 1ons as much as pessible by
electron collisions, the equalization of T{ and Te usually seems to require
supplementary ion heating. Either large Tit or direct heating of the ions,
then, will normally reduce the first term to negligibility. The second tem
is difficult to evaluate and will be discussed later. The radiated power,
except for optical radiation, may be shown to be quite small, The optical
radiation s more complicated, but further amalysis indicates that 1t, too,
can be relatively small. The last term can be estimated crudely by the
assumption that 102° ions/sec escape each carrying about 70 eV fonizatfon
energy -- a total of just over 1 kw, a figure expected to be a pessimistic
upper 1imit for the 1nitial stages of the Hellos study.

The most difficult and Jeast reliable estimate is the electron confine-
ment time. If electron parameters are used in Eq. (72 to calculate the
mirror-loss containment time, the resuli =i.arly indicates that electrons
run out of the mirror throats 1n microseconds. But the electrically-floatin
ferromagnetic boundary cage should reduce mirror losses and become electrical-
1y charged so as to repel whichever particle would normally escape most
rap1dl¥. Therefore electron confinement time should be equal to 1on confine-
ment time.



Results

Operation to date has been with 200 watts of wicrowave heating of the
electrons, no ion heating, no loffe bars, no boundary cage, and injection of
1ithium as neutral atoms from four points near the widplane of the systes.
The intent was to examine the plasm in 1ts worst state and document the im-

provements as each omitted feature wvas added. The greatest problem arose
fru the 1ithium injection system, which was substituted because of a
temporary unavailability of rhenium. A cold spot in the substitute system
resulted in condensation of mst of the 1ithiwm, and the high bofler temper-
ature drove adsorbed hydrogen out of the lithium. Me have observed electron-
cyclotron-noise-heated hydrogen plasms at densities of 1011/cmd or greater
and electron temperatures of 35-50 eV. The system is now being completed

:roper H‘aeni- injectors, and future results are expected to be wuch

nteresting.
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THE STRUCTURE OP AN ALKALT-PLASMA COLUMR TN A WRAK
MAGNETIC FIELD.

By
P.H, Krumm, M.A. Bellberg® and G.R. Beker,
University of Watal, Durban, South Africa,

ABSTRACT

In the single-ended Q~device of the University of Natel Plasma Group &
Co— orl-ph—h produced by surface ionization in the demeity renge

of 10 eo109= A cylirdrical plasma column is formed by means of a
collimator in fromt of the tungsten hot plate (T = 2,3 x 10° X) ama
diffuses along & weak saxial magnetic field (B = 50 ... 900 G), The
colusn structure is :annstig-hd by a floating potentisl method with
electrostatic probes for warious walues of Bs In all cases a radial
eleotric field appears at the plasma odge together with a charge
separation. Thue the plasme column consists of a quasinentral core
surrounded hy a charge double layer {"sheath®) the position of which is
independent of the magmetic field strength ull is given by the
collimator redius. The sheoth width h with d ihg B.

The plasma oolumn is surrounded by a metallic cylinder as boundary which
can be ea~thed or biased, and is limited in ithe axial direction dy a
grounded endplate. Measurements of electron and ion fluxss to these
boundaries for various values of B together with the comparieon of
potential, slectric field and charge demsity profiles for both Cs and K
plasaas support the viow that for lov magnetio field stremgth (B« 1 kG)
the structure of the plasma column is determined dy the spatial
distribution of the electroms to which the ions adjust themselves.

This appears to be understandable in the light of the extremely different
ion and electronm larmor radii, the ion larmor radii being of the same
order as the dismeter of the Plasma column. Models to explain the
detailed structure are also discussed.

ISTRODUCTION
In our group we are at present looking at the evructure of an alkali

plasms oolumn in & weak axial sagnetic field, i.e. B <1 kB. Such a
structure could be interesting for the following reason. If one
chooses the magnetic field such that the iom Larmor radius is large in
rison with the di ions of the plaema column, ¢.g. the radius of
the cylimdrical column, and if on the other hand B 1s sirong enough to
keop the eleotron Lermor radius ssall w,r.t., the column radiue, one
could say that only the elecirons “see” ths magneiic field and are -
hindered in diffusing across the field lines whersas the ions are
+ On Leave at Princeton Dniversity.
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ungffected by the magmetic field (at lesst within the plasma column) and
diffuse unhindered acroes the lines. One would then expect the aross-
sectional structure of the plasma column to be as in Fig, 1,

Ones would expect to see & quasineutral circular region as defined bty the hot
plate (or the collimator if present), Beyund the edge of that region there
should be little slectron diffusion whereas the icns will escape wntil, under
steady state conditions, a radial electric field has been established such
that further ion diffusion is suppressed. This electric field crossed with
the magnetic field will give rise to an azimuthal drift welocity Vn - B/B.
The plasma column should thus consist of a quasineutral core surrounded by a
charge double layer im which the particles drift azimuthally.

Experimental arrangement (Eig, 2).

The Cs or K plasma is producel in a single ended Q-machine by surface
ionization at a tung plate heated by electron bombard toa Ip
ture of T = 2.3 x 10K, Mo the ture gradient near the

Plate edge and to obtain & well defined cylindrical columm, a copper
collimmtor has been introduced, at a distance of 4 om in fromt of the
tilted hotplats. The structure of the column is investigated at two
different positions by means of elsctrostatic probes using the floating
potential method. ‘Two different types of probes were used. For most of
the time the probes were moved radially from the axis cutwards, thus omly
giving half potential profiles. Po check the symmetry of the plasma column,
probe 1 was replaced by & U-shaped probe tha tip of which pointed vertically
into the plasma and which oould be moved across the full width of the columm.
The magnetic field is produced by a solencid to be homogeneous over a length
of 32 cm. The column is terminated by an end grid which can be biased but
usually is kept at ground potential, The plasma column is surrounded by a
cylindrical wall as boundary which can be biased to sive variable boundary
conditions and to allow electron and iom to be d
The plasma paramsters are:

collimator radius 5Smm

electiron Larmor radius 0,026 m

ion larwor radius 12.6 m

mean sleotron velosity 3 x 107 n/sec

mean ion velooity 6 x 102 n/sec
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=i 11.6 ca
i-1 17.5 o=
L 17.5
column length 20 o=

Experimental results
1, Jorm of profiles

Fig. 3 showa the potential profile for the entire diameter, indicating
reasonable aymsetry. The electric field distribution is shown in Fig, 4.
It shows a field free regiom in the centm, then a poaitive field near the
wdge followed by a atrong negative fisld.

The space~charge distribution was found from the field assuming cylindrical
geometry over the region of the problﬂm-
B - £, (5E +1mn)

It ts preferable to look at the charge distritution rather than the radial
field profile because it is easier to define sheath position and width from
the charge distribution. As a jJustification it can be stated that for those
cases examined perfect correlation mas found between sheath width and
poeition as taken from the space charge profiles and peak position and half
width of the radial electric field.

2, Sheath width and position

About 100 runs were snalysed w.r.t. sheath position and width. PRig. 5
shows the result for two field strengths, i.e. B = 125 G (¥B = 80 3F) and
B=T7156 (8 = 12,9 ¥#)s It can be ssen that the position is almost
unaffected by B whersas the width increases with b,

A statistical analysis of all runs taken revealed that the positiom does not
correlate with the magnetic field i.e. is ghtly constant ind. d of
the magnetic field (correlation coefficient = -0,02)

shereas the sheath width does (c.c. =4+ 0,83)

Furthermore it was found that, when plotted againat ion-Larmor-radius, the
sheath widths for Cs and K profiles fell apart shereas when plotted against
B (1,0. proportional to the el L dius) they coincide in their
functional dependence wpom ¥B,  Pig, 6 shows plots of least square fits in
the region below JB = 40 ¥? and of individual runs sbove ¥B = 40 ¥* for
sheath position and width,
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Currents to wall and eniplate

It is apparent from Pig, 5 that in the region surrounding the plasma the
alectric field and space charge densiiy are not sero. Although care has to
be teken in evalusting these results since the plasma equationa might not
hold in this region, it ssems to be obvious that charged particles diffuse
through the sheath into that region. Particle fluxes to ths wall, the
centred probe and the endplate for biases between -« 10 V and + 10 V are
therefore shown in Fig. 7.

Three different Talues for B were chosen i.e. B =0, B= 210 G and B = 610 G,
the result being that

(i) the electron current gets supp d with i ing B,
(1) the ion saturation t i with i ing B,
(1ii) this agrees with the currents to the endplate shere ths dependence is
reversed,

Electron end ion profiles
The oonsistenoy of these results and the symmetry of the plasma columm can be

tepted by tuking ion-saturation current profiles (vp = «25 V) and electron-
current profilss (vp = 0)s (See Rig. 8 and 9).

There appesars a sharp fall off in el density beyond the plasma edge
and an unsymmeiry es far as the shape of the column is concerned. This
unsymsetiry might be dus to the partiocular arrangement of hotplate and oven.
The ion density deoreases with descreasing B in the oentre and cutside the
colwm whioh is in agreement with Pig, 7.

DISCUSSION
There are aseveral models one oan oomstruct in an attempt to explain the

occurrence of the electrio field mear the plasma edge. The simplest model
would be to treat the plasme as a conductor kept at & megative potemtlal
surrounded by an earthed wall. A surface charge would then be induced giving
Tise to a field felling of like ¥r. This however is not in agreement with
the obeervations, In a next atteapt one could treat the eleotrons as fixed
and give them an arbitrary but oconvenient distribution and let the ions

adjust themselves to that distribution in the form n(r) = n, oxp (-off(x)/k1).
A numerical solution of Poisson's equation was attempted but the results were
not completely oonvineing. 4 third two-fluid model would allow for both
eleotron-and ion-diffusion, taking oollisions espeocially in the sheath regiom
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into account, since ione and slecirons have large drift velocities,

Working with a B-dependent electron diffusion coefficient and a B-indpendent
ion diffusion coeffioclent it was poasible to reproduce the farm of the
electric field. The diffusion coeffiocients turned out to be of the order
of Bohm diffusion and are presently the subject of further tests. In
sddition the influence of the collimator on the sheath formation is being
investigated.

CONCLUSION.

We observe, as expected a strong negative eleoiric field near the plasme
edge of the right order of msgnitude. The position of this field appears
40 be independent of B wh its width 1 with 4 ing B, i.e.
with inoreasing electron Larmor radius.

Attempts are contirming to find a suitable model reproducing the
experimental observations.
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A Quiescent Plasma Sustained by High Frequency Fields"
by

Earl R. Ault and K. R. MacKeniie

University of California, Los Angeles

Abstract

A large volume quiescent laboratory plasma is sustained by an alterna-
ting voltage of 20 to 80 V ras (at 70 to 100 Mc) applied to an electrode con-
sisting of 0.0025 cm tungsten wires stretched about 1 mm apart across a metal
frame 30 cm in diameter. In the plasma a sheath forms around each wire with a
thicks which d with density. In this sheath the ionizing elec-
trons pick up energy by accelerating past the wire with the correct phase to
utilize the transit time effect. (The fraction of electrons lost to the fine
wire is small), Evidence for this mechanism is indicated by the fact that: 1)
The el plasma freq y is considerably higher than the applied fre-
quency; hence the electric fields are confined to the sheath region; and 2),
at normal operating voltages there is insufficient ionization to initiate the
process, Some other means, such as a momentary discharge from a hot fila-
ment, a pulse of photoionization from a spark, or a large increase in pres-
sure, is required to produce the initial plasma and set up the proper sheath
conditions around each wire, This process has been used to sustain a plasma
in_argon at *4x10-4 Torr with a noise level, <8n/n>®2x10-4. Densities in the
108 to 109 range are produced in a volume of 30 liters. Linear ion waves and
nonlinear shocks are easily produced in this device. T, is of the order of
5 eV.

Introduction

In this paper we describe a convenient low cost method of generating a
very quiescent large volume collisionless plasma. By applying a high fre-
quency voltage (70 to 100 Mc) to a special fine grid electrode, several liters
of plasma can be generated, with a noise level An/n as low as 2x10-4, Densi-

ties in the ramge from 108 to 109 are produced at g P
4x10-4 Torr in argon or helium. Electron temperatures are as high as 5 eV,
M, aratus

Small diameter tungsten wires (spaced 1 to 2 mm spart) are stretched
scross & stainless steel ring and spot welded at the ends to provide good con-
tact for high frequency currents, The ring (fastened to vacuum feedthrough

insulated rods app ely 1 ca in diamster) is d axially inside a 3§
cm diameter stainless vacuum chamber 150 ca in length., The two feedthrough
are d to ground through blocking capacitors (to permit dc

bissing of the wires) and strap inductances which make the system resonsnt in
the 70 to 100 Mc range, As shown in Fig. 1 the total inductsnce was split
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Fig. 1, Wires with diameter 0.0023 to 0.0075 cm have deen
succenafully weed.

into two parts (on opposite sides of the ring) to minimize voltage gradients
on the wires (since the electrode is a sizable fraction of A/4 at these fre-
quencies).

in the initial trials power was fed to the resonant system from a commer-
cial generator with an output of 40 watts. A maximum of 60 V peak to peak
could be obtained which was sufficient to produce only a weak plasma (~108/cc)
The generator vas then replaced by a tuned plate tuned grid oscillator (Fig.l)
with a high Q grid circuit to discriminate against the higher frequency anode
circuit mode (vhich puts very little voltage on the resonator). With 1000 V
dc on the anode and 250 mA anode current, over 200 V peak to peak could be
applied to the wires with about 70% anode efficiency. We estimate that about
108 of this pover is delivered to the plasma, the rest being lost in the
rather low Q circuit, and the anode.

Qualitative Theory

The motivation for testing this variation of a high frequency discharge
was straightforward, The ionizing energy given to an electrom by a high fre-
quency field should not be wasted by collision with an electrode! 1f an elec-
trode is used, it should have a small collision cross-section such as an elec-
trode consisting of fine wires.

Electrons which gain energy in passing such wires must utilize the transit
time effect. In this process the transfer of energy is most effective if the
field is confined in s small vacuum region around the wire (such as a sheath)
where the plasma forms the outer conductor of the minature “transmission
line”). The high frequency energy will be largely ccmﬂned in this manner if
‘:ﬁ: is well above the applied f: » this £ implies that

energy transfor will only be effici-t if the plun is slready in exist-
ence. lence it was argued that the mechaniss could sustain s plasma, but
might have difficulty in the initiation stage.

But perhaps the most lttrlct:ve !utun in such a concept was the realiza-
tion that the di of any sh d the wire would decrease with den-
sity. Thus the discharge -uht be locally self-stabilizing, and therefore
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possibly noise free.

Results

In operation it was observed (as expected) that the discharge did not
start by itself, but required initiation either by photoionizing the gas (by
means of a high energy vacuum spark) or by ionizatiom by electron bombardment
from a filament. Once initiated, it was self-sustaining. Empirically, how-
ever, it was found that the discharge could be initiated by raising the pres-
sure to around 3x10-3 Torr. After the pressure was returned to around 4x10-4
Torr, the uniformity was found to be quite reasonmable. In the vicinity of
the electrode the density changed by 8% over a distance of 30 cm along z and
by 20% over a distance of 8 cm along r (see Fig. 1),

One of the features (obvious in retrospect, but not anticipated) is the
fact that the fine wire grid collects electrons on the positive swing and
assumes a negative bias with respect to the plasma. Preliminary data indi-
cate that this bias is about half the applied high frequency to ground volt-
age. This negative bias ensures the existence of a sizable sheath, which is
one of the required features in the postulated crude theory, It is also ob-
served that the electron plasea frequency is above the applied frequency, im-
plying that the high frequency emergy is fairly well confined to the sheath
region.

Discussion

So far we have no direct evidence for the correctness of the proposed
theory of operation, but all observations tend to support it.- especially the
low noise level (which we attribute to the locally self-stabilizing feature).

Whether this plasms will be useful for studies near the electron plasaa
frequency remains to be seen. The applied high freq y can be exp d to
introduce interference effects, However, in the much lower frequency ion
acoustic regime, with T in the range of 5 eV (where Landau damping is small)
no such problems exist. Figure 2 shows a tone burst ion acoustic signal with
4n/nx10~3, which is clearly scen on a noise .background only slightly higher.

HHH H A

Fig. 2.

/ 20 ps/cM

1ON WAVE AMPLITUDE Au/ruvlo"

X=10 ¢Mm , T=Sev , N=10®
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Figure 3 shows an ion acoustic shock where the initial overshoot is about 20%
of the steady state lovel. (The trailing wave structure behind the shock is
only partially understood).

100%—

Fig. 3.

10py cm

 } -
X=i5cm, T=3ev, N =10° cW?

The signals in Figures 2 and 3 were both gemerated by the grid in cage method
shown in Fig, 4.1 This method is a variation (requiring no internal fila-
ments) of the double plasma technique of generating an ion wave,

LI Pt
High 1 internal grig 0—1
] ] |-
Freq. R |
orid | [J grounded grid
'
' +
‘ Shock wave

Flg. 4, High energy electrome peroduced ths
High Preq. grid penstrate the ¢:'ullin
grid and produce plasma inside, Pulsing
the inner grid positive by a ramp spills
lons scross the grid and excites a
shock wave,
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The frequency dependence of this discharge has not yet been investigated.
We presume that even higher frequencies would be more desi~able, However
there is obviously a problem with electrode dimensioms, since sven in the con-
figuration shown in Pig. 1 the size of the electrode is not a negligible
fraction of a wavelength, Multiple electrodes would probably be the answer.

.Suppotted in part by the United States Air Force Office of Scieatific
Research, .

1. A technique developed by D. B, Cohm and R. J. Taylor, UCLA (private
communication).

2, R. J. Taylor, D. R, Baker and H. Ikezi, Phys. Rev., Letters 24,206 (1970).
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Magnetic Multipole Confinement of a Magnetic Field-Free Plasma”
by

Rudolf Limpaccher and K. R. MacKeniie

University of California, Los Angeles

Abstract

The plasma vacuum chamber is lined with rows of permanent magnet bars
0.7 ca square, and 3.1 ca long, (spaced 0.7 cm apart), which are alternately
oriented to provide a mirror cusp field with a saximum strength of about 1600
gauss at the pole faces, decreasing to the order of 5 gauss about 3 cm away
from the multipole structure. The plasma is produced by electron emission of
1 to 100 mA from a short filament located in the 'nternal field-free region.
Densities up to 1010ca=3 and Sx1010cm~3 are produced in helium snd argon re~
spectively at pressures less than 10-% Torr, with a uniformity in the fisld-
free internal region of approximately 1%, and a noise level <Sn/n>=3x10"%, An
identical chamber, w. gnetized bars, showed density variations greater
than 20% over the same region, and a noise level sbout 30 times higher. In
the afterglow, the contained plasms decayed sbout 100 times slower than the
identical control plasma., Tp could be varied from 2 to 5 eV, making this
plasna a very ient and ical device for wave studies,

Introduction

The principle of plasma confinement by magnetic "walls" is used in all
present fusion efforts. The large devices use multipole orders no higher
than the octopole.l For confinement studies a multipole device (described by
SadowskiZ) uses a spherical arrang of 32 electromagnets. The multipole
principle, however, has apparently not been applied to the problem of con-
tainment of a large volusme quiescent uniform plasma for basic studies in
plassa physics. In this paper we report some characteristics of such a uni-
form plasma (in only the earth's magnetic field) surrounded by the multipole
field of over 400 small permanent magnets. Electromagnets were considered
briefly and then abandoned, since on a cost and convenience basis they caunot
compete with most of the available permanent magnets st fields under 2 kg.
Although too weak to effectively contain ions at fusion energies, such
fields are found to effectively reflect most of the ions snd electrons in
ordinary laboratory plasmas, and thereby reduce the ionizing source require~
ments by one or two orders of magnitude, As an added bemefit, the continual
rveflection at the boundaries yields a vast iaprovement in plasma uniformity
in the field-free region.
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Apparstus
The geometry tested is showm in Fig. 1. The magnets were 0.7 by

0.7 x 3.1 cm bars of slnico 5, spaced 0.7 ca apart and oriented alternatively
north and south.

A
2em
—
8 El D I:| D D D fig. 1. Multimagnetic Mirror

Plasma Device (hereafter

F INENAREBE—S referndt.:nsH.PI.).
: : . " The side "walls” A.8,C,D
EWE eadlmnslstofa;;y.]i
CINENENE BE—R array of 0.7 by 3.1 cm
. alnico magnets. The
D spaces between the mag-
nets are used for in-
| T— [ I sertion of supports for
filaments,grids, and
FCIE0NPEENE N probes.
D
Cc
The magnetic field due to such an array is shown in Fig. 2.
2000~
s fig. 2. The maxiwum magnetic
haar S field of 1100 gauss at
. at the pole face center
» ™ {normal to the pole face)
?’ . drops to less than §
. gauss at a distance of 3
100 e magnet spacings. Exten-
. " sion of the curve to
. larger distances was
Y Timited by the sensitiv-
1 8., ity of the magnetic field
] . meter, (A maximum field
of 1600 gauss, making an
a angle of 25 degrees to
+ H—— ' the normal, was obtained

at the edge of each pole).

In such a box-1ike rectangular array (as shown in Fig. 1) the regular
slternation of poles cannot be continuously extended to all six sides at
once. Deviations occur at some of the side junctions, Since at this junction
two 1ike poles are side by side, only the effective pole geometry is changed
and no extra particle loss is expected.

For compsrison purposes an identical control "box” (designated as “CON.")
was constructed with nonmsgnetic bars. Both boxes were then enclosed in s
common vacuus system, Plasma was gemerated by electron emission ranging from
1 to 100 mA from a single 0.025 ca diem Ta filament 9 cm long in each tox,
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(each filament biased at -60V). The magne.ic and nonmagnetic pole faces
served as anodes. Plasma density and electron tesp were ed in
each box by a flat Ta probe with a total area of 25 mmZ,

Results

Figure 3 shows the central collected electron current (at 10mA emission)
in argon and helium as a function of pressure. A set of curves was also ob-
tained for nitrogen which is similar to the set shown for argon. (At 100 mA
of emission and 10-3 Torr of argen, a demsity of 2 x 1011/cc was measured).

] )
REUTAAL PRESSURE (8)

Fig. 3. Electron current collected by a 25 e
flat tantalum probe (biased at the plasma
potential) as a function of neutral density.

Due to some uncertainties regarding the electron
temperature, the raw data is presented. Electron
current is converted to electron density at the
point shown,

At high pressures, where collisions dominate the loss process, both
boxes behave in similar fashion. At very low pressurss however, the density
snd collected electron current in the magnetic box is sbout two orders of
magnitude higher than in the control box. The fact that helium ions are as
effectively contained as argon ions is of particular interest.
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Figure 4 shows the uniformity in density for am argon plasma. The scale
is normalized to the density at a distance of 5 magnet bar spacings. In the
magnetic box the density is seen to be uniform over the magnetic field-free
region to within the accuracy of the measurement (~1%), whereas a large
gradient exists in the nonmagnetic control box.

o I PO PR a----z¢ Fig. 4, Normalized plasma den-
H o sity in the mltipole

. p'I:slna t'levice (CON.) as
. ; P a functien of the dis-
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i o ing (1 unit = 0,7 ungf
..: ,'l:o"

y.’-,'l’ l——wALL POSITION

4 e n n L )

-
wl

-1 o 0 3
WORMALIZED DISTAMER

Figure 5 shows the decay of the afterglow plasma when the -60 V bias
and the filament current are turned off simultaneously. The containment pro-
vided by the magnetic walls is very evident.

-
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o

o

]

X 0.5msec/DIv,

Figure 6 shows a linear ion acoustic wave generated by applying a 0,5V
peak to peak signal at 60 ki; to a biased grid in the plasma in the magnetic
box. The perturbed density SN/N is shown in percent where N=2x109/cc and
Te = 2,7 ¢V, This picture shows that the noise level <SN/N> is about 3 parts
in 104, A corresponding picture in the nonmagnetic box could not be ob-
tained due to a much higher level of noise. Presumably one factor in the
large reduction of noise in the magnetic box is the low ratio of primary
electron to plasma electron current density near the filament,
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Fig, 6. lnduced density perturbation in a gated
1inear jon acoustic wave train observed at several
probe positions. The peak to peak noise xatio
ahead of the wave train <SN/N> s ~ 3x10™°.

We believe that these results herald & new era in producing quiescent
laboratory plasmas. Saall magnets which can produce local fields of 2 kg
are inexpensive and can be arranged (we believe) in a more efficient con-
figuration than the model tested. By investigating this geometry it can be
seen that at the center of each local "square' there is a point of zero field,
where any particle with exactly the right direction of entry can escape. A
linear arrangement of magnets consisting of alternating rows of like magnets
or long bar magnets will avoid this drawback, Losses in such a system occur
only in the linear or point cusp regions. In this linear type of array the
magnetic field does not fall off as rapidly, but this is deemed to be an ad-
vantage, since the reflection process sets in farther from the magnet poles.
The particle orbits become more adiabatic and therefore reflection should be
more effective, FOr the same reason it is also advantageous to use larger
magnets with larger separations. Such a box, with much larger dimensions, is
under construction.

We see no reason why this principle cannot be used to provide a quiescent
uniforn plasma with any desired dimensions. The power requirements are very
small, and per unit volume they decrease with increasing volume, At the same
time the percentage ionization (now < 18) will rise. With small relative cost
it appears thet a large space simulation chamber could be filled with a
quiescent uniform helium plasma with the electron temperature controllsble
over the range 1 to § eV3, and perhaps higher,
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by

M. Hashmi and A.J. van der Houven van Oordt +

Max-Planck-Institut fiir Plasmaphysik, Garching (Germany)
EURATOM-Association

Abstract

Uranium plasma has been produced in the single-ended
operation of the Q-device BARBARA. The density and flux
measurements are performed by different Langmuir probes. Our
preliminary results are pr ted and di d. The various
application of such a uranium plasma are also mentioned.

In cti

A Qvdevice plasma can be utilized as an ion source by
using a grid. In this respect, the production of a high density
uranium plasma in a Q-device is of special interest as it can be
employed for the separation or enrichment of isotopes by means of
a mass spectrometer.

To determine the probability of contact ionisation
Y (= T:'T"t;) of uranium, the Langmuir function

la = 9+ +;gf txp,{.%} . . . o
% +§9: ¢xp.(_%) xPp. {- LTQ‘:,}
44}

lhouldbehovn.@ and T are the work function and temperature
of the plate respactively. I is the ionisation potential of the

+)  BURATOM

++) The effective work function for contact ionisation ﬁ‘
different from the work function for electrzon emission (Jg.
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atoms. q, and g, are the statistical vnig::t fnctor: of the ilonic
and atomic ground levels respectively. 9, and 9. are the .
statistical weight factors of the ionic and atomic £ - th excited
level. B: and B¢ are the energies of excitation to the £ - th
quantum state of the ion and atom, respectively. e is the
electronic charge and X the Boltzmann constant.

Por alk‘nline and alkaline earth metals, the tems
? 9: exp. (-_E.‘g.) and ;,9: gxp.(.{_r:} in equation (1) can
be neglected because kr (E and Ef . Por uranium, on the other
hand, X7 3 E€ and B . But it is still not possible to estimate
Y tileoxetically from equation (1), as the configurationsof
uranium atom and ion are not known and thersfore the ionisation
potential of uranium + cannot be determined.

The only reasonable way to determine 4 is to perform
an experiment.

The present paper describes such an experiment in the
single ended operation of a Q-device. The results and
application of such a plasma are discussed.

Experiments

The uranjum plasma was produced in the single ended
operation of the Q-device BARBARA /2/. The Re endplate of 3.2 cm
dizmeter was heated to 2500°K. The magnstic field was between 2
and 3 kG.

As the vapour pressure of metallic uranium is quite
low, a high temperature oven (~ 2000°K) is necessary in order to
obtain the required intensity of the atomic beam. The first oven

+) ror the ionisation potential of uranium, the values varying
between 4 V and 7 V are available in the literature /1/.



was made of tantalum and could be heated up to 2000°K by a
direct passage of current (A.C. as well as D.C.). This kind
of oven created the main difficulty. At high temperatures, a
Ta-U alloy wvas formed first depressing the vapour pressure of
uranium and finally the oven was broken. Another attempt was
made with a BeO crucible.

The radial density distribution of plasma was measured
by a single Langmuir probe. The total number of ions produced
per sec, i, was determined from the ion saturation part of the
characteristic of a "spoon” probe which was larger than the
plasma diameter. Unter certain conditions, the total number
of atoms per sec io “illuminating® the hot end plate can be
evaluated from the knowledge of the oven temperature and vapour
pressure of uranium. i, and 1° turned out to be approximately
equal indicating that almost all the uranium atoms were ionised
at the hot end plate.

Fig. 1 showes a radial demsity profile of the plasma.
Pig. 2 is the ion part of the characteristic of a single
Langmuir probe.

Due to the fact that the atomic flux was limited by
the oven temperaturs, the maximum ion current obtained by a
“spoon” probe up to now was about 1 mA which will correspond to
a plasma density of about 101 ca™’. In a cesium plagma, however,
we have already been able to achieve quite easily the density up
to 1033em™3. Moreover, by using the value of voluse recombination
as given by D'ANGELO /3/ and HINNOV and HIRSCHBERG /4/, the
eguilibriue theory yislds a maximum plasma density of about
10"ea™3 /5/. This seems to be the limiting factor because the
curves by LANGMUIR and TAYLOR /6/ show that the surface coating
of the end plate at 2500°K is negligible up to the atomic
dansities of 10%5n™3 which would correspond at an oven
temperature of about 2400°K. Our aim is to achisve the maximm

density of about 10'%x3 of a uranium plasma in the Q-device.



Application

As mentioned above, uranium plasma may be used as an ion
source for the separation of isotopes in ial quantities if
large amount of ions can be extracted from the plasma by means
of a negatively biased grid. Assuming a density of 10 3 ana
a hot end plate of 10 cm?, the total amount of about 250 kg
uranium per year could be separated yielding 1.83 kg of 0235
isotope per year. The radial mass spectrometer described by
SMITH et al. /7/ seems to be able to separate this amount quite
economically. Enriched uranium of any desired percentage could
be produced by re-mixing the separated isotopes, without in-
fluencing the econamy of this method. According to our estimate,
the price of enriched uranium produced by this method seeams to
remain noticeably below the price fixed by the USAEC,

This work was performed unter the terms of agreement
between the Max-Planck-Institute for Plasma Physics, Munich-
Garching, and EURATOM to conduct joint research in the field of
plasma physics.
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EXPERIMENTAL STUDY OF THE FIRST ORDER ION DISTRIBUTION
FUNCTION RELATED TO IONIC WAVE IN A Q MACHINE
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ABSTRACT

In this peper we propose an experimental study of oscillations of
the first order ion distribution function in an ionic wave and we have tried
to point out if there ere featureas related to collective effects or not,

1. INTRODUCTION

Numerous theoretical and experimental studies Bhow that ion acaus-
tic waves can be damped even in absence of collisions F1.2,...T but the per
turbations in phase space oscillate indefinitly without damping. Observations
of echoes is an indirect confirmation cf this. 37, Tn this paper we propose
an experimental etudy of oscillatians of the first order ion distribution
function f1(v,x,t,) related to ionic wave and to compare the result with nu-
merical calculations based on a theory elaborated by D. GRESILLON [47, gur
study which is similar to that of IKEZI and TAYLOR [57 differs by the fact
that we study ballistic behaviour end Landau modes at the same time. In the
experiments of IKEZI and TAYLOR the ratio of electrons temperature to ions
temperature (-IE— = 0,1) prevents the propagation of Landau modes far from the
grid. The obsaIéed phenomena ars not plasma phenomens : the propagation of a

pertusbation in a collisionleses neutral gaz would have the same caracteristics.

I1. EXPERIMENTAL SET-UP

The theory for which we will developped the principal features in
party III ie edespted to an experimental situation we will briefly described,
A eingle ended Q machine has been used, Only one plate of tantalum is heated,
the cold plate ie the grid of an electrostatic analyzer and is maintained at
a negative potentisl, A plasma which ie confined by a static megnetic field
flows from the hot plste to the cold plate. The density (107 <n< 109 P/cma)
and the mean spesd parallel to Bo are functions of reutral flux end hot plate
tempereture, A grid immersed in the plasma bstween hot and cold plate is bie~
sed to a constant puiential plus a sinusoidal voltage of frequency m, Let fnv

fnz be stationnery ionic distri-
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bution functions and V 1 and V 2 the plasma potentiala upstream and down-
atream from the grid respectively f‘iguu ’l]. In figure 2 we have shown the
distribution function foz. We see that the distribution of the ibns accele-
rated by electronic sheath of the hot plate is that of an ion beam having

a mean velocity which correspands to the energy acquired in the sheath poten-
tial plus the ion thermal energy. We have determined the origine of these
energiea by two methods, first by analyzing the perpendicular energies of
the ions of which the distribution is a maxwellian centred at origine g se—
cundly by injecting & beam of neutral casium atoms in to the plasma perpen-
ducularly downstream from the excite:r. The analysis of ions created in this
neutral beam by charge exchangs permite the detexrwination of the origine of
these ensrgies.[é]. We have experimentally determined the distribution func—
tions f ., and fuZ as function of the potential applied to the excitation

g:l.'id., H:ihave seen that the function fnz is very close to 1"::I when the poten-
tial Vg1 applied to the grid is close to the plasma potential VP1. In this
cage we take the perturbation to be linear. In an other case, for a potential
Vg1 which is very negative with respect to VF“‘I the ions with small energies
are absorbed by the grid shesth, We can al%aady expect for thie range of pole-

xiation the appearance of low energy burets.

III, THEORY

In everythinge which fullows we take the ions to have a speed pa-—
rallel to B_ to be positive., After a Fourier transform in time the distri-
bution functions *t"J and fl satisfy the one dimensionnal Vlasov equation, Let
En and E1 be respectively the static field in the sheath of the exciter grid
and the small alternative field., When polariesetion is close to the plasma

efq

potential we can neglect the term —_— id] in the Vlasov squation,
1

The general solution of the Vlasov equstion is yet,

A (vex,w) = - exp rm" ]r £y (Z,w) __ T exp (- ——) de(1)
L2 v v
The field E1 can be separated into » field st the source {x a o) and a field
which ie zero in the range x m o, = » and which is limitsd anddemped in the
Tangs x = 0 , + » ; thia N ypothesis doea not teke in account the capacitive
field upetream ahd downetreamofthe grid. Solution (1) cen be taken in the
form 3

_ .
7, (vix,0) = - ——EXp (A= fg (V) + r E -T exp (-v_uuﬁ') de] (2)
'l' v
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where the origine is the downstream abcissa where the sheath ends, If
fi(v,x,ul) is zero for x < o the first terme in the bracket represents the
free streaming of the perturbation at the source, The second termcfl2), we
call M (v,x,w) represents at once the ballistic perturbation created by [E1
and the Landau modes.

Now, let ﬂ (x) = B CE C. exp (ikjl) bé the potential from which
E1ia deri ved, uher: the E 's axe the excitation coefficients of the _]th
pole and where the kj'n aatxafy the dispersion relation € (kj) = O.

In order to calculate f1, we only look at the least damped pole

1o .
4 (xyv,m) = exp g (v) -_9‘_11_& ke =xp {——) - exp (lkox)

v kT v v ° K L]
[ — o Vv »
M (v,x,m)

The numerical calculation of M, where Ko is experimentally determined shows
[4] that no strong singularity exiets at the phase velocity [77. As a matter
of fact, a singularity can exist nnly if the imaginary part of K is vary
smell. But Ink is proportionnal to (_AZ,) 81, yet a amgularxty exist
only for particle velocities in the taila‘u’f the distribution and doea not
affect a great number of perticles. The effect at the phase speed wp is
clearer if we look at the modulus of 1"1 ; for small B (B = LX) there ia

no rssonance at wp.The resonance becomes very sharp and occhis at v only

for very large B.

IV, EXPERIMENTAL RESULTS

We have remarked in part III we need to know E1 in order to calcu-
late M (v,x,w). The experimental determination of [E1 and especially ita
variations along the x axie is done from the interferometer output of the
wave response veraus diatance from theexciter grid. [figure 1
In the experiments E"_ = 0,04 end the mean velocity of ions ie Vo # 2 a; ,
a; -/ZkT - 512 nk’ s

Thu-nuraments of f, {vyx,t) il performed with an electrosiatic analyzer

-1

,B-&-ZDW.

which have a good energy resolution and which is at the opposite of the hot
plate. The energy enalyeie ie performed by the collector, the grid of the
analyzer being negatively biased, The collector current is @

=“e
I = foe - vy FEVE g

mi
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After linearisation the collected current is I = ln + 11. A synchronous detcc-
. tion [9,5,47 givee the wean value of the product c (8) of which is variable
A synoptic view of the experimental arrangement is seen in Figure 7. In figum
7 we have presented the sxperimental results for 1‘1 and its modulus. We see
that the curves ares very close to the calculated values of M (v,x,t) which
represents the Landau modes end the ballistic modes created by the self can-—
sistant electric field E1 in the ionic wave. We see also that thers is &
rescnance like behsviour of the modulus of (f1), infortunately this pseudo~

A
resonance can be created by the term ._LE_ N
v

In an anothex experiment we have measured the contribution of the
fast ione in an ion wave, In figure 8 and 9 we have reproduced the interfero-
meter output signal versus the distance from the exciter grid when the input
signal is the current collected by the analyzer for a variable cut-off voltag
Vc. Let

N1 (x) = r:,f {v,x) dv

1 (vyx) dv and N#{x) = r fl

Vc -

The measure of N,‘ (x) gives the wesve number ko end the Landau damping rate,

in this case all the particles ere collected. If we only collect the particles
having an energy greater than ch the wave is drastically less damped [Fig B;
For a cut off voltage Vc corresponding to @ high energy ¢ ions a theoretical
study predicts thet the weve can grow in spece. We can see this result on

figure 9 although the signal ie yet very small with regard to the noise.

V. CONCLUSION

In conclusion experimental are in quite good agree-
ment with the theoreticel pradictions. Nevertheless the agreement between
the measurements and the celculated term M(v,x,t,} ie not a sufficient proof
of the existence of collective effects. Indesd we have not calculeted the
term g {v) for the sheath structure around the exciter grid is very compli-
ceted in a Q wachine, and we cennot claim that it is very different from

M{v,x,t).
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ABSTRACT

We consider, for forced oscillations, the complete calcu-
lation of the perturbed distribution function Fy(x,v,t) associa-
ted with electrostatic waves, using the classical linear kinetic
theory. Analytical expressions give the general properties of
Fy(x,v,t). Numerical results for maxwellian plasmasare preseunted
for ion and electron plasma waves excited by a dipole.

I - INTRODUCTION.

Measurements of perturbed distribution functions associa-
ted with electrostatic waves have been reported recently in the
literature 1,2, However, as far as we know?, no exact calculation
of the linear perturbed distribution function corresponding to a-
ny experimencal conditions (forced oscillations) has beem publi-
shed. We present here analytical and numerical results obtained
for Fy(x,v,t) in maxwvellian plasmas for excitations by plane
transparent grids,

I1 - THEORY.

In order to clarify the presentation we describe in de-
tail the theory only in the case of elcctron waves. lon waves
shov no particular difficulty.

Let us consider the linearized unidimensionnal Vlasov's

equation without magnetic field for a homogeneous and stable plas-

ma of electrons : BF‘ BF‘ q, d’a
m 3T TV T Ta, Rtg
e

!l(x,v,t) is the perturbed distribution, Fo(v) is the e~

quilibrium distribution ; 9, and m, are respectively the charge

and mass of the electron. E(x,t) is the electric field which ea-
tisfies Poisson's equation:

1 -
(2) 3. Ef L7 (v, 00av + o JE

vhere p.x(x,:) is a eystem of external charges which represents
the excitation. Moreover we assume that that p.x(x,t)-p(x)eﬂm"t
where w is real,

We define the Fourier-Laplacse transform by :
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gk, ) = !°°ei”‘{[:'g(x.t)e'ik‘dx}d:

with In(w)>0.
For the forced oscillations regime, the transform of ﬁis:
% 4% Ek,w
™ B = 3 5 ) Gy
where :  E(k,w) = p(L)/ike e(w,k)

€(w,k) being the usuval longitudinal dielectric conmstant. Inversion
of the Laplace trnnsfor‘jkor t + +» gives :
qe 1 d'o

l (k,vyt) = ;: v v E(k, w, )B(k, m sV)e

-iwgt

where B(k,w 4+v) is the Schwartz distribution :

ﬂ(k,u av) = P - ﬂsign(v)ﬁ(k—uolv)

k-w Iv
Therefore, F](x,v.t) - Fl(x,v)e “luwgt
e dro ikx

) Ry = 22 L 20 LT W ) Bk, e v e ek

=
e

A. The differents contributions to the perturbed distribution
function.

Ve assume that p(k) is an entire function of k. This res-
trictive assumption allows us, however, to consider excitatiom by
dipole, monopole and multigrids. After elementary transformationsa
Eq. 4 becomes : q dF Jjdv
(5) Fl(v,x) - =i -E—E—;——(A(x,w°)+B(x,v,mo)+C(x,v,w°)+

o o e
D(x,v,u )}
The first contribution corresponds to the capacitive electric field:
() Alx,0,) = sign(x)p(k=0)/2(1-w®  /u? )
The contribution B(x.v,uo) represents the free-streaming of the
perturbation induced by the local excitation:
(€3] l(v.x,mn) - °p(k-m°iv)ei”°x,vY(vx)

where Y is the Heaveside step function.
The contribution c(x,v,uo) corresponds to the collective
effects :

) C(x,v,mo)--!(vx)p(k-molv)eim°x,v

Q(No-k‘wolv)IE(uo,k-wolv)

vith Q(w,k)=l1-e(w,k)
Unlike the previous contributions, D(x,v,wo) is damped in
space ss macroscopic quantities such as the electric field :
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9) ilr.xdk

- o
D(xav,0) = 3 Lo P(vkw e
wvhere v(v,k,wo) is an analytical functiom of k for k<0 aund k>0

(but not for -w<k<+w)

2 2
p(k) /e(w k) -p(0)/(1-w 251» o)

(v ks ) = k -

p(k)Ie(uo.k)-p(uolv)le(uo.uolv)

k - uolv

It is important to note that at large distances, the un-
damped contribution C(x,v,mo) can represent the most upectncuinr
collective effect, i.e. the appearence of resonant particules at
the phase velocity vv. As a matter of fact, 1/€ can have a
peak near vw when the damping is weak. Moreover, we shall showv in
the next section that resonant particles appear only vheun the e-
lectric field is damped. Therefore, Fl(v,x) for large distances
cannot be reduced in the general case to a purely free-streaming
effect.

B. Expansion of Fl(x,v) in plasma wave functions.

The explicit calculation of F‘(x,v)(lq.s) can be carried
out according two methods. The first one is similar to that used
by couldA for the calculation of the potential. It consists in
the numerical integration of Eq.9. This method gives satisfacto-
ry results provided the damping is not too weak, because, in the
opposite case, the integrand of (9) is a very stromngly peaked
function of k which makes any numerical integrationm difficult.

The second method is similar to that used by H. Derfler
and TC.Simonons in the calculation of the electric field. Then
Fl(x.v) is reyrau;nted by the sum of plasma wave functionms, each
of them corresponding to a root of the dispersion relation. This
method leads to amalytical results which allow us to discuss the
general features of Fl(x,v) particularly in the balance between
damped and undamped contributionms,

The disavantage of the second method is that for some
distances and excitation frequencies a considerable number of
plasma wave functions must be taken into account. However, ip our
nvmerical calculation (ssc.i1il and IV), we avoid the difficulties
of both methods by cslculating the plaema wave function of the
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first Landeu pole only and by evaluating the contribution of the
higher order poles by a Fourier transform according to Gould's
method.

We consider here a dipole excitation which is the most
interesting from the theoretical point of view. Calculationsfor
monopole and multi-grids excitation system have been made which
Yield the same general resulta.

For dipole excitation we obtain :

(8) F,(v>0,250) = - L% 1 &[e“‘“/‘uz .1, w>0
1 ’ m, v dv g fnlvem,

Vo is the applied voltage between the two grids. The indice n
correspond to the roots kn of the dispersion relation :

+ =
1) € (v ,k) =0

In Eq.10 the term proportionmal to eltiox/v

corresponds to
the free streaming of the perturbation induced by the grids (term
B(x,guo). Eq.5). On(v,x) represent the collective effects since
for c(wo,k) = | we have no dispersion relation. ¢, can be writ-
ten : s :
ikpx 1w
$alx,v) =D (Ve 0T - e ox/v) 4 R (v,x)
where R_(v,x),given in appendix A,is damped in space and :
° v det(u k)
D (v) = s Lk e ek
o n n

Equation (12) shows that collective effect gives a damped (cor-
responding to D(x,v,uo), Eq.9) and an undamped contribution(cor-
responding to C(v.x,uo) Eq. 8) which is proportionnal to
Dn(v)exp(imox/v). At large distances, free-streaming and undamped

collective contribution gives : A

’ qV dF iw x/v
e ol o e o
(13) Fl(l'ﬂ"‘.v) - '? T av [1‘5 Dn(V)]
q Vv dF iwgx/v
or rl(x++-,v) - - :en % 372 € /c+(u°,k - wolv)

Now it is interesting to point out how resonant particles
appear, They have a velocity corresponding to the phase velocity
ve = uolna(kl) of the firet Landau pole kl and can be observed
only if In(kl)lle(kl)Gl.

In this case, for distances where the electric field is

not strongly damped and not too near of the grids (few Debye
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lengths), the contribution ¢, K (x,vav¥) dominates the others con
tributions and ll(vﬁvv).rhnretore H

iwgx/v
%Y 3 ar, Ve et Po%Ty ~In(k )x
13) F (x>0,v )™~ a, W (F)v W[e 177 =1]
[

Formula {(13) showa that the modulus of El(x>0,v') increa-
ees with distance, i.e. resonant particlea at phase velocity ap-
pear only when the wave is damped. The physical meaning of this
result is very simple. As a matter of fact, the resonant parti-
cles are produced by the energy exchange betveen electric field
snd particles. Hence it is only when this phenomena is ended, i-e
after the wvave damping, that the perturbed distribuytion can have

a resonant feature.
III. NUMERICAL CALCULATION FOR ELECTRON WAVES.

In this section we consider the case of electron waves

excited by a dipole at frequencies uo>u in a maxwellian plasama.

pe
The calculations gives the reduced distribution fl(x,v,t) H
1%
kTe

n
P (x,v,) = ( ) ;f £ (x,v,t) 5 _ez = 2kT /m,

In Fig.! we have represented lf‘l for distances where the
electric field is negligible. Three regimes cam be distinguished:
3 N <
Regime 4 : for up‘<u°~l.2uape (0<In(k|)lle(kl)50.05), we have a
regime of strongly collective behaviour, characterized hy the ap-
parence of resonant particles.
: . < <
Regime B : for 1.zup¢5u052.upe(o.os~1n(kl)/ne(kl) 0.4), there

are no longer resonant parti-
cles. Nevertheless, the energy
exchange between .electric field
and particles reduces the num~-
ber of particles having low
speeds(with respect to thefree
streaming solution) and incres
ses the number having high
speeds. The phasa valocity wp
of the first Landsu pole still
bas a meaning for |£,]: vhen

rI8. 1 V>V, a sudien decreass ll.llll occurs.
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Regime C : for meZupe(In(kl)/lc(kl)Zo.b), |£l| is very near
the free-streaming solution and A5 loses any particular meaning
for |£,]. )

It is important to note that if other excitations are stu-
died, the general shape of [fl[ can be drastically changed., Parti-
cularly with multi~grids systems, |fl| is modulated and the cor-
responding maxims must not be mistaken as being due to collecti-
ve effects.

In fig.2 we have represented lfl| for a frequency

uo-l.lswp , corresponding to regime A. The modulation of lfll is

to be observed in phase space
and is relative to the phase
wixing between the damped and
undamped collective contribu-
tions, which can be explaind
by Eq.(12) applied to the
first pole :

- for v fixed, |f]| oscilla-

tes like :
1 Im(kl)
exfiwx (— - = + i
o v, v CR

- for z fixed, fl oscilla-

F16.2 tes like exp[imox/vl

We note that all oscillations of |fl| disappear at large distan-
ces except one wvhich produces the peak of resomant particles.

1V, NUMERICAL CALCULATION FOR ION WAVES.

In fig.3 and 4 we re-
present results similar to tho-
se of fig.1 and 2, but for the
perturbed ion distribution
function, with Te/Ti = 20 (we
assume that the electrons fol-
low Boltzmann's law), Fig.3
allow us to distinguish three
frequency regimes, similar to

" the case of electrons., Since

the limits of the regimes de-
pend on Tefri’ it is better to
define them in terms of the pa- F16,.3
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raneter In(kl)lke(k]). The transition between these regimes corres-
ponds to values of this ratic which are nearly the same as for
the electrons.

In £fig.4 we have re-
presented lfll for a frequen-

ey W =W .y corresponding to

regine ;T The modulation in
phase space has the same mea-
niny as for the electrons ex-
cept that, since the collecti-
ve effects are not so strong,
the ripples are not so pro-

nounced and no resonant par-—

ticles appear at large dis~
FIG.4 tances.

¥ - CONCLUSTONS.

The theoretical results presented here give a more obvious
idea of the manner by which collective effects can be shown in
measurements of the perturbed diatribution.

A3 a matter of fact it seems that collective effects can be
be observed following two ways :
® The first one is to observe a collective phenomenon almost in-
dependent of the excitation, i.e., resonant particles at the pha-
se velocity. This phenomena can be observed only with very wea-
kly damped waves (1-(11)/ne(k‘)so.os) and at distances where the
electric field is almost completely damped. This condition is res
lized at distances where diffusion in phase space caused by col-

lisions will probably distroy the strong oscillatione of F, near

Yo+ Moreover, the detection ¢of a linear phenomena requirelll very
high resolution in energy.

® The second possibility is to measure Pl not too far from the
excitation, but the interpretation of the measurements must be do-
ne with a precise knovledge of the imperturbed distribution func-
tion and of the excitation. Hovever, measurements of rl(x,v.t) ca
certaingly give interesting qualitative information on the excits-
tion process of electrostatic waves.
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APPENDIX A
Por x and v positive Ry(v,x) is given by :
i +,. .
Bo(v,x) = =52 { D (9 | ¥ (ikx) - Vliwx/v) ] ...

»
v = DR(DIBT(RkTE) ¥ (iu x/v)] }40] (9o (~kn) e R0

vhere : ¥i(v) = e"nl(vtio). E, being the exponential imegral de-
fined in Ref. 6. Moreover :
g(a) = 1 if 0 < arg(a) < 7/2

o(a) = 0 if 7/2 < arg(a) < 27
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NUMERICAL STUDIES OF IOR ACOUSTIC WAVE PROPAGATION
IN THE NON MAXVELLIAN PLASMA OF A SINGLE ENDED Q DEVICE

J.M. BUZZI

Laboratoire de Physique dea Milieux Ionisés
Ecole Polytechnique, Paris - France

ABSTRACT

We represent first the experimental ion distribution
function found in § machines by an entire function and compare
the dispersion curves of this anmalytical model to the one obtai-
ned by a drifted Maxvellian. Then we calculate the plasma res-
ponse using two other models which may be applied to the case of
experimentally measured distribution functions. Tbe first model
uses Hermite polynomials, the second ie derived from the "Watar-
Bag". We compare the results of these tvo models to the analy-
tical solution and give the respective advantages and inconve-
niences of the two models.

I. INTRODUCTION.

In single ended @ devices, the ion distribution func-
tions are mot maxwellian, but according to the cbllilionlllll
theory are of the type :

(§3) Fi(v) - N axp(-niszZkI).! (v-vn)

/2
vy " {'Zqivplli}

where Y is the Heaviside step function, V_ the plasma potential

P
and T the emitter tamperature. The measurements of Fi(v)l agree

with (1) except that the truncation is emoother,

The problem of the intreduction of this non maxwellian
function in the linesr kinetic theory can be approached by diffe-
rent ways. For example, ome can calculate the incomplete plasma
dispersion functionz corresponding to (1) or represent che ions
by a drifted levellilna.

In this paper we represent first li(v) by an analytical
function nearer to (1) than the drifted mazwellian. In section
II we compare the dispereion predicted by the two analytical mo-
dels.
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However, the distribution functionsmeasured experimen-
tally cannot be represented accurately by analytical functionms.
These experimental functions can be introduced in the linear ki-
netic theory by two general methods.

~The first one consiste in the analytical continuation in the
complex v plane of a function knovn ou the real axis only. Among
the possible models solving this problem ™3 la Landeu™, we have
chosen Hermite polynomiala. (Section III).

- In the second method we "stick” to the real axis. To solve
this problem "4 laVanKampen”, we have utilized a model derived from

the "Hat-r-na;"b (Section IV).

II. ANALYTICAL MODEL.

In this model we represent Fl(v) by the entrire function

) Fi(v) ~ e, () = /R exp(~u2)L1 + ext [ (u-u )/al)

u = vlai H -Zi = 2kT/m; ; T is the emitter temperature.

Vi(u) > llp(-uz) for u » ® in agreement with Eq.1 and the trunca-
tion is smoothed according to the experiments. Then the disper-

sion relation is :
D, k) = 1k} M@ + 2 @0} 5§ = w/kag
1

with & = (m‘/lli)”2 ; Z' is the derivative of the usual plasma
dispersion function (the electrons are supposed to be Maxwellian

at the emitter temperature) and Q'(E) is the Hilbert transform of

FIG.1

Phase velocity Vy and reduced
danping kj/ky of the tvo domi-
niting Landau modes., The ther-
mal iom velocity a; snd mean
velocity Wj are defined by Eq.
3. The ion distribution func-
tion is given by Eq.2. The e~
lectrons are Maxwellian, T,=T,
emitter temperature.

dvildu. Q'(f) is calculated pumerically and the roots of D{(w,k)
sxe sesrched for resl w in the k plana. An sxample of dispersion
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curves is given in fig.!. Aa in the maxwellisn case, we find two
dominating modes travelling in opposite direction in the plasma
frame, but here the waves are streaming iun the same direction be-
cause of the plasma mean velocity, “i H

(1) T~ Je (wu du s TUT, = (2w /K fe; (u) (ummp) P da

If we compare, for example, the dispersion curves ob-
tained using drifted Maxwellian for the ions with the same values
of Fi and 'l.'il'l.'! as iau fig.l, ve note a very good agreement for
the phase velocity of the two modes. But there is a disecrepamcy
of about a factor of 1.3 between the kilk! ratios, although for
the chosen values of w, and Tilfe the twoe dietribution functions

ATY® Very near.

I1X. HERMITE POLYNOMIALS.

In this model the zero order distribution function ias
represented by Hermite polynomials, i.a., its momenta, truncated

at order § :

N
W) (9 ~ £ (v) = exp(-vD) T oa, B (w) / /7
o

FIG.2
Comparison between the roots of Fast wave l Slow wave

the dispersion relation given by
the analytical model (Section II)
and those given by the Hermite
model v.s. the truncation order
of the Hermite model. V is Vy/aj
and a=k;/k; given by the nu:yti- Wy

cal model, Vy and ay ere the sa- 05 (W T
me quantities obtained by Hermi-
te model truncated at order N.

The conditions are the seme as N— N-—

in fig.1, but the frequency is L) 0 L S0 ﬂi
fizxed, w = 0.5 LN

From the point of view of the Hilbert transform, this
expansion is very interesting since @
df _/du W
® e~y = =gt
u-§
vhere the . cosfficlents are the same as in Eq.) and t“”)(ﬁ)
is the (n+1)*Pderivative of the plasma dispersion function. The-
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refore, the knowledge of the moments of an experimental digtribu-
tion fuaction allows us to make the analytical continuation of
this function in the complex v plane by means of fromulae (4) and
(3).

It is intereating to point out that this treatment dif-
fers from the usual utilization of Eermite polynomials in the 1li-
near kinetic theorys. Here it is not the perturbed part of the
distribution which is expanded but the zero order distribution.
Therefore, the problem of the representation of the strong oscil-
lating structure of the perturbed distribution function by Hermi-
te polynoninla5 do--I:;;cnr here. Moreover, the obtained disper-
sion relation haz its roots in the complex k plane instead of the
real axias. These roots can be compared directly with those ob-~

tained by amalytical models.

The most lmportant question is now the comvergence of
Q'"(E). The answer depands of course on the zero order distribu-
tion function conmsidered.

We have studied numerically this problem by applying
the Hermite model to the ion distribution given by Eg.2. We have
calculsted the rootas of the approximate dispersion relation
Du(u.k) corresponding to an Hermi:e expausion of vi(u) truncated
at order N. Typical results are shown in fig.2. It must be noted
that the convergence ias better for the phase velocity than for

- the damping. The convergence decrease when damping increases
(this phenomenon ie true also for higher order poles). The slow-
neas of the convergence in our case is probably caused by the
fact that ¢;(u) differs strongly from exp(-uz).

IV. MULTIPLE~WATER-BAG MODEL.

The Multiple-Water-Bag (M.W.B.) nodel‘ ie very similar
to Dawson's multi-bean nodels. The disgtribution function is re-
presented by N step functions :

.|
£ (v) = nEl b, T(v-vy)
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Therefore, the Hilhert transform of dfo{dv becomen :

LI
Q' (E) = L [
X n=]) vn—E
. 120 .
F1G.3
. . 100 A~
!_\ Amplitude of the electric field
g [T BN v.8, distance. Ey is calcula-
1 ted using the M.W.B. model with
3 F N "bags™. EgN=EN(x=0) and
Na25 A=E/Eq vhere E is given by the a-
3
wai nalytical model (Rq.6). The con-
3 ditions are rthe same as in Fig.1
al but uluvi ~ 0.
i

The most interesting property of the correspomnding dis-
persion relation in contrast to the multibeam model, is that on-
1y real roots appear for stable distribution functions in the &
plane, even if the number of “bags" is finite. The sum of the
oscillating and undamped cootributions of each root gives, by
phase mixing, for net too long time or distances, the Landau dam~-
ping : this correspond to a discrete form of the Van Kampen
treatment, like the multi-beam model but more practical because
of the above mentioned property.

We have applied the M,.W.B. to the distribution fumction
given by Eq.2 and we have calcnlated the corresponding spatial
dependence of the electric field Ey for dipole excitation, We
compaTe vith the analytical model, E heing calculated following
the Gould methcd7 H

o«
6 B (€ = i/v f m(1/D)eiMan

o
f = wlw jsn-= k lilm 3 D baing the dispersion relatiom for iom
distribution function given by Eq.2. Fig.3 shows that M.W.B, gi-
ves satisfactory results with s reasonable number of "bags"” in
the considered case (for Maxwellian ions with T.-Ti, the M,¥W.B.
requires a higher number of "bags™ than for & drifted distribu-~
tion, 100 to 200 in order to obtain good results).
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V. DESCUSSION AND CORCLUSIOQKS.

Anaccurate comparison between theory and experimeats
in the study of electrostatic vaves cannot be made without ta-
king into asccount the real distribution functions if they differ

strongly from a maxvellian as in single-ended Q devices.

Our numerical results, particularly those concerming
the "multi-water-bag" model, show conclusively that it is possi-
ble to introduce without any serious difficulty, ar experimencal

distribution function in the linear kinetic theory.

As regards single-ended Q machine plasmas, it is in-
teresting to point out that the mean ion velocity allowe us to
obgerve theoretically, for dipole excitation, the interferences
of two waves (Fig. 3). Other excitation models like monopole or
multigrids cam reduce or suppreee theoretically the interferen-
ces and we intend to check this point experimentally in order
to have more information on the excitation process of ion acous-

tic vaves in Q machines.
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Measuremenis of the Perturbed Ion Velocity
Distribution at a Wave-gxciting Grid

by
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Danish ic Energy C ch Establishment Ris®,
Roskilde, Denmark

Abstract

Theoretical treatment of propagation of ion-acoustic perturbation based
on the Vlasov equati sitates knowledge of g(v), the perturbed ion
velocity distribution function at the grid. This knowledge is also important
in cunnection with experimental investigations.

In a single-ended Q ine g(v) 1s ed with an electrostatic
energy amalyser. The measurements show that both the shape and the size
of g(v) are drastically changed with the vari par particularly
the dc grid potential.

Introduction

In the following, experimental investigations of the interaction between
a grid and the plasma in a single-ended Q-machine are described. Further
knowledge of the mechanism in this interaction i8 of great interest because
introduction of perturbations in the plasma column by means of & grid has
been the most used method in several important experiments. In this con-
nection may be mentioned Wong's, D'Angelo's and Motley's experiments Mm
where the "Landau damping” of im-acoustic waves is cbserved.

Porturbations by means of grids have also been used in the following
more recent measurements: Propagation of ion-scoustic w-.ves in a partly
fomdzed plasma % 9, mvestigations of non-ltnesr eftects %), and Analty
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experiments concerning echo-ph in i tic waves 6, 7).

In all these experiments waves have been generated by means of grids
placed perpendicularly on the magnetic field lines in the plasma column,
Waves have been launched by impressing an eoscillating negative potential
on the grid, but the mechanlem by which the waves are generated has not
been investigated before.

The purpose of most of the experiments has been to verify Landau's ®
theory on waves in a collision-less plasma or other theoretical predictions
based on the same model 8 '0). When the experimental resulte and the
theorieB have been compared, it has normally been assumed that details in
the excitation mechanism are without :inportance in the propagation of the
waves, This is equivalent to ignoring the effect that results from an im-
pressed perturbation of the velocity distribution of the ions, as thus only
the so-called "natural modes" are considered., However, there is no
reason not to take this parturbation of the velocity distribution into account
as discussed by V. O, Jensen{!"),

rimental Set-up

This paper describes how the perturbation g(v) in the ion velocity dle-
tribution can be measured, Fig. 1 shows a schematic drawing of the ex-
perimental set-up, The circuit on the right-hand side of the figure deter-
mines the unperturbed velocity msh-xbuuon 4 (v) As described by S, A.
Andersenetal.( ) we get fo(v) ] l'o [v= = ("a Pl / )] . (where N
is the collector valtage, ¢ il the plasma potential, ¢ and m the charge and
masa of the ion) by differentiation of the collector current voltage charac-
teristic with respect to 9, . This differentiation can be obtained electrical-
1y, Through the transformer & 3 kc/s 0. 03 V peak-to-peak voltage from
the generator in the lock-in amplifier is added to the collector dc voltage,

o« The pa.t of the ac current to the collector that is in-phase with the
tra.nlformer volta.ge is proporticnal to di(e)/de, or { (v)=1 [v=
(-z—e(qa - 'P-'l) /2 )] . After determination of Yo o8 by means of charge
exchange processes 12), we get £ (v)

The experimental procedure 1- as follows: First the unperturbed ion
velocity distribution, fo(v), in which the experiment is to be performed is
obtained by adjustment of the temperature of the hot plate and the Cs oven.
The de grid potential V, is superimposed on an ac voltage V_ of the order
of 200-400 mV peak-to-peak and with & frequency, fy, of ~30 c/s from



- 57 =

the generator in the other lock-in amplifier. This ac voltage perturbs the
plasma and with it fo(v). The part of f o(v) that is in-phase with Vg glves
gv).

Fig. 2 shows quite clearly how fo(v) is perturbed. The regular oscil-
lation in £ o(v), curves (A) - (C), is due to the impressed grid voltage, V P
One can see, e, g. in (B), how the ions situated in the low and the middle
areas of the energy interval are perturbed very much while ions with en~
ergy of ~1 eV not at all are perturbed. The curves (a) - (c) show g{v) cor-
responding to {A) - (C). The sign of g(v) is chosen so that g(v) is positive
if a positive change, dVG , of VG corresponds to more particles per vel-
ocity interval. (a) and (b) in fig. 2 show a very interesting ting: A double-
humped g{v) where the humps have opposite signs, This means that a posi-
tive change of VG (in (a} from -3.65 V to -3. 35 V and in (b) from -9. 15 V
to -8, 85 V) implies fewer particles in the low end of the energy interval,
while it implies more particles in the middle and high ends,

Figs., 3 to 5 show three bands of curves of fo(v) and the corresponding
glv) with VG as parameter. The curves are deduced from photos of oscil-
lograms as the ones infig, 2, In all three cases the ac grid potential, V g
18 ~300 mV peak-to-peak, A reduction of this voltage does not change the
form of g(v), only the amplitude is decreased, These three examples are
characteristic for the change in Io(v) and g(v) as functions of the dc grid
potential, V..

When VG i8 going through more and more ncgative values, the first
thing that happens ie generally that fo(v) geta more particles in the low
end of the velocity interval and fewer in the higher end, which implies the
double-humped nature of g(v). The flux decreases, while the density has
not changed much because of the decreasing mean velocity. A8 VG be-
comes more negative, more particles disappear in the whole veloeity in-
terval. This means that g(v) is now eingle-humped, In the beginning more
of the slow particles vanish, whereas the quicker ones to some extent pass
through, This appears as an increasing mean velocity of g(v), Generally
an increasing density or an increased spacing between the grid wires means
that a more negative voltage is required to obtain a single-humped g(v).

None of the investigated casea showed a change in the plasma potential,
This indicates that the grid for small negative values of VG spreads the
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particles in the potential around the wires (this explains the displacement
of particles towards lower velocities), and when VG becomes more nega-
tive, an absorption of particles dominates. This absorption is most effec-
tive for the slow ions.

C o.nclusion

In investigations of propagation of ion-acoustic ‘waves, particularly in
a Q-machine, it 18 importam to know g(v) because, as discussed by V,O.
Jenasen a ‘), the motion of the ions where a wave is present is more or less
{reely streaming. In previous works it has been assumed that g(v) and
fo(v) have had the same form and could be approximated to Maxwellian dis-
tributions, But one has to be very careful, g(v) and fo(v) generally do not
have the same form, and often it is necessary to approximate g(v) with
two opposite Maxwellian distributions,
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Figure Captions
Fig. 1. Experimental set-up,
Fig. 2. (A) - (C): Measured fo(v) curves. (a) - (c): Measured g(v)
curves. 0.5 V/large division,

Fig. 3. (a) fo(v). () glv); n=~ 108 cm'3; grid spacing 3 ¢.5 mm,
The bers 1-4 correspond to VG values; -2V, -3V, -6V and -6.5 V.,

Fig. 4. (a)'fo(v). ) gv); n = 2 x 10° em™; grid spacing % 0.5 mm,
The bers 1-4 correspond to VG values: -4V, -6.5V, -9.5V and
-14 v,

Fig. 5. (a) fo(v). (b) glv); n X T x 108 cm'sg grid spacing ~ 1.2 mm.
The bers 1-5 correspond to Vc values; -3,5V, -4,2V, -9.0V,
-11.0V and -24 V,
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Calculations and Measurements of the Perturbed

Density and Ira Velocity Distribution Function
in Grid-Excited Waves in a achine Flasma

by
G.B, Christoffersen, V.0, Jensen, and P, Michelaen

Denish Atomic Energy Commissio.. Regearch Establishment Risl
Roekilde, Denmark

Abstract

On the basls of the lipesrized quasi-neutral Vlasov equation wve
calculated the demsity perturbation n(x,t) and the perturbed ion velocity
distritution function f(x,v,t) for lon -acoustic waves, We report om this
theory, the remults obtained and on experimental messurements that support
our theoretical results.

Introduction

This papar treats the propagation of ion acoustic waves excited by a
grid ir a collisicn-less plasma, We attempted to solve the linear Vlasov
equation, using only the asmmptions relevant for the experimental poasibi-
lities in a single-ended Q-mechine. Preliminary measurements on the pro-
pagation of the ion flux and the perturbed ion velocity distributiom function
are yresented and compared with theory.

Although much work has been done on linear ion-acoustic waves, our
opinion is that there are still important details involved in the propagation
of ion waves that are not well understood, We may here refer to the work by
Gould(l), in vhich it is concluded that "in general, ion waves cammot be inter-
preted by slzply examining a single root of the dispersion relation", Hirsh~
field et al, " conclude that strong wave damping may in some cases be inter-
preted as phase mixing of freely streaming particles. In another paper of
Hirshfield et 11.(3) other “effects which can enrter measurements of signal
decay under conditions typical of some lmboratory studies” are pointed out.

In a paper by Andersen et al.( the necessity of kmowing the undisturbed iom
distribution function as well se the disturbed ome at the grid position was
J‘_Qm- .
In order to extend theory and experiments to the nomelinear regime, it
seems to be of importance to clarify these problems, and to compare linear
theories and experiments carefully.
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The main purpose with our work is to examine whether it is possidble ex-
perimentally to distinguish wave particle interaction from the freely stresm-
ing contribution. From thesoretical comsiderstions this should be difficult
as long as the eleoctron to ion temperature ratioc @ ~ 1, and the steady-state
ion distribution functica, fo(v). and the perturbed iom distribution functionm
are mot known very ely. Our measur support this conclusicn.
Direct proof of wave - particle interaction seens to be obtained more easily
with other kinds of wave propagation as ulneka(‘r') or ;ulaea("). ‘ Mensureaents
of thn(srtnrbed ian velocity distribution have earlier been made by Ikesi
ot al,"’, The temperature ratio was in their experimentas0.5, snd as ex-
pected the ions were woving as freely streaming particles. This has been
shown from measuresents of the phase relation e" e We verified this re~
lation in our plasma where 8 &'1, The theory only shows significant devia-
tion from the straight phamse lines if ® $ 5. The amplitude of the wave
changes more vith @, but cannot be measured as accurately as the phase amd is
more affected by irrelevant phenomera.

Theory

We ehall here present a calculation of the 3 tion of grid ited
fon-acoustic vaves. The method used resesbles that of Gould(l), The dirfer
ences between the yresent work epd that of Gould are meinly due to the fact
that we attempted to use only those assumptions that are relevant for our ex~
perimental situation. The results could, howsver, also be cbtained as inte~
grals over the Green functions as in ref, 4, Furthermore, besides the calcu-
letion of the demmity propegation, we calculated the perturtaticn in the iom
velocity distribution. :

The experimental situation 1s: We can measure the zero-order iom distri-
bution functiom, f o(')‘ the perturbed distribution function at the grid yosi-
tiom, g(v), and the latter avay from the grid, f(x,v,t).

Our starting point 1s the linearised Vlasov equation., We assume quasi-
neutrality, except close to the grid. Further we assume the electrons to bee

_bave as an isothermal fluld, With the tize varistion e~ ¥® for a1l perturbed
quantities ve then get:

i et < S 4 5}

mroof = MT,/8; The last term on the right-hand side is introduced be-
cause the quasi-neutrality relation between density end potential is potvalid
across the grid. A density jump at x = O (prid position) is Dot necessarily
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accompanied by a potential drop. The constant A times the 8 =function
accounts for this sathematically, while the physical situation is that we might
have a charge distribution in the regicn consisting of the grid and the grid
sheath. We 20w separate f(x,v) wnd n(z) into two tarms,

r=tl+fz and u=n1+n2
where index 1 refers to the comtribution due to freely streaming particles (i.e.
the solution to the left~hand side of eq. (1)), and index 2 refers to the con~
tribution Ifrom the collective interaction. This involves

x x
rl(x,v) = g(v)eim:; nl(x) = ﬁv)eiw dv,for x p O,

(]
and to simplify the calculations, we assume g(v) = 0 for x £ 0.
We now apply Fourier transformation to eq. (1)

Hw+ Ltk = <2 L [ckIndd + n (k] +2} )

where

mylk) = r w/t (4)]
Solving this we get the result:
nex) = 1y lk) + ny(K =gw)
oV gtv) dv
= [: 7 *‘-‘zl.[.v vk " o LkH(g) )
ik I- .:; = T
To evaluate the velocity integrals we asoume & has a small positive
imaginary part. This jnsplies that the integration path runs above the pole

at v = wk if k< 0, and belov if k ) O, For this reason we split up the
keintegration into two parts

0 ke _Lr K.,
noa) = g [ Ltk @ dk s g W2

where n_(k) and n (k) represent the n(k) function above and below the branch
cut k = n/i ( '° real) respectively, The relation between thesg two functions
is

#50% ) = on,(0) (6)



Because the r_(k) function has no poles in the upper half plane, we may deform
the contour of the first igtegrul so that it runs in alomg the positive k-axis
Jjust sbove the branch cut as shown in fig. 1. Doing this we get

ne) = zm 4 [H ¥ - Hoo)et 5 v &)
From relation () we pt

0 . ) :
nm 3# of—v‘—Im H*(Q) e‘ %&J’ = I—vL hn,e‘*dt )

To obtain a finite integral for x» = O we must choose

A== ]o.gtv)dv

1.6, minus the density perturbation at x = 0. In cases where the zero order
and the perturbed distribution function are Maxwelliang,the h-function can be
expressed in terms of the plamam dispersion function, snd mumerical calcula-
tions of (8) are rather simple,

The calculation of f(x,v) is similar to that of n(x). From eqs., 2 and 3
snd with the defimition of H in (¥) we finds .

fthyv)= IT'TVL-TFIH [ V) + t:(,‘(v){ﬂ(fj + 1}] )

Performing the inverse k-integration we get a residue comtribution from the
pole at k = w/v, and a branch cut comtribution from the term containing x(&):

foxv) = {gM te ﬂM$[R¢ H v) + 3.3%
S P[%

Fumerical caloulations were performed of both f(x,v) amd m(x), Frem this kind
of calculation it is possible to examine the relative importamce of the inter-
action tern, the validity range of the "firat pole assumption®, snd to compere
with neasurements.

(10)

Dxperisentsl Setenp
The expsriment was performed in thmdq-mhh;«mchr schematic
is shown in fig. 2.
With the electrostatic analyser, vhich is movable along the column, the
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steady-ctate ion distribution functienm, fo(v), and the perturbed iom distri-
bution function fl(x.v.t). can be measured. The electromic circuit showm in
fig. 2 is used to obtain amplitude and phase of f;(v). A small (100 aV) 30 &=
voltage 1o applied to the amalyser collector to differentiate the signal, The
ion current is sessured across the resistor snd detected in the lock-in wepli-
fier 1 (phase sensitive emplifier PAR} which is adjusted to the frequency
applied to the wave-exciting grid, The cutput is fed into lock-in amplifier2
vhose reference signal is used for differentiation (30 Hx). The phase meas-
ured at 1 is adjusted to give maximmm signal om 2. The phase at 1 iz pow the
phase of the vave, while the gignel on 2 is the emplitude of the wave.

Discussion

Although many interesting features csr be found by numerical calculs~
tions of expressioms {8-10) in the theoretical part of this comtribution, we
shall here only discuss the results relevant for compcrieon with the experi-
ment.

The phase relation mentiomed in the introduction states that

phase of f{v) o¢ e‘—:"

This is correct if we have no wave - perticle intersction., We veri-
fied this relation (see fig. 3) in our plasmn, If the relatior is valid dowm
to x = O, the phase measurement can be used for determimation of tke plassn
potentisl. This method agrees with plasma potential determination with chavge
exchange ions‘?’

An example of amplitude and phkase measurements ie shown in fige be The

were perf d in the following way: TFirst the steady-etote ion
velocity distribution fumction, Io(v). was nnsund‘”. In this example fo(v)
was very close to a drifting Haxwellian with the data:

T, 2025 eV, T, =026V, 7= = 0.8,

i
17 =19 ¢ ¢ = Lﬂ)
arift 1) 4 . )

n=35010

The perturbation at the grid position, g(v), was them measured as de-
scribed in ref, 8, g(v) hae the data:



T, = 0,25 oV vanrt 24 v ¢

1.
The oscillating smplitnde on the grid was made mmall encugh (aV= 0.1 V)
to ensure linear excitatiun, ’

Then the perturbed distribution function f(x,v) was measured versus
x by voving the analyser.

In fip ba sxre chown the calculated curves and measured polmts for
aaplitude and phase of the ion flux. In figs. Bb-d corresponding curves
and points are shown for f(x,v) at three velccities:

v =3l, 2.8, epd 2.1 %6 .

According to theory, f(x,v,t) is undamped in a collision-less plasma.
In practice a damping will take place because of the finite resolution of
the energy analyser. As oeen, the demping is much less than for the flux
curves. DBecause of the measuring technique the resolution wvaries inversely
proportionally to v, This might be the resson for the relatively strong
damping of f(x,v) in 42 with the lowest velocity, But apart from thim, the
axperimantal points of the amplitude zeem to indicate collective effects
for small xevalues, In cese of freely streaming particles, the amplitude
should be independent of x..

In comclusion we may still say that the propagation properties of
ion acoustic waves in the case where 8.S 1 are mainly caused by freely
streaming perticles, and only slightly affected by cdlecun effects.
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SIMULATION OF PSEUDOWAVES AND ION ACOUSTIC WAVES
K. ESTABROOK, I. ALEXEFF

Qak BRidge National Laboratory
Oak Ridge, Tennessee 37830, U.S.A.

ABSTRACT

The time evolution of the ion distribution is numeri-
cally calculated from the ion Vlasov and Poisson equations for
oscillating negative potentials applied to a grid. The electron
density wodel is exp (ed/kTe). It is found thet pseudowaves domi~
nate the ion acoustic waves for frequencies greater than fpi and
grid potential leee than -T;. For frequency .25 fpi, temperature
ratio Te/T{ ® 1, and maximum potential -kTg/e, the ion acoustic
waves marginally dominate the pseudowaves.

A great deal of experimental research has been repor-
ted on ion waves excited by a negative time varying potential ap-
lied to a grid immersed in a plasma 1-6. At frequencies greater
than the ion plasma frequency, waves vere observed vitha speed
greatrer than the ion acoustic speed and with very little damping
in contrast to th.oryl. Such waves had 2 velocity which were in-
dependent of exciting amplitude bat which did depend on (mxlaif/'
where w {8 the frequency, x is the distance from the grid and a;
is the ion thermal velocityz. When excited by negative pulses of
width greaten than ll”p&' the waves had a velocity maximum of

/ Zei(grid;7m; and a minimum of pear zern3. Thus the wavelength

wvae a functiorn of distance. It was suggested that these fast wa-

. . 4.5
ves were free streaming burste of ions -

The theoretical problem of describing a plasma& surroun-
ding a negative grid is inherently non~-linear even for lov exci-
tation potentials since the electric field and veloecity gradiemt

of the distribution function changes very quickly in the sheath.

The purpose of this paper is to present the result of
8 sefiae of numerical solutions to the one dimensional, non-li-
uear, ion Vlasov-Poisson equations to determine the ion distribu~
tion function about a grid with time varying negative potential

applied,
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The equations to be solved are :

ion Vlasov equation : g% + !%é - i %% %e = 0

electron thermsl equilibrium : n, = n, exp (e‘/kTe]

: - . 3 e -
Poiseon's equation @ P g i: ln. Lfdv ]

where f is the ion distribution functionm, n, is the elactron den-
sity, T, is the electron temperature, and # is the potential.
f(x,v). is represented s numbers at discrete points at intervals
5% and 4v on the one dimenesional phase space plane, typically
three, two dimensional matrices of 7] to 251 points in x space
and 65 to 301 points in v, space are stored in the computer, for
the past, present and future f(x,v,t). The future f(x,v,t+8t) is
:llulxg'f::-t:::"rmagui(ux,x,t 8t) from the present derivatives bythe
f(x,v t=-8t) = f(=x,v,t-8t)- r v [ €(x+Sx,v,t)-£{x~8x,v,1)])

+ 53;37 i [ #(x+8x,t)-#(x-8x,t) ][ f(x,vebv,t) -f(x,v-8v,t}]

After the future is found for all the points, the future
array f{x,v,t+dt) is loaded into the present, the new ion density
is found, Poisson's equation i{s solved and the process repeats it~
self with the nev potential. There are 250 to 628 timesteps per
ion plasma period. Since f is not represented as the continuous
function that in nature it very nearly is, unphysical nuwmerical
instabilities ariee that sre smoothed by means of an upstream
downstream algorithm to advance the distribution function every
third Cilcltﬁp6_7.

The simulation results will be presented in four parts.
rirst, pseudovave excitation by a negative oscillating potential
’iTe/e>kTi/e, frequency 2 Ipi; second, psuedowave and iom acoustic
wave generation by oscillating potential tT /gka /e, frequency
!Pi,:hitd, excitation by oscillating potent1al kTi/=<k1e/e. fre-
quency fpi' and finally, pssudowave and ior acoustic wave genera-
tion by oscillating potential kTe/¢>kti/e, frequency .25 fpi'

The plasma for all the simularions is chosen to he a Max~
wellian at time zero. When & negative potential is placed on the
grid, the electrons are blown our to the e folding distance
[r.ci(GnIn)/naz]'/z
tron plasmas periods which 1es short compared to the ion time scale.

. This "traneient -helth"s forms {n 3 fow eleec~

The electronas are considared to flow freely into and out from the
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sheath region to a reservoir of isothdmal electrons surrounding
the grid which adds to the validity of the isotherwal electron
model.

ons in the negative potential well are accelerated by
the negative potential and then are relessed as the potential is

made more nositive3-6 After escaping the sheath, the fast ions
propagate by their own inertia. Such ballistic bursts of ions are
little affected by the self consistent electric field and are com

sequently called pseudowaves.

Figure 1 is the ion distribution function after the po-
tential on the grid has oscillated from zero to—lSkTe/e tvice and

then to —lSkTeIe. The potential on the grid is :
#(grid) = [ -5 +15 cns(Await)]kTe/e.

The graph plots f(x,v,t) as a function of position x and velocity
v at the single point in time t. The distance scale is the ordi-
nate and is marked in Debye lengths from the grid. The velocity
scale is the abcissa and is marked in units of /KT 7m; = v, fron
zero velocity at the center. The ions on the left move up and the
ions on the right move down. Each line within the graph is the
velocity distribution f(fixed x, v, fixed t) at the single plane
in space iﬂdicnted by the intercept of the line with the x axis.
The height of the line above its x intercept is the phase space
density f(x,v).

The pseudowave farthest from tbe grid was generated du-
ring the firet oscillation, the next pseudovave was generated by
the second oscillation and the sheath about the grid at the timeof
fig.1 is produced hy the —lSkTe/e potential on the grid. If the
potential were allowed to oscillate to zero after thjis time, the
fast ioms in the sheath would free stream to form the third pseu-
dowave., At this time and distance from the grid, no ion acoustic-
wave is observed. The maximum velocity of the pseudowvaves is less
than /5:?;:;7;;?377;: since the ions are retarded as the leave
the grid region by the slowly rising potential,

If the excitation amplitude is dropped to
-kTe/e - -JORTi/e, then both ion acoustic waves and pseudovaves
may be obeerved on the distribution function. The density pertur-
bation, however, is dominated by the pseudowaves. Fig,2 shows tke
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ion distribution function after the following potential was ap~-

plied to the grid :

¢(grid) = ~05 k'l.‘ele. 0<t< Z./fpi

g(grid) = [-.5 +.5 ain(lﬂfpit)] kTe/e °<t<5/fpi
Three psecudovaves may be clearly seen outside the near Maxwellian
and an ion acoustic wave may be seen in the near Maxwellian bet-
veen 10 and 25 Debye lengths. The density perturbation is still

dominated by the pseudowaves.

If the amplitude of the oscillating potential is reduced
to the ion temperature, thenthe ion acoustic vaves emerge first

and may be clearly separated from the pseudowaves vhich follow.

The exciting potential used to generate the exciting po~

tential used in fig.3 is the following :

#(grid) = -.5 k'l.‘lle, 0< t< ”fpi

#(grid) = [-.5 +.5 nin(Z'lrtfPi)] k'l‘i/n,(l<:<la)/fpi

#(grid) = -.5 KT /e, (4<e<10)/f
The ion acoustic waves in figure 3 can only be seen vith
difficulty. Figure 4 showns the perturbation [ f(x,v)-f(Maxwellian)]
of figure 3. The ion scoustic vaves are seen to be in the form
fl(v)" ’!OL/, that is in the form of a shifted maxwelljianm.

There are density maxims at 3.4, 8.6, and 13,8 XD and
density minima at 5.6 and 11.6 Debye lengths. The electric field
is at a warximum between the density maxima and minima and drives’
the ion acoustic wave to advance 1/4 wavelength, 1/4 ion plasma
peried later. The pseudovaves emerging later in time (since they
are slower than the ion acoustic speed) are not considered ion a
couatic waves since they are not coherently drivem by an electric

field even though the pseudowvaves do have electric fielde with

them. Note that the pseudovaves are faster than JEeK-m‘(grm”ni

due to thermal spread.

A computer plot (f£ig.5) of the ion density vs, time at 9
Debye lengths ehows the ion acoustic waves follawed by the pseu-
dovaves. Laboratory verification of tbis effact has been obsarved
as shown in fig. 6. The oscillogram showne the ion acoustic waves
folloved by the peeudowaves in the same form as the simulation.
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If the exciting frequency is much less than the ion
plasma frequency, the ion acoustic waves will dominate the pseu-
dowaves for excitation potential kTeIe. Fig.7 shows the ion dis~
tribution function after 3 voltage oacillations on the grid from
zero to -kT Ie at frequency. 25/f . Two pseudowaves may be seen
parallel to the,ﬂlxvellxun. The slov:r pseudovaves ig the tail of
the firat pseudowave generated. A faster pseudowave is the second
to be generated. A third pseudovave may be seen moving away from
the grid where it has been generated. The froat of the second
pseudowave is about to detach from its "tail"™ and will beat with
the ion gcoustic wave since its velocity is slightly faster tham
vy

In conclusion, time varying potentials applied to a
grid inherently produce free streaming bursts. For frequenc
:fpi, ion acoustic vaves may be separated from the pgeudovaves
on a tone burst basis if a low excitation potemtial is used. For
frequencies < fpi,ion acoustic waves marginally dominate the
pseudowaves for low excitation potentials. Howvever pseudovaves
are also generated and may beat with the jion acoustic waves to

produce vhat may appear to be non-linear Landau damping.
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Excitation of lon-Acoustic Waves by Parametric
Heating end Strong High-Frequency Fields

by
k. H, Abrams, Jr., T. Ohe and H. Lashinsky

University of Maryland, College Park, Maryland USA

Abstract

Parametric excitation of fon—acoustic waves has been demonstrated in the
bounded plasna column in a single-ended J-machine. The electron temperature
-18 controlled by radio-frequency heating and is varied periodically by mmpli~
tude modulation of the radio-frequency power at a modulation frequency equal
to twice the frequency of the ion-acoustic wave, causing the ion-acoustic
velocity to l;e modulated at this same frequency. The experimental results
are in agreement with an analysis based on the Mathieu equation and the
linear ion-acoustic damping can be directly related to the threshold value of
the modulation index. Similar results are obtained with microvave heating of
the electrons. Parametric excitation provides a convenient method for the ex-
citation of ion-acoustic waves for experimental purposes and can also be used

in diagnostic applications.

The parsmetric excitation of a resonance in a physical system can be de-—
scribed by the Mathieu equut.ionl, in which a suitable time-periodic coefficient
is used to represent the periodic variation of the system parameter that

corresponds to the "restoring force.” When this parameter is modulated at a

yw ar at the fr wg

where n 1s an integer. The classic experiment in parametric excitation is the

f can be excited when w = Zmuln ,

Melde' grperimentz, in vhich transverse oscillations of a string (one end
fixed and the other tied to a lomgitudinally vibrating support) are observed
when the propagation velocity i.e., the string tension 5, is modulated
periodically at a frequency w = Zmo, where wo is the resonance frequency;
§= So(l ~ M cos ult) where M 1s the modulation 111dzx, which must exceed some
threshold value in order for excitation to occur.” Parametric amplifiere are,
of course, also well-known in electronics and quantum opu.cn.3

In this paper we report the expsrimental observation of parametric exci-

tation of ion-acoustic wvaves in a plasma in which the iom-acoustic velocity
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i.e., the electron temperature, is modulated periodically; it is found that
the hehavior of the excited waves follows closely the predictions of the
Mathieu malyeis.‘ The work reported here will thus be recognized as a
plasma analog of the classic Melde' experiment.

Parametric effects have been observed in plasma experiments on drift
waves in which the plasma is perturbed by a monocbromatic external signal
which excites an intermediate pump mde.s The intermeédiate pump mode couples
energy from the external pump field into the resonant plasma modes through the

time variation of an unspecified plasma p er. » it is y
to know the nonlinear mode-mode coupling coefficient and the identity of the
time-varying psrameter in order to relate the losses im rhe system to the
threshold power required for excitation. Parametric excitation of the fon—
~acoustic waves in a plasma has also been reported in an experiment in which
the houndary conditions are varied periodically in l::l.me.6 A feature of the
work reported here, on the other hand, is the fact that the loeses in the
system can be dlrectly related to the threshold value of the moduletion index
of the time-varying parameter, which is known to be the electron tewperature.

We consider the propagation of ion-acoustic waves in a finite plasma
column that is bounded at both ends by material boundaries. The waves are
described by a vave ejuation in vhich the phase velocity is given by
e, " (ﬂehi) (x 1a the Boltzmann constant, ‘!'e is the electron temperature,
and my 1; the ion mass). It is as;md that the electron temperature varies
a8 'l'E = Tl(l - nl, cos ult), where Te 18 the steady-state electron temperature,
M, is the temperature modulation index (I!.E < 1), and w) 18 the modulation
frequency. If the wave eguation in the finite plaspa column is Fourier-
-analyzed in epace, aubject to the appropriate boundary conditions at the ends
of the column, the system can be descrlbed in terms of discrete normal modes
wvith frequencies u% - kix‘l‘eln , where kz is the longitudinal wave nunbn-.."s
The resonant iom-acoustic modes are standing waves vith fundamental wave-
length equal to 2L , vhere L is the length of the colimn, 8o that k = 7L for
the fundamental mode. The equation that describes the time behavior of a
given Pourler mode is

§%+ 2'.\%-0' mg(l-llrco- mlt)x-O , (68

where the quantity x tepresents a characteristic variable of the lon-acoustic
wave, say the density, and the phenomenologicasl ters 2a 1s introduced to take
asccount of losses in the system due to Landau damping, end affects, etc.

Equation (1) can be reduced to the standard form for the Msthieu equation
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if the first-order term is eliminated by the transformation x = ye'“t. With

the new paraneters & = (Alwi) (u: - uz) and q = 2l4.l.u§/u.\: , and the new inde-
pendent variable s = wltll » Eq. (1) becomes

-2 - :
. $24 a-2qcn20)y-0, - @
de’
which exhibits a r at the fund 1 fr Uy when w, = 2100

For a parametric system with dissipation, such as descrihed by Eq. (1),
it can be shown that growing oscillations can be excited only if
M > MI@O. 3)

This threshold criterion corresponde to the requirement that the time-averaged
energy pumped into the resonant mode must exceed the time—averaged losses 1f
the mode is to grow. .

The experiments described here were carried out in a single-ended
Q-machine operated under collisionless conditions with the following typical
plasma parameters: electron density 109 (:Il_3, ionizer temperature 2200°K,
column lengtb 20-60 cm, magnetic field 2000 G, and mean-free paths for iouns
and electrons, about 100 cm.

An rf heating technique, first reported by Demirkhamov Egl;, 18 used
to control the electron temperature. In this method an rf voltage (7 MHz) is
applied directly to the cold endplate that terminates the plasma columm. Al-
though the rf heating mechanism is not completely understood, it is found that
the application of the rf voltage increases the effective temperature of the
plasma, as reported by Demirkhanov. Evidence for an increased electron temper~
ature ie provided by two independent methods. First, for a constant rf fre-
quency it is observed that @, , the frequency of the ion-acoustic mode,
increages with increasing rf voltage, resching a saturation point at high rf
voltages. (The present experiments are performed for parameter values such
that the experimental wode frequency is proportional to the rf voltage, vrf'
8o that Tg is proportiomal to V:f - [\!:f cos mrft]2 .) Second, the electron

4 N

temperatutre, as d from L ir probe characteristice, is found to

incresse monotonically with vrf .

Modulation of the electron tempersture for the parametric excitation ex-
peripents is accomplished in a straightforward way by amplitude modulation of
tha rf voltege applied to the endplste. Because of the quadratic dependence
of the tewperature on the rf voltage noted above “‘l‘ = Dlv/ 1+ lé/l) , where
Hv is the voltage modulation index. In the p the rf
is & low-power commercisl transpitter provided with a built-in modulator,
typical rf voltages actually applied to the plate being approximately 5 V.
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The rf power is applied to the endplate through a transmission line which is
terninated in its characteristic impedance. As in Ref. 9 it is found that the
drift wave ls quenched at rf voltage levels one to two orders of wagnitude
below those used for rf heating.

The experimemts are carried out as follows. The resonamt frequency of
the ifon-acoustic mode without rf heating, Wy » 1 known apProximately from
earlier work fn which the modes were excited by passing current through the
phau.a'm It is also found, as reported by Demirkhanov, that oscillations
that satisfy the dispersion relations for ion-acoustic waves are ohserved at
rf power levels much higher than those used in the parsmetric pumping experi-
ments. The phase velocity of these waves is the ion-acoustic velocity and
the frequencies are inversely proportional to the column length and are in-
dependent of the magnetic field; these vaves exhibit all of the properties of
the ion-acoustic waves reported earlier.s Parametric excitation is then ac-
camplished at low rf power levels by modulating the rf voltage at a freguency
approximately equal to tvice the estimated mode frequency.

As the modulation frequency is swept through the parametric resomance
frequency for various values of the modulation index )l.r a eignal from a
negatively biased Langmuir probe shows the instability growing from the ther-
mal noise level. Figure 1 is a raster di-pl.yn' for a large value of H‘l‘ .

The parametric resonance at U when w, = Zmo is shown in Fig. la. On the
other hamd, an ac voltage at the modulation frequency applied directly to the
endplate does not excite the mode, indicating that the resonance is mot pro—-
duced by a sheath effect. This result is shown in Fig 1b.

In order to provide a comparison between the experimental results and the
well-known stability diagram associated with the Mathieu equation a tone-burst
technique 1s used to map out the zones of stability and instability in the a—q
plane msgociated with Eq. (2). In rhis case tha modulation signal is applied
to tha rf generator through a tone-burst generator so that the rf voltage at
the endplate is wodulsted in bursts. When the modulation is gated on the
oscillation either grows or is damped, depending oa the location of the co~
ordinates a and q in the stability diagram. Figures 2a and 2b show this be-
havior for two sets of values of a and q that correspond to growth and damping,
Tespectivaly., This is believed to be the first experimental obeervation of
varametric damping in the literature. The locus of experimental points at
which the modulation buret has no visual effect on the background is then
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taken to be the stability boundary between regions of stability and in-
stability. The tonme-burst technique also offers a convenient method for the
measurement of growth and damping rates, as can be seen from the expanded
trace in Fig., 2c.

A comparison of theory and a preliminary experiment is shown in Fig. 3.
This figure shows the stability diagram for the Mathieu equation with four
theoretical stabtility-boundary curves, plotted for various values of the
loss parameter c/m0 as noted in the figure. The experimental points in the
figure indicate sets of values of a and q that correspond to the stability
boundary as cbtained by the tone-burst technique described above. It is
evident that e reasonable fit for thia particular case can be obtained for
u/mo = 0.05. We note that most of the experimental points used in fitting
the curve lie in the wings of the curve., The loss parameter aluo can also be
determined from Lrgn i.e., the minimum value of ¢ for which excitation occurs
in Fig. 3. Inspection of Fig. 3 gives Quin = 0.08. Now, using the defini-
tion of q given in connection with Eq. (2) together with the criterion in
Eq. (3) and the parametric resomance condition w - Zwu » we find
aluo = 0.04, The qua]:itltive agreement between these two determinations of
the loss parameter u/mo 1s regarded as satisfactory in view of the prelimi-
nary nature of these experiments and indicates consistency between the
shape of the experimental parametric resonance curve and the experimental
excitation threshold,

These results indicate that ion-acoustic waves in a bounded plasma can
be described phenomologically by an extension of concepts used in the
analysis of lLumped-parameter syst.7 Parametric excitation also provides
a technique for the determination of growth rates under various plasma con-
ditions and appears to be a useful method for the excitation of iom-acoustic
waves when other methods are not desirable.

We are indebted to Dr, R. M, Goldman for discussion and R. M. Monblatt
and W. E. Crowe for help in the experiments. This work was supported by the
U. S. Atomic Energy Commission [AT-(40-1)-3405] and the U, 5. Air Force
Office of Scientific Research [AF-1016-63].
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Figure Captions

Fig. la, Raster display showing the excitation of the ion-acoustic wave at
4 kHz when the frequency at which the electron temperature is modulated is
varied between 6 and 12 kHz. The raster is formed by using the output
signal from a spectrum analyzer to intensity-modulate an oscilloscope whose
borizontal sweep is synchronized with the sweep of the spectrum snalyzer.
The spectrum analyzer displays simultanecusly the icn-acoustic mode and the
modulation signal. The oscilloscope trace is moved vertically at a slow
constant rate as the modulation frequency is vari.ed.u Flg. 1b. Raster
display showing the absence of ion-acoustic waves when the modulation volt-
age is applied directly to the cold endplate.

Fig. 2. Photographs showing the parametric excitation and parametric damp-
ing of an iom-acoustic wave at 8,0 kHz when the modulation of the electron
temperature (V50%) is gated on and off through the use of the tome-burst
technique described in the text, In Fig. Za the amplitude and frequency of
the modulation correspond to parameter values that lie in the parametric ex—
citation region of the stability diagram associated with the appropriate
Mathieu equation, with the temperature modulated at 15.6 kHz. In Fig. 2b
the parameters lie in the parametric damping region, with wodulation at

9.8 kHz, and the hackground noise level is reduced by the parametric effect.
Figure 2c, with an expanded sweep, shows the details of the growth of the
unstable mode, Time scales: Fig, 2a, 1 msec/cwm; Fig. 2b, 2 msec/cm;

Fig. 2c, 0.5 msec/cm, Time increases from left to right.

Fig. 3. Stability diagram and experimental points for parametric excitation
of jon-acoustic vaves in a bounded plasma., Stable reglons are shown by
cross-hatching and the two straight lines denote the stability boundaries
for a lossless plasma while the curved lines denote the stability boundaries
for various values of the loss parameter a/mu as indicated in the diagram.
The experimental points indicate combinations of the amplitude and frequency
of moduiation of the electron temperature that correspond to neutral
stability, The parameters in the Mathieu equation [Eq. (2)] are defined by
az (lolwi) (w(z) - az) and q = mru;/uf » vhere w, 1is the wode frequency,
w,  is the punp frequency, o is the loss term, and )l[ is the temperature

1
modulation index.
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Fig. 2
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Fig. 3
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Collective Interaction and Freely Streaming Joms
in Density Ferturbations and Waves in G-Machines

by
V. O, Jensen

Danish Atomic Energy Commission
Research Establishment RisS, Rosakilde, Demmark

Abstract

The propagation properties of grid-excited demsity perturbations and
ion vaves in single-ended Q-machines are calculated from the linearized Viasov
equation. The caleculations are exact as they take into account the dielec-
tric properties of the plasma as well as the ion velocity distribution in the
density perturbation at the gride The results are compared with the approx-
imate ones obtained in a normal Landasu treatnment in which only dielectric
properties are considered, The effect of eollective interaction compared
with that of freely streaming ioms is discussed.

Text

This paper discusses the propagation properties of grid-excited longi-
tudinal density disturbesnces in Q-machine plasmas. Euphasis is on the extent
to which the propertier can be explained by freely streaming ione, hy linear
collective interaction amd by non-linear effects,

It is assuned that the electrons behave isothermally and that quasi-
neutrality prevails i.e, thatTthe electric field is

"
p.-T2 },—o X3 @
where no is the undisturbed density. The assumption on which (1) is based
ie valid for slow (¢{1/m.), long wave length (1> Ay) perturbations of the
type whick 1s most commonly studied inm Q-machines. Use of ik~ electron Vlasov
equation instead of (1) would require more lengthy calculations, but the con-
clusions of this paper would mot be changed.

With (1) the non-linearized ion Vlasov equation can be written

3?‘x,v.t2 .y )P‘x,vltz . cz _J_._ £‘x,vlt2 anixltz @

where c !T./mi. All other symbola have their usual meaning.
m Viesov equation (2) is normwally linearized by setting F(x,v,t) =
fo(v) + f(x,v,t) [fo(v) )}‘I(x,v,t)] , in which cese it can be written

2r 2 1 &2 _(v)
$oed-idtw % o



The rhe term in (2) and (3) ie the most interesting one as it takes dnto
account collective interactions between the electric field mnd the ioms.
Witbout this term (3) takes the form

f 7
.ﬁn%;:o )

snd simply describes freely streaming iems, Eq. (4) is obtained directly from
(3) in the limit T % 0.
The density associated with a pcrturbed velocity distributionm is

! ) .
nlx,t) = £ [{CR AT (5)
©

Recently much work has been done to demonstrate experimeptally phenom-
ena that can only be predicted from either the linearized Vlasov equation (3)
or from full equation (2). The vell-known works of Wong et ‘1.1) on Landau
damping of ion acoustic waves and some of the recent worke on ion wave echoes
are examples of experiments cleined to demonstrate collective effects us de~
ecribed by (3). Very recently some authore®?” ) have claimed to have seen
phenomena caused by mom-linear effects as described by (2).

The work of Wong et ;1.1 has been discussed by various autkors, Hirsh-
field apd Jacch ° memumed a simple interactiom mechanism between the wave-
exciting grid apd the plasma and could thus calculate the perturbed velocity
distritmtion function at the grid. Assuming ions just outeide the grid region
to be freely streeming, they showed that the wave amplitude would decrease
cwing to simple phage mixing at & rate similar to that predicted by Landau
damping (i.e. by collective effects), Similarly the phase velocity calcula=-
ted on the basis of () is very close to that predicted by the linearized
Vlasov equation (3). Therefors the experiments on grideexcited ion acoustic
waves canpot be taken as clear-cut experimental proof of collective imter—

action,
Ve consider a single-ended Q-machine in which the ion velocity distrie

ution function esm be approximated by a drifting Mexwelliaa’), Density per-
turbations propegating in the downstresam direction are generated by varying
the potential of a grid at x=0., Calculation of the ion velocity distridution
g(v) in the density perturbation close to the grid is very complicated. g(v)
1e deternined by the interaction betwsen grid and plasma, which i= a combine-
tion of absorption of iems hitting the wires, deflection or even reflection
(see ref, 6) of ions passing close by the wires. and scceleration or declara~
tion of ions passing the sheath at the grid during the time the grid potent-
ial changes. In calculations of g(v) only the latter is normally cone
sidered "7, Rather them to try to calculate the shape of g(v) e use glv)
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functions of the type measured by chriatnffarma)-

The following discussion 1s divided into two parts. First we consider
a short pulse applied to the grid which thereby releases a short demsity
plse, The propegation of thie pulse iz given by a Green's function which
can be calculated from {3) and (4). Ve give examples of the Green's function
for various T _/T,-values and for verious g(v)-functions, Next ve consider
grid-excited ion mcoustic waves, whose properties are calculated as convol-
ution integrals of the Green's functioms.

Pulses, We comsider a single-ended Q-machine in which the plasma flows
through a grid at x = o biased to f The ion velocity distributiom ﬁmCtiou,
£, (v), in the downstream plasma is measured with an electrostatic annlysers
lhu'lng a short time interwval, 4 t, the grid potential is changed to¢+4¢,
and the flux of ioms with velocity v passing the grid is changed from v!' (v)
to v(f (v)+5(v)), E(v) &f (V)J The propegation properties of the relvased
density perturbation can be calculated as an initial value problem with
I(x,v,t=0) =atvglyv) ). B By sprlying Laplace transformastion in time amd
Fourier transformation in spree n {2} we pget

At
ik : zv dv . &t o
n(k.0) = = T - UG (6)
1+ -— T

The inverse tmn.fomtion of () cap e performed with the technlque
described in ref. 9. Ve find that

20x,t) = 0B and 20x,v,t) = T EGw) )

Se8, pulses propagate in a self-similar mamer, Functions h and k depend on
f,, and g{v). We shall show end discuss some examples of calculated n(x,t)
apd I(x,v,t).

Fig. la uhmm the results obtained when 1‘ {v) and g(v) have the form
exp(=(v-1.7 ;) /e 3 (dri fting Maxwellian \d.th drift velocity 1.7 c; ) and

o .
vhen Te0 (freely otreaming ions). Shown are i:n(tx ) and tf(t—:—.v) for four
v-values, In the calculations it was assumed that the f-curves were measured
with en anelyser with resolution °:L/"' Fig. 1b shows the same functions cal-
eulated for T,-0.7h T;, Comparieon betwsen a) and b) showe the effect of the
interaction term in (3): a narrowing of the necurves and ™indershoot” cm the
f-curves, The narrowing of the necurve is not very promounced, and ite shape
is found to depend strongly om g{v), which is difficult to sessure experi-
mentally, n~measurements therefore do not clearly indiecate collective inter-




-50-

action. As shown in ref. 10, the undershoot is caused by collective decelers-
tiom of ions behind the pulsme., This underszhoot was demomstrated experiment-
ally in ref, 9, and sc was the splf-similarity.

The curves in fig. 2 show the effect of changing the drift welocity of
the ione in the perturbation, These curves were calculated for ro(v) with
the seme form as in fig. 1, but with g(v) as a fast drifting Maxwellian of
the fors m(-(v-‘lci)zlciz). By comparing the curve for T,=0 with fig. la
ohe etes that the omly effect of increasing the drift velocity of g(v) is
that the pulse moves faster and thue sppears eerlier. This i expected be-
emsevithraa)thgimmfmly streeming. By comparing the two curves
in fig. 2 we again see the sffect of collective interaction: a marrowing of
the dmsity curve.: In fig, 2, however, the effect of the collective inter-
action is much weaker than in fig. 1. The reason is clear: The jn-opngat:lon
velocity of the pulse is essentially equal to the drift velocity of g(v)(=‘lc1).
The collective interaction term in (3) is proportiomal to fl',(v) for vﬂ‘lci.
At such high velocities f; is very small, and the interaction term therefore
becoses unisportent. We can therefore conclude thet if g(v) has a drift vel-
ocity very differemt from that of fo(v). the ions in the perturbation wlll
move through the plassa as nearly Ireely stresming particles.

Fig. 1. Density and ion velocity distribution function in pulees,

'drift.f° = 'Mﬁ,g = 1.7 ;.
in
t-n
w Wt v o
Fig. 2, Density in pulses, Tig. 3. Density in pulses.
Voo v
ﬂﬂ.ﬁ,lo = 1.70‘ 'ﬂﬂft.; = h‘ M“lfo - 'ﬂﬂﬂ" = Jﬂ’-
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The n~curve in fig. 3 ia calculated for !o(v) and g(v) as Maxwellions
vith drift velocity 3c, and !.‘efl'i = k.2, In this case we find a second wax-
imm an the curve at tci/xﬂ 0.6, To understand physically wbat ceuses this
ve calculated the curves in fige. &, They show the quantities ten as functioms
of :/t.c. for various '!./l.‘i-vulun. £, (v) and g(v) are drifting Maxwellians
vith dr&ft velocity ‘K:‘. For T /T ( 1 the collective interaction term in
{3) is small, and the density perturbation propagates az & single mulee whose
shape is almost anly determined by the freely streeming particles im g(v).

As Te/.t'i is increased, the demsity perturbation aplits up into two pulses.
Thia splitting up is caused by the collective interuction term getting
stronger and stronger. Seen from a system of reference moving with the drift
velocity we get two pulses, one moving in each direction with the same speed,
Tihis is what one would expsct when a density perturbation is excited in a
mediun with high restoring force. Note that we see both pulses on the down-
streas side only if the drift velocity of the plaswn is higher them the propa-
gation velocity of the pulse. Becsuse of the t-l—depenﬂme the second pulse
will occur at & probe in the plasma with a mmch ssaller asplitude than that
of the first pulse. Thie ie in agreement with fig., 3, Some evidence, but
not clear-cut proof, of this splitting-up has been seen in experiments at the
Riss Qwmachine,

Waves, When & sinusoids) potential with frequency w is applied to a biased
grid in a plasma, sn ion stic vave is d, In calculating the
propagation properties of waves ve used the Green's function (?7) and performed
convolution integrals of the form

n.(x t) = fup(-im.' t:t' (W)dt'

The amplitude, anp, 4 and the ﬂuu.y. of the demsity are calculated as
functions of the disensionless distance, m/ci. from the grid, In fig. 5 we
present ths resulte obtained at three '.l‘iﬁ“-nluu for fn(v) and g(v) as
drifting Maxwellians with drift velocity }ei

Fig. #. Density in pulses calcu~
lated at varicus T./T ~ values

o e Varare,s, “mn.s-"c
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From the figure we note that close to the grid, characteristically within one
wave length, the damping incresses with incressing electron tesperature,

Thia feature iz mot found in a Lendau treatment of the probles. Far away
from the grid our results for T.ﬂi and Te=5T1 agree with those obtained by a
Landau treatment. For Te=°' where the damping is wholly caused by phase mix-
ing, a landsu treatment does mot apply because the denomimator in (6) has no
zeros.

For the same values of the parameter '1‘./1‘1 wve aleo calculated the ampli-
tude, amp, end the phase, K. of the perturbed velocity distributiom functiom,
£(x,v,t). amp, and ﬁ are cslculated for the three velocities v=2.5¢,, 3¢
and 3.5c.4 and the results are shown in fig. 6a-c. For freely streaming ions
('l‘eﬂ) in fig. 6a, enp, is independent of X, and the phase increases linear-
1y vith x (alope b, Fig. 6b shovs the Tesults for T,=T;., We note that
except for a weak oscillation in anp, for v=2.5ei and 3.5c,, the results are
very similar to those obtained for Tuﬂ. Finally the results obtained in the
case of strong interaction (T.=5‘1'i) are shown in rig, 6c. Here we note a
rather irregular oscillation in the amp ~curves for v-2.5e1 and 3.501.

The physical explanation of the feature seen in the figs. 6a-c is
simple: For ﬁ}ci we expect amp, to be constant as for this special v-value
the collective term in (3) disappears (f"’(v) =0 for vm jci). For w=2.5¢,
and 3,5¢; we expoct osclllations in amp, because f;(v)ﬂ) for those v-values.
For T.:O 88 in fig. Ga, -pf is constant for all v-values because the collec-
tive interaction term in (3) is gero,

Conclusions. From the linearized Vlasov equation (3) the propegation prop-
srties of grid-excited pulses and vaves were calculated for differenmt g(v)~

) Pn
amp, )
%= i Jén
=0
=T T=5T
L Eri
28T,
0 0 20 30 & xwje, =

Fig. 5, Amplitude and phase of wave density, 'dnfz.f° = Verare,g = 24
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functions apd T JTFvaluas. The main conclusions are:
For '1’e '-"T‘ as in most Q-machine experiments, the results are so close
to those obtained in the freely streeaaing case (Teﬁ) that it is very diffi~
cult to perform experiments that clearly demonstrate collective interaction.
The undershoot on the f-curves in fig. 1b is an exception seem experimen-~
unyg.
For ‘re) Ti the collective interaction causes pulses to split up into
, L]
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a fast one and a slow one., In the caze of waves this splitting-up ceauses
oscillations in the amplitude mear the grid. FPhysically the oscillatiom is
cauted by a beating between the fast and the slow vave associated with the
two pulses. It should be noted that amplitude oscillstions were seen experi-
neptally and explained a5 being caused by nop-linear effects’. It should
further be noted that amplitude oscillations also appears without collective
interaction for g(v) ss double~humped distributiom function.

Close to the grid a normal Landau treatment does not give a satisfac-
tory result, For g(v)eC !o(v) as considered here, a Landau treataent applies
approximately one wave lemgth away from the grid, For more coaplicated g(v)-
functions as discussed in ref, 8 one has to go further away to find good
agreement .

A more comprehensive collection of calculated propagation properties
of pulses and waves will be published elsevhere' L,
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Propagation Propeities of Short Density Perturbations in
Q-Machine Plasms with Double-Humped Ion
Velocity Distribution Functions

by

Dennis Twomey

Danish Atomic Energy Commission
Research Establishment Risg, Roskilde Denmark

Abstract

In a single-ended Q-machine the propagation of ion density perturbations
through a plasma with a "'double-humped" ion velocity distribution may be
treated by a Green's Function technique, provided the distribution does not
lead to growing solutions. A series of curves are calculated, and some
effects due to Landau damping and free-strearirz are shown.

Introduction

Andersen et nl” have investigated the propagation of density perturbations
in a Q-Machine. They calculated the perturbed ion velocity distribution
Function by means of a Green's Function technique. The results reported
here follow from a gimflar analysis, except that we no longer assume the
plasma to be quesi-neutral,



Andersen et al D assumed the unperturbed ion velocity distribution
function to be a "single-lumped" Maxwellian , and showed (as bave many
others, e.g. Jackson z)) by a simple Nyquist analysis that this was "well
behaved”, i.e. that in & normal Landau treatment of wave prwtims)
such distributions lead only to stable or damped solutions.

It will be agsumed here that the mnperturbed distribution function s
made up of two Maxwellians which add to form a "double-humped" velocity
distribution, Such distributions can be produced in Q-machines?), The
discussion will be limited to thoge distributions which a Nyquist analysis
showe to be well-behaved, since the subsequent treatment is invalid for
other distributions,

Following the amlysis of Andersen et al leads to an expression for the
perturbed distridution funetion, Blaive)e

+ AL(.V
Elne) = MY St + € K & 3] P(F—;)
. ARG
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q(v) is & truncated displaced Maxwellian of the form:

%(v) s enyq - (V Va\) N (V—Vd\.) vy O
« O

v< O

These are essentially the results of Andersen et al except that C is
nov the electron thermml velocity (Eﬂ‘:/m } and 1n sddition we aenm n_ and
ny as the electron amd ion mcber dengities, and m as the ion to elect.ron
mass ratio.

Experimentally results may be cbtained in the farm of two types of
curve:

(1) a curve showing lon flux or ion saturation current to the arelyser
flux = S: vl v, 8y 3y
which is obtained when the ammlyser is set to collect all
velocities.

(11) various B g Curves

S“(x,t)-f, vg(u\")w (v VQ) AV

where the relolut,ion function of the amalyser is assumed to be
Gauselan in v, whith a resolution vr,

These curves are obtained when the analyser is set to collact only ions
of velocity va.

To calculate these curves in the "'single-humped"” case it is convenient
to normalise equations 4 and 5 with respect to the ion thermal velocity
(IzTu'J;i) . However in the "double-bumped" case the ions in the two humpe

“may have different temperaiures and masses and therefore the

normalisation is carried out with respect to the electron thermal velocity.

The expressions for flux and S g AT€ N0V glven by:



b - G x4 -4) < B- 8
AN TAC Y G
QSL (E)X(Zi b, Z [X- mo,] (E)\
8 - Cﬁ‘\ (%\]s 17[“; f%“ g {(ucmof (f:'-\l-\%““
b 3 50 eierip reeering f 1 55 o s .

S = 0 [x eng - (160 4) + Y- ]

AWIAWE :_ AR o
A =(%‘)x( “h 2, ::u (u Mal)mp _%(u-ngr(%il +(“‘T,.T)§ di

i
W = Indepenient varisble normlised to C,, X = X

1l

¥ 4
[\ -\:;—: ) and Z is the derivative of the plasms dispereion functiom,

Calculations have been carried out for a variety of values of the
parameters, (ce/ci)s’ g, (nt/ne)J' mo, and usually for four values of va
{each side of the two hmps, see figure 1). The ratio ce/ci may be reduced

to t:ﬂ/t:1 - il‘e/’ti .

For the case where: both humps contain the same number of ins of the
same type, ithe normalised hump velocities are 0. 01 and 0. 004 and the
mwrenuo‘!.ﬁi-h, wve obtain the curves in figure 2, These are the
curves that might be expected from the simple addition of the curves for two
V'gingle-humped" distributions.
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If ve make the ratic ol ions in the fast hump to ions in the slov hump
equal to four ve get the curves in figure 3. These are very similar to results
whish might be expscted for a single-humped distrihution vith a drift veloeity
equal to that of the raster hump. The faster of the two humps appears

to have "absorbed" the slower one. This effect may also be obtained by
setting T ./rl = 7 for the faster hump.

An equivalent effect occurs if we modify the parameters of the slower
hump rather than those of the faster hump.

In an experiment it may be more convenient to make a "double-humped"
distribution by using ions of different mass. Figure 4 shows calculated cur-

T

ves for a pl pPr d from p ium and r

(W)

The undershoot observed in the Sva curves arises from the interaction
term in the Vliasov ti ”. To d trate this ider the case where
the temperature ratio is very small (this is equivalent to making the inter-
action term very sman®) ). For ‘i‘./‘l1 = 0.01 ve get the results in figure
5. No undershoot is observed.

The damping may be inveatigated by examining the flux curves. In all
cages the amplitude of the second, slower peak ia lese than that of the
faster peak, because its longer stay in the plagms caunses it to suffer more
damping. If there were no damping of any sort both peaks would have the
same amplitude. Thus the amplitude of the sl peak relative to that of
the faster peak gives some e of the d 1

Stringer 6) hag calculated the conditions under which "double-humped"
ion distributions lead to instability (see figure 6). If the velocity separation
between the humps is fixed and all other parameters exept the temperature
ratio, are kept constant, then we can calculate flux cyrves for a set of
temperature ratios (T{/Te tn this case to be compatible with Stringer) vhich
gradually approaches the {instability linmit

However, we would not expect the second pesk in the flux curves to reach
the same amplitude as the firat, Even if there were no Landau damping the
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slower peak would still be maqre heavily damped as a reslut of free-strenming7).
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The effect of gradually approaching the instability limit is shown in figu-

re 7. The second peak is initi-Hy unobservable, but grows in amplitude
relative L0 the faster peak as Tl.’re decreasss.
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Propagation of Ion-A tic W in a Pl
with a Double-humped Ion Velocity Distribution Function

by
P. Michelsen and L. P. Prahm

Danish Atomic Energy Com
Research Establishment Risd
Roskilde, Denmark

Abstract

It is possible to form a double-humped jon velocity distribution function
in a Q-machine, Under certain cir such a pl is "Landau
unstable”. Propagation of grid-excited, stable and unstable ion-acoustic
waves i8 calculated by solving the one-dimensional linearized Vlasov equa-
tion as a boundary value problem.

Introduction

Great interest 18 taken in plasma instabilities. We shall here present
calculations of micro instabilities cauwed by grid-excited ion-acoustic waves
inapl with a double-humped ion velocity distribution function. Several

k8 on this double-humped instability, also called the two-stream insta-
bility, have been published during the past ten years. Those calculations
have, however, been worked out as initial value problemn“ ’ z). Also mu-
merical computer simulation has been used to investigate the instability in
counter-sireaming ion benm-(s). Attempts to investigate micro-instabili-
ties in experimental equipment for quiescent plasmas, e. §. Q-mackines,
make calculations worked out as boundary value problems desirable. In this
way Welt: ) 190ked ting pulses. Grid-excited ion-acoustic

at pr
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waves will be treated in the following.
Theory

The problem is attacked by assuming a half-infinite, one-dimensiona?,
collision-less plasma string. In this situation the Vlasov-equation for eiec-
trons and ions will give the correct description of the system

_Q_E'%_twy_t)._,_ ; _Lie 0%uLy) aliag(-,Vt)=O
v

X Mmie Ox

where the potential is given by the Poisson equation.

2 +00
P Pint) Cie {4 d
= — . (ave)dy
a x2 [ .M o i )
Le T -
All symbols have their usual meaning. We now use the same procedure as
bed by G. Christoffersen et al. J to determine the Fourier transform
of the density perturbation n(k).
The Vlasov equation is linearized. Assuming quasi-neutrality (except
cluse to the grid), and that the electrons behave like an isothermal fluid, we
get with the time variation e 1 tor an quantities:

- in(u,v)f v —‘Hs:: v - C: T—df;(v) [%2’— FA 5(x)]
C:. = NT@

Applying Fourier transformation we obtain after some ca.lcu.laﬂons(s)

re S!ﬁ!'”
m T Q!
_ 4 gS V""’/Kdv * AC‘S V- “ik dv
n(k)= -L-t? ¥ ”
1 ¢ A dv

-t

=L Hg)
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where fo(v) is the gero-order ion velocity distribution function, and g(v) ie
the perturbed distribution function at the grid. From this expression we
find the phase and amplitude of the density perturbation:

- D
Hs 3
nexy = fi' S nuoe  di
—o

Pole Analysis

Before the inverse Fourier transf tion is di; d, we shall look
at the velocity integrals in the expression for n(k). Assuming a complex
w=w tiw, 4 >0, and rea) k ) 0, the v-integration contour should in ac-
cordance with the theory of Iandau”) pass below the pole vp = f . For real
k (0, the contour should then pass above the pole. Setting w = 0, we then
get the integration contours as shown in fig. 1.

fig-(1)

Y
(-4

b,
k

£,

v-plane _ | v-plane

For this reason we split the inverse Fourier integration up into two contri-
butions:

Lo A eKx 4 N‘ 83
nox)s “'_5,5‘ H(xe dkr 2Tr§7u H, (e dK

where the velocity integrals in H, are taken below and in H_ above the pole
w/k. Thie gives the relation

H(K)= H (k")
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The inverse Fourier integration should be taken along the real k-axis. For
k { 0 the contour is, however, moved through the positive imaginary half
plane and placed just over the positive real k-axis (see fig. 2). The v inte-
grations in H, (k) and H_(k) are now alike, apart from the different direc-
tion arcund the singular point w/k (fig. 1). Substituting v = w/k, we get

'w“'mS [ Hov-H.(n ] exp(i §¥)d

nx)= %E‘VIM‘ H’(v)} dv

1ig.(2)
k-plane

| "’

The change of the K-integration contour can be done without any problems if
H_(k) is analytic in the upper imaginary half plane, Poles can only arise
from zeros in the denominator of H_(k), and this is the same as looking for
zero of the classical dielectric function l(u| k).

For a stable ion distribution function the solutions to ¢ = 0 are the
well-known branches in the Wk plane. Assuming quasi-neutrality the solu-
tions reduce to points with k = 0. A weak unstable plasma with a non-sym-
metric velocity distribution function will have a single zero just above the
real ofk axis: § =¥y + iv, where v; }0. In the complex k plane we get

R /v .
Ke K.+ LK; = ViV, > K, <0

H, (k) will then have a pole in the lower half plane, and H_(k) a pole in the
upper half plane,

Calculations for the stable plasma are described by G. Christoffersen
et al. (“). For the unstable situation we have to add the residue contribution
when changing the K-integration.



- 107 -

nxy: L ?% Im{H,(v)} oxp(i £2)dv+ \'7. &.,{n_w,)}ap(z‘;_:)

vam oo g bty
Sv-mdv + ACe S ey Vv

&l 1- c:_sw—;"‘fr% dv]}

Res{HOv)} = [

y‘yo
. oD

The constant A\ is determined from the requirement that R(o)= S«](v) dvy
o

X' A.."lz

As - qdv
TP aﬂ”
ije%dvf A wSTaWdV

2 [ [i :L/cr dv] gﬂ

where for a stable plasma vre use \2 =0.

Numerical Calculations

Assuming that the lon velocity distribution is a sum of Maxwellian
distributions, we calculated the phase and amplitude for the density propa-
gation of an ion-acoustic wave. The numerical work is done in Algolon a
Borroughs 6700 computer.

Each calculation starts with an iteration to the zero for ¢ with the
largest imaginary part of w/k in the complex w/k plane, and thus it is
determined whether the plasma is stablé or not, If we have two drifting
ion Maxwellian distributions with the same temperature, T, and the elec-
tron temperature is T,, we find the well-known instability area as shown
infig. 3. The difference in the drift velocity is called aV,, and all veloci-
tles are normalized with respect to the ion thermal velocity. For TJ T, =
3.5 the plasma is not unstable caused by the double-humped distribution,
but drift instability between electrons and one ion group can appear at large
drift velocity. This instability is not covered by our system of equations.
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&R

In fig. 4 ie shown the phase and amplitude for two situations with
Te/'l.‘l-l. 5 corr ding to points I and II in fig. 3. The amplitude oscil-
lates heavily for the large AV, but is smooth when AV, is 80 small that
) the ion velocity distribution tends to be single-humped, For Avd = 3, ex-
amples are shown with different T_/T; values,

After a few wavelength the amplitude grows or decays exponentially.
The phase velocity is situated approximately between the two ion groups,
for unstabel zer der digtributi and distributions cloge to the stability
limit (see fig. 5). For heavily damped oscillations the phase velocity is
situated in front of the fastest ion group. Frum the tabel is also seen that
phase velocity and damping or growth rate are well determined from the
highest zero of the dielectric function ¢. The phase mixing is unimportant
after a couple of wave-length.

Experimental investigation of the double-humped instability may be per-
formed on a Q-mechine. A slow ion group can be produced by means of
charge-exchange procenelm or by means of ions with different masses,
Sufficiently high electron temperature can be obtained with RF beating'®),
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In order to determine when the unstabl stop growing, one has

to extend the theory and consider non-linear calculation.

"
2)
3
4)
5)
8)
n
8)

9)

Numerical Exampels Fig 5.
Input Data Calculated Data
ol | %M =re %ﬁ 'y >0
1 15 | 48 £22+i038 | +21 | o210 | 420
1 a8 | &5 | a5 § 2msi0m | 432 e
m 30 s 250 2.50 +i 0.00t +&00 2%
N . s viows | 38 | 38 | 2
v " L1 - sinm | 18 19 | 284
v - 0o “ +i03 | 10 10 | 2%
v - 20 | - sioses | o6 | o6 | 26
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Two Ion Beam Instabiiity in a Q-Machine
with Inhomogeneous B-Field

by
D.R. Baker, C. Bartoli and N. Bitter

European Space Research Institute (ESRIN)
C.P. 6%, 00044 Frascati (Rome), Italy

Abstract

The enbanceaent of thermal noise and the growth of excited
ion acoustic waves is studied in the presence of a two beam
plasma with a high temperature ratio. The two ion beams are
created in a single-ended Q-machine with a localized neutral
Cs cloud similar to the method described by Andersen et al.l).
The electrons are heated by 50 to 100 milliwatts of a y-wave
power at the upper-hybrid resonance. An inhomogeneous field
(inverse maguetic mirror or nozzle) is used to transfar the
perpendicular energy of the eslectrons into parallel energy.
In this configuration it is possible to obtain a temperature
ratio (T./Ti) between 3 and 10, and a ratio of beam velocity
to ion thermal velocity of between 1.5 and 3.0 with various
ratios of density hetween the two beams.

. Introduction

Us report the observation of a two ion beam instability in
a Cs plasma with 'l'./‘l'i > 1. The unstable wvaves are the ion
scoustic waves travelling parallel to the beam velocity. This is
cosmonly called the ion-ion or i-i instability. This instadility
has bdesen investigated by numerous luthorlz-s). This instability
is of current interest bescause of its possible role in the forma-
tion of collisionle ¥=7), We have measursd
the region in paraseter space (buas velocity, 'l'.. Ti’ 'l’b. stc,)
in which the instability occurs by observiang the enhancement of

slesctrostatic ehocks
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thermal noise and by measuring the growth or damping of excited
ion acoustic waves. The ion distribution function was measured

on a retarding potential energy analylcrl'a‘S).

Experimental Arrangement

The experiment was performed in a modified single-ended
Q-wachine. A schematic of the experiment is shown in Fig. 1. The
two ion beams are created in a manner simiiar to that used by
Andersen et ul.l). The fast ions are created by surface ioniza-
tion on the 3 cm diameter tantalum hot plate and accelerated in-
to the plasma hy the hot rlate !heathl'g). The slow ions are
created by a neutral Cs cloud localized in a copper tube which
is located 20 cm downstream from the hot plate. These neutrals
are ionized in part by a microwave discharge at the upper-hybrid
resonance and in part by charge exchange witbh the fast ions. The
microwave is fed into the copper tube which acts as a quasi-
-cavity. This creates two ion beams with temperatures of about
0.1 eV with a difference in drift velocity of about 1.5 a,; to
3.0 a; (a; = /2 kT/m;). The electrons created by the hot plate
at a temperature of about 0.2 eV are too cold for the plasma to
be unstable. The microwaves are used to heat the electrons suf-
ficlently to obtain an unstable conditiom.

The microwave gives the electrons energy in the perpendicu-
lar direction. At the ion densities used in this experiment
(n; % 102 ana ny % 1011) the electron mean free path 1is ex-
tremely long and the perpendicular energy is not transferred
into a parallel temperature by collisions. An inhomogeneocus
B-field which acts like a reverse magnetic mirrer i{s used to
tranefer the perpendicular energy into parallel energy. The
naximun field gradient is at the microwave position and serves
to stabilize the resonance position.

Using this technique it 1s possible to obtaip parallel elec-
tron "temperatures" of between 0.3 eV and 1.0 eV near the dis-
charge position. The inhomogeneous B-field means that the paral-
lel electron temperature increases down the column until the re-
glon of homogeneous field is reached. This leads to some dif-
ficulty in tbe comparison of the data with tbeory. Thie is al-

leviated to some extent by measuring the plasma parameters closs
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to the discharge region in the area where the instability should
be initlated.

The copper tube which contains the discharge region has
coarse grids (spacing >> kde and < rci) on either end to help
contain the microwave. The downstream grid is also used to ex-
cite ion waves by biasing it negatively and applying a voltage

pulse or sine vavnlo).

Summary of Theory
Since the theory related to this two ion instability has been
treated in detail elsevhere only a brief summary will be given
here. If we assume that the electrons are at rest with respect
to the slovw ions the dispersion relation can be written, uising

the notation of Fried and Honga). as

2k2/k§ = z'(u) + na?z'{aCu-v}] + (n+l)T Z'(u aj/ag)

T S ez ada :mcoaia
where u = ka; 3y lsz/mi i e=ag/a ;o "blni ;

v= Vd/ai ; T = Tilr. and we have assumed o, = P; to.

The subscript 1 refers to the slow ions or plasma ions and the
subscript h refers to the fast ions or beam ions. Z'(u) is the

plasma dispersion functionll)

. This dispersion relation was ana-
lyzed to find the limit of marginal stability using both the
12) | potn

methods gave the same results. The marginal stability curves are

method of Fried and Hongs) and the method of Penrose

shown in Fig. 2 for various valves of T and n, for comparison
with the experimental data.

It is also of interest to determine the growth rates as a
funetion of frequency and the plasma parameters. This was done
by Stringerz) for the case of colliding plasmas in the limit of
small grouwth rates and can simply be modified for the case we
are considering of an fon beam passing through a plasma. Typical
results are shown in Fig, 3. 1t is difficult to make a direct
comparison of the theoretical growth rates and the sxperimental
data because of the dependence of plasma parameters on position.
Howaver, it is useful for a qualitative explanation of some of
the exparimental resulta.
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Experimental Results

The determination .of whether the plasma is stable or not can
be made either by observing the growth of the thermal noise or
the growth of an excited wave as a function of position. It was
most convenient to observe the behaviour of an excited pulse with
a width % -.z- . (Excited pulse is shown in Fig. s.i When the
Pulse ilplit:d. grew larger as ' a function of position the plasma
was classified as unstable. When the pulse amplitude became
ssaller or stayed the szame the plasma was classified as antable.
The results are shown in Fig. 2 and compared with theory. Tbe
plasma parameters (T.. Ti' Tb' Bys Byo etc.) were measured at a
point & cm from the discharge region and excitation grid. This
point was chosen because it is far enough away from the discharge
region so that the energy analyzer does not affect the discharge
but close enough mo that the growing waves are detectable but
not large enough to effect the zero order distribution.

The ion distribution shown in figure 4 was measured with a
typical retarding potential energy analyzer with diameter of 2 ecm
and a2 grid mesh of 200/cm. The resolution of the analyzer was
measured using the method of Andersen et 51.1) and found to be
approximately 0.1 eV. Thia width of resolution is about the same
as the width in measured voltage of the slow or plasma jions (the
bean ions have a much larger width because of their high drift
velocity). This means we must make a correction to the measured
temperature of the slow or plasma ions by using a resclution
function ~f finite width in the expression for the distribution
function measured by the anuly:orl’g .

-
£, (vn)clo v £(v) ((v-v*/v']dv

where f. is the measured distribution funetion. YR is the veloci-
ty corresponding to the retarding voltage. Ve is the spread in

velocity correaponding to the resolution. The resolution function
R would have a shape similar to a gaussian.

Since it is difficult to measure l[(v-vyv']dir.ctly we have
assumed it to be a gsussian of the form
‘(v-v)lv.lz 1/v, exp - (v-vn)zlvz.2 \
If £(v) is of the form exp - ("'n) /'1 and we set v = fa,, we
can find an approximate expression for the actual temperature
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Ty in terms of the measured temperature T‘, Ti X T‘/(l*ﬁz). Our
determination of the analyzer resolution gives & X 1, and thus

Ty & r_/z. This is the value of T; used in the determination of
the plasma parameters.

The ion and beam temperatures are determined from the measured
distribution function by the following Pelationg).

T=m/2 I(vl-vz)/ﬂ2

where vy v and f(vl) = f('Q) = f /e.

2 max'

This effective temperature is equal to the actual temperature
if the beams are drifting maxwelllans. It is seen that within the
range of possible variation of experimental parameters there is

relatively good agreement between observation and theory.

An example of a growing excited pulse is shown in Fig. 5.
The oscilligram shows the time response of the plasma to tha ex-~
cited pulse and various positions downstream. The velocity of
the growing pulse is less than the drift velocity of the beam
and lies on the plasma ion side of the minimum in the distribu-
tion. The velocity of the damped pulse is greater tham the drift
velocity of the beam. An interesting feature of the growing pulse
ig that near exciting grid the pulse has about the same width as
the exciting pulse, but as the pulse grows it tends to become
broader then finally damps. This behaviour is confirmed in ob-
servation of excited CW sine waves and the background noise. The
higher frequepcies grow up faster saturate, and damp sooner than
the lower frequencies, This behaviour can be explained qualita-
tively by the theoretical rssults for the growth rates shown in
Fig. 3. |k;| increases with kp until maximum is reached then
|k1| falls rapidly to gero. The valve of kk corresponding to
|k1|laz depends on the plasma parametere. As the two ion specles
move along the column they heat up and the maximum value of kp
for vhich growth occurs would decrease as one proceads down the
colusn bearing out the experimental results.

0f current interest is the quasi-linear interaction of the
unstable waves on the zero-order distribution. This should cause
the minimum of the ion distribution to fill in. We do indeed ob-~
serve a filling-in,which is faster than sbould be accounted for
by collisions and also is a bit faster in the presence of the
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instability than without but we are not able to atribute this

to a quasi-linear effect. This is in part due to the fact that
the instability depends on the presence of tbe p~wave dis-
charge and the discharge in turn depends slightly on the posi-
tion of the energy analyzser which is one boundary of the plasma.
This combined with the fact that there are longitudinal inhomo-
genities in the magnetic field and radial inhomogenities in the
plasma potential makes it difficult to verify these second order
effects.

We would like to acknowledge interesting discussions with
Dr. N. D'Angelo and Dr. K. Lackner, the help of Dr. M. lanuzzi
with the u-wave, help of J.J. Belliardo and G. Farina in the
construction of the energy analyzers and operation of the
Q-machine. '
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Ion Heating Caused by Ion Acoustic Waves

in an Ion-Streaming Plasma

T. Honzawa and Y., Kawai
Institute of Plasma Physica, Nagoya University

Nagoya, 'Japan

Abstract
It is experimentally shown that ion heating occurs
because of ion acoustic waves driven by streaming electrons
in an ion-streaming plasma characterized by T e/'l‘ 1S 1. The
excitation of the waves and the mechanism of ion heating in

auch a plasma are also discussed,

Introduction

Many theoretical and experimental studiesl) have been
carried out on excitation and damping of ion acoustic waves
in plasmas so far., These results have shown that the ion-
component plays an important role in the damping of the waves,
in particular, in plasmas characterized by Tiz'rez) . However,
there have been enly a few works to measure direotly the
energy absorption by ions from ica acoustic waves in a labo-
ratory plams) .

Here we will report the results of our experiment show-

ing that ion acoustic waves are driven by streaming electrons
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and damped by streaming ions in an ion-streaming plasma
characterized by T2 Tor which results in ion heating be-
cause of some pon-linearities.
Apparatus
A view of the experimental apparatus is shown in Fig.l.

A plasma source is of back-diffusion typa.-s’

» which con-

gists of an array of pipelike oxide-coated cathodes (K), two

sheets of grids (Gl and Gz) and a metallic plate (A). In

operation K and A are grounded and Gl and Gz are kept at a

positive potential Vpr SO that electrons emitted from K

are accelerated between K and Gy and ionigze residual gaseous

atoms or molecﬁlea in the

region between 6 and G, to

produce a plasma. A part of

ions in the plasma are accel- energy plasmo
analyzer source

erated between K and Gl
and gain a kinetic energy of
o l’

P &P LYy
ev, to form an ion-beam, %:” i §§ l
which is neutralized by ther- i 3_£.
Gp K@, GgA
mal electrons from K, Thus
we obtain an ion-streaming
plasma, which includes an
ion-beam with a controllable Fig.1, Experimental setup.
energy W; = ev,.
In most cases argon gas was used at a pressure from 2

to 8 x 10" torr. Under these conditions the densities of

plasmas thus obtained were of the order of a few times 107an'3,



- 121 -

and the electron~ mnd ion-temperatures were about 0.2 and
0.5 eV respectively. Therefore these plasmas are charac~
terized by 1,2 T.” .

The drift of electrons in such a plasma was excited by
an electric field externally given between K and Go (a posi-
tively- blased grid). So we could externmally control the elec-
tron drift velocity in plasma rather easily.

Measurements of plasma parameters were made using a cy-
lindrical probe (Pl), a plane probe (Po) and a Paraday cup.

Po being rotative about its axis has only a sensitive surface.
The estimations of T e and N vere made from the characteristic
curve of P, facing downetream. The increment (AI = -Nevy) of
electron-saturation-current due to the drift motion of elec-
trons was measured with Py facing upetream. The energy distri-
bution of ions was measured with the Paraday cup. From the
distribution we could estimate Ti asgsuming that the distribu-
tion was drift-Maxwellian.

Por observation of ion acoustic waves Py or Pl was used
as a receiver, the signals from which were led to a Panoramic
frequency analyzer or an oscilloscope.

Experimental Rosults
Drift of Blestroms: As mentioned earlier, the drift of elec-
trons arised from an electric field externally given by app-
lying a positive potential VG to Gy. Consaequently it was easy
to contreol the electron drift velocity Vgae The result obtain~
ed indicates that va is roughly proportional to V..

G
Ion Acoustio Wavess When A/ is settled at a proper value,
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jon acoustic waves with many harmonicz as shown in Pig.2 can
be excited. The waves are of standing wave mode. From the de-
pendence of the frequencies of the waves on the kinetic ener-
gy of an ion-beam included in plasma, the phase velocity of
the waves in the laboratory frame was found to be nearly

equal to the ion-beam velocity vy This fact enables us to
estimate the wavelengths of ion-waves.

The relation between the amplitudes of ion-waves and A/
was carefully studied. The result obtained is illustrated in
Fig.3, which indicates that there exists an optimum range
in va for the excitation of the waves. Observations of ion-
waves on an oscilloscope and analyses of their frequency
spectrum make it possible to estimate the fluctuating ion-
density ﬁn for the n-th harmonic. il for the fundamental wave
is of the order of
9 x 10° cm'a, so that
ﬁl/ue = 4%, whereas
Nzlue = 0.6%, etc.

Ion-waves as
described above were
observed only in the
region between K and

Gge Mo signals were

received in the re-
gion between Gy and
G, and on the down- Fig,2. Photograph of the frequency
stream side beyond Go spectzum of ion-waves,
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(except in the vicinity of Go) « When the potential of Go was

pulsively modulated, it was found that ion-waves were observ-
able only in the phase, when the drift of electrons was ex-

cited,

Ion Temperature: In an ion-
streaming plasma, where Teni
< 1, it is theoretically ex-
pected that ion-w-ves are
strongly Landau-damped due to
ionlz). In order to study the
energy absorption by ions

from the ion-waves, we made
energy analyses of ions by
means of a Faraday cup. From
the decaying slope with in-
creasing energy of the energy
distribution of ions we could
estimate 1'1 assuming that the
distribution was Maxwellian.
The value of T; was obtained
as a function of Vg OF V4o
The comparison of Ty and the
amplitudes of thea waves cor-
responding to various values
of vq tells us that there is
a good correlation between
these quantities as seen in

FPig.4.

fivatuaiing ‘."a"’ % {arb unit)

L m
Yo (V)

Fig.3. Relation between the mapli-
tudes of the waves and Ve-

5
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g

lon lempeveiure (e V)
a

I[lﬂ

L ® 0 0 ® % 0w PO 0
ongliteis of ins maee {fundunanind) orbonit}

Fig.4. Correlation between 1" and

the mplitude of the fundmental

ion-wave,
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Discussions

Ezaitation of Ion Acoustie Wavee: Here we will show that the
system of interest becomes possibly unstable against ion
acoustic instab'lity regardless of Tiz'l‘e, if Va has a proper
value, and estimate an optimum range in Va for the excitation
of ion acoustic waves.

The srowth rate n of the instability is deduced from
the linear theory ae long as the amplitudes of the waves are
infinitesmally small. For this calculation we use the one-~
dimensional Boltzman and Poisson equations, where a finite
value of T (z 'l'e), the drifts of electrons and ions and ion-
neutral collisions are taken into consideration. These equa-
tione are soclved under such an assumption ag the absolute
value of the imaginary part of u; (=0 - kvj = Ej + in), which
means the Doppler-shifted frequency of the wave with respect
to j-specles {= e, i), is much smaller than that of the real
part, that is |€j| >> |n}. The solution for n is represented

as the following forms) .

2

"= Ti‘(“){%[a%fo(“”u% -y * rzé'%'ﬁ"'o‘“”u{ -vi}- 3.
where fo {u) and Po(u) are the zeroth order velocity distri-
bution functions of electrons and ions respectively, m and

M electronic and ionic masses, .zi the charge number of ioms,
v the ion-neutral collision frequency and K(v}) a positive
factor of about 106 common to the first two terms in eq.(l).
Supposing that both fo (u) and F, (u) are Maxwellian, the con-
dition, under which the system is unstable, can be obtained
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by putting n > 0 in eq.{(l). BEere we put k > 0. From this in-
equality we can estimate the optimum range in Va for the
excitation of ion-waves in a graphical method, In the case

that v; = 2,2 x 10° cw/s (W, = 100 &v (AX)), T, = 0.2 eV, T
4

i

= 0.5 6V, 3, =1and v =2 x 80 kHz {p=17x10" torr),

Vi+0.3a<vd<vi+1.2a, {2)

where a is the thermal velocity of electrons. The range of
vy given in (2) roughly agrees with the experimental result.
Congequently it is concluded that streaming electrons can
excite the ion acoustic waves regardless of Te/T.i <1, if
their effect to make the ion acoustic instability grow over-
comes the Landau damping by ions and other types of dampings,
for example, the damping due to ion-neutral collisions.
Mechanism of Ion Heating: It is explained that the increase
of '1'.1 obgerved in this experiment comes from two types of
randomization (the so-called Landau damping by ions and ion-
neutral collisions) of the energies of ion-waves.

The coherently varying energy of an ion in the n-~th
harmonic wave ﬁn is estimated as

A=, @) = (208, + TOWO MR ), )

n 1*"i'n e 171 n’ “e
where V-i and vy are the zeroth order energy and velocity of
the ion in the laboratory frame respectively and (;i)n and
ﬁ'n mean the fluctuatinyg quantities for the n-th harmonic,
In the present case, where wi = 100 eV, 'l'e = 0,2 eV, Ti =
0.5 aV and alme =~ 0,045, al is of the order of 0.6 eV, This
value is comparable to the incremants of Ti meagured in

our experiment,
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The rates of energy abs&ptim by ions from the waves
for the two processes mentioned above can be gquantitatively
estimated, For the Landau damping the damping rate of the
waves divided by the freguency, that is, |2“':’“;|Ld is cal-
culated to be about 0.36 under our experimental cond.i.f:ion-” .
On the other hand, the damping rate of the waves due to ion-
neutral collisions, IZnu;/m:I collr i8 estimated to be about
0.493) . The comparison of these quantities shows that the
ion-neutral collisions are a little more effective to the
damping of the waves than the Landau damping by ions. How-
ever, it is considered that the Landau damping has a little
larger effect on the heating of ions, because ifons can gain on
the average only a half of the coherent emergies through col-
lisions with neutrals.

Conclusion

Here we could cbserve the incr of 'l‘i d by ion
acoustic waves in an ion-streaming plasma. The waves were ex-
cited by streaming electrons, whose drift velocity Vq Was ex-
ternally controlled. It was found that there existed an opti-
mum range in Ya for the excitation of the waves. The onset
of the ion acoustic inetability is well interpreted by means
of the linear theory. Further it was found that there was a
good correlation between T 1 and the amplitudes of the waves,
The incremasnts of T, were of the same order as the wave ener-
gies. These facts lead us to conclude that the heating of
ions observed here occurs through some randomizations of the
wave energies. Two types of randomizing processes seem to be
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possible; one of them is the Landau damping and the other

is ion-neutral collisions.

1

p=

2)
3)

L)}

5

6)

k)

8)
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ABSTRACT

¥We report the results of a preliminary study of a new technique
for generating ion acoustic waves in a simple, predictable, and controlled
manner with very emall voltage perturbation to the plasma in the excitation
region. Experimentally, this technique uses a tenuous modulated beam of
energetic electrons to produce in tha plasma a small volume in which the ion
density ie pericdically increased sbove the equilibrium plasma density at
the modulation frequency of the beam. Theoretically, using a model which
assumes negligible perturbation to the particle velocities but which intro-
duces a production {or loss - by grid collection, for example) term in the
Vlasov equation, we have compared ths excitation properties of the modulated
beam with those of a grid. In good agreement with experimental observations,
the amplitude of the perturbed electron current to a small probe, far example
is predicted to be almoet independent of frequency (far f << f ) for the
beom excitation but to decrease linesrly with frequency for gr d excitation.
Alpo in gocd agreement. with theory, thm beam excitation is found to produce
negligible direct coupling in comparison with that produced by grid excita-
tion.

1. INTRODUCTION

Erid excitation of ion ecoustic wave has received a great deal of
interest, both theoretically and expsrimentally, in many laboratories (1).
But ae far as we know, all theoreticasl modelr use purely transparent grids
whereas experiments uge real grids which collect particles, This collection
sffect can be important in eome experimente, particularly in single-ended
Q machines where the density of the plasma flowing through the grid is
known to bs sirongly dependant on the grid voltage. Thersfors s complste
trestment nseds to include not only velocity perturbations around the grid,
but also collection of particlea.

In order to understand the properties resulting from this collsc-
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tion {(or production) of particles, we study here an excitation in which the
velocity perturbation is negligeable with respect to the change in the
number of particles. We have produced such an excitation uming s modulated
electron beam in a weekly ionized plasma. The beam produces periodically an
additionnal ionization of the neutral gas in a thin slab defined by the

beam shape, with no important perturbation to the velocity distributions.

I, IHERY

Model of excitation via s modulated electron beam.

If wa introduce a very tenuous modulated electron beam in a fully
ionized plasma, we will produce a weak excitation of ion acoustic waves
which can be described by the theory used for wave excitation by a purely
transparent grid. But if we introduce the electron beam in a weakly ionized
plasma, the electron beem can produce an additionnal ionization of the
neutra) gas. In this case, the perturbation of particle velocities dus to the
electron beam can be neglected with respect to the production of new parti-
cles in the plesma.

In previcus theoretical modes (1), the Vlasov and Poisson equatiors
are used, In these models it is assumed that the number of particles is cons-
tant and an external charge isintroduced through Poisson's equation.

We present here a model using the Vliasov equations, but with source
terms added, and the Poisson equation without external charge. It can be
shown that this model reduces to the above models if we make a proper choice
of the source term, In addition, however, this model can also describe the
effects of collection or creation of particles.

In our model, we obtain for each particle specie s, after lineari-

eation :

s + v ¥is + 38 ¢ Mos I 9 (v) 8{x)e

at x ng LY

- impt

’ (1)

where the term on the right hand side has the dimensione of wf where v =

v (x} g.(v) ie the production (o collection) term which will be sssumed
later to be proportionmal to fo(v). Qur use of the absolute velus of v allows
us to assums two boundary conditions : f, = o for {v> 0, x = - ®) and for
(v<o, x=+a)

The Fouriex-Lsplace transform of (1) gives
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f1 (v,k,0) = - o8 - (2)
s my dv < kv (memy) (mokv) °
and Poieson ‘s squation becomes : .
E (k,m) =i E (kym) n/ to-w ) , 3)

where LA f g (v) dv is the neutralized density perturbation in the excita-

tion for both electrons and ions, and
- q, 5, {7k} +q. 5, (mk)
£ (k) = e o 14 (4)

2 Elk,m)

Sa(m,k) being the Hilbert transform of the source term

o
S k) =de T 8 W VT
n1 \l—-r

and €{k,m) the dielectric constant.
Solving the grid excitation problem by the classical madcl we
find :

Flew) = 0 s)

ik€ Elk,m

In Eq. 4, the Fourier transform plk) of Egq. 5 becomes k. ! Ea
Qg SB(u,k). In this expression, for most source ierms, the factor 1/k is
the mein difference betueen the two models. It will be responsibls for the
particular variations of all the macroscopic quantities (electric field,
density, current, etc...) as functions of the frequency, We will show that
electron beem excitation will produce at ltw frequencies an amplstude varia-
tione of the ion acowetic wave roughly indsfandant of the frequency, whereas
grid excitation produces # wrve amplitude proportionnal to the freguency.
Using the expression for E {k,m)} giver in Eq. 4, we can now calcu-

1ate f1(v,k,m) in Eq. 2 3 (6)

Mo £ (k) vl g, v )

fyglvik,m) = ny {q—a—- .. NP ——
e m, v (B M mkv)  nglmomc) {okv)

s
It is necessary to use care in the ‘inversion of Eq.E because | v/ can intro-
duce for 5 (w,k) @ branch cut in the ® plens. It turms out, however, that
such 8 branch cut will produce & contribution only in ths transient eign-1.
To be able to compere with sxperimental reesults, we calculate the perturba-

ticn of the slectron current jg, collected on e small probe, for brth elec-
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tron-beam and grid sxcitation @
3y (v,k,m) = qq f'f‘1= (v,k,®) v dv. m

After Laplace and Fourier inversions, we obtain for electron-besm ex-
citation, using Eq. 6 and for x > o, for instance {(in the Gould notatioss
mls

. 1 e '™ (s, - 5.) iu

i, (xyv,t) @ A e i . e dn+ r-g (vivemp— dv, (8)
el zﬂ'r: ©emt »® v

whers A

ig ind dant of the f y, and the integral is varying only slowly

i q
with frequency, when f << fpi' To show the weak dependance of the integral

on frequsncy, we can writs the dencminator f2€ as :

™ & a TR _ [z ¥ -2 T—l 1 ,whare # T is negligible with res-
pect to the bracket in the lm—fruqulﬁcy range. Therefore the denominator in
the integral is independant of frequency.

In the monopolar grid excitaticn, the corresponding slectron l:u.:rrent

perturbation is found to be :

o a w itz dN
ite Govit) a[-2 12 % fo 1, 1 7 e . oo
T, = [ 2n e

e ® dl
The amplitude is now seen to be praportionnal to the applied frequen-
cy Dn, the integral still varying only slowly with f whan f << fpi.
Some other propertiee of the elctron beam excitation tan be pointed
out : - 1 ~ The excitation can be easily linear, which is not true for grid
- sxcitation due to the large negative d.c. voltage generally applied on the
grid 3 - 2 - There is no direct coupled signal due to the fact that charge
neutrality is coneerved in the excitation region ; - 3 - Both wave and free

streeming contributions present & non vanishing behavior at low frequencies.

‘An additionnal, but weak, f: ing term dus to diffusion of

the edditionnel particles produced in the excitation.

II1. EXPERIMENT.

¥Ws have mede acme preliminary experiments of excitation of ion acous-
tic wave usihg & modulatsd mlectron bsam in a clessicel xenon diffusion
plesss (2), The plasms density is 10° -‘5 x 1g'=m's and the slsctron tempe
rsture a few eV. The peutral ges is 10" - 10 Torr,
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The Electron beam generator is shown
in Fiq. 1. Electrons smittad from the
hot negatively biased filament are mo-
dulated by a time varying potentiel

on the grid and collimated into a thin

sleb. This results in a nmarly monoe-
nargetic density modulated bsam pas-

ging through a small volume of the

Fig . 1 . Electron besm device

plasmes, terminated by the collector.
The exact shape of the bram in the plasma ie sensitive to such parameters as
gas pressure, beam voltsge, grid voltage, collimator voltage and filament
tewmperature.

That the method of excitation ie via ionization is verified hy cbser-
ving that : = 1 - no wave is detected when the beam energy is less than the
ionizetion energy of the gae 3 and - 2 - for beam energies higher thap the
ionizetion energy, the amplitude of the detected signal ie ohserved to have
approximately the eame energy dependance as the ionization croes-section.
Classical time-of-flight measurements suggest thet, indeed, only ion acousti
wavee are being generated. From a knowledge of the characterietice of the
beam and the ionization croes section, we can celculate in rcasonasble agree-
ment with observation,- the amplitude of the generated wave. In high density
plaswmas, excitation at frequencies greater than 100 kHz hava been poeeible
with no detectable direct-coupled signel.

To check tha theoretical predictions, we have mede a preliminary sx-
perimentel comparison of the sxcitation propertiee of electron besm and grid
excitation ae a function of frequency in the seme plasms. A grid having 85%
geometricel transparency and a grid epacing comparable to the electron Debye
lenght was used, Figurss 2 and 3 show the results of thie study for conti-

nuous wave excitation,
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an freq y than does the beam, mspecially at the lower frequencies
Also near the excitation region, there is obeserved to be a strong direct cou-
‘pled signal in the case of the grid, wherees no such signal is seen for the

beam excitation.
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Extrapolated smplitude to zero distance versue the frequency

In figures 4 and 5 we show ths dependence of the extrapolated (to zero distsn-
cs) wave amplitude es a function of frequency. In the case of the
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baam excitation, Fig. 4, correction has been made to include an observed de-
pendance of the baam intensity on frequency. For the cese of the grid excite-
tion, due to the strong direct coupled signal nmar the grid, the extrapola-
tion had to be based on the smuoth amplitude variation observed somewhat away
from the grid region. In good agreement with the prediction of the abave
theory, the amplitude of the excited wave gansrated by the grid is aeen to
decrease strongly with frequency at low frequencies. Also gqualitatively in

agreement with theory, the amplituds d on freq y for waves gene-

rated by the modulated slectron beam is seen to be much weaker at the lower
frequencies, Thus qualitatively, the two generation mechanisms are quite
different, both experimentally and theoretically, It is found experimentally
that in beam excitation the sigpal is less distorted than in case of grid
excitation, This sffect can beconsidered ss an additionnal evidence of the

dependance of wave amplitude on frequency in the case of grid excitatian,

IV, SUMMARY AND DISCUSSION

We have made a preliminary study, both theoretical and experimental,
of a new method of ion scoustic wave excitation and have compared the results
with the excitation properties of a grid, Two marked differenceas between the
two methode have been found, The firet is that at low fregusncies, the ampli-
tude of & wave generated by the electron beam has only a weak dependence on
frequency, wharsas the wave emplitude for grid sxcitation exhibite a atrong

ic on f Vs ing linearly toward zero with

decreasing frequency (a multigrid excitation would be expected to exhibit
an even stronger dependasnce on frequency). The ezcond difference is that the
grid excitation lxhi!{itu strong direct coupling in and near the sxcitation
ragion, wharmas the beam mxcitation exhibits no detectabla direct coupling.
Although our theoretical model treate explicitly here the case where
the plasms density in the excitation region periodically incresses, theory
also applies to the opposite case where the density im psriodically decreaged
dus to ths perticles collection, esuch se occurs very strongly for example,
for grid excitation in a single ended Q machine. Since this new technique of
waves excitation produces in all respects very small perturbations, it sseme
that the linesr theory is completely adequate for giving a realistic descrip~
tion of ths excitation process, as opposed to the case of grid excitation

where non linsar effecte must be taken into account,
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lon-Acoustic Collisionless Shocks in a Q~Hachine*
by

V. Vanek and T.C. Marshall
Columbia University, New York, N.Y, 10027

Abstract

lon-acoustic shocks have been observed in a single ended
Q-device, operating at low plasma density, subsequent to micro-
wave heating of the electrons. The microwave source, tuned to
electron gyroresonance, can increase the electron/ion temperature
ratjo to ~13 without fonization. The shock is produced by
electrically gating a fine-mesh grid inmersed in the plasma; the
initial downstream/upstream density ratio is ~7, A step-disconti-
nuity in density is observed first to broaden, and then to steepen
into a shock having Mach number ~1.5 (referred to the ion-acoustic
wave speed of the unperturbed plasma), The shock width is less
than 10% of the lon-ion collisional mean free path, No shock is
formed for I<Te/T' €5, as theory predicts. The experimental
results can be correlated with ion-acoustic shock numerical
simulations,

Text

We report an experimental study of the development of an
ion-acoustic collisionless shock generated by an initial density
discontinuity in the plasme of a single-ended Q-machine, The
shock was prepared first by greatly Increasing the temperature of
the electrons in the Q-machine using a microwave source tuned
near the electron gyroresonance frequency; subsequently, a fine-
meshed grid was opened electrically to permit the plasie to
expand along the magnetic field lines into a region where the
background piasma density was much lower (by a factor of seven).
Previous experimental work' has described ion-acoustic shocks
produced by accelerating one plasma into ancther, where rather
small density discontinuities were produced,

Theories of collisionless shocks have been developed by
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Moiseev and Sagdeevz; numerical simulations have been carried out
by Sakanaka et ala. Our experimental work has been guided by the
latter study, which uses the one-dimensional Vlasov-Poisson
equations, lon=acoustlc shocks occur when the electron/lon
temperature ratio is re/ri »5; they are characterized by a rather
low Mach number, 1€M<€ 1.5, which is sensitive to the size of the
density-step causing the shock (the Mach number is the ratio of
the shock speed to the ion-acoustic wave speed, [(Te+3Ti)IMi] in
the unperturbed plasma). In Fig. 1, we show a numerical simula=-
tion of a one-dimensional shock produced from a density-step of
7. Te/Ti = 13 (these are the approximate conditions of our
experiment). We note that the expansion wave which follows the
shock is not obvious in the ion flux calculations; we display the
ion flux because our detector measures ion flux, not density.
However, the actual location of the shock does not depend upon
our measuring n; or I,

The plasma was generated in a conventional single-ended
Q-machine (Fig. 2a); the plasma density, determined by a double-
probe, was € 10 cm'3 . The plasma is about 3 cm in diameter and
60 cm long, and is immersed in a uni form magnetic field
(Inhomogeneity = 1%) of ~3000 G. Under our operating conditions,
plasme flows eway from the hot ionizer™ with T; ~2250°K and a
drift speed ~8 x 10 cm/sec,

when the shock is to be generated by electrically gating the
grid, a 500 usec pulse of microwave power is injected into the
stainless steel vacuum chamber of the machine, for purposes of
gyroresonant electron heating., The power level could be Increased
up to 200w, The microwaves are not coupled tightly to the
plasma column; this avolds the problem of ionization at points of
high microwave field strength, Heat is transported rapidly in
the electron gas compared with the jon motion but the jons should
remain at essentially the ionizer temperature due to the very
long electron-ion equilibration time. The electron temperature
was determined by measuring the wave speed of a low amplitude
fon~acoustic wave pulse (duration, 20 usec) transmitted between
two grids In the machine, The maximum electron temperature
achieved In the machine without ionization was ~2.7 ey, which is
approximately the same as reported fn a similar microwave
experlments. :
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The spatial density discontinuity is maintained using a fine
mesh grid (40 x40 wires/cm; open area = 80X) immersed in the
plasma and biased at ~10 volts. At t = 0, the grid bias is
changed to ~=3 volts, where the grid transmits =80% of the
upstream plasma density; subsequently, the grid is very near the
plasma potential and no electric fields occur between the wires
and the plasma , This is the type of initial condition considered
by the theory’. The grid is basically a shutter-mechanism, and
it was not possible to change the initial ratio of upstream-to-
downstream density very much (noln_ = 7).

The evolution of the density discontinuity is shown in
Fig. 2b where the signal is the ion current collected by a
moveable, cold, flat, negatively biased (-20v) plate terminating
the plasma column, The signal is proportional to the flux of ions
(I‘i) moving parallel to the magnetic field at that point. The
density step at first spreads, and then the leading part of the
density rise steepens and forms a shock, This evolution is
expected theoretically, and the shock ultimately formed by either
a density ramp or step is the salres. In the particular case of
Fig. 2b, we note that the qualltative features of the signal
appear similar to those of Fig, 1 for ri, and the measured Mach
number of 1.5 is in good agreement with the calculated value of
1.35. The shock maintains its profile unchanged for as much as
20 cm distance from the grid,

It is also clear that the waves which follow an ion-acoustic
shock for a small density ste|:ol do not occur here, as theory
predictss. increasing the plasma density causes the shock to
disappear completely for n~10''ecm 2, and there is evidence that
the shock will not form when the background cesium vapor pressure
in the machine is high, possibly due to charge exchange collisions.
The shock thickness is ~] cm which, although somewhat larger than
expected theoretically (~3mm), is still very thin compared with
the ion-ion collisional mean free path (~10 cm at n~10'°cm'3);
pricr work’ on shock waves in Q-devices has examined the
collision-dominated case, Such experimental complications as the
magnetic fleld, electrode effects, and the finite radial extent
of the plasma, are not in the theory and may influence the
comparison of certain detalls of the shock.

In Fig, 3 we show how the microwave heating affects the
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evolution of the density discontinuity., The case corresponding
to no heating (Te/Ti" 1) corresponds to a self-similar expansion
of the plasma in which the ion free streaming is only slightly
perturbed by the electron pressure gradient . As the electron
temperature increases, the plasma front accelerates and steepens,
but there is no shock even at Te/Ti-S. For T./T; = 10 and 13,
the wave forms a shock having M> 1, These results are also in
good agreement with the theoretical predictions‘,’.
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Figure Captions

Fig. 1 Numerical simulation of a collisionless ion-acoustic
shock using the method of ref. 3; Te/Ti = 13; noln. = 7; time

in units of. " (w,; = ion plasma frequency); distance in units
of the ion Debye distance; the initial density step has a small
ramp to avoid extremely high field values., The initial ion
kinetics are described by a drifted Maxwellian having drift
speed equal to twice the ion thermal speed; the electrons are
isothermal, The computed Mach number here is 1.35.

Fig. 2a Schematic of the Q-machine

2b Formation of the shock, time measured from opening of
the grid and gating of microwave signal, Te/Ti = 13; the Mach
nunber of the shock is «l.5.

Fig. 3 1on flux signal vs. time and microwave- heating at

x = 10cm from the grid, Curve (1): no microwave heating,
Te/T; = 1 (2) 20w, T /T; = 2; (3) WOw, T /T; = 5.5; (k) BOw,
Te/Ti = 10; (5) 130w, Te/TI = |3, Cases (4) and (5) correspond
to Mach 1.4 and 1.5 shocks respectively.
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Observation of the Propaqation and Damping of Small
2mplitude Electyon and Ion Waves in Thermally
Ionized Collisionless Alkalji Metal Plasma

by

R.N. Franklint*, S.K. Hambexrger, G. Lampis and G.J. Smith*
UKAEA Culham Laboratory, Abingdon, Berkshire, England

Abstract

Thie paper presents experimental data on the
dispersion of small amplitude electrostatic waves propa-
gating in low density, magnetized, collisionless, sodium
plaama produced by surface ionization on hot tungsten.
Fram such measurements the electron and ion number densi-
ties, and the electron temperature have been determined,
and information on the ion distribution function in a
single-ended Q-machine has been obtained.

Electron Plasma Waves

Malmberg and Wharton® using 8 magnetized hot electron duo-
plasmatron plasma established, from measuremsnts of both the real
and imaginary parts of the propagation o t, and from indepen-
dent measurements of the electron density and distribution func-
tion, the validity of Landau's dispersion eguation, when corrected
for finite plasma effects, for electron plasma waves. It was also
verified, for heavily damped waves, by Derfler and Simonen® in
experiments in an effectively infinite, unmagnetized, thermal
plasma. Barrett, Jonss and Pranklin®, working in a thermally
jionized, strongly magnetized, caesium plasma column showed that
measuremsents of ths real part of the dispersion of electron plasma
waves eould give accurate determinations of the electron number
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density over a wide range of densities. However, electron tempera-—
tures determined from the real part of the dispersion indicated
that Te~1.5Thp., where Thp , the temperature of the ionizing

hot plate, was determined with an optical pyrometer. This result
was in disagreement with Langmuir probe measurements which showed
Te~Thp. This discrepancy has now been resolved by measursments
of the Landau damping of electron plasma waves. Within the

limits of experimental uncertainty (~i100°K) Tq=Thp, which
agrees with probe measurements made by Buzzi, Doucet and Gresillon®.

The present experiments were performed in the strongly mag-
netized (By 2-4 kG) scdium plasma column of the single-ended
Culham Q-machine ARIADNE. Operation with an electron rich sheath
at the hot plate, and the cold tantalum end plate floating, pro-
duced plasma with a low level of noise. Fig.l shows typical
radial variations in the plasma number density, floating potential
and noise in the frequency range 0-50 KHz. It will be noted that
over the area of the ionizing plate the plasma density is almost
constant and drops rapidly beyond its edges. Axial number densi-
ties were in the range 1x 107<ns7 x 107 co™®with a variation of
S1% as measured by a Langmuir probe drawing saturation icn
current, and confirmed by examining the variations in the wave-
lengths and damping rates of electron plasma waves propagating
aleng the plasma colunn. The 25 mm diameter het plate temperature
was varied in the range 2200-2600°K and was uniform to ~i 30°K.

The arrangement used to measure simultaneously the wavelength
and spatial attenuation of a wave is shown in Fig.2. Waves were
excited by applying high frequency signals, 100% square wave modu-
lated at 1KHz, to a single wire r.f, probe immersed in the
plasma and matched to the signal generator close to its tip.
Resulting fluctuations were detected on a similar receiving probe
which was axially movable. The real part of the dispersion
characteristic was determined from the interference between the
received signal and a reference signal taken from the signal
generator. The imaginary part was obtained from the detected
signal recorded after passing through a logarithmic amplifier.
Fig.3 shows some typical experimental data. Most of the trace
clearly demonstrates the exponential damping of the wave with
distance from the transmitter. However, when the receiving probe
was close to the transmitting probe, direct coupling between them
caused the system to act as an interferometer leading 4o tha
oscillation in received amplitude with the same wavelength as the
wave. When the detecting probe was close to the end plate it
detected standing electron plasma waves with half the wavelength
of the propagating waves caused by reflection.

Prom data guch as shown in Fig.3, curves for both the real
and imaginary parts of the dispersion can be plotted as shown in
Figs.4 and 5 respectively. The solid lines are theoretical curves
which include effects due to finite geometry and assume that the
electron distribution function is a complete Maxwellian and that
the radial dermity profile is uniform. Fig.4 is plotted in norma-
lized form: (u/wpe)' versus ka, where X = 2y/) and a is the
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column radius. FProm this curve the electron number density can
be determined with an accuracy of ~% 2% as described in ref.3.

Fig.5 shows X;j/k., the ratio of the imaginary to real
parts of the propagation constant, plotted against the phase
velocity v,, of the wave for two different hot plate temperatures.
The solid lines are the best f£it theoretical lines for Landau
damping through the experimental points. The corresponding elec-
tron temperatures T, are 2500°K and 2800°K for hot plnte tempera-
tures Typp = 2350°K and 2600°K respectively, ed with an
optical pyrometer. The agreement is closer than the uncertain-
ties in the pyrometric reasurement due to the unknown hot-plate
emissivity, window transmissions, etc.

Notice that in Fig.5 the measured values of kj/k. have a
minimum ~10"®. This corresponds to an effective collision fre-
quency v where V/w~10-?, as seen from Fig.6 where the data for

= 2500°K have been re-plotted and curves for different values
of V/w are included. The theoretical methods used in calculat-
ing these curves are discussed in ref.5. The precise nature of
the collisions has yet to be explored, but their freguency is
consistent with electron-neutral sodium collisions if the BNa
vapour pressure is ~10-* torr.

The range over which damping could be measured was limited
for large values of Xi/ky by the direct coupling between the
probes, and by the presence of standing waves in the column for
small values. Reliable damping measurements were made in the
range 10~ S Xj/k, S 10-*, which, provided only Landau damping
was responsible, corresponds to & nge of phase velocities

(-]

A/
2.2 355 53.5 where vy, =

Finally, over the range of phase velocities investigated,
the high frequency dispersion properties of the plasma were found
to be independent of the direction of propagation of the wave,
showing that the electron distribution function is essentially a
complete Maxwellian.

Ion Acoustic Waves

When the plasma density is low and the hot plate temperature
ia hxgh. there ie an electron rich eheath present at the hot
plnte . This has been shown, both theoretically and experiment-
ally *’® to produce an ion velocity distribution approximating
to a Maxwellian truncated for velocities below some value which
depends on the preciss eheath conditions.

The dispersion relation for ion acoustic waves can be found
by solving the appropriate expreseion for the plasma dielectric
ptmitt:l.vity.

¢(w/Xx) = Puig z’('qw )' k’v’i z’ ( arfcv =0

where 2’ (u,() is the derivative of the ;anamplet- plulu disper~
sion function
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2w = 7% f o)

and u is the truncation velocity normalized to the ion thermal

velocity /W
Vi TV M -

¢ is a normalized phase velocity.

This equation has been solved numerically’ and shows the
features expected of ion acoustic waves propagating on an ion
beam: a fast positive energy wave s' and a slow negative energy
wave s” .

Measurements of the real part of the dispersion of the fast
wave were made in the same way as for electron plasma waves, and
are shown by solid dots inFig.7. Only the positive energy wave was
observed to be excited directly with a single wire probe. Propa-
gation was cbserved up to ~4g,; showing that the waves were much
less heavily damped than if thé ions had a full Maxwellian distri-
bution. However, both the positive and negative energy ion
acoustic waves have been observed in the non-linear decay of a
large amplitude electron plasma wave into another electron wave
and an ion acoustic wave®. Waves excited in this way are shown
by open circles in Pig.7. The solid lines are theoretical curves
for u=2.0, the value which beat fits the data. It should be
noted that any change in u not only changes the slopes of the
theoratical lines, but also their separation. The observed thres-—
hold for the decay into s* is consistent with their theoretical
damping Y/w >~ 0.04.

Conclusions

It has been shown that by careful measurements of the disper-
sion of electron plasma waves the electron number density and
alectron temperature can be accurately determined. The electrons
have essentially a complete Maxwellian distribution in a single
ended Q-machine, and within the limits of experimental uncertainty
their temperature is that of the hot plate.

The dispersion of ion acoustic waves propagating in a single
ended Q-machine has bean shown to be consistent with the ions
having a truncated Maxwellian distribution function with the same
temperature.

We are happy to acknowledge the excellent technical assis-
tance of Mr W.J. McKay.

The research was supported jointly by the UKAEA and the
Science Research Council.
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SPATIAL AND TEMPORAL i,F,
PLASMA RESPONSE TO AN EXTERNALLY APPLIED PULSE

P. Demuli2re, M. Guillemot, J. Olivaie, F, Parceval,A.Quemeneur

ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Contrdlée
Centre d'Etudes Nucléaires
Bohe Postale n° 8 - 92 Fontenay-asux-Roses (France)

ABSTRACT,

The response of electrons in a coellisionless plasma to a
fast small amplitude voltage pulse 19 investigated theoretically
and experimentally. The response, proportionnal to the excitation,

is pseudo-periodic after a delay equal to N

v e, V _ being

gmax ghax

the maximum gooup velocity of the induced waves and g the distance
betwveen tbe emitter and the receiver, The amplitude of the signal

decreases and its pseudo periocd increases as z 1is increased,
IRTRODUCTION,

It is known (1] that solitary wavee in a cold collisionless
plasma arise from two effects : dispersion of linear waves and
non~-linearity. A racent experiment [2] has been performed on this
subject for an electron piasma, The aim of this paper is to consl-
der a small initial signal in order to neglect the non linear

mechanisms and permit analysis of the dispersion effects alone,

The phenomena can be simply described, The pulse generates
a wave train which propagates along the column, Due to the disper-
sion-of the medium the various componentr of the wave spectrum
move at different velocities. It results a change in the pulse
shape which is analyzed

THEORY

In & ona component collisionless plasma, a voltage pulse



- 152 =
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oelt (z,t): ¢0 s ("’ot) s (hol) )y

Using a Fourier Laplece transformation method the plasma

response can be written 3

¢ (k.o ¢¢nt (ku)

Etom @)
then
,_4>a__ 3)
&7 (uw) @, K, € (w,k)

where S(w'\() is the dielectric constant,
The inversion of formula (3) leads to the solutiom, e.g.

Jut-Jlu.

dzt) = = dk 4

dw (4)

o o

E{uk)

o]

For a uniform radially finite plasma, neglecting thermal
effactl,E,(w’k) is written :
o w3
P L

E(wk)=1- o3+ 57 (wcwyp)

where K3 is the transverse wave number,

Under thea‘:‘ conditions the fnregrant of (4) has two poles

P
=0 k)= VI
tion path can’be Bodified lc:ording to fig, 1

‘L—-\\\\\\§§\\
R r
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2

Writing : %% 1
1 1kT [‘ + (1"&“%)
Eilk) 1.2 1_3} 1
(19; )
We check that (4) satisfies Jordan'e lemme , then the contribu-
tion of [ to the integral ie null,

laying on the real axis, The integra-

{5)
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Using a Taylor's expansion of £ (w,k)

8(..),k)=£(u(”,h)+ (u-u("))(g_i)uao(k)h' ®

we can write

t -tkz
dk exp tw
b= Znu,k,/ f

[w-w M]( D'-’)msm(n) "

a first integration of (4) following the C contour gives

o0
wpt
___L_ —r dk
P lzt)=d S(w,b) Sk 2)+ - r.us[ T u{lm )
i ut
Xemark :
By using an approximation on u(k)valid for +«1
19
-_Cp __, MWp g A 2
(k)= ) —_(1_—{ kz)
and by neglecting the self consistent field (7) leads to :
o
b, wpt wdwpt
(z,t)= cos|k(—B—-z) - 2 22" |du 9)
@zt Touks (kl ) N (
L

the solution of which is :

b= t)- $op ( ot 'Is A 3»,& s (wpt , (10)
" oy Mo 2“’ Ty )

wheredk L (z2,t) is the Afry function,

By a numerical calculation of (8) (fig. II18) or by looking
at (10) (fig. 111 a) it appears that the response, proportionnal
te the excitation ¢, , is pseuds periodic after a delay given
by ¢ = v—z‘:, Vm“x --‘%% being the maximum group velocity
of the wvaves (given by the slope at the origin of the linear
dispersion curve), The amplitude of the signal decreases and its
pseudo period increases &s the distance between ihe emitter and the

receiver 1is increased,

The numerical calculation of (8) makes appear precursors vhich
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have no physical reality, This calculation is needful for short
distcnce betveen emitter and receiver ;on the other hand,
approximate result (10) seems to be a good approximation for lar-
ge distance (Fig, III).

EXPERIMENT

1) Experimental set up

The experiments are carried out in an argon plasma which
diffuses along the vacuum chamber parallel to an uniform wmagnetic
field of 1,5 Kg., For typical conditions the electron temperature
is 2 eV and the electron density is 107 el/cma. A Langmuir probe,
iwmersed in the plasma, is connected to a generator which delivers
a voltage pulse (amplitudegl.5 V, width =x 2.10-9.l rise time &
10-9'Aitéurrence frequency = 1MHz), The signal is detected by
a longitudinally movable probe. In order to improve the detection
an electronic averaging technic is used.

2) Average tecbnique for high frequency signal detection

A technique to improve the signal/nolse ratio is the use
of an averaging method. By making N repetitions of the signal,
tbe signal/noise ratio La increased by a factor VGT. This does
not lead to any difficuities ns long as frequency ie lower than
approximatively 1 MRz, For higher frequencies it is necessary to
change the frequency range. The H,F, signal is transformed by a
sanpling oscilloscope into a L.F, one, The block diagram of the
system is shown on fig. 4. The Y output of the sampling oscillos-
cope is connected to the corresponding input of a sampling
memory device, The X L.F, sampling output drives the beginning
of each cycle. Thus the signal is memorized,repeated and averaged,
Pig, 5 illustrates typical results of such a method : a small am-
plitude signal inmersed in a large noise is observed as much as
the number of repetitions is increased, The observation of plasma
response for low lavel of the exciting pulse has been shown with
this method,
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3) Results

Fig. I b)end (III ¥) shov experimental results, The upper
trace of (II a)show the excitation pulse and the lower trace the
received signal, Using & compensating delay circuit the origin
of the two traces has been adjusted and the observed delay is en-
tirely due to passage trough the plasma, The corresponding propa-
gation time (for imstance € = 57.10-!) agreeswith the value of
‘Z"": - 53.10-2 ) deduced from the linear disper-
sion relation, Fig, (ITa )and (III a) are the corresponding theoreti-
cal curve using respectively equation (8) and (10), Qualitatively

the parameters

the results agree.

We have also checked the linearity of the amplitude of

@ (z.t) with @, .

Fig. (YI)shows the Fourier spectrum of the received signal
at the same position than Fig, (II a,) The discontinuous observed
spectrum is connected with the technique of measuring modulation at
1 MBg of the signal), The various componants lay well omn the
lincar dispersion curve (Frequencies below 30 MHZ cannot exist
in the column :3 30MHz>L column ; frequencies above 120 MH z
are Landau damped ) and then it confirms the theoretical model.

The authors conclude that, under these experimental condi-
tions (¢_<1.5 V) the observed signal is due mainly to the disper-
sive properties of the medium and not to the non-linearicy,
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Abstract

An extensive series of messurements 1s reported on ion-acoustic resomances
in cylindrical plasmas. The results allow the identification of the noise
components in a number of previous experiments. This furthermore increases
the body of experimental evidence which can be compared with the theoretical
predictions of our refined fluid model which takes no: 1ity inte
in the neighbourhood of the transcmic regiom.

1. Introduction

Ve report a series of experiments in the cylindrical plasms of & positive
colum desling with the excitstion of radial i ic s 1e€0
the cut-offs of mxially propagation modes. The theoreticsl difficulties linked
to the radisl drift-velocity dus to the inhomogeneity of a real plasma are
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well known /1/, but they can be svercome by not impoeing a priori the condi-
tion of wave quasi-meutrality /2/ in such a drifting plasma .

Ion-acoustic standing waves have often beem invoked to explain the low
frequency components detected in the nolse of positive columns /3/ or found
to be parametrically excited in non-linesr experiments /4/. The following
factors greatly hamper the interpretstion of these results:

1. Because of the wncontrolled excitaticn, a positive idemtification of
the sximuthal dependence of the modes is difficult.

2. The noise in the positive columm of most gases (Xe, Ne, Ar.-) is,to s
large extent dus to wowing ntriatimi-d ionally to the iom ie
principal mode (i.e. the axisymmetric plane mode whose propsgation properties
are those of an unbounded medium).

3, In the non-linear experiments one should also add relaxation oscilla-~
tions.

As & result, one should turn to controlled excitation. Our experiments
are partly motivated by an apparent lack of convincing evidence for the
existence of cut-off modes. Indeed, Jones and Little's results /5/ only
occasionslly hinted at cut-off, vhile, most of the time, they launched moving
stristions (M.8.) sud the principal mode (P.M.) bacause higher order ion-
acoustic modes are difficnlt to excite. Another reason for failure ie the
possibility of loeking /6/ betwveen the incident signal and the forementioned
strong noise compoments; this is why & very quiescent plasma is required.
The other motivation is of course to sssemble s body of exparimental facts
that cen ba pared with our refined theory /2/. We tried to combine seve-
ral favorsble conditions : quiescent plasmas, excitation devices providing
s axial wave nusber k, approsching zaro, so as to avoid the excitation of
M.8, and P.M. in the appropriste frequency domain. Since the latter two mo-
des are exisymsetric, a dipolar excitstion is very interesting, altbough it
does not slways prove to be effective, Rasults are obtsined in By, Xe¢ and
Ar over rather wide tewp and p anges snd they compare well
with theory /2/. We should add that Alsxsndrov et al. /7/ recemtly cbtained
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results close to ocurs in a coe-dimensionsl plasma capacitor.

1I. Experimantal Set-Up

Several excitation set-upsylelding results which are in mutual agreement
have been used, namely a probe system, magnetic coils and a non-linear
electron temperature rescnsnce experiment.

1. The probe system (previously reported iu /8/, Fig.l) consists of two
wires (10 ca in length) parallel to the axis and symmetrically immersed in a
plasma colum of radius 1.5 cm. The excitation can be in phase (mostly
axisymmetric excitation) or in phase opposition (mostly dipolar excitation).

The are 4 d either by an external antenna system

having the same symmetry as the excitation or by a photosensitive device,
using coherent detection whenever necessary.

2. A system of dipolar magnetic coils 1s also used. It consists of two
8 cm long coils, symmetrically placed at the outside of the column and fed
by phase oppusite r.f. curreat to yield a magnetic induction of a few G. Two
pick-up antemnas are placed cutside symmetrically with respect to the plane
defined by tha coil axisses.

3. In the non-linear el p xp ,» & 7.6mm
1.d. tube (p=8=10-% Torr in Hg) is inserted across a rectangular wsveguide
(T8 10 wode, f=u/2x = 2.7 GHz). The incident signal (Pin =4 to 8§ ) 13 mo-
dulated at low frequency f1 {o-1 MHis) and the plasma density is adjusted om
an electron temperature resonance /9/ (also called Tonke-Dattner resonsnce).
The high-frequency is therefora just a means for bringing the low-freq
signal inside the plasma by non-linear demodulation of the zesonant high-
frequancy signal. The plasma response at fz 1s monitored by a pick-up smten-
na, by s photo device or in the modulation of the reflected microwave signsl
md furtherzore coherently detected.
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1L Besults

1. The probe system is effective for the axcitation of radial axisymmetric
modes. Broad pesks conforming to the predictione of the theory /2/ are obser—
ved in Hg, Xe and Ar; they are insensitive to density changes and have the
correct mass and temperature dependence. The d.c. wire potential greatly
influences the smplitude of the pick-up signal snd is mostly maintained
around plasma potentisl or up to some 20 ¥ below, the a.c. signal smounting to
a few V. Typical axisymmetric results are shown in Fig la. Comtrarily to cur
earlier belief /8/, the probe gystem is not very effective in exciting dipolar
modes. Indeed, our improved apparatus shows that symmetric components and
hermonics are easily excited, apparently caused by non~linesr sbeat effscts
and asymmetry. The symmetric resomances then slao yield a dipolar response.
The spectra reported in /8/ are thus a of predomt ic and
less accentuated dipolar modes. Pure dipolar results are, however, obtained
with the magnetic coil system which is free of the abowve incooveniences
(Fig.1b).

2, Special attention is also paid to the noise spectra in viev of a compa-

rison with previoue work /3/. The noise spectium in Hy st <10~} Torr

(@ =1.45 om, Te = 2.3 eV) bas its most prominent component at 42 kfz in
agreement with Cravford's resulte. We interpret this noise frequency as the

igenvalue cor ding to the fund 1 axi ic mode, that, upon
exeitation, occurs at & slightly higher frequency. We should also add that,
still in Hg, & noise y of the excited dipo—
ler resonsnce in that section of the tube where the wire system imposes some
degree of dipolarity. We should stress, however, that Hy around 10-3 Torr
‘provides the only case where we can link the observed noise to radial ion
acoustic vaves and, thus, to the excited resonances. In Xe, Ar end No, we
mostly found moving striation-noise with highly defined frequencies and
occasionally such broader principal mode-noise. They were identlfied by showing
that their messured v and X could be located on ths dispersion curves experi~
mentally found by launching waves with £ d and back d ch 1stics
by means of a magnetic coil system /5/.

p near the f

3, The spectra obtained from the non-iinear slectrom temperaturs resonznce
experiments in g are & uixture of symmetric and dipoler modes since the
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asimuthal dependence of the excitaticn is not very well defined. A typical
signal picked-up by the antenna is displayed in Fig.2, vhere we also give a
resumé of the observed frequencies in a number of runa for workisg counditions
sroond the top of the first Tonks-Dattner resonsmce. (I g 18 the discharge
current). The elsctron temperature is sbout 3 &V. The arrows mark the theo-
retical locations (see below) of the resomamces (m,n) where m indicates the
aximuthel dependence and » the order of the resonance. Occasionally, we also
observe a relaxation oscillation around 100 kfs, {.e. with a period of the
order of the ionization or loss rate and due to changes in the plasma back-
ground induced by the high power level /10/. When it occurs, one also finds
a peak at the frequency difference between the fundamental axisymmetric
mode end this velaxation frequency.

1. Our results can be fully explained by the uniform plasms model with
s node of perturbed velocity at the wall, which as shown in /2/ leads to
"valid" results for a positive colum plasms. The fact that this crude model
furnishes nearly the same results as a more reslistic one 1s due to two
sttong but competing effects: on the one hand, the streaming of the plasma
which reduces the frequency and on the other the confinement of the oscilla-
tions within the plasms core bounded by the "transonic™ region vhich increa-
ses the frequency. It was slso shown that the demping of the resonances is
very pronounced and mainly due to the velocity gradieat. A typical comps-
rison between theory sud experiment is shown in Pig.3, the tube dimmster
being 2.9 cm.

2, ‘Comparison between nolse and excited resonances allows us to identify
the asimuthal dependence of the modes observed in the noise. This has allowad
us to positively identify the fund 1 pesk obssrved by Crauford as being
an sxisymmetric ons. Similar compariscns can lesd to sn explanation by the
same theory (see /11/) of the results of Alexeff et al. /3/, Barkhudarov et
al./3/, Alexaudrov et al./7/, Asaussen st al./4/ and Tzoar st al./4/. Such
a compsrison 1s shown in Fig.4 for Hz. The ordi is the product of reso~
nance frequency by diameter which allows a comparison betwesn results obtsi-
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ned with different tubes.

3. The mon-linesr technique demonstrates that the modulation of a resonant
microwave sigoal by a well-ch lower freq y is an efficient way of
coupling smergy from the outside into the ion-scoustic resonsnces. The compa-
risons made under 1 aand 2 add credit to the identification mede in Fig.2 whare
the theoretical figures are relative to a temperature of 35.000°E. Ve plan
to also use the hod in 1 1 ined magoetized plasmas to investi-~
gate the influence of & magnetic field on the resommnces.

The following conslusi ge ¢ Jon ic are 1ly
very brosd and damped and, when sought in the moise, are very often masked
by the mmch stronger moving striations. Our experimental results, obtalned
with different excitation methods permit the identification of the noise
compovents in a nmber of previous experiments. As such they permit to
considerasbly incresse the range of experimental evidence which can be used
for comparison with theory.
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Abstract

¥rom a perturbation analyeis of the fluld equations for a homogeneous
unmegnetized plasma it is shown t'lut long wavelength ion waves are unstable
vhen T 2!1. The additional destabilizing effect of a currenmt is also
investigated.

Introduction

A plasma wave whose wavelength is small compared to the species mean iree
paths i described by collisionless kinetic thkeory, For electrostatic ion
waves such treatments indicete stability, even for a iwo-temperature plas—.l-u
These 1on waves are Landau damped by electrons and ioms, the latter predomi-~
nating except when 1'1 <~ 'l" . In the presence of a relative electron-lon
arift (current), instability arises when Landau smplification by the electrons
offsets Landau damping by the lons. When the wavelength ig longer than the
mesn free path a fluid treatment is eppropriate in whirh resonant particle
effects are placed by transport effecte.

For @ weakly-ionized magnetoplasma, with 'l‘l << ‘l'e , the current and
gradient-driven ion-acoustic and drift instabilities have been treated by
Se:lf5 from the first two moment equations (continuity and momentum transter),
neglecting viscosity, In this case the destabilizing effect of drift ip
sffected through electron-neutrasl collisions (ruunnce) end offsets ion-
neutral collisional damping.

Fluid treatments have also been developed for fully-ionized collisional
plasmas to describe gradient-driven drift instebilities in Q-devices, In the
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two-moment (uothernl) theory of Hendel et n1,6 the destabilizing effect of
drift is effected through electron-ion collisions (resistance) and offsets the
damping due to ion-ion collisions (10:1 viscosity). The inclusion of third
moment (energy) equations in a nom-isothermal theory by Tsai et a’ wmodifies
the results somewhat, The latter treatment haz been extended by Tsai et ul,e
to include the additionel destabilizing effect of a current. It may be noted
that for a fully-ionized plasma, unlike a weakly-ionized one, the destabilizing
effect of current is not realized in @ two-moment treatment neglecting electron

viscogity, because of an exact cancellation of terms involving the drift. Pur-

th e, these tr ¢82™8 do not revesl ion-acoustic modes beceuse ion
motion parallel to Bo is neglected,
Recently, Coppl end w9 have di d the current end gradient-

driven ion-ascoustic and drift insteabilities of a fully-ionized plasma from the
three moment equations in connection with the anomaelous resistivity cbserved

in atellarators with a weak IPplled electric field Eo. The onset of anomalous
resistivity 1s associated with the threehold of instability in current-driven
ion-acoustic modes propagating parallel to Bo and Bo. Under these conditioms
the effects of Bo and tbe transverse gradients are negligible and tbeir results
apply to a uniform unmagnetized plasma, They calculate a threshold electron
drift velocity as & function 0f wavelength and the plasma parameters,

In examining this snalysis for the case of a uniform unmagnetized plasma,
we have found that if certain terms, in particular the electron-ion collisional
heat transfer, neglected by Coppi and Mazzucsto, are included, the threshold
drift velocity and growth rate may be qnl.t.e different from the values they cal-
culate, More especially we find that when Ti/l‘e <1, the pystem is unstable
to long wavelength ion-acoustic modes even in the absence of any destabilizing
curre .ts or gradients, Thus the temperature difference alone can drive a
resistive-type ion wave instability in a plesma which on & collisionless basis
is stable,

Theory

The fluid equations (i.e, continuity , momentum transfer and hest ttlnlur)
for an unmagnetized fully-ionized plasme may be written in the one-dimensional
case for elther species:

3Rt + ¥(ov)/Az = 0, (1)
andv/dt = - 3(nT)Rz + (V})mav/bza +onE + R, (2)
{3/2)nd1/dt + nTOv/dz =" - /32 + (h,/))‘ll(av/'Bl)2 +Q. (3
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The notation iz that of Bnglnsk:.l,m except where noted,

1o Bq. (2) the charge © = -e¢ for electrons and o = Ze for ions. The

collision terms ne = -Rl comprise Irictional and th 1l force comp s:

R =-C l.n.ve(v vi) - cetn.(a'r-/Bz) ,

where "e(E"u) - (V})(a)1/2(1m)znee“(rzme)'l/2, amd €, =051, C . = 0.TL.

The viscosities are given by 1]e - ce‘nne 'l‘e/\?e with ce'ﬂ = 0.73 ,

= €T,/ with Gy 0.96, where v, (v, )=(3) () 21 )% oH(a, ) V2,
In Bq. (}) the electron heat flux :la q,= cetneTe(ve vi) - xe(a'l'elaz) .

where the tbermal conductivity is Xy = cexnere/'e"e vith Cex 3.16, The ion

heat flux is 4y =- X:l(aT /3:), where the thermal conductivity is

xi = cu“x”a"‘x"i with C ™ = 3,9. The heat acquired by electrons through

collisions is Q= -Ee(ve—vl) - Q, , vhere Q, = )(-e/n1)neve(Te—Ti). The

1

heat acquired by ilomns is q:l = QA . The heat generated by viscosity 1s of
second order in the velocity gradients and will be neglected.

The values quoted for the numerical coefficlents of electron thermal
force (cet)' resistance (C“), viscosity (ce.“) and thermal conductivity (cq]
are for Z = 1; values for Z > 1 are tabulated by Braginskii.

We consider e homogeneous, neutral (ano - neO) steady state, including

an electron drift velocity v relative to the fixed ion frame, Strictly, a

0
homogeneous steady state with different temperatures or a current, neglecting
other heat sources and sinks, is mot possible in the presence of collisioms.
80, as usual, we neglect collisions in the steady state but include them in
o’ '.l'e, 'I.‘1 are perturbed in
exp i(ot-kz), Ve slso mssume meutrality,

the perturbed equatione, The variables ‘e’ ni, v
the form neaneo+n
znﬂ
for low frequencies (@ << mpi) ard long vevelengths kA, << 1.
The continuity equations (1) yield to first order:
Va " [(w-kveo)/kj(nl/no) ,

= (k) (n,/n)) . (w)

On adding the momentum transfer equations for electrons and ions, the electric
field and collision terms cancel, Neglecting electron inertis, in view of the
restriction to lov frequencies, and ¢liminating the velocities using Eq. (h),
e have to ﬁ.ut arder:

I e ) 24 0
rf}( (2 - (52) <o

el
= nel(IH) ard ignore Poiseon’'s equstion, so that the results are valid

(5)
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Bere ¥ 3 /v 1s the normalimed frequemcy, K = k('l“o/l.)zl'/2 v E ll is the
normslized wavenumber, le being the electron mesn free path, ll n /l 18 the
mass ratio, By = T, /T , is the temperature ratio and V = qu/(TQOI- ):I'/2
the normalized drift velocity,

In an isothermal theory based on two wmoment equations, the disperaion
relation iz just the coefficient of (nllno) in Bq. (5) equeted to mero. This
exhibits viscous damping due to ions and electrons snslogous to Landan damping
in the collisionless case, It also shows a destabilisging effect due to electron
viscosity when (KV/W) > 0. For instability v_/(avk) = 12Y2(c s Cen)®y 35’ /30
vhere the phase velocity (w/k) = [(z'r +T )/n ]V2

To first order the electron energy equation yields, using Eq. (1):

e

+{1§(‘-%)+2 2 +C l2 2 l;}n")’(reo)=0. (6)

8imilarly the ion emergy equation ylelds:

P“Wvﬂkm“ifﬂ%
R R 10
{ o }( (n

The eliminant of Egs, (5)-(7) is the dispersion relation, which is quartic
in ¥, Numerical investigation shows that for real K there are two highly

damped roots ('1 >0) , cor ing to elect: and ion temperature waves
and @ pair of roots with WK ~ % l-:'l corresponding to ion waves propagating
in either direction, The latter may be stable (W, > 0) or unstsble (¥, < 0)
depending on the parameter values.

When the wavelength is not too large (l2 > l-i) and for R, <1, the fon
wave roots may be approximated by:

(W/K) w2 (245 &,/5)1’2 (8
e, (0/x) et [(z T + (5/3) 'l-m)/..1 , and
R L

nef i a3 g o (o)

LN N S (-d)-2 B(1-tay's)
S P (usmys) azc "B $zmnygs)

rm
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Discussion

In By, (9) the terms are respectively the contributicns of ion viscosity,
electron viacosity, ion thermal conductivity, electron thermal conductivity
and coslisional enmergy transfer (QA). The Iirst four terms sre all stshilizing
(when Vv = 0) but the last is destabilizing for Ry < /. Drift is coupled via
the electron viscosity and thermal conductivity, in a destabilizing sense when
lv/lrl- > 0 1,e. for the wave with phase velocity in the sense of Yeor The

ton terms tend to zerc ag 1‘1 = O and are proportionsl to R-:: , while the

-2

electron and collisionsl energy transfer terams are proportiocnal to R
The first three terms coatain a factor Kz, s0 that the last tvo terms,
which do not, dominate for long wavelengths.

Considering first the case V= 0 , it is clear that for long wavelengths
and BT small encugh, the destahbilizing effect of the collisional energy trans-
fer can overcome the stabilizing effects, principally thet of e¢lectron thersal
conduction, Figure 1 shows the real K contour mepped into the W plane for
the ion wave root for li = 1837, corresponding to hydrogen, and for various
temperature ratios ll,'. These results wvere computed from the full dispersion
relation snd egree approximately with those given by Eqs. (B) and (9) in their
range of validity. The wap 15 symsetric about 'r = 0. S8ince there is a
branch point at the origin (W=0, X=0), the system lies on the boundery hetween
convective and sbsolute instebility. Except when ll,' < 0.1 , instability is
confined to the reglon O < |K| < 1, under which conditions the fluid treatment
ia valid. From Eq. (9) ome finds instability for:

3 2(1-18,/3) - (Ml{))/z ¢ l

< (20)
<2 (21/21 lz, % ozz’c 11)(14»51,1/3)+(2 /5)11 n,l. cu’

The [ rate for R, <<1 and is of order (""1)-.;'(‘ /- )

This 18 compareble with the characteristic rate of emergy transfer by colli-ion-
between electroms end ions,
With drift, for l2 > l-i , lnstability occurs when the electron viscos-

ity and el jon terms balance the stabilizing effects,
principslly ion viscosity snd iom th 1 duction, tog with the effect
of collisionsl energy exchange, which msy be stabilizing or destabllizing
according am !‘,E /4. From Bq. (9) we find instshility for velocities

satisfying:
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"o . |25 m 22 onys)e, e, /3K2-65%01-1n /3)] .
[ar g7, /30, 32 Pz 3)(32e, Jeze 6]

(1)
I{ we neglect electron viscosity (last term in denominstor) and collisionsl
energy exchange (last term in numerstor), Bq. (11) reduces to Eq. (53) of
Reference 9, spart from notation. It is clear that the threshold velocity is
sensitive to the inclusion of the collisiomal energy exchange, mnd, s was
shown above, may be sero, corresponding to instability driven purely by the
temperature difference. Figure 2 shows the resl K contour mapped into the
W plane without drift and with a drift of V = 4 for the case of hydrogen
(nf =1837) and for R, = (1/2) and (1/10). These results were computed from
the full dispersion relation. It is seen that drift destabilizes the wave with
phase velocity in the sense of the drift and stabilizes the wave with phase
velocity in the opposite sense. For the case R, = (1/10) the drift of V =}
roughly doublés the maximum growtb rate predicted in the absence of drift.

Becsuse tbe free energy driving the instability derives from the nom-
equilibrium of the two-temperature plasma, it is clear that the instability-
must result (nmliulrly) in a decrease in the relaxzation time to equilibrium
below the purely collisionsl value, or, if the temperature difference is main-
tained, in gn increase in the energy coupling betveen electrons end icna above
the collisionsl value, BSuch effects may be important in plasmas which are
large enough to be collisiocnal, when they are heated by steady or high fre-
quency electric fialds. Since, in the letter case the sbsorption of high
frequency power is density dependent, the excitation of low frequency demsity
ﬂ.;u:tuntiom ¢in resct back on the heating process,

Since in many naturally occurring and laboratory plasmas, the electron
temperature te¢nds to be significantly higher than the ion temperasture because
of the mechanisma by which the plasma 1s maintained or heated, it seems likely
that, provided the plasme is larger than an electron mean free path, low
frequency, long wavelength ion waves will spontanecusly ocour, This may
explain the low level of low frequency turhulence commonly obgerved in iomo-

spheric and lsboretory discherge plesmas which to be 4 o of
the presence of other known destabilizing influences such ss currents, beams
or gradients e tO & mag c field.

There are slso possible implicaetions for the soler wind, 0upmn11 has
shown thet the observed profiles of density and temperatures can only be ex-
plained by the two-species fluid equations if one sssumes s heat transfer
between electrons and protons some 30 times the collisionel velue. It has
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been suggested that such an enhanced transport is due to turbulence in Alfven

waves originating at the sun, An slternstive possibility raised by the present

work is that the solar wind is unstable to low frequency ion waves and such
turbul ence te for the emh d transport,

Useful discussions with Dr. P. W, Crewford are gratefully acknowledged,
This work was supported by the National Aeromautics and Space Administration,
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FIG. 1, Map of the real K(= kle) contour into the complex W(= qu )
plane for @ hydrogen plasma (Il = 1837) and various temperature rutiol
ll,rl‘ T/T ), showing instability for long wevelengths (12 << 1) when

Re<i.

~oz! i 5 ——

w, xi0*

FIG. 2. Map of the resl l(— KA ) contour into the complex W(® Vg, } plone
for a hydrogen plasma (B - 1837) faor l‘l'(. T /T, ) = (1/2) and (1/10) The
broken curves are for zero drift while the -oud curves are for a drift of

V(s v (1 /m)V3) b
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!
WAKE BEHIND A BODY IM: MOTION IN A PLASMA,
PARALLEL TO THE MAGNETIC FIkLD. THEORETICAL SOLUTION

i
JoP.M, ECHHI T

Laboratoire de Physique fes Milieux Ionisés
Ecole Polytechnique, Paris - France
(Equipe de Recherche aa‘uuciéu au C.N.R.5.}

!STRA[‘:

In this paper we extend the ,unqma.l work of Al'Pert et al. [1]
for the wake behind a body in motion xn 8 plasma, to include the effects of
a parsllel ion temperature and of the ielectric field. In addition, we congi-
der the effects produced when the cxnds-sectional area of the body ie wade
to vary periodically in time. It is fdund that the spatial cscillations are
damped by the thermal motion of the jona, and thet the spatial period of
the wake is shorter than that given by the purely ballistic treatment of
Al'Pert et al. The slectric field lesds to a coupling of the wake with parald
lel ion acoustic wavee and with pexperidicular ionic Bernstein modes, which
we study in the lineer approximation, The medulation of the croze-sectional
aree produces “magneto ballietic paeudn waves” which propagate along the ion
trajectories.

I. INTRODUCTION

The plaema perturbation aesdciated with a body in motijon relative
to a8 plasma has received considerable :attention for numerous reasona, inclu-
ding the problem of interpreting results from probes in a etrseming plasma,
and the effects of the wake of a eatellits on waves, r2]. A fundamental work
on the subject was done by Al'Part et al. [1 7, They predict in the particulas
case of a body moving parallel to the gmaqnatic fimld in a collisionless plasd
ma, & remerkebls waks, very long end pronounced, with a pericdic structure
having a spatisl period squal to the distance travellel by the body during
an ion gyropsriod., All theee results were obtained from a purely ballistic
theory which neglectss ths effects of ccollieions, the parallel ionic tempe=
rature and the electric field. In thid paper we nagls}:tmllisinng slso 3
however, we consider the effects of the other two perturbations, First we
discuss the besic assumptions snd usalile approximations for the problem (Sec
11}, We than deacribs the zero-order iulution for the wake problem, given by
the bellietic approximetion, imludiﬂl the demping effects of tha ionic
thermel motion, (Sec III). After this; we describe the sclution of the linead
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wake with tha ionic Bernstein waves. {(

end give our conclusions. {Sec V).

II. BASIC ASBUMPTIONS .

We will assume that 1) thers|
the ionic collision frequency v; is my
Q/2n, (For the treatment with collisio
the electrons follow the Boltzmenn law
vp, ie much less then the elsctron the|
ion deflection on the edge of the body
as a particle absorber. This is valid
when the Debye Length A is much leas 4
density " and the magnetic field Bo a
dietribution functian iaz:a-lr?sllian wi

thermal velocity vo = ITL

i
body is flat with its plane perpendicy

and mean]

is the body shape, it can be reduced
(which will be the plane z = o), provi
thanL =2 n vP/ﬂ.

Even with the above assumpti
esquations for the ionic distribution
v {r,t,) ie etill too complicated, and
draetic ie the ballistic approximation
fisld is negligible and the elsctrons
lity. Another sseumption frequently us
8) The pexturbation and the relatsd el
This is strictly valid only in the fa
but, anyway this approximation is less
tion,

IT1. THE BALLISTIC

Using the assuwptions 1) to

linear equation

¥ ¥,
3t 3r my

Hing the body thickness is mauch less

L
— VAR e =
° 2

bec 1V). Finally, we discuss the resultp

are no collisions. This is valid when
Eh less than the ionic gyrofregquency
hs mader should refer to [3,4]) 1 2)

L

For a body at the floating potential

in sa far as the velacity of the body
‘mal velncit_y,:i) There is no important
[5,6]. The body is assumed to act only|

han the body size 5 4) The squilibrium

ke uniform ; 5) The perpendicular ionic
th a temperature T:i. and a corraspondin
Larmor radius p; = vo / 01 ; 6) The

flar to the stresming direction. Whatevex

b its projected area S in a mean pl.a_nu

pns, the resolution of the Vlasov
inction f. (r,v,t) and the potential
requires others sssumptions. The most

7) The eelf consistent electric
pre aseumed to provide complete neutznaw)
pd ie the linear epproximation [1,7] ;
pctric field are assumed to be weak.

weke where the perturbation is demped

etrong than the ballistic approxime~-

APPROXIMATION .

(7} the Vlssov system reducee to the

(§}}

v
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Tha equilibrium ionic distry

bution function in the body raference

frams, is given by
2 3
f. {v) = Mo exp 4 2T Yy £ (v} (2)
io 2 > io 2
nv v
] o
where fio (vz) is the normalized parajlel ionic distribution function drif-
ting with a velocity Vo' The boundary fconditions, given in the z = o plane,
are
Qutside S f ) =f. (V)
1 10
i < =
Ingide S } f.i i o) f.iu ) @
V2o = 1r W
ilsz ia
whex T is the transparency of the body ~ Generaly T = o, but in order to
represent a body the croma section of phich is modulated at a frequency ®o,
we take a model in which T = 1 = cosept
For z > o the resulting dendity n and ionic flux j can be expreased
ao @

n (xy,2,t ) mn [ —]:H. (x,y,2,v

j Cnyy,z,t) = [ve -r“ (xey,z J
'y 1] ’

) comso {t - _2_ )¢
79 [}

5 fv2) dv,} (5)

2
) cosmo (t -T) oo v, dvy] (6)

whare Hy (x,y.z,vz) - ﬂ'.ll {x -, y=-y.,12, vl) dx' dy’
exp - - L+ P
2 gi
H(x,y,z,vz) - 07 sin® (z /2 v,)
4

for wo = o and neglecting tl
and j are periodic functions of 2z witl

a disk of radius R, the density along

n{z)

L LI (- I —

pi’ sir® [:Mvz)

h
H

e parallel ionic velocity spread, n
a periaod L = pr/n. In the case of
the axis is given by
4

Bin® (mz/L)

{n

FIG . 1

JIsodensitiss in the weke of a disk
icomputed for R = 1.4oi.‘ The densitise
|arc normalized to the equilibrium

|don-ity.
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Figure t shows the calculated structur
etreaw. Nota that the density as a fun

tes in opposite phase wether the field

The parallel ionic wvalocity
on v in (5) and {6) a damping of the
wschine with a low denaity (nnsm"cm‘“
¥We studied the damping of the wake osc
Exact numerical calculations and appro
same 1-sulta. The pseudo perioc of osc
city, (end not the mean velocity vp wh
tions are damped as 1/z. Ths vary fare|

collisions should be takem into accoun

STANCE {arbivery et}

;-up.

When in fin(vz). the velocit
an approximate lew can be obtained frof

flux maxima as a function of their ord

xoys (K 4 o) 1) = alxy)
2

whers « and 6 depsnd only of the geoms

tion is valid only when kdv << vp.

When ®o # o, the modulation
the plesma stresm along the ion trejec
wave which is comparsble to one-dimens|
given position behind the body, the ds|

in time, We find thet the modulation &

density is at & winimum in the steady

¢ of a wake for a monpensrgetic ien
ttion of z along a field line oecills-

line crosses or not the body.

ppread provides through the intagration|
bpatial oscillations, fio(vz) inaQ

F is a truncated Maxwellisn [8,9,107,
fllations for this case and for mo = O.
kimate anelytical celculations give the
illation is given by the cut-off veslo-
Fch is a little greater.) The oscilla-
wake im a cylindrical hole. (But

b 2t such e distance),

FIG. 2

Perturbed density versus the distance
in the wake behind a very small body

R << p;). Thrme curves are given for-
barious distances r from the wake axis.
fhe parallel distribution function used|
fn this case was . (v_) ~ exp = v.?/

> ¥(v ~ 2v_ ) wheTS Y'is the step
Finctich, °

i spread Av is much less than v ,
b Eq.(6) giving the amplitude of the

Pr K along a given field lire.

Gl NPT

b & (x,y) (
L ot e o

pf the body transparency progetas in

(8)

Ty of the body. Note that this rela-

criee as a three dimensionnal pgsudo
ionnal peeudo-waves 711,127, In o
peity and the ionic flux sre modulated
rplituds ie at a maximum whers ihe

ake, and vice versa. When mo << (),
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the amplitude of the density modulati
wake are aimilar, in particular they
of z. For intermediete values of mo
of the pseudo wave amplitude are a 1i

latione of the steady wake.

The above results are nhtairJ
which gives only a zero-order solution
will now be modified in accordance wit]
king into eccount the first-order effe
reaglution of the linearized Vlesov eq
has been alreedy dona [1,7]. However,
imposeible. It has been demonstrated af
electric field are connected with the
the moving body [1]. Doing similar cal
coupling of the wake with parallel ion|
(1ese than 2 % of difference on the de

v > 2v , where v_is the ionic wave ph
P ® P

To estimate the perpendicula;
ie interesting to look at the problem
reference frame. At time t w o the bodyj
cylindrical hole which we will atsume
R << L. Then the plasma relaxes from t
apprpxilntinn, thes hole will oscillate
damping. Thie explains the spatial osc]
rence freme. In our trestment of the p
equations with the initial condition f]
tion f“(r,v,t - n). - nn(r) '_,_u(v), whi
equilibrium function fh(v) is assumed)
transform (r - k‘, t +m) yields the p

n{k ) T (/]

and the perturbed density in a Bteady
ve both the same damping as a function
= ()/10), the spatial oscillations

le less cdamped than the density oscild

kd using the ballistic approximation,
of the wake problem. Thissolution

h the assumptions 1) to 6) and B} ta-
kts of the electric field. The formal
pations by means of a Fourier transfom
the invers transform is practically
lso, that the parallel effects of the
pxictation of parallsl ionic waves by
fulations, we have found that the

ic waves can be regarded as negligible
hsity Fourier transform) as long as

pse velocity.

r effects of the electric field, it
From a vantage point within the plasma
passes by the plasma, creating a

ko be infinitely long, provided that
his initial state. In the ballietic
at the ionic gyrofrequency with no
illations of the wake in the body refe=
Foblem, we solve the linearized Vlasowv
br the perturbed ion dietribution func-
lich has cylindrical eymetry. The
to be mexwellian. A Hanksl Lsplace
prturbed ionic denaity.

LA
10/ 2) (9

n “‘4.' m) :
1+

1+ A l':/i‘

(1 + o/0 T(m/A, k: 01/2) )




- 182

-b
e

T (a,b) =

where

o
n (kl) -_r. 3 (klr) n(r
n (kl. ®) ie given by a ratio in which
solution of the same problew and the d
for ionic Bernstein waves [13]. The s
klara an infinity of single real poleg
The variations of the pomitions of thy

in figure 3,

w/n

The summation of the poles §
gration has to be done numerically.
density in en initialy Geussiasn shaped
typical caees : ® body of three w»ill]

large satellite in the ionosphers (al

In figurse 4 and 5 we note
of the hole with Barnstein waves not
to & wean value (' larger tham (3, but
of the oscillations. For a disk in a
(R > oi > A), the oscillations are no
is about 1,16 0, which corrssponds cl

Ba 1

of ionic waves in th

errow in figure 3), For a sstellite i
typically related as pi > R.>> A, The

(I {¢b) + ¥
1

2a
[

IN (b)

rdr. (10)

the numerator is the pure ballistic
enominator the dispersion function

ngularities of n{k, @) for a given red
which are near 01 and its harmonicg,

poles as a Tunction of kl are given

FIG . 3.

Dispersion curves of the ionic Berns
tein waves. This cese is for Te m Ti
and A a pi/3

esidues and the Hankel inverse inte-
e computed the evolution of the axial
| hole, as & function of time for two
[meters radius in & Q machine and e
itude about 500 km).

hat the coupling of the relaxation
nly shifta the oscillations fregquency

almo prod distoreion and d

P g

machine plasma, as shown in figure 4
very dietorded and the frequency '
psely to the maximum of the dispersion
firet pess-bend (indicated by sn

the i s the p
ascillations of the uko‘uen to be

ters are
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more distorded and damped than in the

previous caseThus, the coupling with

Bernstein wavea can make the density n:p the wake axis overcome the equili-

brium density, Wenote, howevar, that Qm frequency is not very much shifted.

FIG, 4

Axial density as e function of time in
Gauseian at tiwe t = o. The time is ng
the density unit is arbitrary, Curves
ximate and curvee 2 in the ballistic g
Rep, and A= pi/1D. Figure 5 is foy

V. SUMMARY AND

In the wake problem for a bg

field, in a collisionless plasma, the

N T
L T t
°

FIG. 5

a hole the praofile of which was
rmalized to the ion gyroperiod and

1 ara calculated in the linear appro-
pproximation, Figure 4 is for 'I'= - Ti'
T! - Ti' R =103 s and A = 0,08 [

CONCLUS T ONS

dy in motion parallel to the magnetic

ballistic approximation gives a zero-

order to the ion dynsmics which is qudlitatively good. The periodic wake

predicted by Al'Pert et al., is diffusdd as a consequence aof the parallel

ion velocity spread and the self cons
given by the parallel ion thermal mot3}
ximation, The damping ie an increasing
ture,

The electric fiesld effecta 4
We show that thers is a coupling of t
which modifies the ballistic wake by
velus, by distording the oscillations
thees effects are more or lees imports
and each case has to be computed.

The propagstion of ths sign{
parency of the body is, in ths first §

stent electric field. The wake damping
on is studied in the ballistic appro=-

fupction of thes parsllel ion tempera—

re studied in a linear approximation.
® wake with the ionic Bernstein modes
hifting the spatial period to a smallex
and by incressing the damping. ALL

nt according to the plasma parameters,

1 givenr by the modulation of the trans

jpproximation, described by the bellis-

4

b
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tion of space in a seme manner as the

behind a similar solid body, provided

sistent electric field have the same

tic approximation. The calculated psey

less than the ionic gyro frequency. Un

dowave has an amplitude which is a fung
perturbed density in the steady wake
fthat the modulation frequency im wmuch
der ths eame condition, the self con=

on the wave than

on the steady wake,
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WAKE BEHIND AN OBSTACLE IN A SINGLE-ENDED Q-MACHINE AND

ITS USE AS A DIAEBNOSTIC OF THE ION DISTRIBUTION FUNCTION

JoP.M, SCHMITT

Lab:ratoire de Physique des Milieux lonieée
Ecale Polytechnique, Paris - France
(Equipe de Recherche associée au C.N.R.S.)

ABSTRACT

The wake behind different obstacles immersed in the plasmaflow of
a single-ended Q-machine ia investigoted. This experiment is shown to be &
eimulation of the flight of a polar satellite through the ionosphere, The
obstacles experimented with {disk, blade, probe) are thick in the streaming
direction to ensure their electrical neutrality towsrds the Cesium ions, The
measurementa agree very well with the theory ; in particular the coupling
of the wake with ionic Bernstein modes is demonstrated. The exitation of
pseudo waves by msans of a small probe is described for frequencies below
the ion gyro frequency. The wave amplitude variations as a function of space
is compared to the density in the steady wake. This experiment is used as
a diagnostic of the ion distribution function ; the measurement of the per-
pendicular ion temperature and of the ion mean velocity are shown to be good.

1. INTRODUCTION

The plasma of a singls-ended Q-machine is well adapted to chesk
the theory given in t,he previous paper, "Wake behind a body in motion in a
plasms, parallel to the magnetic fizld®, (Seme proceedings). Here the body
is resting in a plasma stream, the wake is stationnary in the Cesium plasms
column, The same kind of experiments was done recently by J. WALDES and
7.C. WARSMALL [1] and by BOGATCHENKD and al. [2]. The paper [1] containe
only preliminary results. The paper [Z]pnsanta good observations of the
stoady-state weke of a disk, taking into account the damping effect of the
ion parsllel tsapsraturs,

In the pressnt pspsr we first describe the experimental set up
(sec.II) end show briefly why this expsriment can be regerded as the simuls-

tion of the wake of a sstsllite in the ionosphere (sec.III). We then zeport
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our observations of the structurs of the steady-etate wake with regard io
its spatial period and damping (sec.IV). The propagation of a three dimen-
tionnal magneto pseudo wave emitted from a probe is studied and the spatial
variations of the emplitude is compared to the resulte of the former section
{sec.V). Some of these experiments can be used es diagnostic methoda to
measure the first momente of the ionic distribution function. These diagnos-—
tics are tested and discussed (sec.VI). Finally, we summarize and comment
on the ragults (emc.VII).

I1, DESCRIPTION OF THE EXPERIMENTAL SET UP

The experiments were carried out in the same single-ended (~machine
dea:ribe:nfil ueing the low—density range (1l:l."n':"5.’llilE cm-a). The oquili~
brium in such a machina is now very well known rJ,A]and, in particular, we
were able to measure the ion drift velocity using several methods : Electros-—
tatic analyser coupled either with (1) @ probe measurement of the plasma
potential [3], or (2} with charge-exchange [4], (3) Coupled psralls) and
perpendicular electrostatic analyesre ; (4) Flux measurement coupled with
dengity measurement with s cavity. It is found that all these methods give
the sams value for the drift velocity vp ond give results in agreement with
the shesth theory [3].

The obstaclee areismersed in the center of the plasma column (B 3cw).
The obstscle shapes used were a diek, a blade, and & small cylindrical probe
parallel to the magnetic fisld. When very thin obstecles were used, we
observad @ complex wake, varying with the obstacle polarization which resul-
ted from ion deflection by the edgee of the obetacle, Thus, we used thick
obstacles (about 2 mm) biased elightly negetively (~ 2V}, which was found

to eliminets this effect (ses, Figure 1,).
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FIGURE , 1

This drawing shows how a thick obsta=
cle collects all the streaming ions
which enter the sheath arcund the ade
ges. For thin obstacles the sheaths

pT deflection, leading to
OEFMICTION ASIORPTION complex wake structure.

LJiJ.
1

A small probe can be biased with a modulated negative voltage, giving
rige to @ modulation of its cross section as a xesult of the change of the
sheath thicknese, This provides a mean of exitation of the magneto pseudo
waves,

Dur measurements were performed with a thin probe which could bs
precisely displaced along the magnetic field. The ion current collected by
the probe was for experimental conditians, aqual to the ion flux on the
projected probe area, The ion flux modulation associated with the peeudo
wave was detected using a filter and autocorrelation techniques.

[II. SIMULATION OF THE TONOSPHERE IN A G-MACHINE

In the following table we give the important ratios for the wake

problem, both for a Qemachine (nu =1 :m-z) and for the ianosphers

(altitude 500 ku).

U=MACHINE TONDSPHERE
Ion collision frequency / ion gyrofrequency 0,01 0,01
Mobile velocity / electron thermal velocity o,m 0,m
Ion pazsllel thermal velocity / mobile
velocity 0,3 0,2
Mobile radiue / ion larmor redius 0,2 -1 0,05 - 0,5
Debye length / ion Lazmor radius 0,1 0,001
Ion wave phase velocity / mobile velocity 0,4 0,2
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The comparison batween these ratics shows that 8 Cesium pleama is e
good wedium in which to simulate satellite motion along the msrths'magnetic
field, The scales are abaut 1/2000far the perpendiculsr distances, 1/1000
for the parallel distances and 150/1 for the time. Note that the only large
differenca is the ratios cf the Debys langthe to the ion Larwor redii, This
will not, however, affect the ballistic solution only the effects of the
self-congietent electric field.

1V, STEADY-STATE WAKE EXPERIMENTS

Behind a gmall disk (5 wa ) the ionic current on a probe wes measu=
red aleng the axis as & function of the distance, The results plotted in
Figure 2 showa @ periodic atructura. The slight increase of the meman denaity

3

along the wake axis is attributsd to collisione ("n -2 1Dﬂ ew ) 5 fer

higher denmities, this affect becomes atronger as shown in Figure 3 (“u'

109 cn-s).

s =

!
i
!

Figurs 2 Figure 3
lonic current to @ probs, behind a disk (5 mm J), measured on the
woke axim w8 a function eof distence. Figuse 2 3 n = 2 1Pcm 2, Figure 3 s
n wilf cm 2, °
°
For a given plasma, the epatial perind L was verified to be inveras.

ly proportionnal to Bo (Figure 4), as theoritically predicted in the prece=

ding psper,
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/ £ FIGURE 4
4 ~
/’/.V ®
/l v, y Digtance from the body cFthe wake maxima
,//,/ [ X'y and minima as a function of the inverss
,,'/, e d.,o—’ of the magnetic field.
97,7 .~
"I’/
14
° L

In this experiment Bn and L are measured and values for vP are
calculated using both the purely ballistic theory (vp = (1 /2n) and accoun-—
ting for the coupling with the Barnstein waves (vp= Q'L/2m}, In figure 5
these results are compared with the values. It eppeare that the spatial
period of the wake is appreciably shorter than the one predicted by the
ballistic theory, but is in good agrsement when the calculated correction

due to the electric field effect ie taken into account,

=Y o

il f’ FIGURE §

-

i ‘v /e / Variations of the ion meen velocity e as

(V4 a function of the smittar tampmrature'T, .
The sctual values were obtained by four
different methods. The values calculated
from the measurement of the wake spatial
pericd are plotted taking into account

R e or not the coupling with ionic Bernstein
waves,

LNTIIR TOMPIRATORI(®E)

The damping effect of the ion parallel temperature Ti/,i- well exhibited
when the wake structure is studied for various emitter tsmpsratures, as

shown in Figure 6. It is known that when T decreases, \4p decreasss whils

k

the ion parallel velocity spread increases, In figure B, B‘2 is constant and

the increase of the damping with T i is evident,
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FIGURE 6

Variations of the exial wake structurs for
various emitter temperatures, showing the
damping effact of the parallel ion tempe-
rature.

JONIC CURRENT ON THE PROBE(

V. THREE DIMENSIONAL PSEUDD WAVES
The first step is the comparaison between the steady-state wake denai-
ty variations and thoes of the wodulated signal amplituds. In fiqure 7, sa
predicted, the two axial etructures are shown to oscillate 180" out of phase

in epace ; also, the pseudo wave is more weakly damped.

arbirrary  wnlts

FIGURE 7

Comparaison between the D,C. ionic current
and the A.L. signal amplitude detected with
auto=correlation on the axis of a small
prabe which is biased with & modulated vol=
tage (fragquency 2000 Hz)

We checked to sss if the antenna was exiting both pssudo waves and
ion acoustic waves, Using a tons burst a pulse of a few ascilletione would
eeparate at a certain dietance which depended on the different velocities
of the pseudo wave ( “vp) and of the faet end slow ionic waves. No impar—
tant ionic wave was exited, For exsmple, in typical conditions, (modulakions
frequency 15 kHz § ion gyro frequency 40 kHz ; ion plesma frequency 60 kHz),
it is ot the 4 th maximum (10 cm behind the antenpa) that we observed a riss
of a weak faster eignal which was identified as the fast 1ur;i= wave,

¥hen the wake is modulated, synchronous detection permits eensitive

mengurements of the structure of the edge of the wake. Ae prsdicted by the
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theory, Figure 8 ahows that the mmplitude is oscillating in distance at

the adge in ths ssnse opposite to that on ths axis of the wake.

expasimenteal

TN FIGURE 8

A three diwentional pseudo wave exited by
amall probe, The variation of ite amplie
tude versus the distance along the axisy
and at two ion Larmar radii fram the axiey
are compared and smw to be 180° out of pha=
sa, as predicted by theory.

" Dalistls wave . Amplitude to h--'-}

VI Q-MACHINE DIAGNOSTICS

1t was theoreticaly poseible tu deduce from the wake measurements
the ionic mean velacity as well as the ion parallel and perpendicular tem-
peratures. The mean velocity vp is obtained from the measurement of the
length of periodicity and the reaulte are shown in Figure 5. The correction
'/ coming from the theory does not vary very much for a G-machine. (1,14
< (P /0<1,17). Taking the average value Q'/N = 1,16, we can expect an accu~
racy of about 5 % for the measursment of vp. The same measurement with the

ry h

, in often easier, as the detection is more
sensitive, In addition, the smaller obetacle used with the synchronous
detection perturbs the plasma lees,

The messurement of Tili. connected with the damping of the wake, As
long as the dawping is uuk,‘ £q.(8) given in the theoretical paper is velid,
Tha ratio Av/vp, which wa deduced from the amplitudes of the firat minimum,
wes roughly in agreement with elsctroetatic analyser messurements {4v/v
>~ 0,2), Since the wake damping cen be drasticelly sffected by the collisions
and the slectric field, howsver it givas anly an indicetion rather than a

preciss value for Ti]'
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The measurement of Ti.l. is more precige. Assuming that T.i.lh 0, Eq.(7) gives
for the density maximum on the axis of a disk of radius R,

qﬂ Raaa

n__wmn  exp-
e Bm kT,
i ir

Far a diek & zediua 3 am, the density at the first maxinum wee measu=

red for vemous values of Bn aa shown in Figure 9.

E VS N\ —: [
i NLIZswee r
oo ~
i I\ Y i s 4 %,:0.240¥
ﬁ:,z. T
3 Fes
5 d
1 ]
H i
o obs ebe ol
' ° MABNITIC PREISURE (Tesies )
ST SN WS BN AXR{en ) *

FIGURE 3 FIGURE 10
lonic flux variatione along e disk
axis (R » 3 mm) for various walues
of tha magnetic field,

Logerithm of the current at the first
maximum versus the magnetic field to
the square.

The Log (nmax/nu) ghould be a linear function of B:, which is verified in
figure 10, From the slope we can celculste that kTu = 0,24 eV, when the

emitter temperature was kT = 0,22 eV, Thia agress with theory which predicts

k
that both temperaturse should be equal.

VI1 SUMMARY AND COMCLUSIONS

A single-ended Q-machine in the low dansi’ty range (nn< 1 em )
provides & good simulation for the wake problem of a satellite in the earthat
stmosphsre when the satellite motion is parallel ta the msgnetic field.
These experiments show that ths wake structure is feirly well explainsd

by the ballistic approximstion, Preciss measurements, however show tha’

there is a emall correctiveeffect due to m coupling with ionic Bernstein
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moden. The participation of quasi-frem-streaming ions was also observed in
the propagation of a pseudo wave exited by a modulated potential on a small
probe, From the measurement of the wake of an obstacle in a Q-machine, we

can calculate an approximete value for the parallel ionic temperature ;
howaver, scurate measurements {errors of less than 10 %) of the ion mean ve-

velocity and of the perpendicular ion temperature are possible from such

measuresents.
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Current-Driven Collisional Drift Instebility in a Q-Machine
Plasuma: Wave Induced Lomses and Anomalous Registivity.

by

R.7. Ellis*) and R.W. Notley
Princeton Plasme Physics Laboratory, Princeton N.J.

Abstract

We have sontinued experimants on the current-driven collisional
drift instability in a cesium plasma created in a double-ended
Q-machine (Plassa Radius = 2 om, Length = 110 cm, T = 2500°K,

n = 10'%-3 x 10''en). Onset of this large amplitude instadili-
ty (/n~10 %) 1s well defined and occurs at a oritical current
which varies with plasma parameters. Concomittant with oneet the
average plazma density decreases by 10 - 30 §. These wave induced
losses are consistent with calculations using a linearized two
fluid theory, including electron temperature oscillaticns and
electron heat flow. The calculaticne employ the measured wave
parameters, especially the amplitude and phase of the fluctuating
density and fluotuating potential. These results are additional
proof that electron temperature osclllationsare neceasary to
deseribe this instability. Meazsurements of plasma resistivity
indicate that for n,>10''en™>, where sheath resistance effects
are negligible, there ia no anomalous plasma resistivity attri-
butable to this mods.

A. ¥ave Induced losses

The ostablishment of a causal relationship between plassa
instabilities and snomalous plassa transport is of considerable
importance for plassa confinement studies. In this paper we
report on wave induced plassa loss produced by the esurrent-
driven collisional drift mode. Previous work (1) dealt with

T
*} Present Address: Max-Planck-Institut fUr Flassaphysik, OGarohing
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an 1dentifiocation of this mode on the basis of a comparison of
sany mode features with a linear two fluid theory which included
the effects of electron heat flow and electron temperature
fluctuations (2). Indeed, it was shown that the inelusion of
elsctron temperature fluctustions was of primary importance in
describing the instability; the present work strongly reinforces
that coneclusion.

The experiments were performed in a cesium plasma produced in a
double-ended Q-machine with the following parameters: Plasaa
Length = 110 om, Plasss Radius = 2 cw, T = 2500°K, n, = 10'°

to 3 x 10! w2, 1/, (dn /ar) v -1 en”l. Axial currenta in the
range 20 - 200 ma wers driven through the plasma and onset of
instability occurred at a well defined eritical current which was

a funetion of plasma parametera. The instability was detected by
Langmulr probes as a coherent, asingle mode oscillation of probe
ion saturation current and floating potential. The oscillation

was of large amplitude (E/nou—- 10 to 30 %), low frequency, and

was radially hocalized in the region of maximum density gradient.
Concommi tant with the onset of instability there occurred a large
decreass (10 - 30 %) in the average density of the plasma columnm,
as shown in Fig. 1. The transition from the stable to the unstable
state 1s produced by a very small change in the axial current, so
that the instability ocan essentially be "turned on” without groassly
changing the plasma parameters. The density deorease with onset
can thus be directly attributed to the apprearance of the instabili-
ty. Moreover, this feature of instability control allows us to
study the plassa in detail, both before and after onset, and
thereby to relate the density decrease to the measured oscillation
features. This requires a simple model of the loss process, whioh
follows.

The expsoted radial ion flux for a coherent single mode collisional
drift wave can be calculated with the result (3)

,i'(r) =4 %—""'— /h"(r)//cj';;m/sine,'v‘ (1)
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-hcre m is the azimuthal mode number, T is the fluctuating demsity,
I 1s the fluctuating space potential and © is the angle by which
b1 lnds ﬂ in the non-rotating plasma rest frame (4). Using this
flux we utimte the steady state wave induced ion loss as

D, - 3e(hny) MRy (2)

where R, is the radius of maximum wave amplitude and A(l.u)
-2 n.“ x Machine Length. Assuming that the non-wave losses
(represented by the ion confinement time 7° ) occur at the zame
rate both before and after wave anset we can write:

Before (mset : §w = ”06 VP/’T’
Afier Onset : E' = ROQK/T + fw

where § . is the staady state lon input flux from the endplates
(measured with a negatively biased collecting plate inserted across
the plasma colu-:).vp is the plasma volume, and nob(no') is the
average density before (after) wave onset. This equation yields

ane = At-nt _ By o)
s ’%b S

To test this relation we have measured A n,/n,, g ¢ 809 the
various plassa and wave parameters for a wide range of conditioms.
In particular, the n-putude and phase of the fluctuating density ’
(1) anda floating potential (lr) were recorded with a Langmuir probe,
care being taken to avold instrumental errors in these quantities
(b) Note, however, from eq. (1) that it is the space potential
(ﬂ ) which is required and in the presence of sleotron temperature
tluetuationl (T) probe floating potential is mot the same as space
potentitial. For a sesium plasma the relation between the two
fluctuating quantities can be calculated

eh - ed 57 ™
7 F T
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Using eq. (}) and the theory ot Ref. 6 1t ig possible to calculate
the relations among 1, ¢ and ’t glven the meagured plasma para-
meters. These relations nro then used to calculate @ and /¢ / from
the measured fluctuations. The final results are given in ng.z
which shows An /n, versus Iio"/ & ro;- various modes with a
range of density from 2 x 10'° to 2 x 10''ca™ and aziwuthal mode
number from m = 2 to m = 5. Considering the simplicity of the model
the two quantities are in excellent agreement.

An important point must be made with respect to the sign of the
phase angle O. Eq. (1) predicts a radially outward flux, and thus
a density decrease, only if © is a positive angle. If we were to
interpret probe floating potential as space potential (1.e. ignore
temperature fluctuations) then we would identify O with the measured
phase angle between fluctuating density and fluctuating floating
potential. As described in Ref. 1 this measured phase angle is
negative 1.e. Y lage ;f in the plasma rest {rame. Therefore, the
neglect of electron temperature fluctuations would lead us to con-
clude from eq. (1) that the radial flux was inward, in direct
contradietion to the expsriment.

To susmarize, the data presented detcnstrate that the measured
wave induced losses can be accounted for by the measured wave
parameters provided these parameters are used in conjumction with
the temperature fluctuation theory of the current-driven drift
mode.

B. Anomalous Resistivity -

A recent paper (5) has attributed low electric field ancmalous
resistivity in stellarators to the current-driven drift mode and
another recent work (6) has reported a 5 £ increase of plasma
resistivity with onset of the current-driven collisiocnal drift
mode in a Q machine plasma.

In the present experiment plassa resistivity in the presence of
the current-driven drift mode has also been measured, using extsr-
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nal current-voltage (I-V) characteristics of the plasma. With

this method the measured resistance is the sum of the plasma
resistance % and the sheath resistance n., which is contributed
by the sheaths at the two endplates. In the electron sheath regime

R, is given by
) R, % 24T
s & e A

where A is the oross sectional area of the endplates and v
(k‘!/-a) 1/: N R, 1s inversely proportional to the density and cean
be quite large at low densities. The density dependence of l\ is
important beocause the onset of the current-driven mode mvminbly
causes a significantdensity decrease (sse part A) which is re-
fidcted as an increase in Ra and thus an increase in the total
measured resistance. Therefore, to study the ohange in Bp with
wave t it is Yy to operate at high denaities where

ll is amall and ocannot significantly affect the results. Figure
3- shows a typlcal I-V characteristic at a density of 2 x 101!
en™ for which such changes of R, due to wave induced losses are
negligible. The plasma resistance at zero current (position
a-gtable plasma) agrees with the classical value. As the ourrent
is increased the resistance decreases slightly, indieative of
obmic heating. At a current of 140 ma (position b) the abrupt
onset gf an m = 2 current-driven drift mode occurs with B/n,« .12
and U}’« .02 V,. In the vieinity of onset there is no deteotabls
change in the plasma resistance. For n, > 100s™> we have
investigated this effect for varying magnetio fields and mode
numbers, for values of 'ﬁ'/ho to 0.25 and for U, up to 5 % of V,.
In all cases no inorease in resistivity was observed with mode
onget, demonstrating that at these densities any anomalous
resistivity ocaused by the current-driven collisional drift mode
is very small. '

Yy, - I/nGA,



-
.

A.

\n
.

o

2

- 199 -

References

R.F. Ellis and R.W. Motley,Bull. As. Phys. Soc. 14, 1055 (1969)
and Bull. Am. Phys. Soc. 15, 1438 (1970)

8.%. Teai, F.W. Perkins and T.W. Stix, Phys. Fluids 13, 2108
(1970)

H.W. Hendel, T.K. Chu, and P.A. Politzer, Phys. Fluids 11, 2426
(1968)

R.W. Motley and R.F. Ellis, Pnys. Fluids 13, 886 (1971)
B. Coppl and E. Mazzucato, Phys. Flulds 14, 134 (1971)

T.C. Simonen, T.X. Chu and H.W. Hendel, Bull. Am. Phys. Soc.
15, 532 (1970)

Figure Captions

Radial ion saturation ourrent (J+) profiles before and after the
onset if a m = 2 current-driven drift mode at B = 3.3 k.

Relative density decrease & nc'/no with onset of current-driven
modes, varsus § '/ gn. So0lid line is theoretical curve.
Ccurrent-voltage characteristic of plasma at By = 2x 10110-3

B =5.76 k0. B (H) 1s fluctuating density recorded with a
Langmuir probe at position a {position b) of the characteristic;
horizontal sweep .5 ms/cm.
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Effects of Parallel Navelength on Collisional Drift Instnbilitz'

by

L. G. Schlitt and H. N. Hende1®

Plasma Physics Lasboratory, Princeton University, Princeton, N. J. 08540

Mbseract

The dependence of the collisional drift instability on parallel wave-
length has been studied in potassium Q-machine plasmas. The parallel wave-
length is determined by the length of the plasma column (A, = 2L), which
can be varied (L = 15 to 130 cm). The instshility is driven by the expan-
sion, limited by resistivity, of the electron fluid parallel to the mag-
netic field. Stabilization at both long and short parallel wavelength
(A, 2 200 and A, $ 100 cm respectively) by ion viscosity has been demon-
strated. Stabilization of individual modes at high magnetic fleld and short
parallel wavelength (B/k; = 1 kG-cm, A, = 100 cm) due to ion motion parallel
to the magnetic field has also been observed. These results are consistent
with the predictions of a two-fluld, slab model theory which includes elec-

tron temperature fluctuations in addition to the effects mentioned above.

Introduction

The effects of parallel wavelength on the collisional drift instability

*This work was supported by U.S. Atomic Energy Commission Comtract
AT(30-1)-1238.

10n leave from RCA.
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in potassium plasmas have been studied on the Princeton Q-1 device. This
study has led to the prediction and cbservation of four gensrsl stability

characteristics of the drift wave.

Theory

Previous two-fluid, slab model theories used to deseribe the colli-
sional drift wave have included the effects of parallel resistivity, finite
ion larmor radius, ion viscosity,! and thermal conductivity.? However, for
parallel wavelengths of 100 cm or less under typical conditions, ion motion
parallel to the magnetic field must be included in the theory. The Tesult-

ing dispersion relation cen be written in the form:
D(w,X) = Da(w,k) + D,(w,k) =0
where D, w,k) contains all of the teras which result from the inclusion of

ion motion parallel to the magnetic field. -

Do(w,k) = bw® + [bRw, + iw, + iw, (R + 4.03 b)] w?
- {iRugw, (1 - 4.03 b) - iRogs, + (R + 4,03) + 1,08 o (R+b)] w
+ [1.08 Roudl (1-b) - 3.03 Ruww, - 1.08 iw,w) (Re1)]
ll)l

Dy, (w,k) = -Qi [weo (R+ 2.24) + 0w, (1.95 R+ 0.81) + 1.08 iw? (R + 1)]

4”!
Qe du - 5

The various quantities appearing in D(w,k) are defined as follows

1 o8 1
b LIl w, = by,
Ma?
kit
Re T/T rrp—
e ' BeVel
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L} ».
v,. = 2.88 TRee_gpp v.=1605%8 __gn)
i wbr ® ei » P ¥

The predictions of this dispersion relstion ave presented in Fig. 1,
which displays the ratio of magnetic field strength to perpendicular vave-
nusber B/k, at onset of instability as function of parallel wavelength A,.
These marginal stability curves separate the plasma parameter space into
stable and wnsteble regions. The sclid line is the marginal stability
curve for the complete theory including ion parallel motion and the dashed
line neglects ion parallel motion. Although the exact shape and location
of the marginal stability curve in the B/k, versus A, plane depends upon the
values of other plasma parameters such as density and density gradient scale
length, the general shape of the curve is retained and therefore predicts
four general stability characteristics of the collisional drift wave:

1) low field stability - for eny A, the plasma is stable for suffi-
ciently small B/k,; 2) long parallel wavelength stability - for any B/k,
the plasma is stable for sufficiently large A,; 3) short parallel wavelength
stebllity - for any B/k; the plasma is stable for sufficiemtly small A,, in
fact, there exists a critical ), below which the plasma is stshle for all
B/k,; and 4) high field stability - for amy A, individual modes are stable
for sufficiently large B/k,. The first three characteristics are predicted
by previous theories and result from the balance between the destabilizing
effects of parallel resistivity and thermal conductivity and the stabiliz-
ing effects of ion viscosity. The fourth characteristic, high field sta-
bility of individual modes, results from the inclusion of ion parallel
motion and is due to ion viscosity and the collisional coupling of ion
parallel motion to electron hest flow. Because of the 1/k, dependence in
the ordinate of Fig. 1, high field stability applies only to individual
modes of oscillation as illustrated in Fig, 2, which displays marginal
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stability curves for the first seven ezisuthal modes. Unless ), is suffi-
ciently close to the criticel parallel wavelength, the plasma is unstable

for all magnetic fieids higher than that necessary to destsbilize the m = 1
mode. However, if ), ie sufficiently close to the critical parallel wave-
length there will be intervals in magnetic field, between the appearence of

successive azimuthal modes, where the plasma is stable.

Experiment

The Q-1 device, whose features and operatian have been described pre-
viously,' was modified to permit the variation of the plasma colusn length.
The heated tungsten end-plate assemblies were mounted on vacuum bellows and
supported by tracks inside the vacuum vessel so that the colum length could
be varied while the experiment was in progress. With both end plates oper-
ating under "electron-rich" conditions, the parallel wavelength was meas-
ured from axial oscillation amplitude profiles for a wide range of column
lengths and densities. The parallel wavelength was found to be 2.5 times
the column length with an uncertainty of 20% for all cases.

Marginal stability curves were determined experiwentally by setting
the column length and incyeasing (or decreasing) the magnetic field until
the m = 1 mode became unstable. The plasma density and demsity gradiemt
were measured in the stable regime near onset. As in previous work''? the
magnetic field was scaled by a factor of 1.5.

Figure 3(a) shows an experimental marginal stability curve. The
density was constant, ne = 2.5 % 10'° ™, however, |{¥ne/n.| increased

as A, was d d. The exp 1 app does not permit indepen-

dent control of these parameters, but the theoretical curve shown includes
the variation of ¥no/no. The error brackets indicate the total wncertainty
in the seasured valuwes of 1, and B/k,. The uncertainty between adjacent

data points is about 1/3 of the error indicated by the brackets. This
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figure demonstrates three of the four stability characteristics of the drift
wave!:

1. Low field stability - the plasma is stable at all parallel wave-
lengths for B/k, < 0.35.

2. Short parallel wavelength stability - as i, decreases (B/kl)crit

increases until the critical parallel wavelength ), = 60 cm is

Yerit
reached. For shorter A, the plasma is steble for all values of B/k, .
3. High field stability of individusl modes - the four points

Bk o 2 0.8 are points at which the m = 1 mode is stabilized by ien

parallel motion for large values of B/k,. The stebilization of them=1

wode could not be followed to (B/kl) > 1.0 because of the destabiliza-

crit
tion of the m = 2 mode. .
Figure 3(b) is similar to Fig. 3(a) except that no = 2 x 10'? cm™® and
¥no/no is nearly constant (-1.8 cm !). The comments regarding experinmental
uncertainty, low field, short parallel wavelength, and high fleld stabili-
zation, made for Fig. 3(a), apply to this figure as well, except for the
quantitative differences. In addition to the three stability characteris-
tics demonstrated by Fig. 3(g), this figure demonstrates the remaining
stability characteristic of the drift wave, long parallel wavelength sta-¢
.

bility. As the perallel wavelength was increased from A, = 230 cm to

330 cm, the stability parsmeter increased from (B/k;) t " 0.5 to 0.6.

cri
Pigure 4 shows the oscillation asmplitude n; as a function of magnetic
fleld B for varlous column lengths L. This figure emphasizes the region of
stability between the stabilization of the m = 1 mode by ion parallel motion
{B < 4.7 kG) and the destabilization of the m = 2 mode (B > 4,7 kG). This
region of stebility appears at L = 32 c» and widens to 1 kG at L = 29 cm,

Lepiy = 28.5 ca. In addition to emphasizing high field stsbilization of

the m » 1 mode this figure also demonstrates low field and short parallel
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wavelength stsbilization.

Swmmary,

A two-fluid, slab model theory has predicted four cbserved stability
characteristics of the collisional drift wave: 1) low field stability;
2) long perallel wavelength stability; 3) short parallel wavelength sta-

bility; and 4) high field stability of individual modes.
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NUMERICAL INVESTIGATION OF THE EFFECT OF HEAT TRANSPORT ON
COLLISIORAL DRIFT WAVES,

P. Brossier, P, Deschamps, k., Gravier, R, Pellat, C, Renaud,

ASSOCIATION EURATO"ZAI;C;EA

nt de la du Plasma et usion Contriléa
Départoment ¢ F‘“'l“:;Eludes Nucléaires
Boite Poskale n° 6 - 92 Fontenay-aux-Roses (France)

ABSTRACT

A detailed numerical invescigatiou of cthe
linear dispersion relation for pressure gradient
driven drift instabilies 1s reported here for the
collisionel plasma, Besides effects related to
the finite thermal conductivity coefficients for
both ifons and electroms, correction terma have
been included in the equation a) for low magne-
tic field regime, 1i,e, when Q¥ i, b) for
heat exchange between the ion and electron fluids
which may become important for ions and electrons
with different temperature.

The influence of the magnetic field B on growth
rate and frequency shows the evolution of the fluc-
tuation spectrum into a turbulent one and deviation
from the 1/B dependance, Correction due to finite
Vi /82 are stabilizing, heat exchange is {mpor- -3
tant only at large densities {for instance > 1011cm”
Comparison with avoilable experimental data shows
that high azimuthal and parallel wave numbers are
more stable than expected from the linear theory.

).

Pressure gradient driven oscillations were shown to grovw
-astable under the influence of electron-ion collision [1,2,3]
Ion vigcosity reduces the instability domain {i.e., The mode are
more easily stabilized as the fon-ion collision fréqulncy incres-
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ses. For instance, when the density increases the minimum ion
larmor radius aj to stabilige the mode increases, Later a more
accurate description of the influence of the collisions was
derlved[b.i] » when heat transport from both electrons and iomns
was included, allowing for electron and ion temperature fluctua-
tions. In the mean time,the difficulty of analytically solving
for normal modes increased and help of numerical technique was
required. We present here results of a numerical investigation
of the collisional drift wave dispersion relation for conditiomns

in the range of Q-machine operation,

The dispersion relation used here, derived in a slab
geometry, includes the ion viscosity and heat transport features
mentioned above, Using the notations we defined in ref, 4 , it

can be schematically written as
((T)+1)V -1z HE{(Q)G—I) (1+Hy) +(1 +5)V}
with V= b(ﬁ-—% i.-()

W~ o7 iz

= 0,98
He W —2.96i2z
)]
+ b
M = Y2, =T/
%5—2!&(
where V, W and H; arise respectively from the ion viscosity,

electron and ion heat conductivity contributions,

When iscothermal fluctuations are considered and no heat

transport i{s involved, the expressions for Wg and Hy are

\-\E =1, HI' 0, The comparison between isothermal and adiabatic
fluctuations u’il_ol from tha computations. The effect is shown on
fig. 1, where coatours of constant growth rate are plotted for
both cases. The f{sothermal case looks more unstable for long
vavelengthsand more stable for short wavelengtias, Although the
exact numerical values depend on the value of the viscosity coef-
ficient which comes into the parameter “i/e--VT; (E -Vn/n) ’
the qualitative results are the esame, For long wavelengths where
most experiments operate (!. ~s = lem ", }’rv 1-2 m)
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for the non-isotherwal case the

20102
I | stability is recovered below a
Potassium
;' med o 3‘ critical field (B“") larger
=30 em-d o
. ':-:T..-imk than expected from the isother-~

m'+'| 4 mal theory.

The transport coeffi-
cients uged here have been publis-
hed by Byragiiuski in ref.6l. They
include corraction teras in(\J/.Qc)’.
Since the warginal stability
Field Berit, scales with den-
sity as n‘/z (in the limit
%0, b—=0), the correction
terms scale as n at marginal

atability, The ion transport coef-

[T] a2 [} [ ] [
“ (ST ficients are thus modified at

hg1_NON -ISOTHERMAL OWIFT DISSPATIVE NSTABLITY ]1arper densities, The modiffice-
e o1 = S OtHeral
—wa wothetmal tion appears to be important

whenever the normalized ion
collision frequency \)'l/c_vﬂ exceeds 1 (for kr r~E ). In the
digpersion relation printed above, V now reads
AR IEATE - w(1+51) (s3+da))
1
and H‘ reads H+= vt -5h
P 25-2ix (5)-S(sa+da

wvhere a) 51,8 » S and SA are respectively first order ecorrections
in (\h /_Qc.,)¢ to Bragiidski's ion viscosity coefficients

IZ, ‘75 and perpendiculer and transverse ion heat conductivity
coeffictent X, X, [7].

b) d,, d, sre first ordereorrections to

d'?s dXa
ar /ar

Such a dispersion relation D (%, /€,k, a; , o, *) =0
ts displayed on & double plot on fig, 2, vhen Vi/& .Vy =02
(wbich obtains for instance for n = 3, oxlom -3, Ty = 2400°K,
&= -lca 1). The ratio Kx/Ky 1s chosen to fit an m » 2 ezimuthal
aode,
Vith the correctlonsincluded a) the maximum growth rate goes down,
b) the stebility is improved at any parallel waweleangth and ob-
taine for lerger field, This incxease in stability {s observed for
any azimuthal mode as shown on fig,3 where the growtb rate is plot-
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ted against the meguetic field, It does show that V;/Q . correc-
tion vanishes at large field.

Figure 4 shows too that,as B increases, higher azimuthal
modee appear with higher growth rate. The fraequency for these
modes are plotted on fig, 4 and are all located in the same fre~
quency range, From fig.J and 4 at large field one expects to ob-
serve a large number of szimuthal modes of comparable growth
rate at frequencies between O and a few tenths of € Vy; , For
each individual mode the freguency 1/B dependance is observed
only at large field, It -is almost independant of B around the
maxinum growth rate and increases vith B near margimal stability.

From the linear theory the correlated gnrt of the radial
flux (¥. V.—] may be estimared, by taking Ve =-El + This quanti-
ty {s proportional ro |‘("2 , wherse ‘f is the amplitude of the
fluctuating potential. The propertiomality coefficient ""Vf)l'f"
for conditions of figs,3 and 4 is presented on fig, 5, From fig3
and 5 the simple assumption thit "? follows Ywould lead to the



2! T T L ] T T T
6.0 10~ Potasti
. ws} 320D o4
.|: To= T = 2400%
= Em-tem”!
sob 4:',_ 3= 400cm
[+ 8 1
sof
orst E
3.0+
L9
n.mr a3 h
20F [\ ma2
| met
0 aost R
L 4 2
i 1 2 3
! 2 3 B (.@‘) B ixGs)

fig)_MFLUENCE OF THE CORRECTION T0 fig _FREQUENCY FOR VARIOUS AZIMUTHAL MODES
COEFFICIENTS

TRANSPORY
ON THE RESISTWE DREET IRSTABLITY
GROWTH RATE

conclugion that high magnetic field would bring increased radial
transport from higher modes. Actually the amplitude for large
azimuthal mode number drops presumebly due to non-linear and/or
boundaries effects, Another example of high mode limitation in
sctual experiments, at least in Q-machinegy, is shown for parallel
vave numbers on fig,6, Two different parallel wave modes ( A=lL=
machine length ; A=2L) can exist with comparable growth rate,
Since vaves are standing in & symmetric double ended machine the
higher wavenumber (A= L) should exhibit a node around the center
of the machine. Such a wave structure has not been reported so
far,

Heat exchange betveen the electron and the ion fluid has
been fgnored, This term is proportional to “ii(11'1i) which
contributes to first order, even for equal equilibrium temperatures
Tio-Tco' It can become important for dense cold plasmas and/or
inequal fon and electron temperature, The effect for a dense
equitemperature plasma (fig.7?) shows slightly destabilizing for
the short wavelength branch, Beyond the case of dense cold plasma

this effect can prove important for partislly fonized gases vhere
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[ T L T collisional drift wave have been

-

reported, [B] .

The dispersion relation

s
T T

including correction terms prin-
ted above has been computed for

the parameters published in [9]
by Hendel, Two cases are consi-

g
3
Frrrey

dered a) for fon temperature

equal to the plate temperature,

+ b) for ifon temperature above the
B{xGs)
Q. 5_RADMAL TRANSPORT COEFFICENT FOR nl:us plate temperature as might be
AZIMUTHAL MODES

the case due to the voltage drop
in the sheath, The improvement of stability (fig.8) over previous
theory ie not encugh to account for the discrepancy with the
experimental results. There still is a factor~1,5 on the critie
cal field for the wavelength actually measured or a factor ~v3

on the wavelength for tbe critical field observed in the experi-

ment.
soxi0-2 j T T
e om-3
= n=3x10! -
~F TeZi0%
I Em-lcm-!
50 t=20em
wol- J
a0 1
201 1
o R
T 1 H 3 4 0.0 [ [} (Y] [
oy *y %
15.0.0ROWTH RATE AS A FBCTION OF PERPEMOICULAR  Fig.7.NFLUENCE OF HEAT EXCHANNE BETWEEN
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The computation of the
collisional drift wave disper-
sion relatfon in an infinite
plasma has been performed for
non isothermal fluctuatioms
vhen corrections to the ion
transport coefficients and heat
exchange betwveen ion and elec-
trons are considered, It yields
the frequency and the growth
rate for perpemdicular and para-
llel wave numbere, The effect
of the magnetic field on the
azimuthal wodes and on the
frequency is showa, The
1/B-dependance of the frequency
can only be used for identifica-~
tion of drifc wave at large
field,

Agreement of this dispersion relation with existing experi-~

ments is improved, However the remaining discrepancies might

question the adhequacy of the linear theory to accurately explain

the observations in actual machines vhere end affecte, radial

dependances and non-linear phenomena are present,
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MEASUREMENTS OF TEMPERATURE WAVES IN CONNECTION
WITH A DRIPT ILITY
by

W. Priz, G.L.J. Miller’ and R.S. Palmer

Aerospace Research Laboratories, WPAFB, Ohio 45433

Abstract

Experimental investigations were made to substantiate the
existence of electron temperature fluctuations accompanying a
drift-type instability in a Q-device as predicted in an
experimental study by R.W. Motley and R.F. Ellis and in a
theory promoted by S. Tsai, F.W. Perkins and T.H. Stix. These
fluctuations violate the isothermal assumptions of previous
drift wave theories, As it appears their most evident effect
is on the phase relations between density and potential
fluctuations. Results of measurements and a discussion of the
applisd diagnostic technigues are presented. The temperature
fluctuations are in all measpured cases much smallsr than the
density and potsatial fluctuations, their normalized value
being 2.10-2 < T/To = 7.10-2. With increasing plasma density
the phase lag of the temperature waves increases, whereas their
amplitudes decrease monotonically.

Introduction
In recent uox:k-]"z on density driven drift waves it has been

pointed out that the experimental results do not follow in all
details the predictions of the generally accepted isothermal

th.oriel"". In particular, there are di P ies bet the
measured and the theoretically predicted phase angles for density
and potential fluctuations which would lead to irreconcilable
consequences for the wave ind d radial 1 . Apparently the

problem arises from the equalization of the space and floating

~

~
potential & = d}_ , an identity valid only under isothermal
plasma conditions. However, when fluctuations of the plasma
* Ohio state University Research Foundation, Columbus, Ohio.

On leave from the Max-Planck-Institut f£Ur Plassephysik,
Garching, Federal Republic of Germany
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~

~ Cad
electron temperature T are involved, a relation betwsen ¢, , 4?,
and T can ba derived from the Langmuir probe theory

o ok ¥ %
u—,'u—*‘;w,hqu’ . (1)

oo d Land
Equation (1) shows that <P is not in phass with q:‘ , in
general, and may eliminate the decrepancies mentioned earlier
as pointed cut by Motley and Ellisl.

Here wa p t experi 1 results showing electron
temperature fluctuations ?accc-pnnying ths density and floatig
potantial fluctuations B and $‘_' Of a drift-type instability ia
the ARL Q-device in single ended operation. The plasma column
was 260 and 111 cm long and had a diameter of 3.5 cm. The
machine was operated with Caesium at plasma densities il°>101%l-3
and at magnetic field strengths of 1<B<3 kG. A detailed
description of the experimental apparatus and the features of

the instability is given elsevhers’’S

. Measurements of potential,
density and temperature fluctuations were made using -hQIM
Langmuir probes, .125 mm in diameter and 3 mm long. They were
located near the maxina of ?q'/no and o%/h‘ro and close to the
peak density grld:l.emtbno in a plane 56 cm from the ionizer and
at different azimuthal positions.
Biperimental Method

An electronic smmpling method was used to measure the
fluctuations of plasma density, potential of the unbiased probe,
and ths electron temperature in phase and amplitude. The a.c.
probe signals were smmpled during each instability period,phase
locksd to the instability, and with a gate time much asaller
than the oscillation period (Pigure 1). The d.c. and a.c.plamma
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densities were derived from ion

saturation probs currents.A. c.

potentials of a floating probe oy

" {e Ve o)
were measured with a shielded \/l %

v —lasr

probe and a high impedance input
®r>10°0 ). Sobttunt oo ge
5y B frody) 0
As a basis for the electron & (lﬂ%,‘ (r{f)‘ a

temperature measurements, the well +'£’H"ﬁ’ I,

known Langmuir relation ’ Fig. 1

Lo 4AL_ 4L

{
AT 49 I, 4$

(2)

was used vhere: I. ig electron current, ¢ the probe voltage,T
the electron temperature, By switching the d.c. probe bias
between two potentials, one in the ion saturation current region
and the other in the electron portion of the probe characteristic,

(Pig. 2) the electron current

I = Ior ~ Teat 3

was controlled.The l'lope of the .

probe characteristic dI_ /d¢ Ft E?EE

(1.:1,,) +swhich wvas assumed equal / i .
- 0.1

to dI./d4, was measured by a g‘ Al :

probe current modulation’ which ) l»wrmn

was induced by a small superimposec E""""ﬂ
oL vt OCOM -~  —

a.c. signal on the probe bias "

(Pig. 2) with an amplitude DS VOUTACE RELATIONS
Fig. ¢
U < kT/e and with a frequency

£ &© .Measuresents wers taken in & range with [Ig}<3 (1, Iwhere
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the proba characteristic has a very good exponential behavior.
By continucusly tuning the d.c.offset of tho probe d.c.bias,
tha electron probe current 1, is held constant,therefore the
slope dI./dtp, in equation (1), bscomes proportional to 1/T.
Deviations in probe characteristic slope,sampled over an
instability period and at a fixed I_,allowed measurements of

variations in T in both phase and mmplitude over the sams period.

Diagnostic Apparatus

The sch ic of the di stic apparatus used in these

experiments is shown in Fig, 3.The left
side shows the probe bias arrangement.
The probe current signals are fed to a
Box Car Integrator which performs the
sample and hold function.The d.c,
output of the box car integrator
delivers phase locked probe currents
to both recorders 1 and 3.Racorder 1

plotted phase locked probe characteri —
stics (IP: vs p)vhile recorder number 3
monitored the constant probe current
control (I.) . Recorder number 2 plots the probe characteristic
slope by measuring the low frequency probe current modulation.
The time base of the box car integrator is triggered by the
instability signal of a separate reference probe.

The fluctuations in the probe floating potential $;\nl:o
also recorded with this circuitry (Pig. 3), only in this case
a floating input amplifder was used instead of the current to
voltage converter shown in that solematic.
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Experimental Results
Pig. 4 shows in the upper part

typical traces of the fluctuations of
the Floating probe and the ion
satuzation current.The lower part of
figure 5 shows probe characteristics
for three ingtability phase points.
Pig. 5 shows typical results of a
set of recordings of density,floating ?1

probe potential and alectron tempera - m_w.-;-ggo_-——__ I
[ T r—— :
ture fluctuations vs the stretched rig. 4

time resulting from the sampling technique.

Many runs of this type

were recorded in a range of

plasma densities 101‘_’5% <

11

1.5-1012en™>, magnetic fields

1B <3 kG and for column

lengths of 260 and 111 cm.
Results of these measurements
ehowed temperature fluctuations in the range of 210 2<T/T <
7-1072 which were found to be much smallsr than the density
and floating potonthl fluctuations ;/no w e% /KT .
Pig. 6 shows ths phase relations hetween potential and
density fluctuations vs n.Tha lower half of Fig. 6 shows the

red ph aize be the density oscillation and

¥

the potential oscillation of the £loating probe, with the
floating potential oscillations always leading in phase.The
upper half of this figure shows the phase of the density
oscillation in regard to tha phase of the space potential,which
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waa calculated from equation(l) usirg ol oo, *
the measured values of phase and - e . 'T
L W ] ] (X
amplitude of floating potential and o
ey .
temperature fluctuations.These reasults
PIOE EEL JEN 1 )
show that the density oscillations ol ] ~
L)
are mostly leading the space potential 4y -
-3
oscillations as is postulated in - . .
-0 . .

linear drift-wave theory.Experimental
results of the electron temperature
oscillationa in prhase and amplitude

vs the plasma density are presented in
Fig. 7. The smplitudes decrease and the M
phase lag w.r.t.space potential

increases with increasing plasma densi-

ty.
These preliminary measurements allow
the following conclusions: 1) from the

Langmuir probes in conjunction with a
smmpling techni,ue,fluctuations of the rig. ¢

plamma electron temperature,in phase and amplitude, were
measured in the presence of density and potential oscillations
of a drift type imstability.2) The density oscillations were

found to be lagging in ph in gard to the potential
oscillations of the floating probe but mostly leading in phase
in regard to the space potential oscillations calculated in
connection with temperature fluctuations.3) The measured slec-
tron temperature fluctuations decrease in amplituds and ircTease
in phase lag in regard to ZIoating potential with increasing
density.
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Dynamic Stabilization of Transverse Kelvin-Helmholts Instability

by

Y. C. Lee‘r and T. K. Chu
Plasma Physice Laboratory, Princeton University, Princeton, N.J. 08540

Abetract
The transverse Kelvin-Helmholtz instability is driven by non-
uniform E X B motion of a plasma. Ana. c.. electric field near ion
cyclotron frequency, applied across the shear layer resulting from the
nonuniform d.c. electric field,can be used to stabilize the transverse
Kelvin-Helmholtz instability, The stabilizing effect is shown to arise

from high~frequency excursion of ions near the shear layer.

« .
This work was supported by U,5, Atomic Energy Commission Contract
AT(30-1)-1238,

TPreunt address, University of California at Los Angeles, Los Angeles,
California,
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A cylindrical plasma column confined by uniform axial magnetic
field and possessing a radial electric field rotates with the E X B
frequency. If the electric field does not vary linearly with radius, the
plasma rotates nonuniformly and velocity shear exists between radially
adjacent layers, When adjacent layers mix, the directed kinetic energy
decreases and the Kelvin-Helmholtz mode thus may become unsublel.

A transverse a.c, electric field, near jon cyclotron frequency, is
used in the present model to dynamically stabilize the low-frequency
Kelvin-Helmholtz mode, We select a two-region plasma, Fig. 1. At
equilibrium, there exists a discontinuity in Eo(x) so that a velocity shear

exists in the x direction.

y
E (%) no(X)
Reg'\,on - Reglon 2

¢

)
Er = Er#“" wo't 1'
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To follow the relative motion of electrons and ions due to the

applied field of freq y w,, we define the following transformations of

particle displacement and velocity:

fa = :a + :a sin @ t [1}]
:a T ¥ tw € conwt )
a =i, e

n = »f
% .a (fa.x) - jd‘pa,yd' ma.x.pa.y.')"p[ mypa.yﬂ(wo)']
{3)
of the function ’(pa «Pa v t) . It follows that a function { in both the

electron and ion frames is related by

n = _
fkye = %Jp(e +k€)f i (3)
,f: i = (6 ian *Xy€ )f"" ) (4)
ba -p xldx e
£ %% (5)

where Jp is the Bessel function of order p.

The dispersion relltionz 3 41!. therefore
2n _ . n.n n-p _n-p
v ¢‘ =L i ¢‘ - J_pL‘ ¢. )
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where ,
"
L _ lw no'
no(Ul-nwo)
(8)
L 9
2,2 - _cE _ =B
and wpa =47e nolma , B = w+kyU. u -To , ﬂca = cmy , where

prime denotes differentiation with respect to x. In obtaining Eqs. (8) and
{9) for the Kelvin-Helmholtz mode,’ we have neglected finite Larmor radius
effect and terms smaller by a factor of (‘%’)_Z . We have also
assumed k“ = 0 and no ;:ouilion and wavef;article resonance effects.

For (@)<< w,~ @, and small high-frequency field so that

k-€< <1, Eq. (7)gives

2o _~ oo o0 1 4 2 0.0

Ve -L;# L, ¢i "3 ' +ky£y) Le®s (10)
] a4 d .3 1 4 L)

vz’i =L i ¢i -Leq’e *Z‘(x idx+ky(yn"e¢e )

where ¢lﬂ are associated with frequencies ( % nwo).
For the two-region model in Fig, 1, the differential equations

governing ¢;’ and ﬂu reduce o

2
4 2, 0 _
(= -ky) ¢i =0 (12)

gl &

2, 4]
- ¢y =0 3)
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The boundary condition is

n

’i

m continuous across interface (14)
°

The solutions to Eqs. (12) and (13) are

A
& = AD, explk x) f {15)
3 & »> x<0
$g = B emxplkm aé)
¢:’z = Aﬁznp(-kyx) ’ an
- . , 0
¢, B exp(-kyx) . (18)

Multiplying Eqs. (10) and (11) by &, integrating across the interface, we

obtain the following dispersion relation when w, is close to Dci.

&+ @ - L .

O + @, = ww + Wo3 ky (IJl + Uz) + ﬁ@aky(uz Ul) 19)
where
2K an An
2 2 n o 2 2

w. = kK€ 0 =2 .2 sk, (20}

a y x [ kY n, ] y y €i no

2 an

w B -1kyex eyl’)‘:1 ~ o (21)

and -k = n;/no » An_ = density change acroes the shear-layer
interface.

The stability criterion is

' 2 2 2
[oa +agx (U, - ul]‘ > 068"+ 9K (U,- U (22)

Thus, for sufficiently large a.c. electric field strength, the high-
frequency excursion of ions near the shear layer dynamically stabilises

the transverse Kelvin-Helmholts mode, For laboratory plasmas of
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k({U,-U) =~ 10kHZ, 3 . ~ 250 kHZ, thenkz ‘2 ~ 0.4 i.e., the
y 2 1 ci Yy x

ion excursion is of the order, or a fraction of, the inverse of the in-

stability wavenumber.
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PASSIVE FEEDBACK CONTRCL CF A DPIFT-TYPE
INSTABILITY IN A Q=-MACHINE PLASMA COLUMN
by
. L.'J. Muller and R. S. Palmer
Aerospace Research Laboratories, WPAFB, Ohio 45433
Abstract
A passive feedback instability control method, consisting
of a tunable series resonance circuit connected with a feed-
back probe and driven by the plasma instability energy itself,
was applied to am = 1 ,"drift-type” instability of a single
ended Q-machine plasma. Phase and amplitude of the feedback
drive current is controlled by varying the resonance circuit
characteristics. Measurements were made of the oscillation
amplification, partial suppression, and the equilibrium plasma
density changes caused by instability induced plasma losses.
The passive control mechanism can be described by the station-
ary solution of the "Van der Pol" differential equation for
non-linear oscillation phenomena, The efficiency of the
oscillation control was found to be small in this experiment
because only a single feedback loop is applied. Suggestions
are discyssed to improve the stabilization efficiency of this
passive feedback method.
Introduction
Feedback plasma stabilization methods have recently received
some attentionl and were applied with success to varicus inatab-
ilities in different plasma devicesz'a. This paper describes the
results of a passive feedback control experiment whers the
feedback energy is supplied by the internal energy of the plasma
instability. A part of the plasms instability energy is coupled
from the plasma, by means of a probe, into an L-C seriss reson-
ance circuit and fed back into the plasma by the same probe, The
feedback drive current is controlled, in its phase and amplitude,
by varying the eigenfrequency, in regard to the instability
frequency, and the ohmic impedance of the resonance circuit,
.
Ohio State University Rasearch Pou.ndltion{ Columbus ,Ohio,
) 4

On leave from the Institut fur Plasmaphysik, 3048
Garching near Muneiwn, Germany
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We applied this passive feedback control method to a "driftetype”
ingtability of a Q-machine plasma column and investigated the
characteristics of this stabilization mechanism and its Plasma
respcnse. The single ended Q-machine was operated with Cesium,
at plasma densities in the range of 1 x 1011 cm's. at magnectic
fields of about 2 Kilogauss, anc at a plasma column length of
265 cm. Details about the characteristics of the 1nstub111ty"
and its control by virtue of a d.c. electric fields W8 and of

an - active feedback uthodsﬂ

were reported elsewhere,

Partial suppression and amplification of the instability
and the change of the instability induced plasma losses were
measured as a function of the externally controlled phase and
the amcunt of the instability driven feedback current. Most
measurenents were preformed with a d.c. floating feedback probe
at the position in the plasma column where highest instability

amplitudes were observed.
Experimental Method
We applied a phase sensitive method to measure the plasma

oscillations and the equilibrium density as a function of the

feedback characteristics.

Figure 1 shows the applied
diagnostic method. The feed-

back loop on the left side

was periodically gated by a

chopper driven by a square
wave gignal of 135 Hz, The

plane feedback probe, 1 cm.

X 4 cn, ,was placed in a

radial position of peak
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density and potential oscillations.

Feedback voltage and current signals were controlled and
monitored by wave analyzers and a multi-channel oscilloscope,
One phase lock amplifier delivered directly the feedback drive
signal Ip sin ¢ » where the phase ¢ can be referred to the
feedback probe potential or the density oscillations,dependent
on whether the reference input of the phase lock amplifier is
connected with the feedback or density oscillation measuring
probe.,

The feedback controlled density oscillations and the d.c.
density were measured with two small shielded probes of the
same size, (2 mm long and .2 mm diam.), at axial positions near
the machine half length. These signals wera measured phase
locked to the chopper drive signal., The density oscillation
measuring probe was shifted 90° azimuthally in reference to the
feedback probe in order to rrevent direct coupling disturbances
between both probes. D.c. and a.c. plasma density measurements
were derived from the ion saturation current of probes biased

at 15 volts negative, All measurements wers trefrrmed uzing +he

L Pt Gt

rode = 1 instability with a.frequency o]
Vo ol e P N

of about 8 Kiz. | =
M

"4

Results o

esuls ]

Feasurements of the amount and
phase of the feedback loop current and
the feedback controlled instability
amplitude are shown in Figure 2. Here

the feedback characteristics are meas-

ured at various impedances Fr ve, the

inductivity "‘F of the external resonance ‘W Wb
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circuit. One reognizes the typical feedback behavior in the
families of curves in the middle and the bottom of this figuve.
Positive marked phases ¢F correspond to an inductive resonance
circuit behavior and to a lagging of the feedback current in
regard to the fesdback drive voltage. This case leads to a
destabilization, while a leading in phase results in an instab-
ility amplitude reduction. The instability amplitude change
around the reaonance(“/wf :l) is mainly caused by a fast
change of the feedback current phase vs, Q/G’F. A reduction

of the feedback control, far outside the resonance.is caused

80
mainly by the reduction of the Probe: pine, 4 cm? , d.c. foasi
feedback current when the :_: :’?"‘"’
L) 60 R 3000
rescnance frequency F msnx
deviates more and more from the v wlielGh
a04 ¢
instability frequency D . \ 109
The feedback circuit
20..
current-voltage characteristic ? .
igad
shown in Figure 3 represents o , Y \ o
3] 5 30 a5 €0

the instability control of the
passive feedback loop itself. ﬂmxmc:?ﬁv:'zogmﬁf#:ﬂnﬂh
In this diagram, the a,c, feedback probe voltage( the probe is
at d.c. floating potential) is directly recorded vs. the a.c,
current in the feedback loop, when the circuit resonance freq-
uency U/u‘vu varied. In the lower branch, withPs %F<l,
we have a stabilizing effect to the plasma oscillations, while
in the upper branch, with'v >| , the resonance circuit is
inductive, Lr is dominant and both the feedback loop voltage
and current are amplified.

An experimental result on the influence of instability
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control to the radial con- .5 %_'-Ma-‘) frx —wm
tainment of the plasma 1 ) N
column is shown in Figure  *7] o IIHH s
4, Here the changeArl,of . Il = Rl
o 3
th ilibprium density ir R=300 0
e equ rium density n, IH\ B
the center of the colum _ | ) al wn L2 0-300mty
Y . I
is directly recorded vs. o f N T'-.“.’m
N . od 1 1 1 1 1
Ip sm¢ wwhile the feed- 2oer—w——o .

back loop eigenfrequency Plasna Density CI w Foedback G 1' "

is varied in a wide range Figure #
by changing the circuit inductance L, step by step at a fixed
capacitance Cpe Both signals in !‘igure_ % were derived from the
phase lock technique.
Discussion

The expressions shown in Figure 5 represent an analysis of
the probe-plasma passive feedback lcop where Rt is thetotal
complex impedance of the loop, P:“l is the plasma impedance, and

Rpr is the probe resistance at

2
floating potential. From these R'=RI|+(°:/:£:') v “P{'f]

equations, one can express a
relation for the feedback osci: With: ¢ =arcian [—'#'—I

~
lation density B,. At resonance

«=(C,xL,)"", r=RC,
R=R+R +R,

of the feedback circuit with -
the instability frequency,

={, the in::rnal plasme feed- R 653 x10° ‘% :; (ohm)
back signal n, is about 180° T :
out of phase in reference to "
the instability signal?l;. The (R)vn-SASID'E !ﬂl-

impedance of the totali fedcback
Figure §
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loop has a minirum when R, = R and the feedback current is
maximum under this condition.";z is leading or lagging in
phase, in regard to the instability signal :;_. dependent on
whe ther “A‘F>l (capacitive circuit) or “4)F<| (inductive
circuit).

Recently, it was shown that the “Van der Pol"™ theory of
non-linear oscillation phenomena is able to describe successfully
the plasma instability feedback control mchanismz's. According
to this theory, the oscillation control is givan by:

1 ) ( n1 ) % -E'l'sm

te

where n,y and n;, are the feedback controlled and the natural
instability saturation amplitudes, ¢ the phase of the feedback
signal in regard to the instability signal, and G&the instability
growth rate. The right side of this equation is the feedback
oscillation control parameter, which is >O for destabilizationm
and €O for stabilization dependent on whether the feedback
oscillations are leading or lagging in phase in regard to
the instability oscillations., For a comparison to our circuit,
it follows that a predominantly capacitive resonance circuit
w/ak(' corresponds to a negative or stabilizing feedback loop,
while an inductive circuit %F>| resuylts in a positive or
destabilizing feedback.

In our earlier experiments where we applied, to the same
instability, an active feedback control technique, we found a
plasma density reduction varying with the squared instability
amplitude. The linear behavior cfAno vs, If lin¢ in Figure
5 can be understood as a result of the weak oscillation control

in this passive feedback experiment.
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Feedback Efficiency
One reason for the weak instability control is the high
l ey Aenliate
probe-plasma coupling impedance, The ',

probe-sheath a.c. impedance is high at o
d.c. floating potential but can be
reduced considerably by applying a
poeitive d,c, bias to the feedback
probe, Figures 6 and 7 show the exp=-
erimental behavior of a d.c. biased
feedback loop for typical feedback
parameters. These measurements were

preformad under conditions of a rel=-

atively small feedback current(by use

° E

Powiy Foatbucs Efiioncy @ Prote de Oftest

of Rp = 1K ) and of resonance cipcuit Pmm: QK B2, i280m R ME%
Figure 6

eigenfrequencies for optimal oscillation amplification and

suppression. Figure 6 shows in the lower half, the feedback
currents and in the upper half the corresponding feedback
instability amplitude vs. the extermally applied d.c. probe bias
varied positively and negatively with respect to floating poten-
-tial Veye .Thl feedback current 1. increases considerably with a
_— _—! positively growing

! bias and improves the

instability control.

In both cases of pose
itive and negative

] applied feedback, the

1 1
[4) %0 30 60 BORIZA| controlled instability
instabilty Ampiilude Chonge w Feedback Current amplitudes vary lin-
varled by d.c. Probe Offsst

Figure 7 sarly with the
amount of the feedback current as shown in Figure 7.
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The feedback efficiency is small in this single feedback
loor experirent. The reasons of the lirited feedback control
efficiency and several rrorosals te improve the power of this
rassive plasra stabilization method are discussed. Tuture werk
has to answer the question whether the passive instability
control method can ever he nade powerful encurh to quench out
corpletely a plasma instabtility because of inevitable energy
losses in the plasma, plasra bcundary sheaths, and the external
circuit, However, its arplication, under optiral conditions,
would reduce the power requirement for an auxiliary or additional
active feedback necessary for complete suprression of an
instability.

References
1. T.K.Chu and H.W. Hendel, AI" Conference Proceedings ilo 1
Feecdback and Dynamic Control of Plasmas, American Institute
of Physics, New York, 1970,
2. B.E, Keen, Phys Pev, Letters 2%, 259, (1970)
3. G.L.J. Muller, J.CaQorbin, and P.S.Palmer, AIT Conference

Proceedings, ko 1, n. 129 (1979)

=
.

€.L.J.Miller, ¥, Triz and P.S.Palmer, APL 70-0080,(1970)
Aerospace Research laboratories, WFATB, Dhio,

5, W.Friz, %,}uller, J.C. Corbin, and P.S.Palmer, IV European
Conference on Controlled Tusion and Plasma Physics, Porme,
Italy (1970) Proc, p,149

6, 0.L.J.Miller, J.C.Corbin and R,S,Palmer, APS leeting

Washington, D,C., Nov 1970, Proc. II, 15, lu64 (1970}
7. 8.L.J. Miiller, APS Meeting, Washington, I'.C., Nov 1970,
Bull, Am. Phys. Soc. II, 1§, 1488 (1970).



- 238 -

Experimental Frequencies and Growth Rates of a
Drift-Dissipative Instability in a Continuous r.f, Piasma

by
B.E. Keen and M.W. Alcock

U.K.A.E.A. Research Group, Culham Laboratory, Abingdon, England.

Abstract

Results are presented for a low frequency self-excited oscillation in an
inhomogeneous r.f. collisional plasma. These waves occurred mainly as
m = +1 azimuthal propagating modes, and as standing waves in the axial direc-
tion with approximately half a wavelength in the tube. The frequency 'w' was
dependent on the tube length, the axial magnetic fieid, and the gas neutral
pressure, and measurements have been made when varying these parameters.

The initial gravth rates have been measured under various conditions, by
uslng a method of dynamic stabilisation to suppress the instability, and
enalysing the subsequent return of the oscillation. Comparison of the resuits
obtained with a previous theory of the drift-dissipatlon instability shows
T ly good agr .

Introduction

Lately, there has been considerable theoreticel and experimental work on
the iow frequency drift instabilities occurring in plasmes, These micro-
instabilitles are driven unstable by the plasma density gradient in both
collisionless and collisional plasmas, Their importance derives from the
probable correlation between the anomalously high diffuslon of plasma across



- 239 -
a containing magnetic field and the presence of these finite ampiitude waves

in the plesma.

Previocus attempts to measure drift instability characteristics and com-
pare them with theory have suffered from some or all of the following

difficulties:-

(a) In most reparted observations on drift waves, large radlal electric
fields Er’ have existed in the plasma colwm, as well as the
radial density gradient. This radial electric field taken together
with the axial magnetic field, ieads to an azimuthal drift of piasma.
This drift causes a plasma rotation, and consequently leads to a
Doppler shift of the instability frequency measured in the laboratory
frame of reference. This rotation frequency is usually the same

order of magnitude as the predicted instability rremnncy"z’s

and
can lead to complications in comparison with theory. Also, it has
been showm that e rotationally convected drift inst.ability4 can be

sustained In a collisional plasma,.

(b) Most theories with which the experimental results are compared are
linearised theories, whereas most experiments have been performed on
self-exclted osclllations which are amplitude limited by non-linear
mechanisms, and thus, the results have been obtained in the non-

1inear, large amplitude regime.

{c) Few experiments have cbtained direct measurement of the initial
growth rate of the drift instability. When values are obtained of

this parameter direct comparlson can be made with linearised theorles.

This paper reports experiments on a low frequency seif oscillatory wave
in an r.f. collisional discharge, in which the radial electric field was
extremely small (0 ¢ 10sV/cm). Experiments were performed using a dynsmic

stabilisation t.et:hnl.me5 to reduce the Ilnstebillty to a very small amplltude
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(n’/nn € 1%), and 50 experiments could be perforwed in the small amplitude,
linear regime, Further, the initial growth rate (Y) was measured as the

Iinstability returned to its nan-linear saturation amplitude.

Theory

The stability of an inhomogeneous plasma column in a uniform magnetic
field, in which both electron-neutral (ve) and ion—neutral (v‘) collision
frequencies were included, has been cansidered by 'l'imfeevs , and further
extended by Alcock and Keen7. The plasma behaviour was described by using the
"two fluid' equations of motion, taken together with the equations of con-
timity of each species. These equations were considered in 'slab' geometry,

_ in which the unifora magnetic rield, B, was taken in the 'z' direction, the
density gradient, (%), was in the 'x' (radial) directjon, and propagation
was painly in the 'y' (azimuthal) direction, with waverumber ky. Wave pro-
pagation oblique to the magretic field was considered (wavenumbers ks kz « ky),
and density, n’, and potential perturbations, ¢’, of the form exp-i{wt-k.T)
were assumed. The eiectron velocity was eliminated between the linearised
electron equation of smotion, and equation of cantimuity to obtain a relation-

ship for the electron density perturbation, n; 15

, 2
n, [kz-ipkx(i-pk/}x)]i
n

D - i) N aae(1)

where p=v{he,n en/m,x=--(—-) end D, 'Te/-"
"o

Similarly, an expression may be obtained for the ion density perturbation,

nj, in which ion temperature T, is assumed to be small ('l" <« 're).
nt
i 2
- ik x -k - -i
Py L( - Mo+ v )My k, o veel(2)

2 2 2
where I, = eB/M, and K = & + ky).
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If the condition of quasi-neutrality is assumed, then n;, n" ad ¢’

can be eliminated between Eqs. (1) and (2), in the low frequency approximation
to give the follawing dispersion relationship:-
2

PN [ms/(hxz) + i KD, +v 4 ms/(h»xz)] - k: D, v,

+

o /(1437) 4 tw@/(1522) = 0 we(3)

2 2 2 R
where o* = ky c Ta/en, wg =1 0, 0, < Ve ad x =« lg‘/kz. This dispersion
equation has been obtained in the approximations: (1) o « 0, (2) Ve« 0

and (3) v 1 < 2. and these approximations are reasonably well satisfied

1
experimentally. Eq. (3) can be solved mamerically under the appropriate con-
ditions for the Re(w) and the growth rate Y = Im(w), as a function of the

variable parameters, magnetic field, axial waverumber and neutral pressure.

Experlwent and Results

The plasma was produced by an r.f. discharge between a plate and a grid
et one end of the discharge tube (~ 5 cm diam.), and the plasma diffused
through this grid into an electric field free region = 180 cm in length.
Plasmas were formed in this way in both H2 and He gus, and were contained
in & uniform axial magnetic field. Peak dersities in the range 10°-10"%cm™>
(depending upon r.f. power) were measured on a double probe and the density
gradient was measured by traversing the double probe across a radius of the

L™ H, and «=0.70 ca”! 1n

plasma and typical values of « = 0.40 cm
Be were obtained. The electron temperature measured on the same probe gave

values in the renge 3-8 &V depending upon the neutral gas and r.f. power.

The floating potentisl of the plasma was measured on a high impedance
digital voltmeter as a function of radius and was found to vary less than
1.0 W across the radius, This,teken with variations in electron temperature

‘l'e acroes the radius,gave a radial electric fleld, E.= 0 £ 0,01 V/ca,
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Consequently, any plasme rotation due to this field should be small and can be
ignored.

The electron-neutral collision frequency was obtained by measuring the
change in the 'Q' factor of a resonant microwave cevity coaxial with the
glass discharge tube’, It has been shom® that v, = (f2/A)(1/Q - 1/Q,),
where Qo is the Q value of the empty cavity and Q 1ts plaska loaded value,
fo the resonant frequency and Af the change in frequency value with the
plasma present, A cylindrical cavity operating in the lelo mode was used
on the cutside of the glass tube and its 'Q' value charge was measured as a
function of neutral pressure 'p' in the discharge tube. A linear relationship
between p and (1/Q) resulted, thus indicating that the electron-neutral
collision frequency was the measured quantity. Values of

(a) ve/p = (0,70 ¢ 0,15) x 10° (sec t.x:n'r)—I for H, plasma, and
() v/p = (0.80 £ 0.15) x 10° (sec torr)”' for be plasme

were obtained.

On simple hard-sphere kinetic theory cons.ldcmt.lons7 values of the ion-
neutral collision frequencies vy Were computed ad gave

(a) vl/p = (2.5 £ 0.15) x 107 (sec ton-)" for H, plasm, and

(b) vi/p = (2,0 2 0.15) x 107 (sec torr)™' for He plasma.

The instebility was abserved on various floating and ion-bjiassed probes
distributed along end around the plasma colum. The mode mmber of the wave
wag found by amplitude and phase measurements from probes around the azimuth.
It was found to be mainly an m = +1 propagating wave., A longitudinally mov-
ing single probe was used to measure the axial phase and amplitude, and in this
way it was found to be a stending wave in the axial direction, with a wave-
length of twice the tube length. By varying the tube length, at constant
neut ral pressure, avd magretic field length, the frequency variation was
obtained, A typical dispersion reiationship obtained in this way is shown in

Fig 1(e) for He amd (b} for llz. Further results were obtained by varying
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the magnetic Tield at constant neutral pressure and the tube length, and
typical values are shown in Fig, 2(a) for He amd (b) for Hy.
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Further results are shown in Figs. 3(a) for He and Fig. 4(a) for H, of the

2
frequency as the neutral pressure is varied at a constant magnetic Tield and

tube length.
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The initial growth rate of the instability was d.ln&ly measured by using
a method of dynamic st.dulisatlons to suppress the instaebility or reduce it
to a smll amplltude. The instalkility was then allowed to recover to its large
amplitude saturation level, and the resulting instability signal photographi-
cally stored. A typical signal obtained in this way is shown in Fig. 5.
Analysis of photographs of this type enabled a meessure of the initial growth
rate to0 be abtained under different conditions. Plots of relstive amplitude
(q/ao) as a function of time are shown for the growing part of the signal in

Fig. 6 at different neutral pressure values in helium for (a) p = 10 mtorr,

(b) p = 9 mtorr and {c) p = 7 mtorr,

-
s

2

Retuxed -s-unu- (ninp

2

o

"o x0

Tine (ps) —
Fig. § Fig, 6

‘The growth rates obtained in this way, as a function of neutral pressure

are shown in Fig, 3(b) for Be and ln Fig. 4(b) for Hy»

Comparison and Conclusions
The theoretical variation of the frequency, w, and the growth rate, Y, for

the drift dissipative instability as a function of the extermally variable
parameters tube length (e« kz), magnetic field and neutral pressure can be com-
puted from the dispersion relationship in Eq. (3). Values obtained from this
equation for the parameter values appropriate to each particular case are shown
marked in Figs. 1(a), 1(b), 2(a), 2(b), 3(a), 3(b), 4(a) and 4(b). In each
case, the agreement between theory and experiment for the frequency.'w' is
good, In the case of the growth rate, the agreement is not so good. However,
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in the theoretical calculatlon, the growth rate values are subject to much
larger error than the real frequency (Re(w)) values. In spite of this, the
variation of Y wlth neutral pressures, Figs. 3(b) and 4(b), appears to be of

the correct form,

In conclusion, experimental results have been obtained on the frequency
and the growth rate of a low frequency instabllity ina continuous r.f. plasma
in both helium and hydrogen plasmas, as a function of certain physical para-
meters (B, p and k!). Comparison with the simple theory (in slab geometry) of

the drift-disspative instability shows r 1y good agr and therefore

it is inferred that the observed instebility is, indeed, the drift-dissipatlve

instabiiity.
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ABSTRACT

Spontaneous collisionless drift-vaves driven
by a pressure gradient perpendicular to the confining
magnetic field are observed in the lov-/a plasma of
the ODE device.

The experiment was designed specifically to
study this instability, characterized by very long
parallel wavelengths,which results from the reso-
nant coupling between the wave and the electrons,

A double ended device produce a 5.4 m long collisioun-
less hydrogen plasma confined by a uniform magnetic
field B°‘ 5kGs,

Detaliled measurements of the unstable modes have
been performed by correlation techniques using a 10 MHg
bandwith real time correlator, The experimental disper-
sion curves are compared with the computed solutions
of the linear dispersion relation, The agreement bet-
ween theoretical and experimental parallel vavelengths
is better than & factor 2 when B_ increases from 1.5
to 3 kGs. °

To change the reflecting conditions for resonant
electrons two mirror coils have been located at each
end of the column, The subsequent variatiom of (J and

)” for drift modes demonstrates the importance of
end effects on the selection of the unstable parallel
wvavelengths,
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I - IKTRODUCTION

Pressure gradient drivenm drift-waves have been identified
in the collisionless hydrogen plasma of ODE device and detailed
measurements have been reported recently [ﬂ « They have shown
that resonant drift-wvaves with parallel phase velocity close to
the electron thermal velocity can grow spontanecusly in & long
enough plasma column. Those drift-instabilities propagate in the
electron diamagnetic velocity direction; they are statlomary in
both the radial and parallel(te Bo) directions, with a node of
amplitude in the middle plane ; parallel wavelengths are equal
to or larger than the column length, This paper deals with a
more detailed comparison of the experimental results with the
linear theory, when the magnetic field and/or the reflecting
conditions are modified.

II - EXPERIMENTAL SET UP AND PLASMA PARAMETERS.

The ODE plasma column is created by two annn discharges
8,8 m apart (fig,1), In the L = 5.4 m long central chamber the col-
lisionless hydrogen plasma bas the following characteristics, on
the axis : o, - 10 ocm-a, T, = lO-lbﬁeV. ‘l‘i =1 -2 eV, plasua
diameter = 3 cm, base pressure = 10 torr. Both n_ and 'l'e exhibit
a radial Gaussian profile with Vnoln_'_\! V‘l‘e/T‘."-‘ len™l, n,
varieas less than 8 I over the machine length. A radial inward
electric field !o induces a uniform rotation of the plasma column,.
The flute~like mode associated with this rotation has heen descri-
bed in ref, 1, Its frequency (40 to 50 kHz in the laboratory frame)
represents the plasma rotation frequency and is used to correct
the drift-mode frequencies for Doppler shift, Two coils located at
each end of the main chamber can create twvo steep magnetic mirrors;
the mirror ratio (R = 1,4) allows the reflection of electron with
v, ! v<0.6, )

The wave characteristics are measured with continuously
moving probes in the r,9 ,z directions, Measurement along the
g-direction is performed by a probe moveable over 3 m at any
radius, supplemented by 10 fixed probes which can be aligned on
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Fig.l. ODE DEVICE

the same line of force.A 10 MHz-200 channels real time correlator
is used to measure the auto- and cross-correlation functioms of
probe signals. The Fourier transforms of these functions yield
the power density of the density fluctuations as wvell as the
azimuthal vave number m = xr versus the real part of the
frequency ;k (here after called the "azimuthal dispersion
relation") [2106].

III-EXPERIMENTAL RESULTS AND COMPARISON WITH THE LINEAR THEORY

The density fluctuvations spectrum shows several peaks
located in the density gradient and identified as collisionless
drift instabilities, The wave characteristics (amplitude, frequen-
cy and wavelengths)have been measured for several values of B ,
from 1,35 kGs to 3 kGs, A typical result of correlation technique
analysis 1s ehown on fig, 2 ; on the lower part the density fluc-
tuations spectrum nl/n. is plotted for Bo = 2,5 kGs ; the upper
part eshows the azimuthal dispersion curves obtained for 3 values
of By, as indicated, The real part of the frequency Fl and ampli-
tude variations of density fluctuations ny1/8, ~f each mode versus
B, are shown on fig, 3, The normalized perturbed potentfsl ¢¢»@1;
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shows the same behaviour as nj/n, ; at the maximum amplitude of
the m=1 mode ¢¢/“T¢ ~ 0,1 and n1/ngAa 0,04,

The parallel amplitude measurementy of the m = 1 .od‘g are
plotted on figure[lo]. For lover values of B, the amplitude vanis-
hes in the middle of the column and is maximum near the ends.The
parallel vavelengtha obtained from these data increase with Bo;
for By» 3 kGs, 1, is larger than twvice the column length, The re-
somant character of the collisionless drift instability is
emphasized by the values of the parallel phase velocity to
electron thermal velocity ratio in the explored range of magnetic
fleld : 0.25:5 Vy, [Vy £0.55,

These results ehow the importance of the boundary condi-
tions at the end of the column ; in the zero-field region, some
particles get raflected, but the efficiency of reflection for
the resonant electrons is unknown and may vary with Bo' vith sub-
sequent effects on the parallel wavelengths quantification, In
order to ensure the efficiency of the reflection process for reso-
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want electrons the two symmetric magnetic mirror coils have
been used. Those trapped electrons can thus be coupled to the

wave during a time long enough compared to the growth rate of

the instability., The plasma density is adjusted to remain cons-

tant during the wmirrors application, vhich does not perturb the

equilibrium of the plasma column. The application of the mirror

field has the expected effect op the parallel wavelengths (Fig.6)

i

Mirar ratio
R=0

FigS-EFFECT OF THE ELECTRONS MRROR
TRAPPMNG ON THE DRIFT WAVES
SPECTRUM

€,=2280 08, nym10® e, 7, 00000%K

which are then quuntlfieﬁ to the
distance between the two mirrors.
For By=2kGs the most umatable

modes have the same wavelength.

The density fluctuations spectrum
changes with mirror field on
(Fig.5) and the unstable frequen~
cies are shifted to slightly higher
values, If any case the parallel
phase velocity adjustes itself in
such a way as to remain slightly
emaller than the electron thermal
velocity, A new m = 3 mode appears
which was marginally stable without
mirrors, Increasing further the
mirtor ratio R has no further ef-
fect on the unstable frequencies
but their amplitude decreases,
Those results are gathered in
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FigG_EFFECT OF MAGNETIC MIRRORS ON PARALLEL WAVELENGTHS
OF DRIFT MODES. ( Bo=2000 Gs)

the Table I.

This table and the figure 7 give also a comparison of
the measured parallel wavelengths with the solutions of the plane
dispersion relation [3), The experimental parameters (density,
electron to ion temperature ratio , temperature gradient aund ra-
dial vavenumber) have been introduced into the computation [4] ,
vhich gives the instability growth rate “-o—i:x—_!;’

Ty
for esch frequency and wave nunhar(ﬁ is the {maginary pert of
the frequency) It should be noted that the electron temperature

Mimor | iy | me2 | ma3 |Observations
ratio
linear Te/Ti=5
theory- | X\ (m) - | 6-1w0 | 5-9 o o
fisiab model) oy o=

X,(m) R=0 8-9 -9

No(my | R=13 | 5-6 | 5-6 [ s5-6

vt/vt. n‘.o 0.2 | 0.3
v'./v!. Ret.3| 0.20 | o0.25 | 0.30

TABLE._INFLUENCE OF MAGNETIC MIRRORS ON RESONANT DRIFT WAVES
8,= 2000 Gs



T 7
3 : ---7.-0 g
r —fe=1 4
~ L — @ a
mal dilt mods
L disg T, |
D)
2ut,
103 ,,\ =
\ "!i"i‘n

0 ! ]
[ } STABLE ,fén ]
STAl with Y\ ]

1 withowt 9N
L 3 3

\
\
z —_— A .3 L aasl ) 1 A A A Al I T W Y
et 01 10 [
FQ.7.MAP OF CONSIANT LNEAR GROWTH RATE & FOR I, /T;=5,
Ky / ky =14

NFLUENCE OF ¥T, AND EXPERIMENTAL RESULTS FOR mal DRIFT MODE

gradient has a strong stabilizing effect in the large transverse
wavelengths ( ky ﬁ S 0,3 ) but modifies only slightly the maxi-
mum growth rate of the instability. At lower values of BD, the

experimental points sit near the marginal stebility curve, When

w7 T T — 1T B, increases the measured fre-
quency and wavenumber are such

€ that the growth rate gpproaches its

A maximum - value.,We also note that

the variations of the calculated

values of ¥ and of the measured
030 STABLE REGION ny
values of e are similar for

.
the m = 1 mode (fig.3)

N The measured and computed pa-

0 N ) — 1 PR T
1000 1500 2000 2500 :m%(h) rallel wavelengths are plotted on
fig.8, £ the m=1 d 2 des,

FigB_PARALLEL WAVELENGHTS AND PMASE VELOCTES 5° ' ~°F gnd mes modes
OF ORFT WAVES The agreement betveen the experi-
-——

mhg,.""ﬂ. " o0 tom MeCAl Tesults and the theory is
the mol valus of measured ¥

with  axperimental  porameters : T./'i_sbe:ter for the m=2 mode than for
dlogT, the m=l mods, as it could be ex-
73 Log n, ’pected from the use of a plane-

Ing/Rg=1 em-! slab model, As indicated on fig.8,
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¢he measured values of qu/ Vike Show that the parallel phase
velocity is lower than but near the electron thermal velocity.

1V - CONCLUSIONS

The values of the different ratios me/my TG/TI and
L (Vt\/n.) in the ODE plasma are more favorable to the spontaneous
onset of collisionless drift instabilities that the corresponding
parameters which can be obtained in alkali plasma [iL Indeed the
hydrogen plasma permits the study of drift-waves with maximum
grovth rate for wavelengths equal to the device length, The linear
theory of collisionleas drift instabilities in the resonant region
vhere Vyy % Ve has been checked by the experimental results,
The importance of the parallel wavelengths measurements for accu-
rate check of the theoretical wodel has been shown. The magnetic
mirrors change the wavelengths it is possible to observe in the
experimental set-up.Their effect empbasizes the coupling between
tbe electrons and the wave, although it has not been proved that
the trapped particles are responsible for the wave growth,

It 18 a pleasure to thank M. P, Blanc and M, M. Occhiono-

relli for help in calculations and experimentation.
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Abstract

Collisionless drift waves have been studied in a
column of thermally ionized lithium plasma with a varim
able shear magnetic field. When the shear is mero or
weak, the drift waves are unstable and have typical
peak amplitudes ®&/ng =~ O.1. The measured crose-field
diffusion coefficient is comparable to D,y and is
approximately three orders of magnitude larger than the
value calculated for classical collisional aiffusion.
As the shear is increased in magnitude the drift waves
are stabilized and the diffusion coefficient is reduced
by two orders of magnitude.

Introduction

The stability of a low-8, magnetically confined plasma may be
seriously weakened by drift waves. These are fundamental modes of
plasma oscillation which are driven unstable by a spatial inhomo-
geneity of the plasma density or temperature. These modes are
therefore expected to persist in confinement systems from which all
other mechanisms which support instabilities have been eliminated.
The drift waves are manifest as low frequency oscillations of the
Plasma density and potential, and lead to plasma losses across the
confining magnetic field at a rate comparable to that given sempiric-
ally by Bohm. ’
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According to linear theory, the growth of drift waves in a
collisionless plasma is due to a resonant particle interaction
with the electrons, whereas the ions provide a damping mechaniam.
The ion damping is however usually insufficient to ensure complete
etability except for modes with very short parallel wavelengths.

The most promising method of stabilizing drift waves in a
fusion plasma appears to be by means of strong magnetic shear.
This requires the confining magnetic field to be strongly twisted
in a way so that the pitch angle increases as one moves outwards
from the plasma centre. Such a field configuration is produced by
the helical multipolar winding of a stellarator confinement system.
The drift waves should be atabilized if the shear is sufficiently
strong, as was demonstrated for the collisional drift instability
by Chen’.

We have investigated the stablization of collisionless drift
waves in a stellarator field geometry. The stabilizing shear was
produced by an 4 =3 helical multipolar winding surrounding the
plasma column. A straight system was chosen for these experiments
since in a toroidal device it would not be possible to vary the
shear over a wide range of values without disturbing the basic
toroidal equilibrium.

Experimental Details

The essential features of the experimental apparatus (STAMP)
are shown in Fig.l. Lithium or sodium plasmas are produced by
thermally ionizing a beam of neutral atome directed onto a rhenium
plate (diameter 7.5 cm) heated to over 2000°K. The basic princi-
ples of such a Q-machine are well known and the detailed design of
the sources used on STAMP has been reported previoualy'. TwO
identical sources which can be moved axially produce a plasma whose
length may be varied between 40 and 400 cm. The axial magnetic
field is variable up to 4000G and at that field lithium ions have
a Larmor radius of 0.3mm. The periodicity of the 4 =3 helical
winding is 80 cm and the maximum current is 48,000 A.

Filoments Endplate Lithium spray manifold Vacuum tube

l]ﬂl]l]l]l][ll]l]l]l]l]

Axial field coils Helical winding Lclnqmur probe Moveable plasma source

Fig.1l
Schematic of the STAMP experiment. For clarity, only
one of the six helical conductors is indicated
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computations of the helical magnetic fields are in good agree-
ment with measurements using an electron beam to trace out field
lines onto a fluorescent screen. The magnetic field lines lie on
a nested set of trefoil shaped cylinders. The rotational trans-
form { has a nearly parabolic radial dependance and at the separa-
trix the transform per winding period is 2m. It is convenient to
express the magnetic shear in terms of the shear length

Lg = [ (1/80)r di/ar]=

which varies roughly as the inverse square of the radius and is
about 7cm at the separatrix.

Matching the trefoil shaped magnetic surfaces onto the circu-
lar endplates presents a difficult problem since there are no mag-
netic circularisers. In order to avoid complicated EX B drifts
in the plasma the equipotentials of the endplate gheaths must be
made coincident with the magnetic trefoils. This is particularily
important for unambiguous measurements of diffusion losses due to
drift waves. The end plate temperature has been made uniform to
within 1°K by using a double plate construction heated by a rotat-
ing spiral filament®. The profile of the neutral lithium spray is
more difficult to control and a system which involves spraying the
lithium through small holes in the endplate itself is being deve-
loped.

Drift Wave Stabilization
The plasma density profile ng(r) and the density fluctuation
amplitude n, (r) were measured with single spherical Langmuir

probes biased to collect ion saturation current (Fig.2). The same
probes were used with a high impedance 'boot strap' amplifier to

wp

¢
Redius r (om)

Fig.2
Profiles of density Ng and fluctuation amplitude
fl for various values of the shear § = MLg

measure the potential fluctuations g,;(r). The peak relative ampli-
tude of the density and potential oscillations occurred close to
the steepest part of the density gradient and fi/n, ™ ef/kTe £ 20%
Similar oscillations had been identified previously as collision-
less drift waves®. Collisions of electrons with ions (Aei® 10° cm)
or with neutrals (Agn® 10° em for a typical base pressure of 107
torr) were too infrequent in this plasma to generate collisional
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drift waves. Clearly defined azimuthal modes were identified with
mode numbers m in good agreement with the fastest growing modes
predicted by linear theory, i.e k pi=mpj/r=1. FPor the stabili-
zation experiments, the plasma radius and magnetic field were
increased so that pij/r €1 and the frequency Spectrum of theinsta-
bility revealed a mixture of many modes with large values of m.

Several theoretical estimates of the critical shear needed to
stabilize the collisionless drift waves have been published. Krall
and Rosenbluth* considered a slab model with a localized density
gradient producing a potential well which was examined for stabi-
lity of the normal modes. The stability criterion

8= K/Lg 2 (1/2/2)p;i/a
was obtained. With increasing shear the radial extent of the
region of instability may shrink to such a small extent that these
normal modes are not localized. Rutherford and Frieman® congidered
a wave packet of the normal modes which grew initially ae a local
perturbation before convecting into a stable region where it waa
ultimately damped. Since the critical amplitude of such a wave
packet was undefined, the choice of stability criterion was some-~
what arbitrary but to restrict the growth to a single e-folding
factor required 82z (my,/m;)3. A more recent analysis by Pearlstein
and Berk® has shown that normal modes may occur even in the limit
of high shear 62 (1/2)p;/ A and these modes are stable only if
6=z (me/mi)i.

Experimentally as the shear was increased, the relative ampli-
tude fi/n, fell and became effectively zero for B=0.15 (Pig.3).

2
P

Stamy’ straight stollarater
\ Uthive 7006 T;=0-2e¥

Relative omplitude (X /ag)
s

2
/
’
/
’

FPig.3

Variation of the instability amplitude E{no with 8.
The theoretical stability criteria are indicated by
arrows. (a) § > (mg/m{)¥: (b} 8 > (pj/a)
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This value exceeds the theoretical estimate of Krall and Rosenbluth
by & factor of 2, which is surprisingly close agreement in view of
the theoretical approximation. The theory assumed a slab model
with uniform shear whilst the experiment was cylindrical and the
shear was non-uniform both radially and azimuthally. In addition
the linear growth rate of the drift waves may have been enhanced
due to finite length effects, Thg experimental results were all
in the regime (1/2/2)P;/k > (mg/m;)%, and the wave packet regime

was not tested. Machine developments are in hand to extend the
range of measurements.

Diffusion Measurements

The most important manifestation of the drift instability is
the effect on the plasma containment. The radial particle flux
transported by the wave is: j, = (1/rB) AR Q) /o4 where the
correlation function (E‘EE) was neasured using two probes as a
function of the azimuthal angle §. An outwardly directed plasma
flux was measured with a maximum close to the radiua where K was
a minimum. Good agreement was obtained with the total flux mea-
sured on a particle collector surrounding the outside of the
column. The collected flux fell sharply when the shear was
increased. In a uniform field, (i.e. 8=0) the radial diffusion
coefficient D, was nearly inversely proportional to the field
strength B, and was of the order of Dpghp=ckTg/16 eB. This was
roughly two orders of magnitude larger than the diffusion coeffi-
cient for binary collisions. An accurate calculation of D, in
the gheared field was complicated by the presence of convective
cells in this particular instance, but values calculated from the
mean density gradient showed a clear improvement as § was
increased (Fig.4).

<
-— .~§
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Shear @ =A/L,
Fig.4

Variation of the normalized diffusion coefficient D /.

with shear. The broken line is taken from probe measure-

mente of (). The points indicate independent me
ments with a particle collector surrounding the plasma




- 259 -

; \
D - N\
=T N\,
L N
IOZE—
E b
|o LJ;Allllll d I:Al‘l
10 o o
Bz Gauss
Fig.5

Variation of D; with magnetic field Bz at
congtant { and separatrix radius in a
partially stabilized plasma

The particle collector surrounding the column was used to
measure D; as a function of the main magnetic field By in a
partly stabilized plasma. The rotational transform { and
separatrix radius were kept constant by corresponding changes in
the helical winding current. The results plotted in Fig.5 show
that D; ~B~? . The maximum value of § = 0,07 and the ampli-
tude of the drift waves was typically fi/n, =~ 0.04.
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Conclusions

Strong magnetic shear has been shown to be effective in stabi-
lizing collisionless drift wavec. All modes appeared to be sup-
pressed for values of shear not toomuch in excess of theoretically
estimated values. Stabilization of the drift waves was accom-
panied hy a reduction in the cross field diffusion coefficient D,
of about two orders of magnitude. In a partly setabilirzed plasma
D, ~B™? was measured.
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ABSTRACT

A study has been wmade of the drift wave modes
present in the EPAL Q-machine., Thisdouble ended
device produces a potassium plasma with den=-
sity variable from 108 up to 1010cm-3, length
of 200 c¢m, magnetic field up to 10 000 gauss
and temperature (of end plates) of 2200°K, Mea-
surenents have been made on azimuthal modes of
m=1up to m = 10, which are seen to be loca-
liged in the density gradient where the electric
field 12 weak, The spectrum can be monochromatic
and the higher modes can be above the lon cyclo-
tron frequency, Evolution of this spectrum into
a turbulent spectrum (amplitudex()*) is obtained
by increasing the magnetic field,

The results reported here have hbeen obtained on the EPAL
Q-machine at low density, weak magnetic field for which unstable
drift waves localized in the density gradient have been observed.

The 2 m long plasma column is formed by contact ioniza-
tion of potassium beam on two hot plate assemblies (in a homoge-
neous magnetic field B). Each hot plate, 10 cm 0,D., has a
thickey central pait of 5 ce 0,D, onto which the plasms 1y formed.
The temperatutc at the center reaches 2200°K, decreases about 5 %



across the central disk and then drops sharply to ~ 1000 °*K at

the outer edge.

Profiles of plasma density and floating potential
are displayed on Fig, 1 along with low [requency density
fluctuations. This shows that the noise associated with the den-
sity gradient is rather well separated from the region where a
a large inward electric field
is present. The evolution of the
noise spectrum with the magnetic
field is shown on fig. 2 for a
density in the range 5-10x108cm™
for mean free path shorter than
the machine length, The individual
peaks have been identified as
m =1, 2 and 3 azimuthal modes
propagating in the direction of
the ele~tron diamagnetic drift.
As the field increases one obser-
ves, in addition to a frequency

-1/2’ that

shift proportional to B

fkm}  highest modes are more easily
Fi6). PROFILES OF FLOATING FOTENTIAL DENSTY

excited. At 800 gauss, the ampli-
AND FLUCTUATING DENSITY n,.2700°K 520Gs

tude of m = 2 passes that of the

m = 1 mode which is larger at
600 gauss, As the fleld Iincreases further to 1500 gauss the peaks
merge into a turbulent spectrum with a maximum of amplitede
around the m = 2 frequency. This behaviour is expected from the
linear theory of collisional drift waves in the high field regime,
i,e. when the magnetic field is higher than the maximum growth
rate fleld. In this range an Iincrease in magnetic field destabili-
zes successively increasing azimuthal mode numbers vwith successi-
vely larger linear growth rate, at about the same frequency [1] .
The amplitude does not follow the linear grooth rate but decays
roughly asf-0n the other hand in the lower magnetic fleld regime,
the waves are stabilized through the {on viscosity whenever the
parameter bV, /E VTi is large enough (b:"]z-(kl.q) z s O 1on
larmor radfus,&=Yh d'de.\)'liuu collision frequency, Vﬁ ion
thermsl vclocity), An inctrease in density will have the same



- 263 =

stabillzing effect as decreasing
B. Observations in this density
and magnetic field regime, and

comparison with the collisional

theory have been reported in [2)

For low density plasmas,
the value of b above which
stability should be recovered can
get so large that the theory, de-
rived in the limit be<1l, no lon-

ger holds, Atn % 108¢m'3, for

mean free path longer than the

e machine length and for magnetic
. B.%0Gs field down to a few hundred gauss,
(o) results are indicated on fig. 3

where the frequency (lo the labo~

ratory frame ) and mode informa-

—_-— bl o
° 5 Tote) tion is ocbtained by Fourier ana-
_F16.2- EVOLUTION OF THE INSTABILITY SPFCTRUM lyzing the cross correlation out~
FOR HIGH MAGNETK FELD
put of a 10 MHz correlator comnec-
nected to two probes either azimuthaly or longitudinally separated.
Longftudinal measurement indfcate in any case that the parallel
wavelength is larger than twice the machine length with a standing

wave ptructure, Frequenmcy spectrum and arzimuthal mode measurements
* tkhz

show that higher mode numbers

appear out.of the noise level

as the field is decreased, They
all are harmonic of a fundawental
frequency (4.5 kHz) slightly lo-
wer than the m = 1 mode frequen- " 10}
cy 4,7, KHzIn the laboratory fra-‘f*
me the frequencies vary propor-
tional to B-1/2 apna can be higher
than the ion cyclotron frequency

Fotossam

20

ﬁ?;m’l

oy, =-06gm-!
o? w* 0% Bioa)

‘F“'_ for higher modea at low fre-

quency.

. FIG.3.MAGNETIC ELD CEPENDANCE (F THE FREQUENCIES
Azimuthal mode number can AND MODES OF THE DRIFT (NSTABILITY
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_FIG 4. DENTIFICATION DF AZIMUTHAL MODES.

also be measured by a lock-im
phase detector connected to &
proBe continuously movable im
the azimuthal direction. Recor-
dings of the phase signal ‘¥ (in
the range /2, +%/A2  with the
sign of ein ¥ ) plotted against
the probe rotation are displayed
on fig.4 for 250 gauss. All azi-
wuthal modes up to 6 identléied
with the correlator technique
can be recovered, For higher
order harmonics, when no peak
can be singled out of the noise,
the phase measurements indicate
that even higher mode structure
is present in the fluctuations,
Thus, for 250 gauss, up to m=10

at 46 kHz, has been demonstrated,
of

along with a rapid decrease

the amplitude of successive modes as m_z.

In order to correct the-
se measured frequencies for the
Doppler shift due to the inwvard
electric field, an attempt has
been made to modify externally
field. The

biased posi-

the radial electric
pldsma sources were
tively with respect to the cham-
ber wall,changes in the plasma
potential were observed. The
resulting modification of the
floating potential profile when
the blas voltage varies from 0O
tv 4 voltas is ghownon fig. 5

The outer profile 1s affected

?
> rlem)

_FI65_FLOATING POTENTIAL PROFILES AS A FONCTION

first. At 4 volts the inner pro-

file 1s essentially flat whereas

OF THE BIAS VOLTAGE.
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the outer profile is almost
Wics = 0 symmetric to the no-bias case
with respect to the V = 0 axis,
The density and fluctuations ra-

dial profiles are unaffected, The

change in the fluctuation spec-
trum for 0,2 and 4 bias voltages
is shown on fig, 6 at 510 gauss,
Vbis= 2V Although little change is obser-
ved after the bias voltage rea-
ches 2 volts, the total fregquen-

cy shift from zero to 4 volts

when the floating potential pro-
file reverses is n» 0,5 kHz per
mode. Should this quantity scale
" Vhicm 4V . X
{orh) as 1/B this shift is not enough
N to bring the higher mode frequen-
cies below {;; for the low field

!' 5;2 'I.IIkHz measurement as seen f¥om fig, 3,

FI6.6. FREQUENCY AND AMPLITUDE DEPENDANCE ON
THE RADIAL ELECTRIC FElD! Influence of the density
POTASSRM m,nlm.snu:. on the instability spectrum when

the electron mean free path is
of the order or longer than the

machine leangth, has been inves- ,,.,u,,,olm‘l

tigated and results are shown T =m0 T
oven’

on fig. 7, The unstable frequen-
cies are slightly shifted towards
the origin as the demsity increa-
ses. This is the same as computed n,
for collisfonal drift wave in the (=
B>B ("M,) regime for b« 1 and
short mean free path,which is not

ot 2 0%
Tm-m"(

the case here. Conversely colli-

——— 4
0 4 8 B K
Fia)
-FIG.7- INFLUENCE OF THE DENSNY ON THE FREQUENCY
(vhen the a2ffect of Debye length OF LOWER MODES.

stonless drift wave should be

insensitive to density change

18 negligib.:-), A possibility POTASSIUM 2300°K  SI00s.

is that electrons are trapped
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between the sheaths at the hot plate , long enough to experience
collisions. This result suggestathat even for & Q_machine shorter
than the mean free path destabilizatiom of drift wave occurs
through particle collisions rather than through particle wave
interaction as would be the case in a collisionless plasma.

Prom these observations we conclude that the collisional
drife tnstability can be carried over to a regime characterized
by large ion orbit and long mean freee path (compared to the
machine length) high azimuthal mode numbers are present in the
fluctuvations., External modification of the radial electric field
into the plasma, yields an upper limit for the Doppler shift, The
observed frequencies can be higher than the ion cyclotron frequen-

ey in the plasma frame.

It 18 a pleasure to thank Mr,R, Boissier for his help in
correlation measurements and Mr.A. Bouron for his technical

assistance.
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Interpretation of Dispersion Relations for Bounded Systems
by
T. D. Rognlien and S8, A, Self

Institute for Plasma Research, Stanford University
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Abstract

A treatment is given of the problem of constructing normal modes for an
arbitrarily bounded system from roots of the linear dispersion relation
D((D,l_g) = 0 for the corresponding infinite or pe~iodically bounded system.
The implications of the results for the interpretation of experiments on plasma
waves and instabilities on finite cylinders is discussed, with particuler
reference to the effects of end-plate damping on collisionsl drift waves in

Q-machines,

Introduction

Linear perturbation analyses of plasmas are commonly performed as an
initiel value problem for an infinite (unbounded) or periodically bounded sys-
tem, For perturbations < exp i((bt - l_(-s), weves and instabilities are cate-
gorized in terms of the roots of the dispersion relation D(d\_,!) a O with com-
plex ® and real k. In interpreting such theories for experimental systems,
whicb are necessarily bounded (thuugh not in general periodicnlly), it is often
asaumed that the system must be described in terms of such roots with resl k,
without enquiring properly into the effect of boundaries.

In tbis paper we give a prescription for constructing normsl mode solu-
tions for a certain class of bounded systems from the roots of D(D,_lf) = 0 for
the corresponding infinite system, The boundaries ere characterized by com-
plex reflection coefficients for the dominant wave roots E(D) of D=O,
where in generasl both k and @ are complex, The trestment is restricted to
fluid-type snalyses Xo;-y-te-s of general cylindricel fors. The theory is
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applied to the interpretation of collisional drift waves in Q-machines to take
account of the effects of end-plate dasping. A wore detailed sccount of this
work is given in an unpublished report.l

Theory

Consider a system of general cylindrical form, uniform slong =z between
boundaries =, 2, ("1 < 32). A linear perturhation analysis by Fourier
(space) - Laplac. (time) transformation of the corresponding unbounded problem
is assumed to yield a dispersion relation D(m,k) = Q0 for perturbations
« exp i{tt - kz) for a given transverse eigenmnde (_l_(L fixed). Initislly, for
simplicity, we assume D is quadratic in k, end that the two roots ki(ﬂ)
correspond to waves excited by a source of frequency @ = d)r +1 Gi on the
positive {k*) and negative (k ) sides. Following Brigg52 the roots are identi-
fied by the requirement k; > 0 and k: <0 as u)1 - -®

The solution to the bounded problem, for any wave varishle § is then
written

V=t 4 =t exp i{ot - x¥2) + ¥ exp 1ot - K £) , (1)
where the complex amplitudes are written !t - IYtl exp 10t . The wave '* ie
regarded as excited at z by reflection of the wave § and, likewise, ¥ 1s
excited .t z2 by reflection of "’.

We define the (time-independent) complex reflection coefficients PPy
as the ratios of the smplitudes of the reflected to incident waves:

+,
py = loy| exp 2 18 EYT(fL)-rlgL exp al-(k*x ey + (0%47)], (20)
v Yo )

ls) |y ]
po = logl em 2 18,2 2% o J,:_ﬂt o LK), - (07001, (am)
2

where 0‘|912|51nnd-:t<9 n .
’

1,2 =

Here we bave essumed tbat the phase of the reflected wave is given, either
from physical arguments or by experiment, as leading or lagging the incident
wave by o certain engle iel, and adopt the convention that & > O when the
reflected wave leads and & < O when it lags, In order to preserve this comn-
ventlon, irrespective of the sign of Dr, the slternate signs are introduced in
Eqs. (2), and should be taken as + or - according as ﬂr% 0.

Elimination of ¥'/Y" between Kgs, (2) yields

(" - %) = (om £ {6, +6,)] - 1l:oglp, | {0,l], )

where L = (52 - ll) 1s the sytem length, n = O, £1, #2 ete., snd the
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term (611-92) tekes the same eign o5 @ . Thus specifying the reflection
coefficients Pys 02 together with the system length quantizes the difference
between the roots k+(¢n), k (@) of the infinite dispersion relation to a dis-
crete set of (gmerllly complex) velues. The physical content of Bq, (5) is
Just that the total phase shift around the loop must he an integral multiple
of 2r, and that the loop gain must e unity.

The (ccuplex) frequencies Dn of these axial eigenmodes must satisfy
both Bq. (3) and the infinite system dispersion relation. Writing the latter
in the form

n(m)k2 + b{w)k + c(®) =9 (»)
we have (k¥ - x7) = t[hz(tb) - ha{o)e(w) ]1/2/n(m), (5)
The frequencies ® of the axial modes ere then given by eliminating (k+- k_)
between Eqs. (3) and (5) and solving for o,

The asymptotic time response of the system is governed by the mode whose
a)n lies lowest in the complex-® plane, provided this lies below the lowest
relevant brench point of k(m) in the sense of Brlggs.z

It is useful to express the total solution in the form

tn(t,z) = Yn(z) cos [mm_t + xn(z)] exp - O .t (6)
where Yn and xn are real functions of z, because in practice it is the
amplitude Yn and phase xn of the total wave which can be measured as func-
tions of z, Moreover, a messurement of ¥(z) and X(z) allows one to deter-
mine the reflection coefficient as in a transmission line impedance measure-
ment. Taking the origin at the centre, we find

[Y(z)]2 = ’Ipl| exp 2 k:z + lpzl exp 2 h.; z

- - 4
and U 2 1917215, 2emp (k} + %) = con [0 = (f - 30) ]
tan x(z) = [Ipl|1/2exp k: z sin (¢ - k:z) - Ipelllam k; z sin (0 + k;l)] .

[]plllfzaxp k:' z cos (¢ - k:z) + |92|1/2exp k; z cos (¢ + k;z)]

(8
where 20 a (0+- 07) = (91 - 92)/2 - .

Certain genmeral deductions can be made as follows, For reciprocal sys-
tems ,i.e, D involving only even powers of k so that xt - -k-, the axiel modes
are pure standing waves composed of real k travelling waves only when the
terminations are lossless i.e. purely reactive (lpll = ‘pzl =1). With dissi-
pation (|p1|,|92| < 1), the modes are partial standing waves couposed of com-
plex k waves growing spatially towards either end, The effect of lossy
terminations is stabilizing, 1i.e, it reduces the temporal growth rate or
increases the dsmping rete compared with lossless terminations, For non-
reciprocal systems,i.e. D involving odd powers of k es occurs with an exial
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current, the modes are partisl standing waves even for lossless terminations,
1n this case the spatial growth of one component wave balances the spatial
damping of the other.

Application to Collisional Triit Waves

The dispersion relation for isothermsl collisional drift waves in a fully-
ionized plasma neglecting ion parallel motion may he ll‘lttﬂn:}’k .
2
2 C.bv.K 2
1 - b)K
W ’1 -1 [-(ll’;vhl‘— + Clbvl]!' -i - 1.[;L - Clbv1]}= 0 (9)
e

2
‘ Ve by,

3 X = (1/n)(dn/3x) ; T, = T,

=a/0_ ;O = ;
where w GVD, D kyvn,v

ke T 2 C v
b= 1 ; K i ovo= r el
no 2 ﬂ§ m € u‘D
1
Here ve1 > Vu are the collision frequencies as defined by Br.glnsk115 and

the coefficient of electron parallel resistivity Cl_ = 0.513. The coefficient
of ion viscosity (:1 15 given as (3/10) by Braginskii but was taken as {(1/4)
in Refs, 3 and k. With C, = 1/k, Rq. {9) is the dispersion relatiom of
Rowberg and Wong., That of Hendel et al differs slightly in terms involving b,
which 1s necessarily small compared to unity for fluid theory.

In applying this tbeory to tbe cylindrical geometry of the Q-machine, ky
is real and determined experimentally by identifying it with m/a where m is
the azimuthal mode number and a is the radius at which the azimuthslly travel-
ling waeve has its meximum amplitude, Also kx is determined from the radial
wave profile to give kf = ki + k2 . .

Rowberg and Wong, working with ion rich hs, observed ly

dawped waves under conditions that Eq, (9) predicts temporslly growing waves
for real values of )\lie 3.6 L apparently indicated by tbe axlal profile.
They attributed this to end plate damping which tbuy calculsted as a decrement
O, to be subtracted from the growth rate cslculated for resl k_ . However,
it 18 clear from the present work tbat end-plate demping is not compatible
with a pure standing weve.

Figure la shows curves of tempural growth rate Lll1 versus megnetic field
B, calculated from Eq. (9) for the conditions of Rowberg and Wong's experiment
for the first axial mode with m = 2, The values of |p|(-lpll-|p2|) bave been
varied keeping the phase angle O (-9 ) fixed st /1.8, to give A & 3.6L
when |p| = 1 a8 taken by Rowberg and Iong. It 15 seen that reducing |p| re-
duces the growth rate and leada to damping, but it is clear that no single
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|p| < 1 curve matches the experimental results, The lpl = 0.3 curve matches
at low B but has the wrong -sh-pe at learge B. On the other bhand, Rowberg snd
Wong's procedure of subtracting s constant demping decrement mmg, 1.4 x 105
sec™) tfrom the theoretical curve for real k. (el = 1) does 1ead to a reasom-
able match with the experiment. However, in the experiment AI is sufficiently
small that the effect of ion parallel motion is important, especially at higher
B, s0 we should not expect agreement with a theory neglecting ion parallel
motion,

Including iom pl}‘-llel motion in the isothermal theory leads to the
dispersion relation:

-5+a2'2+a1-+a0-o (10)
where a,a =1 - i[-(-l-:—:iﬁ + 5cibv1]

2
. K"C bv 2 2
Y 104 l 1-b) K
q = -[(; + 6) ——ve + h(cibvi) 1[ 5 _"e - 5clh\a1]

_[ 5e; v (1-n)
v

@ =

C. by n n
+1(31 1+2—e)c1wx2+2—3ﬂ)-x'*.
v m 171 n
e 1 i e

-4 (Clhvl)z]

Figure 1b shows the growtb rate as a function of B calculated from Eq. {10)

for various values of |p| for the same conditions as Fig, 1. Comparing

Figs. la and 1b it 1s seen tbat the inclusion of ion parallel motion reduces the

growth rate sppreciably, especially at large B. As a result there is now

much better agreement between the experimentel demping curve and a theoretical

one taking account of end-plate damping through e reflection coefficient

Ipl < 1, The best match occurs for Ipl = 0.6. The relatively poor match for

low "B is probably due to the fact that b(= 3-2) is not particularly emall.
Figure 2 shows the amplitude and phase of the lowest axial mode for veri-

ous velues of |p|, Por |p| = 0.6 the phase shift over the centrsl region

ble to ts 15 no more t:hm:_6° . Now, in stating that the

observed axisl mode wes @ standing wave, Rowberg and Wong placed no experi-
mental 1lisit on how small the pbase shift was, However, it seems probable
that 8 phase shift of 6 went undetected, expecislly in view of the fact thet
the phase varies rapidly .with azimuth (m times the angle), so that detection
of & smsll axisl shift presupposes a rather precise tracking of the probe
along & field line.
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Discuszion

When D(®,k) is of order B > 2 in k, the various roots k{®) can sll be
identified as waves excited on the + or - sides of an excitstion point.
Usually B is even and there will be PB/2 pairs of roots kt corresponding to
waves excited on elther side for each wave type. We may then write the total
solution as a sum of the f vaves with complex coefficients determined by a
set of reflection coefficients between the various waves., In practice this
procedure is hardly tractable, Fartunately, in most cases of practical in-
terest, one pair of waves 1s dominant, tbe others being strongly attenuated and
excited only very locally to the terminations, In this case we may follow the
usugl practice established in transmission line messurements, and lump the
eifect of the evanescent waves into the reflection cosfficient for the doml-
nant weves and proceed as in the case for p = 2,

The ion of axiasl for a finite length system from the

dominant roots ki(m) of the infinite system dispersion relation depends upon
the characterization of the terminations by complex reflection coefficients
for these waves, Thia ensbled us to describe the finite system behavior in
general terms; in particular the stebilizing effect of end losses and the
partial standing wave structure of the modes for systems with end loss and/or
a non-reciprocal dispersion relation, However, if the theory is to have utili-
ty for specific systems, one must heve a method for determining the reflectiom
coefficient either by calculation or messurement.

Unfortunately, in many plasms experiments using discharge columns, the
boundaries are ill-defined and the boundary conditions difficult to specify
in terms precise emough for calculations. For a Q-machine, for which there
sre approximate theories for the physicel pricesses at the hot end-plates,
the situation is better, However, since there are sheaths at the end-plates,
it 1s etrictly not possible to regard the plasma between the plates as &
section of a uniform infinite system, There is also a more fundamental prohlem
in using a fluid description for a bounded system in that a fluid description
bresks down close to & boundary, When the magnetic field is normal to the
boundary the fluid equations fail within a mean free path, 1, of the boundaery,
while if B is parellel to the surface it fails within o distance A or the
gyro-radius, p, whichever is the smsller. Consequently, it is difficult, in
general, to calculate the reflection coefficients for the dominent waves
k*(w) from o knowledge of the physicel processes at the boundaries.

For these regsons it is more satisfactory to regard the reflection
coefficient a8 an experimentally determined quantity. The effect of sheaths
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and the failure of the fluid description are lumped together with those of
possible localized surfece waves and higher modes (for £ > 2) into an effective
reflection coefficient measured at distances from the boundsry greater then the
mean free path (or gyro radius) end sheath thickness, This standpoint is anslo-
gous to transmission line practice where, although the reflection coefficient
can be calculated in principle for arbitrery terminations, in practice it is
usually much simpler to measure it.

Vhen the system is stable, the reflection coefficient may he measured as
a function of frequency by externally exciting waves in s chosen trensverse
el and ing the amplitude and phase of the partial standing wave

as a function of position from the termination. When the system is unstable,

such measurements may be made on the (nonlinearly limited) self-excited modes,

If two or more modes are excited at different Ir les, the

patterns may be isolated by frequency filtering,
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FIG. 1, Growth rates as a function of magnetic field celculated from (a):
Bq. {9) which neglects lon parallel motion; and (b): Eq. (10) which
includes ion parallel motion, for verious end-plate reflection coefficients.
Parmncters sre from Rowberg and Wong's experiment:

m = 39.1 A n = 6.7 x 1020 c-'}; T=a0.19 eV; m= 2; ly =k = 1.43 cl—»li

=1 - -
X=-0.80cm"; Vs =2.0% 107 sec 1; vii =52 X 101' sec 1.

FIG, 2, Amplitude and phase of the axial mode as a function of position for
verious reflection coefficients |p keeping the phase 8 constant at x/1,.8.
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ABSTRACT

New experimental results of spatial plasma wave echoes
are presented. They especfally show :
-the observed echoes are dominated by collective effects,
~the dissymetric role played by the two emmitters om the
amplitude and on the profile of the echo , -
-the decay of the amplitude of the echo under the influ-
ence of a homogeneous noise (plasma noise) and an inhomo-

geneous noise (random nolse generator),
I -~ INTRODUCTION

Plasma wave echoes have been predicted by mean of a pertur-
bation expansion of Vlasov and Poisson equation [1] , This theo-
Ty, 88 well as the effects of diffusion of particles in velocity
space on echoes amplitude [2]have been demonstrated experimentally
for electron plasma [3] [4] and fon acoustic waves[5) The perturba-
tion theory does not predict satisfactarily the amplitude
depandence of the echo , The aim of this papar is to bring
experimental evidence of these features pointed out by a
previous theory [6] which accounts for the self consistent
fields of the waves and the echo, On the bssis of [2] , this
theory has been completed in order to include diffusion in velo-
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city space wvhich affects the echo amplitude,
II - THEORY
——

If tvo plasma vaves of ftequencyul nndwz are constinuocus-
ly excited at x = 0 and x = e by externally applied potentilllﬁ
and & 20 providaed that the Landau damping lengthz are small com-
parted to €, echoes of frequency w- will appear at distances
.fl.n from the point where the first wave is excited,

- L T
Wpp =M@z -M Wy m,n X (1)

(m and n are integers defining the (m, n) echo).

Could and O0'Neil theory's [ 1] predicts a peak echo amplitude
E of the form

m,n

m n on
Emn~ @, 2, e (2)
The condition of validity of such a theory may be written as
ed hkr
(__._P ™ Phr <4 (3)

vhere vp is the phase velocity of the wave, kr and ki the real

and imaginary part of the wave number,

Diffusior of plasma electrons in velocity space reduces
the anplitude of the echo [2] « Homogeneous diffusion due to
Coulomb collfsions amd due to fluctuations reduce the amplitude
of a resonant echo (m = 1, n = 2)

&)1 = (.)z - w1 2
by the scaling factor [7] .
3,5
2 £°us )
@x =Dy (v) = 4
Pl-Plvp 3 =5

vhere Dz(lrp) is the velue of the diffusion coefficient for the
rhase velocity of the wave, Noise injected in the plasms at the
position x -'El. in a band centered about the resonant echo
frequency produces inhomogeneous diffusion. The echo amplitude
is reduced by ths scaling £n¢tnt[2]



- 277 -

- e) AlEw)® e2u
T AF 2\( w3 (s)

AlE(@)?

where —ar is the spectral density of the noise,
Good agreement betwveen theory and experiments [3,6] is found
as long as condidon (3) holds,

Experimental conditdons in which (3) is violated are easily
produced in the case of electron plasma waves [3, fig 5.6],[ 7].
A more accurate theory[6].taking into account the self conaistent
fields of the plasma, points out new non linear aspects of
the echo behaviour
i, the saturation and decrease of the echo amplitude when either
the powver on the second emitter, or the distance betveen the
emitters is increased,

i 1, the dissymetric role played by the emitters on the echo
amplitude, .
1 1 1, the saturation amplitudes of the echoes of the (1, n)

serie of the same magnitude,

In such a theory the peak echo amplitude 1s

E1.ﬂ ~ 61 dv %’l Jn (”1&'2 Eh(vpﬂ) 5(0,01)1((0,03) (6)
(]

where .'lﬂ is the nth order Besasel function of first kind, g(v_ul)

hl(v,wz), k(v,us) account for the self consistent fields of the
vaves and of the echo and £f° (v) tbhe unperturbed velocity distribu-
tion function, As expected linearization of (6) with respect to

the Bessel function argument gives the echo .-’qplltuqc found pre~
viously, Por a rasonmant scho (1,2) the peak echo amplitude can

be written as

Ejpnv 8 Jp (w824 (vp0) (1)

where the integral in (6) has been evaluated at the phase velo-
city .of the primary waves and of the echo,

If the self consistent fields of the plasma are not inclu-
dad 1n the non-linear echo theory and the unperturbed distribu-
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tion functiem Is Maxvellian, for low vaslue of the product iz f,
the main contribution to the intepral (6) comes from low velocity
electrons and yfelds s pesk echo smplitude varying as

Eqn v & (£ 0

Such a theoretfcal result has been checked by numericsl caltula-
tion and remaina valid until the echo saturstes,

To fit the experimental results we had to include diffusion
in velocity space. A rigorous treatment of such collisional ef-
fect is not yet avaible for the spatial case as it is for the
temporal case [8] ; we, therefore, follov O'Neil's argument [2],
the amplitude of a resonant echo may be obtained by making the
product of the peak echo amplitude (7) by the appropriate sca-
ling factor (4) or (5).,

III - EXPERIMENT

Experiments were performed on a diffusive argon plasma
column [9] ; the plasma produced in a P.I1.G., discharge drifts
into an uniform magnetic field psrallel to the column axis.
Por the data reported, the plasma column {s 65 cm Iong and has
2 density of 2.10s electrons per cmj. The magnetic field, 1.2 kGs
is large enough to be considered as infinite. The electron tem-
perature is about 2 eV and the background pressure Io-onn Hg.
Under such conditions the mean free path for electron-ion colli-
sions is of the order of 300 m and fer electron neutral collisjions
is about 103 o.

The Landau damped waves are launched and the echo datected
by probes vhich can be moved longitudinally, Two of them are used
as enitters and connected to gemsrators operating st aungular

frequency w, and W,. The signal at Wy is chepped in order to use

coherent deta:tion. The third probe is connected through a low-
noise broad band receiver to a spectrum analyzer whose linesr
output drives a coherent detsctor operating at tha firet emitter
chopping frequency, Linear detection is used throughout the

experiment,
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A typical measured dispersion relation for a plasma wave is
plotted fig. 1 sad compared with the weve number in the decay of
several (1,1) echoes. This result shows that the observed echoes
can be interpreted as dominated by collective effects [3, 10]

To check the dependence of the peak echo amplitude om the
amplitude of each primary vave a third order (@ = 1, n = 2)
quasi resonsntecho was used ; in order to reject the electroma-
goetic signal which would appear at the frequency of the resonant
echo ,the frequencies of the two primary wvaves are choosen
slightly different, :I\; resulting echo i{s called a quasi resonant
echo, Fig., 2 and 3 show that, as expected from both theory (2),
(7), the peak echo amplitude is proportionnal to §1, and é;
for low amplitude of the wvaves, i{,e when inequality (3) holds,
At larger amplitude of the waves, the peak echo amplitude satu-
rates and then deacreases as the amplitude of the second wave
increases ; however it still remaing linear on the first wvave
amplftuie. The dependence ond,, namely J, (uny &, &h (vp, Wa))
is drawn in order to fit the maximum peak echo amplitude Elz'
According to the fact that &2 £ enters the expression for the
echo amplitude as the argument of a Bessel function which depends
on velocity formula (7) is approximative ; the exact dependence
on Qzevould result on an integration over velocity as shown on

expression (6),

The vradial profile of the echo 1{s in agreement with its
theoretical shape [11Jas long as (3) holds, Fig.4 shows the radial
profile of the echo for different value of Qz + Such a result is
in sgreement with a theery taking into account both saturation and
finite geometry effects,

If the distance between emitters is varied, the resulting
damping of the echo can he attributed to the non linear depen-
dence on ﬁzede.crlbed by Coste and Peyraud and to electron
diffusion in velocity space, Therefore care must be takenin mea-—
suring the collisionsl damping. For & fixed value of 01, and for
the value of Qze which produces tha maxzimum pesk gche amplitude
ilz' ve study the influence of homogeneous diffusion in velocity
space by increasing the distance hetween emitters, If the plasma
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vas not subjected to fluctuationms, this maximum would be a cons~-
tant, In the presence of fluctuations, a diffusion takes place
in velocity space leading to (fig. 5).

¢ £
n ax -
12 L 3

This decay of the amplitude has been found in another plasma wave
echo experiment {4)] . The use of a theory which accounts for

the eche saturatisn phenomena allows us to confirm such a result
on larger distances. However the measured value of e°,e° - 0,2m;
is too small to attribute such a diffusion process to electron
ion encounters which give 2, a 6 m, The diffusion must there~
fore be due to background noise : the density fluctuations in

the plasma column are of the order of 10 Z,

The influence of inhomogeneous diffusion was studied, A
third probe inserted between the two emittere is connected to a
random poise generator,The high frequency noise is launched in
the plasma in a 10MBz band around the quasi resonant echo frequen-
cy. Pig,. (6) shove the decrease of the quasi resonant echo
amplitude as a function of the integrated noise powver, In agree-
ment with the theoretical prediction of formula (5) the logarithm
of the eche amplitude decreases linearly vwith the noise power.
A shift of the peak echo amplitude towards the emitters is
observed and remains quantitatively unexplained,

IV - SUMMARY

The dependence of the peak echo amplitude on the amplitude
of the two primary wvaves, chiefly the saturation and decrease with
the second vaye amplitude,ths influence of homogeneous and inhomo-
reneous diffusion in velocity space are verified in the case of a
gussi-resonant echo, Tha saturation effect can be used as a )
tool to measure the smplitude of a wave injected in the plasms,
the collisicnnal damping, as describedin [2,‘] to measure diffu-
sion coefficient in valocity space,
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Wave Growth in a_ large Unmagnetized

Electron-Beam-Plasma System
by
P.J. Barrett, D. Gresillon*, and A.Y. Wong

Department of Physics, University of California, Los Angeles, USA

Abstract

A large diameter electron beam is drawn into a quiet,
collisionless, ummagnetimed discharge plasma from a simi-
lar plasma. The relative beam density can be varied from
0 to 1 and the beam energy is typically in the range 3T,
to 10T, . When the beam is modulated at frequencies com~
parable to the electron plasma frequency, growing waves
are observed, from which the dispersion is obtained and
compared with linear kinetic theory.

Introduction

There have been many experiments on the interaction between
an electron beam and a plalma’. The electrons have usually been
obtained by thermionic emission, with the conseguent limitations
of small dimensions, non-uniformity, low temperature, etc. Such
features greatly affect the growth rate, both in the absence® and
in the p 2 of a ic field: they are avoided in the
present experiment by using a separate plasma as the beam source.
Section 2 deals with the experimental arrangement and the charac~
teristics of the beam; Section 3 describes the dispersiocn measure-
ments, and in Section 4 these are discussed and compared with
linear kinetic theory.
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Bxperimental Arrangement

The bDouble-Plasma device* represented in Fig.l, comprises two
independent quiet argon plasmas, 1 and 2, separated by a fine grid
(40 lines/cm, diameter 25 cm) connected to the wall of Plasma 1.
The plasma density is in the range 10° -10° cm~® and the electron
temperature is about 1.5 eV. At the operating pressure of 0.1 to
0.25 microns, the mean free path for electron-neutral collisions
is greater than the plasma dimensions and the electron distribution
consequently has a high energy tail up to 30eV due to the presence
of primary discharge electrons. The movable plane probe p is a
tantalum disc of dimater 7mm, coated on the rear side and mounted
at the end of a coaxial line. By coupling to p directly and also

through a capacitor, we can obtain simult ts of
the electron distribution function (by differentiating the Langmuir
characteristic) and the high frequency signals around ; the

latter are usually observed, however, with the probe floating.

The potential distribution along the axis is shown at the
bottam of Fig.l. The plasma potentials are about 0.6 eV more posi-
tive than wall potential. Wwhen chamber 1 is biased negatively
(typically in the range -4 to -20eV) there is & flux of electrons
into chamber 2, which is grounded. To compensate for this loss,
electrons of low energy (~Te) are extracted by Plasma 1 from the
extra filament c. otherwise the flux would be largely inhibited by
space charge.

The effect of the extra filament c is demonstrated in Fig.2.
The electron distribution function £{v) is measured close to the
grid at five values of the current I; in c. The right-hand-side
of the main peak, at V~0, represents the bulk of plasma electrons,
whereas the beam appears as a bump at Va7 eV, which increases with
If until it becomes as large as the plasma peak.

On entering chamber 2 the electron beam encounters a region of
positive density gradient which reduces to n~! (dn/dx) <0.04 cm—
at x~5cm, the region of interest; the plasma is uniform at
x 2 8cm. In the radial direction there is a slight gradient in
the plasma density ng and a larger one in the beam: the latter
has a width of 15 cm at half density which is much greater than
typical values of the wavelength and the wave growth distance.

For the measurements described below, the beam energy is in the
range 4 to 20eV, and the beam to plasma density ratio my/n, is
maintained at a few per cent or less.

Dispersion Meagurements

As a first step in the investigation of the beam-plasma inter-
action we have measured the dispersion relation of the electrosta-
tic waves occurring at W—v“’p. « With chanber 1 and the grid d-c
coupled by a low inductance coil, the waves are excited by applying
a small signal (<0.1V) to the grid, thereby velocity-modulating
the beam. The signal is itself modulated by the low freguency
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reference signal of a lock-in amplifier and the waves are detected
by the usual interferometric technique.

Fig.3 ghows the output from the interferometer circuit at
five different frequencies, where the plasma frequency (from the
probe characteristic) is 225MHz and the beam energy V,,=8eV. As
the distance x from the grid increases, spatial growth is first
observed, followed by decay at x26cm attributable to non-linear
effects®. The dispersion and growth rate from such data are plot-
ted in Fig.4 in the form of a normalized (w.k) diagram. The bars
and dots representing the real part of the normalized wave number
kr-Vb/ﬂlp (where V}, is the beam velocity) indicate that the phase
velocity of the waves is close to Vb . The dots and curve on the
left-hand part of the diagram show that the wave growth (see upper
scale for kj/Ky) occurs in a broad band of frequencies around B
with a maximum Kj/Ky~0.1 - the same behaviour is found at differ-
ent values of the plasma density ng throughout the range 10° -107

="
Theory and Discussion
The curves in Fig.4 were computed for an infinite, uniform,

Maxwellian plasma, using the following dispersion relation from
kinetic theory:

AN ’ b _,r8-u _
1-(f) [(1-b)z(s)+Tz (T-r )]-0 W)
where b = n/(ng+ny)
T = Tp/Te (Te is the temperature of the
plasma electrons)
£ = w/wy
o 3 (wy is the beam electron
vo = (Wpe* “'PG) pﬁsmu frequency)
u = vp/ce 4
s = whece () = 2 xre/m)
and 2’ is the derivative of the plasma dispersion function.

Equation (1) is written in a form suitable for spatial rather than
temporal development of a wave, i.e. f 1is real and k complex.
The complex solution s provides the real part of the wave number,
namely

ke v/, « ufRes/|s|? , cee (2)

and the growth rate
Xi/ky =-Ime/Res . eee (3)

The curves are computed with b=0.0l, u=3 and T=0.17: the
low valus of T reflects the effective cooling of the beam elec~
trons when accelerated.

It should be noted that a fluid model® could appropriately
have been used here since, even with b as low as 0.0l where the
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beam is obhserved as a small bump on the tail of the distribution
function, the disperasion relation is predicted’ to be topologic-
ally close to the beam-type dispersion.

Without taking into account the effect of density gradient,
we find agreement between experimental and theoretical growth
rates to within a factor 2. In the case of the real part of the
wave number, the agreement is much closer: the slight discrepancy
is probably due to an over-estimate of Vy,, since the beam velo-
city decreases slightly with distance and Vv, is measured near
the grid.

In conclusion, by adapting the Double-Plasma machine to pro-
duce an electron beam (hitherto this device has been used primar-
ily fox studies of ion phenomena), we have obtained a large dia-
meter, fairly uniform electron beam of relatively high temperature,
variable energy (up to tens of eV) , with a wide range of relative
density, np/ng. As a preliminary to the more detailed studies
described in the following paper in these Proceedings, we have
measured linear dispersion properties of the system and found
b ble agr nt with theory.
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Measurement of Velocity Diffusion in an Rlectren Beaw— Flasma Intersotion®
by

P. J. Barrett, D, Grésillon' and A. Y. Wong

Department of Physics, University of California, Los Angeles, U S A

Abstract

The interaction beiween a large diameter electron beam and
a oollisionless plasma is investigated experimentally in the ab-
sence of a magnetic field. The noise power grows spatially snd
then decays at the same rate. The beam is simultanecusly scat-
tered, forming a monotonically decreasing tail in the distribu-
tion function, By means of a lock-in technique, the beam parti-
cles are tracked through the interaction and observed to spread
to both lower and higher energies; the velocity diffusion coeffi-
cient is thence determined.

Introduction

The deformation of the electron beam distribution funotion in a beam-
plasma interaction has been described in quuil‘Lmu.r1 and lwn-ll.‘l.zmn'2 theory.
There have also been many emperl.menta} on this phenomenon, usually with a
sirang magnetio field parsllel to the beam. Several of the features expected
from one-dimemsional quasilinear theory have been investigated; for exanmple,
the growth and ssburation of the noise®, inoluding the charaster of the nolse
spsctrum at ut'u.rntiun5 » and the formation of s plateau in the distribution
ﬁmut:lon§ Acoording to quasilinear theory, the noise and beas behavior in the
absence of a strong B ficld differs appreciably from the one—dimensional oue7.
Here we desoribe an experiment without a B fleld, in whioh a large diameter
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electron beam interscts with a collisionless plasms, and present a method of
measuring the velooity diffusion coefficient D which describes the spatial
evolution of the beam distribution fumction.

Experimental conditions

The experiment is performed in the collisionless plassa of the Double-
Plasma davioes described in the previous paper of these Proceedings, at plasma
dens: tios n»10” on™>, relstive besm densitles n/n ~10"%, alectron tempers-
ture Te- 1.5 ev andheuemrg'b in the range i to 20 ¢V, The beam, with
a diameter of 15 cm at half density, encounters a positive density gradient on
entering the plasms, which reduces to n-i(d.n/dx) < 0,04 ol st x5 cm,
the region of interest. The electron flux is measured by means of an axially
movable plane probe p of diameter 7 mm (20 Debye lengths), coated on the back
surface and mounted at the end of a coaxial line.

An example of the observed noise spectrum is given in Fig. 1; absolute
values of the noise power sre not Imown since this requires knowledge of the
high Prequency coupling efficiency betwsen plassa and receiver probe. The
main peak is centered an LN (determined from the probe characteristic) and
has a width of about 0.O4e . In gensral the spectrum does not change shape
with distance. By diffarentiating the probe characteristic, we obtain the
distribution function £{v) at different distances from the grid, as shomn in
Fig. 2 (a) and (b). The corresponding noise power P, as a funotion of distance,
is presemted in Fig. 2 (c). As x increases it is observed that the beam
remains constant as long as P is small, ard then spreads in velocity at about
the position where P is a maximum. The noise then decays, leaving f{v) with
8 tonically d ing tail.

Tracking of the beam electroms

In order to track the beam electrons as they streem through Flasma 1 and
to disoriminate between their development and that of the plasse electrons, we
use the loock-in deteotion system shown in Pig. 3. The beam energy is modulsied
by adding a small (0.7 V) 10 kHz squsre wave potentisl V, to the do bias volt-
age on ch 1. The t ourrent J1(V)tothnpmbe,ﬂnetoﬂ:ebeu
eleotrons, 1s then detected with the lock-in amplifier. This represents the
distribution funotion £,(v) of the beam electrons since

5, = V(@ ) = (FaV, () ™

vhere 'Ib is the beam ourrent demnsity.
Pig. 4 (a) shows J1(V) as a function of V for different positicns of
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the probe. V=0 corresponds roughly to the plasma potential and the average
beam. energy is ~B8 eV. The distribution remains unchenged over the first 3 cm,
starts to flatten in the region of positive slope at sbout x= 4 cm and then
continues to flatten and spread over an increasing range of energy. A shift
to higher energy is observed between 5 and 6 cm, togother with & slower shift
to lower energies between 7 and 10 on,

If the J, (V) curves are now integrated over a given energy range we find,
from Bq (1), a quartity proportional to the flux of those beam electrons whioh
lie in this range. Range A at the top of Fig. 4 (a) spans the main part of
the initial besm distribution, range B corresponds to the lower emergies (down
to the plasma potential) and range C to the higher emergies. The spalial deve-
lopuent of the oorrespanding fluxes J,, Jy and J, are shown in Fig. k4 (v),
together with the integrated noise power P. At the position of maximm noise,
the downward step in J’A and oorresponding upward steps in JB and Jc
& diffusion of electrons from range 4 into ranges B and C. Apart from the
initiel decrease in JA and JB (probably due to the decreasing flux of energetic
primary electrons from Plasme 1 as the solid angle subtended by the grid at the

probe deoreases), the total beam flux 3, +Jp+J is constant within 3% up

indicate

to x= 12 cm.

The flux of kinetic energy in the beam direotion, I—nv f(v)vdv,
can also be estimated, either from the area under the probe c.huractmst:.c
or by the appropriate integration of the curves in Fig. 4 (a). Within the
limits of experimental errer, no loss of K is detected around the noise maxi-
mm, From energy conservetion this sets an upper limit on the sum of the noise
energy density ¥ and the kinetic enmergy K, transferred from the axial to the
perpendicular direction: (B+ K )/K, < 0.05.

Velocity diffusion coefficient

The data of Fig. 4 may be used to determine directly the velooity diffu-
sion coeffioient D for the beam distribution. This quantity is given by1

of, (v,x)
e T 1L T C @)
% i)
£rom which D(vo,x) = - (% Ivfbdv l[’ai; E: (3)
B £,
or V,x) = - 2(9/21..)}é [-:; ‘jl'zb av J.[vé;-v‘l i (%)

wvhere o = 4mve. When (at/av), =0 we odtain fram Eq (2)
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?

Dy, ,x) = [vuéj. [%2 1,,;’ R )
which is a more suitable form of D(vo,x) when V is very close to the beam energy

By graphic integration and differentiation, (4) has been used to obtain
approximate values of D(v ) at x= 4.5 om (where P~ 0.3? )and x= 5.5 om
(where P~Pm): these are plotted in Fig. 5. We find ‘I:he following: (i) At
both distances D(v ,X) has a paximm value D at an cnergy somewhat less than
the beam energy; (11) the absalute value of D at the position of maximum
noise, x= 5.5 cm, is m6x 10‘I8 z/sec ; (in) the ratic of D, (x_5. ) to
D (x=4s5) is nearly equal to the ratio of P(x=5.5) to P(x:l..S), ices 2.8
and 3.4 respectively; and (iv) at velocities greater than the beam velocity
D('o) is not sero, unlike the case of a one-dimensional intemction‘, and, also,
the proporticnality to P does not appear to be preserved.

Diseussion

Although the waves in tbis experiment show a d:l:q;versinn9 of the beam
type rather than the gentle-bump Landau type‘I1 , the observed broad noise spec-
trum, with its ab of amplitude-dependent side-bands, suggests that parti-
cle trapping is not significant. Sc we think that three-dimensional quasilinear
theory is relevant here. The interasction may be oonsidered as follows: The
main growth of waves occurs in the beam direction, with a tendency to form a
plateau in the distribution function. However, wave:s at a small angle to the
beam are also unstable and their tendency to platesu formation connects the
particles of the original platesu (i.e. those associated with the tendenoy to
platesu formation in the beam direction) with regions of higher and lower velo-
cities, thus smoothing out any step in the distribution function

In oonolusion, we have messured experimentally the velocity diffusiom
coefficient D in a particularly simple beam-plasma interaction. As expected
on the basis of one-dimensionsl quasilinear theory, the maximum value of D oc-
curs at a velooity smaller than Vi and is proportional to the noise power.
Furthermore, we have observed the fallowing phenomena which are in accordance
with three-dimensional quasilinear theory: (i) A well localised besm-noise
interaction in which noise growth and decay rates are equal; (ii) large scatta-
ing of the beam by low level naise fluctuations; (iii) diffusion of the beam
electrons to both low and high energles, producing (iv) sn equilibrium distri-
tution finction which decreases thly and tonically.

* This work was supported by the National Soience Poundatiom, pontract NSF
GP-28509X.

+ CNES and NATO Fellow, on leave from Ecole Polytechnique, Paris.
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Abstraot

This instahility ocours when an ion beam (along x) travels across a weak
nagnetic field B, in a plasms with (1) beam velosity v, greater than the ion
acoustic velocity c,, (43) W< @, and (i14) 1>k /k >> (u/M)%; the spa-
tial growth rete k,/k_1is enhanced by a factor k /k over the valus at B_ = 0.
Measurements of ki/ir in two different plasnu'l configurations show good agree—
mont with computed values when (kl/kz)(n/l)i(vp/cs) 1s assumed to be ~1,

Introduction

The theory of oross-fleld instsbilities, i.e. those assoclated with the

relative streaming of electrons and ions across a magnetic fleld, has beem

ined tly by 1 authurs1-6. We report here two direct and dis-
tinot experimental observations of one olass of such instebdlities, namely ion
aooustic waves pro;.atd.ng et large angles to the magnetic fisld B, (1.e. with
1%k /kx >> (m/M)Z) at frequencies well bslow the electran cyclotron frequen~
cy ﬂc., wavelengths of the order of the electron gyroradius Ty and phase velo-
oity olose to the ion drift velooity e Both of the experiments discussed
here satisfy r,<«L «xvl,/n‘,1 where L denotes the dimensions of the plssma,
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so the conditions generally assumed in naloulatians on these cross-field insta-
bilities (magnetized eleotruns but straight-line ion motlen) are well satis-
fied.

This instaebility differs from the ion scoustio instability with B = 0
(ar ¥#B) in the Pollowing respect: Over the wide range of drift velocity
betwecn :zhe ion acousiic veloeity o, and the eleotron thermal speed 0, =
(?.IEer)i, the yarimum growth rate is enhanced by & factor k/kl because the
electron motion along ]3z , when projected onto the direction of the wave nmumber
X, oorrespands o a reduced thermal velooity T_ = (kfk)e_ insofar as wave-
particle resonsnce is concerned. Thus, far he<1 and W< L the wave phase
velocity can coincide with the velocity of maximum slope of the projected elec-
tron distribution functiom, f[?’.?/k ], even when vn/oe« 1, thus enhancing
the growth rete which is proporticnal to this slope.

A further consequence of the magnetic ocomstraint an the electron motion
is that this instebility, like the eleotron cyclotron drift instability at
© zacs‘*, is relatively insensitive to T /T,. For example, whersss the
threshold value of A4 for growth rises from c, to o, & Ti/Te varies from
0to1inthe B =0 case, the threshold remains ?:t‘the ardsrufnswhan
B # 0, provided that k/k can be as small as (m/M)Z. Well above the threshald,
i,e. for 0, <€ Vp << e, the instability can have an appreciable growth rate
for larger k/k (of the order of (m/ﬁ)’(v]/cs)), even when T,/T =~ 1.

Trheory
The dispersion relation for cross-fisld electrostatic waves in a homoge-
nsous plasma, with an isotropic Maxwellian electren distribution (in the lab
frame) and ions streaming with 'v’n at o large angle to -f, st
2, 2 e
14 (77) + m,o,)z_ F, - (T/21)3 (8/k) = 0 Q)

where I = (lwne /lﬂ'j ®=w- .?D is the frequency in the ion rest
frame; [, = o™ a(B) with b= i(k r ) I, being the modified Bessel
function; ma zn Z[(w '""cs)/kz"e ], Z being the plasma dispersian funo-
tion. In the limit kz -» 0, this is just the dispersion relation studied
by Forslund et a1 in the high frequenoy regine (02 @ ). Here we cansider
instead the case W << 0 i then 2 u-z and the sum in (1) reduces to tLe
single term P Z , si.vins a di!pars:l(m relntirm (6180 cbtained by Aref'ev’ )

2y = 2[1 - e+ k;kD? i, = z'(»/kzos) + (T/T:L"o) z'(ﬁ/hi) (2)

which is slmilar to that for ion aooustic waves with B = 0. Ths only
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d.;.ﬂ’e;ences are the factor I‘o in the ion term; the replacement of the usual
K/x)’ by % (which reduces to k*/k? for kyr, «1); snd, most importent,
the replacemert of /ke, in the eleotron Z function by 0/1(808 which leads
1o the afarementioned k/k‘ enhancement of the growth rate. In the cold
fluld Mmit (ra, I, > 0) both 2' functions may be appracimated by their
asymptotic farms, whereupon (2) redudes to the dispersion relation of Ashby
and Paton™ which has a structure similar to that for the usual two beam insta-
bility. However, for the regime studled here, the argument u/kxee is not
large and so a power series expansion for the electron 2' function is more
sppropriate than the asymptotic expansion. If Te/Ti is large (as in the expe-
riments desoribed below), we can contimue to use the asymptotic form for the
jon 2' function and thus obtain a simple, explicit expressior for the growth mete

O/k) = (/B (RAE (e ), 1 ¥y 2 )

where k is the complex weve number k_ + iki. This equation clearly exhihits
the (k/kz) enhanocement. For the experiments reported here, however, the
parameter “/kuce is typically ~1, so the full expression (2) has been used,
with Ti/Te-b 0. For given values of b, ]z/]:D and vl/ca’ we ohoose k to
maximize ki/kl_. The resultant growth rates are larger than those observed
experimentally by a faoctor ~2. If, on the other hand, we set kz= */L where
L 15 the plasma length along B’, the calculated growth rates are too small.

As shown below, reassonable agreement is obtained by assuming that the parameter
s = (k/k’)(q/Zl) has a fixed value.

Experimental arrangements
The instatiljty has been direotly observed in two different plasma con-
figurations, Pig. 1 (a) shows a Double-Plasma device’ in whioh two steady-
state argon plasmas (=~ 1()H cn'3 ), separated by a fine negatively-biased grid

W,“"ﬁ'. B Pty -

coector T wcemrorr g0
H revtralaer wire
[ ] .
— 18 :
AL :
e || ] o sounie
areei b O M e

oRT -]

probes.

Mg. 1. (a) Double-Flasma device. (b) Streaming cesium plasma apparatus.
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of diameter 27 cm, oan be held at independent plasma potentlals. An ian bean
of this dismeter can thus be extraoted from the left-hand plasma into the
larger right-hand plasma (diameter 40 om), and velocity-modulated by adding a
sinusoddal signal (typically s few millivolts, i.e. < 0,011 ) to the left-
hand chamber potential, For most of the messurements the seperating grid was
plane, but, ir an attempt to impose a fixed value of k,a corrugated grid
such es that chown in Fig, 1 (a) was alsc used. The ion beam is neutrslised
by electruns froa grounded fillaments in the right-hand chamber. A large clean
coarse grid, also grounded (i.e. positive with respect to the plasma), helps
to meke I'e unif'orm and also reduces its value by removing more af the faster
slectrons; the presence of this grid is important since a variatiom in T, of
30 %, for exsmple, can change the growth rate bty a factor 2.

A larger plasma, with different boundary conditions and a greater value
of vD/cs, is obt‘a:i.ﬁnd in the ecesiun plazma d.evioea shown in Fig, 1 (b). Here
an lon beam 1s formed by contact lonization of cesium atoms in a hot porous
tungsten plug. These are accelerated by a nearby plane tungsten grid and neu-
tralised by eloctrons from 8 hot wire, Typioally the bean energy i1s ~ 300 eV
(eyw2x10° cm/seo) and the density et he source 15 ~ 4x10° on >, diminish-
ing to -10 cn™> two meters downstrean due to the divergence aof the besn, Tre
collector plate at the far end is blased nagatively to ocllect the beam imms,
while the magnetized electruns farm a staticmary baokground fluld (they repld-
1y F11 the plasma volume when the beam is switched om).

Experimental results

Spatial growth rates from each device are presented in Fig, 2 as a func-
tion of the quantity v'(k) = 24’z = (eznzz/ms)k;z, where k_1is varled
at a given value of B_!. The upper points correspond to excited waves in the

— O B-I0G W=20¢/

c---e Ba3G W =00W °

b1k,
Fig. 2. Rxperillentnl and thecretical growth rste k, /‘k versus
b-1(k )= (eZB/nKT )k'2 for (a) waves excited in D~P device
from 0.6 to 0.1 MHz, with n= 2::10B and T =1.5 eV; (b) plasma
noise observed in Streaming Cesium Plasma device from 0.8 to
0.2 Mis, with n= 22100 and 7, =0.25 oV s = (m')(q/zu)*.
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Double-Plasme machine, wheress the lower set represent the naturally coouring
noise growth in the Streaming Cesium Plasma device, 1essured with the aid of
tuned filters. The corresponding theoretical ourves, with s as a fitted
parameter, show agreement o better than a facter 2.

In Pig. 3 the growth rate from the D-P machine is presented as a funotion
o b(B,) = 2&%r? = (eY/mET,E7)B? at W, - 80 6V and two values of the
frequenoy; waveforms cbtained st a lower frequenoy and energy are included in
the inset and show the rapid variation of ki/kr with B, at low values of B..

jo-oer

6a © 0.7 MMz

0.08

1=

x|
-

O 04

[
b'®B)
Pig. 3. Experimemtal snd thecretical growth rate k,/k_ versus
b(8,) = (ez/nﬂekxz)ﬂ‘z at two frequenoles, with W = 80 eV,
for waves in D-P devlce; from probe data, n~10% on~3. Solia
ourve, 'l'e(B’)= 1.1 40,073, eV; dashoed ourves) T,(8,)= 0.76
+ 0.048B, eV. Inset shows interferometer waveforms at f =
0.5 Mz and W= 40 eV.

(k,r, > 0.5). At high magnetic field there is & slight deafesse of growth rate,
rather than the asymptotio approach to a oonstant value expected for a given
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et
been included in the oaloulations. The main effeot of the reduotion in !I."
from the solid to the dashed curves, ia to shift the steep portian of' the oxrve
to the right. It should be noted that the fitted values of s imply very small
valuss of k (~0.01 oa™'), which are difficult to deternine experimentally:
probe measurements simply indicate that ), is somewhat greater than twioce the
plases dimensiocn. Presumably the wave eleotrio flelds fall rapidly to sero in
the sheaths at the plasea boundaries, but have long wavelengths along the mag-
netio field in the bulk of the plasma. Although growth retes are shown in
Fig. 3 only for high values of f and 'b' simllar behavior is observed
throughout the parameter ranges investigated (0.2 = 1 MHs, 10-80 eV, with B’
varying from 0 to 40 gauss).

The following effect. have also been noted: (1) In the D-P experiment
an attempt was made to impose a comparatively large valus of kl on the weve by
segmenting the grid as in Fig, 1 (a). This leads to the effect shown in Fig.

4 (a), that is, tne waveform obtained with the probe fecing an F (far) segment

Tq: this reflects the observed increase of T, with B. (see Fig. 3), which bas

— T; increasing

Pig. 4. (a) Interferometer waveforms from
D-P device with probe fesing (i) ssgrent P @*’V\/\/\/\/\/\/\/\
and (ii) segment N of corrugated grid.

(b) Interferometer waveforns obtained @WV\A/V\/\

when 4 MHz signsl of suocessively larger @ 5 |0. 52785 om)
amplitude is applied to separator grid of

D=P to increasz the spresd of beam energy;

and corresponding beam current Ib tao energy l
analyzer as function of retarding potartisl vlb J _J'\
ﬂA. (ﬂA ocdle 15 displaced for each ourve). T

o

iz initially out of phase with that obtained opposite en N (near) segment and
no growth is cbserved; but at x220 om a sharp phase transition ocours in
which the ¥ and N waves phase-look and begin to grow rapidly, It appears that
at%pmmmummmklmdwmmnww-
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fast-growing mods corresponding to the minimum k‘ allowed by boundary conditims,
magnstic fisld non-unifarmity, etc. It is also found that the instaldlity is
insensitive to small changes in the direction of the magnetio field (up to
about 10 degrees): (2) A reduction of the growth rate is cbserved in both
devices when & high frequenoy modulation signal is applied to the beam, therey
mma.si.nguu'boulfelpantml‘i to the point where the effect of ion Landan
damping beoomes important. This is demonstrated in Fig. 4 (b) where the
change of (dlb/dﬁA) from ourve 1 to curve 5 represents & change in energy
width from 2.5 to 3.1 eV. (3) At the higher values of B_ both plasmas show
increased turbulence and a corrssponding increase in Te.

Canclusians

In oonclusion, we have observed the aross-field ion acoustic instaldility
in two quite different plasma devices, finding good agreement beiween measured
and oaloulated growth rates over a wide range of magnetic field and wave num-
ber; it has been neceasary, howsver, to make kx/kz (which determines the maxi~
mm growth rate) a fitted parameter, since k_ is too small to be measured
accurately. Becsuse this instability occurs at comparatively low values of
the drift velooity ('D <«< ee)_ and is relatively insensitive to T JIi, it may be
responsible for anomalous transport and ion heating in collisionless shocks,
neutral sheet phenomena (such as the tail of the magnetosphere), and other
situations shere there is a drift of ions relative to clecirons across a wag-
netic field.
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SUMMARY .

The deformation of the distributiom fumction
of an electron plasma under the influence of a large
amplitude is measured. It is shown to be in good
agreement with a non-limear spatial theory.

INTRODUCTION

The temporal evolution of a large amplitude weakly damped
wave has been treated first by Al’tshul and Karpman [1] . They
used the quasi-linear theory and found that the wsve amplitude
undergoes small oscillations around an undamped average value
provided that the linear damping rate is smaller than the bounce
frequency of trapped particler in the wave electrostatic poten-
tial,.

Later 0'Nail [2] used the exact equation of motion for
resonant particles and obtained a similar result but he showed
that the oscillations disappear by phase mixing after a time
longer than the bounce period,

More recently Laval, Pellat and Roux (3-4), starting from
Alt'shul and Karpman's theory, made & more acewrate calculation
keeping higher order terms, They found that wave damping still
exists for any amplitude if the phase velocity 1s grester than
the thermal velocity (\Il,h."/\l':h“m.1 ~ 4), This result vas
clarified in ref.4 vhere it is shown that the distribution
function was perturbed to a larger extent thar wvas assumed in
previous theories and that non resonant particles were rssponsi-
ble for the damping.

These theoretical treatments are done by averaging over
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space coordinates, Exmerimentally, however, the wave 18 launched
at X = 0 and evolution of the wave as a function of X is observed,
This more realistic problem has been solved especially by Jablon
[s].nd by Lee and Schmidt Bﬂ uaing the preceding models, As ex-~
pected they found that the vave oscillates in space with a carac~-
teristic length (bounce length) L) = O.sz“‘ %"“"’f g

where »Y is the phase velocity, k the wave number, ¥, the

wave potential and of the bounce frequency. The first experimen-
tal observation of these effects was made by Malmberg, Wharton

and 0'Neil [7,d],

Nevertheless none of the experimental results gives preci-
se data concerning the spatial evolution of the distribution
function. Then, in collaboration with Laval, Pellat and Roux
and using 0'Neil's calculation technique we have tackled this

problem,
THEORY

On a plasma column algrwe amplitude Langmuir wave is exci-
ted at X = O and propagates along the X>0 direction with a very
small damping., Some electrons (trapped electrons) oscillate
back and forth in the troughs of the wave and neighboring elec-
tron crajeétories (untrapped electrons) are also very much
modified. This interaction creates a deformation of the instan-

taneous and time averaggd' iistribution functions,

The Ylasov equation is exactly solved following particle
trajectoriles,

The oscillating wave potential in the one dimension plasma

is assumed to vary as

@ (x,) = % Y(x) cosfct- kX)

where Y(X\ is the Heaviside function | 1{ is a constant and,
therefore, the calculation is only valid for a weskly damped wa-

ve,



- 306 -

Let ¥, be the initial velocity of a particle (X < o) .
Suppose V to be the velocity of a particle at time t and pesition
X ; Liouville 's theorem yields

¥ (x,7,0) = Fo [vo (x,v,0)]
where V4(X,V,t) is governed by the equation of motion of a parxi-
cle i{n the potential ¥ (X,t).
If ve work in the wave frame, the equation of motion

can be written

d%x

m 3_)_=_-¢|»(‘\¢’., sinkae
where :
x =X - -‘T;Lr

This equation can be exactly solved [3] in terms
of elliptic functions, The solution depends on the value of the

parameter /3 :

2
/jgw.\s‘:_‘”:'-.-ﬁn‘l_kzﬁ = \’!‘ﬁg-ﬁsin’_“%
w [

where v = V - ==Xl and t, is the time vhen the particle

= X
k' o
begins to interact with the electric field (X = 0),

Particles satisfying @< 1 are trapped, Their position
and velocity are given by

sin K= = msn (<t +9,/3)
2 =%‘i en (KE+w,/3)

For particles utilfylng/&>1 (untrapped particles)

xm-x %% am ﬁx/3t +-W,;%)

v= tEBdn (<AL +Y, 7‘5)

where ‘P is an integrating constant .

The inversion of these relations leads to transcendentsl cqultiou
and, then, the solution must be determined by a numerical calcu-
lstion, In this way, F(X,V,t) can be obtained,
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Results concerning an initially Maxwellian function are
presented in fig, 1, They show the contribution of the trapped
and of the untrapped particles to the instantanecus distribution
function for various times. As expected the main deformation is
lecated near the phase velocity of the wave and its width in
energy is Ay % '-Pn « It {5 important to notice the signi-
ficant contribution of the untrapped particles,

This 1instantaneous distribution function F(X,V,t) oscil-
lates at the frequency% « Then it is interesting to determine
» t), where X. and V

1 1 1
have given value (fig, II). Analysis is made using a numerical

the Fourier components of F (X=X;, V = ¥

calculation|9] ., The spectrum coneists of harmenics of the wave
frequency% « Table I presents results obtained with %‘L = 0,43
b

and several values of N1 + The number of harmonics increases
V1

as ——i- decreases, it is maximum for

= 5 which corresponds
Vin ?

to the phase velocity of the wave and, it decreases as Ny tends
to zero.
TABLE I
v o Fond,ampl,
3 71 N3 e ns
v Harm,2 ampl,
th
3 0.35 0,11 0,02 0,005
4 0,43 0,22 0,10 0,05
4.5 0,44 0.43 0,36 0,27
5 0,75 0.57 0.44 0,33
5.5 0,59 0.30 0,16 0.08
6 0.63 0,22 0.03 0,01
10 0,08 0,005 ] V]
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Parameters
W g X woas =35
KV Ly =

On the other hand (table II) we have checked that, as
expected, the hermouic generation increases as ¢, s auvgmented

TABLE II

o)
2 N2 VE! a4 Ds
3.5 0.63 0.47 0,5 0,45
15 0.1 0,017 o 0
Parameters

T(Was, Y= o-zsl.b(-—_ss) _u.=

Fig. III shows the time averaged distribution function
& F (X=X 1,V,l:) >, which appears at various xl positions. The
deformation is centred in the neighborhood of the phase velocity
of the wave and can create a bump in the bigh enargy tail of the
distiibation, In addition many éccidents may appear in the lowver
energy region, due to untrapped particles,

EXPERIMENT

The apparatus used for this experiment has been described
previously [lﬂ + For the present purpose it may be considered
simply as a device that producesa 65 cm long uniform column of
collisionless plasma (M ~ 3, 108cn~? v T~ 2 eV), The plasme
is immersed in a strong longitudinal m.;netic fielda, The unper~
turbed electron velocity distribstion messured by a velocity ana-
lyzer located at ome end of the column is & trunsated Maxvellian,

A large amplitude plasma wave is launched at the position
X = O by means of s Langmuir proba, A second longitudinally movable
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probe is used to detect the wave amplitude and to measure the
wave number, The electrostatic multi-grid analyzer measures the
total (time independant and oscillating) curremt and, by using am
electronic differentiating technique, we deduce the corresponding
distribution functions.

Our previous measurements concerning trapping efficts ha-
ve been described elsevhere [11] . We observe the appearance of
sidebands ; the wave and the sidebands were found to oscillate in
space and confirmed those given by Wharton, Malmberg and 0'Reil [8],

Up to now no complete results concerning the oscillating

distribution function F (X = X ,V,t) have been obtained. Using

1°
the averaging technique described in another paper [12] , preli-
minary observatfons have been done, Howvever it is impossible to
conclude {ballistic terms and plasma potential oscillations

affect the result),

Our experimental observation agree with the Fourier ane-
lysis of this function, For experimental simplicity the verifica-
tion is performed on the.eoscillatin; current
J,(x-xl, V-Vl,t) = q ;(x-xl,v,:)ldv, but this does not affect
the result, Fig, 1V shobs Fourier analysis of Jyfor two values of

the parameter o + As predicted by theory the harmonic gene-
(<¥)
K Vi
theless the detected signal is weak and does not permit to obser-

ration 1s greater for Yo, 2 ( ~‘2) than fcrl‘-so. Never-

ve many harmonies. In addition we observe the generation of new

harmonics as ‘P, is increased.

Experimental observations of the averaged distribution
function € F(X = xl,
£ F(X 1-"'-‘)>t at various positions xl ., On fig., VI we have

V,t>k have been made, Fig. V shows

shown the influence of the wave power on<1"(xl,v,t)>tfor a fixed
distance Xl. On the same disgram we have drayn correeponding
theoretical curves in such a way that the two "plateau " fit, The
curves correctly coincide as long as ‘f. is not too large. In
particular & bump can be observed. Om both curves nevertheless we

have never observed accidents for particles such as %—41
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CONCLUSION

In conclusion the experimental observations reported heare
fairly agree with theory. They allow us to explain the deformation
of the distribution function and especially to poimt out the ac-
tive role played by the untrapped particles in the phenomena.
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FIGH.LARGE AMPLITUDE WAVE INTERACTION WITH A PLASMA
Theoretical change of the time independont distribution
function for severol interocting lengths.
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Fig, T —VARIATION OF THE OSCILLATING CURRENT
HARMONIC GENERATION VS ANALYSE POTENTIAL
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Fl@. Y . LARGE AMPLITUDE WAVE INTERACTION WITHA PLASMA
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EXCHANGE OF ENERGY BETWEEN LARGE-AMPLITUDE
PLASMA WAVES AND THE ELECTRON ENERGY DISTRIBUTION

E.P. Barbian and B. Jurgens
FOM-Instituut voor Atoom- en Molecuulfysica, Amsterdam / Wgm., The Netherlands

EURATOM-FOM Association Contract

ABSTRACT

Particles trapped in a large amplitude electrostatic wave cause the
growth of sidebands next to the excitation frequency. The displacement
of the sidebands starts from a threshold value for the electric field
and is proportional to the square root of the large wave amplitude.

If instead of one large monochromatic wave two waves with a small -
frequency difference are excited, the sidebands become broad d and
show a discrete structure.

INTRODUCTION

Longitudinal electron plasma waves can be propagated in a plasma column
below the electron plasma frequency. The density of the plasma can be
chosen in the way that the phase velocity of the plasma waves v  reaches
a value several times the mean velocity of the Maxwellian-like electron
energy distribution. In this density region (n = 108 cm'a) the plasma is
not dominated by Coulomb collisions.

The plasma waves interact with the electron distribution strongly at
small amplitudes if the phase velocity reaches into the main bulk of
the electrons (vpjvt ~3). A very strong Landau damping is also observed
for large wave amplitudes at much higher phase velocities, because then
again a large number of particles becomes involved (1,21.
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The electrons which become trapped in the propagating wave start to
bounce in the potential trough of the wave to first approximation with
a frequency @ = [qEk/m]), where E is the wave field anplitude and k the
wave number [3]. The frequency of this oscillation is nearly constant
during several periods at least for the particles at the bottom of the
trough, which therefore move coherently and stream-like similar to a
bunched beam of harmonic oscillators through the plasma. The abserved
growth of sidebands to the frequency at the large amplitude wave is
theoretically explained by Kruer, Dawson and Sudan (4] as a kind of
two-stream instability and is called a trapped particle instability or
sideband instability. The broadening of the frequency spectrum and the
existance of sidebands is also described by a theory of Eldridge {5],
not involving an instability and assuming the driving wave to be always
dominant in the spectrum.

A related fundamental non-linear phenomenon of more subtle kind is the
plasma wave echo,as it was demonstrated by Malmberg, Wharton, Gould
and 0'Neil [6). The plasma wave echo can be observed after the Landau
damping of the macroscopic wave field and the accompaning density
disturbances. Then the evolution of the undamped oscillations of the
electron phase space distribution can be reversed and a macroscopic
field can be reachieved.

The observation of sidebands and of echo phenomena is possible at moderate
large wave amplitudes. The situation changes if very strong fields are
applied to the plasma. Then low frequency instabilities are generated by
the parametric action of the field. This causes a randomization of

phases and a strong decay of wave fields. This effect may however be used
for the purpose of electron heating [7].

APPARATUS

The experimental set-up consists out of a single-ended Q-machine of a
length of %0 cm. Cesiun is jonized at a plate of 2.2 am diame.=r and

the parameters were chosen to get an electron-rich sheath. The plasm 1s
gufded by a magnetic field of 1500 G and the density decreases in axial
direction to & 1/e-value after about the iencth of the apparatus. The
dispersion for the waves is measured by an interferometer technique. The
density region used was between 107 and 108 en”3. The large anptitude
waves were excited by probes or by the collector plate.
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THE SIDEBAND INSTABILITY

In a computer experiment Kruer and Dawson [4] showed that the large
amplitude wave decays strongly when the sideband amplitude becomes com-
parable in magnitude to the decaying wave and the unstable sideband
modes saturate.

In Fig. 1 we find back this general characteristic. A 5 Volt sinusoidal
signal was applied at z = 0. The upper signal shows the large amplitude
wave, After a distance of about 20 cm a bouncing effect is superimposed
on the decaying amplitude. The observed bouncing Tength is in agreement
with the length L

L = (duw/dk)(1/n) (1)

calculated from the independently determined wave velocity dw/dk and

the bouncing frequency 9. On the lower curve in Fig. 1 the amplitude

value (within 1 MHz band limits) of the red sideband is shown. Fluctuations
near z = 60 cm are due to standing wave effects in front of the end plate
{z = 60 cm).

The maximum amplitude of the red and blue sideband is separated from the
excitation frequency by a frequency difference

2 = ok ermt £} (2)

where Ez is the amplitude of the wave field in the plasma. The blue
satellite is often influenced by Landau damping because waves with higher
k-values reach into the main bulk of the distribution due to their
smaller phase velocity.

In Fig. 2 the dependence on v'E of the separation of a red sideband is
shown. Similar observations had been reported by several authors [3,8].

The measured values in Fig. 2 were taken by an antenna placed 30 om away
from the exciting probe in the direction of the drifting ions. A maximum
value of 20 Miz for @ was observed when a 35 MHz signal of 4 Volt was
applied across a 50 o terminator at the probe. For greater amplitudes the
sideband approaches a saturation level both for ft as well as for the

ampl {tude of the sideband. This is mainly due to the strong decay of the
large wave amplitude similar to the numerical results of Kruer and Dawson [4)
and besides that, energy is fed into increasing amplitudes of low
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frequency oscillations in the ion acoustic region. In this strong
excitation region an additional broad frequency band of Secondary waves
is created in the whole region below the excitation frequency.

The field strength’ of a wave propagating along the plasma column can be
estimated if the coupling factor between the probes and the plasma is
known. This factor was determined to be 5 x 10'3 in power (37 dB) by
measuring the attenuation of two identical probes when a small amplitude
wave is transmitted through the plasma without damping between both probes.
The power K, available for the plasma will be

2
W=5x100 3 & (3)

and is put into a volume of the plasm cross section 0 times the group

velocity vg of the wave and can be transferred for one half to the field

energy. Ne get

11"7; be, o ) E] )
where 2
K=tap2nl- b (5)
wy +3v, K

represents the dispersion of the warm plasma colusm. For p = 1,65 Ul_l'.
k=1.05 an'ls wy = 410 % 10° 5705 0y = 220 % 105 sV and v, = 3% 107 e 57!
we arrive at an equivalent for E, of

E,=33x10%ValforE=1v (6)

This value might be checked by calculating o together with (2). We arrive
at @ = 7.8 MHz which s a reasonable value if we compare with Fig. 2.

THRESHOLD VALUE

By extrapolation of the 1inear dependence of the separation frequency
versus /' F 1n Fig, 2 we determine a threshold value of /' E = 0.7 or
E = 0.84 Volt. By the use of (6) we get an equivalent of 3 x 10'2 v au'l.

To start with, we want to discuss this threshold value along tiie 11nes
followed in the theoretica) work of Kaw and Dawson [9], treating the case of
a two-stream instability. Their result is restricted to excitatfon frequencies
near to the plasma frequency and shows a strongly reduced threshold value
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if the collision frequencies of the electrons ve are taken into account.
The threshold field should depend on ve and the plasma frequency a Hke

n T T.
exel 2 orgiay ﬁ)* (v upt? m

If we take v, = 2.1 x 10* 5”1 from Spitzer's formula for n = 5.3 x 107 o™
and T = 2000 K, usev=3undputTe=Tiwearriveat

Ey1.7x102 v e’}

which is about the value determined together with (6).

Though the use of (7) may only give a rough estimation, one can also follow
the arguments of Perkins and Flick [10} and replace the collision frequency
Ve in (7) by similar tems taking into account the inverse time needed for
passage through an instability region or the time connected with randomiza-
tion in connection with Landau-damping.

EXCITATION WITH TWO FREQUENCIES

Waves are now propagated in the reverse direction and interact with the
electron distribution which was reflected back at the sheath of the floating
collector plate. Then a striking difference in the sideband excftation

can be obtained, depending on the case if one monochromatic wave or two
waves of slightly different frequencies are used. The two excitation peaks,
still visible at a distance of 40 cm away from the excitation regfon

(upper curve) are 0.1 Miz apart from each other which results after 10
wavelengths fn a phase difference of only 3%.

Fig. 3 demonstrates that in the case of a double frequency excitation
the sidebands were obtained, but not in the case of the single frequency
excitation (lower curve). Both curves were taken at the same plasma
conditions. For excitation the collector plate was used which makes no
difference with the excitatiun on a probe. The upper curve shows a red
and a blue sideband and the separation is again proportional to /E and
a threshold value is existing as well. In the case of monochromatic
excitation the signal is broadened to several 100 kHz.
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Fig. 4 shows the development of the sideband when different amplitudes

are applied to the collector plate. The .spectra are now composed out

of equally spaced discrete peaks and have an envelope which has the
typical shape of the sidebands. This is furthermore illustrated by Fig. 5,
where the frequency difference between two excitation peaks was varied.
The applied voltage is 5 Volt at fo = 30 MHz, The waves were excited with
a probe at some distance in front of the reflecting end plate.

We consider this discrete spectrum to be due to high order spatial wave
echos. The selection rules given by Malmberg, Wharton, Gould and 0’'Neil? [11]

fy = mf, - nf,
for nrfz > nf1 {where f2’ L2 belong to continuously excited waves and
m,n are integers) are fulfilled in our case. The excitation of the two

waves took place at the same probe and therefore the excitation of the
“echo" peaks is symmetric.

Fig. 6 shows the spatial development of the excited spectrum when .

fo = 29.8 MHz and f, = 30.2 Miz. A § VoIt amplitude was applied or

a transmitter probe. Higher order pesks develop at greater distances from
the excitation region, which is in general agreement with the spatfal
dependence of wave echos. Landau damping causes on the upper side of the
spectrum a decrease of the higher order wave amplitudes.

ACKROWLEDGEMENTS

The authors want to thank Dr. H.J. Hopman and Dr. J. Brownell for valuable
discussions.

This work was performed as a part of the research program of the association
agreement of Euratom and the “Stichting voor Fundamenteel Onderzoek der
Materie" (FOM) with financial support from the "Nederlandse Organisatie
voor Zuiver-Netenschappelijk Onderzoek™ (ZWO) and Euratom.




- 323 -

REFERENCES

{1J J.M. Dawson and R. Shanny, Phys.Fluids 11, 1506 (1968).

[2] T. Matitti, E.P. Barbian and B. Jurgens, Proc. 4th Europ.Conf. on
Controlled Fusion and Plasma Phys., Rome (1970).

{31 J.H. Malmberg, C.B. Wharton and T.H. 0'Neil, Phys.Fluids 11, 1761 (1968).

{41 W.L. Kruer, J.M. Dawson and R.N. Sudan, Phys.Rev.Letters 23, 838 (1969).
W.L. Kruer and J.M. Dawson, MATT-768, June 1970.

[5] 0. Eldridge, Phys.Fluids 13, 738 (1970).

[6] J.H. Malmberg, C.B. Wharton, R.W. Gould and T.M. 0'Neil, Phys,Fluids
11, 1147 (1968).

{7] E.P. Barbian, T. Matitti and B, Jurgens, Proc. 4th Europ.Conf. on
Controlled Fusion and Plasma Phys., Rome (1970).

{8] R.N. Franklin, G.J. Smith, S.M. Hamberger and G. Lampis, 4th Europ.Conf.
on Controlled Fusion and Plasma Phys., Rome (1970).

[9] P.K. Kaw and J.M. Dawson, Phys.Fluids 12, 2586 (1969).

{101 F.M. Perkins and J. Flick, MATT-833, March 1971.

{11) J.H. Malmberg, C.B. Wharton, R.W. Gould and T.M. 0'Neil, Phys.Fluids
11, 1147 (1968).



- 324 -

+lnn scale

L L 1 L L i
0 10 20 30 [ 50 50
—Z(cm)

Fig. 1 ~ Spacial decay of the large amplitude wave (upper curve) and growth
of the lower sideband (lower curve); fo = 35 Miz; k = 1.05;

uolup = 0.55.
201 1mm /I I
v
.-
04
5 //}/
7
) i 15 L

— V& o

Fig. 2 - Frequency separation n vs. the square root of the applied signal
emplitude f, = 35 Miz; k = 1.05; u/up = 0.55.



« 325 =

log scale
double freq. excitation
fo)=34-005M4
fo2234*005Mz
single freq. excitation
.*JL‘ -
T - L T
B 34 35
wxcitation freq. __ § — - f{(MHD

Fig. 3 - Compare double and single frequency excitation observed at z = 40 on.

)

,J\' W
_JIL Y
sV
rrrri
28 30 32
— f(MHD

Fig. 4 - Double frequency excitation, 100 kHz separatfon at f, = 30 iz,
Variation of the signal amplitude.



- 326 -

0o mod.
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Test Wave Amplification and Instability
Caused by Electron Trapping

R.N. Pranklin*, S M. Hamberger, H. kezi” . G. Lampis, G.J. Smith"

UKAEA Culham Laboratory, Abingdon, Berkshire, England

Abstract

Ween the eleotric field of an electron plasma wave is sufficiently
large, electrons are trapped by, and oscillate in, the potential wells
of the wave. The paper shows that sidebands to the main wave are pro-
duced by a rescnance bstwsen the trapped elsctrons and smail amplitude
eleotron waves propsgating in the plasma {e.g. a8 noise or as a test
wave).

The freq diff betw the large amplituds wave and the

o4
side-bands are shown to be consistent with the theory. The growth
rates of the sideband and of a test wave are shown to be the same.

This paper describes some experiments on the high frequency
propagation properties, of a one-dimensional, collisionless plasma
perturbed by a single, coherent, finite amplitude electron plassa
wave. It is known that the dispersion relation for electrostatic
waves is modified by the existence of a class of resonant electrons
which, because they move with mean velocities close to the phase
velocity of the wave, v, = Ug/k,, become trapped in the potential
well which moves with the wave.

For example*, it can be shown that, provided the fraction of
trapped elactrons is not too high, a small amplitude teat wave
(w,X) which satisfies the dispersion relation. e¢(w.k)=0, will
grow when the following resonance condition is satisfied:

w-kv¢~g42u+1ms -es (1)

where wp = k°<—.-:;° is the characteristic oscillation frequency
of the electrons trapped in the potential well of the wave, 9,
is the amplitude, and e, m the electronic charge and mann. N
is a no gative i gexr. The condition N=0 corresponds to a
simple resonance between the test wave and the Doppler-shifted
frequency of oscillation of the trapped particles, and has also
been derived by others® ©.

In an actual experiment the frequencies g may, provided
their growth rate is sufficiently large, appear in the frequency




- 328 -

spectrum in the neighbourhood of the original (carrier) wave ag .
Such 'side-bands' were first reported by Wharton et al”, who
found their frequency displacement Jp=!w-w,| to be given by

5w ™ wp . .ee (2)
Qualitatively similar effects have also been seen by others both
in laboratory’ and computer simulation™® experiments, although the
relation (2) did not necessarily hold. Recently Ikeri et all®
have demonstrated that equation (1) provides a good description
of the side-band frequencies generated by ions trapped in finite
amplitude ion waves.

We show here that equation (1) in fact holds also in the case
of electron waves; that the 'side-bands’ are propagating slectron
waves which grow along the column from the initial noise lavel
with the same amplification experienced by a test wave at the sume
frequency ; that the phenomenon is due to the existence of trapped
electrons and can be eliminated by preventing trapping from occur-
ring; and that the relation (2) is valid only for rather special
dispersion conditions which were satisfied in reference {(6).

Our experiments were conducted in a single ended, thermally
ionized Na plasma column, diameter 2.5 cm, length 80 cm, density
~3x10" a™® ( 27 ~30-60MHz) and uniform to within 1% over
its length, confined in a uniform.magnetic field 2 2 kG. The waves
were launched and detected in the usual way, using either thin
wire probes or the cold end-plate as antennae, and the linear
pPlasma dispersion properties measured as described in the accom-
panying paper'’ using very small amplitude waves. The absolute
amplitude of the waves ¢, wae measured using a probe with very
high input impedance (~1M{}) matched to the 50Q line by a FET
amplifier close to the probe tip'®.

In general we find that for high phase velocities of the car-
- rier two lower and one upper side-band appear, but for frequencies
RUpe only one lower side-band, with appre~iable freguency spread,
is seen. For example the upper portion of Pig.l(a) shows the spec-~
trum detected by a receiving probe 20 cm from the exciter, exhibit-
ing clearly two lower and one upper side-band. The appropriate
dispersion curve is shown in the lower part of Fig.l(b) with the
same frequency scale. From this diagram we can find the appropri-
ate value of w-kv, for the two lower side-band maxima; their
ratio is 1:1.7 £0.1, in good agreement with the ratio 1l:/J accord-
ing to Eq. (1) if they correspond to N = 0, 1 respectively.

A more quantitative comparison for N=0 (when only one
lower side-band appears) is shown in Fig.2, where the freguency
shift Ap= o~ is plotted against wp : in Fig.2(a) wp is varied
by changing the amplitude @o at constant carrier frequency Ug,
and in rig.2(b) the amplitude was fixed and the freguency uo
changed, thus varying v, over a wide range. The solid lines
are calculated according to (1) and the known linear dispersion
curve. The line Aw = wy is shown dashed for comparison. The
sclid line clearly provides a much closer agresment with both
sets of data than the line Ap=wp. In fact, from (1) and the
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dispersion relation, it is easy to show that for N = 0, Ap ¢ g .

ElY
ta w2 — up ~ oy
— 1
P 2k
if, as in the conditions of ref. (6), 3a/3kw~0.5 Vg - Thus the
earlier results, though somewhat misleading, are not in conflict
with these.

The amplification produced by the carrier could be measured
by introducing a second, small amplitude test wave from a separate
transmitter probe, and measuring its amplitude variation along
the column. When the test wave frequency was in the vicinity of
the observed side-band, exponential growth occurred only in the
direction of the carrier. Fig.3 shows the spatial variation of
amplitude of:

(a) the carrier wave at amplitude sufficiently increased
to produce the growing side-band, showing enhanced
damping-due to the non-linear generation of the
side~band;

{b) the same wave at very small amplitude, showing
normal weak Landau damping;

(c) the side-band signal itself, showing exponential
growth along the columny

(d) the test wave at the same frequency as the centre
of the side-band.

Notice that the growth rates of (c) and (d) are the same. Thus
it seems clear that the side-bands appear by amplification of some
waves originally present (e.g. as noise) in the column, and are
not generated directly by the non-linear currents in the wave,

The measured growth rate of the test wave as a function of
frequency is compared with the side-band amplitude spectrum in
Fig.4.

Fig.5 shows the variation of amplification with amplitude.
The proportionality of Xi/k, with ®p is similar to that found
in computer simulation for the temporal growth rate®, purther,
since it « qpl’ , it can clearly be distinguished from other decay
instabilities, e.g. non-linear Landau damping, for which the
growth rate « gj }°

Increasing the carrier wave amplitude also increases the
range of growing freqguencies: this is demonstrated in Fig.b,
which shows both the increased frequency shift Aw and frequency
spread Sw of the side-band with increasing @g. This effect
can be deduced from the dispersion relation given by Kruer et al®

To demonstrate that the origin of the above effects is
indeed associated with the trapped electrons, we have measured
the amplitude of the side-band in the pr of a a
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perturbing wave whose frequency is far from those in the unstable
region. The result, shown in Fig.7, is that as the amplitude of
the second wave is increased the growth of the side-band rapidly
decreases. When both waves have comparable amplitude, thus
effectively destroying the potential well necessary to sustain
ordered motion of the trapped electrons, the side-band completely
disappears.

The phase velocity of the individual freq in
a side-band has been measured from the space-time correlat:.on be-
tween two receiving probes. The results show that they lie on
the same dispersion curve, e(w.k) =0, as for small amplitude elec-
tron plasma waves.

Finally, we should cosment that the effects described here
can and do occur concurrently with other non-linear effects which
lead to enhanced decay, e.g. the induced decay into ion-waves'*,
and the resonant decay into other electron wave modes’®, both of
which are described elsewhere.

We are happy to acknowledge the excellent technical assis-
tance of Mr W.J, McKay.
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Science Research Council.
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Trapped-Ion Instability

in Ion-Acoustic Waves

H. Ikesi end Y, Kiwamoto

Institute of Plasma Physica, Nagoya University, Nagoys, Japen
K. Mims and K. Nishikawa

Depariment of Phyesics, Kyoto University, Kyoto, Japen

Abstract

The growth of the sideband waves hae been observed when o
relatively large-amplitude ion-acomstic wave (%/m; ~ 0.02~ 0.05)
propagetes in o collisionless plasms. The structure of the frequency
spectrum, growih rate and the conditions for the instability are
consistent with the theory for trapped-ion instability.

Since Yharton, Malaberg and 0'Neill observed growth of sidebands
of a lerge-amplitude electron plesms wave, the stability of & men-
lipear stationary nvez received conmiderable .ttenﬂona-". Kruer,
Dewson and Mlna pointed out that the particles trapped in the
potential troughs of a large-amplitude wave couse unsteble sidebands.

Physically, the trapped-particle instability can be viewsd as o
parametric instability of upper opd lower sidebend weves where the
coupling is being sirengthened by the bouncing metion of the trapped
particles. In the wesk-coupling limit (i,s. when the trapped particle

- density is sufficiently low), the theory predicts the growth ef »
couple of modes specified by (w,k) and (w- 29, k~25)  vhen ome
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of the following cenditiens i» l.tilf‘!‘s-

O] :—:= TR i e, (1a)
(ii) :—:- = TS:W% and  &(kw) =0, (1v)
(iii) e(kw) =0 and ek -2 K, w-2)=0. (2)
Bere w, end k, are the frequency and ber of the large-

amplitude wave (hereafter to be called the carrier wave), @ and k
sre those of ar unsteble sideband wave, wp is tbe bounce frequenmecy
of the ions trspped in the carrier wave, N is a non-vegative ipteger,
and e(k ,w) is the dielectric hnetions. The two matually conjugete
modes, (w,k) and (w- 20, k- 2k) grov with the same growth rate
and their emplitude ratio is given by ]vl/q‘k-i'ku ]=

| ek -2 k, © - 20 )/e(k,0) l. We remark thet if the
mode {w,k) is a lower sideband which setisfies (1s), its cenjugate
mode (w - 20, k-2 k“) becomes » smpll-amplitude upper sideband,
which is well different from the mode which satisfies (1b).

The apparatus and the wave excitation metbod are the seme in

prineiple as those employed for the collisionless shock end the

soliton oxperi-ent-' ’ 10.

Twvo plasmss,which are produced by
independent discharges, are kept sepsreted by o negatively biased mesh
grid, such thet the electrons are prevented from shert circuiting the
plasma. The application of a potential difference between the plasmes
introduces a fraction of one plasms into the otber without forming sny

ion besms, if the potential difference is smsller ther "'l‘lJG.

Within this range of potential differences, s sinusoidel vnltage,
aspplied between the two plasmas, drives the ion-acoustic weves which
propagate in the direction away from ithe position of the grid. The
plasma parsmeters are as follows: plasme density, n ~ 109 o
electron tempersture, 1,=2-3 eV; ion temperature, T; = 0.2 eV;
argon gas pressure, (2-5)x 107 Torr. For these values of parsmeters, ion-
ien and ion-neutral enllisions can be ignored. The plasma diameter
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(40 em) is mueh grester than the cherscteristic length of the wave.
In order to increase the spatial resolution of the detector, the wave-
receiver probe is biased slightly above the plasma potential,so that
the prohe sheath is thin. The probe detects the electron saturation
current which is proportionsl to the electron density.

The typicel experimental dispersion ourve for a small emplitude
wave (perturbed respect to unperturbed demsity ratio, n/no ~ 10")
is sbown in Fig.1. At higher frequencies the phame velocity is small.
It the wave amplitude is increased, and i'/no reaches several percent,
the following nonlinear effects a pear. Near the frequency where the
dispersion curve starte to deviate from e linear proportionality
between w and k, the wave continues to propagate over a distence
longer than that through which a small ewplitude wave can propagste;
in the meanwhile amplitude oseillations lppearl. The space and time
resolved ion emergy distribution is measured by an electrostatic
energy analyuru through the use ot sempling techniques. 4 group of
ions pear the wave phase velocity is observed to form a vortex-like
motion in the phase spleelz. The trapped ion demaity is below
5 x 107 ng. In the high frequency renge, where the phase velocity
is siguificantly smaller than the ion acounstic velocity, a significant
noise is observed to grow. The frequency specira of the received
signels for six different cerrier wave frequencies are displayed in
Fig.2. In order to emphasige the sidebands, only lower amplitude
parts of the specire ere shown. Two typee of sidebands sre seen: tihe
first is the group of distinct peaks separated from the carrier wave

(type A), and the second is the small-amplitude structure around
the hase of tbe carrier wave line (type B). If the carrier wave
emplitude is incressed from a very emall value, the type B sideband
appeers first, then the type A sidebande start to grow whem 'E/no
exceeds 0.02 ~ 0.03, As the carrier wave amplitude is increased
further, the frequency of the type A sidebands ehifts eway from thet
of the carrier wave; then finelly the sidebands disappear.

The type 4 sidebends can be interpreted as those which setisfy
the copditions (1). As seen from Pig.2, the upper sidebend bas wuch
emaller smplitude then the lower sidebsnd. The equations (1)
explain the separations between the sideband peake., Note that the
separations ere not equal to each other as appesrs in Fig.2. In this
tigure, the upper eidebend is not the conjugate mode of the lowsr side-
band, but is the ome which satisfies (1b).
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The matching condition and the dispersion relation (la) cannot
be satisfied, if V2N + I'ug ie so lerge that V2N + Duwp/k >
(c, - “'o/ko)! where C_ is the ion-scoustic velocity. This fact
explains why only few sidebanda (N=0and1 in general) can be exited.
It elso explaine why the sidehands disappears when the carrier wave
amplitued (and hence "‘B) is too large, as well as when wy (and bence
c, - wo/ko) is too small.

The values of wp obtained from the period of the amplilude
oscillations are 10 ~ 30f greater than those odbtained from the
frequency separations between the sidebands by using Eq. (1a) and
the dispersion curve. This fact is consistent with the theory which
predicta that the maximum growth is obtained in the region
| ofk - wn/ko | < Vﬁl_i——l'mn/k if the lower sideband has greater
amplitude then the upper.

The spatial growth of the first lower sideband is shown in Fig.3

(curve c). The bandwidth of the receiver is narrower tham the
apectral line width of the sideband, therefore the total power in the
sideband is larger than the emplitude shown in the figure. The side-
band grows initially and saturates at a level comparable to that of the
carrier wave in the most unstable case. The initiel spatial growth
rate ia observed to be (0.1 ~ 0.2) mnk/wo- This is in reasoneble
agreement with the value estimated theoretiull;’. It should be noted
that the demping rate of the cerrier wave is observed to be much
greater when the sideband exists (curve a) than when it is absent,
i.e. when the cerrier wave smplitude is small (curve b) or when
is too small for exciting sidebands.

The type B sideband ie observed in a wider range in @ and in
the carrier wave emplitude. [The growih rate is approximately pro-
portional to wp end almost the same as that of the type A side-
bands. Low frequency neise, which corresponds to the difference
frequency between the sideband end the carrier, is ohserved. However,
the amplitude is so small that the sidebands camnot be attributed to
nonlinear mixing of the low frequency moise with the carrier. These
sidebands mey reasonably be interpreted as those which satiefy the con-
aition (2).
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Pigure Captions

Dispersion relation for ion-acoustic waves. The dote are

the experimental points; the curve shows the theoretical value
for Te/Ti = 20, The sacales of W/Npi and k/kn are adjusted
to it to experimental points.

Frequency spectra of received wave signale. The excitation
voltage is 1 volt from peak to peak. The distance is

w5 en. wpi/z'x = 1.1 MHz, Only lower amplitude parts of
the spectra are shown in order to emphasize the sidebends.
Amplitude of the carrier waves (curve a and b) end of the first
lower sideband {curve ¢) ae 8 function of distance. The
excitation voltage is 1 volt p-p for curves s and ¢ and 0.3
volte p-p for curve b. No sidebands grow in the case of curve
b. The gain of the receiver is increased by a factor 5 for
curve c.wy/2x = 0.8 MHz. wpi/zx = 1.1 MAz.
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Measurements on an Ion Sound Decay Instebility Induced
by a Large Amplitude Bernstein Mode in a Plasma

by

B.E. Keen and W.N.W. Fletcher
U.K.A.E.A,, Research Group, Culham Laboratory, Abingdon, Berkshire, England.

Abstract

Experimental results are presented which show that a large smplitude wave
of one of the Bernstein modes, sbove a certain threshold power, can decay into
another Bernstein mode plus a low frequency lon-sound wave. At larger incident
amplitudes, a whole spectrum of low frequency ion waves was observed, with
frequencles extending up to the ion plesme frequency (wj). These results are
conpared with a previous theory and reasonable agreement is achleved.

Introduction

Recently, the parsmetric excitation of verious plasma waves has been of

considerable interest both unonu.ca.u.y"snm experlmt.all,ye'w. In

particular, the non-linear coupling of high frequency electric fields to low
frequency density oscillations in a pl has been rated in a mwber

of cuesH 'o.

This experiment reports the situation in which the high

fr 1 ic field indy a Ber in mode'! ot frequency (wp) Close

to the e cyc lotron (ecr) fr (=), and the non-1inear
coupling transfers energy to another Bemstein mode at a lorer frequency (m, ),
Plus a low frequency mode (©,), which in this cese is the 1on-sound decay
instebility (wg). This decay process requires the following relationships
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b the fr ies w(k), and waverumber k, to be satisfied:-
a,(k) = @, () + wylk,) wee (1)
-> - ->
k,=k +k ..e (2)

where ®, is the incident Bernstein mode, w, = (mo - w') 1s another
Bernstein mode, w, = oy is the resultant decay instability at the ion-
sound frequency, and k, = Io - is. Equations (1) and (2) are given simply

by the conservation of energy and momentum reletionships, respectively,

Experiment_and Results

The experiments were performed in an E-type (capacitively coupled) r.f.
discharge (f ~ 27 Mc/s), which gave peak densities in the range 10° - 100cu®,
This discharge was run in a homogencous (~ &%) axial magnetic field
(0.1 - 1.0 kG, w, ~ 0.28 - 2,8 GHz) and was contained in a glass tube. The
electron temperature T, (>> T,) varied between 3.5 &V and 12.5 & depending
upon the r.f, power input, or the neutral gas used (H,. He, Ne, or Ar).
This electron temperature was measured using & double probe. The electron
density, n, was obtained from the double probe measurements, or alterna-
tively, from the frequency shift in the resonant frequency of a T .om mode
coaxial microwave cwh‘yu. A further check of density was afforded by a
measurement of the upper hybrid frequency oy = lm: + q;)’i, where @, is
the electron plassa frequency, All three methods were in good agreement.

Externally applied signals were coupied to the plasma using a Llsltano‘s

slot line cavity device outside the glass discharge tube or by a probe inserted
into the plesma. The high frequency signals were detected either by s redially
movable probe inserted Into the piasma or by a loop serial outside the dis-
charge tube. The low frequency "}mtablllues" were detected on 8 radially
movable floating probe or lon-biased probe,

In these experiments, a uhf signal of frequency q,,mredt.oﬂn
Lisitano "coil', and If the magnetic field was varied such that «y/u, was
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in the range 1.05 - 1.25, Bernstein modes propagated in the plasma. At low

inputs 8 spectral analysis near w (Fig.1a) showed a single frequency at

o, in the radiation emitted by the plasma. Fig.1d shows the correspondlng

low frequency spectrum between O — 1 Miz taken at the same power input. When
the incident power at o, was increased above a certaln threshold value, the

plaszma was found to emit redistion at two additional frequencies w, = W, and

wy + 0, 88 can be seen ir Flg.lb. In this experiment the signal at 0, = @y

was always at least one order of magnitude higher in amplitude than the

signal at o, . The corr ding low fr 'y spectrum is shown in
Fig.le, and this shows also, a spectral component appearing at ©Oge These
particular experiments were carried out in a helium pilasma, with 0, = 500 Mz,
the low frequency component appeared at o = 200 kiz, m(/wc = 1,14, and

@ p/mc = 1 for that plassa density at the centre of the tube.

@)

()]

Fig.1

A

The possible low frequency ‘2. ‘saves are given by the following disper—-

sion relatlonship for on Infinite plasma'™:-

mﬂnq/[n (wi L% re>] eee (3)

where o, = (4xn e"/‘l/ljh)li 1s the ion plasma frequency, and M, 1s the ion

! “
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For redial waves, it has been shom'S, that in @ bounded plasws, there

mass,
is a low frequency cut-off given by:-

wg = (2.405/xa)(T )% e ()

where 'd' is the diameter of the conteining tube., There is, also, an upper

frequency cut-off, in the short wavelength (= 2r/k) Limit given hy:-

w =, ese (8)

iy (kM)

PREPy-Ti Ty ¥, e

P

S

)

"™ . u:-t:# =)
Fig. 2 Fig.3

In order to see if the measured iav frequency corresponded to the value given
by equation (4), the experiment was repeated in four different plasmas, (Mj,
He, Ne and Ar), thus varying both T, and M;. A further check was afforded
by repeating the experiment in three different diameter tubes, namely d = 8,2,
5.0 and 2.5 cms respectively. Fig.2 shows the result of these experiments
plotted as the measured low frequency «, versus the calculated valve

w0y = (z.4os/xd)(1'e/ll1)". Good agreement is obtained, and thus it is inferred

that it is the radial ion sound wave instebility which is excited.

These experiments were performed at various input frequencies between
0,28 and 2,8 GHz, end the magnetic field was varied such that the Bermstein
mode was propagated. In each case a threshold incident power value was
required before excitation at oy appeared, Corresponding to the spectra
in Fig.1, a plot of the ion sound wave emplitude versus the incident power
st w, = (= 500 Mc/8) is shown in Fig.3a. It is clearly seen that s thres-

hold value of about 5 watts (E ~ 30 V/cm) is required for excitation of
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ms(- 200 kHz). As the power level is further increased the instability
amplitude increases but begins to saturate at higher power levels (~ 10 watts).
At these levels it was noticed that other modes were excited and a more
'turbulent’ iike spectrum was apparent. Fig.lc shows a spectral analysis near
o, (with a logarithmic vertical scale ~ 10 d.b./div.) and in this cese there
appears to be a lower sideband with a range of frequencies from (mo - °s) down
to a cut-off frequency at (mo - mi). The corresponding low frequency spectrum
(0 - 10 Miz) is shown, with a logarithmic vertical scale, in Fig.1f. Experi-
ments were carried out in various plasmes, varying the centrsl piasma density
in each case, to measure this cut-off frequency ("’o - wy). This is shown
plotted in Fig.3 as the measured cut-off (o ﬂ) versus the theoretical value
w = (4x n ewl)“. Again, good agreement is apparent and in these conditions
ion-sound waves in the range fram the lower cut-off ("'s) to the upper cut-off

frequency ("’1) are obtained,

Theory

Tmr“, has considered the probiem of parametric excitation of ion~
sound waves from the decay of Bernstein modes, in which the electronic and
ionic motions are coupied by the induced electric fields in the plasma. He
has shown that this decay process is possible when equations (1) and (2) are
satisfied and that in this case the growth rate, Y, for the low frequency
mode is given by:-
' T8 K - e fe Mok, By/m)agel/u))® - (1 15 e (8)

where Eo is the transverse electric field of the Bernstein mode, YB and Ys
are the effective dissipation rates of the Bernstein and the ion-sound modes,

respectively, and L and € o 8T the dielectric 8 of the Ber in

mode at infinite and zero frequencies relpecuvely".

It ie apperent from photographs such as those in Fig.1, that the conser-
vation of energy (Eq.(1)) is satisfied in the process. A check of conservation
of momentun (Eq.{2)) proved to be a more difficuit experiment, The Bernstein
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mode dispersion diegrem was checked near to the conditions under which the

photographs in Fig.1 were cbtained, by using an interferometric technique,
The resulting experimental points are shown plotted in Fig.4b on the (M"c)
versus (k, v,/6 )® curve (here k was the radial waverusber and

Ve = (T/m)!’ was the electron thermal velocity). The solid curve shows the
theoretical curve'! for the case (m"/m‘:)‘I = 1, which corresponds to the
central plasme density, in this case., The point A on the curve corres-
ponds to the value o, = 500 Mg/s (1.e, Fig.1). The resulting instability at
L was checked using the radia! moving probe and its waverumber k, =k‘

was found, For the wave at =0 =0, the proximity of the large smpli-
tude wave et o , swamped this wave at (aoo - m.), and consequently, a direct
measure of its wevenumber, k,, was not possible, It is is mesumed that this
wave is also a Bernstein mode, it Is not possible to satisfy Eq.(2), for both
the high frequency waves on the same branch of the solid cuve (Fig.4b), since
the slope of this curve Aw/Ak 1s muich less than (@, ~ o, )/(k, - .} = @ /k.
However, a plausible explanation, which will satisfy Eq. (2) is the following:
since the density, n, is a function of the plasma radius, r, [n = n(r)], it
follows that the Bernstein mode dispersion curve is also a function of radius,
Fig.4b shows the theoretical deshed curves calculated for (o‘/uc)' = 0,95 and
0.90. Therefore, If the large amplitude Bernstein wave at © , k, (point A),
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decuys to another one at o, = (@, -w.), k ={(k -k}, (polnt B) (corres-
ponding to the dispersion relationship at a slightly larger radius) both
equations (1) and (2) can be satisfied similtaneously, in an inhomogeneous
plassa. Further decay from B to C, etc. also will satisfy these equations.
A decay mode from C to B or B to A etc., :re-teslnenstelnloth.t¢°+-’,
ko + k', tut with a smaller prabability than the lower sithllll“. In the
same way, Eqs. (1) and (2) may be satisfied simultanecusly, at any (w, k)
related by the dispersion relationship Eq.(3), within the range 6, to w,
by using a similar argument.

The possibility was considered that the input power creating the large
amplitude Bemstein wave created a non-Maxweilian distribution in the plasma,
which in turn cmised the low frequency (1.f.) instability. This possibility
was reduced by exciting a 1.f. wave (v’ = 50 kHiz) in the plasma and observing
the 'mixing effects' produced with the Bernstein mode, below threshold. In

this case, the upper and lower sidebands at @, + o' and - w were

%
abserved of equal emplitude, and an order of megnitude lower in swplitude
than in previous experiments, This is contrery to that expected from decay
instabillty theory'® eond the experimental cbservations. Also, from Eq.(6),
the threshold value of Eo may be cbtained by equating Y to zero, amd
substituting for T' =V, (vi = the ion-newtral collision frequency) and
for TB as the measured decay value in the plassa, In this way, a value
of Eg= 50 V/cm results as u-red' with a measured threshold value of

E = 30 V/cm (for Fig.3a), which is in reasonabie agreement.

Conclusion
From the foregoing results, it is inferred that above a certain thres-
hold value, a decay instabllity et the fon-sound frequency induced by a large
anplitude Bermstein wave in the plasma, is seen in these experiments, Further,
for input powers much above threshold s whole spectrum of instabilities in the
range o, up to the ion plesma frequency, ), is observed. Compurison of
these results with a previous theory shows good agreement,
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Observations of Nonlinear Scattering

Irom a Plasma Column
by
R, L, Bruce, F, W, Crawford and K. J, Harker

Institute for Plasma Research, Stanford University
: Stanford, California 94305, USA

Abstract

An analygis of nonltinear mixing for signals propagating as
w t -
exp J(®, ot -k, g
along the z-axis, shows that if only quasistatic dipolar fields are considered

x), incident on en unmagnetized cold plasma column oriented

in the vicinity of the column, the nonlinearly generated component at
0)7(=ma-ulla) bas » quadrupolar radiation pattern with maxima at % /4 and £ 3n/b
to the x-axis, This paper considers the interaction whem the quasistatic
spproximation is not made, and concludes that the nonlinearly genmerated quadru-

pole should be jed hy an apprecisble dipole component oriented
with its mexims at t n/2. Experiments of previous workers, and our own pre~
liminary observations show strong nonlinesr forward-scattering, however, In
our experiments, this spurious result has been traced to the effect of the
Earth's magnetic field, When this is cancelled, predominantly quadrupolar
radiation is observed, in sgreement with theory.

Introduction

One of the clessic problems of plasma physics 15 the scattering of a
microwave signal normelly incident on a cylindrical plasma column, An exten-
sive bibliography has built up on the phenomenon, end has been well summarized
by Vendenplas [1]. It 18 now well known that there 1s a dipeolar resonance,
given by cold plasma theory, and en sdditional series of (Tonks-Dat tner)
resonances which can only be predicted satisfactorily by taking into sccount
electron thermal velocities and radisl inhomogeneity of the colusm, 8o far,
work has besn directed primsrily to smell signel theory, but some attewpts
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have been made to predict and to observe nonlinear interaction effects whem

one or more strong signals are incident on the column. In particular, Stern
[2] and Tzoer [3] nave observed harmonic tion and fr mixing,
and Messisen snd Vandenplas [ 4] have cbserved second harmomic generstion, The

latter authors have given a comprehensive theory of the interaction for a cold
homogeneous column in a dielectric tube,

A curious feature of the experiments is thest forward-scattered power is
observed for the nonlinearly generated signal, vhereas the theory suggests a
null for forward- end back-scattered power, in contrast to the predominantly
dipolsr radiation of the linearly scettered signals which is maximum for O
and x, 1.e, in the direction parallel to the wave propagation [5]. The studies
to be reported here were carried out to determine whether the defects lay with
the tbeory or the experiments, We considered first frequency mixing in the
quasistatic limit, assuming dipolar excitation at frequencies @ ,® to pro-

a
duce 07(=¢des) in either a or en i plassa columa {61,

The radiation at ® was found to be quadrupoler, with its maxima at + x/4 and
= 3/l to the direction of propagation of the incident signal.

In this paper, the theory for a uniform plasma is exsmined, withoot
naking the quasistatic assumption, 1f it is found that the nonlinearly gene-
rated quadrupole component is only modified slightly, for practical conditioms,
but that there is an additional dipole compoment oriented with its maximum at
+ x/2 to the direction of proingntion of the incident signal. It is shown that
no multipolar component can give a forward- or back-scattered signal, This
implies that there 1s some spurious element in the previously reported experi-
ments, Our own preliminary measurements indicsted that this was so, since o
strong dipolar radiation pattern was observed for a nonlinesrly generated
second bermonic signal, with its saxims at O and x . This could be rewoved,
however, by cancelling the effect of the Earth's magnetic field, Predominantly
quardupoler radiation was then observed, as predicted.

Theory

The time Fourier transforms of the momentum transfer equation and

Maxwell's equations are given by
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where the subscripts a, B, 7y denote varistion as exp Jmut, ete,; T is the
electrouic charge-to-mass retio, and the synchronism condition,

m7 = ma + me , (2}
is satisfied, For generality, we assume wa #® . The modifications necessary
to specialize the results to the second harmonic case (mu = tuB) will he stated
later.

Linear terms have been c¢ollected on the left-hand sides of the expressions
in Bq, (1) and nonlinear coupling terms on the right-hand sides. The nonlinear
coupling terms may be simplified by substituting in them the small signal solu-
tions obtained by initially ignoring the nonlinear terms. For the Maxwell
equation which has a nonlinear driving term we obtain

3,
vx - E = -« ——D— E +
!7 fl’7 EO €7 =3 (Du mﬂ 07 B ) z pa.e ’ (})

where e_,(=1 - ﬂi/ﬂ!s) is the equivalent plasma pem:lttivity. The two nonlinear
driving terms are due to the electromagnetic pressure gradient, and to volume
currentg, The latter are zZero for e uniform column since pa =0 [6] .

To proceed further, Eq. (3) and the second Maxwell curl equation must be
solved for the small signal fields. These are then used to simplify the right-
hand side of Eq. (3). The two curl equations are finally solved, including the

nonlinear driving terms.

Linesr Scattering

It is convenient to work in terms of the magnetic field, Il"z . Bolution
of the wave equation inside and cutside the plasma then gives
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5D 8 B e) 43 (k2" e 06 (23 ).
Constants ‘nﬂ’ Bm are evaluated by matching ﬂn » '90 at r=ua:
. 2€(11/2 . L ,
oo Jn-lxka. nl(le)(ka.) Jl:(k a) - 61/2!(2): (kg2)3,(x o)
L 3 (x -)J'(km-) - e 2, (k a)J (k 2)
Pooe = " H(Z)(k )3 (k go) - el,/zn(z):(k )3 (k ) 2

Al though the rf space-charge density is zero in the columm, there is a
discontinuity in lm at r = a , indicating a surface charge density given by
(- sa)
= ©
lﬁa

Pagy

nmz a3 (k p) exp jub . (6)

Nonlinear Scattering

When we combine the Maxwell curl equations, we obtain a wave equetion
which does not depend on tbe (curl-!ree) nonlinear driving term., Solutions

are consequently

B’y Z'c “(k r) exp }O (r<a),

(n
a Z b, n‘(‘z)(k.’r) exp {6 (r>a)

For the nonlinear surface curremt, we have
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Ve now have to spply continulty of E, Using Eq. (3), ve obtain
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Substituting from Bg. (7) gives

€ bk -n( 2)’ (k a) - kwnl_.vl’_(kwn) =4, (11)
and solution of Eqs, (9) and (11) yields, finally,
L41 “
a, -‘—7- Ab, [ Sy k7.l!‘('2) (k7.) + 4y n{a)(x7-)],
l.-i-l.’t ,
by = = a, [J.7L kwn.ll_(kw-) + dLJL(lWl)] . (12)

Long Wavelength Limit

In our experiments, k7| << 1, For this situation, the expressions in
Eq. (12) may be greatly simplified, In particular, we then find that only
bl and b2 are significent, 1i.e. that only dipole end quadrupole radiation
components sre to be expected, The smplitude b2 corresponds to the value
obtained elsewhere for a uniform colusn located in the quasistatic approxi-

sation {§], and can be shown to be rcllted to by through

-]‘um
by =3 b, ( 1) , (13)
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Both b, and b2 show resonance for 1 + € B,y - 0, so that for our experimen-
2y
tal condition of er °a""s'°7/2’ uca-o)
b =3b/2. (18)

Turning now to the fields, Eq. (7) indicates that the power-received by
s probing antenna will be

P7 - l -% lga)(k;-) ain 6 + H;e)(krr) sin 29'2

« | % sin 6 + sin 2|2 0‘7’ >»1) . (15)
¥e note that no or back ed power 1s to be expected st 6 = O.

Figure 1 shows @ polar plot corresponding to Eq. (15).

eriments

Figure 2 shows the arrangement of the plasma and sntennas used in our
experiments. The plasma is a mercury-vapor positive column in e small pyrex
tube (outside dismeter 5 mm, inside dismeter 3 mm), The transmitting antenns
15 an S-band horn with a dielectric lens. The receiving antenna is & 24 mm
dipole supported on small diameter 50 f{l rigid coax line. At s current of
130 mA, the plasma column is dipole resonsnt at the -wliéd frequency
(2.20 GHz). At this point there is maximum harmonic gemeration.

In the course of our preliminar; experiments, it was noted that weak
magnetic fields, the Xarth's magnetic field h; particular, had a strong effect
on the second harmonic radiation pattern, - This effect does not seem to have
been mentioned before in the literature, The presence of a magnetic field

P a ng P of dipoler radistion. This suggests that agreement
with the theory outlined sbove can only be expected after the Earth's field
hes been cancelled, In our recent experiments, we have been taking scattering
data with the Earth's magnetic field csncelled by applying an equal but oppo-
site field with e large diameter (w 1 m) 25-turn coil, Without such a coil,
the radiation psttern is essentislly dipolar, ss shown in Fig. 5(-). With

the coll, radistion lobes closer to those suggested by theory are obtsined.
This 18 illustrated by the polar pattern of Fig. 5(b), taken with the
Teceiving antenns 7.5 cm fros the plasma column axis.

This work was supported by the National Aeronsutics and Space
Administration and the National Bcience Foundation, BSome of the results abown
in Fig, 3 were obtained by our colleague J.M, Larsen.
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Abstract

An analog-digital spectral analysis system suitable for studying plasma
fluctuation data is described. The data is initially recorded on a 7-channel,
1.5 MHz, analog, instrumentation-type tape recorder and later digitized for
subsequent analysis on a general-purpose computer. The computer output
consists of plots of auto- and cross-power spectra, and coherence spectra.
An application of spectral analysis to studies of plasma-wave behavior in a
noisy or turbulent-like plasma is described.

Introduction

The problem of analyzing plasma fluctuation data assoclated with in-
stabilities and waves in a turbulent-like plasma may be viewed as a basic
problem in analyzing random-type data. In addition to the usual space-time
correlation studies, power spectral-density analysis techniques often yleld
considerable ingight into the physics of the situation. The spectral analysis
approach has been successfully utilized in a number of different areas of sci-
ence and engineering (geophysics, propagation through turbulent media, com-
munications, etc.). The approach developed to reach this goal is analog-
digital in nature in that the impl tation p not only the digital
computation of the power spectral density function but also the acquisition
and digitization of the analog data need for the spectral analysis, Buch an
approach is based primarily on the utilization of the fast Fourier transform
(FFT) ulgorlthml which allows one to transform the data into the frequency
domain in a computationally efficient fashion, Previously, we have described
this system in detail with respect to instrumentation and lmplementatlon.z In
this paper we wish to emphasize three topics not previously presented. First
is the enhancement of the overall system bandwidth to 1.5 MHz, Secondly,
we will compare an on-line mini-computer approach to spectral analysis with
our general-purpose computer, off-line, approach. Finally, we will demon~
strate the use of the phase and coherence spectra in analyzing plasma wave
data.

Computing Power Spectra Digitally
We will begin with a review of the theoretical background and practical
considerations of a digitally implemented spectral analysis technique,

Let £, () and £, () denote two fluctuating signals which might, for ex-
ample, rep}esent fluctuations in plasma density or potential at two different
points in the plasma. In the "classical” computation of power spectra, one
would first correlate £, () and £, () and then Fourler transform the cross-cor-
relation function to ge’t the cmis-power spectrum Plz(w) . In the digital
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approach, f, () and £ (1) are first digitized and then Fourier transformed (using
the FFT al.g'c}ﬂthm) byzthe computer to yield F {w) and F, {w), respectively.
The resultant cross-power spectrum P_, (w) 18 computedzfmm P 2(m)=

F. (w)F*(w), where the asterisk denotes complex conjugate. Ir} general, .

P {w)“is complex and may be expressed as an amplitude spectrum

E z@“:lr {w |F2_(g)_|_ and a phase spectrum 8. 25g1=61_(m)-_02m where

] }w) and 6, 1w) dendte the phase of F. (w) and lew , respectivély. It is im-
p&rtant to n%te that the phase spectrum is a measure of the phase difference
between corresponding spectral components contained in £, () and £, ®.

In the case where f, ()=f,(t), we obtain the auto-power spectrum
P (m)=|l-‘1 ()] 2 which 1s real ‘and positive. Another function which is of
pa}thular use in studying wave phenomena in a noisy background is the co-
herence function which is defined as OOH(m)=|P1 2l | [l’l 1(“’"22(“’”-*'

Other Considerations in Digital Spectral Analysis

Finite Dota Length: Since one must work with a finite length of data re-
corded in the time domain, the computed power spectrum will only be an "es-
timate" of the true power spectrum. A number of techniques which incorporate
various types of "windows" can be used to improve the spectral estimate (see,
e.g., ref. 3). The spectra shown in this paper were computed using a
Hanning window on each data length, This window has the advantage of be~
ing easlily applied in the frequency domain as a three-point convolver,

Aliasing: In digitizing data one is generally working with a fixed digit-
izing or sampling rate fs. In order to avoid violating the sampling theorem
there should be no frequency components present in the data above f /2 (the
Nyquist frequency). If frequency components higher than £ /2 are pl%sent,
they will be "folded back" into the lower frequency spectrusm giving rise to
erroneous spectral estimates. This phenomenon is known as "allaslng"l and
is avoided by passing the analog data through a low-pass filter (known as
the aliasing filter) with the upper cut-off frequency set at fs/Z.

Smoothing of Data: In computing power spectra digitally the various
discrete components of the power spectra will be separated by the elementary
frequency bandwidth Af=1/T Hz, where T is the duration in seconds of the
sampled data. In this case the statistical error, or confidence limit, is ugu~
ally very large. In order to reduce the statistical error to acceptable levels
the spectra are smoothed, or averaged, over several adjacent elementary fre~
quency bands. The spectra displayed in this paper have been averaged over
50 elementary bands. A detailed discussion of the quantitative relationship
between smoothing and confidence limits may be found in ref, 4.

8ystem Description

A 7-channel, 1.5 MHz, analog instrumentation-type tape recorder
(Ampex 1800-H) is used to initially record up to seven channels of plasma
data, The data are later digitized by an XDS 930 computer and stored on
digital magnetic tape for later processing on a CDC 6600 computer. The out-
put of the CDC 6600 computer consists of auto- and cross-power gpectra,
and coherence functions, This system, 8s described in earlier papers,” had
an effective analysis bandwidth of 384 kHz which was set by the XDS 930
computer’'s digitizing capabilities.
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The XDS 930 facility, cwrently used in digitizing the data, possesses
an approximate 12 kHz maximum sampling rate for a single-channel analog-to—
digital conversion. This 12 kHz s ling rate bility in ion with
the time expansion (or fr y reduction) capability of the multispeed ana-
log recorder (i.e., we record at 120 ips and digitize at 1~7/8 ips, a factor of
64 in frequency reduction) yields an effective sampling capability of 768 k Hz
at 120 ips. This comresponds, according to the sampling theorem, to an analy-
sis bandwidth of 384 kHz which is well below our 1.5 MHz data recording
capability. Efforts to improve the overall data processing bandwidth of the
existing system are, consequently, directed toward increasing the effective
sampling rate of the digitizer. This goal is achieved using multi-time-delay
samplmg.6 In this approach a 12 kHz pulse train, known as the initlal
timing chain, is recorded on one channel of the analog tape recorder. On play-
back of the analog data into the digitizer the timing chain is used to trigger a
pulse generator which, in turn, controls the computer's digitizing rate. In
this manner data from the analog recorder is accepted by the computer, digit-
ized, and stored on digital magnetic tape. At this point the system still has
an effective analysis bandwidth of 384 kHz. To increase the effective sam-
pling rate the analog tape unit is rewound and positioned at the initial start-
ing pulse of the recorded timing chain. The data is now played back a second
time with the timing chain triggering the pulse generator. In this case, how-
ever, the output of the pulse generator is delayed a time T before being
applied to the XDS 930 P . Cc ly, the data is again digitized
at a 12 kHz rate but at different points in time. This data is stored on digital
tape In a second file. The process can be repeated with a number of different
time delays and is limited only by the number of times that one can subdivide
the initial pulse interval, For a 12 kHz initial timing chain division of the
basic 83 u sec time interval by a factor of 4 is feasible. In this case four
separate files of data are stored on digital magnetic tape. Comp programs
are used to read each file of data, multiplex the data and then write the multi-
plexed data in a new file, which is four times the original file length. The
end result, now stored on digital tape, is a digital version of the original
analog data signal which has been effectively sampled at a rate four times
higher than the maximum sampling rate capability of the digitizer. This in-
crease in sampling rate results in an effective analysis bandwidth of 1.536
MHz at 120 ips which ia compatible with the analog recorder's 1.5 MHz
capability.

In using this technique phase differences between data channels which
might be d by inter-ch 1 recorder timing delays or non-identical
amplifier and filter phase responses must be p ated for to fully
interpret the phase spectra, Calibration and correction using known signals
should be incorporated with each data run. Without such compensation very
gerious errors in the phase spectra may resuit,

In addition to the approach utilizing general purpose computers de-
scribed above, one might also utilize a mini-computer technique to perform
gpectral analysis. The latter approach may be used on-line whereas the
former approach involves off-line analysis of the data. With respect to cost,
one is trading off the capital cost of the mini~computer vs. the cost of com-
puter time on a general purpose computer, To fully exploit the capabilities of
the mini~computer, it 18 often desirable to program in machine language. For
the non-computer expert the general purpose computer may be more attractive
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since all programs are written in a language such as FORTRAN and are, there-
fore, easily modified or changed. Compared to the large core storage of a
general-purpose computer, the storage associated with the minl-computer is
usually quite small, This means working with a relatively small number of
data points which in turn implies high statistical error, This error may be re-
duced by averaging over an ensemble of many (often a few thousand) spectra.
This requires a time perlod which may be several minutes long and over which
the experiment must remain statistically stationary. In contrast, the power
spectra displayed in this paper were computed from a data length of 2.13 sec.
In addition the larger core storage capability permits the general purpose
computer user finer frequency resolution than that afforded by a mini~computer,
while the tape recorder’s multi-speed, time-expansion capability permits
greater overall system bandwidth to be achieved for a fixed digitizing rate.

Applications of Power Spectral Analysis to Wave Phenomena

To apply spectral analysis to studies of plasma-wave phenomena we
assume that within a given frequency range of interest that the plasma fluctu-
atlons at point T may be represented by a harmonic wave expansion of the form

1,0 = | N el Trudy,

where k(w) is an unknown function of frequency, A detailed analysis? of this
situation shows that within this frequency range the coherence function
COH(w) is unity. The phase spectrum, which is equal to the phase difference
between the fluctuations measured at the two points, will be for the wave case
under consideration equal to K{(w) *AT. Here AT is the known vector distance
of separation of the two points at which the fluctuations are monitored, and
K(w) 1s the wave number. Once the wave number X(w) and the frequency w

are known, the phase velocity w/k{w) associated with that spectral compon~
ent can be determined.

As a preliminary application of the system we have performed some mea-
surements on a class of low frequency drift-type waves occurring in a weakly-
ifonized RF magneto~plasma, These waves occur at pressures ranging from few
tens to hundreds of microns and weak magnetic fields of a few hundred gauss.
The analysis we will present involves investigation of the waves using the
power, phase, and coherence spectra, The measurements were taken by two
fixed double probes, azimuthally displaced in the plasma @ probe radians, but
at the same axial and radial position. Therefore, the phuse spectrum will
give us azimuthal information only. The azimuthal mode number m{w) is
given by m(w)=0 (w)/e e+ We have made no attempt, as yet, to compare
the results to a *ﬁ oretlcal analyals.

Figure 1 gives a computer-generated cross-power amplitude and phase
spectra for B=430G, The amplitude spectrum shows a large peak at 94 kHz
and two smaller peaks, or "sidebands”, equally spaced on either side. The
corresponding phase spectrum shows the central peak to have a phase shift
of 0,90 radians which 18 an m=] mode, This m=1 mode line has been ad-
justed to cc ate for interch 1 timing errors in the recorder system.

In addition the two smaller peaks have the same phase shift as the large peak.
This demonstrates a major advantage of our analysis system in that the phase
shifts for all modes present are displayed with good frequency resolution,
Thus one is able to determine the phase shift, and hence the mode number
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for two rather closely spaced sidebands.

In Fig. 2, B has been raised to 455G and a second mode appears at 47
kHz. No sidebands appear with this mode, but the peak at 94 kHz still re-
tains the sideband characteristic. The phase spectrum for this case shows
the low frequency peak to be an m=2 mode. The upper frequency peak still
exhibits m=1 behavior as does its sidebands, Figure 3 shows a coherence
plot for this magnetic field and the amplitude spectrum for comparison pur-
poses. Note the peaks at 47 kHz and 94 kHz have a coherence of 1.00
while the sidebands have a coherence >0,87, This indicates that all of these
modes are strongly coherent and are, therefore, waves, not random signals
producing statistically large amplitude peaks in the power spectra, This is
significant as far as the sidebands are concerned because their observation
is very difficult from the time signals alone. Therefore, the coherence
spectra adds to the evidence that the two peaks on either side of the m=1
mode are probably sidebands generated by some non-linear phenomena. The
fact that we have easily obtained this information again points up the benefits
of our system.

Raising B still further to 480G produces a sharp change in the spectra
as indicated in Fig. 4. The amplitude spectra for 455G has been repeated in
this figure for reference purposes. Here the sidebands are greatly enhanced
apparently at the expense of the m=] carrier wave. This observation is cor-
roborated by the coherence spectrum {not shown)} which shows a sharp drop in
coherence of the 94 kHz wave to about 0.78 while the sidebands increase to
0.98, Other modes are also evident whose origin is as yet not known. How-
ever, the frequencies of the various peaks occur at such values that wave
mixing could be possible in forming some of these waves. For example, the
mode at 145 kHz and the peak at 7B kHz could mix to produce the wave at 67
kHz. The corresponding phase spectra tend to confirm this possibility, but
further data must be gathered before the question of wave origin is answered.

We conclude that our spectra yields at least two phenomena of interest,
First the plasma exhibits unstable modes whose frequency varies inversely
with mode number. Secondly, we note the appearance of sidebands for the
m=1 mode suggesting the presence of a non-linear modulation of the plasma.
Additionally, there is an apparent shift of plasma energy from the m=1 mode
into the sidebands as we reach a critical magnetic field as seen in Fig. 4.

The above discussion indicates some of the benefits of the digital
spectral analysis system in performing plasma wave analysis. The detailed
display of the spectra gives us a complete picture of the power and phase in-
formation for a given plasma condition. In this way we can ascertaln much
Information about the wave process without having to perform lengthy obser-
vations on the analog slgnal, Further, in the form the data is displayed,
direct theoretical analysis is possible because the wave number and phase
velocity can be readily calculated. In connection with this we have per-
formed a calculation relating the power spectrum for a linear wave excitation
process to the linear dispersion relation.® Finally, the use of the power and
coherence spectra provides one with a method of determining energy transfer
between waves by displaying relative changes of the various modes in the
spectra, This is quite useful in investigating non-linear wave coupling
processes,
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Figure 1. Cross-power amplitude and phase spectra for the case of a single,
unstable mode (N and "sidebands"” (A‘ and A ). The probes (1 and 2) are
displaced in the azimuthal direction by the aﬂgle 8_ . The wave phase dif-
ference is 8 _,. The latter is clearly determined foP"all modes displayed in
the amplitud%" spectrum,
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Figure 2. Amplitude and phase spectra for the case of two unstable modes
(A and B). Note the mode number increases as the frequency decreases,
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Figure 3. Amplitude and coherence spectra for the same conditions of Fig. 2,
The value of the coherence for A and B is = 1,0, and for the "sidebands”, A
and A , it is 2 0,87, indicative of wave phenomena, This demonstrates the
value'bf the coherence function in identifying true wave motion.
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Figure 4. The change in amplitude spectra as we raise the magnetic field
above a critical value (B_= 480 Gauss). The "sidebands” (A, and A ) are
enhanced while peak A {8 considerably reduced. These curves show'the value
of displaying power spectra in this manner in clearly determining changes in
the mode structure as plasma conditions are changed.
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The self-consistent Vlasov and Masell equations can be solved far the
effective potential surrounding a test-particle in a plasma. The solution
is in the form of a 3-dimensional k-space integration.

Severul authore have recently attempted to evaluate the integral
analytically, but succesd anly for limited ranges of the test-particle
velocity, ¥, and renge r.

We present first, preliminary results of a mmerical evaluation of the
potential valid for all values of V and . The accuracy of these results
was in some doubt because of numerical problems, and a new method of .
mmerical analysis was therefore developed which is identical to that of
Nishimra. However, the results cbtained by the old method agree very well
with Nishimwra's work.

The lang renge part of the interaction is found to differ both from
the standard Coulosb and from the static Debye forms. Contrery to
expectations it appears to be impossible to represent the potential in the
form 1/1P with any p valid over a worthshile renge of V and r.

Attention is dresn to the effect of the new form for the potential on
the plasma transpoart processes, particularly the test particle energy loss
preblem,

The compariscn with the gravitational case is aleo instructive, and an
additional term occurs in the self consistent expression for the potential.
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1. Potential Surrounding a Moving Test Particle

In 1967 Joyce, Montgomery and Sugihara [1],[2] obtained evidence for a
redial fall off in the potential surrounding a test charge of the fam 1/r3.
This result was obtained for the situation of a plasma with two cournter-
moving electron streams in a uniform positive background, that is to say a
marked anisotropy in the plasma velocity distribution function. It is
natural to ask whether this sort of departure from the usual statie Debye
type screening exists for all situations with velocity anisotropies, and in
particular far the physically more cbvious case of a test particle moving °
with velocity V through a Maxwellian plasma.

Analytic studies of this latter problem have appeared since, the first
by Cooper [3) and the second by James and Vermeulen [4]. These authors
obtained a series expansion for the dielectric coefficient of the plasma
which, for calaulation of the potential, was truncated after the term with

n=2: - - n
e(k,-ik-V) = 1 +E a, (B_-!/vﬂm) eeee (1)
n=0

Use of this farm far the dielectric function in the expression for the
potential surrounding the moving test particle enabled this to be integrated
in closed form for the two limiting cases of test particle - field point
mmmmﬁmaﬂmmmmmm:ﬁim,lb.
If ¢ is the potential, the results of this wark were:

Far r << A (inside the Debye sphere), 0~(q/r)exp(-x-/lD)

For v >» A, (outside the Debye sphere), o~ const/r3,

In between these two limiting regions is a tremsition region where neither
of the above approximate expressians for the potential is adequate. In this
transition region the expression for the potential cammot be integrated in
cloeed form and mumerical methods must be inwoked. James and Vermeulen have
demnstrated that the transition region moves outwards away from the test
particle as ¥ + 0, thus recavering the correct zero velocity limit.

2, The Potenitial and its Evaluation

The expression for the potential, ¢, which forms the basis far all this
work is cbtained from the usual self-consistent Vlasov and Maawell equations.
In the electrostatic approximation the only relevant Mmowell equation is

9 - E = - v26(r,t) = un Poxt -neff(n d!]'

Fourier-Laplace transformation of this equation, together with the Vlasov
equation, and the subsequent elimination of the perturbed distribution



- 367 -

function £(1), leads to the following expression for the potential in wave
mmber and frequency space:
U Py (ksw)

= 2
kz[l — ‘E‘e EAT "] Up g (ksu) ketk,u)  ooal (2)
The external charge density due to the test particle may be written
pm(g,t) = qéc- T, - Vi)
and this may be Fourier-Laplace transformed to yield
9@(1;‘5’“‘) = 2m8w + k'V).

ok,w) =

This delta function in the numerator of the potential expression (2)
enables us to perform the w-integral in the inversion of #(k,w), so yielding

*(r,t) = (o/272) Id]_(e:p(i]_(-p/[kzt(h,-l_c.!)] ceee (D)
with R=r -V, rg =0 and

2
g 1.9 [ k-afplow
e(k.-k.V) = 1 2 | kv-& v ene (W)

The idea behind the numerical work is to evaluate equation (3) at a
rmuber of points and so find the coefficients and parameters of an algebraic
expressian describing the potential, ¢, in various velocity and radius

A reduction of equation (4) suitable for mmerical work is

€ =1+ 03D+ i R Wk, cies (3)

where Iy = 1/Ay and U = V/vy 07,  This enables equation (3) for ¢ to be
written
*R) = (g/292) Idl_< (kR + K2Rk, )

In the above equations W is the plasma dispersion function. From the
asymptotic behaviour of this function [5] one readily finds that for
|ul<<1, F ~ 1+ i0, so giving the usual Dcbye shielding at zero test particle
velocity. On the other hand, for |U|>>1, F ~ 0 + 10 over most of the range
of integration, giving the unshielded Coulamb 1/r potential in this limit.
This corresponds physically to the fact that for a fast test particle the
plasma has no time to respond, and no polarization cloud forms behind the
external charge, The most interesting region from the point of view of
plasma transport properties corresponds to |U|+v 1, and this is the region
which is hardest to evaluate. Of course the restriction must always apply
- that the particle velocity is not eo large that distortion in the potential
leading eventually to a Cerenkov shock-wave becomes important, since the



- 368 -

derivation of ¢ does not include the possibility of such an effect.

A numerical evaluation of the potential in this region was begun last
year by R. Bruhns of the Melbouwrne plasma group.

The ¢-integrand contains the W function, which can be represented in
simple form only by an infinite series and an asymptotic expansion, and a
numerator reminiscent of Bessel functions. This suggests that, if complete
accuracy is required, ¢ can be represented by nothing less complex than, say,
an infinite series in r, with coefficients functions of velocity and angle.
In the light of the required 1/r dependence very near the source, it will
not be adequate to take simply a linear cambination of 1/r! and ¢™¥/r in the
hope of deseribing ¢ for all r, even when there is a restriction to low
velocities,

In Brum's numerical calculation the :mtegml is first split :m‘totn

é § .- F:[df’Lo Ko f ['flv'“‘““ .

With >>thhemﬁegralOznaybetmatedbymtamtgﬂ\e0-za:dstohe
almgglfrml,smﬂmﬂmemtegmndmlmgumtanmanymfm
toU. ¢, may then be reduced to

0= B D2 - si0g, R

" An approximate expression for the Sine integral in x » 1 is

$i(x) = #/2 - foos(x) - gein(x),
vihere f and g are tabulated in Noble's book [6].
After considerable reduction of ¢,, the final expression used in the
computation by &'u'ms becomes
_L 4t EerolicR San Bsen'en ¢)sem 0’
$hy - ** e (AP Iy AT

*{[K rhulvcot) ca(lrkmocanM(Umoﬁwkkw’w"J}+fﬁ[’ @k R gslhe ”J

eehs

Herek,kmxhavebeenmzedtokb,Rmnwe:qxessedmmnsofAD
and £, is a approximation for the real part of e, £y is the imaginary
part of .

In determining the potential for a given (U,r,6), (k,4',8') - space is
divided into arthorhambic cells with a uniform spacing in the k and ¢'
directions, Note that 6 is the angle between R and U, whilst o' is the
angle between U and k. The integrand is then evaluated at the centre of
each (k,¢') rectangle for every 6' step.
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Preliminary integration results for 8 = 0 (potential in the forward
direction) are given in the following table. The values listed are of

o/qu.

TABLE
XJ 0. .100 .200 400 J707 Lo
0.5 1.21 1.21 1.29 2.00
1.0 .368 .38u .46l 1.00
2.0 .0677 0743 .122 .500
3.0 .0166 .0197 L0477 .333
6.0 .000u41 .00151 .00245 .00453 .00800 .167
8.0 00004 .00272 125

Same tentative conclusions can be drawn from these results. Firstly,
a unifom reduction in shielding is cbserved as the velocity is raised fram
2er0 1 Vg e Within a Debye length, however, the change in potential is
not great («<20%), verifying Cooper's reference to Nishimura's finding that
exp(-r)/r is reasonable out to the vicinity of r = Ap.  Secondly, no sign
of the suggested 1P potential for p a constant (at least for a specific
test particle velocity) has been found within 8 Debye lengths. Thirdly,
results for directions not parallel to the motion (not shown in the table)
suggest that shielding persists to a greater extent in the perpendicular
direction. This is intuitively plausible since the relative motion between
a stationary point and the test charge is least for this case, On present
indications, however, the anisotropy is likely to become important only at
distances far outside the Debye length and so this velocity effect may not
lead to appreciable distortion of the Debye sphere itself.

Detailed study of the mumerical procedures cutlined above has revealed
some unsatisfactory features, The most important concermns the behaviour
of the integral referred to as ¢, in equation (7) as a function of the upper
limit, lﬁnax Instead of approaching a constant value for sufficiemtly
lazge‘ﬁmx, the integral ¢; displayed oscillations which were significant
enough to throw some doubt on the accuracy of the results obtained.

In view of this difficulty a new method of mumerical integration of
equmim(s)wasdevelopedaﬂpmgamedbyE.Toim,alsoofﬂ\eHercmne
group. Inﬂtisappmacheqmtim(s)isi:rbegatedmmmvimllybyintv-
dxdngapclarmdinatesyatanwiﬂﬂ_l_dimcteddmgﬂwz-mdsmdg
lying in the wxz-plene. In this new coordinate system the reduction of
the potential, equation (6), to a form suitable for evaluation (that is to
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say the equivalent in this new approach of equation (7)) is
o n L
oga = (1/n2) fu dk k2 fu des:mefa d¢{A cos(iReos6) ~
- B sin (kRoos8)] / (A? + B?) veen (9)

where A =1+ k2 /7 x Im W(x)
B= /7 x exp( - ¥?)

and x = |U}(cosbcoss + singsingsing)
HereBistheanglebetwemR_mdy_,a!ﬂRisagaininmitsofln.

At this stage in the work it came to the attention of our group that an
identical reduction of equation (6) leading to equation (9) had been per-
formed by Nishimura [7]. His numerical evaluation completed the calcula-
tions which Toime had started independently, and there was no point in press-
ing on to duplicate what appears to be a thorcugh and accurete determination
of ¢. The values listed in the table (determined by the earlier mmerical
procedure) , although of limited scope, agree with Nishimmra's results to
within 5%. Furthermore, the aonclusions stated earlier as a result of this
work are also borne out by much more camplete results of Nishimma.

Similar conclusions have also been obtained from a study by Laing,
Lament and Fielding (8] of a two-dimensional system. One of the distinctive
qualitative features of the situation is that the electrons will be sucied
out of the background plasma by the field of the test particle, but will be
directed to its retarded position. By the time they get there the test
particle will have moved on, leaving a negative excess charge behind, As a
consequence of this the potential shead of the test particle will be more
positive than for the spherically symmetric Debye potential. This negative
charge build up behind the test particle is in effect a heavily damped
plasma oscillation. As U increases the numerical studies of Laing et al an
the two-dimensional system show that the damping decreases. Finally a fully
developed plasma oscillation is established behind the test particle.

3. Effects of the Potential on Plasma Transport Properties
Since all test particle problems in a plasma involve the interaction of
the test particle with the plasma via the # of equation (3), one sees that
all plasma trensport properties must be considered again in the Light of the
Nishimma potential, We may follow tredition in plasma theory by discussing
the implications of the new form for the potential uder the two headings of
2 binary collision effects axd b collective efforta.
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a. Binary Collision Effects: N.E. Frankel of the Melbourme group has paimted
out that in this case the transport properties are cbtained by evaluating
integrals of the type
Q - [ Q- E @

ﬁ'eten:lcmtespmdstoenerytﬁnspwt,aﬂitistobemtedﬂntﬁn.
interesting physics comes from the small saattering angles, 8<<1. Far these
small angles cne may use the impulse approximation and find

onAp/p = -I(ao/az-)(b/r) at/p, vere (10)

where p is the mmentum of the test particle and b is the classical impact
parameter. The evaluation of this integral for the Coulamb 1/r potential,
giving the logarithmic divergence and consequent cut-off at small angles is
well known. The more difficult evaluation for the Debye static potential
has been carried through by Liboff [9]. It is important now to calculate
the impulse approximation integral of equation (10) with the correct
mmerically evaluated form for the potential ¢. This will answe» the
question of what happens in between the Coulomb and static Debye situations
and we will then know whether aut-offs are required or not for the partially
screened potential. This calculation is made maore difficult by our inability
to represent the mmerical results for the potential in the 1/rP form for
which the trensport integrals can be readily carried through. Nevertheless,
we are hoping to represent Nishimmra's results in a form which will enable
these integrals to be done approximately. If cut-offs are required the
asymetry of the Debye shielding surface will be important.
b. Collective Effects: An example would be the calculation of the energy
loss of a test particle moving through a plasma. This problem has been
considered, for example, by Hines and Sigmar [10] and the result may be
written 1wtk Dt

energy loss v mstfdgné[gllm(moi,u)ﬁ—dm.

[

This expression diverges for large k and either a cut-off must be introduced
or a wnified theory used which cambines the effects of binary collisions and
collective effects to some degree of approximation (see for example May [11]).
Although it is true that the correct dynamic-screening is awtomatically
taken into account by the existence of a pole in the w-integration for
w = k.¥, thus ensuring that the proper e(k,~k-V) ie employed far the calcu-
lation, there is another problem. The cut-off normally employed for this
vmkassmesasymetxi.cscmmingclaﬂ,mdﬂuefmﬂnmvﬂnof
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kmindeperﬂamofdi!ectim. If we can model the Nishimmra potential
mathematically, it will be possible to take accournt of asymwetric screening
fortheseulmlatimsbyma)dng)smx@pendmangle. This of course
couples the angle and wave number integrations together in a much more
complicated way, ‘The implications of this complication for the unified
thearies will also have to be investigated.

4, The Gravitational Analogue of the Potential

The Landau-Vlasov theary may be applied to systems of interacting stars.
The new features are just the different sign of the force and the absence of
a charge neutrality conditicn, since all the 'particles' are of the same
'sign' in the gravitational case. As a consequence of these differences one
can show, from an analysis of the first two equations of the BBGKY hierarchy,
that the decay of correlations (described by the pair carrelation function)
goes & plry2) v coslkgri2)/ry2s
71, being the distance between the two interacting particles amd k; the
gmvitatimalmalogueoftheplasmakn.

This means that for the gravitational system the test-star potential at
zero velocity will be of the form cos(kr)/r instead of the static Debye
result. - We expect that this form for the potential, combined with the
formulae for stellar transport, will lead to conditionally convergent results
for, say, the energy transport in a gravitating system.

An analogous development to that leading to equation (3) results in the
following expression for the self-consistent potemtial surrounding a moving
test-star in a uniform, homogeneous stellar system:

& ne' " leteed) 1
8,6 - - et [u e, - T

where Ga, /Su
€ =1 * k"f%r“f

is the equivalent of the plasma dielectric function. Here G is the gravi-
tatiocnal canstant, M the mass of the test-star, m the mass of the other stars
in the system and n, the mumber density.

The first term is well-behaved and is the analogue of the plasma poten-
jal evaluated in the earlier sections whereas the second term arises because
of the absence of a neutralizing background. It is an infinite potential
term ariaing from the infinite hamogeneous charge distribution assumed in
this model.
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A Messurement of Tigy of Ba Plasma in a Q- Machine

by
+
I. Katsumata

Max-Planck Institut fir Plasms physik, EURATOM-Association, -
Garching near Munich, Federal Republic of Germany

Abstract

Ion temperatures perpendicular to the magnetic field, electron
temperatures, plasma densities, and plasma potentials of Ba plasmas
in a single-ended Q-machine are measured in a low demsity regime by
means of an ion sensitive probe. Data obtained are compared with the
predictions of a collisionless theory of Q-machine plasma. Satisfactory
agreement is found. In particular, within experimental accuracy of 10%,
the measured ion temperatures agree with the corresponding temperatures
of the plasma generating plate. '

Int roduction

In a Q-machine, ions are produced by thermal contact ionization
‘of alkali or alkali earth atoms on the surface of a hot refractory metal.
On the plate, the ion emergy distribution function is expected to be
Maxwellian of a temperature identical yith the generlti.ng plate. They
ere supplied into the plasma across a sheath either of electron (electron
rich regime) or ion(ion rich regime). In the absence of any dissipation
mechanism of directed energy, the energy distribution function perpen-
dicular to the magnetic field should keep its initial temperature in the
plasma in both the regimes, though the parallel emergy distribution
function in the electron rich regime becomes a truncated Maxwellian
due to the acceraration in the electron shenf.hl).

A measurement of Tj) was alresdy made in Cs plasmas iz @ single-
ended Q-machine by means of an ion sensitive probe and good agreement
was observed between measured Tijy and gorresponding plate temperature
a8 long as plasmaa were in ion rich regime.z) In that experiment,
however, the hot pleie Was a 45° type and the elevation of Ti1, depends
on experimental conditions in very complicated i:unner.ln electron rich
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regime,

The purpose of the present experiment is to measure Tiy under
more refined conditions, where the hot plate has been a perpendicular
type and plasma densities have been varied down to a collisionless regiun.
A combingtion of a Re plate and Ba has been used in the present experin
ment to enable to make both the regimes in the low density region of
zloslcma. Temperatures of ion and electron have been measured by

3,4)

means of an ion sensitive probe’ ‘andare compared with that of the hot

plate. By the way, pl densities and pl potentials have been

measured with the same probe and are compared with the prediction

of a collisionless theory proposed by Hashmi et. a1.5). In the calculation
of theoretical curves, following values have been used; ionization potent-
ial of Ba=5.21 V, electron and ion emission work functions of Re =4.93 V
and 5.43 V respectively, and the coeficient of the Richardson equation =

200 A/t:mzl(z 6).

Experiment )
Q-Machine The Q-machine Barbara has been used”. The machine is
e vertical type and has two end plates of 32 mm in diameter, A distan-
ce between two plates is 50 cm, so that the critical density, at which
the collision mean free path is the same as the length of the plasma
column, is about 109/cm3. The upper plate has been heated and illumi-
nated by a Ba atomic beam, . After some measurements, an aperture .
limiter 30 mm in diameter has been attached to the upper plete to avoid
the fon emission from the Ba illuminated side of the plate assembly and
to control the potential distribution around the plate. The lower plate
has been kept at floating or biased at -9 V during the measurement,
which is very important to supress the plasma heating by the current
induced instabilities in this type of experiment. The magnetic field has
been kept at 5 kG throughout the experiment. The probe has been inser-
ted into the plasma in the middle between both the end plates.

Probe The ion sensitive probe used is illustrated in Fig. 1. The probe
is consist of an inner,plane ion collector and an outer cylindrical guard
electrode which is to prevent the electron current to the inner electrode,
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The plane of the ion collector, which is a. flat end of a Mo or Cu rod,
should be oriented parallel to the magnetic field. Under adequate condit-
ions, the inner electrode collects only ions even when the probe is biased
positive to the plasma, so that one can measure the ion temperature from
a current -voltage characteristics with a femiliar method in retarding
potential energy analyzer. The depth of the ion collector, demoted as h
in Fig. 1, should be selected larger than a critical value which dependa
on the electron gyro radius, the Debye distance and the diameter of the
prohe?) The same voltage must be applied to both the electrodes, which
is to avoid the electron current to the ion collector due to ExB drift in
the case of positive voltage excess of the ion collector and also to avoid
the deformation of characterigtics in the case of negative voltage excess
of the ion collector.

To make possible the selection of the smallest value of h, the ion
collector of the probe used has been made movable. In the present
experiment, values of h have been from 0.1 to 0.15 mm. Generally in
metal vapor plasmas, the work function of a probe c.hangés appreciably
by coverage of the plasma constituent metal on it. A trouble, which has
been expected and, indeed, been observed in Ba pl , is the change of
work function under the bombardment by pl electrons during voltage
sweep. This difficulty has been overcome by covering the whole surface
of electrodes of the probe exposed to 0" UNT: mm
the plasma by thin layer of Ba metal.
This has bee made daily before the
measurement by exposing the probe”
in a high density plasma produced in
double end operation,

1ON_ COLLECTOR
Mo ROD {or Cu}

S
N,
RO

-GUARD
Mo (or Cu)

A typycal example of logl-V curve
is illustrated in Fig. 2, where the curve
of electron has been taken by the outer-

2 I NN

electrode. In the course of experiment,
the fon collector extruded beyond the
outer electrode has also been used as

a Langmuir probe.

Fig.1, Ion

aersitive probe

NN Y N S
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In order to measure the plasma b4 S=1g* n=7.8x10°
density n, the ion saturation current B=2300K
I, and the ion temperature measured dJ Aol _4
have been used. To eliminste the wr

shadow effect of the guard electrode
for ions of small gyro radii, Ii has
been obtained graphically from the
cross point of two straight lines
extrapolated from the saturation and
the exponential fall regions of logli-v

T 2500 K

CURRENT [ARBITRARY UNIT)

curve, A well-known relation
L = (1/4)neys
has been used in the calculation of =] L

1
the plasma density, where e is the -4 _?m.rms IVI_ 2 -1

charge of proton, V; the mean
thermal velocity of ion given by Fig.2, Typical characteristics

1/2 . . of the probe
(BT /xM;) and & is an effective .
area of the ion collector corrected by a geometrical factor as given below.
The correction has been made introducing a simple approximation that ioms,
enter through the opening of the outer electrode, are collected by each
electrode depending on their relative area. Then,

g’-x{(rgn,,)/z} 2amr s,

where 1-g and rp are imner rndiysol the guard electrode and the radius of
the ion collector, reepectively. This relation has experimentally checked,
where the lon saturation current has been measured as a function of h
and compared with the relation above. Satisfactory agr t has been
found, The deviation between them increases with h, however, it is
smaller than 20% at a rather large value of h = 0.5 mm.

8 =Xr

Results
Figure 3 {llustrates typical results obtained at a atomic beam inten-
sity Jo =3:1014/cmzsec,wbere Tj, Te and pl P ials are pr ted

as functions of hot plate heating power together with corresponding plate
temperature Tp. For reference to the plasma potential, the theoretical

8 9
curve is also presented. Plasma densities range from 8x10° to 3x10
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per cms in present data. The actual
sheath transition can be found out in
the figure at a plate heating power
near 1.0 kW corresponding to &
plate temperature 2400K. This

PLASMA POTENTIAL [V

transition is also clear in the case

of the plate temperature dependence
of the plasma densgity as seen later

in the next figure. An interpretation

- gl
on the discrepancy between measured 2= WL\TP
"3
plasma potentials and the theoretical #5-1 | T
TR . F3 | :
prediction will be given later. As ! ot ! ELE men i Te
seen in the figure, measured jion and * !
electron temperatures agree well with 1 3 & T
corresponding plate temperatures in HOT PLATE LEATING POWER [k}
respective regime, Fig.3 Results of temperature
< and plasma potential
Because the deflection mean free measurements

path of electron in ioms is comparable or shorter than the plasma column,
the increase of electron temperatures in ion rich regime may be attributed
to the dissipation of parallel emergy through the collision with ions., The
heating of ions observed in electron rich regime can, evidiently, not expl-
ained by the collision with electrons. At a lower atomic beam intensity

of leomlcmzsec, any distinguishable heating of ion has not been obser-
ved. On the contrary, at a higher atomic beam intensity, the heating of
ion has become much more clesr, namely, a sudden elevation of the
temperature has been observed immediately after the sheath transition into
the electron rich regime. This heating effect may be interpretted in terms
of viscous heating as discussed below,

The temperature distribution of the hot plate has a ring-shaped
maximum corresponding to the porition of a ring cathode for electron
bombardment heating of the plate. The probe has been placed at the
corresponding position to this temperature maximum during the measure-
ment presented here, The sheath transition does not take place at the
same time over the plate. For example, when the sheath trrasition takes
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place at the position of the temperature maximum, the remaining part of
the plasma is still in ion rich regime. Then, the radial electric field
chages its polarity within the radius of the plasma, In such a composit
regime, a shear of the drift velocity will be enhanced than in a pure
regime. Thus the viscous heating will become evident when the ion-ion
collision mean free path becomes shorter than the plasma column.

A rough estimation based on the analysis of Brngi.nskg)on the viscous
heating agrees with the experimentally observed heating rate within the
order of magnitude. A more detailed analysis along this line is now
under the way.

In the theoretical curve of plasma potential, two dashed lines
represent the sheath transitions, which take place at different plate
temperatures depending on the direction of transition, This phenomenon
was, at first, pointed out by A. L. Eichenbaum and K. G. Hemqvistm)
in terms of the space charge instability in their analysis on collisionless
synthesized plasma, where, as a criterion for stable sheath, a monotonic
potential distribution along the pl 1 WaB d. In experim-
ental data presented here, the collisionless theory does not hold in elect-
ron rich regime but in ion rich regime,

gince the ion deflection mean free path &
1

in electrons is much longer than the

plasma column as mentioned before.

As origins of the discrepancy between g
the measurement and the theory, Sv*
there may be two possibilities. One E
is a error in the plate temperatur é

measurement and the other is the
adoption of the inadequate values for
the constants in the Richardson
equationin the theoretical calculation.
The plate temperature has been mea-

105

107 bl
Plate Temperature {K)

sured by means of a optical pyrome-
ter calibrated by a standard tungsten Fig. 4 Results of density
lamp and the correction due to measurements
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11
emisgsivity of Re has also been made, )

If the discrepancy would be due to the error in the plate temperature
measurement, it shoul be about 150 degrees, This value can not be
explained, because the error of the optical pyrometer used has been
within 20 degrees and a 10% increase of the emissivity causes 1% lower-
ing of the measured temperature. On the other hand, the lowering of 150
degrees correspond to, for example, a increase 0.3 V in the electronic
work function of the plate, provided that the used coeficient in the Rich-
ardson equatlon(zooA/cmsz) is valid. It can be, therefore, concluded
that the discrepancy is mainly caused by the use of inadequate values of
constants in Rechardson equation.

Results of density measurements made at three atomic intensities
are presented in Fig. 4 together with corresponding theoretical curves.
Three points with cross in the figure represent conditions for sheath

free state, howevere, they are singular solutions of the theory and
ctaplel®)
e .

ted

As exp , the agr t between experimental values and
theoretical curves becomes the better for the lower atomic beam intemsity,
In the case of the lowest atomic beam intensity, the agreement is satiafa-

ctory except a slight ghift to the right HER 0sew

B:5kG
on which the interpretation has already

o o .
made ing the pl potential. mﬁm
oz + FLOATING
LMITER

The other two curves show also good
: Z 0}
agreement in electron rich regime,as =5W
expected, where the collisionlese E ¥
theory still holdg for. H [ 3
& 2000~
Finally, Fig.5 illustrates typical
examples of radial temperature dist- 1 by
ributions in the plasma and on the ool | St
§:Te
plasma generating plate at a plate ‘f : o208
heating power 0.6 kW, The ion tem- b i*
perature 11;.3 been measured at s
Jo=4x1077( ion rich regime) and the RADIAL DISTANCE (mm)

electron temperature has been meas- Fig.5 Radial temperature dist-

ured at J, = 1.2 xlom( electron r'ch ribution of ion, electron
and the generating plate



- 381 -

regime). As seen in the figure, temperatures of ion, electron and the
plate agree very well with each other except an ion temperature at the
right hand side edge of the limiter where intense noise of the plasma

has been observed.

Conclusion
It can be concluded that, in collision less Ba plasma in single-
ended Q-machine, the ion temperature perpendicular to the magnetic
field and the electron temperature agree the temperature of the plasma
generating plate within experimental accuracy better than 10%, and
further, agreement between the experiment and the collisionless theory

is satisfactory. The latter conclusion support also the reliabily of the

ion sensitive probe in density t in the pr of drift
velocity. On the heating of ion in higher density region, more
detailed study should be necessary.
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Abstract

A small energy analyser was constructed for measurements of the local
ion velocity distribution function in a Q-machine. The outer dlameter of the
analyger was 2 mm and the collecting area 2 x.5 mm, To avoid Cs-con-
densation the analyser can be heated to about 300°C. The analyser can be
used in a double-ended Q-machine without disturbing the plasma too much.
Measurements of the ion velocity distribution are discussed.

Introduction

The ion velocity distribution in a double-ended Q-machine plasma was
measured with a small electrostatic energy analyser. Recently many wave
experiments have been performed in D.E. Q hines(! ). To the
results of this kind of experiment with theory it is of importance to know the
ion velocity distribution function both in the steady state and in the disturbed
plasma. A few papers concerning energy analysers for single-ended Q-ma-
chines have been publiahed(z'a). These analysers had a size comparable
with the diameter of the pl 1 and could therefore not be used in
double-~ended machines. The analyser described in this paper is cylindrical,
2 mm in diameter, i.e. comparable with the ion gyro radius, The disturb-
ance of the plasma due to the analyser is therefore relatively small
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The energy resolution of the analyser is not so good as that obtained in
refs. 2 and 3, probably b of g trical effects. However, it is pos-
sible to measure the main features of the ion distribution function.

The results were as expexted. At low densities and high plate tempera-
ture the ion velocity distribution function in a D, E. Q-machine has two
humps. A group of ions streams from each hot plate. At higher densities
the potentiai drop at the hot plates decreases so the difference in velocity of
the two ion groups becomes smaller. Furthermore, collisions become im-
portant, and the two groups are mixed together,

At high densities it is not possible to det ine the pl potential
with sufficient accuracy, but the resulis indicate a single-humped distribu-

tion function with low mean velocity.

The Analyser

The analyser is shown in fig. 1. It consists of an aluminium tube, 2 mm
in diameter. This tube is oxydized to insulate it from the inner collector,
which is 2 |-mom tube. A holeof 5x0.5 mm? in the outer tube is covered
with a copper mesh with 25 p. ¢, transmission and 25 ym x 25 ym holes,

The inner tube contains two thermocouple wires primarily used for heating
of the analyser to avoid caesium condensation.

In operation the outer tube and thue the mesh are biased by a few volts
negative with respect to the plasma potential in order to reflect electrons.
The distribution of ion energies is determined by measurement of the charac-
teristic current voltage at the collector plate, By differentiation of this
signal with respect to the collector voltage, ¢ o Ve get

2e(?a-9 1))1/2 ] -

%Iq—acct[v=(—P— for AR AP ()

m

where 1 is the collector current, and ’pl is the plasma potential.

The Q-machine and the electric circuit connected to the analyser are
shown schematically in fig, 2. A 3 kc/s signal is applied to the transformer
and thereby added to L The corresponding ac current is measured with
a PAR lock-in amplifier and displayed on the scope as a function of L

Capacitive currents are independent of L™ and they will therefore only
give a constant output from the lock-in amplifier, which may furthermore
be compensated away.

The energy resolution of the analyser was measured to be 0.1-02V
which is not a® good as for the analyser described in ref. 3. The resolution
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for this large analyser was less than 0.03 V. The resolution of the small
analyser was measured in two ways:

First simultaneous measurements of the ion distribution function were
taken in a S, E. Q-machine with the small analyser and the large one (ref. 3).
The difference between the widths of the distribution functions then gives
the resolution of the small analyser. The other method was based on charge
exchange processea(s). In the tube surrounding the plasma column (fig. 2)

a beam of neutral Cs is induced, Because of the temperature (500°K) of the
tube the Cs-atoms will not condense on the walls, and the pressure of neu-
tral Cs is therefore iderably higher inside the tube then cutside. Some
of the ions in the plasma will undergo charge exchange in this region. This
means that we get a group of cold ions with a very small mean velocity.

By measuring the distribution function for these ions, whose width is

narrow compared with the energy resolution, it is possible to measure the
latter. The group of charge-exchange-produced ions may also be used for
determination of the plasma potential if there are only few slow ions in the
main distribution™ /. To find Kv)} from (1) ’pl must be kmown.

Measurements

By of the technique described, the ion velocity distribution func-
tion was measured in a double-ended Q-machine, The purpose of this ex-

amination was only to find the main features of the distribution function. As
shown in ref. 3, f(v) in a single-ended Q-machine varies rather great with
the important parameters such as plasma density, plate temperature, back-

ground preseure, etc, This means that if we want to know f(v) for com-

parison purposes, it has to be measured in the actual case.

In figs. 3a-b f{v) is shown measured with the analyser facing the hot
plates, A and B, The density is low (n* 10° cm™3), and the hot plates
have the same temperature. The noise level is rather large because of the
small s;gnnls On the left-hand side of fig. 3a is seen the signal due to the
charg produced ions, This has disappeared in fig, 3b, but the
average energy of the main group of ions is the same. This energy can be
found as the distance in volts, ¢ o between the two ion groups which is
about 2,3 V. This corresponds to a velocity of

e
1 0 ~ . 103
V-\}T ¥1.8- 10" m/s.
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The plasma potential is the same in the two pictures, and therefore the
mean velocity of the ion groups coming from the two hot plates is about the
same. The total velocity difference between these two groups is therefore
3.6 10° m/s.

In figs. 4a-b the density has been increased to ~ 8 - 10° cm®. In this
case the distribution is very broad because of collisions between the two
ion beams. It is not possible to determine ¢ 1 with the charge exchange
ions in this case b they disapp: in the main distribution, The ion
flux coming from hot plate No. 2 is smaller than that coming from hot plate
No. 1 because the neutral Cs is supplied at the latter.

The effect of the temperature of hot plate No. 2 is shown in figs. 5a-c.
The analyser faces this plate whose temperature is 2300, 2200 and 21 00°K
in the three pictures. The temperature of hot plate No. 1 is kept constant
at 2300°K. The density is ~4 - 10% em™3,
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. .
n "1‘&«; Fig- 4. Distribution Buctioes is the collision-dominated range, a1
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SONANCE CHARGE EXCHANGE SECTION
FOR CESIUM MEASURED 2¢

*S.A. Andersen, V.O. Jensen and P. Michelgen
Danish Atomic Energy Commission
Research Establishment Ris8, Roskilde, Denmark

ABSTRACT

The resonance charge exchange crose section for Caliuin -wnl meas-
ured in a Q-machine at energies around 2 eV. It was found that % =

o @0
0.6+ 107'3 cm?® *20%,

IEXL .

Measurements at energies under 10 eV of the cross sections for reson-

ance charge exchange processes of the type
cst+ca- co vt ]

are interesting from a theoretical ag well as from an experimental point of
view, Theoretically, the cross section is expected to increase rspidly with
decreasing energy, and éporimonhlly, Imowledge of the cross section is

important in the construction of ion sources, in plasma physics, etc. Many
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measurements in the energy range above 10 eV have been reported. Those
by Marino et -.1! )nre supposedly the most accurate. Measurements at 10eV
or less are very difficult to perform because of the difficulties in obtaining'
ion beams with sufficiently well-known energy and narrow-enough energy
spread. Recently Palyukh and Savchi.nz) reported on measurements of the
cross sections for process (1) in the energy range from 100 eVto 1 eV. In
this work ions are formed on a hot tungsten ribbon and accelerated through
an electrode system into a charge exchange chamber with a known pressure
of neutral Cesium, At the opposite end of the chamber the ions are collect-
ed on a negatively biased plate, From the current-voltage characteristics
of this plate the charge exchange cross secticns are deduced. There are
two limitations to the energy resolution in this experiment. Firstly, the
potential {n the charge exchange chamber varies along the ion path, and
therefore the ion energy at which charge exchange occurs is not well de-
fined. Secandly, the exact energy of the jons entering the charge exchange

hamber is not kn b of lack of knowledge of the work functions of

the tungsten ribbon and of the accelerating electrodes, This last point is
of importance only at low energiea {under a few eV),

In this paper we report on measurements of the cross section for pro-
cess (1) performed in the Risd Q-mpchine” at energies around 2 eV, Our
technique is in principle similar to that of Palyukh and Savchinz) mentioned
above. The energy resolution, however, is improved because all charge
exchange processes take place at the same potential, i.e, the plasma poten-
tial, and because the energy of the ions is measured directly by an electro-
static energy snllysers).

Using a very different technique, Dreicher et al. 4 bhave performed

te of T charge h, cross sections for K in & Q-

machine,
The experimental set-up is shown in Fig. 1. The plasma is produced
by surface lonization of a beam of Cs-atoms from oven A on the hot ( 2500°x)
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tantalum plate (diameter 3 cm) ¢nd is confined radially by a magnetic field
of the intensity of 0.4 T. lons formed at the hot plate are accelerated

through a narrow sheath cloge to the plate from the plate potential down to
the plasma potential, ¢ pl* This potential drop is variable between 0.5 and
2.5 Vs). Once in the plasma the ions flow freely along the magnetic lines
of force towards the analyser. Their perpendicular energy, which corre-

ature of the hot plate £, 2 eV), is unchanged by passing
-3

ds to the

through the sheath. The ion density in the plagma is approximately 10%m
in this experiment, hence ion-ion collisions may be neglected,

The charge exchange processes take place in a limited region of length
of the plasma column, which is crossed by a beam of Cs-atams from oven
B. A neutral detector is used to measure the flux of Cs-atoms in this re-
gion. All atoms hitting the heated tungsten wire in the detector are ionized
and collected on two negatively biased collector plates. The collector cur-

rent, 1., is related to the neutral demsity, ny.as follows
lc =mn,c Aq {2)

where A is the apparent area of the tungsten wire and

c = (suTO/um)* (3)

T ° is the temperature of the tip of oven B, and is ed with a th -

couple (~ 900°K in the experiment)., In calculating the neutral demsity in

the plasma column from the mea. of I.ag ical factor must
be introduced to take into account the set-up in Fig, 1, The validity range
of eq. (3) ha; been discussed by Lm:s); according to his work, (3) is cer-
tainly valid within the range of this experiment,

The beam of neutral Cs from oven B can be turned on/off by a shutter.
To avoid reflection of atoms from this beam towards the hot Ta-plate,
whence they would become ionized the beam is absorbed on a plate cooled
by lquid Nz. The walls of the vacuum system (not shown in Fig. 1) are
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also cotd. ¢--25°C). A square opening in a cooled diaphragm determines
the dimensions of the beam. By moving the neutral detector longitudinally
it is found that the density of neutral Cesium is essentially zero outside the
beam and constant within it.

The velocity distribution function of ions which have passed through the
neutral beam regiom is examined by means of an electrostatic amlysers).

The analyser iets of a fine hed grid negatively biased (-8V) for re-
flection of electrans. The current-veoltage characteristic (1.- .-) of a col-
lector behind the grid is used to determine the distribution function, f(v),
since

-
He,) = const f vi(v)dv ®
Ymin
where }mv;m = aly, - ;). The characteristic therefore shows the flux
of ions with energies higher than q(c‘ - 'pl)' Curve (a) in Fig. 2 is an ex-

ample of such a characteristic. The curve was obtained with the sh

closed, and the demsity in the neutral beam was therefore zero. It is seen
that the majority of the ions have energies around 2 eV. Curve (b)is ob-
tained with a neutral beam passing through the plasma column. Some fast
ions undergo charge exchange with atoms to give slow ians. In the high
energy range curve (b) therefore runs below curve (a). Only at very low
energies (.a‘ ) Pl) are the slow ions accepted by ihe analyser plate and here
the two curves coincide. The differenceAl between curves {a) and (b) at
their plateaux (where they are parailel} (see Fig. 2) is a measure of the
number of ions having undergone charge exchange in the neutral cloud. The
charge exchange cross section in therefore given by

Io 1 AL
S

o '—ln(lo

c.e.” gl



- 392 -~

In the experiments the neutral density was first determined from a

measurement of Ic (eq. (2)). The neutral det was then r d from

the neutral beam to avoid scattering of Cs-atoms from the beain through
the chamber. The characteristic (b) was taken. The shutter was then
closed and characteristic (a) taken. During the experiment, fluctuation in
the neutral density was about 20%. All other sources of uncertainty were
small by comparisaon. »

The result of the experiment is

2+

= 0.6- 1073 cm? ¥ 203

(-]
c.e,

at ion energies within a spread of 0.4 eV centred at 2.0 eV. It should be
noted that these results are in agreement with the predictions of Marino et
al,

The predominant sources of uncertainty is the neutral beam fluctuation,
which occurs at the high density needed in this experiment. It should be
possible to improve this technique by constructing an oven giving a more
constant beam at high densities, From all other sources of error, the con-
tribution was estimated at ~ 5%, which may be ignored in comparison with
the uncertainty caused by fluctuations in the neutral beam density. The
energy spread of the jon beam is determined by the temperature at the hot
plate and fluctuations in the work function of the plate 3). We camot see

how we can improve this, The possibility of ing the cross section
at lower energ.es is also small - at lower energies we do not see the flat
plateaux on the curves (b).

In principle, it is possible to deduce 9, e, Versus energy in the range

0.5Vsep « 3 V from curves like those shown in Fig. 2. The energy

-9
a pl
resolution is then Mimited to 0.2 eV, which is the thermal epread in perpen-
dicular energy. Within the accuracy of our experimentno variation in o ce

has been observed in this energy range.
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Finally it should be noted that the method described here may in prin-
ciple be used for measurements at energies around 2 eV of charge exchange
cross sectiona between ions of all alkali metals, and neutral atoms of all
elements which can be brought into the vapour phase at sufficiently high
densities, The use of this method does require that the charge exchange

cross sections are large compared to those of inelastic collisions.

* Present address: Technical College, Dar e¢s Salaam, Tanzania
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Fig. 1. Experimental set-up.

Fig. 2. Exampl of red characteristics
’ Sweep: 0,5 V/large div. Curve (a) obtained without
neutral beam; (b) with neutral beam m, = 2 « 10" em™3
Plasma density % I()9 em's. 'i'he bnoliné is oblique because

of the final input impedance (100 MQ) to the x-plates.
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