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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
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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



- 15 -

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
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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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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,

“Supported in part by the United States Office of Scientific Research, AFOSR
Grant No, 1447D,
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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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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
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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,

References
1. A.Y. Wong, N. D'Angelo, and R.W. Motley, Phys. Rev. Letters 9,
415 (1962), Phys. Rev. 1_3_3_, A436 (1964).

2, H.K. Andersen, N, D'Angelo, V.0. J , P. Michelsen, and P,
Nielsen, Phys. Fluids ‘u, 1177 (1968).

3, H.J. Doucet, and D. Gresillon, in Plasma Physics and Cantrolled
Nuclear Fusion Research (International Atomic Energy Agency,
Vienna, 196 , 1, 659.

4, J.M. Buzzi, D, Gresillon, and H.J. Doucet, Bull, Am, Phys., Soc.
13, 1569 (1968).

5, N, Sato, H. Ikezi, N, Takahashi, Y. Y. hita, and T, Oblkl, In-
stitute of Plasma Physics, Nagoya University, Japan, Report IPPJ~62
(1967).

6. D.R. Baker, N.R. Ahern, and A,Y. Wong, Phys, Rev, Letters 20,
318 (1968). .

7. H. Ikezi, N. Takshashi, and K. Nishikawa, Phys, Fluds 12, 853
(1969),

8, L. Landau, J. Phys, (USSR} 10, 25 (1846).



- 59 o

9. R.W. Gould, Phys. Rev. 136, A991 (1964). .

10, R.W. Gould, T.M. O'Neil, and I.H. Malmberg, Phys. Rev. Letters
19, 219 (1967,

11 V.O. Jensen, These Proceeding

12,  S.A. Andersen, V,O. Jensen, P, Michelsen, and P. Nielsen,
Phys. Fluids 14, 728 (1971).

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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Collective Interaction and Freely Streaming Joms
in Density Ferturbations and Waves in G-Machines

by
V. O, Jensen
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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 