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FEEDBACK-CONTROLLED STEADY-STATE PLASMA™
Tan G. Brown, Alan B. Compher, Kenneth We. Ehlers, Donald B. Hopklns,

Wulf B. Kunkel, and Peter S. Rostler

Lawrence Radlatlon_Laboratory
Uniwersity of California
Berkeley, California
Apr11 28 1970
ABSTRACT
A cdrrent free magnetlzed plasma with 1ndependently variable

dens1ty and electron temperature has been produced and studied. The
plasma, which may he either steady state or pulsed; is generated at
one end of a l.5-meter-long vacuum system by a”lO GHz microwave dis-
charge at electron gyroresonance in a dc magnetlc fleld In the main
body of the plasma the magnet1c field can be varled from 1 to 10 kG and

11 cm_5 ‘

plasma'densities 5 x 108*5 ng s 5 x 10 and temperatures

2 < Té § 20 eV, Ti < 1 eV can be achieved. All'the noble gases as well
as hydrogen have been used at pressures rahging from 2 x lO_5 to

2 x lO_3 torr. BRElectron plasma waves and ion acoustic waves have both
been dsed'for diagnostic purposes. Unless speCial precautions are
taken, the plasma has density fluctuation of 5 to 10%. A feedback
'control system which uses a rapidly responding adJustment of dlscharge
power has been used to s1gn1flcantly reduce these fluctuations. This
control will also keep the plasma dens1ty steady even in the presence

4 .

of fluctuations in line voltage or gas feed.
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I. INTRODUCTION

Mahy‘quantitative eXperiments in fuhdaméntél plasma physics
requiréqthe existence of weil-controlled ﬁell—Béhaved plasmas. 1In
recent years much progress has been ﬁade in thefért of producing
such plasmas in the laboratory. The paraﬁeters:aﬁd conditions are, of |
. course, dictated by the pértiéular phenomeha uﬁaer study. The most
common:requiremenfs are (a) steady state or at least good reproduci-
bility; (b) relative quiescence, i.e., felatively.low level of
'fluctﬁétidns, and (c) reasonable distributions:in'velbcity and con-
ficturatign space.‘ Sometimes it is also import&nt.that the degreé of
ionization be high, or at leésf that the mean_free path be long;

The'beét known examples of sugh high;quality plasma soﬁrces are
the sﬁiface-iohized alkali and'alkéiihe earth ﬁapof systems, which,
when combined with strong magnetic fields, are com@only known as "Q-
machiﬁés"»(RYNN, 1964). Surface-ionized plasﬁés éﬁffer from a number
of'inherent limitations. The most serious of‘these are the low level.
and the narrow range in temperature (a few thoUsahd degrees) caused by
the nécessary contact with the hot end platés.'vfhis causes the plasma
to be éollision—dominated at rather low densities. Furthermore,
becauseldf the large mass of most metal atoms, the ionsf radii of
gyration.are often neither large nor‘smail compared with other critical
dimensions. In spite of these shortcomings, Q—maéhine plasmas have been
extremély successful as tools for a variety'of Studies. Up-to-date
discussions, including descriptions of such devices, can be found
elsewhere (D'ANGELO, 1969; PARDO and ROBERTSON, 1966) and therefore

are ndtvpresented here.
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Wheﬁ_other ion épecies are to be used, such as the noble gases or
hydrogen,fqr even the very popuiar mercur& vapor;‘ioniZation by elec-
tron impaét isﬂobviously the most suitable mechaniSm of plasma produc-
tion.*' ihis does not mean that the experiménts nééeésarily have to be
performed inside active discharges, i.e., in the presence of substantial
‘ eleéﬁric fiélds and currents. -For instance, if'bhly very small degrees
of-ionization and low'eiectronltemperatures aréfréquired,.discharge
-'afterglows can be adequate, although ionizatidn b& 1ow—deﬁsity electron
beams may well be preferable (DUNN and SELF, 1964().'.r Thése techniques
fail,.howevér, when thevdegree of‘ioﬁizétion ﬁeeds to be substantial to
minimizé'collisions with neutral atoﬁs or when‘thé electron temperature
has to bevSeveral electron volfs in order tb prOduce thermal effects or
to avoid Coulomb collisions. In order to produéevthese latter Cbndi—
ditiéns, electrons mustfbe confinually heated somewhere within.the
plasmanby means of éieétric péwer input. Fortunatély, because of the
Very large thermal conductivity of the electrons éndytheir poor energy
coupling to thé ions; this heéting region‘can'be Sharﬁly localizea in
a smallvportion of the plasma while the bulk remains virtually current-
free and easily accessible for the intended experiments. We shall use,
for short, the term "extruded discharges" (KUNKEL, 1966).

Several types of extruded discharges have Beeh described in the
litefature. Most of these, and certainly the earliest versions, use
electrOdes with de power inputs such as "Duoplasmatrons" (BOESCHOTEN
and SCHWiRZKE, 1962; MALMEERE et al., 1964), “"reflex arcs" (HALL and
GARDNER, 1962), hollow-cathode arcs (LEVIN and OLEst, 1968; LEONARD,

1969), or straight hot-cathode arc discharges (TAKAYAMA et al., 1967).
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ImpressiVe.ion densities, up toviolh cn_B; have been reported (LEONARD,
1969), but the plasmas so produced are not necessarlly low in fluctua-
tion level (HALL and GARDNER, 1962) and the electron velocity dlstrlbu—
tion may contain substantial hlgh energy components. In all of these
the plasma streams out through an orifice in one‘of the electrodes.
More recently, electrodeless high—frequeney disehefges at or near
electron eyeletron resonance (ECR) arebbeing de&eldped for similar
purposes,  but very little of this work has yet been'published (LISITANO
et al,;:1968; MICHAEL et al;,'i969; MIX et al., 1969; GENTLE AND MALETN;,
: 1968;'BROWN et al., 1970a). Since.there a?peérs to be censiderable»
interest in-this'ﬁype of plesma'generatien,_we:feﬁort_here on our ver-
_ sion,‘whiEh we have called éOMPLEX.("CQld Midfonane'Plssma Expenimen .
'IT. THE COMPLEX DEVICE |

ﬂAs in'ell ECR exfefiments onrvniasma sou;ee'is nased on the facf
that'af gyroresonance electrons gain energy and‘een ceuse‘ionization
efficiently, even at very low gas pressures.‘iIn;eddition; it shouid
-be noted that the energy gein in gyroresonant nesting is primafily
transnerse to the magnetic fieia,Aso that’insertien of a magnetic
mirrorvbetween the discharge.regien and the main plasma chamber will
discriminate somewhaf against the flux of hot electrons.from the seurce
region; Since low-energy electrons scatter mbre rapidly into the loss
cone, it is hoped that an overabundance of high-energy electrons in the
effusing Plasma can be avoided. This feature distinguishes our arrange-
ment ffom most of the other ECR plasma generators. Furthermore, we have
. introduced a feedbackvconfrol thaf servesvto reduce drasticaily all low-

frequency fluctuations in the plasma output, regardless of whether they
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are caused by instabilities in the discharge ofvby‘fluctuations in the
power supply. |
The prinéipal'components of the COMPLEX experiment are shown
schematiéally in-Fig. 1. A current-free, steaay-state or quasi—sfeady-
state plaéma:is rroduced.by:the'applicafion of cw.or pulsed micfoWave
power at thé electron cytlotroh:freQuency apprdpriate‘to thé confining
magnetic field invregion I, the'dischérge chamber. The cylindrical
coppef Vaéuuﬁ Vessel isvsituated With a dc:aXiéi.maghétic field, vari-
~able qp.to 10 kG and constant in time to'~ 0.1% (the fhiék copper vessel
_ provides'é significaht filtering actidn). The akial magnetié field
shape cah.be varied easily over a wide range, and is usually afranged
to be ﬁniform to’within.z 5% in region IT, the test region, ovér a
1l¢ngth:of}= 80 em. The "microwave diséharge éhémber”, into which the
high?ﬁowér microwaves are fed as described below, is separated from the
main test regibn my & metal partition with a 5-¢m-diam orifiée; this
orifice can carry a honeycomb strﬁctufe of,O.lES—in. mesh, 2 in. long,
desigpedito blbék ﬁhe micrdwaves ﬁut péés plasﬁé; Normal operation is
with a steady flow of hydrogen gas at a preséuré ofcfrom.~.5 x 10-6 to
~ 5 x lbfg torr. The vessel is pumped with a 6-in. oil-diffusion pump,

liquid-nitrogen trapped, and has a base pressure of 1 x lO_7

torr.
Microwave power of up to 1 kW cw at 10.4 GHz is coupled to the |

discharéé chamber by one of three possible methods: (a) filling the

chamﬁer with rf from a flush-mounted side port, thus operating it as

a muiﬁimdde cavity, (b) beaming in rf through an axially located micro-

wave horn, and (c) employing a "Lisitano Coil" (LiSITANO'ét al., 1968)

(2 in. i.d. and 6 in. long). 1In all cases the discharge is located
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within ahmagnetic field having electronscyclotron resonance zones
(B.T'RG’for‘our frequency), The different methodsehave their separate
regimes of optimum operation, and by employing the most appropriate
method the range of parameters achievable can he extended However,
our "standard" setup includes the Lisitano Coil. }

Representative sets of plasma densities found-in region IT as a
function of microwave power (diSSipated in the L1s1tano 0011 discharge),
of gas pressure (read by a gauge downstream), and of magnetic field in
region II are shown 1n Figs. 2 5, and 4 respectively As might be
expected ‘at fixed gas density the plasma productlon eff1c1ency is seen
to'decrease with increasing degree of ionization,.and it increases
generally with the gas pressure until a certain optimumris reached.
Beyond this optimal gas den51ty the yield falls rapidly w1th increas-
ing pressure, presumably because the electron energy loss is dominated
by energy transfer to the gas molecules 1nstead of a direct loss to the
walls. The dependence of the electron den51ty on the magnetic fleld is
not soveasily understood, even qualitatively,sexcept that at least'a
part of the reduction at low fields must obviously'be‘caused'hy the
expansioniof the flux tube that guides the plasma from region I to
region II. |

. At any rate, from these figures it is clear‘that by means‘of an
adjustment of the’power the downstream plasma density can.be kept fixedt:_
while the gas pressure or the magnetic field in the test region is
varied over a wide range. |

.In_actual operation, a digital voltmeter connected to a Langmuir

probe circuit provides a continuous monitor of ion density, and the
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pressure, power, and magnetic field can be édjﬁéted as required rapidly
and easilyi Oﬁr experimental interest is in thé downstream plasma in
the region‘df uniform magnetic field, which usuéily forms a column of
~ 5 Cmf&iameter‘and ~ 1 m length. The observatiqns reported weré all
made in»this region. | | | |

| III. PLASMA PROPERTIES

Thé diagnostic methods wé have used to_invéétigate the plasma
proﬁerties include Léngmuir'prqbes, microwave_inﬁérférometry, an elec-
_»trostqfic enefgy analyzer, spectroscopic measﬁremeﬁts,.and some measure-
ments;oﬁﬁthe propagatidn.of electron plasma waves as well as ion acoustic
waves."Wévhave'measured, as avfunction of eﬁtérnal parameters, charged
vpafticié*densities and spatial variations, electron temperature and‘
energy:distributibn, and havé been able to put limits oﬁ ion tempera-
ture, pércentage_ionization, and axial plasma flow speed. -In'addition,
we haVé investigéted thé:éffect of all parameteré*on the fluctuations
in ioh?density. | | |

A. Charged Particle Densities

A high—sensitivity 8.6-mm microwave interferometer ﬁas constructed
and has been used to measure electron density at a fixed axial location;
the intefferometer possesses some novel features and has been déscribed
elsewhere (BROWN et al., 1970b). Radially and axially movable Langmuir “
probeé;have allowed a spatially resolved measufementrbf ion density.

In general, the agreemént between the two methods istgobd; the apparent
densify measured by a probe depends on the magnetic field,iand a com-
plete réport of anvexperimental analyéis of this effect'isvin prepara-

tion. For the preseht purposes, however, we can state the following
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conclusioﬁs;. _
1. The fange of'deﬁsity echievable is”5,x:108.5-né <5x lOll cm-B.

2. .There;is,:in generel, an axial falloff ih density, typically By a
factor of 2 in a distancé‘of 1 m. R

3. The radial density disfribution is fairly smooth, with a generally
broad meximdm'near the cénter, and. can to_sbme‘ek#eﬁt be teilofed by
fine_adjus£ment of-external pafameters."Some obeerved radial'profdles
of ion‘sefuration current are.shoﬁh in Fig;.é. E | R

b, The.fediai density'disﬁribution preserves dts shape ﬁith a%ial
dietance; A eeriesbof eXpefiments we are currenﬁlydcar:ying.out1is
involved ﬁiﬁh'the propagation‘charactefistics ef high-frequencyd(several
hundred;MHz) electfon plasma'waves. One can look dpon these'measgfe-v
ments'(éfg;d of wavelengthj as an electronidensity diagnostic, ahd the

results‘SOvobtained are consistent with the above conclusions. °°

B. Eleefron Temperature

:The'electron temperature is mdst:convenieﬁfly determined from av
Langmuir-probe characteristic. This method appears to work fairly well
for our‘plasma in spite of the strongvmégnetic'field. No theory exists
for our collected ion current when thelien gyroradius is not very large ':
compared‘with the probe diameter (SANMARTiN, 1970). Eﬁtrepdlation of -
'the ion-eaturation current is not reliable in such cases, and this
unreliability, in turn, leaves an uncertainty in the electron component
of the characteristic. Nevertheless, reasonable electren-retardation
'profiies are usually found in COMPLEX, as shown iﬁ Fig. 6, so that

electrqﬁ "temperatures" can be assigned. In order to confirm this
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conclusidﬁ We have also used a three-grid electrostatié energy analyzer,
axialiy located at the "end" of the{plqsma'column'and having an accept-
ance apérfﬁre of 4 cm, to;obser§e in more detailvthe distribution
functiohu(éée.fig.'7)Q' We'canisummarizé our fiﬁdiﬁgs:

1. .Tﬁé‘eiectron_temperature can be varied 0vef a limited interval by

a suitabie:choicé ofvrf power ahd gés density, és"shown in Fig. 8.

The achiévablé range is 2 S T_ < 20 eV. | |

2. The axial temperature distribution has a falloff somewhat less
rapid th§n that of densit&, typically ~ 10 to 30% in 1 m.

3. Théfrédial distributibn of temperature isvusﬁally flatter than the
density distribution5  |

h. oOn the central axis, the energy'diétribution is fairly Maxﬁellian,
buf thévdépartﬁre frOmAMaxwellian_becomes ﬁore frbﬁounced af larger
radii. | | | |

5. ‘There is under no condition a "bﬁmp” in thé £ail of the distribution,
at léasf Within the limits of our‘measuremehté fér énérgies 5130 kTe,
fhough ihe tail is more highly populatedvthén ngwellian in spite of
the miyror between regions I and II. |

c. Ion’Temperature

_Ugiﬁg phase-sensifive detection techniques; we have attempted to
measﬁrérﬁhe ion temperature from fhe Doppler broadening-of selected .
specﬁfai lines, in both hydrogen and helium piasmas. As wasﬂexpectéd,
the i§ﬁ>femperature was found to be much lesé than the eléctron tem-
perature, and we can only say that T, <1 eVQ the instrumental limit
of resélﬁtibn. Measuremeﬁts made on similar plasma sourcés elséwhere‘

(MIx.et'al., 1969; PORKOLAB, 1969) are quite consistent with this
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result.  The best estimate of ion temperature, under typical conditions,
is provided by our interpretation of probé respohse in a magnetic field;

theseimeésurements giVe T, ~ 0.5 eV (BROWN et al., 1970a).

D. Perceﬁﬁage Tonization

Thié parameter can‘be estimated appfoximately from the measured
neutrai7gas préssure and electron density. If5no;speéial attempt is
made tb ﬁéximizé.ionization, typiéal>operating c§£ditions_cah fesult
in vefyjiow percéntage,ionization,‘< 1%. Our Li$itaho coil is arranged
with fhé éas feed through thercoil.éfrucﬁure itsélf;’éb-that all the
iﬁput gas'§asses thfough the-ionizing region.; Using the Lisitano coil,
we'fihd that the_percentage.ionization, under-opfimum coupling condi-
tions ofvpowef'to plaéma,‘is'iimitéd almost.en£ireiy by the pumping
speed 5f-£he vécuum system alone. At a microwéve power of severalv:
hundred watts the maximum pefceﬁfage idhiiatioﬁfin ourvdeviéé ié-z 50%.

- E. Axial Plasma Flow

In'oné—sided extruded discharges, just aé in single—endéd Q—
"machinés; fhebpiasma leaveé the source‘region:ﬁith a.nonzero-het flow
'speéd;-;For some experiments, particulariy fo?Ithﬁse involving slow
wave'prppagation, and for the proper interpretatibn of Langmuir—probe
ion éatufétion current data, this plasma flow must be taken into con-
sideraﬁion. Therefore.the magnitude of the flow speed is a'parameter.
Qf,interest ahd must be determined by a sepafate measurement. Unfortun;
ately, attempts at Dopplef-shiftrmeasurements on spectral lines failed
because §f inadequate reéblving'power of ouf spectrdscopic-equipment
and because of a dearth of sﬁitable (i.e., ibnic) emission lines. We

therefore determined the plasma flow velocity by_measuring‘the differ-



- UCRL-19783

ence iﬁ,uﬁstream and downstream propagaﬁion_spséd of acoustic waves.

The masf_commoh method of launchingAand asfécting of ion waves
that ppapaéate along a plasma column such-as Qufsaﬁakes.USe of metallic
wire éfids.immersed in'ths plasma. Our measuféﬁehﬁs‘were done by mount-
ing azfixed grid near'the ﬁpstream end ofvfegioa iI and installing a
movabla;segond grid both'as'detector fof downStream-propagation and
exciter.fof upstréam propagation. Operation in this case was liﬁited
to~rathé; low plasma densities besause the upssfeam grid was easily
damagédsby.overheating: As a'testfsignal a singié heéafive ﬁulse of
~ 5 psss5duration was usaa. As noted by others in similar studies,
such-a §uise generates several distincf signals that ara detectable
by biasea~probes, ahd care.must be. taken to idenﬁify the ohe that . -
propagafes with the ion-acdﬁstisvspsed. if we denote‘the downstream
propagation speed of the propér signal by,v+ aﬁd the upstréam propaga-
tionvspeea by v , we interpret the quantity Vowé'% (v* ] v') as the
plasma fiow velocity and v = % (v + v-) as thea"frue" signalvspeed,

i.e., the signal propagation speed in the frame of the streaming plasma.

A comparison of v with c = \/k(yifi + 7eTe)/mi will then serve as a
éheckvwhether the correct signal was selected as the plasma sound wave.
A‘set”of results for the noble gases is summarized in Fig. 9, where cS
was cOmpufed from the measured value of Te apd Ti was assumed to be
much smaller‘thansTe.v.It is seen that the flsw speed is always smaller
than thé sound speed, and tends to be ih the neighborhbod of 0.5 cg-
This is nat unreasonable for an extruded discharge. The uncertainties

in v, are rather large because v

0 0 is obtained by subtraction.
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Unfortﬁnately, the method couid not be epﬁlied:toiour hydrogen plasma
becauee‘the determinatien_of v was very poor in-this case. It seems
likelyithat a special effort in sound—wave laﬁhehingiand detection
would:&iela more precise.values for the plasma flow velocity{
‘Theetwo-grid\method deécribed S0 far.has two shortcomings: (a) As
mentioned”above{ the danger of overheating the_upstream grid places an
upper.limit on the plasma density, and (b) the ﬁfesence of the upstream
grid'isviikely to alter the downstream plasme. 'In particular, the flow
epeed'iteelf:may well be affected; S0 that the infdrmation obtained may
.-ndt Be.eéplicable to an extruded diecharge;ﬁithia different grid er to
one without aﬁy grid. For”iﬁstance; it is ihteresting to note that
within the limits of accuracy of the measurements the flow veiecities
showﬁ“in Fig. 9b are independent of axial position, and so are the:
plasmé densities! This qﬁite different ffdﬁltﬁe'usual density decrease
with‘a&ial.diStance observed‘in the absence ef é~grid.' It is therefore
desifable to determine the piasma flow without the use of an upstreaﬁ
grid. - g | o
Tt turns out that in the COMPLEX device e'COmpression waveAthat_
traveié with the plasma—acoustie speed can be_ieunched By simpiy apply-
.ing e trief pulse of incremental power to the-discharge Vie the klyétron
amplifief; Again, such a pulse generates several dietinct signals that
propagate along the plasma column. But the acoﬁstic wave is easily
recognized, and a portion of it can be reflected at a.metallic end
plate. :Both signals are deteetable by a movable Langmuir probe, as

shown in Fig. 10, and the density increment is discernible even in the

microwave interferometer reading. Although no great accuracy can be
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claimed for this method (the pulse length_mustiﬁe gquite long to allow a
respoﬁsé‘in the discharge), the data confirm the previous findings, i.e.,
vd is c6ﬁ?arable to but always somewhat 1ess'than‘cs. Moreover, - there
is an indication that in the absence of the grid the flow accelerates
with distance ffom the source, which sﬁggests_that the commonly observed
density deérease with distance from the sourcé.is'largely“due to axial
expansiQﬁfrather than to anomalous diffusion radiélly across the mag-
netic:fieid. This latter conclusion is consistént with the observation
that thé radial.density profile is‘iﬁdependent of éxial position.
Unfortﬁnately,vit was again not.possible to use ﬁhis techni@ue in hydro-
gén, bécause the pﬁlséé could not be made sharp.enough to allow measure-
ment‘Qf‘the rather large acoustic spéeds. |

A seﬁarate repért on studies of ion-wave.prbﬁagation is in prepa-

ration.

F. Density Fluctuations

..wé have investigated thoroughly the‘effeCt of all parameters on

' thé pércentage fluctuation in ion saturation current to a Laﬁgmuir
probe}:‘If no special measures are taken the rms fluctuation level is
always:5zto 10%, with only little variation with.magnetic field strength,
gas préssure, and.type'(He. He, N,, A, Kr), as well as with microwave
pover and coupling method. We have tried to "line tie" the plasma to
a-COndﬁgting plate at one end of the column, and héve found that the
preséhée §f the plate alone has no effect on the plasmé, but the fluctu-
‘ation level can be reduced to < 2% by drawing a small current to the
plate,(é 10 to 100 mA/cmg);a similar reduction.cén be effected by

replacing the plate by an electron-emitting (2 1 A/cmg) surface, in
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.which"case‘the improved.hoise level is localizéd fé the flux tubé tied
to the émitfer. The coollng problems assoc1ated with the use of a
large‘heated plate are great, and:We have not'pursﬁed this method
furthef{ “Some reduction in fluétuation level has been effected by the
inclusion bf a feedback loop in tﬁe system, Vhich is now described.
IV. FEEDBACK CONTROL

The mechanisms responsible for density fluctuétions in steady-
state plasma sources are not fuliy understood;’,The discharge plasma
itésélfjméy be suffering froﬁ‘bne or éeverai of the known plésmé inj
stabilities driven by the electric current or other distortions of the
vélocity'distribﬁtion, or by a density—gradienﬁ effect, or by some com-
plicatéd process involving the ioﬁizatién faté._ There also may be
unsteady ihtéractions at the.boundaries, such aé unstable sheaths,
.g1v1né rise to high-frequency oscillations, or 1rregular gas exchange
with the surfaces which would lead to slow fluctuatlons or gradual v
drifts.  All too often it is therefore found difficult or impossible
to utiiize electric discharges for the prdducﬁion of highly ionized
plasma in a truly steady state and free from subétantial'fluCtuations.

Rather than attempt to produce stable coﬁditions in the discharge,
we decided to reduce the variafions in the plasﬁa output by an au£o-

matic and prompt adjustment of the discharge power. This is possible

\
\

because in our case we have available a contrél over the microwave
power flow into the plasma source. A feedback system which makes use
of this'control can provide both long-term constancy and a drastic
reduction in fluctuation level, at least at the lower frequencies.

Since this control affects the plasma as a whole, a signal is needed
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which represents the averege or the total condition-of the plasma. .The
system»used (Fig. 1) has as its sensor a photomolbiplier arranged to
View the;total lighf emnitted by the plasma et_bhe_mouth of the Lisitano
coil. This prdvides a fast respohse Signalvsbabially’integrated over
the reSohance region. The signal is compared mith a present reference
level ahd theverror signal so'obtaihed is amplified, rhase shifted, and
fed back to a PIN diode modulator in the microwave generator As with
all feedback systems the galn and Phase shlfts must be de51gned to glve
negatlve feedback at all frequen01es at Wthh the gain exceeds unity.
vThe system employs both de and ac loops and covers a frequency range
from O tovz 50 kHZ. The low-freguency gain is sevefal hundred and the
high—freduency (5 kHz) gain is less than ten.‘ Only copper-stabilized
operatiohel Emplifiers are'dsed in the dc loop,‘so that the system has
negligible dc drift.

AThis method does reduce the fluctuations.in obr plasma, and that
improvement has been observed ih several ways'{Fig. 1). The effect of
the.feedback upon the upstream plasma'ean be seen in the signal from
the upstfeam photomultiplier. Since this is bhe.signal that is used
by the feedback system, one expects the greatest -improvement here. The
downstream Plasma was observed with a separate photomultiplier, and
with:a Lengmuir probe biased to monitor ion saturation‘current.

'Feedback affects all three of these signals. This effect can be
considered as consisting of two more or less separate regimes--long-
term stabilization and the suppression of low-frequency (~ kHz) fluctua-
tions; Without feedback the average signal (averaged over ~ 1 sec)

from the upstream photomultiplier is unsteady, and may vary by up to
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10% within a few minutes. With feedback_this fldetuatieq disappears
and the signal holds constant for an hour or moredro within ~ 0.1%.
Withoﬁﬁ‘feebeck, 10% fluctuations‘are also typiéel of the average

(~ 1 see)'eﬁrrent drawn by the probe in the dommsrreem plasma. With
feedback:euch-fluctuations can be reduced to about l%; Similar improve-
ment is seen by the downstream phetotube.

Spectra of the noise seen by the upstream photomultiplier with and
without feedback (wiﬁh.conditions otherwise idenrieal) were recorded
(rig. 1la) by using a wave analyzer (Hewlett- Packard type 302 w1th
motorized dlal) These spectra show the whole range of frequenc1es
over whlch there is any significant negative feedback. The noise»im
the upstream plaSmaé-at least as measured by this signal--is almostb
completely eliminated below 5 kHz (> two orders of magnltude reductlen),
and is much reduced everywhere below 50 kHz. Slnce this upper frequency
llmlt is due to the electronics of the system, the upper limit of the
method of control may be hlgher still. Our 1nterest is not prlmarlly
in the plasma in this reglon, apart from its bearlng on the downstream
plasma. A number of experiments, however, are very directly concerned
with hotjelectron mirror-contained microwave-produced plasma (DANDL
et al., 1964; TANAKA et al., 1966) and the application of a feedback
system of the type described here may, in some instances be desirable..

In Fig. 11b is shown a similar spectrdm analysis of the signal
from the probe in the downstream plasma. The_higher—frequency noise,
which does not originate in the source, is met affected by feedback.
There is considerable improvement at lower frequencies, though as is

shown in more detail in Fig. 1llc. There is here a white noise spectrum
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which ié réducéd by feedback. Also present when fhére is no feedback
are two 1;.>.e‘aks‘ at about 20 and 140 Hz. These appear to be instabilibies
in the résonance region. Their exact nature has'hof been investigated
except £o~note that they are strongly dependen£ éh neutral gas pressure
and, aé can be seen, they are eliminated by feedﬁaék. The feedback was
found:to*be'most effective when the downstream magnetic field was fixed
at theirgsbnancé value (3.7 kG). This was the arrangement when the
dataréf Fig. llc were taken. ILess reduction ih the white noise was
seen ﬁndéf other conditions, but such features as ‘the two-péaks aré
always co@pletely-eliminatéd by feédback. If'ﬁhere is fransmitter
noise_ori60-Hz noise (not seen in Fié. 1ic) ih fhé'plasma,,this also is
completeiy eliminated by feedback. |

’Thevprdbe ion saturation.current'is a measure of ion density. Thé
light emitted from’the plasms, hdwever, is due to only the more ener-
getic eiectrons because the average electron energy (~ 10 eV) is less
than thaf needed to excite a neutral‘atom. Neﬁértheless,* spectra of
low-fréqﬁency noise in the signal from the downéﬁream photomultiplier
are quité similar to thosevfrbm the probe, and comparable improvement
due tq:feedback is seen. The indication is ﬁhét if one can stabilize
a piasmé'source one can thereby reduce the fluctuations in vafious
different aspects of the resulting plasma.

I%,should be pointed out that fluctuations in our plasma ‘source
can berreduced by carefully "tuning" the gas pressure, magnetic field
strength; and microwave power. Regimes can be found whererthe behavior
is ééod and where the addition of the feedback controi effects little

additional improvement in the downstream plasma. (The upstream plasma
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is aiways_improved). The "quasi-quiescent" régimés are, hoﬁever, bnly
' a smali‘ﬁa?t of the entire range of achieva51e=parametér space. The
significanéecﬁ?oﬁi systém is that it can considerably increaée.the
extent of the "quasi-quiesceﬁt" fégiées.’ L

Althéugh these experimenté ﬁere perfofmed_oﬁ a,miérowave—produced
plasma,vthé type of feedback used should be aéplicéble'to_any plasma
preparation process'in which there éxists a sufficiently rapid control
over thé'pbwef inpﬁﬁ to thé piasma; Thevmethod hasritSvobvious limita-
tions; but.this system may well complement other feedback sﬁabilizatioﬁ
schemeé which are directed téward,specifié plasma instability ﬁodes.'
The méthod might be improved by more sophisticated optiCai sensing'
(e.g., wafelehgth and spatialulocélizatiqn) andiopﬁicalbsénsing, when‘
possible,‘should provide a convenient nonpérﬁﬁrbiné sensor forifhe ”
'feedback.stabilization of instability~modés ih.fusion ty?e.plasmas‘and
in laboratory plasmas such as that in COMPLEX;;,We note finally-that
the long term dehsity sfability which results from feedback”coﬁtrol is

a feature which would be attractive in any laboratory plasmaf
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FOOTNOTES

Page 1

* o . .
Work done under the auspices of the U. S. Atomic Energy Commission.

Page 3 o

Photoionization provides also a possible mechanism for some gases,
but stéady—state operation seems difficult to achieve for the required

powerfnl'sources of a far-ultraviolet radiation.

The extended negatlve glow of the so- called bfnsh cathode dlscharge
(PERSSON, 1965) may be included here although it constltutes a part of
an actlve dlscharge. Perhaps the most’ 1nterest1ng such source, however,
is the UCLA Plasma Dev1ce, cf. R J. Taylor, H.: Ike21, and K. R.
MacKenz1e, in Proceedlngs of the 2nd Internatlonal Conference on the
Phy51cs of Quiescent Plasmas, Paris, 1969, Vol 3, p- 57

Page l7

*Furthermore, anyvmodulation of input source poner is seen by the probe
after a delay of.about 30 pusec, whereas the same s1gnal is seen by the
downstream photomultlpller without any such delay Finally, an attempt
was made to operate the control system with the downstream photomulti-
" plier as sensor. This was successful to the extent that the control
did function and flucfuations in the sensor siénal were reduced, but

no effeot was - seen on the probe, fufther indicatlng the different

nature of the two signals.
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| FIGURE LEGENDS
Fig. 1;:1' The COMPLEX Dévice, including échéﬁatic for the féedback |
' .'x'_controlvana_a.typical plotvof magnefic.fiéld strength on
the axis.v ) |
'Fig. 2.. Electron denéity on axis in regibn_II vs Lisitané-coil
'dischafge pdwer for two different gag.pressures. The gasb

-3

is hydrdgen. vDensities below 5.5 x 109-cm can readily be
achieved, either by attemation of‘the'plasma flow through
- a grid, or by removal of the_Lisitano coil and use of
ordinary cavity ekditatidn;
Fig. 3f _' Electrén densities on axis'in_region IT vs gas preésure.v
(hydrogen)vat vafious diécharge'poﬁervlevels.
Fig. &.f - Electron density vs magnetic field,oh’axis in region IT at
' two pressures (hydrégen); The p6W¢f is 100 W. The dip at
E 3.8vkc is not fully understood, but it is probably related

to the gyroresonance at that field. .

Fig. 5. - Two different radial profiles of the ion saturation current,
tsat” .
Fig. 6.. Two curves of adjusted Langmuir-probe current, 1n (i - isat)’

vs probe pbtential_Vp.
Fig. 7. . Example of an electron-energy analyzer current.
" Fig. 8. Electron temperature vs dischargé_power at constant electron
density, n, = 4 x 1010 cm_5, in hydrogen. TQ-accompliéh this

5 L

the gas pressure had to be varied from 2 x 10 © to 2 x 10

torr.
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;(a) Cémparison of mean signal speed:with‘the calculated

acoustic speed c = \ﬁ?ﬁg7ﬁzafof the‘nbble gases He, Ne,
'. Af, and Kr. Note that ¥ = 1 here bécaqsé the large electron

bfhermal cohductivity keeps the compreééions isothermal rafher

~ than adiabatic. (b) Comparison of inferred plasma flow speed

v with csifor>thevsame conditions. -

| Probe signals vs time at differentjloéations_on the axis,
 'when a discharge power purét is used tozlaunch a density
wave which is partially reflected ét_é»metal end plate. A
microwave interferometer signal atiélloéation near the end

‘plate is also shown.

(a) Spectra of signal received by upstream photomultiplier

(0 to 50 kHz), with and without feedback. (b) Spectra of

“signal received by the Langmuir probe (O to 25 kHz), with

and without feedback. (c) Same as (b)‘éxcept 0 to 1 kHz.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with.
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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