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I. INTROIXJCTION

This is the Twelfth Quarterly Report, and covers the period from 1 September

to 30 November 1962. This program consists of a study of plasm oscillations

with the objective of determining and explaining the mechanism for the growth

of instabilities and oscillations in a gaseous discharge, with particular

emphasis on the action of sheaths and wave interactions with particles in the

discharge. The effect of parameters such as geometric shapes and boundaries,

magnetic field, pressure and velocity distributions will be taken into account.

The responsible investigator for this contract is Professor Marvin Chodorow.



II. OBJECTIVE

Close examination of supposedly quiescent plasma generally shows the

presence of fluctuations in discharge parameters such as anode voltage, current,

number density, light output, etc. These may be coherent or incoherent and
usually have strong components in either or both of the frequency ranges, zero

to a few Me/a, and the microwave band. The amplitudes may be quite substantial.

For example, anode voltage fluctuations from millivolts to volts are comonly

observed in discharges at a pressure of about 1 g with which we are concerned.

The objectives of this program are, then, threefold: (1) to observe the

characteristics of these fluctuations (vhich we shall term "noise"); (2) to

determine their generation mechanisms; and (3) to suppress them as far as

possible.

Previous reports have dealt with observations of some of the noise

characteristics, and suggestions for the generation mechanisms. Some success

in suppression has already been achieved by the use of grids and magnetic fields.

In this report, further experiments are described, generally designed to
elucidate specific points which have arisen from our previous work.
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III. T{MOIAL WORK

A. DI IO L REOIANC E

Previous quarterly status reports have dealt with a high-frequency dipole

resonance technique for measurement of dc and low frequency components of plasm

electron density, and some theoretical work has already been carried out fbr the

case of a cylindrical plasma, taking geometrical factors and a radial variation

of number density into account. During the quarter, solutions have been derived

by the same variational method for the cases of spherical and infinite plane

geometry. 5 The basic results for the resonant frequencies are as follows.

1. Plane Geometry:

22 _ (i)
ab 1 +P71

a

(cb) + (2)

Here, O2 corresponds to the mean electron density across the section.

2. ylindrical Geometry:

For the component varying as 0a (r/a)n cos no , we have

1.+7

Co- 2p (1)T-
K /e l I. . - K P

L +K

[1 -(b/c)J

- 1 , p 2n. (6)
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3. Spherical Geometry:

For the component varying am a (r/a)n p (c" 0) wea k 'W

by qs. (3), () n (), but with

n

n+l , 2n+1 ,(7)

where dimensions are as given in Figs.. 1 and 2, and a is the parameter in the

assumed parabolic variation of number density

I2 . . (8)
pa

We note that for dipole resonance of a plasma in free space, theme simplify to

Although we have not carried out measurements with hollow plasma, experiments

have shown that the resonances become double-humped in this geometry. 6  Since the

variational method can be extended to cover the case, this analysis has been

carried through and is to be found in Microwave Laboratory Report No. 9797

Results are given for symmetrical hollow cylindrical and spherical plasma,

taking into account electrode geometry, the discharge tube walls, and an

arbitrary number density distribution.

B. PLASMA IMPEDANCE

Our work on plasma impedance in the frequency range zero to a few M/s has

suggested that important information on the basic discharge processes and noise

mechanisms can be deduced. 8 ' 9 The preliminary theory based on single-stage

ionization processes gave an equivalent circuit which did not contain all the

terms of the experimentally-determined one. Since two-stage processes are

likely to be important in low-pressure mercury-vapor discharges, I 0 we are

attempting to extend the analysis to include them. This work is at a preliminary

stage, and will be reported more fully later.

C. NOISE AND PHOZ ISUEWT

About 18 months ago we drew attention to the fact that substantial errors

might be made in probe measurements taken in the presence of noise. 3 At that time,
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it was found that a paper by Garscadden and Emeleus was in press, so our work

v temporarily suspended, to avoid duplication. This publication dealt

separately with variations in the parameters ne  . V and V in the expression

for the electronic component, Ie , of probe current

where k is a constant, V is the probe potential, Vs is space potential and

V is the electron temperature measured in the same units as V and Vs
The general conclusions were that fluctuations in n* had no effect, and that

fluctuations in VS or Ve  could produce an increase in the dc probe current.

If only V fluctuates, then the section of the probe characteristic below
saturation is translated vertically on the usual log idV plot so that temperature

can still be obtained accurately, though space potential becomes difficult to
estimate. Some experiments were described for an effective variation in space
potential, and agreement with the theory was obtained.

We have generalized this theory to include simultaneous changes in all three

variables, and an arbitrary probe characteristic. The saturation regions have

also been studied. This analysis is given in Microwave Laboratory Report No. 980.1

The basic results are as follows.

For a generalized probe characteristic,

I f (.,Ve) , (10)

subject to fluctuations i (t), V(t)o Ve(t), by Taylor's Theorem, we have for
the probe current averaged over time t , the expression

1 +1/2{-A. n(t)+ As VS(t)+ As Ve(t)}

+ An (t) V(t)'+ A Vs(t) , Ve (t ) +Asa Ve(t)n() ,(11)
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where at and ,t)are rum values. The cross-products will
disappear if the signals are uncorrelated. The experiments to be described

later suggest that the temperature terms are negligible compared with the

others so that Eq. (11) simplifies to

- e + 1/2 {A Te(t)2 + At V(t)2} + A s (12)

0

For the probe characteristic of Eq. (9), and taking correlation of the ne(t)

and %s(t) fluctuations into account, we arrive at

Le = 1 +1/2 - coo n(3i e  V e
(3

where Cn an are rms values of the Fourier components of and

and I is the phase angle between them. \ ene

A iarge-signal analysis is possible if we ignore V (t) and assume a single-

frequency si3nal for Vs (t) and ne (t) . We then have

l s I n ele +co

where 10 and I1  are modified Bessel Fbnctions. The theory of OarscadMen

and Emeleus does not predict the cross-modulation term since the variables were

treated separately.
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IV. RCP~tngNTAL WORK

A. NOISE AND PROM WASUMOT8

The analysis just described was verified by modulating the probe potential

and discharge current with single-frequency and noise signals. A single-frquency

signal in series with .the probe simulates a variation in space potential. There

should be an increase in probe current corresponding to the first ter, of Sq. (14).

Figures 4a and b indicate close agreement between theory and experiment. The

circuits used were as shown in Fig. 3.
Next, simultaneous variation of number density and space potential were

made, with varying phase shift between the two signals. This gave the results

shown in Fig. 5, and good agreement was obtained between the results and Sq. (14).

This confirms, incidentally, that the temperature fluctuations were negligible.

Equation (11) indicates that for uncorrelated signals the noise power is

important, and that the noise could be replaced effectively by a single-frequenc

signal of the same rms value. This was confirmed in experiments where the probe

was modulated by a noise signal. Typlcal results are shown in Fig. 6. It is

clear that the approximate equivalence is good up to about the electron temperature.

In practice, the effect of fluctuations is to reduce the current at which the

break-point in the probe characteristic occurs. This is clearly visible on Fig. Ihb,

and will lead to underestimation of the electron density. For example, with a

single-frequency noise signal of AV volts peak-to-peak, the electron number

density will be exp (AV/Ve) times that measured from the experimental break-

point, even under ideal conditions. If AV/V* is not smell compared to unity,

substantial errors will arise. Further considerations along these lines are

given in the report, together with suggestions for an ac method of temperature

measurement based on the large-signsl theory.

This phase of the work is now considered as completed.

B. ION WAVES

The past quarter has been devoted largely to closer examination of the nature
of the radial Ion wsves proposed to explain the peaks ip the low-frequency noise

spectrum. In particular, the appropriate boundary condition for an ion wave at

-8-
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a wall sheath is not at all certain. One possibility is that the density and

potential have a node at the wall as was assumed by Crawford;13 alternatively,

i'; could be that the density fluctuation has an antinode at the wall, as in

an ordinary sound wave. In practice, the boundary condition might lie between

these two extremes.

The modes to be expected on a uniform plasma column vita the alternative

boundary conditions are quite different as are the cut-off frequencies for

longitudinal propagation. The cut-off frequencies are given by

v

fm,n mn

where v. =7kTe/m 1)1/2 is the phase velocity of a plane wave in the unbounded

plasma, and where, for a node at the wall, a is the nth root of J'(x) - 0

while for an antinode at the wall, amn is the nt h root of J mX) - 0
For the four modes with lowest frequency in each case, we have

node at wall: 03- 2.09 0 - 3.832, C921 w5.135, a02 - 5.52

P.ntinade at wall: 'In = 1.842, a2 1 - 3.05, Ol = 3.832, '3 1 - 4.21.

In the case of the antinode boundary condition a dispersion-free plane wave, a a 0

is possible, i.e., a wave with constant amplitude across the section.

Unfortunately, uncertainty in the appropriate value of y and the relatively

large tolerance in temperature measurement means that the absolute values of the

noise peak frequencies do not allow a distinction to be made between the

alternative boundary conditions. Further, the ratios of the frequencies of the

second, third and fourth peaks to the first are almost identical for the two

ccnditions. They are

node at wall: 1.59, 2.13; 2.29.

ant.inode at wall: 1.65, 2.05, 2.28.

Two methods of resolving the ambiguity have been pursued. The first has

been to trj to directly determine the profile of the density fluctuation across

the tube from the accompanying light output fluctuations by using a photo-

multiplier and simple optics arranged to accept light from only a narrow pencil

:Tich is traversed across ".he sect.on. The second approach has been to use

tubes for which the frequency ratios with the alternative boundary conditions

-13



are quite different. Two such tubes are shown in Fig. 7. For example, in the

case of a rectangular tube with dimensions a,b such that a/b - k(> 1) ,

the cut-off frequencies for a uniform column are given by

V V.
f mn - -n+k mI , (16)2a 2a

where for a node at the wall: m = 1, 2, 3,

n 1 1, 2, 3,

the first six modes have 2 2V 5, while for an
antinode at the wall: m 0, 1, 2, 3

n 0, 1, 2, 3

and the first six values of 3 are 1 = 1, 2, '/5', 2-V2, 3, "Vr3, •

In addition, in the latter case the mode m 0, n = 0 is allowed, correspond-

ing to a dispersion-free plane wave with no variation in the cross-section.

The ratio of the lowest frequencies with the alternative boundary conditions

is '3 = 2.24 compared with 1o31 for the circular case, so that the absolute

value of the lowest frequency noise peak is more useful in this case. Also,

the ratios of the frequencies of successive peaks to the lowest are quite

different with the alternative boundary conditions. They are

node at wall: 1.26, 1.61, 1.84, 2, 2.24

antinode at wall: 2, 2.24, 2.83, 3, 3.61, 4.

Thus, there should be a clear distinction between the mode spectra on the

alternutive boundary assumptions. Similar considerations apply to the pill-box

geometry shcwn in Fig. 7. These flat tubes have the f i.itional advantage that

the light Intensity proffle is more convenient for study than that of a cylindrical

one.

1. Light profile measurements on a cylindrical tube.

Before the rectangular tube became available, near the end of the quarter,

light measurements were made using a cylindrical tube of 2.5 cm i.d.

Figure 8 shows the system used to measure the profile of light intensity.

The width of the section sampled is con .rolled by the width of the movable

slit (2.5 mm) while the divergence of the section sampled is determined by

the ratio of the circular aperture to the focal length of the lens. At first,

some difficulty was experienced due to the fact that for different positions
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of the slide, the light tends to fall on different areas of the photocathode.

If the sensitivity of the latter varies over its surface, errors are introduced.

Careful alignment reduced such errors, though an intrinsically more accurate

method would be to keep the slide fixed and move the whole detector bodily at

right angles to the tube in an accurately controlled manner.

A measurement taken of the profile of the dc light output at 100 ma tube

current is shown in Fig. 9a. Some slight asymetry of the profile i noticeable

and may be due to residual errors due to the reason mentioned above or, possibly

due to differing thickness of the glass tube wall or deposits of mercury on the

tube wall, though these were avoided as far as possible by gentle local heating

of the tube.

Figure 9b shows profiles taken under the sae conditions of the ac component

of the light output for a superimposed ac current oi' 30 ma at 1 Kc/s . It is

seen that the profiles are virtually identical. Similar measurements were made

at frequencies of 100 c/s, 1 kc/s, 10 kh/s, 100 k/s and 1 P&ls . There was

no great chance in the Drofile, except for 1 Mc/s when it became aoreiably

more roundeZ. his euust that, supposing the light output to be

proportional to local electron density, the ac density amp.Lituoe is proporiona.

to the dc density at every radius--a not unreasonable result.

In principle, if the intensity profile is measured, it is possible to deduce

the intensity of emiscion as a function of radius. This is a tedious

arithmetic transformation and the final answer tends to magnify errors in the

experimental curves. Figure 10 shows the result of this transformation on the

dc profile. A rather 'large scatter Is evident, and it is clear that considerable

refinement of the method is required to give accurate values for the emission as

a function of radius. Also plotted is the density to be expected on the basis

of the plasm approximation for the low pressure discharge calculated by

Tonks and Langir.
I1

With no impressed ac current, the photoultiplier output shows a noise

spectrum very similar to the noise spectrum of the tube current or voltage with

a broad peak around 40 kc/s and a second smaller broad peak around 70 k/s

The profile of the height of the first noise peak as measured on a spectrum

analyzer was next measured. The photomultiplier was located some 14 an from

the constriction where the maximum noise occurred. The result is shown in Fig. 11.

It is seen that the profile is very similar to that of the dc light output and

- 7 -
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the ac output for impressed currents.

In order to investigate the profile of the noise fluctuation of lght

intensity further, two identical photomultipliers were used on opposite sides

of the discharge. When the two slits wtre in line with the axis so that the

photomultipliers sampled the same central volume, the signals, displayed in

Fig. 12a, were very well-correlated. One photomultiplier was now raised and

the other lowered until they were accepting light from opposite sides of the

discharge, with the result shown in Fig. 12b. It is seen that the signals

are still well correlated. Thus these measurements seem to show that the

noise fluctuation of the light output is in the same phase across the cross

section and that the amplitude approximately follows the same radial variation

as the de light output and hence the steady electron density.

2. Light profile measurements on flat tubes.

The rectangular discharge tube was constructed from three 25 x 3.0 x 1.5 cm
lengths of precision tubing. The tube proved to be unusually quiet. This may

be due to the way in which the cathode shield was tapered into the rectangular

shape of the main tube. It has previously been observed that the noise level

is lower on tubes without sudden changes of cross section.

A large number of well-defined peaks were observed in the noise spectrum,

extending from - 20 - 400 kc/s (rig. 13). At low currents, less than, say,

50 ma, the peaks were very sharp; at higher currents, say, 100 ma, the peaks

were fewer and broader.

Careful measurements were made of the frequencies of these peaks as a

function of current in the range 10 to 100 ma. There are some peaks which

tuns very little with current, others which tune rapidly with current, and

in addition, some modes appear only over a limited range of current. A plot

of the frequencies of the peaks against current is shown in Fig. 1. Particularly

noticeable is a set whose frequencies are quite accurately in the ratios 1:2:3..

It was established that these are time harmonics of the lowest frequency rather

than separate modes.

It was concluded that the narrow, current-dependent peaks observed at the

lower currents were not related to the fev broad current-independent peaks

observed earlier in round tubes.

In some further experiments the effect of lowering the vapor pressure by

immersing the cathode end in water at OC was found to be quite drastic. In

- 21 -
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a typical run at 100 ma tube current, at room temperature (- 20°C) broad peaks

were observed at 47, 94, 14o, 188, 237 and 290 kc/s, which are quite accurately

in the ratios 1:2:3:4:5:6. On cooling the tube, these broad peaks virtually
disappear, while a few sharp current-dependent peaks appear.

In viev of the complexity of the phenomena, there seems little hope of
relating these frequencies to the ion wave cut-offs calculated above. It would

seem that the peaks corresponding to those observed extensively by Cravford in
round tubes are the broad, current-insensitive ones observed at larger currents.
Unfortunately, these peaks appear to be all time harmonics of the fundamntal
one which occurs at 47 kc/s for 100 m current. Thus it would appear that we
are exciting only one mode of the type expected and we cannot deduce anything
about the boundary condition from the ratios of peaks, as we had hoped.

However, from the absolute value of the lowest frequency we measure

- 47 kc/s at 100 ma tube current so that fO(2%) 1.4 and chanes only
slowly with current. The theory gives:

for a node at the wall: O(a) - 1430 (,)/2
for an antinode at the wall: f(2a) _ '0 (T) I/2

Thus, on the alternative assumptions we have (yT.) a 10 0 and 4.84 x 10 ,

respectively. Since 7 > 1 (and very likely 1 < 7 <5/3) , and since the

electron temperature under the conditions of the experiment was probably about

30,00°K , the antinode essumption is seen to give a better fit. The assumption

of a node at the wall does not fit unless the temperature ere less than 10,000°K ,

which is considered very unlikely.

Thus, although the results from the spectrum of the rectangular tube are

not as positive as had been hoped, they do provide support for the antinode

boundary condition.

Preliminary attempts to determine the profile of the noise fluctuation of

light output in the rectangular tube were not very promising because the noise

level was so low that the shot noise in the photonmltiplier was comparable.

The separation of the modes in the pill-box tube was expected to be even

greater than in the rectangular tube. The success of the experiment depended

on the appearance of the lowest mode for a potential moxium at the wall. A

frequency component of roughly the predicted value appeared in certain ranges of

current but was somewhat erratic. It was also somewhat dependent on the current.

Further tests have been made on this tube which is presently beln modified.

These results, which will be given in a later report, also seem to incline towards

the potential maximm boundary condition at the wall.

-23-



C. STRIATIONS

Attempts to observe fixed or moving striations in our mercury-vapor discharges

have been reported previously. 3 In other discharges where striations are knowm

to occur, they are generally accompanied by large amplitude low and high frequency

noise, so that it is important to know whether or not they will appear under our

conditions. Although it did not seem likely that they would do so, detailed

observations of such striations in mercury vapor had been reported in one

publication. 1
6

Some further work was done during the Quarter using improved photomultiplier/

amplifier setups. At first, two photomultipliers were used at different positions

along the column and correlation between signal and position was looked for, as

in our previous experiments and those of Foulds.

Unfortunately, the signal level was found to be so low at points well removed

from the cathode and the constriction that the discharge noise/shot noise level

was very poor. To improve this two photo-cells followed by video amplifiers

were used in place of the photomultipliers. By arranging for the photo-cells

to accept much more light from the discharge than is permitted with the photo-

multipliers, the discharge noise signal/shot noise can be significantly improved

since the "signal" is proportional to the light intensity while the shot noise

is proportional to the square root of the steady light level. Using the photo-

tubes, a series of double trace oscilloscope shots were taken starting with both

photo-tubes looking at the same point in the discharge and then as one was moved

to various positions along the tube. With both photo-cells looking at the same

point in the discharge, the correlation was excellent. As one tube was moved

along the tube, the correlation gradually decreased. As a check, the outputs

from the two photo-cells were applied to the X and Y plates of an oscilloscope.

When the photo-cells were looking at the sae point, the trace appeared as a

straight line. As one photo-cell was moved along the tube, the straight line

gradually degenerated into a diffuse spot signifying no correlation between the

signals.

Similar measurements were taken using two strip-lines instead of two photo-

tuber to see if there was any correlation or evidence of moving striations in

terms of the number density fluctuation. Results were similar to those obtained

with the light output.

- 26 -



An account of our work on striations and a discussion of their mechanisms

and probability of appearing in low-pressure mercury-vapor discharges are given

in Microwave Laboratory Report No. 962.17

D. IMPEDANCE

To complement the theoretical work described in Section III.B, measurements

of plasma impedance have been made in a tube containing a movable anode. It was

hoped that it might then be possible to separate the impedances of the positive

column and the electrode regions. It was found, however, that the commercial

bridge used could only operate at low signal levels which were difficult to

detect in the presence of the discharge noise. More recently, consideration

has been given to alternative experimental methods and schemes involving direct

display of the impedance locus on an oscilloscope. These will be reported at a

future date.

E. DOUBLE SHEATHS AT TUBE CONSTRICTIONS

It has been remarked frequently in the course of this work that tubes

having a constriction in the column are usually considerably more noisy than

those without, and that noise is generated at, or near to this constriction.

Since the plasma has different number densities and electron temperatures in

the two sections a double-sheath might be expected to form at the constriction

to prevent a net current flowing from the smaller to the larger section.

Since double-sheaths near cathodes seem to have high and low-frequency

noise associated with them, it seems likely that these constriction sheaths will

be accompanied by similar phenomena. Little appears to be known about them,

other than that they exist, so a special discharge tube has been constructed

to study them. This is shown in Fig. 15. The moving prove may be traversed

from anode to cathode. For part of the work carried out under another contract

an instrument was constructed which can be used to give the second differential

of the probe current/voltage characteristic. This can be interpreted to give18
the electron velocity distribution. Preliminary measurements indicate that

the sheath occurs in a narrow regon <.2 - think, close to the eostriction. ft:

voltage drop across the sheath can be predicted on tie basis of a simple theory

which is presently being developed, and for the experimental tube is 5-10 V
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V. DISCUSBION AND UVURE PROGRAM

In the coming quarter it is hoped that our theory of plasma impedance will
be extended to include secondary effects and that we can improve the agreement

with experimental results. The theory of dipole resonances is to be checked

in the plane geometry already available in the pill-box tube of Fig. 7. We also

hope to check some tentative theory proposed for the case of dipole resonance

in a cylindrical discharge tube lying in an axial magnetic field.

Further work will be carried out on ion waves to elucidate their boundary

conditions, and to this end some propagation experiments are envisaged, together

with examination of resonances in a modified design of the pill-box tube.

The light output studies will be continued, with more attention paid to the

individual spectral lines. Study of these, it is hoped, will help to clarify

the maintaining mechanism of the discharge, which in turn determines whether or

not oscillations are an intrinsic factor in its survival or not.
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