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QUARTERLY REPORT
Nonr 220(13)
Vacuum Tube Research Projec*

California Insiitute of Technology

This report covers the fourth three monthe of operation under this
contract ancd is for the period Jamuary 1, 1954 through March 31, )95L. It
describes progress mads on the problem of saturation under attenustors with
partiocular refersnce to the comparison of our work with some of the measursd
rosults on a tube being iested at ihs lughes Aircraft Company.

Perhaps the principal content of this report is a survey of theo-
retical papers in radio astronomy which forms the beginning of our research
effort to determine the relative merit of these various possible explanations
of radio generated noise, and may include an attempt to dsvise our own theory
of somn radio generated ncise,

Further work on the bifilar helix for the possible production of a
baciward-wave oscillater which will reguire no magnetic focusing fields is
sl3o desoritad, The raport also discuasss the beginning of a research acti-
vity on the M-carcinotron and theoretical ressarch progrems with respect to

21l of ths above,

Project A =~ Theoretical Studies of the True Tape Helix and Application to
Fleciroatatically Focused Bifilar Backward-Wava Oscillators

Staffs R, W, Couid, R, D, Weplein, L. M, Field.
Farf{ormance of the bifilar baokward-wave oscillator tube has been
improved to the point where approximately 10 milliamperes can be transmitted
to the collector cut of 12 milliampei'es admitted current, with the order of

500 volts on one helix and 1500 volts on the other, OUsciliation has been
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vbaserved in a small numter of diecrete bands undar essentially these condi-
tions., A new tubs is auw undosr construction in which it is hoped that
intarnal matches will provide a amooth oscillation characteristic, Further

measzurements are being held up pending completion of this tube,

Project B ~ Backward-Wave Oscillator Efficiency

Rot activa during the period reported here and will be reactivated
only after good backward-wave oscillator performance is observed on Project A,
Project C =« Power Limitation in Fcrward Cain Amplifier Tubes by Attenuator

Saturation
Staffs W. Buchman, T, Feuchtwang, L. M. Fisld

This report will present further considsrations of the effects of
sttenuators on the high lavel oporation of traveling-wave tubes. Some ex-
psrimental resulta pertaining to the theoretical considerations will be
presanted,

The usual traveling~-wave tube increasing wave mode is not one of
the modes which is capuble of existing in wun attenuator repion., Therefors,
it i5 necesaary to know how new modes are excitad in euch a region., One
assumption whicii has been made to advantage in our inltiel studies is that
the attenustor region can be considercd &s if it were merely a drift space,
Under such simplification it has bcen shown that the modes that will be ex-
cited in the attenuator will scrumble and cause high current peaks which are
much larger, typically by a factor of about four than the Io conponent of
the current at the end ¢f an attenuator.

The ideas ovresented in the previous reportas have been applied to
thse high‘power probe tube built by the Heghes Alrcraft Campany_to v des-

eribed at the 1%5) Eleetron Tube Research Conference. The results show that
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mere consideretion of tho attenuator as a drift space which causes aspsace
charge waves with differing space charge wavelengihs to bo set up--taking
care tc include lhoss set up by the initial velocity modvlagion of the
1ncreasing wave--does not predict saturation at a level low enough to agree
with the experimental resulta. For such a high power tube to saturate at
the observed levels, there must be some kind of a gain process taking place
iii the attenuator repion. This gaining process may be some form of admit-
tance wall amplification using the attenuator coating as the wall, There
was a diascrepancy of approximately a factor of three in current which had to
be made up by this gaining procass. Reasonable assumptions about probable
resistance-wail amplification under this attenuator as taken from the
Birdsall and Whinnery work% seem to give just about a factor of three in
current amplificetion as required. It also may be true that the helix is
interacting with the electron stream sven though there is a heavy attenua-
tor present. The exact nature of the process which is taking piacs is the
subjsct ol our current study,

The postulatsd process for saturation of the Hughes high power tube
is nov¥ as follows. An increasing wave is incident upon the attenuator. The
wave in the electron stream coniinues to grow by one of the mechanisms pos-
tulated abova., The circult wave, however, is absorbed by the attemustor,

By the time the electrons leave the attonuator section, the wave on the beam
has grown sc¢ large that it has saturated, This saturated beam now has to
get up a clircuit vwave on the helix, Ti is Lhen obvieus that the circuit

wave can never be expected to reach a 1nw) as lurpe as the one which would

e s B A ——————— ——— o o ot b e e ol e im es e e o e e

® Birdsall and Whinnery, Jouraal of Arplied thvaiea, 24,
pp. 215-323, 1953,



b

be obtained if the beam were not saturated at the exit of the attemuator,

Now perhaps it may be worthwhile to conaider the conu.'’lons
swhich determine whether the sffects of high ordar modes or the amplification
under the attenuator is of importance in determining attenuatur effects at
high level. High nower tubes are made tu have large current densities. This
moeans thst the plasma frequency is relavively high, mp/m » 0,2 or greater,
This high plesma frequency means that there are a sufficient number of plasma
wavelengths in the length of an attenuztor so as to give considerable gain as
ai impedance wall amplifier or a traveling-wave tube with attenuation,

For smaller powers, the probe tube that was tested here at the
Institute recently is an example of the opposits situation., The piasma fre=-
quency » relatively low, wp/w = 0,04 « This means a practicsl atteauator
is only a fraction of a plasma wavelength long. This pr:cludes the possibi-
lity of having large gaina available in the attenuvator region, One should
realize that what is coneidered as a plasma wavs can also be considered as a
aum of two traveling waves of alightly different propagation constants which
interfere with each other in space. In an admittance wall amplifier, one of
these waves becor:es an increasing wave and the other & decreazing wive, If
the gain is not large, the amplitudes of the two waves are still almost
aqual and can interfere with each other to a sufficisntly great sxtent so as
to behave almost like plasma waves, This is what appears to happen ir. low
current density tubes,

One further distinction between high and low current density
tubes should be made clear, c ﬁi is large {or fow current daensity
ranging about one or tuwc, and small for high zurrent dansity tube= down to

as lew a3 G.3 . In the first case, velocity moduletion at the input of the
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attenvator gives rise io

bed

arze current peaks in ths current profile near the
end «f the attenuator due to high order modes, whereas in the seconc case
the contribution of initial velocity modulation to current peaks at the end
of the attenuator is quite small indeed. This can be understcod by refer-
ring to equation (9) of our Quartarly Status Report No. 2 .

The above argument leads Lo the following conclusion., For low
current density tubes the attenuator causes large pesks to he built up in
the ac current profili of the beam due to initial velocity modulation. These
poaks are maiiy ti@ms8 the size of the useful signal, and cause saturation to
occur before the sirnal can saturate the beam. This process has been des-
cribed in a previous report. For high current density tubes, some kind of
gain process 1= orccurring in the attenuator with the result that at
relatively low drive levels 3 saturated beam may leave the attenuator., This
caturated team must then set up an electromagnetic wave uvon ihe structure,

At present, plens are being made to exteand tha work of Chu and
Jackson® to include the effects of a conductancsz shesath around the helix,

In this manner, one can follow how the principal propagation ccnstants change
with the parameters of the problem. Such an &nalysis could put much of the
previous discussion cn gain under the attenuator on a rigorous basis,

As a simplification to the problem feor the present.,, and not un-
important by itself, the r10ilowing situation is being studied. OCne follows
the Chu and Jackson analymis exactly up to the point of setting up the boun-
dary conditionas. It is then assumed that tkere is no conduction across the
heiix, but that there s finite surface cenductiivity along the helix, This

means that tangential electric field is continuous both along and acrosa

* Chu and Jackson, "Field Theory of Traveling-Wave Tnbes",
Proc, L.R.E, 36, 853-863 (10LB) ,




the helix, Current fiows along the helix in proportion to the electric
field in that direction. This means that the tangential magnetic field
difference betwcen the inside and outeide of the Lelix in the direction
across tha helix is equal to this surface current density. The magnetic
field along the helix is continuous.

One can then determine the circuit admittance of Chu and Jackseon,
!r « Then, by use cf the beam admittance, which hus been calculated by
Dirdsall and Whinnery, the propagation cconstants can be determined, and the
effect of changing surflace conductivity can Le studied.

The next extension would be to consider a lossy wall which is
separate from the helix, The same procsdure will apply.

During this period of study there has baen set up a high-gain
low-power tube in our laboratory with a moveable probe system which can
measure fiald intensity on the helix as a function of pogition along the
helix for various drive conditions and with various attenuator configu-
rations. A number of measurements have been taken with this tube and they
are being compered with our theory to this point. It apnears that we can
predict ithe drive lev2]l dt which saturation occurs for Qarioua lengths of
gtteiiiators as woll as predict the onset of other non-linear phenomena
such as dec¢reased gain after the attenuator. Presentation of such probe
measurements will ve made in the next report.

Project D =~ FProposaed Method of Expansion of lraveling-Wave Tube Fields
into Modes.

Staffs W, Puchman, L. M, Field.
In our previous repo.t, No., 3, some ideas about the expansion ef
traveling-wave tube filelds into modes were expressed. The problem that

presents iiself is that of how te determine the amplitude of each moda that



is excited,

It nay be that ths Poynting vectors for the various modes form
an orthogonal set., Such a property must be true for any structure for which
the energy propagation can he computed as the sum of the energies as if only
one mode were present at a time,¥

Anothor way of approaching the problem of achieving orthogonal
mades, 1s through the concept of transformin  te principal sesrdinates,

This is the same as transformming the erorgiea, electric and magnetic, to
quadratic forme. In the case of losslens systems, this siiould always be
theorctically possible,

One case which is simple to demcribe is that of a stretched

etring which is asupported at its ends by elastically bound massive points,
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Figure 1.
0 = linear ..as8 density of the =tring
If y(x) 4s the displecement of thc string, possible modes are
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¥ R. B, Adler, "Waves on Inhomogeneocus Cylindrical sStructures",
Pruc. IRh! EQ. 339‘)“89 (1952)



In this case, tho ortheogonality of the modes le expressed as

4
p'(
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x) dx

sMeM (Y sinm Locoam £)Y(V einm £ +cosm £)= 0
r r r s 8 s

for rys

Note particularly, that the last two terms denote the ener(y of the end

pointe. The use of the function between O and 4 s not sufficient.?

Perhaps some of the considerations of Rayleigh are applicabls

form to the traveling-wave tube,

in modified

¥ J. W, S. Rayleigh, "Theory of Sound", Vol, I, 200-202. (Dover Pub.),

Kew York, 1945).

Project § - A Study of the Relation between Microwave Noisa Generation
Processes and Possible Noise Oeneraiion Processes in Radio

Astronomy.
Staffs R, W, Oould, L, M. Fleld.

In order to study the relation batween microwave noise processes

and those which occur in radioc astronomy, we first made a review of the

literature on this toplc. Following this review of the literature we have

begun an examinatlion of methods which can distinguish those suggeeted

processes which are physically reliable from those which are
of our progresz in finding such methods will bs given in o

A Short Summary of a Feviow of the Literature on the

. of Non-Thermal Noise Generation in the Sun

not, A report

At wavelengths below cne meter and down to as low as one centimeter
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radio noise is observed from the sun, much of which is attributable to the
temparature of the sun in its various layers. This thermally generated noise
is relatively well understood with the exception of amall minor disagreements
with the optical data which sre now being satisfactorily adjusted, There ara,
hovaver, a variety of types o rnoise which are probably not thermal in origin
end which are distinguished from ench other by their duration, polarization
and variation in spectrum with time., These are tabulwied and connected with
their probable optically visible origin in "Tha Sun".1

It seems reasonedle that different processes in the sun account for
these different types of noise in view of their different polarization and
duretion characterigtics. We will here concentrate upon the possible theo-
retical explanations of what mey be one of the simplest of these phenomena
by attempting to understand the randomly polarized nniae sssociated with
solar flares, In these solar flares matter--probably ionized--is obviously
rushing through portions of the sun's atmcaphere which contein relatively
stationary ionized particles and we will attempt to find a noise generation
process somewhat akin to those which occur in mocrowave vacuum tubes, Une
fortunately, it is quite likely that the valocity of transpert of the ions
is much helow the mean thermal velocity of the relatively stationary medium
&t the temperatures at which thevy find themselves, and hence appreciable ex-
tensions of any present microwave neise pgeneration theories are required,

Our search of the literature covering these matters bepins with an
article by J. R. P1erc02, in which he examined the effect of a atraam of
slectrons moving through a repion of staticnary ions end found infinite
pain for a frequency of ercitation equial to the ion plasma frequency unless

collisions smong icns existed or the ions had a finite drift velocity. He



190,

also found that in the presence oi a magneiic field growing waves could exist
near the cyclotron frequency. He did not suggest any epplication of his
paper teo noise generation in the sun's atmosphere, however, nor was his
theory particularly applicable to the case in which the average drift velo-
city was comparadle to the thermal velocitisa of the iors,

In 1949, Dr. A, V. Heeff published an article’ on the growing
wave poasible uwhen two streams of slightly different velocitiss traverse
the same spuce,and in the same ysar Dr. J. R, Piarce vwrota an articleb along
similar iines.

Ones of the firat suggestions thet those ideas might be applied to
conditions for noise generation in the solar stmosphere was made by Dr,
Haeff.s Haeff postulated two straaus.exiating in the sun's atmosphere with
a mean velocity approximately that determined from the length of time it
takes for a solar disturbancs to cause effects in our own atmosphers, He
shose the velocity differaencs batween the two strsams vo be that appropriats
to the temperature existing in the outer layers of the sun, and he chose a
density for his streams which is esseantially that of the eleciron density
near the sun‘s surface, As a result he was able to predict & spectrum which
agress roughly with that dotermined by observations. Unfor‘unately, as
numercus critics of thia tyeory have pointed out, the process described is
highly suggesiive of what may be happening, but the model is somewhat too
arbitrary and at odds with & variety of known conditions in the sun. For
example, Bui'I.ey6 complains that the Haef{ theory uses values of current den-
sity and mean velocity which are off by a factor of 106 frem allowable values
determ:ned by other means. In addition he observes that no mechanism for the

radiation of the enerpy is described and 1ittla sitention is pald in ths



thaory to the precise layers in the sun's atmnsphare at which the interac-
tion is supposed tco take place or to the wsll-known effects of absorption,
rofraction and reflection of these layars on radio amission.

At about the same time, Bailey published a nmeries of avticles7
proposing an elsctro-magneto-ionic theory in which he analyzed waves that
propagate in two ionized gases moving relative to sach other with s magnetic
field present. Here the magneto<ionic theory of Appleton which has been
reasonably well confirmed in our own atmosphere, predicted cut-off waves,
and Bailey obtained complex roots for these cut-off waves--and then sug-
gestsd that growing and decaying waves were thsrefore poassidls. The sug-
gestion was then made but not followed in detail, that these growing waves
might well acc~unt for some of the solar flare noise ganeration, Much doubt
has bson expresued with resnact ta the physical interprestation or posaibility
of excitation of theae solutions, first by Walker and then by Twiss,
Walker's comments relate initially tc an error with respect to the inclusion
of relativistic effects at onm point in the aneiysias and their exclusion at
a#other point. Bailey later corrected this ditficult&s but criticism =f the
interpretaiion of the solutions remained. In essence thig criticism reistes
1o the ease with which arparent growing-wave solutions may be found in a
cut-off system and the great difficulty of determining whsather or not such
growing waves can be excited and can extract aopreciable amounta of energy
from the stresms and convert these energies into growing waves. The waves
that Bailsy atudied are "itranswerse® waves and the energy in them is pri-
marily alectromagnetic as contrasted with the "longitudinal" waves atudied
by Hueff and Plerce., Thelr enerpgy is primarily electrostatic and kinstic
or inertizl. 7Thkis circumventr the radiation probiem, the snergy is glready

primarily alectromapgnetic so no conversion is needad,
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Associated with theme articles by Bailsy, there appoared an ar-
ticle hy Roberte9 on wave ampiificaticen in which he applisd some of Bailey's
ideas to traveling-wave tubes and arrived at the novel conssquence that a
circuit of the sort uaed in traveling-wave tubes was nct necessary and that
an electron stream insides of a cut-off waveguide could have a phenomenal
growth rate, This wave vas evidently a cut~off wave looked at from the
wrong end as soveral authors pointed outlo’11 &nd is not excitable from the
amalli amplitude end. Pailey's cut-off waves in his uvlectromagnetic lonic
theory are much mere difficult tc definitely rvle cut, and by setting up
vory artificial impedance boundaries, it is conceivable that some small
energy exchange might exist, However, it appears highly questionable that
such properties would exist in the sun.

Several workeral3’1h’15 have considered the motion of a thermali

plasma in a uniform static magnetic field. Hahnfor313

worked on the problem
first but Orosam has pointed out that his rolution is in error. Groas
found that if the piasma nas & sharp distribution of pariicle velocities in
s plane transversa to the static magnetic field there are paps in the fre-
quancy specirum, the width of the pgap depending on the velocity at the peak
of the welocity distrihutien Funciion, This 1a thought to give rise to
total reflection of an incident wave, when the freguency lies within one of
thess bands. Sen15 has examinnd Oross' resuit in more detail and found that
the dispersion relation may be sztisfied by complex frequericies, the inter-
retation being that disturbance in caritain bands of frequency can grow ax-
ponentially with time. Poth Gross snd San have considered the wave numhsr
to be real and Sen finds that thiz wave number must exceed a2 certeln minimum

in order for complex frequencies to ba possible, These treatmsnts sufter

from the common difficulty that boundary conditions are not included,
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In any event, the situation is sufficiently complicated that we wil)
turn for ths time bLeing =t least, to solutions in the abrence of s magnetic
field and hope that at leaat ascme of the nolse from the sun--for example,
the randomly polarized noise from solsr flares--can be explained without
the necesaity for a magnetic field to produce polarixation aeffects, Mont
>f the work which has bman dons in thia direction and which we are currently

attempting to extend, appears in the works of Feinatein und Sen16, Sen17
18

’
and the many papers of Bolm and collaborators.

In addition to theme articles, Rylego

eriticizes all the non-thermal
theories proposed up to that time, principally these of Haeff and of Bailey
on the basis that the radistion could not escap® from the sun at the levels
at which 4t was contemplated that those processss take place. Second, that
thess procasaus containsd no mechaniam for radiation. Third, that velocity
modulation cannot exist in a region with a high relative temperaturs,
Fourth, that the streams propossd would come apart before they got to a
region whers thoy could radiate., Most of thssa criticissms do not apply to
the thsoriax which were proposed later in which all of thess points are
carefully considered,

Twisszl in a recent article, supgpests a completely new mechanism in
which a klystron-like action occurs with trarsvorse waves in the ionized
region and iwo discontinuities in the sun's atmosphere acting in essence
as buncher and catcher resonaztors. Unfortunately, it is difficult to veri-
f¥ the possible existence of auch discontinuities and for the moment, at
least. we will conrcern ourselves with nolss sources cn vhich more observu-

tiona} information is Grailable,

Feinstein and Senl6 have snalyzed the doubls stream case assuming
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vhat one siream 18 at rest but has a thermal velocity spread. They find
complax propagsation constants are possibie sven when the moving strem
has a velocity much less than the mean thermal velocity of the particles
of the stream which is at rest., This result is laterpreted as making am=-
plification posaible under these circumstanoes, a result which is in
disagreement with the results of Pohm and Oroaa.le The latter have found
that only perticles or s stream of particles whose velocities are greater
than the mean thermal velncity of the stationsry stream sxcite its plasma
oscillations. Thars has a3 yat been nc careful examination of whather
the complex vropagation constants found by Feinstein and Sen rapresent

growing waves suad can ba excited under ordinary circumstances, We propose

#

P

to investigate this point much further. In their paper, Feinatsin and San
also conslder that radiation might be produced by transverse motions ine-
duced by a static magnetic field.

Using an analysis quite similar to the preceding one, sgn17 has
estimatad the density and motion of solar material associsted with a solar
flare by fitting the spetrum observed by Wild.!? It is assumed that
decrease in frequency o the noise is due to a motion of its eource into
reglons of lower plasma froquency. The veloclity which the moving stream
i3 required to have is, however, only about a tenth the mean thermal velo-
city of ihe electrcns ir the corona, so the result is subject to the
criticism that it is in disagreement with Bohm and Gross.18 In additien;
the mechanism of radiatior iz not discussed, except to point out that it
need not be very efficient (in terms of the kinetic ensrgy of the injeciad
particles.)

It should be noted that in this article by Snn17, a square thermal
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v:locity distribution is used which leads to certain analytical difficulties
as pointed out by Tviea?? and Landnuez. The correct thermal velocity dis-
tridbution may be carried through however; and leads %o essentially the same
w2ves which were interpreted by Sen &z 2 possible amplification mechanism,
This intsrpretation needs further study as previously discussed, and may be
another cass of a diaguised cut-off system. Nsvertheless, the apprcach is
very suggestive of further anaiysis which may be productive and is the first
deteiled paper using realistic solar conditions and a fairiy detailed analy-

sis,

For the near future, our interests will be in the directions of re-
solving the Bohm and Oross vs, Sen discrepancy, examining ths interpretation
of San's grevisg waves Lo determine if a true amplification process exists,
axemining the effsct on thoss longitudinal plasma waves at a discontimuity
or boundary in ion density o dsisimine the resulting radiation, and later
examining some of tha more likely plasma excitation processes such as thiose
troatad by Bohm and Oross to find other peszible models for noise generation
in ihie absence of xagnetic field,
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Froject F « A Study of the M=Cercinotron
Staffs J. W, Sedin, L. M, fleid

A review of the existing Frensh and English literature on the M-
carcinotron has been undertaken. Some discrepancies among the start oscilla-
tion formulae given in various of these articles was noted and in consequence
of this, an attempt wes made to derive the start oscillation current for the

H=carcinetron ueing the parassters common in J. R. Plerce’s book, Traveling-

The result of such analysis showed that Plerce's parameters could be
redused to those of, for exemple, the article in the British J.I.E.E.! which
summarized the French work, if @ and @' of Pierce's notaiicn were evalu-
ated Tor a typical siructure, We are satisfied trherefore that the start
oscillation formula given thers 1s correct, except that, as the French
vorkers point out, the disagresment with experiment requires the inclusion

of some additional interaction process.

1 Jourral Inst. of E. E,, November 1953, Part 3.
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