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ABSTRACT

This report covers the fourth quarter of an applied research
program conducted by the Sylvania Microwave Device Division to
establish techniques for light modulation detection, and it
concludes a one year program on amplitude modulation (AM) detectors.
The reports on this program provide sufficient information for the
detailed understanding, design and use of traveling-wave microwave
phototubes (TWP's)_.

The major topiles in this report are: (1) an analysis of the
dependence of power output on the large spread in initial velocities
from photoelectric cathodes; (2) analysis of the conversion of
current modulation to velocity modulation in the gun region of a
TWP; (3) detailed calculations of equivalent conductance, Geq,

which expresses the way in which velocity modulation is converted
to circult power; (i) comprebensive memsurements on TWP's and
comparison with detailed theory; (5) suggestion and utilization

of a novel technique for measuring Req; and (6) a summary of

research contributions on the AM demodulator program.
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SECTION I

OBJECTIVE

The objective of this program is to conduct applied research on technigues
for light modulation detection. Devices capab}.e of detecting the modulation
on a light signal are sought. Consideration will be given to the: feasi-
bility of including an amplification process for the detected signal.




SECTION IX

TECHNICAL APPROACH
AND REPORT OUTLINE

This program requires the investigation of: (1) demodulators for
amplitude-modulated (AM) light; (2) demodulators for frequency-
modulated (FM) or phase-modulated (PM) light; and (3) optical
heterodyne demodulators. Since it seemed unlikely that all three
topics could be aqequately investigated in a one-year program,

it was decided to place major emphasis upon AM demoduletors.

In evaluating various approaches the following list of primary

desirable characteristics was kept in mind:

(1) Capability of detecting light signals modulated at microwave
frequency rates;

(2) Capability of detecting with lorge modulation bandwidths
(greater than 1 Ge);

(3) Suitability for optical heterodyne detection;

(4) capability of amplification in the light modulation detector;

(5) Low noise detection.

These criteria led to the cholce of the traveling-wave phototube
(TWP) as the most promising AM demodulator. Investigation of

possible slow-wave structures led to the conclusion that the single

helix is the most desirable form because of its high interaction

impedance and extremely large bandwidth.

The technical program duvring the past year has consisted of:

(1) Theoretical analysis of TWP's; '

(2) TWP construction;

(3) Experimental analysis of TWP's and comparison with theory;
(4) Some theoretical and experimental evaluation of other types

of AM demodulators.
2




This report presents the results of resesrch on AM demodulators
for the period from 1L March 1963 to 1 July 1963 and concludes

the investigation of AM demodulators.

Since 15 May 1963 the major effort on this conbract has been
devoted to the investigation of FM demodulators. These
investigations will be reported in Interim Engineering Report No.5
dated 1 September 1963.

The remainder of this report is arranged in the following way:

(1) section IIT presents recent results of TWP theoretical analysis;

(2) Section IV presents recent results of TWP experimental analysis
and compares these results with theory;

(3) BSection V presents a summary of research contributions on AM
demodulators;

(4) Sections VI - IX present the conclusions, recommendations,

plans for the next period, and references, respectively.




3.1

3.2
3.2.1

SECTION III

THEORETICAL ANALYSIS
OF MICROWAVE PHOTOTUBES

Ob jective

The objective of this investigation is to examine theoretically the

power output, bandwidth, and noise of microwave phototubes.

Gun Region Analysis

Signal Propagation in the Gun Region

The modulated light input to a microwave phototube produces, of

course, an a-c current modulation at the phototube cathode. Before
this a~c current modulation can reach the helix, it must pass through
the cathode~-anode region (or regions) of the electron gun. If the
bean current‘is low, the cathode-anode region is electrically short,
and the a~-c current is transmitted through the gun region with
essentially no change. However, if the beam current is high enough,
the gun is electrically long, and the a-c current modulation on the
beam will be considerably altered in passing through the gun region.
The a~c current will be substantially reduced, and the current modu=~
lation partially converted into a-c velocity modulation. Since,vfor

a wide range of TWP parameters, velocity modulation is not as effective
in driving the phototube helix as is current modulation, this conversion
of current to velocity modulation cen adversely affect the phototube

performance,

In order to understand quantitatively how the gun region acts to alter
the phototube performence, we have performed two analyses of the gun
region of a microwave phototube. Before setting down the details of

the analyses, let us consider in general terms the gun region itself.




€

The simplest form for the gun region is a simple planar diode
formed by the cathode and the anode of the gun. More complicated
guns may have several anodes, which may require that the gun be
divided into several successive regions for anolysis. We can
indicate the general behuavior, however, by considering only a |

simple one-region gun.

Figure 1. shows the potential profile, i.e. the d-c potential versus
distance, in such a gun for several different beam currents. As is

well known, for very low currents the potential profile is a straight

line of slope VbA/d’ where VOA is the anode voltage and 4 the diode spacing.
As the d~c current is increased, the potential is increasingly depressed

by the space ‘charge assoclated with the current. Finally, there is a
maximum, or space-charge-limited, current, at which the slope of the
potential profile becomes zero Jjust in front of the cathode. At this
current value, a potential minimun forms in front of the cathode;

the diode becomes space-churge-limited; and the current does not iqn&ease

!
further. This maximum current occurs at a maximum current density JOM

given by Child's law,

ANz € \Voxt

Now, when the current is small and the potential profile essentially
linear, it can be shown from our analyses that the gun region is
electrically short, and the current modulation is transmitted unchanged
throush the gun region. However, as the current desntiy Jp approaches

Jons the potential profile approuches the space-charpe-limited form;

B

the gun region becomes of appreciable electrical length; and there is

— T -
- {
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Figure 1. Potential Profiles in a Planar
Diode at Different Beam Current Densities.




large conversion of current modulation into velocity modulation in
the gun region. In a phototube at high light levels, the photo-
current density Jo nay opproach JOM’ s0 this situation is of practical

importance.

Note also that the slope of the potential profile at the cathode
plane depends on the ratio of the current density Jy to the maximum

current density Jb The initial slope goes from VOA/d at Jb = 0,

M
to zero at JO = J M

0
3.2.2 Gun Region Analyses

We have developed two different analyses for the gun region of a

microwave phototube, namely:

(1) Smullig'gives analytic solutions for the propagstion of a~c signals
through a one~dimensional planar diode for any degree of space charge.
We have adapted his treatment to give analytic expressions for a-c
current transmission through a one-regicn microwave phototpbe gun.

This analysis is relatively simple, but is valid only under the

approximations of a one-dimensional, one-region planar diode gun.
(Real phototube electron guns are probably reasonsbly well
approximated by this model).

(2) In order to treat more genersl multi-region electron guns with
more complex potential profiles, and in order to take into account
finite beam diameters and plasma reduction factors, one must go
to the more complicated transmission-line model for signal propa=-
gation on an electron beam. For possible future use, we have set
down the basic equations of this analysis, and pointed out how

they could be applied to the phototube gun reglon.

3.2.3 One~Dimensional One-Region Planar Diode Analysis
The following analysis is adapted from the paper by Smullin. The

7




first problem is to find a relationship between the d-c current
in the diode and the initial slope of the potential profile at

the cathode plane, since this latter parameter is important in

later results., We define the initial slope EO by
E _ C’vo(l)
0 -
ronn i
(The actual E field at the cathode plane is -EO). Then,

Smullin's paper gives the relationship

(a-é‘_*z_Ei)z_
. 3 J" -

%,J’ (m ) (\/Z"']_Von T _Il_>

This expression relgtes diode current density Jb diode voltage V
.diode spacing d, and initial slope EO. We find that, by proper

substitutions, this can be put into the more useful form

-5 (5T -

()1 (& (= e (St 2]
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This now relates the normalized initial slope, Eod/V to the

04’
normalized current density, JG/JOM’
analytically for the d~c current density as a function of the

initial slope, giving

ool (e ) )

, . Eld .
fok '3; < =22 <1 ,
3 \kA '

ond

%?%E“W-%(Eooi)z(“ &Ly |

for o0 ¢ BEd (%
‘ 3

The resultipg curve of initial slope versus current density is
plotted in Figure 2. As noted in the figure, the expressions

This expression can be solved



._..__.Jo 27 i.._.__Eod
) \ Jom 16
P I N

o 0.5 1.0
Jo

—_—
Jom

Figure 2. Relationship Detween Normalized
Current in a Planar Diode and Normalized
Slope of the Voltare Profile at the Cathode
Plane.
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are limiting cases at the two ends of the curve.

Smullin also gives the following expression for the a-c current
il at the anode plane of the gun reglon, in terms of the a-c current

il(O) and a~-c velocity v (0) at the cathode plane:

' q EO \/1 ZJoJZI)VOA _ i

= ! - 114¢
A Jo V21 Von €1 Eo o (©)
e ' cr | [0 o
|1 s S2E N e L \/.‘ T WA (o)
2 30\] yVor 270 \/ ?_l)\ﬁA 21 _

In this expression, A is the beam cross-sectional area. Smullin
gives another, similar expression which relates the a-c velocity
vy at the anode plane to the velocity and current at the cathode

plane. Since we are chiefly interested in the a~-c current propagation

through the dlode, we will not pursue the velocity expression.

Consider the initial current erm in the above equation:

after some manipulation, we find that this term can be written

11
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But, since the slope factor Eod/VOA is itself a function only

of the current parameter JO/JOM’ this result can be written

:

1(0) = function of / OM) On/y

To find il/il(o) for any given JO/JbM’ we use Figure 2 to

find the slope parameter; then we use both parameters in the
above equation for il/il(o). Figure 3 1s a plot of the

resulting dependence of the current transmission through the

gun region as a function of the amount of d-c current. Note

that, as stated earlier, the a-c current transmission is unity
for small J. and drops to zero as Jb approaches its maximum value.

0]
The expressions

Aoz - L T, < Tom
£,(0) 7 Jom

and
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Figure 3. Relationship Between Normelized D-C
Current in a Planar Diode and Rutio of A-C
Current at Anode Plance to A-C Current at
Cathode Plane.




3.2.4

e e e v e

are analytic expressions for the two ends of the range. Also,
it can be found that il/il(O) = 0.732 for Jy = 1/2JCM'
According to theseresults, there will be less than 3 db
reduction in the current modulation of a microwave phototube
due to gun effects so long as the d-c beam current is less than
1/2 of the space-charge-limited value. We note that as a practical
example the SY-4302 microwave phototube has on electron gun which
corresponds to a planar diode with diode parameters

Voltage, Voa = L25 volts

Spacing, d = 0.22 inch

Beam diameter = 0,070 inch
Therefore, the maximum or space-churge-limited beam current in

this tube (current density times beam ares) will be

Maximum d-c current = JOMA = 1.6 milllamperes
So long as the d-c beam current is less than 800 microamps (a
very large TWP current), the current modulation reduction due
to the gun region will be small (less than 3 db).

The above analysis can be carried further than we have done here,

in order to predict:

(1) the output velocity modulation due to initial current modulation;
and the resulting signal output;

(2) the output current and velocity modulation due to initial velocity
modulation; and the resulting signal outputs.

These effects are second-order effects which, however, may become

important in some situations.

Transmission-Line Analysis of Gun Region Propagation

The more general and powerful way of analysing signal propapation

in the gun region is to use the wmore-or-less exact equations for signal
1h ‘




propagation contained in the transmission-line forwulation. This
formulation will treat much more general pgun regions, but simple
analytic answers are correspondingly harder to obtain. We will
summarize here the basic equatlons of this method of analysis,
which could later be used (perhaps with compuber solutions) to

analyse signal propagation in more complicated microwave phototube

guns.

Consider the a-c current iJ and a~c kinetic voltage Vl on an
electron beam. Tt simplifies the analysis if we immediately
remove from these quantities the electronic phase shift or

phase dependence, by writing

~ - {6z
V() = V) e e

. -40()
L) = 1 e

where
2

OGk) = Lg %e(z) oz

o

Then, the kinetic voltage and current amplitudes, V and i, are

governed by the differential equations

15




Note that in these equations the quantities %‘k , Vo , Q;e , X\ and BL-
may all be functions of distance z because the beam voltage, beam
diameter, and beam surroundings may all be changing with distance.
The only requirement is that the varietion with distance not be

too rapid.

Note for comparison that the usual transmission-line equations for
an ordinary transmission line with a-c voltape V and a-c current 1

are

AV iy
dz jx

dz

These transmission~line equations are identical to the beam equations

de - IRV

except for signs. The equations can be made identical if we equate
the beam a-c kinetic voltage v to the transmission-line a-c voltage

v, i.e.
V =V

and if we equate the beam a-c current 7 to the negative of the

transmission-line a-c current, i.e.
~ _ v
L =

A beam with a specified X,@) and By (2) is then exactly equivalent
to a transmission line with X(z) and B(z) , if

16




X () = Xg(%)
RB(2) = B &)

That 1s, the variation of V and 2’ along the beam is the

same as the variation of V and -{ along the transmission line.
Figure 4 illustrates this equivalence. Note that a current of —<
in the positive direction on the line 1s the same as a current of

+4{ in the negative direction.

The ratio of \7/2’ at any plane along the beam can be called

the a-c impedance of the beam at that point, or

(oS4

Note that in the transmission-line analog 7Z at any point is

equivalent to

where V 1is the voltage on the line at that point and £ is the j
current in the negative direction at the same point. Therefore, ‘

Z corresponds exactly to the input impedance which will be seen
looking into the line (toward the left) at that point.

For example, the elementary situation in the microwave phototube is
that V= O and £=2(0) at the cathode plane, and we want V

and £ &t some later plane, e.g. the anode plane. This means that
the transmission line is short-circuited at the cathode plane, and .

we want the input impedance at some later plene. Figure 5 shows

17 ‘
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Figure 4. Transmission-Line Analog for
and. Electron Beam.
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Flgure 5. Transmission-Line Analog for
a Bean with Pure Current Modulation
at the Cathode.
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this situation and the corresponding transmission~line analog.
The relationship between Z(¢0) and £'(z,) on the beam can be found
by calculating {or measuring) the corresponding relationship

on the transmission line.

The propagation constant @ and the characteristic impedance Ei of

a transmission line are given by

) = V X(2) B(z)

] X (=)
Z,@)- (%)

or, for the electron beam,

pue) = VX Bule) = @y (2)

Z . @)= Xo® - 5 gég(w Ve (2)
° B () (s,(z) I,

Hence, the beam corresponds directly to a transmission line in
which both @ and 'Zo vary with distance. It is sometimes easier,
particularly in making a real physical anslog, if only Z; and
not % varles with distance. This can be dome a&s follows.

For.the electron beam define a "total plasma phase shift" cf(%)

20




by

Z
PGy = S(ég'czv d=

Then 4’ can replace Z as the measure of distance, or electrical
length, along the beam. Similarly, on the transmission line let @
be constant with distance, i.e.

% =
A\ Q"
and define the total phase shift along the line as .
!
Cp () = %C z

Then, the differential equations for the a-c quantities on the

beam become

21




where  Zou, (), %% (4, Ge(d ) and Y, are now considered as
functions not of # , but of ¢ . Similarly, the transmission line

equations become
dV oo 2 ) &
a9t~ I ‘

di = 7,V

The beam and the line are now equivalent at the same electrical

Yengths, i.e. at the points where

q

i
on the beam (P Ln the line

provided that they have the same variation of characteristic
impedance with electrical length, i.e.

Zy, (9)

— ]
on the beam Z° ((P ) on the line

Thus, in general, real distance along the line no longer corresponds

linearly to real distance along the beam.

There are thus at least two (actually there are many more) ways
to represent an electron beam by & transmission line. The first
method above seems easier to understand, but the second is somewhat

simpler mathematically.

22




Note that the above equations contain the reduced plasma

wavenumber @%,, where

by =Pl osped

with p= P( beoe \’n L) being the well-known plasma
reduction factor. This factor is one of the reasons why
this transmission-line approach is more general, and also

more complicated.

In this section, we have set up the transmission-line analysis
and Indicated how it can be used. Actual solutions. have not
ag yet been carried out. Whether these are necessary or desirable

should be the subject of future study.

e e

S s o=
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3.3

3.3.1

Effects of Velocity Spread
We will consider the effects of velocity spread in the electron beam

on the microwave phototube equivalent resistance for two regimes of
operation: the low-current or constant-Req regime, and the high-current

or growing-wave regime.

Low-Current Regime of Operation
The low-current regime can be treated analytically as follows. The

coupled-mode equation for the circult wave amplitude _@ is
(déz_ +jﬂc ) @ = =Cp(rP-o)

vhere ﬁ ¢ is the circuit propapgation constant. In the low~current regime,
,O and €& have essentially constent amplitude through the tube, but

vary In phase with distance as

(p-c) = (p-8&), g he®

Therefore,

— B
(éj_z+3£c\)@ = - C, (P-G), € ife

The solution to this equation is

z
-31B.Z JBcfe) B
Fay=-cp(p-a,re FL (e Bcfe) 2
o
of, &t the output (z = L) y L ej ABL '

. ' ~J)[Pe -

F(Ly = -C,, (P-a), L e TABL
= -y (pre LBty e (ABLY)

24




where - . -1 -
AB =B~ 5 sSthc X = X sin¥X
It is apparent that asynchronism causes a reduction in the output
wave amplitude given by SABL |

R(ap) = & = REDUCTION IN &

) ABL.
2.

Since output power is proportional to | é' ' , the power reduction

due to asynchronism between beam and circuit waves is thus

. p . 2
Asynchronism power reduction factor, \R]Z = Sitnhc (ABL/2)

Now, if the beam has a velocity spread, some portions of the beam
current are necessarily out of synchronism. Suppose the beam current
has a velocity distribution, that is a distribution of /3e values of
width A%%aabout an average value/3eo, as shown in Figure 6. (This
particular distribution is easy to analyse and will indicate the
general magnitude of velociby-spread effects.) We assume the a-c
modulation is uniform across the distribution. Each incremental
range of current in the distribution will have a different amplitude
reduction given by

3 - L
= 3B ﬁc) - | - amplitude reduction for
- current element with

J (B~ ﬂe) L velocity u

R(ABL) =

What we need is this reduction factor averaged over all values of
where there is current; and then squared, to give power reduction.

That 1is,

. ;) A
> AVERAQJE 2 | Beot Bbe/z z
= meLiTub = —
IRI _;Eibcrmﬁ\ ‘A/se J R(ABL) Afe
Beo— bPe/y
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To gimplify this, we assume that the circult wave is synchronous

with the average election velocilty, i.e.
ﬁc- = ﬁco = QL.‘\/uo
and then write
y' = (/gc - /3<:) L
dy = - L dfe

The equation reducés to

BAL/2 . 2
2 A E — | \
IR]® = 'ABL S iy dy
=bDAL/ o 2
o |1 - S (ALY AL cc

& |~ (DALY

It will be easier to interpret this if we relate the spread in
/3 to the spread 15\4, in the beam voltage V,. The relationship
(for small fractional widths) is

A Sl AV, _ AVo
ApL = = G = (TN g
Hence, the reduction is
— . 2
TRIZ & | - (N ‘A\Zo>

The main conclusion of this analysis is that velocity spread effects
in usual phototubes should be negligible, because the term which
subtracts from unity in the preceding expression is negligible. A

reasonable set of parameters might be, for example:
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3.3.2

N =20

AVo
\Q = 400 volts

1]

1 volt (typical initial velocity spread of photoelectrons)

and hence a decrease in signal power by a fractional amount

NoOAVGN\2Z 2
('Z Vo - (4-0) = | 600

The only time velocity spread effects will be important will be for
very long tubes (large N) having very low helix voltages. '

High-Current Regime of Operation

In the high-current regime of operation, the microwave phototube

is operating essentially like an ordinary traveling-wave tube,

except for slightly different initial conditions. Now, it has

been established in traveling-wave tube theory that beam velocity spread
acts.essentially like a small amount of additional space charge (additional
QC). Moreover, the effect of this on TWD gain 1is essentimlly negligible.

Hence, we conclude that the effects of velocity spread on the microwave
phototube at high currents can equally well be considered as & small
increase in QC, with a negligible effect on the output.

N
[eo]




3.4

Detailed Calculation of Equivalent Conductance

In Interim Engineering Report No. 3, two of the three possible "pure"
excitations of the system consisting of a longitudinal electron beam
and a slow wave clrcuit were dlscussed in some detail; these were
pure circult power input, corresponding to the traveling-wave
amplifier (TWI), and pure current modulation of the beam, represent~
ing the traveling-wave phototube (TWP) at low average current.
Velocity modulation of the beam, the third "pure" excitation, was
introduced, but no data for this case were available at that time.

We shall now present these data and draw some conclusions about the
importance of velocity modulation in TWP's. Symbols are defined

in the glossary and were discussed in detail in previous reports.

Recall that the efficiency of the beam circuit system in producing
circuit power output from a velocity modulation input can be described
by a transfer function, the "equivalent conductance" (Geq), which
takes into account the circuit length and loss, space-charge effects,

beam velocity, and beam~circuit coupling coefficient:

P “ 31V, G,

ouT

where Vl(O) is the kinetic beam voltage at z = 0, the system input.
It is related to the peak velocity modulation on the beam by

\/| :-:—Aﬁ?—-‘\f‘

Interim Engineering Report No. 3 showed how the high-speed digital
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computer solutions for the general beam-circuit problem could

readily be used to compute the product of the equivalent conductance
and the beam-circuit interaction hupedance,(5a4;25 This calculation
has been made for the same ranges of tube parameters as the correspond~
ing current modulation quantity, the ratio of the equivalent resistance
to the interaction impedance (Req/zc), allowing us to directly compare
the two types of excitation for various circult lengths and losses,
space~charge condiﬁions, beam velocities, and beam-circuit coupling

coefficients.

Another interesting comparison of the Geq computer data is with the
simpler theory gilven in Interim Engineering Report No. 2. Under the
restrictions of small C, no loss, synchronous velocity and negligible

space charge effects, we found

Req - ' =
Z. 3¢c* T
. . CcF =
Ge‘1 Z.= = F
where
F, = 1+3 sinh2(f3 TCN) + cosh (18 TEN)

* 23 L4 cos?(NCN)-i]sinh (1TCN)sin (TTCN)

+ 2[4 siv’ (newy -] cosh (TBMTCN) cos (TTCNY
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For CN £ 0.3, these reduce to

) 2 2
Req/Z, = T*N

Guq Z, = 4T *NTC

B ©r med) o g vz )
RMT(VeLhwd\

We shall refer to these formulae again in this report, to show
their agreement with the more accurate theory programmed for the

digital computer.

Figures T and 8 show the dependence of Geq on beam velocitf. The
most obvious effect is the "peaking" which occurs as the length is
Increased. The same kind of effect was observed in the Req curves,

but comparison with Figures 1 and 2 of Interim Engineering Report No. 3
reveals a significantly stronger effect in the current modulation

case. This indicates weaker beam-circuit interaction with a velocity-
modulation input, which agrees with the excitation "hierarchy" we
established from the simpler theory of Interim Engineering Report No. 2:
the current modulation input is better than the velocity modulation
input, which is in tuwrn superior to the circuit power input. The other
important features of these curves are the increase in power output

and the greater influence of Q for longer circuits; the greater lengths
allow more energy to be taken from the beam by the circuit and at the

same time demand more ehergy storage in "passive" circuit modes.

A qualitative comparison of Figure 9 , which shows the Influence of
the gain parameter C, with Figure 3 of Interim Englneering Report No. 3
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shows an important difference between the two types of excitation.

For low C, as predicted by the simpler theory, Géq varies as 06 while
Req is independent of C; this means that the advantage of current
modulation excitation is most marked at low beam current (low C)
levels. It also shows that Geq is "catching up" as C increases

and poses the question of how closely the current modulation
efficiency is approached. In Figure 10 we have plotted the ratio

of the circuit power outputs resulting from equivalent amounts of

the respective exgitations. At small CN we see good agreement

with the simpler theory: +the ratio varies as C31\]2 in this region..

As exponential growth begins (near CN 22 0.3) the ratio tends to unity
and the two types of input are essentially equivalent as regards thelr
generation of circult power output. The dotted portions of the graphs
are relatively uncertain because we have few data points in this reglon,
but it is not surprising that the space-charge effects which are
prominent in both Req and Geq influence Pcm/Pvm. These curves show that,
for the small C and modérate N typical of percent of TWPs, current
modulation is clearly the superior type of excitation. They also show
that the conversion of current modulation to velocity modulation which
occurs in short distances for higher currents is not such a serious .
detriment as one might expect. At these current levels the velocity

modulation input is essentially as good as current modulation.

The influence of circuit length, N, on Geq is shown in Figure 1l. For

the shorter lengths we observe the N dependence predicted by the simpler
theory. The most striking contrast beﬁween these curves and Figure 4 of
Interim Engineering Report No. 3 is that Req reaches the exponential growth
region at smaller N than does Geq. This is, of course, due to the more

efficient transfer of energy from beam to circult in the current
modulation case.
; longer circuits are more

eq’
severely affected by loss. The reason the Geq reduction is more moderate

35

Figure 12 shows how circult loss lowers G



L C—
el /
10°! / / /
// // //

Pvm 2 /// //;=32 //7
=) 10 -7 Y.
CM / /
//ru=|o
4
/
0-3 // // -
7 7 Q=10
y / Cd=0.004
b= bop'
10-4 //
/
7
10-5
0.00!I ‘0.01 o.10
C

Figure 10. Comparison of Power Outputs from Current
Modwlation and Velocity Modulation Inputs.

36




| /

1025 C€d=0.004 Q=2/ 10l f20
b=b°pf
— - — Simpler /
Theory i
20 I, /
| / / c=0.
d=004
| / / -,
’ / // Q=2
10, /
20,
/| A/
: SERv/
i W /,//,/
‘ Q=2
10
AL
02% i//mousss ///4
[

L DZ%/ @3
T BT
10-10 —T | @33 20

] [ .
10 25 155 20 25 32 40 50 6 75 100 125 155 200
N

Figure‘ 11. Dependence of Equivalent Conductance on Circuit
Length, C€d = 0.004, b = optimum value for each C, N, Q.

37




Geq Zc

10
1ot c=0.0l —
10 2l— S
b=bynt \\
Q=10 N=100
103
c=0.0! | —— ‘
10-4 I e
N=3
C=0.003
Io-s \\
\wo
C=0.0i NTO P
N
10-6
A =0), \‘
o C=0.003 S
N=32
108
C=0003 N={O
10-9 1——_1-_4
lolanid o3 to-2
cd

Figure 12. Effect of Circuit Loss on Equivalent
Conductance Q = 10, b = optimum value for each C, N.

-

S T T Y



than that of Req (Figure 5, IER 3) seems to be that since the veloclty
modulated beam is slower to transfer enerpy to the clreuit, it also
loses less energy in the beginning length of the circuit.

In Flgure 13 is shown a comparison of the velocity-dependence character-
istics of the three types of excltation. This graph demonstrates our
earlier statement about the "transfer function hierarchy". The

narrowing of the curves for various circuit lengths is a good indication

of the efficiencies of the three excitation schemes. It is worth. repeating
the reason for the differences: the circuit power input must first
velocity-modulete the beam, requiring circuit length, the velocity modul-
ation then drifts into current modulation, taking more length before the
beam is in the optimum form for delivering energy to the circuit. Velocity
modulation input requires only the last two steps of this process, and
current modulation only the final step.

39




]
N=10
N=20
Z 0 \L\—/ — INEPZY, S
q
© ' \\
I —/ N
o TWT N=75
102 —_— |
1075 lT
| VELOCITY
MODULATION
e N N=75
/ ‘
Tox — NG
\‘
N
/ N=30 \
L~ N
v 107 / \ :
N = 7 XX ~
R: 7 N
108 ]/‘ o~
- ]
N=10
10-9
104 W \N=75 1
= N
N=
g|°|C5 7 7 \\\’\\ ~
N 7 N=10 __ |
/ﬁ// “\ PanN
S 0
102 t‘\

(o] 5 10 IS
b
Figure 13. Comparison of Responses of the "Pure" Excitations

to Changes in Beam Velocity. C = 0.003, Cd = 0.004, @ = 10.
Lo




3.5

Conclusions

Theoretical anol; ses have made possible a better understanding

of the detalled operation of traveling-wave phototubes and have
pointed out important performance characteristics to be considered

in future TWP desi;m.

An approximate aunulvsis of the propagation of microwave signals

in the photoelectron gun repion has indicated that the reduction

of the current modulation on the beam will be small for typical

TWP operstling conditions. Gun region effects should, however, be
taken into account whenever the beam curreat approaches one-half

the value for space-charye limited operation. At these higher

current levels there is siymificant conversion of current modulotion
into velocity modulation and the input to the beam-helix interaction
region must be treated as a combination of the two types of excitation

rather than as pure current wodulstion.

A more accurate gun repion theory based on the transmission-line
analosy has been formulated but the rather involved computations

have not been performed. The simpler theory seems adequate at present,
althouch the desisn of puns specifically for high current operation

(e.g., for optical heterodyning) may demand the more rigorous treatment.

An analysis of the effect of the high initial velocities typical of
photoelectrons on TWP power output has been performed. The only case
for which initial velocities need be considered is for very long tubes

operating at very low voltages.

A detailed analysis of the beam-circuit interaction process has been

performed.




We defined the transfer functions Req and Geq which relate the
circuit power output to the current modulation and velocity
modulation inputs by

Fzmt = !Z li'lb Eiez_‘* %. ’Vorvcge%/ ‘
A high speed digital computer was used to obtain values of Req and
Geq that include the effects of loss, space charge and asynchronous
beam velocity. These data were presented graphically for a wide range
of tube parameters; they brought out several factors which are important
in understanding, designing and using TWP's as a broadband light demodu-
lators. In particular: (1) the mode-width (i.e., the range of beam
voltage over which the output power is within 3 db of its muximum value)
narrows substantially with increasing circuit length, and the optimum
beam voltage increases with increasing average current; (2) Req is
independent of average current for CN«« 0.3, grows exponentially for
CN> 0.4, and can actually decrease with increasing average current or
helix length in the intermediate range of CN; (3) high circuit loss
more seriously degrades the performance of longer tubes; (4) at the low
average current levels often encountered in TWP operation a given beam~

circuit combination operated as a TWP shows significant interaction for

much shorter circult lengths than those required of the same system used
as a TWI amplifier; and {5) the clear superiority of current modulation
excitation over other inputs at small CN rapidly vanishes as CN becomes

large enough to permit exponential growth of circuit power.

Although this analysis is directly applicable to the TWP, it is important -
to note that Req and C-eq are completely general. That is, these results
can be used in discussing any device in which traveling-wave circuits are

excited by modulation on an electron beam.
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SECTION IV

EXPERIMENTAL ANALYSIS
OF MICROVWAVE PHOTOTUBES

Ob jective

The purpose of this investigation is to examine experimentally

the output power, bandwidth and mode-width of traveling-wave
phototubes as a function of photocurrent, beam voltage and inter-
action length. A comparison of the experimentally determined
quantities is then to be made with the values predicted by the theory.

Introduction

In this reporting period we have endeavored to perform sufficient
experinents to allow for a complete description of the traveling-wave
phototube in the region of normal operation. This report will

describe measurements of equivalent resistance fof the entire range

of operating currents which the tube would be likely to encounter in
operation as a detector of low level signals, or the much larger signals
associated with heterodyne detectlon where a relatively powerful local
oscillator 1s employed. Thus, cathode currents from 1 to 100 microamperes
are examined to determine the tube's behavior well into the exponential
growth region. For the purposes of these experiments we fabricated an
S-band tube which, except for having an 8-inch long helix, is identical
to the SYD-4302; paremeters are summarized in Table I . This tube was
supplied with an output coupler of the coupled helix type, mounted so
that it could readily be moved along the main helii, allowing us to
change the interaction length of the tube at will. This permitted us
to make measurements of Req, mode-width and bandwidth as a function

of interaction length as well as current and beam voltage.

It will be seen from the data presented in the following sections
that there is excellent agreement between the theoretical predictions

43




U G U O

TADLE 1

EXPERIMENTAL TUBE PARAMETERS

Cathode Alometer e e et aasrasesa0.070 inch
Mean helix diameber ......cevees...0.10k inch
Helix TPI.eevvvearann. vevesseasnses 62 turns per inch
Helix wire diameter.....eeeeeses...0.008 inch
Helix length (between couplers)

"Oainch tube"........2.2 inches

"8-inch tube"........8.% inches
Dielectric loading foctor (3 Gc)...0.78 inch
Longitudinal Interaction Impedance

T =2 0Ceveveeeenne. 150 ohms

3 GCuceannveasaas 50 Ohms

hGeuiveiioneeene. 20 Ohms
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L.3

for the tube and its actual performonce. In Table II we briefly

summarize the data shown in detail later.

Mecsurement s
Tn previous reports we hove shown that the power output from a photo-
detector can be given in terms of an equivalent resistance, such that

the pover P = 1/2 ieReq, vhere i is the a~c portion of the photo-

current. Meosurements of Req reported in Interim Ingineering Report No. 3
gave a value of 4O to 50 thousend ohms for a two~inch interaction length
and currents of a few microamperes. In this report we have extended the
neasurenents to include two sets of parallel data covering both two

inch and eight inch interaction lengths and a very wide range of cathode

currents and beam voltages for frequencies in the 2-l Ge region.

These measurements were made by taking advantage of the shot noise
measurements technique, in which the shot noise from the cathode current
is measured in a given bandwidth at.microwave {requencies. This 1s donec
instead of providing o microwave modulator at each of the frequencies ot
which we wish to determine the value of Req‘ In this type of measurenent
we moke use of the relation Py .= ZP‘IoBqu’ vhere P . 1s the shot
noise pover associated with the discrete nature of the electron emission,
e is the electronic churge, I5 1s the average cothode current, is the
bandwidth of the receiver in which the shot noise is being measured, and
ReCl is agoin the equivalent resistance of the TWP under Fhe particular
set of operating conditions. It should be noted that this technigque may
be used for measuring Req of other light demodulators, such as photodiodesz.

In this description, we do not speak of the discrete nature of the photons
at the cathode as was done in previous descriptions of the shot noise
measurement technique; in the series of experiMents to be outlined here,
the current in the tube was derived from a thermionic cathode rother than
from a photoelectric cathode. If the cathode current is definitely

temperature limited so that there is no space charge cloud in front of




TABLE II

TYPICAL S-BAND TWP PERFORMANCE

Interaction Beam Re Mode- Band -~
Length Current 4 width width
(inches) (ua) (K-ohms) (percent) (Ge)
8 1-10 koo 3.8 2-4
8 & 4,000 5.0 ouly
2 1-10 &0 15 Dol
2 80 Lo 15 2-h
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.

the cathode %o cause quieting then there should be the same shot
noise from a beam of thermal electron as one would obtain from an
identical beum made up of photoelectrons. In either case the well
known expression P=2 C‘lIOB Req should be equally volid; the

experimental verification of this point will be described later.

In order to undertaeke such messurements, it was first necessary to
determine the currents which demark the regions of temperature limited
operation and spece charge limited operation. Tilgure 1k shows a plot
of cathode current as a function of filament voltage, i.e. cathode
temperature. These curves are plotted for three values of accelerating
voltage. The curves clearly show that the cathode of this tube is
temperature limited at all beam voltages, for currents below 200 micro-
amperes. In the experiments described here the cathode current does not
exceed 100 microamperes. In all of the following experiments the beam
is "strong focused" in a solenoid providing 40O gauss, and the beam

transmission is alwoys at least 90%.

Experimental Apparatus

In the experiments presented here the output from the TWP was sent

to a microwave receiver having a tengenticl sensitivity of -100 dbm;

The receiver consisted of a crystol mixer fed by o HP 614 signal géherator
and the tube under test. The output of this mixer went to a 30 iec, i.f.

amplifier with 80 db gain and a 9.Mc bandwidth, and thence to an HP

-1 ke tuned SWR meter. In this work the TWP current was modulated at a

1 ke rate, by driving the focus electrode to -80 volts with a square

wave oscillator. When absolute measurements of power from the tube were
desired, a comparison wos made between the tube output and that obtained from
a calibrated HP 61k signal pgenerator substituted for the tube in the mixer

circuit, and similerly modulated with a 1 kc square wave. The wave shope
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b,

of the tube output and the signal generator were seen to be the
same when displayed of a dual ‘beam oscilloscope. The experimental

arrongement is shown in Fipure 15.

R Bouivalent Versus Cathode Current Mcasurements

Req wa.s megsurcd over a range of photocurrents from 1 to 100 microamperes,
for both a 2-inch and an 8-inch interaction length. The mewsurcments
were all done using a single tube in which the outpubt coupler could be
moved along the helix. Thus, data reported for both the 8-inch and

the 2-inch interaction length were taken from the same tube except

for the position of the output coupler. This precaution was thought
necessary to avoid any possible perturbation of the shot noise measure-

ments due to differences in performance of particular tubes.

The actual measurement of Req consists of solving the shot noise
equation for the equivalent resistonce giving

Req =(2€TeB) Poor

Figure 16 shows the varistion in Req as a function of cathode current,

for currents from 1 to 100 microampéres. This variation is shown for

2, 3, and b Gc, and for two interaction lengths. The data show clearly
the advantape to be gained from inereasing length of interaction region.

In the low current region of operation the change from 2 inches to 8 inches
gives an improvement of approximately 6 db in output power. The'longer
interaction length also allows entry into the region of exponential

growth for .Jower currents then does the shorter tube.

In Figure 17 & comporison is moade between the theoretical volues of
Req obtained from computer calculation, together with the data taken
from both thermionic and photoelectric measurements on the 8-inch inter-

action length. The excellent arreement among thesc three curves is

taken as a volidation of both our theory for the calculation of equivalent

resistonce and our measurement technigues. The date for equivalent
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.Thus, the mode-width is a measure of a pgiven tube's sensitivity to

resistance were taken with the beam voltape optimized for each of
the frequencies measured. These data were taken every 100 Mc from
2 Gec to & Ge. The resulting plot of optimum beam voltage as a
function of frequency is piven in Fipure 18. The variation in
optimun voltape is seen not to be a stronpg function of the total
cathode current; i.e., it varies only 5 volts over the range of
currents measured. Note that the characteristic variation of

synchronous voltage with frequency 1s observed here.

Mode-Width Measurements
The mode~-width of the milcrowave phototube is defined as the total

veriation 1n beam voltage which produces a 3 db drop from the peak output power.

|
i

variations from the synchronism condition. Since in actual operation
a tube can be operated at only a single voltage, the mode-width will
strongly affect the bandwidth of the tube.

For both interaction lengths the mode-width is seen to increase with
increasing cathode current. The mode-width data have been plotted
separately for the two interaction lengths. The mode-width data for

the 8-inch length are shown in Figure 19 and the data for the 2-inch
length are plotted in Figure 20. Both of these plots show the theofetical

.data plotted along with the experimental curves, and the agreement is

quite good in both cases. It can be seen from the curves that the
shorter tube has over twice the mode-width of the longer tube. Thus,
if mode-width were the only thing limiting fregquency response, the
shorter tube would be expected to have much greater bandwidth. The
detalled measurements of mode-wildth for the 2-inch length will be seen
to apree with the photoelectric data for mode-width reported in the

third Interim Engineering Report.

Bandwidth Measurements

The bandwidth of a microwave phototube 1s defined as the frequency

5h
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range over which the tube operates without suffering more than 3 db
total variation in power output for a given value of the operating
parameters. In such a measurement there are many possible choices
for the beam voltage. We chose the voltase which is optimum for

the high end of the frequency band and the voltage which is optimum
for the center of the band. The data for both choices are shown in
Figure 21 . In all cases it 1s seen that the response of the device
begins to fall sharply above 4% Ge. This fall is due almost entirely
to a degradation of the microwave match above that frequency. In
the curves where the voltage is chosen favoring the high end on the
band, a dip in the cenmter of the band is seen, with a rise at the
lower frequencies. This is the result of the fact that the same voltage

. is optimum at the high and low ends of the band, with a different lower -

value of voltage optimum in the center of the band. In the case where
the voltage is set at the value favoring the centér of the band, a curve
free of dips is obtained but the price paid is considerably reduced
bandwidth. Because of the much increased mode-width of the 2-inch tube
over the 8-inch length, we find that the bandwidth of the 2~-inch tube is
relatively insensitive to the beam voltage chosen. A median value for
the band of this tube can be taken as 2 to 4.0 Gc. OFf course these
frequency limits are by no means cutoff points. The tube still.has

substantial values for Req well below 2.0 Gc and somewhat above 4.0 Ge.

Conclusions

In the experimental section of this report we have presented the results
of, a series of investigations into the behavior of microwave phototubes,
and these results have been compared with the values obtained from our
theoretical calculations. For the pertinent measurements, i.e. Req and
mode~-width, we have plotted the experimental and the theoretical data
topgether. 1In all these measurements the data are seen to be in good
agreement with the theoretical predictions. This agreement will allow

us in the future to rely upon our theoretical curves and our computer
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program for the désign of subsequent microwave phototubes.

A further outcome of the experimec.tal program is the development

of the thermionic technique for measuring the response of the TWE.
In our first measurements we made use of a microwave light modulstor
to examine the behavior of the tube as an optical demodulator. The
shot nolse associated with the incoming light was also measured.
'Value_s fqr Req obtained fromn thesé twé measuremencs were compared and
found to be in good agreement. The shot noise technique was then
adopted '?S a mét‘hod for examining TWP's. Now, since the technique
using the thermally generated .shot noise has shown agreement with
both the previous photoelectric measurements as well as agreement
with the theoretical predictions, we féel that this method should be
considered as well established for use in‘any}further invest‘igations

into the behavior of these tubes.
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SECTION V

SUMMARY OF RESEARCH
CONTRIRUTIONS ON AM DEMODULATORS

The major achievments of the past year's applied research on AM

demodulators are briefly summrized below:

(1)

(3)

At the outset of the program a background literature investi-
gatlon and a theoretical investigation of various light
modulation detectors were carried out. These investigations
led to the conclusion that the helix~type traveling-wave
phototube (TWP) was the most promising method of light
modulation detection consistent with the objectives of the
program. -

A simplified theoretical analysis (i.e., neglecting loss and
space charge, and assuming synchronous velocity) was carried
out for the TWP, and the results indicated that the TWP differs
from the conventional TWI in more respects than weré at first
obvious. In this analysis we were the first to describe the
behavior of a TWP in terms of Req’ the "equivalent resistance”
or "effective resistance" and Geq’ the "equivalent conductance"
or "effective conductance". TFurther, we developed a complete
noise theory for the TWP and calculated the .effects of thermal
noise, shot nolse and velocity-fluctuation noise. -

C-w microwave modulation-demodulation experiments using TWP's

{(preceded only by the preliminary experiments of Harris, McMurtry

and Siegman at Stanford) were performed, and the resulits were
quite close to the predictions of our simplified theory.
A considerably more accurate theory was developed to include

the effects of loss, space charge, asynchronous velocity and
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(5)

(6)

(7

(8)

(9)

finite C. Results obtained with the use of a high speed

digital computer showed several important effects that had

not been apparent from the simplified theory.

Comprehensive measurements of Req’ mode-width and bandwidth were
performed using both the modulation-demodulation technique and

the shot-noise technique for measuring Req' (This latter technique
was suggested independently and used by L. K. Anderson at Bell
Telephone Labs in his work on solid-state photodiodes.)
Measurements were performed over a wide range of fregquency,
voltage, helix length and average current.

In addition to verifying the validity of the shot-noise

technique fér messuring Req in tubes with photoelectric cathode,
we proposed and verified that Req for a particular TWP structure
can be accurately measured using temperature-limited thermionic
emission.

Detailed comparison of the comprehensive measurements with the
more accurate theory showed extraordinarily good agreement,

which indicates that the theory can be relied upon for future

TWP designs.

The effect of the large spread in initial electron velocities

for phototelectric cathodes was investigated theoretlcally, and

it was found that there was essentially no degradation in output
power except for extremely long tubes operated at very low helix
voltage.

Two different theoretical techniques were used to exanine the
conversion of current modulation to velocity modulation in the

gun region of a TWP. The results indicated that there is less than
3 db degradation in power output for currents up to about one-half

of the space-chorge limited current.
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(10) Theoretical investigations of other light modulation
detectors were carried out all during the program, and
new devices were compared to the TWP. In addition, some
direct experimental comparisons were performed using TWP's,
solid-stote photodiodes, and bulk mixers using CdSe. The
conclusion of these investigations was that the TWP still
appears to be the most promising light modulation detector

consistent with the objectives of this program.
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SECTION VI
CONCLUSIONS

This report and the three previous Interim Engineering Reports
provide sufficient information for the detailed understanding,
design and use of traveling-wave phototubes (TWP's). It has been
shown that they exhibit all of the characteristics sought at the
outset of this program; i.e:
(1) Capobility of detecting light signals modulated at
microwave frequency rates;
(2) Capability of detecting with large modulation bandwidths
(greater than 1 Gc);
- (3) Sultability for optical heterodyne detection;
(4) Capability of amplification in the light modulation detector;
and
(5) Low noise detection.

Detailed conclusions concerning the work this quarter are presented
in Sections 3.5 and k4.8,

In addition, a Summary of Research Contributions on AM Demodulators
has been provided in Section V of this report.
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SECTION VIT

RECOMMENDAT IONS

It 1is recomnmended that the program outlined in Section VIII

be carried out.
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SECTION VIII
PLANS FOR NEXT PERIOD

The proposed program for the next period is to perform o
background literature investigotion and a theoretical investi-
gatlon of techniques for demodulating wicrowave Trequency .
modulated (FM) light. The investigation is to include s but not
be limited to, transverse-wave microwave phototubes ond bire-

fringent discriminators.
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