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FOREWORD

The work described herein was performed at the Electron Dynamics
Division of Hughes Aircraft Company under NASA Contract NAS 3-11536, with
Dr. I. Tammaru as the principal investigator. The original collector
scheme was proposed by Dr. 0. G. Sauseng, who was also involved in the
basic planning for utilizing the demountable apparatus for the collector

evaluations. Mr. Gerald J.Chomos, Spacecraft Technology Division, NASA
Lewis Research Center, was Project Manager.
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ABSTRACT

Methods of analysis were developed for asymmetric multistage
depressed collector schemes, with and without an initial transverse
magnetic field. The scheme included beam expansion and refocusing
into parallel flow prior to injection into the collector. A two-
stage test collector was evaluated with a traveling-wave tube operated
at 9 GHz and 4 kW output power for the purpose of verifying the analysis
procedure, Satisfactory agreement was obtained between measured and
predicted performance although some assumptions had to be made because
of non-ideal experimental conditions. A four-stage asymmetric collector
was designed, which promised to increase a tube efficiency of 28% to
about 50%. It was concluded that a cylindrically symmetric collector
is generally to be preferred over the asymmetric types that were investi-
gated.
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I SUMMARY

An investigation was made of two asymmetric multistage depressed
collector schemes for efficiency enhancement of traveling-wave tubes.
One scheme utilized a transverse magnetic field for initial deflection
of the beam, the other achieved a continuous transverse deflection with
a slanting electric field. The collector was preceded by a section of
reduced magnetic focusing field, designed to expand the beam and refocus
it into approximately parallel flow, to reduce the beam spread in the
depressed region due to space charge forces and angular velocity of the
electrons. Analysis methods, based on a calculation of the entire electron
motion from the beginning of the RF interaction to the capture in the col-
lector by digital computer programs, were developed,

A two-stage test collector employing initial magnetic deflection was
constructed and evaluated in a demountable apparatus with a solenoid
focused traveling-wave tube at 9 GHz and 4 kW RF output power. The per-
formance of the collector, which was not an optimized design, was used for
verifying the validity of the analysis. The predicted performance agreed
with measurements with the exception that the current to the first depressed
stage was considerably smaller than estimated. The analysis was subse-
quently modified by including the effect of space charge forces due to beam
bunching and, approximately, the effect of residual rotational motion in the
spent beam, The corrected performance predictions were gemerally in satis-
factory agreement with experimental values, even though a number of
perturbing effects were present in the experiment. Some assumptions had to
be made, however, to correct for reduced current transmission into the col-
lector and imperfect shielding of the depressed collector region, which
permitted some electrons to escape to the surrounding vacuum envelope.

An asymmetric electrostatic collector with four depressed stages was
designed, which had a predicted efficiency of 62 percent. If operated with
the traveling-wave tube used in the two-stage collector experiment, it
would raise the undepressed tube efficiency of 28 percent to an estimated
50 percent. An effort was made to minimize the effect of variations in the
velocity components of the incident electrons; this lends greater validity
to the performance estimate. ‘

The estimated efficiency of the asymmetric collector was comparable
to the demonstrated efficiency of a cylindrically symmetric electrostatic
collector. Because the construction as well as analysis of an asymmetric
collector are more complex, it was concluded that, except for certain
applications, a symmetric collector is generally more practical.



IT INTRODUCTION

The work described in this report is part of a continuing effort to
increage the efficiency of high power transmitting systems for satellite
applications. A high efficiency RF power source has the two-fold advan-
tage of requiring less prime power and reducing the problem of heat
rejection. Both of these advantages are very desirable in a space system,.

The specific task consisted of an investigation of a multistage de-
pressed collector, for enhancing the efficiency of traveling-wave tubes
by recovering part of the kinetic energy in the spent beam. It was pro-
posed in the final report to NASA Contract NAS 3-9719, entitled
"Analytical Study Program to Develop the Theoretical Design of Traveling-
Wave Tubes",l Although depressed collectors have been commonly used for
efficiency improvement of electron beam devices, it is only recently that
theilr design has been approached by satisfactory analytical methods, 2,34
It seems imperative that a successful design of a collector with several
depressed stages should be based on trajectory calculations which are in
some manner representative of the actual electron paths.

The electron velocities in the spent beam entering the collector
are often guessed at in some way. A unique feature of the present
study is that an attempt was made to calculate the entire electron
motion from the beginning of the interaction with the RF wave to the
capture in the depressed collector. The analysis method is thus con-
ceptually very appealing.

The original program plan consisted of the development of analysis
methods; the evaluation and optimization of a two-stage depressed collector
in a demountable apparatus, for the purpose of verifying or correcting the
analysis methods; and the design and evaluation of a multistage collector
with up to five depressed stages. The collector scheme originally pro-
posed for the investigation was an asymmetric one with initial deflection
of the beam by a transverse magnetic field.

During the course of the work the plan was somewhat modified. Diffi-
culties encountered with maintaining an adequate vacuum in the demountable
apparatus during processing and testing delayed the evaluation of the first
two-stage collector considerably. The test results, when finally obtained,
indicated that a correction to the trajectory input conditions into the
collector for the low and medium energy electrons was desirable. After the
analysis procedure had been corrected, by including some additional effects,
a better agreement with the measured performance was obtained.

In the meantime, improved two-stage collectors had been designed, one
with initial magnetic deflection and one all-electrostatic collector with
transverse deflection. Since both of these designs were based upon the
original trajectory input conditions, they did not represent truly optimized
designs, and their experimental evaluation was not considered sufficiently
useful,



A detailed study of the experimental conditions and results indicated
several possible perturbing influences, which were present because of the
complexity of the collector scheme and geometry. The final multistage
collector, an all-electrostatic asymmetric configuration with four de-
pressed stages, was therefore designed to minimize the effect of uncertain-
ties in the beam composition, at the cost of some efficiency degradation.
Comparable efficiencies had been demonstrated elsewhere, and even higher
efficiencies had been predicted, with electrostatic collectors of simpler
geometry, possessing cylindrical symmetry. The designed asymmetric col-
lector did thus not appear as practical as a symmetric one; upon request
from NASA it was not evaluated.

In collector design analysis, the concept of collector efficiency is
a very convenient figure of merit for comparing one collector design with
another. It will be frequently referred to in this report, and is dis-
cussed in some detail in Appendix A; its relation to the often more directly
useful DC-to-RF power conversion efficiency is also given.



IIL. THE ORIGINAL, AND A MODIFIED, MULTISTAGE DEPRESSED COLLECTOR SCHEME

The essential process in multistage depressed collector operation is the
sorting of the spent beam electrons according to their energy, and the col-
lection of the electrons at different potentials.

The basic collector scheme, which was proposed for these studies, is
illustrated in Figure 1. The electron sorting in this collector is accom-
plished in two steps. Initially the spent beam is subjected to a transverse
magnetic field, which provides a deflection force perpendicular to the axial
direction in an amount inversely proportional to the electron velocity. The
slow electrons therefore acquire a greater deflection in angle than the fast
ones, The main sorting is produced by an electrostatic field, which is main-
tained in the collector region proper by fixed voltages on the electrodes.
The amount of depression increases with distance into the collector, in an
approximately linear relation. The fast electrons penetrate deep into the
collector, before being reflected, and are collected on one of the more de-
pressed electrodes; the slow electrons penetrate a smaller distance and are
collected on a less depressed electrode. Because most electrons are inter-
cepted by the collector electrodes on the top (far side) surfaces, most of
the secondary electrons produced by the impacting primaries will be suppressed
by the electrostatic depression fields.

The sorting efficiency of this collector scheme depends on the
vector velocity distribution of the beam entering the collector region.
It is evident from considering the two high energy edge trajectories in
the figure, for example, that an initial divergence of the beam will
have a degrading effect on the performance. One of the displayed
trajectories would tend to miss the most depressed electrode after being re-
flected, while the other might strike the electrode on the near side
surface, Since at these surfaces no electrostatic barrier is present
to prevent secondary electrons from cascading down to the next, more
positive electrode, this will directly reduce the collector efficiency.
The ideal condition is to have the beam electrons enter the collector
in appreximately parallel flow with minimum radial velocity spread.
The purpose of the '"refocusing region' shown in the figure is to pro-
duce such a beam flow from the less uniform (more disordered) electron
motion present in the spent beam emerging from the output coupler,.

It was indicated how an initially diverging beam is undesirable for
effective collector operation, A beam divergence which is produced close to
the collector entrance by reasons other than an initial trajectory spread is
generally also undesirable., 1In the present investigation, which was made at
X-band at an RF power level of 4 kW, there are strong space charge forces in
the beam, which in the interaction region of the traveling-wave tube are
balanced out by the magnetic focusing field. As the main focusing field is
terminated just prior to the collector region, the beam tends to spread
quickly as a result of these space charge forces. An additional effect is
present for a semi-confined solenoid focused beam, originating from an
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unshielded cathode, such as here being considered. Such a beam, associated
with non-zero cathode flux, will acquire angular momentum upon entering a
field free region. This also tends to spread the beam. In the present case,
in fact, the beam spread due to non-zero cathode flux dominates the space
charge effect, A remedy for preventing the rapid beam spread in the col-
lection region is to let the beam expand before being refocused into parallel
flow. This reduces both the space charge forces and the angular velocity of
the electrons in a field free region.* Preliminary analysis with a DC beam,
described in Appendix B, revealed the necessity for first expanding the beam,
and the original concept was modified accordingly. The expansion was accom-
plished by maintaining a reduced magnetic field over a suitable axial
distance, as discussed in Appendix B.

Before proceeding with the detailed analysis of the system, the
experimental apparatus will be described in the next section.

'

* B§'Busch's theorem, the angular velocity of an electron in an
axially symmetric system is given by

vy =t 0 =% (e/m) (rB - rc2 B_/1),

where r is the distance of the electron from the axis and B is
the axial field, here considered uniforin over the circle with
radius r; r_ and B, are the corresponding quantities for the
electron at the cathode, In a field free region (B = Q) an
angular velocity due to the cathode flux remains. This angular
velocity decreases with increasing r.



Iv. DESCRIPTION OF APPARATUS AND MEASUREMENT SETUP

The experimental collector evaluation was done in a previously de-
veloped demountable apparatus, which was modified for the collector
experiments. A stacked coupled cavity circuit at X-band,)producing
4 kW of saturated output power, was used to generate an RF modulated
spent beam. The solenoid focused DC beam from the gun had been examined
in a magnetic demountable beam analyzer for a separate contract. The
beam characteristics, both those used in the analysis and the measured
values, are listed in Table I. In the analysis, an ideal DC beam entering
the slow wave circuit was assumed, although the actual scalloping radius
of the beam was close to a maximum at the first interaction gap. It
was verified, however, that such an entrance condition did not significantly
change the results.

TABLE I DC BEAM CHARACTERISTICS

PARAMETER

DESIGN VALUE

ACTUAL VALUE

Operating voltage, Vo
Beam perveance

Beam diameter, 2rO
Beam ripple
Scalloping wavelength

Focusing Field, Bo

Cathode flux, kd

16 kv
.46 yperv

.060" (.152 cm)

1870 gauss (.187 T)

.87

16 kv
A3 - J4b4 yperv
.061" (.155 cm)
5%
5" (.127 cm)

1850 - 2150 gauss
(.185 - .215 T)

.80

* The cathode flux parameter k is defined by the ratio
wc/wrozBowherewc is the flux through the cathode.

DEMOUNTABLE APPARATUS

The main components of the demountable apparatus including the
focusing solenoid, are displayed in Figure 2. A schematic of the
assembly is shown in Figure 3. The stacked coupled cavity circuit
is mounted on a baseplate, which supports the input and output waveguide
guides and the electron gun assembly. The base also constitutes part
of the lower pole piece for the focusing solenoid (not shown in Figure 3)
which fits around the main vacuum envelope and rests on the vacuum flange
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Figure 2 Demountable apparatus for collector evaluations., (A one .
foot rule rests at the base of the solenoid to the right,)
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at the bottom, A copper gasket provides the vacuum seal between the
welded vacuum envelope structure and the base. The electron gun assembly
is stacked and spring loaded, and can be removed without disturbing the
interaction circuit or the focusing configuration,

The collector structure is assembled onto a separate base, the "movable
pole piece' in Figure 3, with the electrical connactor leads, insulated by
ceramic tubes, projecting through holes in the pole piece. Upon assembly
of the system, the movable pole piece with the collector structure is in=-
serted into the open vacuum envelope from the bottom end. Connector leads
brazed to the high voltage feed-throughs on the top, and insulated by
ceramic tubing, are guided through the holes in the process. The movable
pole pilece is secured by a spacer and a support ring to a pole piece ring,
which is part of the vacuum envelope. The collector leads are connected
to the feedthrough leads as the final step before placing the vacuum
envelope into position on the base and tightening the wvacuum seal.

The system is baked out by an oven which is lowered over the vacuum
envelope. A separate water-cooled plate allows control of the temperature
of the base, This is desirable in order to prevent repeated thermal
stress on the ceramic feedthroughs in the base and the gun, and on the
RF wacuum windows, The bakeout temperature was generally 300°C, with the
base kept at around IOOOC.

COLLECTOR ASSEMBLY

A schematic of the assembled two-stage test collector is shown in
Figure 4; a photograph of the unit is presented in Figure 5. The collector
is mounted on three stacking bolts, which are press fitted into the movable
pole piece. The electrodes, with circular holes offset from the beam axis,
are insulated from the stacking bolts by ceramic tubes and held in place by
cevamic spacers. Shields attached to the electrodes minimize the effect
of the surrounding grounded vacuum envelope on the potential distribution
in the collector. They also help prevent electrons from escaping from
the depressed region. The ceramic spacers are provided with shields to
prevent their charging up.

The refocusing magnet, shown in Figure 6, consists of a foil-wound
solenoid with 133 turns inside a vacuum-tight stainless steel can. It
fits into a recess in the movable pole piece, which is thus the common
pole piece between the main solenoid and the refocusing solenoid. An
insert allows convenient modification of the pole piece hole configuration.
The second pole piece of the refocusing solenoid rests on top of the non-
magnetic solenoid vacuum can, This pole piece may be insulated from the
can by a thipn mica sheet for the purpose of measuring the intercepted
current on it separately.,
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Figure 5

Assembled

two-stage test collector.
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The magnet configuration of the refocusing section is exhibited in
Figure 7. = Also shown is the estimated field on the axis, obtained by
superposition of Molnar-Moster type field transistions® at the three
¥elevant pole piece faces, For convenience, this idealized field shape
was used in the computer calculations, since it can be expressed by simple
mathematical expressions, The measured field in the refocusing region
was similar to the idealized one, except that the field between the two
pole pieces was somewhat more peaked in the middle. This was principally
caused by construction and insulation constraints, which prevented extend-
ing the current-carrying solenoid foil all the way to the pole pieces on
either side. ' In the experimental case, an adjustment in the magnitude of
the rvefocusing field was possible, by which some compensation of the dif-
ference in shape could be made. The magnitude of the refocusing field
was typically 407% of the main focusing field, or about 800 gauss (.08 T);
this was produced with a current of 8 A,

The axial leakage field into the collector was about 3%. It was
produced almost entirely by the main solenoid. A magnetic shield was
placed outside the vacuum envelope, but it was less effective than anti-
cipated. A similar type shield for a conventional depressed collector
on the demountable apparatus had been used sucecessfully in the past, but
the size of that collector had been appreciably smaller, The complex
construction of the present collector would make it rather difficult
to incorporate an effective internal shield,.

The deflection magnet rests on non-magnetic spacers and is attached
to the refocusing magnet pole piece (Figure 8). It consists of a semi-
circular iron core, of square cross-section, with pole pieces on either
end, A copper wire is wound around the core with insulating strips of
mica in between.

The transverse deflection field in the beam region is established
between the pole pieces as shown in Figure 9. A magnetic shield, suspended
on the stacking bolts, limits the extent of the field into the depressed
collector region, It has a rectangular aperture (seen in Figures 4 and 5)
to maintain, as far as possible, a uniform transverse field over the beam
area in a given axial plane,

The shape of the transverse field on the axis, which was used in the
collector trajectory analyses, was intially calculated with a computer
program., The measured field configuration was later verified to be in

excellent agreeement with predictions. The deflection field was adjusted
in the calculations to give a deflection angle* of about 11° (,2 rad)
for spent beam electrons with an average energy of 12 kV. In the

given configuration, this required a peak transverse field of about
80 gauss (.008 T), which was obtained with a current of 4 A through the
coil,

*For small deflections the deflection angle is proportional to the integral
of the magnitude of the transverse field over the path length,

14
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MEASUREMENT SETUP

The collector was evaluated in the demountable apparatus by opera-
ting the traveling-wave tube in a cathode pulsed mode. Thermal considera-
tions could thus be distegarded in the design of the collector. The pulse
repetition rate was 100 pulses per second, and the pulse width 6 ys, giving
a duty factor of ,06%.

The electrical diagram for the measurements on the two-stage test
¢ollector is shown in Figure 10. A high power dropping resistor could be
used to select various electrode voltages. The actual voltage during a
current pulse was measured with a calibrated capactive voltage divider in
conjunction with a precision voltage comparator. In practice, the voltages
on electrodes No. 1 and 2 were maintained by available DC supplies which
were provided with REG filters having long time constants. The supplies were
calibrated with an accurate electrostatic voltmeter, The currents to the
depressed electrodes (including the end plate), the deflection magnet
shield, the deflection magnet - refocusing magnet pole piece assembly,
the body (vacuum envelope), and the cathode were measured independently
with calibrated current - viewing toroids, The currents could usually be
measured within 1 mA, except for the body current pulse which tended to
exhibit instability; for consistency, the magnitude of the body current
was instead calculated from the other currents, In a second experiment
the coupled cavity stack was isolated, and the current intercepted by the
RF circuit was also measured,

The RF setup is shown in Figure 11, The RF input power was supplied
by an X-band magnetron which was pulsed synchronously with the cathode. A
klystron, which could be operated either CW or in pulsed mode at the same
frequency as the magnetron, provided a power reference in the experiments.
In the CW mode the klystron output power could be directly measured with the
power meter. When the klystron was switched to pulsed made, the peak power
remained unchanged. A reference of a known peak power could therefore be dis-
played on the oscilloscope. Both the input and the output power pulses
could be sampled and switched for display on the same scops, A calibration
of the appropriate legs thus allowed direct measurement of the pulsed input
and output power levels,

18
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V. METHOD OF ANALYSIS

The electron motion in the traveling-wave tube and the collector was
analyzed with two digital computer programs. A two-dimensional large signal
program, based on a charge disk model of the electron beam with variable disk
radii,6 was used to calculate the motion in the interaction region and
through the refocusing section. The deflection region and the depressed
collector region proper was analyzed with a trajectory program. Initially,
the two-dimensional program did not include the space charge forces due to
the beam bunching, which results from interaction with the RF wave. Although
the majority of the trajectory calculations for the collector were based on
trajectory launching conditions derived from this program, these computer
runs are still useful in indicating the general effect of modifications in the
collector design. 1In the present section, the original analysis method will
be described in detail. The effect of the RF space charge forces will be taken
up in Section VII.

Before the actual electron trajectory computations were initiated, a pre-
liminary large signal analysis of the test circuit was carried out with a
one-dimensional computer program in order to select suitable operating condi-
tions for the efficiency evaluations. Some of the results of this investigation
are presented in Appendix C. A beam voltage of 16 kV was selected for all the
subsequent work.

ANALYSIS OF THE REFOCUSING SECTI?N

The previously mentioned two-dimensional large signal computer program
was used for calculating the electron motion in the refocusing section. The
program, developed by Dr. H. K. Detweiler of Jet Propulsion Laboratory, was
acquired for refocusing studies carried out under NASA Contract NAS3~11539.
Several features were added to the program, among them plotting routines and a
magnetic field option, in which a refocusing-type field could be specified by
means of the relevant magnet parameters.

The analytical design of the refocusing field, shown in Figure 7 in the
previous section, was derived by calculating the spent beam electron tra-
jectories through the refocusing region, and changing the refocusing parameters
‘until the desired beam expansion and beam flow at the output was obtained. The
most significant parameters are the magnitude of the refocusing field and the
length of the refocusing magnet. In the present case the refocusing field is
407 of the main field and the magnet length is .575" (1.46 cm) between pole
pieces, or about 20 times the beam radius.

The effect of the refocusing section is seen in Figure 12. The edge
radius of every other disk of the 32 disks used in the beam model has been
plotted as a function of axial distance. The interior electrons in each disk
are assumed to move in a laminar flow relation with the calculated edge electron.
The beam composition at the end of the refocusing section is thus completely
determined.

N
pr—



(°g 7€) 1314 JIL3INOYW Q3ZITVNEON

*(seo103 98aeyo ooeds g¥ InoyrIA
po3eINOED) UOTIOIS Bulsnoojax uTl gso1I0309fea] °3pe ST

(wd) NOLLVHNIVS WOHd 3ONwiSId
St o€ g2 (2 Gl o'l
T T

71 °an81d

L
R
T
it : ‘
i
Bt
L i
EERRBEN
e !
e i -
ssieils ,m(mwﬂw‘w? i 2
i S AL |
e ma i
EasuEnEag T 1 MHHMW ESansEas
Bt G i
i R R s

SO

ot

Sl

oz

G2

og’

JONVLSIA viavy

(w3)

o



Graphical information on the beam composition at the end of the refocus-
ing section, 1.15" (2.92 cm) from saturation, is supplied by the plots in
Figure 13. The first plot is an energy distribution graph which has been
generated in the following way. The disks are ordered according to increas-
ing energy. Then they are plotted in histogram fashion with the highest energy
disk represented by a strip adjoining the horizontal, normalized energy
(voltage), axis. The other disks are similarly plotted on top of the first
strip in order of decreasing energy. A smoothed curve is obtained by join-
ing the energy values at the midpoints of each strip. The other graphs are
plots of the disk radii, and the trajectory slopes. They are presented
in histogram form with the disks (strips) arranged in order of increasing
energy, in the same way as in the energy distribution histogram.

A noticeable property of the refocusing section is that it produces a
certain type of energy sorting of the electrons, as may be seen from the plot
of the trajectory slopes. The trajectory angle increases from a negative
value to a positive value in a fairly continuous fashion as a function of
disk energy, while the disk radii are fairly constant. This makes it reason-
able to represent the beam at the output of the refocusing section by a
reduced number of energy groups, as is desirable in a trajectory model of the
beam for the collector analysis.

TRANSITION TO THE COLLECTOR

A realistic analysis of the depressed collector should be based on the
actual potential distribution, which exists as a result of the different
electrode voltages and the presence of the beam space charge in the collector
region. Digital trajectory computer programs are availlable for such analysis
provided the electron flow may be considered stationary (time-independent).

Although the spent beam from a traveling-wave tube is bunched, i.e., the
charge flow is time-dependent, the bunches disperse relatively quickly after
the RF wave has been removed, as a result of both the velocity spread of th%
electrons and the space charge forces. This has been found experimentally,

- and is also demonstrated theoretically in Appendix D. The spent beam at the
output of the refocusing section may thus be considered as being composed
of many DC beams with varying velocities.

A trajectory analysis of the collector requires a representation of the
spent beam in which several rays are launched over the beam cross-section,
with each ray carrying an appropriate amount of current. A conversion from
the disk model to the current ray model could, in principle, be made by
representing each disk with a given number of rays at various radial posi-
tions, all of which have an axial velocity equal to the axial velocity of the
disk. The method is impractical, however, since the number of rays would
become excessively large. Instead, the approach that has been taken is to
group together several disks with approximately the same energy and represent

23



Ed
T I
R 1 it
s Fil
s v e
s e auu 'Y
- =
i 7
s I ¥4
1
4
I
+ ra -
4
7.
7
7
7 T
- rs
- 7 g
7 -
©
e 4
~ — o
PRy SRS d o
ZITITTIRT g
v 1)
- " yw W
5 o~
" T
L ]
B
+
QLAY
. it
s
I T
T

NORMALIZED ENERGY (V/V0)

ANIHYAD GFLVYOILINF 03Z1IMTVNHON

{INCHES)

.20

5
(CM)

RADIUS

A0

05

.08

.04

-.02

~. 0%

~.00

-1

SLOPE (DR/DZ)

4J
=
[e]
U4 o
[oEN]
o B
o}
[a Mo ]
oo
&5
O «
—
&3
« O
i
(=]
o o
od Nt
4
i g
w O
O
SV
g o
o
U ®w
g 0
o o
O oA
LQ u
=]
O
= O
U Y
o U
w0 N
™
i
@
1S
=
=11}
o
By

RF space charge forces).

24



each group by a set of rays over the beam area. For such a representa-
tion to be appropriate, all the disks with nearly the same energy, which
would be included in a group, should also have nearly the same radius
and the same trajectory slope of the edge electrons.

As was noted in the previous section, a property of the refocusing
field is to provide a type of sorting of the disks which is principally
dependent on the disk energy, in such a way that this condition is approxi-
mately satisfied. This was seen in Figure 13, 1In the collector computations,
the spent beam was usually represented by five energy groups, although
initially a number of runs were made with a four energy-group model. The
spent beam distribution data in Figure 13 are therefore approximated by five
discrete-step distributions as illustrated in Figure 14.

6 4
o b
UJ 1
€= -
o Z
ow i
w &
=@ -
Zz =2
.—U -
ENERGY RADIUS
Figure 14 Five energy-group model of the spent beam.
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Each group of disks, identified by a value of the subscript j, is
then described by the following parameters:

Electron energy Vj
Disk edge radius rj
Edge trajectory slope (dr/dz)j
Current Ij

Table II gives the parameters of the four and five energy-group
models of the beam derived from the spent beam distribution of Figure 13,
In the five energy-group model of the beam, an equal current distribution
among the groups was assumed, as indicated in Figure 14.

TABLE II PARAMETERS OF THE REDUCED ENERGY-GROUP MODELS
OF THE SPENT BEAM AT THE OUTPUT OF THE REFOCUSING SECTION (V0 = 16 kV)

Vj <%£> I.
ENERGY GROUP ] 7 van | ram | roew| \e) | H
J 3 ] e]
1 535 8.55 .096 246 | - .07 | .219
> 2 655 10.5 .100 256§ - .04 | 344
g g 3 775 12.4 .103 262 | - .01 | .250
TEE 4 1.04 16.7 .102 259 |+ .03 | .187
1 .53 8.5 .095 241 | - .08 | .2
: 2 615 9.8 .099 252 | - L04s | .2
£ oo 3 .705 11.3 .103 262 | - .01 |.2
S 4 .78 12.5 .103 262 | + .01 | .2
- 5 1.085 17.4 .102 259 |+ .06 |.2
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A current ray representation of an energy group, consisting of
seven trajectories, is shown in Figure 15,

Figure 15 Ray model of an energy group.

The two extreme trajectories serve to define the beam contour for the
group and carry no current. They are launched with slopes + (dr/dz), at a
distance r, from the center of the beam to either side. The interiot rays
are launched with trajectory angles in proportion to the distance from the
center of the beam. As will be discussed in the next subsection, the actual
cylindrical beam is simulated in the trajectory calculation by a planar beam.
The planar beam for each group is initially composed of five strips of equal

width, as in Figure 15, with the current of each strip concentrated in the
ray at its center.

All the energy groups, each with seven trajectories launched in the

manner described, are included simultaneously in the collector trajectory
calculation.

COLLECTOR TRAJECTORY CALCULATION

The collector region was analyzed with a trajectory computer program
in which the electron beam was represented by current rays distributed over
the beam cross-section. A difficulty with the collector geometry under
consideration was that it possessed neither planar nor cylindrical symmetry.
A full three-dimensional computer program with space charge would therefore
have been needed for a complete analysis of the collector. Since such a




program was not available, the collector design was instead evaluated by
computing the trajectories in the plane of reflection symmetry, assuming
planar collector geometry.

The actual cylindrical beam thus had to be represented by a planar

beam, If the space charge forces are strong, it is important to adjust

- the space charge in the planar beam so that the same beam spread is ob-
tained as in the given cylindrical beam. Since a planar beam with the
same width and current density as a cylindrical beam spreads more quickly
than the cylindrical beam, a charge density reduction is needed. First,
the initial current density in the planar beam is made half the current
density in the cylindrical beam. This will give the identical initial
electrostatic force tending to spread the beam in the two cases. During
the subsequent spread, a further current density reduction in the planar
beam, inversely proportional to the width, is necessary. The reason is
that the cylindrical beam area increases in two dimensions, whereas the
planar beam area increases only in one dimension; consequently, additional
current density reduction is needed in the planar case to provide the same
space charge force as in the cylindrical case.

The computer program had been modified to provide such a planar simu-
lation of a cylindrical beam. In a test run with a beam expansion of three
times the original width, the expanded beam size in the planar simulated
cagse differed by less than one percent from the cylindrical beam. It has
also been shown that the procedure is valid in a region with constant axial
potential gradient.

Although the collector configuration does not possess planar symmetry,
the potential distribution calculated in the plane of reflection symmetry,
with the assumption of planar geometry, will be reasonably close to the
actual distribution in the central collector region. This is because the
voltages of the parallel electrodes were chosen so as to produce an approxi-
mately constant voltage gradient in the axial direction. Evidently, the
shape of the holes in the electrodes, whether round or rectangular, will in
this case not affect the field distribution, at least if the electrodes are
thin. The calculated field distribution in the outer regions of the collector
will be different from the actual distribution due to the presence of non-
planar shields, but this is of little consequence as the main electron sorting
takes place in the central region.

The trajectory computer program traces out the paths of the injected
electrons in the potential distribution existing in the collector, including
the transverse magnetic field in the deflection region. The measured de-
flection field, which was illustrated in Figure 9, is specified at individual
mesh lines in the problem area as a function of axial distance. The field is
assumed to be independent of position in both transverse directions; this is
one of the approximations in the analysis.
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Initially, the computer program solves the potential distributicn in
the problem area resulting from given voltages on the boundaries. The
trajectories are computed through the potential distribution with the in-
clusion of the magnetic deflection field. The mutual force exerted by the
beam electrons is not taken into account in this first calculation; it thus
represents the behavior of a beam with negligible space charge.

An example of a computer-generated trajectory and equipotential plot
in a two-stage depressed collector is shown in Figure 16. The collector
scheme includes a magnetic deflection region in the small cavity at the
beam entrance. A retarding field is produced by the two collector electrodes
with voltages - 5.5 kV and - 10.3 kV, and by the end plate with a potential
of - 19.2 kV. The potential gradient is approximately uniform in the central
collector area in the original beam direction. Shields are attached to the
electrodes to prevent the electrons from escaping to the grounded vacuum
envelope which would actually surround the collector in the demcuntable
apparatus. The shields distort the field at the sides but the main electron
sorting takes place in the central region. The beam is composed of four
groups with energies 8.55, 10.5, 12.4 and 16.7 kV respectively. The first
two groups enter with converging trajectories from the refocusing region,
the third group has almost parallel trajectories, and the fourth group is
injected with diverging trajectories.

The no-space-charge trajectory plot demonstrates why this collector
scheme appeared promising enough to warrant a detailed study. Evidently,
with a suitable number and placement of collecting electrodes, a great deal
of energy in the spent beam could be recovered. It is seen, for example,
that nearly all the energy (about 98 percent) of the second group is re-
covered by the second electrode.

The effect of space charge is taken into account by the computer pro-
gram through an iteration process. The currents associated with the
trajectories in the first computation produce a charge distribution in the
collector region, which is included in the potential calculation for the
next iteration. Again the trajectories are traced out, producing a differ-
ent space charge distribution for the third iteration, and so on. The
process is continued until a self-consigtent solution has been found. The
result after seven iterations, usually sufficient to obtain self-consistency,
is shown in Figure 17. The effect of the space charge in spreading the
trajectories is considerable, even though the beam has already been expanded
in area by a factor of ten in the refocusing section (the current density at
the collector entrance is about 5 A/cmz). The collector configuration,
which looked promising for no space charge, is unsuitable when the space
charge forces are included. Some of the trajectories return to ground
potential because of insufficient deflection by the magnetic field. And
some of the high energy electrons are deflected in the opposite direction
because of a transverse electric field component established by the potential
difference between the end plate and the shield on the second electrode.
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For an improved design, a larger deflection of the beam is needed.
This may be achieved by having a stronger deflection field, in which case
the electrodes also should be moved closer to the entrance. Or, addition-
al electrostatic deflection force in the interior of the collector may be
obtained by rearranging the shields.

DESIGN ANALYSIS OF IMPROVED TWO-STAGE COLLECTORS

The initial attempt at improving the two-stage collector design was
made by providing additional electrostatic deflection force beyond the
first depressed electrode by rearranging the shields. Such a design is
shown in Figure 18. Two shields on one side of the beam have been attached
to the electrodes with the more depressed potential, producing a transverse
electric field component which tends to deflect the electrons toward the
opposite side. The spent beam in this case consists of five groups with
the energies given in Table II.

An analysis of the performance of the collector indicated a collector
efficiency of 56 percent. (The concept of collector efficiency, defined
by the ratio of the power recovered by the collector to the power of the
entering spent beam, is discussed in Appendix A). A general method of
analyzing the collector performance from a trajectory plot in the plane of
reflection symmetry is discussed, with an example, in Appendix E.

An investigation was made of the effect of various shield configura-
tions in the region between the deflection field and the first electrode.
The shields were moved closer to the beam, and were also attached to the
depressed electrode, but without creating a transverse electrostatic field.
It was found that the configuration of Figure 18, in which an approximately
constant retarding field exists in the region, resulted in the best
performance,

In the next step, the magnetic deflection field was replaced by an
extended electrostatic deflection force throughout the region from the
beam entrance hole in the refocusing magnet pole piece to the first elec~
trode., Such a scheme is shown in Figure 19. The configuration of the
first deflection control electrode was designed so that approximately the
desired amount of deflection was obtained if its potential was the same as
the potential of the first electrode. 1In practice, however, the voltage of
the deflection electrode should be independently controlled. The estimated
collector efficiency was 59 percent. It was thus somewhat better than the
collector with initial magnetic deflection, even though the beam model and
the voltages, as well as the location of the active electrodes, were the
same in both cases.

The all-electrostatic collector also offers greater possibility for
improvement, because the trajectories penetrate deeper into the collector,
The third energy group, for example, turns around at the level of the second
depressed electrode in the collector with the magnetic deflection, whereas
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it penetrates appreciably farther into the electrostatic collector. This
is partly because of the greater spread in deflection as a function of
electron energy, which is produced by the electric deflection field, re-
sulting in smaller depression due to the space charge. (It can be shown
that the deflection is inversely proportional to the electron velocity in
the magnetic case, and inversely proportional to the square of the velo-
city in the electric case). A further advantage of the increased spread
is that it is easier to add more stages to the collector. The collector
scheme used for the final design of the multistage depressed collector,
described in Section VIII, was therefore one with electrostatic deflection
only.
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VI EVALUATION OF A TWO-STAGE TEST COLLECTOR

The objective of the study included the experimental evaluation and
optimization of a two-stage collector for the purpose of comparing the
methods of analysis with test results.

A collector was designed as an initial test vehicle, before the analy-
sis methods had been developed, on the basis of estimated trajectories in
the absence of space charge forces. The construction and assembly of the
test collector was considered in Section IV. A trajectory plot for the
configuration, with space charge effects included, is shown in Figure 20
for a five energy-group model of the spent beam. (The parameters of the
beam model are listed in Table IT1.) An efficiency analysis of the collector
trajectory plot, by a melhod which is described in detail in Appendix E,
vielded an estimated collector efficiency of 48 percent. A trajectory calcu-
lation using a spent beam model with four energy groups gave an efficiency of
3.5 percentage points higher. It is believed that increasing the number of
energy groups beyond five in the test collector analysis would not change the
estimated efficiency by more than a few points.

Other computer runs with the four energy-group model were initially made
in which the voltages of the first two electrodes were varied by 1 - 2 kv,
The geometry of these runs differed only by a greater distance between the
second electrode and the end plate, which was depressed beyond the cathode
voltage of -16 kV. On the basis of these runs, the estimated optimum voltages
of the test collector, with the end plate at cathode potential and a reduced
distance between the second electrode and the end plate, are the values shown
in Figure 20,

PERFORMANCE OF THE TWO-STAGE TEST COLLECTOR

Two experiments were made on the two-stage test collector in the demount-
able appavatus. In the first experiment, extensive collector depression data
were taken, even though the beam transmission was not very good. In the
second experiment it was verified that significant improvement in the beam
transmission into the collector could be obtained, This would, however, re-
gquire enlarging the aperture in the deflection magnet shield, which had not
been done for the second experiment. The data from the first experiment were
generally used for a detailed analysis of the collector performance.

The operating characteristics of the traveling-wave tube, which was em-
ployed to evaluate the two-stage test collector in the demountable apparatus
in the two experiments, are listed in Table III. The predicted RF performance
given in this table was calculated with the two-dimensional program, without
RF space charge effects and with no circuit losses, since this program was
used for the refocusing analysis. Satisfactory agreement with measured values
was obtained for the saturated output power and the gain.

In the first experiment the beam transmission was relatively poor for
both the DC beam (95 percent) and the RF modulated beam (79 percent). The
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transmission was defined by the sum of the fractional currents going to

the refocusing magnet pole piece (upon which the deflection magnet was
mounted), the deflection magnet shield, and the collector electrodes. The
measurements were made with undepressed collector to minimize the current
escaping to the grounded vacuum envelope from unshielded portions of the
collector. The transmission current would thus be very nearly equal to the
current passing through the pole piece of the main solenoid.

TABLE III. TRAVELING-WAVE TUBE CHARACTERISTICS

ASSUMED OR MEASURED VALUE
PARAMETER CALCULATED 2nd EXPERIMENT
VALUE lst EXPERIMENT (IMPROVED FOCUSING)

Beam voltage (kV) 16 16 16
Beam current (A) .932 .870 .870
Perveance ( Uperv) .46 43 .43
Frequency (GHz) 8.95 8.95 8.95
Output power (kW) 4.17 3.94 3.68
Basic efficiency (%) 28 28.3 26.5
Gain (dB) 14.5 15.3 15.5
Cold loss (dB) 0 2.1 2.1
Beam transmission (%):

DC 100 94.9 97.7

RF 100 77.0 88.4

Notes:
(a) The transmission refers to current passing through the pole piece
of the main solenoid.
(b) Current intercepted on RF circuit in 2nd experiment was about
1 mA.

The objective of the second experiment was to achieve an improved beam
transmission. It is seen from Figure 12 that the beam passing through the
pole piece of the main magnet gets fairly close to intercepting. The hole
diameter in the pole piece insert was therefore increased from ,125" (.317 cm)
to ,150" (.381 cm). The movable pole piece, with the collector assembly, was
also made reentrant to achieve a peaking of the field toward the output of
the traveling-wave tube. 1In addition, the RF circuit was isolated, making it
possible to measure the current intercepted thereon separately. The following
changes in performance were observed as a result of these modifications:
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(1) Beam transmission beyond the movable pole piece improved from
94.9 percent to 97.6 percent without RF drive and from 77.0 per-
cent to 88.4 percent with RF drive.

(2) The decrease in interception (body current) was accompanied by
a corresponding increase in the deflection magnet shield current;
no significant change was noted in the current going to the re-
focusing magnet pole piece. The current entering the effective
collector region was therefore about the same as before, but it
could evidently be increased by enlarging the aperture in the
deflection magnet shield. The current distribution to the first
and second electrodes and the end plate, with RF and no depression,
was very similar to the distribution observed in the first experi-
ment. The collector performance would thus also be quite similar
to the performance in the first experiment. (The actual measured
currents with RF drive and no depression have been listed in
Table IV, which will be discussed shortly.)

(3) TInterception on the coupled cavity circuit both with and without
RF drive was very small, estimated to be about 1 mA or .l percent.
Hence practically all the interception occurred on the pole piece.

(4) The saturated RF output power decreased from 3,94 kW to 3.68 kW,
This is a result of the field peaking, which keeps the beam con-
strained to a smaller radius toward the output, and therefore
reduces the effectiveness of the interaction between the beam and
the circuit wave. Since no increase in the circuit interception
current was observed with RF drive, the amount of peaking, about
20 percent, was likely to be larger than necessary.

It was concluded from the results of the second experiment that a
significant improvement in the beam transmission into the effective collector
region could be attained by appropriate modifications of the magnetic shield
and pole piece apertures. Although no further experiments were actually made,
the changes which were planned for the final four-stage collector evaluation

are described in Section VIII.

The RF performance of the two-stage test collector is summarized in
Table IV. The predicted performance is compared with three measured cases:
the end plate voltage optimized, held at cathode potential, and connected to
the second electrode. The last two are of interest from a system point of
view, since one less voltage supply is needed. In each case, the electrode
voltages, as well as the refocusing and deflection magnet currents, were
optimized for maximum overall efficiency. Since the assumed and measured
total beam currents were somewhat different, the current distribution has
been expressed with fractional values. For completeness, the current
distributions without depression in the two experiments are also included.
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TABLE 1V,

RF PERFORMANCE OF TWO-STAGE TEST COLLECTOR

OPTIMIZED COLLECTOR

UNDEPRESSED
MEASURED, WITH POTENTIAL OF END PLATE COLLECTOR
AT CATHODE § AT POTENTIAL | lst 2nd
CASE CALCULATED | OPTIMIZED | POTENTIAL | OF 2nd STAGE | EXP. EXP.
VO (kV) 16.0 16.0 16.0 16.0 16.0 16.0
IO ey .932 .870 .870 .870 .870 .864
Vc1 (kV) -5.5 -5.12 -5.12 -5.12
ch (V) -10.3 -9.55 -9.55 -10.38
VC3 (kV) -16.0 -14.6 -16.0 -10.38 0 0
IB/IO .312 .309 .338 .230 117
. . . . .022
IDM/IO 031 031 037 017 0
IS/IO .1 .195 .191 .205 .029 .151
Icl/lo .72 .276 .284 264 .136 .133
Icz/lo .18 .155 .168 .022 .178 .217
1 .,/1 0 .031 .017 .135 .410 .361
c3’' 7o
PC (kW) 5.40 2.91 2.89 2.59 - -
Eb (kW) 11.1 7.82 7.82 7.82 - -
1 (%) 48.8 37.2 37.0 33.2 - ~
NOTES:
(4) The current and voltage symbols are defined in Figure 10.
{(b) 1In the depressed collector measurements, the main solenoid

40

field was 1870 gauss (.187T); the refocusing field was 790
gauss (.079T), or 43 percent of the main field.




The following observations are made:

(1) The measured optimum collector electrode voltages were within
10 percent of the estimated values. This is encouraging but of
somewhat unclear significance, since the measured and expected
current distributions agreed only in part.

(2) The current to the end plate, I _, was non-zero even though the
end plate was more depressed than the second electrode.
The effective secondary emission coefficient was thus less than
unity.

(3) The sum of the currents to the second electrode and the end plate
was slightly larger than, but very close to, the predicted value.
(Because not all the electrons impinging on the end plate produced
secondary electrons which were collected at a less depressed
potential, as was assumed in the analysis, an appropriate compari-
son to make is for the sum of the currents to the end plate and the
second electrode.) Possible reasons why the measured value was
somewhat larger are that the experimental potential of the second
electrode was less depressed (-9.55 kV) than the value used in the
analysis (-10.3 kV), and that the effective secondary emission co-
efficient was smaller than assumed; thus, some of the electrons
striking the gun-side of the second electrode were also effectively
collected there.

On the whole, however, the behavior of the high energy electrons
agrees very well with predictions., This indicates that these
electrons have been adequately represented by the high energy groups
in the trajectory model of the beam entering the collector.

(4) The current to the first electrode is considerably smaller than
predicted. As a consequence, the current going to ground potential
is significantly larger. This discrepancy is discussed more fully
in the next subsection.

(5) The collector efficiency, n , defined by the ratio of the recovered
power, P , to the power in Fhe incident spent beam, P , was only
two-thirds of the estimated value, as a result of the large body
current.

In calculating the collector efficiency, the power recovered by

the collector is directly computed from measured values. The power
in the spent beam entering the collector, Pb, is obtained from the
energy balance condition

P =1V +P - P -
0o RF in RF out P interception circuit loss

b
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(6)

The first three terms on the right-hand side (the DC beam power
and the RF input and output power) are measured quantities. The
power intercepted on the RF circuit and the pole piece of the
main solenoid was estimated by using the current interception
value for no depression, 23 percent or 200 mA. (The body current
with depression is larger because of electrons escaping to the
vacuum envelope from unshielded portions of the collector, and
because of possible returning electrons.) The energy of the
intercepted electrons is mnot generally known. For simplicity it
was assumed that the interception current consisted of the lowest
energy electrons, since the slow electron trajectories tend to
have larger radial oscillations than the fast ones. From the
spent beam energy distribution curve in Figure 13, it is found
that the average energy of these electrons corresponds to .53
times the DC energy. This gives an intercepted power of 1.70 kW.
The power lost by dissipation in the circuit and RF leakage from
the stacked assembly was calculated by assuming that the cold
loss (2.1 dB) was uniformly distributed over the length of the
circuit:

Pircuit loss ~ S2 a PRF(Z) dz,

where & = loss (dB/unit length) per unit length.
20 logloe

This may be expressed in the form

= .230 1(a) <P

P . . . .
circuit loss RF circuit’

where L is the total cold loss in the circuit in dB and
{ PRF> circuit is the average power level in the circuit. The
power distribution P__(z) was obtained from the computer print-
out and the integration performed numerically. The resulting
circuit loss was .58 kW. The kinetic power of the spent beam
entering the collector (more precisely the refocusing region)
was then found to be 7.82 kW. With a recovered power of 2.91 kW
the collector efficiency was 37.2 percent. The estimate is on
the low side since part of the intercepted current consists of
electrons with higher energies. '

The recovered power changed by less than one percent if the end
plate was held at cathode potential (-16 kV) rather than the
optimum value of -14.6 kV. With the end plate and the second
electrode connected to the same voltage supply, the maximum
power recovered by the collector decreased by about ten percent.
Reducing the number of independent voltage supplies, by making
use of the cathode voltage, appears well worthwhile in the



present collector., This is not necessarily true for other types
of collectors, however, or even for an optimized geometry of the
same general configuration.

The power recovered by the collector was fairly insensitive to
deviations in the collector electrode voltages. A change of

4+ .5 kV in the first and second electrode voltages reduced the
recovered power by less than 1.5%. The end plate voltage could
be changed by + 1 kV for less than a 1% reduction in recovered
power. Also, no significant variation in collector performance
was observed if the refocusing and deflection magnet currents
were changed by 5%.

(7) The magnitude of the refocusing field, 43 percent of the main
solenoid field, was in good agreement with the value derived in
the analysis (40 percent), particularly since the experimental
refocusing field was somewhat peaked.

As has been mentioned, the test collector was not an optimized design.
The basic RF converion efficiency of the tube was raised by the collector
from 28.3 percent to 35.8 percent. This degree of efficiency enhancement
is possible with a single stage conventional depressed collector. The pre~
dicted overall efficiency, with no circuit losses, was 43.3 percent, If
the circuit losses and the loss due to interception on the pole piece are
included, the predicted efficiency would be 39.0 percent.

DISCUSSION OF APPROXIMATIONS AND SOURCES OF ERROR

The main discrepancy between the predicted and measured performance
of the two-stage test collector was the current going to the first electrode,
It was found to be 28 percent of the total beam current instead of the
estimated 72 percent, A comparison could also be made by referencing the
electrode currents relative to the total current actually entering the main
collector region, since in the analysis all the spent beam was assumed to
pass through the aperture of the deflection magnet shield. With undepressed
collector, 72 percent of the RF modulated beam is collected on the two
electrodes and the end plate; with depression, 38 percent of this current
goes to the first electrode. This is still only a little more than one-half
of the predicted amount, even though the composition of the experimental
beam entering the collector should now be more favorable than was assumed in
the analysis.

Some of the possible factors contributing to the observed discrepancy
are the following:

(1) Residual angular velocity in the expanded spent beam, as a result
of non-zero magnetic cathode flux.



(2) Magnetic and electric fringing fields, particularly at the output
of the deflection region; non-uniform magnetic field over the
beam cross-section in the deflection region; refocusing field
leakage into the deflection region; an axial leakage field in the
collector region (this is further discussed at the end of Section VII).

(3) Electrons escaping from the depressed region to the vacuum en-
velope by imperfect shielding.

(4) TUncertainty in the analytical derivation of the trajectory launch-
ing conditions of the low and medium energy electrons into the
collector, caused by:

i) The neglect of space charge forces due to RF beam bunching in
the two-dimensional program.

ii) The assumption of uniform axial magnetic field over the beam
area.

iii) The continuous interaction model of the two-dimensional pro-~
gram, used to represent the beam-circuit wave interaction in
the coupled cavity structure.

Some information about the effect of these sources of error can be
obtained from considering the collector performance under DC conditioms.
The uncertainty in trajectory launching conditions is then minimized,
although it is still present to a degree because of beam scalloping and
thermal velocity components. The current distributions recorded for some
operating conditions of the collector with a 16 kV DC beam are shown in
Table V., An undepressed collector intercepts approximately 70 percent of
the current on the end plate, 20 percent on the second electrode, and 4 per-
cent on the first electrode. According to analysis, it should be possible
to direct the whole beam to the end plate. Only items (1) and (2) in the
list (angular velocity and field irregularities) should be significant in
this case,

A measure of item (3), electrons escaping to the vacuum envelope, is
found by a comparison between cases II and IV in Table V. They differ
principally by the voltage of the end plate, which in case IV was the same
as the voltage of the second electrode, -9.9 kV, and in case II was at the
cathode wvoltage. Because the voltages of electrodes 1 and 2 are nearly
the same in the two cases, the same amount of current is entering through
the aperture of the second electrode. 1In case IV, all these electrons im-
pinge on the end plate and are generally collected there. In case II,
practically all the electrons are reflected back from the end plate. Most
of these electrons are collected on the second electrode; some stream back
through the aperture and are intercepted on the first electrode or the de-
flection magnet shield, both of which therefore register an increase in
current. But in addition, some of the current which in case IV went to the
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TABLE V DC PERFORMANCE OF TWO-STAGE TEST COLLECTOR

MEASURED COLLECTOR*
CASE 1st EXPERIMENT 2nd EXPERIMENT
I 11 I11 IV
v, (kV) 16.0 16.0 16.0 16.0
I (kV) .870 .865 .865 .878
vcl (kV) 0 -5.75 0 -6.16
Voo (kV) 0 -9.9 0 -9.9
Vs (kV) 0 -16.0 0 -9.9
IB/IO .051 .183 .024 .100
IDM/IO .009 .008 .01l4 .011
IS/IO .009 L041 .015 .032
I./1 . 042 L112 L042 .088
cl' 7o
I.,./1 .222 .656 .191 .182
c2' "o
I./1 .667 0 714 .587
c3’' 7o

ol
W

The current and voltage symbols are defined in Figure 10.




end plate now escapes to the vacuum envelope through the gap between the
end plate and the shield on the second electrode, causing the observed rise
in the body current (83 percent).

For an RF modulated beam, the number of electrons escaping between the
second electrode and the end plate will be relatively small, because of the
reduced number of high energy electrons. A more significant number may
escape between the first and second electrodes, however, particularly since
the secondary electron generation at the second electrode is likely to be
large as a result of grazing trajectories, as may be seen from Figure 20,

The greatest uncertainty in the collector analysis for an RF beam was
in the derivation of the trajectory entrance conditions. An indication of
the discrepancy between measured and calculated initial trajectory angles
was provided by the current distribution in the undepressed collector,
listed in Table IV. The measured currents, in the first experiment, recorded
at the end plate, second and first electrodes were 41 percent, 18 percent and
14 percent respectively. Much the same distribution was observed in the ex-
periment with improved focusing. According to analysis, 80 percent of the
current should go to the end plate and the rest to the second electrode.
Part of the discrepancy is due to the angular velocity component present in
the beam and the field irregularities, which are not accounted for, just as
in the DC case. But, in addition, approximations were made in the computa-
tion of the trajectory launching conditions with the two-dimensional large
signal computer program, notably the neglect of space charge forces due to
RF beam bunching. This was considered sufficiently important to be further
investigated. The results are discussed in the next section.

Another approximation in the analysis was that the disk model of the
beam is based on laminar flow with the axial field assumed to be uniform
over the area of the beam. The spherical aberration ' effect of a:changing
magnetic field, particularly in the transition between the main solenoid
field and the refocusing field, was thus neglected.

Finally, a truly satisfactory calculation should utilize the exact
field distribution in the RF interaction gaps of the coupled cavity structure.
The continuous electron beam-RF circuit wave interaction model, which is used
in the two-dimensional large signal computer program, has generally been
satisfactory for calculation of overall performance parameters, such as
efficiency. The reason is that in a Fourier analysis of the RF wave, only
one space harmonic remains approximately in phase with the electron velocity
over an extended distance. The other space harmonics appear to be rapidly
ogscillating to the electrons and consequently contribute little to the aver-
age motion. For calculating the detailed motion of the electrons, however,
it may well be necessary to take into account the complete RF field configur-
ation in the last few cavities. It is thus believed, for example, that a
calculation which includes the actual gap fields would predict some current
interception on the output pole piece. This is not predicted with the con-
tinuous wave interaction fields, even in the presence of initial beam
scalloping and RF space charge forces, although the trajectories get quite
close to the pole piece.

46



VII. CORRECTIONS TO INITIAL ANALYSIS PROCEDURE

The performance of the two-stage test collector indicated that the
low and medium energy electrons did not behave as expected. This might,
at least partially, be attributed to the omission of space charge forces
due to RF beam bunching in thederivation of the launching conditions into
the collector, These forces would be expected to affect the lower energy
electrons most, and might produce a greater divergence of the trajectories

at the end of the refccusing section. Such trajectories would result in
reduced predicted current to the first depressed stage, which would be in
better agreement with the test results. An analysis with RF space charge

effects included was thus considered very desirable. Consequently, work
on the collector study contract was suspended, for five months, until the
space charge forces were incorporated into the two~dimensional computer
program, as a result of a requirement in a parallel contract.

EFFECT OF RF SPACE CHARGE FORCES

The spent beam energy distribution calculated with RF space charge effects
is shown in Figure 21, both at saturation and at the end of the refocusing
section. For comparison, the distribution obtained without the bunching
forces is also displayed; it remains unchanged throughout the drift region
beyond saturation. At the end of the refocusing section, the spent beam
energy distribution calculated with RF space charge forces differs mostly
by somewhat lower disk energies than in the distribution obtained without
these forces.  Otherwise, the shape of the two curves is similar. At
saturation, the distribution with the space charge effects included is
appreciably more bunched in energy and resembles quite closely the spent
beam distribution calculated with the one-dimensional program (Figure 38
in Appendix C). Thus, during the drift through the refocusing section,
the spent beam acquires a greater axial velocity spread. Generally, this
reduces the collector efficiency. )

The disk trajectories from saturation through the refocusing section,
calculated with RF space charge forces, are displayed in Figure 22. Com-~
paring the trajectory plot with Figure 12, it is seen that the effect of
the space charge forces is to produce a less uniform beam with a larger
variation in disk radii and trajectory slopes, There is also a somewhat
greater trend for convergence of the slow electrons at the end of the
refocusing section,

The composition of the spent beam at the output of the refocusing section
is summarized by the graphs in Figure 23, The aforementioned effects are
readily apparent in a comparison of the histograms in Figure 23 and Figure 13.
A numerical analysis of the two cases is found in Table VI, which lists the
parameters of a five energy-group model of the spent beam at the output of
the refocusing section. Also included in the table are the parameter
variations from the average values for each group.




*$90.103%

98aeYo 20Bds gy INOYITM PUB Y3ITM POIBINO[ED suo1inqralsip ABisus wesq juadg 1Z =2an314
(°A 7/ A) A983INT Q3ZITVINYON
T 2l ol 8 9° v 2’ o
_/hﬂl T T | !
NOILD3S
9NISND043Y

40 1Nd1N0o 1v

.530404 394VHO
30VdS 44 H1IM

30404 umm%o\\f_
30VdS 48 LNOHLIM

A¥ 9 = Op

ol
(CI/(A)T) IN3IYYND A3ZITVWHON Q3LVHOILNI

48



*$92J03J @23arvyc soeds J¥ YIIm

(°g/8) 071314 JILINOVIW G3ZITYWHON

Q

“(un

po31BINOTED U0T308s Fulsndogax uTl saTIojzosafea; 938pe Ysig 77 ®an31d
{wo) NOILVHNIVS WOMA 30NVLSIO
g'e o¢ g2 02 gl ol g 0
T T T T T T T 1
(un
AN 2 o g 9 g v £ 2 I 0
L%} T 1 T T »y T T T o]
] SRS ERRESESES i , T e
] ] EARRECERE ERaEE R EEsasiasat fus
H T : T i T s
A, L T w k_l THH S 4
w ] L EHY s
: : & ikt T 20
°g /8] ; ,
i it
5 o
! ! 1
i i
H W paEaspants
T T H
: = £
B i
SNy N | ! A
e R il Ly
: £ cesals
s 3 = T it
Emmi ! W, e t i3 s
S e T s
= gl ll+ 5 N
] BAESctiEa bR e e =
; . T e piecs 3 §
S
.xynmmmmm : 1
S i
HH

9V

49

33N\'7_LSIG aviavy

(wo)




8 CEHTEHTT : i : i
: THHE i Sl L 4
H L g - ‘} v . b ) o -+ |
=] . i i L It
[Ecibipe H L
+ s i N P o
S a e R s iesali g dssq 1 i
duqaigaqiet |
= r T r aadgaus
fanas i
o 1.2 1.4

NORMALIZED INTEGRATED CURRENT
I
1}
i
s

o 02 B

.08
{ INCHlES)

a2

A0 a8
ARADIUS  (CM)

LT TTETT TTTT T TITTTT IITe T ,
FEHEHE R T T L1 S R e :
! SRS pRand s iy crEL R SsdEl ;
LTI s " o ey s e Py e
T ¢ o) i 2 dRada gk i odn
58 ;_ S PR Fri
T H F H B : " I
7 T
ansunRan | PP i an
88 R L i 5 ' CELEEREE
aNTES ; : = , Eaw
L ! ; 2 U TEREERE LR r
aamwEy I 8 [N s TR
T a =
F neA 12t EEpE £
-EEH] ¢ -} —
. : 8 LELEE
» = ERmas r
- T o
.12 -1 -.08 - .02 o .08 .08

- 04 -.02
SLOPE {DA/DZ)

Figure 23 Spent beam composition at output of
refocusing section calculated with
RF space charge forces.

50



TABLE VI FIVE ENERGY-GROUP MODEL AT OUTPUT OF REFOCUSING REGION,
DERIVED WITH AND WITHOUT RF SPACE CHARGE FORCES,

—
RF SPACE
CHARGE ENERGY dr
FORCFS GROUP j vj (kV) r (in) T (em) dz /.
+ .003 + .008 + .020
1 8.5 095 T Toqp | <241 D 050 .08 " " 025
+ .002 + .005 + ,017
2 9.8 099 T To0s 252 1 tigg | 7045 T oo
+ .001 + .003 + .007
N - - °
o 3 11.3 102 7 oy | 259 T " 003 e
+ .001 + .001 + ,013
4 12.5 103 7 toap | -262 ] 005 | 0L T Co0s
- + .002 + .005 + .029
5 17.4 102 7 003 19259 D s |04 T ToTg
+ .014 + .036 + ,010
1 8.1 094 Tt 07y | -239 ] 030 | =*19 T ol
+ .011 + .028 + ,023
2 9.5 L0991 Cois | -252 7 to5q | --063 - 021
+ .006 + .015 + ,030
Yes 3 10.5 101 7 Coq, | -257 ] 043 -.047 7 "o018
+ .010 + .025 + ,027
4 11.6 .093 7 610 236 025 -.034 7 033
+ .023 + .058 + 045
5 17.6 | .102 _ "025 .259 " 063 .03 7 "053
NOTES :

(a) Equal current distribution among the groups

(b) Radii and trajectory slopes are averages and maximum deviations
from the average value.




The calculations with RF space charge forces thus indicate that, generally,
the slow electrons converge more than originally estimated. It should be
noted that this has the effect of producing trajectories which diverge more
strongly some distance into the collector, as a result of both the space
charge forces and the angular motion due to non-zero cathode flux, This
may be seen from Figure 24, in which trajectory I with initially zero slope
is compared with trajectories II and III with initial slopes of + ; if

the origin of trajectory II is displaced from 0 to 0', it will coincide
with trajectory III. Or, it may be said that a beam with converging
trajectories which after some distance become parallel, behaves like a
beam with initially a smaller radius,

APPROXIMATE CORRECTION FOR ANGULAR VELOCITY

In the trajectory analysis of the asymmetric collector, it was not pos=-
sible to directly account for the beam spreading effect of the residual
angular velocity, since this would require a full three-dimensional com-
puter program. A method of correcting for this effect, even though
approximate, would be of value, One way of doing this is shown in
Figure 25. It consists in finding the launching angle (o ) of an equiva-
lent trajectory without angular velocity, which in the présence of space
charge forces and electric retarding fields is deflected radially the same
amount as a trajectory with the proper amount of angular velocity. The
axial position of the reference plance would typically be at the location
of the collecting electrode for a particular energy group.

A quantitative investigation of this effect was carried out with the tra-
jectory computer program in the following way. The five energy groups

of the spent beam model, with their average radii and trajectory slopes

as calculated with RF space charge forces, were launched into a cylindri-
cally symmetric version of the two~stage test collector. (Such a collector
would be obtained by switching off the magnetic deflection field and shift-
ing the collector electrode apertures to a coaxial position,) The magnetic
focusing field was assumed to be zero everywhere, but the angular velocity
due to non-zero cathode flux, which would be present in a field-free region,
was included. Additional test trajectories with zero angular velocity
were launched with each energy group for the purpose of finding the equiva-
lent trajectory slope. The electrode potentials of the cylindrically
symmetric two-stage collector were the same as the experimental potentials
in the test collector. The results are listed in Table VII, and show that
most of the converging rays should be replaced by diverging trajectories.
Also shown in Table VII are the slopes of a strongly diverging beam model,
constructed by changing the sign of the negative trajectory slopes in

the model derived with RF space charge forces, as a measure of the degree

of variation in angle which is possible.
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TABLE VII TRAJECTORY SLOPES OF CORRECTED AND STRONGLY DIVERGING BEAM

MODELS
Tan ¢, = (dr/dz).
: (dr/ Z)J
) EQUIVALENT MODEL WITH
ENERGY e MODEL WITH RF RAY WITHOUT STRONGLY DIVERGING
GROUP j Vj (kV) SPACE CHARGE ANGULAR VELOCITY BEAM
1 8.1 -.10 .01 .10
2 9.5 -.063 -.015 .063
3 10.5 -.047 .0 . 047
4 11.6 -.024 .018 . 024
5 17.6 +.03 . 045 . 045

An analysis of the test collector, using the trajectory launching condi-
tions corrected for the effect of angular velocity, was made with the end
plate at the cathode voltage and the other two electrode voltages at the
experimentally optimized wvalues, A correction was also made for the
energy removed from the spent beam due to circuit losses. The kinetic
power in the beam emerging from the output coupler, given by

P =P P - P -
b o + RF in RF out Pcircuit loss’

was then found to be 9.52 kW. This is equivalent to an average normalized
energy of V/V_ = ,683, rather than the value of .714 in the computer-
calculated spgnt beam. The first four energy groups were accordingly
reduced in energy by about 5% and the highest energy group by 1%. (The
dissipated RF energy is principally supplied by the low energy electromns.)

The estimated current distribution is shown in Table VIII, the next to

the last column., The corresponding experimental values are also displayed,
in a way which more explicitly demonstrates the effect of collector
depression, The measured total currents going to the body, the deflec-
tion magnet (and refocusing magnet pole piece), and the deflection magnet
shield have been separated into two parts, namely, the measured currents
without depression and a remainder; the remainder thus reflects the effect
of depression. The calculated current going to ground potential (15%)
essentially comprises the sum of the currents to the deflection magnet

and the shield as a result of depression, (AI M + AT )/Io. Practically
all the change in body current due to depression is from electrons

escaping to the vacuum envelope because of imperfect shielding, principally
from the region between the first and second electrodes.
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TABLE VIII CORRECTED ANALYSIS OF RF PERFORMANCE OF TWO-STAGE TEST
COLLECTOR WITH DEPRESSION.

PERFORMANCE ESTIMATED FROM
MEASURED VALUES ASSUMING TRAJECTORY ANALYSIS WITH
100 PERCENT

100 PERCENT TRANSMISSION CORRECTED DIVERGING

CASE MEASURED TRANSMISSION PERFECT SHIELDING BEAM MODEL BEAM MODEL
I, ./1 .230 .0 .0 .0 .0

Bo "o
wIB/Io .079 .120 .0 .0 .0
IDMo/Io .017 .0 .0 .0 .0
_\IDM/I0 .04 .021 .021 2,0 ~.0
ISO/IO .029 .0 .0 .0 .0
;‘.IS/IO .162 .245 .245 .15 .32
Icl/Io .284 429 .549 .66 .50
(IC2 + 1C3)/Io .185 .185 .185 .19 .18
NOTES

(a) The current le is the increase due to depression from the value Ixo without depression,

(b) The electrode voltages in all cases are: VCl = -5.12 kv, ch = -9.55 kV, VC3 = -16.0 kv,

A major difference in the observed and estimated current distributions

is the reduced transmission (72.4%) into the collector region even with-
out depression. Because the interception on the coupled cavity circuit
was found to be very small, at least with a peaked magnetic focusing
field, it would be possible to improve the transmission into the collector
dramatically by appropriate modifications of the pole piece and shield
‘apertures, An estimate of the current distribution with perfect trans-
mission (with depression) is also shown in Table VIII. It was obtained
by assuming that the originally intercepted current consisted of low and
medium energy electrons which were redistributed on the body, deflection
magnet, shield and first electrode in the same ratio as the measured cur-
rent components due to depression. If it is further assumed that with
perfect shielding the registered body current goes to the first electrode,
the current distribution is fairly similar to the distribution derived by
trajectory analysis. The difference is a shift of 11% of the total cur-
rent from the first electrode to the deflection magnet shield,
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The presence of an axial leakage field would have the effect of increasing

the electron backstreaming. A direct analysis of the two-stage collector

with an axial magnetic field component was not possible with the computer
proguaam. Instead, a computer run was made with such a field in a cylindrically
symmetric version of the test collector. An increased tendency of the central
trajectories to return through the electrode apertures was noted, but the
effect did not appear to be sufficient}y significant to account for the
observed excess current to the deflection magnet shield.

The results of a trajectory analysis with the strongly diverging beam model
are included in the last column of the table. Evidently, the degree of
assumed divergence is too severe.

Considering the presence of other sources of error, as discussed previously,
it may be concluded that the corrected spent beam trajectory launching con-
ditions predict a collector performance which is in fair agreement with

the experimental results,
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VIII MULTISTAGE DEPRESSED COLLECTOR DESIGN

According to the initial plan, an optimized multistage collector with
up to five depressed stages was to be designed and evaluated. The design
procedures were intended to be verified through the evaluation of an opti-
mized two-stage collector. Even before any test results had become available,
however, computer investigations were started on some four-stage collector
configurations. These involved simple modifications of the two-stage designs,
by the addition of two intermediate electrodes.

The trajectory plot for one such four-stage collector is shown in
Figure 26, It is a modification of the all-electrostatic collector in
Figure 19. The efficiency of this collector was estimated to be 68 percent,
or 9 percentage points higher than the efficiency of the two-stage design from
which it was derived.

A similar modification of the two-stage collector with initial magnetic
deflection (Figure 18) was not successful. Several of the low and medium
energy electrons were not sufficiently deflected by the now-reduced electro-
static transverse force beyond the first depressed electrode, resulting from
the intermediate electrode voltage between the two original electrodes. Also,
as was discussed previously, the energy groups are more crowded together in a
collector with initial magnetic deflection, making an electron sorting by
energy more difficult, The scheme was therefore abandoned.

The first test results of the two-stage collector indicated that a
greater spread of the low and medium energy electrons occurred, such that a
substantially decreased number were collected on the first stage. Another
collecting electrode was therefore added in the four-stage electrostatic
design, located between the first stage and ground and having a depression
voltage of 70 percent of that of the first stage. The effective decrease in
the axial length of the initial deflection region was compensated for by
moving the grounded back plate closer to the depressed deflection control
electrode. A configuration was then found which, with the same original
trajectory input conditions, produced no significant change in the trajectory
pattern occurring in the four-stage design. The added stage would, however,
collect some of the trajectories which would be actually more diverging than

~assumed in the beam model.

TRAJECTORY DESIGN ANALYSIS OF FINAL FOUR-STAGE COLLECTOR

Generally the collector designs, which were analyzed with the originally
derived spent beam model, were characterized by an electron sorting process
which depended not only on the electron energy, but also, quite critically,
on the trajectory launching conditions. 1In the four-stage collector in
Figure 26, for example, it is seen that the fourth energy group is collected
on all four electrodes*, depending on the launching position within the

*0One of the trajectories of the fourth energy group is collected on the
electrode with -12.5 kV depression, even though the initial kinetic energy
is 12.5 keV. The reason why this is possible is the potential depression
due to the space charge at the collector entrance.
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beam. An inspection of the trajectories reveals that the initial trajectory
angle would also be significant. When the space charge forces due to RF
beam bunching were included in the derivation of the trajectory launching
conditions into the collector, a greater variation in radial position and
trajectory angle were found among the electrons composing an energy group.
It was therefore desirable to modify the design to be more independent of
the trajectory input conditions. This can be achieved by applying a greater
deflection force. Generally it entails a reduction in efficiency, because
of increased transverse velocity of the impacting electrons. Nevertheless,
because of the uncertainties inherent in the analysis, and the relatively
strong space charge forces, the approach used for the design of the final
collector was to maintain a greater control of the beam.

A trajectory plot of the final four-stage collecter is shown in Figure 27.
The number of effective depressed stages was limited by the number of avail-
able feed-through connectors (seven), three of which would be used for the
refocusing magnet, the first deflection control electrode and the non-
collecting deflection electrode at the top. The remaining deflection electrodes
are connected electrically to two collection electrodes. The composition of
the beam used in the computation was the one calculated with the inclusion of
RF space charge forces, and corrected, in a first approximation, for the spread-
ing effect of the rotational motion in the beam (Table VII).

An indication of how well the beam is controlled is given by a comparison
of Figure 27 with the trajectory plot obtained in the first iteration, dis-
played in Figure 28. The space charge forces in the collector region have thus
not been included. It is seen that their effect is relatively minor. A com-
puter run was also made with the strongly diverging beam model in Table VII.
The final iteration of this run, including space charge forces, is shown in
Figure 29, The low energy groups do not focus quite as well after turn~
around, with a consequent loss of energy selectivity. Considering, however,
that the assumed trajectory slopes represeént worst-case estimates, the col-
lector design is generally fairly insensitive to the variations in the electron
trajectory angles.

The electrode configuration and the voltages were chosen to provide a
smooth, relatively constant force on the electrons in most of the collector
region. An optimized design of an ideal four-stage collector, based on the
spent beam energy distribution at the output of the refocusing section, was
used as a guide. This is believed to be appropriate for the present collector,
in which the sorting is determined principally by the electron energy. (For
the previously investigated collector types, the performance was more strongly
dependent on the trajectory input conditions.) The spent beam energy distribu-
tion and an optimized design of the ideal four-stage collector is shown in
Figure 30. The voltage step between the last two stages in the ideal design
is about twice the step between the less depressed adjacent stages. To
maintain an approzimately uniform potential gradient, the distance between
the last two stages has thus been made correspondingly larger.
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ESTIMATED PERFORMANCE OF OPTIMIZED FOUR-STAGE COLLECTOR

The performance of the four-stage collector may be estimated in the
following way. From the trajectory plot in Figure 27 it is found that the
amount of energy recovered by the collector ranges from 677% for the slow
group to 737 for the fast group. In case the trajectories of an energy
group are collected on two different electrodes, as happens for the third
group, the recovered energy may be weighted accordingly. On the average,
therefore, about 70% of the energy is recovered. This would be a rough
estimate of the collector efficiency,.

A more valid calculation would be based on an increased number of -
energy groups. This would generally give a lower efficiency, as was ob-
served in the analysis of the two-stage test collector with four and five
energy groups, In the four-stage collector, however, the efficiency reduc-
tion with added energy groups is expected to be larger than in the two-stage
collector because of the greater energy selectivity.

Another method of calculating the expected collector efficiency is to
start from the ideal four-stage collector. Its performance is summarized
in Table IX, Even though all the energy of a given electron could be recovered
by an ideal collector, the distribution of electron energies is a spent beam
would require an infinite number of electrodes for 100% collector efficiency.
For the four-stage collector, the efficiency is 89%.

The relative decrease in efficiency due to finite number of stages can
also be applied to the actual non-ideal collector, provided the maximum
amount of energy recovered from a typical energy group is known. A measure
of the maximum recoverable energy is obtained when an entire energy group
just barely reaches a depressed stage. (Because of the spatial spread of
the trajectories of an energy group at collection, this would still be an
underestimate; for an increased number of stages additional energy would be
recovered from some of the electrons in the group.) In Figure 27, all the
trajectories of the first energy group are collected on the first electrode,
but evidently, this would still happen for an increased amount of depression,
The margin is closer for the second energy group, which is collected entirely
on the second electrode. The recovered energy for this group is somewhat less
than 73 percent. Using this number as the maximum collection efficiency for a
typical group, and multiplying by the correction factor .89 applicable for
four stages, gives an efficiency of 65 percent for the actual four-stage
collector.

In a similar analysis with the strongly diverging beam model (Figure 29),
the recovered energy varied monotonically from 61 percent for the slow group
to 73 percent for the fast group. The average collection efficiency was 67
percent, or three points lower than for the first beam model. To take the
variation in trajectory launching conditions into account to some extent, a
compromise procedure was adopted to arrive at a best estimate, The maximum
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TABLE IX ESTIMATED PERFORMANCE OF FOUR-STAGE COLLECTOR

Ideal Collector Actual Collector (Vo=16kv)
Stage k -Vck/VO Ick/IO -Vck/VO Vck(kv) Ick/Io
1 45 .29 .30 - 4.8 .29
2 .6 45 41 - 6.6 A5
3 .76 .15 .53 - 8.5 .15
4 1.11 11 .80 - 12.8 11
Notes:
(a) Calculated spent beam power: Pb = .714 IOVO.

(b) TFor ideal collector, recovered power = ,637 IOVO; e = 897%.

(e) For actual collector, recovered power = .44 IOVO; N, = 62%.
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recoverable energy for a typical energy group was reduced from 73 to 70
percent. Correcting by the factor .89 for four stages gives a collector
efficiency of 62 percent, This is considered a conservative estimate,
However, degrading effects due to initial or acquired motion perpendicular
to the symmetry plane have not been included.

A summary of the estimated performance characteristics of the collector
is given in Table IX. The optimized electrode potentials are assumed to be
about 70 percent of the ideal potentials. The electrode currents should be
similar to the ideal currents under these conditions, although some current
would go to ground potential, It may be noted from the spent beam energy
distribution in Figure 30, that relatively small changes in the potentials
of the second and third electrodes will produce significant changes in the
electrode currents. The change in efficiency will be minor, however, since
by virtue of the optimization anc/avck = 0,

The collector combined with a (lossless) 28 percent efficient traveling-
wave tube would give an overall efficiency of 51 percent. For the stacked
coupled-cavity circuit, for which the power loss at saturation was estimated
to be ,58 kW, the overall efficiency would be 48 percent, assuming 97 per-
cent transmission into the collector. It is believed that with the
modifications which are described in the following subsection, this trans-
mission could be achieved.

CONFIGURATION OF FOUR-STAGE COLLECTOR

The actual design of the four-stage collector, which was planned for
evaluation in the demountable apparatus, is shown in Figure 31, in the plane
of reflection symmetry. It corresponds closely to the configuration used in
the trajectory calculations.

In the computer runs a planar collector geometry was assumed, with an
appropriate planar simulation of an initially cylindrical beam., An effort
was made to maintain planar symmetry in the actual collector, within the
constraints of the available test apparatus. The electrode outlines are
shown in Figure 32.

The planar geometry extends over a distance of about one inch (2.5 cm)
from the symmetry plane. As a check on the design, an estimate was made of
the extent of electron displacement perpendicular to this plane in the
collector. An initial transverse velocity in this direction may be caused
either by a radial velocity component or an angular velocity component.
Since these components are mutually perpendicular, both of them cannot be
maximally effective simultaneously. Worst-case estimates of the radial 9
trajectory slopes yield transverse velocities typically equal to .2 X 10
inches/s (.5 X 10° cm/s). The time of flight in the collector for the
corresponding electrons was obtained from the computer print-out. It was
at most 2.5 ns, resulting in a displacement of .5 inches (1.3 cm). The
maximum angular velocity, assuming a cathode flux of 87 percent relative to
the DC beam and laminar flow, is .15 X 109 inches/s (.38 X 109 cm/s). The
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maximum time of flight, which was applicable in this case, was 2.8 us,
producing a displacement of about .4 inches (1 cm). Effects due to space
charge and non-laminar flow may contribute another half inch (1.3 cm).
The collector configuration is therefore reasonable, although a greater
margin might have been desirable.

An elaborate shielding arrangement, shown only partially in Figures
31 and 32, was designed to prevent electrons from escaping to the vacuum
envelope, or being captured on the ceramic spacers. Grooves machined
into the gun side of the active part of the electrodes were planned in
order to minimize grazing incidence of electrons and thus reduce produc-
tion of secondaries.
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Figure 32 Electrode configurations in final four-stage
collector.

To improve the beam transmission into the collector, the following
modifications were planned. The beam hole in the main solenoid pole piece
was to be chamfered with a radius of .075 inches (.191 cm) at the gun side
and .100 inches (.254 cm) at the collector side. This should very effec-
tively reduce the interception on this pole piece, judging from the
trajectory plot in Figure 22, and the measured negligible interception on
the RF circuit (the beam hole radius of the circuit was .050 inches). The
beam hole in the refocusing magnet pole piece was to be similarly chamfered
with radii of .1375 inches (.349 cm) and .1575 inches (.400 cm). The
slight change in the magnetic field expected as a result of these modifica-
tions should have no significant effect on the refocusing characteristics.
It was also planned to reduce the amount of field peaking at the output of
the traveling-wave circuit from 20 percent, maintained in the improved
focusing experiment, to 10 percent.
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IX DISCUSSION OF RESULTS AND SUGGESTED DIRECTION OF FUTURE STUDIES

It has been shown that the measured and calculated performance of
the two-stage test collector were in fair agreement. This conclusion is
somewhat obscured because certain assumptions had to be made as a result
of perturbing effects in the experiment (relatively large current inter-
ception and imperfect shielding of the collector region). The method
of analysis developed was therefore basically sound, even though it was
based on some recognized approximations.

It is thus believed that the design analysis of the final four-stage
depressed collector is valid, particularly since the design was made rela-
tively insensitive to uncertainties in the velocity distribution of the
incident beam. Because of constraints imposed by the demountable appar-
atus on the construction of the asymmetric four-stage collector, its
geometry was quite complex, Without these constraints, a considerable
simplification of the structure could be achieved. Even so, a cylindri-
cally symmetric structure would generally be preferable from a construction
point of view.

The predicted efficiency of the four-stage collector was 62 percent,
This is comparable to a reported collector efficiency of 63 percent with
a cylindrically symmetric electrostatic collector having ten depressed
stages and operated on a klystron with a basic efficiency of 45 percent.
Considerably higher efficiencies (approaching 90 percent) have been pre~
dicted for a slightly different type of symmetric electrostatic collector.
Since both the analysis and construction of an asymmetric collector is
appreciably more difficult, the two types of asymmetric collectors which
were investigated (the electrostatic type and one with limited magnetic
deflection) would thus stand at a disadvantage to a symmetric design. Upon
request from NASA, the four-stage collector was therefore not evaluated.

An asymmetric electrostatic multistagé collector might be desirable
in certain applications. A base plate cooling scheme, for example, would
benefit from a collector in which the heat is generated on one side. It
would be desirable in such a case for the tube to be operated with a shielded
cathode to minimize angular electron velocities. Also, magnetic shielding
of the collector should be provided, and an effort made to minimize other
field irregularities.

Another kind of asymmetric collector, utilizing an axial magnetic
field, which has recently been ingestigated analytically, has shown promise
of efficiencies up to 80 percent. The magnetic field in this case .is used
more to confine the beam than to sort it, which is a distinct advantage,
since the detrimental effect of beam spread due to space charge has been
shown to be considerable.

One way of considering the difference between an asymmetric and a

symmetric design is that in the former type of collectox, the whole beam
is deflected to one side, whereas in the latter type only half the beam

69




is deflected to one side. The asymmetric collector therefore has to
provide a sorting of electrons for which the variation in initial trans-
verse velocities is twice that in a symmetric collector. Also, the beam

is evidently allowed to spread less in an asymmmetric collector, which
results in stronger space charge forces. The reason why an asymmetric
collector with an axial magnetic field appears attractive is that it reduces
the beam spread due to both these effects.

One advantage of an asymmetric design is the relative ease with which
a tilted electric field of variable angle can be achieved for increased
control over the beam. In a cylindrically symmetric design, there are
practical difficulties in obtaining a specified potential along the axis
to produce a similar effect.

The general analysis procedure, which was developed for the asymmetric
collector types in the present invest igation, is equally applicable to
symmetric designs. A very attractive feature of the method is that it is
based on a calculation of the entire electron motion from the beginning
of the interaction region, In most collector studies which have been
conducted so far, independent assumptions have been made for the trajec-
tory input conditions into the collector. The analysis procedure does,
however, contain some approximations, the effect of which should be de-
termined, In particular, an exact treatment of the gap fields in a
coupled cavity structure would be desirable.

The detailed nature of the trajectory launching conditions into the
collector remains as one of the main uncertainities in the analysis. An
effort should be made to obtain experimental corroboration of the calcu-
lated spent beam energy distribution in a given application, Also, an
experimental evaluation of an expansion and refocusing scheme would be
another profitable subject of study, to verify the validity of the computer-
derived electron motion, This would be especially valuable if an RF
modulated spent beam were used, but even an investigation with a DC beam
would be significant. '
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X CONCLUSIONS

An investigation was made of a multistage collector for efficiency
enhancement of traveling-wave tubes.

A method of analyzing an asymmetric collector scheme, either all-
electrostatic or ome with transverse magnetic field, was developed. The
analysis procedure was verified to be basically wvalid, by comparing the
predicted and measured performance of a two-stage test collector employ-
ing initial magnetic deflection of the spent beam. An attractive feature
of the analysis method was that the entire electron motion from the
beginning of the RF interaction to the capture in the collector was
calculated in a well-defined manner.

The asymmetric all-electrostatic collector scheme promised to give
higher efficiency than a scheme using initial magnetic deflection of the
spent beam. A four-stage electrostatic collector with a predicted effi-
ciency of 62 percent was designed. If applied to a traveling-wave tube
of 28 percent basic efficiency, it would achieve an estimated overall tube
efficiency of about 50 percent.

The performance of an asymmetric electrostatic collector is, at best,
comparable to the performance of a cylindrically symmetric electrostatic
collector. Since both the construction and analysis of an asymmetric col-
lector are more complex than for a symmetric type, it is generally not as
practical. 1In certain applications, such as for a device with base plate
cooling where heat generation in a plane is desirable, it may, however,
be advantageous.
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APPENDIX A

DC-TO-RF POWER CONVERSION EFFICIENCY AND COLLECTOR EFFICIENCY

The usefulness of a depressed collector on an electron beam device,
such as a traveling-wave tube, is primarily measured by its ability to
raise the basic efficiency of the device, 7 to a higher value, 7. For
a traveling-wave tube, the basic undepresse8 efficiency is usually defined
by the ratio of RF output power to the DC beam power:

n = 1
o PRF out/ (Iovo) (L

1f part of the spent beam is collected at one or more depressed potentials,
a portion of the kinetic beam power, P , is recovered by the collector, re-
sulting in a saving of the DC power supplied to the device. The efficiency
with a depressed collector is then

K PRF out/ (Iovo— Pc) (2)

The recovered power may be expressed by

Pc = -Zk Ick Vck (3)
where I, is the current collected at the electrode with potential V
relative to ground (for a depressed electrode V is negative,
ck
yvielding a positive contribution to P )

ck

For the purpose of comparing one collector design with another it is
convenient to separate the collector performance from the traveling-wave
tube characteristics. The concept of collector efficiency provides the
means for such a comparison. The collector efficiency, n , is the fraction
of the energy recovered from the incident spent beam. If the power of the
gpent beam is Pb’ the collector efficiency is thus defined by

n_=P_/P (4)

The concept of collector efficiency is particularly useful in col-
lector design analysis, since a certain fixed spent beam composition may be
assumed in the evaluation of various collector configurations. Even if
the actual spent beam is somewhat different, the collector efficiency tends
to remain about the same, because there will be a corresponding change in
the recovered power.

The power in the spent beam can be calculated only approximately.
To relate the collector efficiency to the significant experimental
property of overall tube-collector efficiency, the energy balance condi-
tion is made use of:

Pb = Iovo+ PRF in PRF out Pinterception h Pcircuit loss (3
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The RF input power term, which is usually negligible, has been included
here because the traveling-wave tube used in the experiments had low
gain. The last two terms on the right hand side, the power dissipated
by the intercepted current and the power lost by the resistive cavity
walls (or lost by leakage in a stacked structure), can only be estimated.
An example of such an estimate is found in Section VI, Using equations
(1), (4) and (5), the overall efficiency can be expressed as

170
1—1)C (l-no-ﬂ')

(6)

=

where

nt= (P )/(I) (D

. .+ P, . - P .
interception circuit loss RF in

Solving for . gives the inverse relationship

1 - no/n
M ST 7 o7 (8)
(¢}



APPENDIX B
NECESSITY FOR BEAM EXPANSION

A preliminary analysis of the beam spread in the collector was made
by considering the DC beam which was to be used in the experiments. The
beam had a design perveance of .46 pperv. Its cathode flux parameter k,
defined by the ratio of the magnetic flux passing through the cathode
surface and the flux enclosed by the beam, was .87. For an ideal, non-
thermal, non-laminar flow such a beam would require a focusing field of
twice the Brillouin field.

Figure 33 shows the calculated beam contours in a field free region
for wvarious initial beam sizes in relation to the radius of the focused
DC beam, ro. For comparison, the beam contours in the case of zero
cathode flux have also been plotted. The beam is assumed to have been
expanded and refocused, as illustrated in Figure 24, so that it is launched
in a condition of parallel flow. With no prior expansion, the beam spreads
by more than a factor of three over a distance of 15-20 times the DC beam
radius. This distance corresponds to about .5" (1.3 cm), which is the
approximate length of the deflection region into which the beam from the
refocusing section is to be launched. If the beam is first expanded to
three times the DC radius, the subsequent spread in the field free region
is less than 207% of the launching radius over the same distance. It was
concluded that a beam expansion of three or more was désirable.

The method of producing such an expansion and refocusing of the beam
is 4llustrated in Figure 35. A reduced magnetic field, which follows the
main focusing field, causes an initial expansion of the DC beam, since it
is no longer in balanced flow. In an extended region with reduced field,
the beam would scallop about the larger balanced-flow radius (r ' in the
figure) of the decreased field., 1If the reduced field region is®terminated
at the axial distance for which the beam radius is maximum, an expanded
beam in parallel flow will be obtained.

For estimating the amount of field reduction and the length of the
refocusing field region that is required to produce a given amount of
expansion, the beam edge trajectories for the DC beam were calculated
beyond the point of maximum radius for various magnitudes of reduced
field., The results are depicted in Figure 36, It is seen that a DC
beam expansion of a factor of three is achieved with a 60% reduction in
the field over a distance of 26 beam radii, or about .75" (1.9 cm) in the
present case.

2 A practical field configuration used for the expansion and refocusing
of the spent beam is shown in Figure 7 of Section IV.

* Part of this work was carried out under a separate, parallel contract
(NAS 3-11539), on the subject "Refocusing of the Spent Axisymmetric
"Beam in Coupled Cavity Traveling-Wave Tubes'. It is here included for
the sake of completeness.
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APPENDIX C
LARGE SIGNAL ANALYSIS OF RF CIRCUIT

An initial analysis of the coupled cavity X-band test circuit was
carried out with a one-dimensional large signal computer program, for the
purpose of selecting the operating voltage to be used in the collector
evaluations. The one-dimensional program includes circuit loss and the
space charge forces due to RF beam bunching, but is based on a disk model
of the electron beam in which the disk radius is assumed to remain constant
throughout. It could therefore not be employed to investigate the radial
motion of the electrons. Later on in the study, a two-dimensional program,
based on a disk model of the beam in which the disk radii are variable, be-
came available. This program, which did not initially include RF space
charge forces or circuit losses, was then used to evaluate the radial
motion of the electrons in the RF circuit.

In the runs with the one-dimensional program, the beam voltage was varied
from 15 kV to 22 kV with the gun perveance fixed at the design value of
.46 upperv, The analysis was made at a single frequency (8.95 GHz). Predictions
for the electronic efficiency and the efficiency with ideal optimized multi-
stage depressed collectors were obtained. The results are shown in Figure 37,
for collectors having up to five depressed stages, Although the calculated
efficiencies with ideal depressed collectors are considerably higher than what
can be expected with practical devices, they may be used as guides to determine
the best operating conditions. It is seen that best performance for multistage
collector operation may be expected at 16 kV beam voltage; it may also be noted
that this is lower than the optimum voltage for maximum basic (undepressed)
efficiency, A beam voltage of 16 kV was therefore selected and used for all
subsequent work., The predicted efficiencies from a computer run with the two-
dimensional program at 16 kV are also indicated in the figure. 1In this run
circuit losses and RF space charge effects were not included. The difference
in multistage collector efficiency for the two programs is typically 5%.

The ideal multistage collector predictions in Figure 37 are derived from
the calculated spent beam energy distributions. The distributions obtained
with the two programs for a 16 kV beam voltage are displayed in Figure 38.
The normalized integrated current, I(V)/I , plotted as a function of the nor-
malized equivalent voltage V/V_, is the ffaction of the beam current having
kinetic energy greater than or equal to V. (An ideal DC beam would thus be
represented by two lines drawn normal to the axis from the point I(V)/I =
V/V_ = 1.) Also shown in the figure are the optimized bias voltages of
the®ideal depressed collectors with up to five stages, from which the effi-
ciencies were calculated. The qualitative features are similar, although
some disagreement can be noted for the optimum collector bias voltages.
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Figure 37
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APPENDIX D
DEBUNCHING OF THE SPENT BEAM IN A DRIFT REGION

In the large signal computer program, the electron beam is represented
by disks of charge, which are initially uniformly spaced over an axial
distance of one electronic wavelength. In the calculations, the spatial
distribution of the disks around a given axial plane is expressed in terms
of their phases relative to the phase of the RF wave, rather than in terms
of distance. The initial uniform distribution in space is thus actually
represented by a uniform distribution of disk phases, in the normalized
range -~ wto + w, A change in the bunching characteristics of a modulated
beam is most conveniently studied by a plot of the disk phases as a func-
tion of distance,

Such a plot of the phases of all the 32 disks used to represent the
beam is displayed in Figure 39, starting at saturation and extending through
the refocusing region. (In a drift region, the phases are calculated rela-
tive to a fictitious circuit wave moving with a velocity equal to the
undisturbed circuit wave velocity.) At saturation, the disks are bunched
with phases between -7/2 and +n/2. Beyond saturation the bunch disperses
because of the electron velocity spread. The space charge effects due
to bunching have not been included in the computer run represented in
Figure 39, The phase graphs are therefore straight lines because the
axial disk velocities remain constant in the absence of RF wave and RF
space charge forces. (The near-vertical lines which occur at the phase
discontinuities due to the normalization should be ignored.) At the
end of the refocusing region the phases are spread out quite uniformly
over the whole range from - 7m to + 7w, indicating that the beam at this
point has no charge density modulation. The space charge forces will
tend to bring about this condition more quickly and also tend to maintain
it. This is seen in Figure 40 which is a similar plot calculated with
the RF space charge forces included.

At the output of the refocusing section, the spent beam may therefore
be considered to be a mixture of independent DC beams with several velocities.
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APPENDIX E

EFFICIENCY EVALUATION FROM TRAJECTORY PLOTS

The collector efficiency, nc’ is evaluated from the computed trajec-
tory plots gn the collector region. It is defined by the ratio

n =P/ ,

where P is the kinetic power recovered by the collector and P, is the
incident power in the spent beam. The spent beam was in these studies
represented by a reduced number of discrete energy groups, usually four

or five, Letting the subscript j denote an energy group in the spent beam
with (equivalent) voltage of V., and current I,, the power in the spent beam
may be expressed by J J
P = =T, V,
b i3]

In order to calculate the effectiveness of a collector in recovering
the kinetic energy in the spent beam, it is necessary to know what fraction
of each energy group is collected at each different voltage in the depressed
collector. If the fraction f,, of the current in energy group j is collected
at a voltage of V relative 3% to ground potential, the kinetic power
recovered by the ¢Sllector is obtained by

Pe =" éi Loofie Ve

With a given spent beam and given electrode voltages, the only unknowns
are thus the fractions fjk'

The computed trajectory plots supply information on the beam behavior
in the plane of reflection symmetry. A simple method of obtaining the
fractions f,, is to count the number of current-carrying trajectories in
each group %Eich are collected at the various voltages. This method is not
appropriate in the present case, however. The collector geometry is com~
plex, and some information on the trajectories on either side of the
symmetry plane is necessary. Also, the great spread of some of the energy
groups produce large variations in the local current demnsity in different
regions of the collector; therefore, giving equal weight to each trajectory
may not be satisfactory.

The method which has been adopted consists in referring the beam
behavior in the collector back to the beam entrance-plane by a mapping
process. The assumption is that the current density at the entrance plane
is uniform over the beam cross-section for each energy group. If a mapping
can be made in this plane of the various potential regions at which the
electrons are collected, the fractions £, are simply given by the corres-
ponding fractional areas. An example of3® this is shown in Figure 41,
where the cross-section of energy group j has been divided into three regions
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ENERGY GROUP |

BEAM COLLECTED
ON st ELECTRODE
(FRACTIONAL AREA fji

Figure 41 Mapping of the beam cross section of an
energy group at the collector entrance.

corresponding to the collector voltages VCO ( = 0, ground), Vci

( = potential of first electrode), and VC ( = potential of second

2
electrode). The fraction f£,. of group j which is collected at potential V

is evidently just the shaded "fraction of the total beam area, because of el
the assumed uniform current density,

The following additional assumptions have been made for carrying out
the mapping process:

(1) The transverse deflection in the direction parallel to the symmetry
plane is independent of the originating distance from the symmetry
plane.

(2) The impinging of an electron on the surface of an electrode causes
a secondary electron to be emitted perpendicular to the inter-
cepting surface.

(3) The beam spread in both transverse directions is of comparable
magnitude, at least in a region not too close to trajectory turn-
around.
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As an illustrative example of the mapping process and the assumptions
involved, the third energy group in the test collector will be analyzed in
the plane of the second electrode before turn-around. In Figure 42, the
trajectories of the third energy group from Figure 20 have been replotted
separately. At the collector entrance, these trajectories originate along
the vertical line in the cross-section diagram. Along this line, the
trajectory plot supplies complete mapping information by interpolation.

The top trajectory hits the edge of the first electrode. By assumption

{(2), a secondary electron is emitted, which falls back to ground potential,
The top trajectory is therefore effectively collected at ground potential,
designated by 0 in the diagram. The next two trajectories are collected at
the potential of the first depressed stage, either directly or by emission
of secondaries. The center trajectory as well as the bottom trajectory are
collected on the second depressed stage. The two intermediate trajectories
return to the first stage after having penetrated into the region between
the second stage and the end plate. Evidently, some of the electrons between
these two trajectories would fall all the way back to ground potential; this
has been indicated in the cross-section map.

Assumptions (1) and (3) are invoked to complete the mapping at the col-
lector entrance on either side of the line of symmetry. A detailed example
is shown by the distribution of the trajectories in the plane of the second
electrode, The location of the rays along the vertical line, in relation to
the circular electrode aperture, is obtained directly from the trajectory
plot. By assumption (1), all the electrons injected along the horizontal
line through the center will remain in a horizontal line throughout the
motion. To obtain the spacing between these electrons in the plane of the
second electrode, assumption (3) is made use of. As seen in the diagram of
this plane, the distance between the center ray and the two adjacent rays in
the horizontal direction has been made comparable to the distance between the
center ray and the two rays in the vertical direction. The remaining elec-
trons along the horizontal line are spaced out with the just-established
distance as a scale. The approximate boundary of the energy group at the
second electrode can now be drawn in. The electrode aperture, which separ-
ates the electrons collected on the second stage from those collected on
the first stage, is finally mapped out on the beam cross-section diagram at
the entrance, by using corresponding mesh points as a guide. The other
boundary lines for the energy group are mapped out in similar fashion.

The mapping diagrams of all the energy groups are shown in Figure 43.
From the partial areas, which in practice were measured with a planimeter,
the fractions f. can be obtained. This allows a calculation of the power
recovered by thd collector, and hence the collector efficiency.

The procedure which has been described is most appropriate for collector
configurations in which the transverse deflection of the beam as a whole is
relatively small, such as in the test collector, in order to retain reason-
able validity of assumption (3). For configurations with stronger transverse
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Figure 42 Illustrating the mapping procedure with the third energy

group in the test collector in the plane of the second
electrode before trajectory turn-around.
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Figure 43
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-V 1= -5.5 kv ‘
V,,=-10.3 kv |

Mapping of beam cross-section at collector entrance
for five energy groups in the two-stage test collector,
The electrons in regions labeled 0, 1, and 2 are

(effectively) collected at Vco’ Vcl and ch respectively.,



deflection, as in those employing additional electrostatic deflection force,
a more independent judgment has to be made about the beam spread perpendi-
cular to the symmetry plane. In these cases, the corresponding spread
without transverse deflection can be used as a guide.

The presence of residual rotation in the expanded spent beam, result-
ing from non-zero cathode flux, makes assumption (1) only approximate. A
distortion of the cross-sectional trajectory pattern takes place, such that
reflection symmetry is no longer maintained. The expansion of the beam in
the refocusing section reduces the effect, but it remains as one of the
weak points in the analysis.

A different procedure has been used for the efficiency estimate of the
final four-stage collector. This collector is an all-electrostatic collector
with rather strong deflection, designed so that all the trajectories in an
energy group end up fairly close together. The procedure, described in
Section VIII. is therefore considerably simpler.
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