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CARBONIZED
CERAMIC

ATTENUATOR

ALIGNMENT
PIN

WAVEGUIDE\

'HEAT SINK

BASE PLATE

\\ AT TENUATOR
(UNDERSIDE)

CIRCUIT MOLY ~MANGANESE
WATER PASSAGES . METALIZING

 GRID PATTERN

Fig. 6 — M4040 sever termination.

that which encloses 95 per cent of the total current. If the thermal
motion of the electrons is neglected, these quantities are theoretically
constant and are given by the curves labeled ‘“universal beam spread.”
The latter were calculated by the methods described in Pierce! but with
an additional correction for the focal length of the anode-aperture lens
given by T = 1.1, where T is defined as in Danielson, Rosenfeld and
Saloom.? On the other hand, transverse thermal velocities of the elec-
trons cause the beam minimum radius to be smaller and closer to the
cathode than predicted by the universal beam spread curve.

Danielson, Rosenfeld and Saloom have devised a theory which pre-
dicts the size and location of the beam minimum radius as a function of
voltage and cathode temperature for several values of perveance. Their
results were generalized by Herrmann? who presented curves having a
wider applicability. The results predicted by Herrmann are shown in
Figs. 8(a) and 8(b) for comparison with the experimental data and the
universal beam spread values.

Fig. 8(a) suggests that a useful rule to apply when predicting the
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STANDARD
WAVEGUIDE
FLANGE TRANSFORMER

SQUASHED
WAVEGUIDE
FLANGE

CIRCULAR WAVEGUIDE
RETAINER

CERAMIC WINDOW

Fig. 7 — M4040 RF window assembly.

beam properties of an electron gun at a scaled voltage is that the theoreti-
cal behavior is given by the Herrmann curves up to the voltage at which
they intersect the universal beam spread values and by the latter
quantities at higher voltages. In comparing theory and experiment, we
note that the experimental beam minimum radius is larger by 10 to 20
per cent, and its location falls within 10 per cent of the expected distance
from the cathode.

TaBLE II — ErecTRICAL DESIGN PARAMETERS AT MIDBAND

Midband frequency 6.15 ge
Gun perveance 0.47 X 10=% amp/(volts)?
Gain parameter, C 0.062
Space charge parameter, QC 0.3
(Radial phase constant) X (beam radius), yrs 0.65
Growing wave parameter, X 0.65
Veloecity parameter, b 1.0

No. of beam wavelengths, N 20

No. of active cavities 29

Beam radius (res), s 0.049 inch
Tunnel radius, ¢ 0.082 inch
Cathode radius, r. 0.205 inch
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TaBLE III — TypicaL CHARACTERISTICS FOR M4040
OPERATED IN THE Telstar GROUND STATION

(a) Input
Cathode potential —17,000 v
Accelerator potential +600 v
Circuit potential 0v
Collector potential 0v
Heater current 6.2 amps
Heater voltage 7.25v
Solenoid current 23 amps
Solenoid voltage 153 v
Total cathode emission current 1030 ma
Collector water flow rate 18 gal/min
Circuit water flow rate 3.5 gal/min
Solenoid water flow rate 0.5 gal/min
Maximum signal power 3 watts
(b) Output

Rated frequency range 6.35-6.45 gc
Rated maximum output power 2000 watts
Small-signal gain 31.8-30.8 db
Output amplitude ripple +0.2 db
Gain at 2000-watt level 28 db
Magnetic field 730 oersted
Circuit interception current 4 ma

(no drive)
Circuit interception current 35 ma

(with drive)
Accelerator interception current 0.1 ma

TaBLE IV — Typicar M4040 CHARACTERISTICS
FOR BroapBaND HiguH-PowER OPERATION

(a) Input
Cathode potential —17,400 v
Total cathode emission current 1040 ma,
Signal power ~4 watts

(Other values are the same as in Table I1Ia)

(b) Output
Center frequency, fo _R6.15 ge
Output power at center frequency 2500 watts
Gain at fo and at 2500-watt level 28 db

1-db instantaneous bandwidth (i.e., band edge
power = 2 kw)
Efficiency at fo

12.7% = 780 mc

13.8%
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IV. DISTRIBUTION OF BEAM POWER IN THE COLLECTOR

If size and weight are of little consequence, the beam collector of a
traveling-wave tube should be designed to minimize temperature inside
the vacuum. Let us consider the spread of a monovelocity, homogeneous
beam into an ideal hard-vacuum, field-free region. The universal beam
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spread curve referred to in the previous section has been derived by
several authors.!* The relation between the axial distance the beam has
drifted and the beam radius can be written as

ToZ
2= —= (1)
VK
where 7, is the beam radius on entering the field-free region and
I (m\? _1
K = V—3/2<_e_> .2’\/5760. (2)
The beam radius r, appears in the expression for Z, viz.
t
z=[ 2" (3)

where t = v/In R, in the form of a normalized radius R = r/r,. The
half-value of the integral in (3) is tabulated by Jahnke and Emde’
for various values of {. One can plot the normalized radius R against
the normalized axial distance Z to obtain the ‘“‘universal beam spread
curve.”” Applying the specific values of the normalizing constants asso-
ciated with the M4040, we plot in Fig. 9 r, versus z. Also plotted in
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Fig. 9 — M4040 collector design chart.
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Fig. 9 is the power density incident on a surface normal to the beam
axis, ¢, , whose value is obtained for any value of z by dividing the total
beam power by the area of a circle whose radius is read from the r;
versus z plot. The M4040 has been designed with a total beam power of
about 17.7 kw so that the power density at the minimum radius of the
beam (7o &~ 0.125 ecm) is ¢, & 360 kw/cm’.

If it is assumed that the collector is eylindrical in shape, the power
density incident on a surface parallel to the beam axis, oy, will be of
interest. Consider the beam to be spreading such that the edge electrons
make an angle ¢ with the initial beam axis. Then the power illuminating
a small area, A , , which is located at the beam edge and is perpendicular
to the initial beam axis, is given by ¢, A4 . . When A, is projected by the
beam illumination onto the surface parallel to the initial beam axis,
it takes the value A; such that

A_,_ _ _ d?‘b !
zﬂ_t“m(ﬁ—%_n' (4)
Equating the power incident on A, to that on 4,
0. AL = UIIAIJ (5)

where o) is the power in the beam edge incident on a square unit area
parallel to the initial beam axis. Upon the substitution of (4) into (5),
we find that

oy = 0.’ = o, VK NV iInro/re . (6)

The expression for 7y’ is obtained in deriving (1). oy is plotted as a
function of 2z in Fig. 9. Note that the interception of the beam edge
on the cylindrical walls of the collector corresponds to the highest
power density incident on those walls, since tan ¢ becomes smaller for
all other conditions. Therefore, the collector may be designed such that
the cylinder length determines when o. equals the maximum desired
and the cylinder radius determines the same value for o; . The length
and radius corresponding to a power density of 100 watts/cm® are indi-
cated on Fig. 9 for the M4040. This chart indicates the hottest spots.
The power density on the side wall will average to the order of half oy .

V. ANALYTICAL METHODS FOR DESIGNING AND MATCHING THE SLOW-WAVE
CIRCUIT

Fig. 4, the sketch of the RF circuit, indicates that a relatively rugged,
easily fabricated slow-wave structure can be formed from an induc-
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SUMMARY OF M4040 CIRCUIT DIMENSIONS

a 0.325” r 0.082”
b 0.1625" T2 0.122”
g o.116" r; 0.5235"
h 0.294" L 0.668"
t 0.040" o 75°

Fig. 10 — (a) Slow-wave circuit dimensions showing unloaded coupling iris;
(b) septum with a loaded coupling iris.

tively coupled chain of cylindrical cavities. Excellent heat dissipation
properties are combined with a good impedance-bandwidth product.
The important dimensional parameters are designated in Fig. 10; the
parameter labels are those used in the analysis below.

w-B diagrams for the four lowest modes are shown in IKig. 11. The
M4040 is designed to operate on the first forward wave space harmonic
of the TMy cavity mode. Where the resonant frequency, w,, of the
coupling slot is appreciably higher than the upper cutoff frequency,
wz , of the cavity, the dispersion curve of the TMy, cavity mode may be
approximated by the equation

-3]
BLY _ | _ Lo’ ]
(%) - T v
w12 w22
Here «; is the lower cutoff frequency of the mode and L is the periodic
length of the circuit.
The choice of the electron gun design establishes the electron beam

radius, 75 , and the beam velocity, 4o . These in turn determine the cavity
beam hole radius 7 & 1.67 r, and the periodic length L &~ 37zu¢/wo ,
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where wo is the synchronous frequency. The gap, g, between the ferrules
capacitively loading the cylindrical cavities, is used to optimize the
interaction impedance of the forward wave space harmonic. To this
effect the gap-to-period ratio g/L is selected to lie between 0.1 and 0.2.
The outer radius of the ferrule, r., and the septum thickness, ¢, are
designed to be as small as possible consistent with the heat energy
to be dissipated.

Following Ramo and Whinnery,® the cavity may be analyzed as a
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foreshortened radial line resonator. The major cavity radius, 3, which
sets the upper cutoff frequency, ws , may be calculated {from the expres-
sion

_ -1 sin 02 + (27r72/w200Z02h) COos yszl
6s = tan I:COS 0, — (27[‘7‘2/(.0200Z02h) sin ybl (8)

where

o No(kri)]
8; = tan I:Jo(kri)!

e [ k) ?:'
¢; = tan [ AGD)
Jo'(krs) + NJ(kr,-)]‘”
J2(kr:) + N2(krs)
and k = w/c, the wave number. Jo, J1, No, Ny are Bessel functions of

the first and second kinds and C, is the loading capacitance. The latter
is estimated as the sum of four parallel connected capacitances

Co=0C,+Ch+Cay + Cas. (9)

The gap capacitance, C,;, is the equivalent parallel plate capacitance
for an area equal to that on a ferrule edge, #(r2° — r°), and a separa-
tion, g. Thus

Zy; = 377|:

Cg = 607!'(7'22 —_ 7’12)/g. (10)

The “hole” capacitance, Cy, is an artifice made by assuming a parallel
plate capacitor with area equal to the beam hole area and a separation
L/2. Then

C = 2emr’/L. (11)

The capacitances C4 and Cge are the discontinuity capacitances located
at r and rs, i.e., where the cavity height changes. For a symmetric
step

Cdi = 7T7“,'C,1’ ( 12)

where the value of CJ as a function of gap ratio is obtained from a
curve in Ramo and Whinnery.” The gap ratio at r; is considered to be
2¢/L. (Note that once r; is calculated, it may be inserted back into (8)
to obtain the higher order cavity mode resonant frequency, w;, cor-
responding to the TMgy, mode.) The ratio of upper to lower cutoff
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frequency of the operating mode is related to the coupling iris angle o

in the following manner.
L we 180
o 1/ 180 — a (13)

for & in degrees. The final dimensions of the M4040 cavities are summa-
rized in Fig. 10.

Some insight into the manner in which the slow-wave structure may
be matched to rectangular waveguide can be obtained by considering a
lumped-element equivalent circuit. One such circuit, suggested by
Pierce,’ appears in Fig. 12(a). Using the Tee equivalence in Fig. 12(b),

C M C M C
1L Ia) IL a2l IL
A A I\
_____ L L L LggL Lg -
2 2 2 2 2 2
@)
M Ly~-M L,~-M
P
L, % %M
O
(b)
'=-M
2C %—M
2M
O -
(d)

Fig. 12 — (a) Equivalent circuit for a chain of coupled cavities; (b) equivalent
Tee circuit for a transformer; (¢) transposition of circuit 12(a); (d) half scetion
of circuit 12(c).
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Fig. 13 — Comparison of an experimental w-g curve with the theoretlcal dis-
persion curve of the assumed equivalent circuit.

the circuit of IMig. 12(a) may be transposed to that of 12(c¢), which
in turn has the characteristic half-section of Fig. 12(d). The dispersion
curve of this circuit (when the alternation of fields by = radians for
adjacent cavities is properly accounted for) is precisely that of (7).
Fig. 13 offers a comparison between a typical measured w-8 curve and
the theoretical curve from the lumped-circuit approximation. The upper
and lower cutoff frequencies are related to the circuit values as shown
below.

= [C(L — 2M)]* upper cutoff (14)
w = [C(L + 2M)]* lower cutoff (15)
whence
w _ [(L —2M) 4 aM "
w“l‘[ T — 2iD) ] (16)
and
L 2(602 + w )
M we — w? (17)

The equivalent circuit for the last two cavities and the terminating
waveguide is represented in Fig. 14(a). The values L, C, and M define
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Fig. 14 — (a) Equivalent circuit of terminating cavities and waveguide; (b)
transposition of circuit 14(a).

the general cavity circuit and the mutual coupling as before; the coup-
pling between the last two cavities and between the last cavity and the
waveguide, however, has been allowed to change to N and P, respec-
tively. The inductance and capacitance of the last cavity have been
modified by the factors A and 1/4, which is roughly equivalent to
changing the axial dimensions of the cavity by the factor A. We will
assume the inductance of the waveguide termination is negligible.
Again applying the circuit equivalence of Ifig. 12(b), we arrive at the
circuit of IFig. 14(b). Referring to the reference plane x-x, the impedance
looking back to the left into the semi-infinite cavity chain is just the
Tee impedance of the half-section circuit of Fig. 12(d)

TR
r = /‘/w2ﬂl2 - KZ (18)

1 WLC —1
K_wL—;a—T.

where

The impedance looking to the right of the reference plane can be written
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7z, = . RNP)
(wP)* + (RAK)? (19)
4K [(wp)“ + (RAK)* — 2A(wNR)2:|.
(wP)* 4+ (RAK)?
Zr will be real if
(wP)" + (RAK)* = 24(wNR)* (20)
so that
(wP)*
2A 1/ (wN)2 K2 (21)
Substituting (20) and (21) back into (19) and equating Zz to Zo,
we get
or
= V24 M. (23)
Let us assume that we may choose
P=+BM (24)
where \/B is a constant. Then we have

B (M)

B
A[z /‘/w2M2_£4{I A7 (25)

For convenience the height of the last cavities in the M4040 was left
unchanged. This implies that A = 1 and that (L — 2M) in (16) is a
constant quantity. Combining (13) and (16) with the above constraints
yields a prediction for the coupling iris angle for N of

5.656
= of 2|, 26
v = 180 [L/M—l— 3.656] (26)
Using L/M = 8.09 for the M4040, a figure evaluated from (17), we
predicted a value of ay = 806.7°, whereas the empirically determined
angle turned out to be 92°.

An inherent difficulty arises when attempting to calculate Ry, since
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(14) and (15) define three circuit values, L, C, and M, in terms of only
two known parameters, o and ws . It remains then to select a suitable
reference surface in the cavity in order to estimate one of the lumped-
circuit values at that surface. The appropriate surface would seem to be
a cylinder, concentric with the cavity, whose radius bisects the coupling
iris since the waveguide impedance is presented to the final cavity in
this region. The capacitance at this surface may be estimated by mak-
ing an impedance transformation of the capacitance Cy, calculated in
(9) through (12), over the radial waveguide from radius r. to (r; — a/2).
The calculation of Ry may be simplified if the midband frequency is
chosen as the mean of the cutoff frequencies (wy = V/wwz). Combining
(14), (15) and (25), one obtains

_ (wz - wl) (wz + wl)2
Bo = 60w (27)

The resultant value for R, is 3.01 ohms. Since the midband impedance
(on a voltage-current basis) of the reduced-height waveguide is 93.5
ohms, P is required to be
93.5
P=~BM=q/5 M.

Using the same procedure as when calculating ay , we arrive at a pre-
dicted value of ap = 141.7°. The experimentally determined value is
132°.

Experimentally it was also found necessary to increase the ferrule
separation in the last two cavities in direct proportion to the sum of
the coupling iris angles on the two end walls of the cavity. Identical
transition sections are used for input, output and sever waveguides.
A typical curve of reflection coefficient versus frequency is shown in
Fig. 15.

Considering the devious nature of the above calculations, plus all the
usual inadequacies of a lumped-circuit approximation, the predicted
and experimental values of iris angles show reasonable agreement. The
equivalent circuit approach is valuable, however, even when it discloses
only the qualitative aspects of the matching technique.

VI. METHODS USED TO INHIBIT OSCILLATION

The w-8 diagram, Tfig. 11, shows the higher-order modes associated
with the coupled cavity slow-wave structure. At the cutoff frequencies
for these, as well as the fundamental mode, there is a substantial prob-
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Fig. 15 — Reflection coefficient vs frequency looking into a single section of
the slow-wave circuit.

ability that the tube will oscillate if the corresponding wave phase
velocities lie close to the electron beam velocity. The intersection of the
line, in Fig. 11, labeled “‘operating voltage’ with any of the -8 plots
indicates a synchronism of the wave velocity, for the corresponding
mode, with the beam velocity. The slope of the ‘“operating voltage”
line is proportional to the electron velocity. Thus, it may be seen that
as the beam voltage is raised from 0 to the operating value, synchronism
at a cutoff frequency can occur for many modes. The magnitude of the
interaction impedance for these modes will determine whether oscillation
can occur, and at the cutoff frequency this magnitude may be very
large. Oscillations have definitely been identified at 7.1 ge, 12.7 ge and
17.1 ge and at voltages as low as 4 kv and as high as 18 kv. Several
techniques have been used to inhibit and avoid the oscillations.

For normal operation, the beam is intended to interact with the first
forward wave harmonic of the lowest-order mode. As the beam voltage
is raised toward the operating value, the tube will break into a very
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strong oscillation at the upper cutoff frequency of 7.1 ge. If one attempts
to raise the voltage through the oscillation range with full beam power
available, the tube will gas up; arcing will occur; and the beam supply
will shut off. Since the Philips cathode can be run at full voltage under
temperature-limited conditions, the following turn-up method was used.
The cathode temperature is lowered until it is capable of emitting only
15 per cent of full current. The strength of the oscillation under these
conditions will be greatly reduced. The beam voltage may now be turned
up through the oscillating range to the operating point. Finally, the
cathode temperature is returned to its normal value, resulting in full
beam power at the operating point. After the tube is sufficiently aged
in, the full beam power of 17.7 kilowatts can be applied abruptly by
means of a vacuum relay connecting the tube to the power supply.

The original version of the slow-wave circuit had a kidney-shaped
cavity coupling slot (cavity A in Tig. 11). The operating voltage line
cut the phase-frequency curve for the first higher-order mode (slot-
mode) at a high impedance point near the upper cutoff. Oscillation
occurred at 12.7 ge. Fig. 11 shows that by capacity-loading the slot to
produce the dumbbell shape (cavity B), the mode is lowered in fre-
quency without affecting the operating mode. The impedance of the
slot-mode decreases toward the low-frequency end of its passband.
Therefore, the elimination of the slot-mode oscillation was accomplished
by lowering its frequency until the operating voltage line intersected
the phase-frequency curve for the slot-mode at a low impedance point.

A better understanding of the nature of the slot-mode can be obtained
from the following analysis. It is assumed that the effects of the ferrule
are merely to lower the various passband frequencies since it is placed
in a region of large electric fields. This should not affect the slot-mode
too greatly. A further assumption is that there is no reaction between
slots, which will be nearly true if there is a 180-degree rotation from
slot to slot. One may consider the coupled-cavity circuit as a TMy
circular waveguide of characteristic impedance Zy and propagation
constant By shunted by a normalized reactance jx corresponding to
the circular end walls which form the cavities. If we treat a section, I,
of this guide as a TEM transmission line, the eigenvalue equation is
given by’

cos 0 = cos Bul + -212 sin Lol (28)

where 0 is the phase shift per section. The band edge frequencies may
be solved for by setting 6 = 0 and § = 7. Yor § = 0
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ot %ll =2z or sinﬂl =0, ie, ful=0,2r,4m, -
For ¢ ==
tan — B ol _ 9z or cos &L =0, ie, ful=m3m -

If the periodic spacing, I, is small compared to a wavelength at the

TMo, frequency, Bol = =, 27 -+ nx will occur only at much higher
frequencies. Thus, at § = 0
ﬁ“‘ 9% or ful =0 (29)
at 0 =
—tan —=- ﬁml = 2z (30)
where

' = () - (2) (31)

and w. is the cutoff frequency for the TM,; mode.

If the form of the reactance x can be determined, we can solve (29)
to (31) for the band edge frequencies. For the T'My; mode in circular
guide, an inductor would appear as a circular disc with a sector re-
moved, while a capacitor would appear as a circular disc with an annular
slot. The large slots generally used might be represented by a parallel
LC circuit such that

wl

where w,” = 1/LC the slot resonant frequency.

It is necessary to make an estimate of L and C and then solve (29)
to (31) graphically. In the case of the M4040, the change to the dumb-
bell-shaped slot increased the slot capacity without changing the in-
ductance. Thus, the main mode would not be much affected because its
bandwidth is mainly determined by the slot inductance. However,
ws/we is diminished, lowering the slot-mode passband center frequency
and decreasing the ratio of upper to lower cutoff frequency in the slot-
mode.

T =



1854 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

From the above discussion, one concludes that (z) the slot-mode is a
perturbed TMy mode; (42) because of this, rotation of the slots (avoid-
ing slot-to-slot coupling) would not be expected to change the slot-mode
passband; and (477) neither the upper nor the lower cutoff frequency
corresponds to the slot resonant frequency.

The operating mode, high-frequency cutoff oscillation at 7.1 gc may
also be “drive-induced.” That is, when the input signal power (the drive
level) is sufficiently high, the electron velocity can be reduced, by con-
version of kinetic to microwave energy, to the point where it is again
synchronous with the phase velocity corresponding to the 7.1-gc cutoff.
Since this occurs at full beam power and the oscillation is very strong,
it is necessary to limit the signal input level to prevent possible tube
damage.

VII. ASPECTS OF TUBE PERFORMANCE

Tigs. 16 to 22 are plots of power, gain and interception currents as
funetions of frequency, magnetic field, ete., for various parameter values.
They were taken from the performance data of a tube presently located
at the Andover station and are believed to be typical of the M4040.
Although the graphs are self-explanatory, there are several points worth
noting:

(¢) The variation of small-signal gain with frequency is similar to
that calculated, using the theory of Birdsall and Brewer,'® except that
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Fig. 16 — High-level output vs frequency [H = 1.2 H (Brillouin); power
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GROUND STATION TWT 1855

2600
| ]
H=1.t H (BRILLOUIN) dTﬁTv/ﬁ
T

2400 >
/

2200 7 ' *\
H=12H (BRILLOUIN) jh'é\‘
2000 — e \‘%

1800 i,,}%g

1600

POWER OUTPUT IN WATTS

1200

3
o
S
B
Tv”

1000
56 57 58 59 60 6! 62 63 6.4 65 6.6 6.7 6.8

FREQUENCY IN GIGACYCLES PER SECOND

Fig. 17 — High-level output vs frequency [V = 17.0 kv; power in = 4.2
watts; parameter is magnetic field].

the tube requires slightly higher voltages than those calculated. The
tube must operate at a voltage of 17.4 kv to achieve a gain-frequency
curve similar to that calculated for 16.8 kv. (This latter voltage includes
the relativistic correction.) The high-level output observed matches that
calculated near the center frequency but is in disagreement at the low-
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frequency end of the band. It is likely that a combination of higher
applied voltage and higher input signal power might reproduce the
curve shape of sharply rising power with decreasing frequency calculated
for 16.8 kv. Here, the experimental data of C. C. Cutler!! were combined
with the small-signal calculations of Birdsall and Brewer to predict
output power as a function of frequency.

(77) The M4040 is operated with a focus field value fairly close to the
Brillouin magnetic field value. To correlate the several parameters used
as a measure of magnetic field, we note that

H (Brillouin) & 600 oersted
1.1 H (Brillouin) = 660 oersted & I'm., = 21 amps
1.2 H (Brillouin) = 720 oersted & Ima; = 23 amps.

H
H

l

(#47) The gross “wiggles” in the small-signal gain and high-level out-
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put power versus frequency plots can be correlated with variations in
the cold input and output matches.

(@v) The best explanation, at present, for the increase in gain with
collector depression is that the resulting ion drainage from the beam
allows the latter to expand. The increase in gain is about 1 db for a 300-
volt depression. Not much is gained by going to higher potentials.
Three hundred volts is about the magnitude of the potential of the beam
center relative to the enclosing walls.

Particularly in the tubes produced early in the development period,
positive ion effects were noticed. They can neutralize the beam and
therefore change its diameter and, with it, the gain. Relaxation effects,
much as described by Sutherland,? with frequencies dependent on
nearly every adjustable parameter were observed. Improved vacuum
processing has brought the magnitude of the effects to the point where
they are of no concern. Ion effects were observed at an early stage in
the electron gun region. It was necessary to maintain the accelerating
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Fig. 21 — Output power vs input power for two values of magnetic field
[Vi = 17.4 kv; f = 6.4 ge; parameter is magnetic field].

electrode positive relative to the slow-wave circuit by about 600 volts.
If this voltage is allowed to drop below +450 volts, a poisoning of the
cathode takes place, presumably due to ion bombardment.

To convince ourselves that the M4040 would indeed serve as a com-
munications deviece and do its job in the Telstar system, we set up
closed-circuit television apparatus to observe and compare a TV pic-
ture first transmitted through a straight waveguide and then transmitted
through the M4040 substituted for the waveguide. No observable de-
terioration of the transmitted picture occurred with the M4040 included.
The M4040 was operated over a 30-db range of signal power in these
experiments. We also measured the second harmonie output power as
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30 db below the output signal level at full output level. With zero applied
signal, the noise output is 2 milliwatts as detected through a low-pass
filter cutting off at 7.2 ge. Over the narrow, 30-mc¢ bandwidth of the
Telstar system, this noise output is 0.4 milliwatt.

VIII. CONCLUDING REMARKS

The M4040 CW traveling-wave tube is capable of operation over a
12.7 per cent bandwidth centered at 6.15 ge with output power exceeding
2000 watts and a gain exceeding 27 db. In the Telstar experiment, the
tube has performed satisfactorily as a television transmitter over a 30-db
range of input signal power. At the time of writing, both the ground
station at Andover, Maine, and the one at Pleumeur Bodou, France, are
still using as the power amplifier the original M4040 tubes employed
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during the first Telstar broadcasts. The tube at Andover has been oper-
ated for approximately 1500 high-power hours.

Recently, several experiments have indicated that much improved
performance can be expected from the M4040. Two more cavities have
been added to the output section of the tube, increasing the gain. At the
midband frequency of 6.15 ge, the small-signal gain becomes 35 db and
the gain, at the maximum output power of 2700 watts, is 30 db. FFurther
experiments demonstrated that the water cooling rate could be dras-
tically reduced and that ion drainage could be achieved by applying a
negative voltage to a pair of electrodes concentric with the beam. The
M4040 has been operated without the aid of appendage pumps after an
age-in period of some 50 hours. Finally, and perhaps most significantly,
the collector potential has been depressed 9 kv below the potential of
the slow-wave circuit.® The resulting over-all tube efficiency becomes
greater than 30 per cent, and a relatively unregulated power supply can
be used to provide the beam power. The latter benefit is obtained be-
cause of the insensitivity of tube performance to collector voltages
depressed beyond 400 volts. If one depresses the collector potential
below 9 kv, undesirable effects of electrons returning to the gun region
from the collector can be observed.
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Masers for the Telstar Satellite Communi-
cations Experiment

By W. J. TABOR and J. T. SIBILIA

(Manuseript received January 28, 1963)

This paper discusses the design and characteristics of ruby traveling-
wave masers operating at 4 gc. These masers, characterized by an average
gain of =85 db over a bandwidth of 25 mc, are equipped with waveguide
input transmission lines, rather than the previously employed coazial cables.
This change results in an over-all noise temperature of 3.6°K for these de-
vices, rather than the 10°K exhibiled by earlier masers. The maser noise
temperature now closely approximates sky temperatures, which set the
ullimate limit on earthbound recewer sensitivity. The improvements to be
had by further reduction in amplifier noise are therefore almost negligible.
A less well known maser property, i.e., its freedom from distortion, even
when driven well into gain saturation, is discussed.

I. INTRODUCTION

In an active satellite communication system, the ultimate in ground
station receiver performance is highly desirable, if not absolutely neces-
sary. This follows directly from the limitations imposed by present
rocketry on the payload, and thereby on the transmitter power, which
can be placed in orbit. A major improvement in over-all system signal-
to-noise ratio can be achieved much more easily and economically on the
ground than in the satellite. Recognition of this fact led to the adoption
of a giant horn-reflector antenna, and the selection of a ruby traveling-
wave maser as a preamplifier in order to fully exploit this antenna’s
remarkable low-noise performance. The design considerations and per-
formance of this maser are the subjects of this paper.

II. DESIGN OBJECTIVES AND THEIR SIGNIFICANCE

At the outset of the maser development program the following ob-
jectives and constraints were established:
(a) a minimum stable gain of 25 db

1863
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(b) an instantaneous bandwidth of 25 me centered at 4170 me

(¢) lowest possible noise temperature

(d) an input impedance match better than or equal to 1.5:1 VSWR,
and

(e) bath temperature of 4.2°K,

A minimum gain of 25 db is needed to render negligible the noise con-
tribution of subsequent receiver stages. In the early receiver concept, the
maser was to be followed by a low-noise traveling-wave tube. A typical
value for the noise temperature of such a tube is 600°K. A maser with
25 db of gain would reduce the TWT noise contribution to the over-all
system noise temperature to 1.9°IK, a value which is small when com-
pared to the initially projected total receiver noise temperature of ap-
proximately 50°IK. Additional gain would reduce this even further, a
point which will be pursued in a later paragraph.

The 25-mc instantaneous bandwidth requirement follows directly
from consideration of the information transmission rate and wide index
M mode of transmission.

The demand for the lowest possible maser noise temperature is self-
evident.

A good input impedance match is necessary in order to minimize delay
distortion: i.e., the generation of weak reflected signals delayed in time
with respect to the original. This could cause “ghosts” in TV transmis-
sion. In the Telstar system such distortion could arise through the fol-
lowing mechanism. A mismatch in the antenna-maser complex would re-
flect part of the incident signal, which would then be re-radiated. The
radome, not being perfectly transparent, would in turn reflect a portion
of this energy back to the receiver. Consideration of the path lengths and
reflection coeflicients in the entire system, together with the tolerable
limits on delay distortion, led to the stipulation of maser input matching
to a VSWR better than 1.5:1.

Operation at 4.2°K, rather than at some lower temperature where
the gain and bandwidth requirements could be more easily satisfied, was
dictated by the fact that this maser was intended to operate continu-
ously over periods of several months. At 4.2°K, liquid helium is in equi-
librium with its vapor at atmospheric pressure. If lower temperatures
were required, the dewar would have to be maintained under a partial
vacuum. This would mean periodic interruptions of service, since the
dewar is opened to the atmosphere during each liquid helium transfer.
Approximately two hours are needed to re-evacuate the dewar, thus
lowering the temperature and restoring gain. For this reason, operation
at 4.2°K was selected, and the attainment of the required gain-bandwidth
product sought by means other than reduced temperature.
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III. MASER DESIGN

3.1 General Considerations

The points of departure in maser design are the gain equation!

G = 273 (—x")(FfL/v,) (1)
where
(G = electronic gain in db
x” = imaginary part of the ruby paramagnetic susceptibility
I = filling factor
f = frequency
L = maser physical length

v, = group velocity of signal

and the gain-bandwidth relationship for the traveling-wave maser

B =4/ g B (2)

where B is the 3-db bandwidth of the amplifier and B,, is the material
linewidth (assuming a Lorentzian shape).

If slowing, S, is defined as S = (¢/v,), where ¢ is the frec-space velocity
of light, (1) can be rewritten in a form more easily interpreted for prac-
tical design

G = 273(—x"F) %OSL, (3)

where A\, = free-space signal wavelength. In this form, it is evident that
increased gain can be achieved equally well by increasing either the
slowing or the physical length of the maser. Since the maser requires a
highly homogenecous transverse magnetic field, a very large magnet cross
section is required. Therefore, a heavy penalty in weight is paid for gain
achieved through increased maser length. This consideration led to the
choice of a 5-inch maser length. The gain requirement has to be satisfied
by maximizing the parameters x”, F, and S. x” is a property of the active
material and S is controlled by slow-wave structure design. I is partially
determined by both.

The gain-bandwidth expression (2) in the case of a ruby (linewidth
60 mc) maser immediately leads to the conclusion that even for the
minimum gain of 25 db, the obtainable bandwidth will be inadequate
[taking an electronic gain of 30 db in order to allow for losses, the band-
width would from (2) be 20 me]. For this reason, the need for broad-
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banding techniques, to be discussed in later paragraphs, was evident in
the earliest stages of design.

3.2 Ruby

Amplification in a maser is the result of the interaction of a microwave
signal with a paramagnetic crystal in which a negative susceptibility,
x”, has been established through the inversion of the spin populations of
two energy levels. In ruby at 4 ge, x” is maximized when the C axis of
the crystal is aligned perpendicular to the applied de magnetic field
(6 = 90°). The signal transition occurs between the lowest two energy
levels (—%, —3%), and pump power is applied between the outermost
levels (—%, +3).7

The susceptibility of a ruby crystal in thermal equilibrium can be cal-
culated as outlined in the Appendix. However, what is needed in order to
evaluate the gain obtainable with a particular maser design is the “in-
verted” susceptibility: i.e., the susceptibility when the population dis-
tribution of spins between two energy levels has been inverted through
the application of microwave pump power. No reliable method exists for
calculating this susceptibility. An experiment, together with the calcu-
lated equilibrium susceptibility, will provide the required information.
One can measure the ratio of the microwave gain obtained from a ruby
crystal when pump power is applied to the microwave absorption when
the crystal is in thermal equilibrium. This ratio is just that of the mag-
nitudes of the inverted to equilibrium susceptibilities. Therefore, one ob-
tains the inverted susceptibility by simply multiplying the calculated
equilibrium value by this empirically determined number.

The magnitude of the inverted x” is strongly dependent upon the con-
centration of chromium in the ruby. At low concentrations, where there
is essentially no interaction between neighboring Cr**™ ions, the in-
verted susceptibility is directly proportional to the concentration. As the
concentration is increased, the Cr**™ jons interact more strongly with
one another because of their greater proximity, and this interaction
(cross-relaxation) renders pumping less efficient, reducing the inversion
ratio and, thereby, the available gain. Typical behavior of the inverted
susceptibility as a function of chromium concentration (measured at
5.6 gc and 4.2°K) is presented in Fig. 1. The concentration at which
x” is & maximum occurs in the range 0.03-0.04 atomic per cent. Operat-
ing at a temperature of 4.2°K, the optimum inversion ratio obtainable
at 4 ge has been found to be approximately 5.0. The corresponding cal-
culated values for the inverted susceptibilities are
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Xes” = —0.028,

Xyy” = —0.0054,
and

Xz = ©0.012,

where the Z direction is taken parallel to the dec magnetie field and the
X axis parallel to the C axis of the ruby.

Since the paramagnetic susceptibility is a tensor, the interaction of a
microwave signal with the ruby is highly dependent upon the spatial
coincidence of the crystal and RI fields of the proper polarization.
This leads to the inclusion of the filling factor F in the gain equation.
The term x”F when expanded is

f [Xa:x” le |2 + ny” lHy l2 - qu”(H:Hy* - Hz*Hy)] dv

X'F (4)

[Um e+ 1w

where
H, = h' + 0"
H, = h/ + ih,”

and where %, is the amplitude of the R magnetic field along the z,y
axis of the ruby (see Fig. 2) and A, ,” is the amplitude of the RIF mag-
netic field that is 90° out of phase with k,,,’. The subscript m on the in-
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Tig. 1 — Inverted susceptibility vs concentration for ruby at 5.6 gc and 4.2°K.
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Fig. 2 — Orientation and coordinates for the ruby and comb structure.

tegral in the numerator means that the integral should be taken only
over the volume occupied by the maser material, and the subsecript s
implies that the integral in the denominator should be taken over the
entire volume of the structure. The term | H, |* does not appear, since
the fingers of the comb are resonating in a TEM mode and the Z direc-
tion is taken parallel to the fingers.

It is not possible to calculate the term x”F with accuracy, since the
configuration of the fields in the comb structure is only approximately
known. An estimate can be made at the low-frequency edge of the travel-
ing-wave structure passband where the RF magnetic field is approxi-
mately linearly polarized and parallel to the comb axis. At this frequency,
H, = H cos 60° and H, = H sin 60° and, therefore, x”F = —0.011. This
value for x”F, together with the 5-inch maser length, allows the evalua-
tion of slowing required to achieve a given gain at 4 gc. Equation (1),
with the insertion of the parameters

L = 5 inches, f = 4ge, x"F = —0.011,
reduces to
Ga =~ 0.50 S (from theory). (5)

This calculated result led to the conclusion that it would not be difficult
to design a maser with 40 db of net gain, since previous experience in-
dicated that structures with slowings of 100 and losses of the order 10
db could be constructed.
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1t is possible to evaluate x”F experimentally by building a trial struc-
ture of known slowing and measuring its electronic gain. This was done
and a value of x”F, obtained from the gain equation (1), found to be
—0.0076, i.e., 70 per cent of the theoretically derived value. This agree-
ment, in view of the approximate knowledge of the RF fields in the comb
structure, is surprisingly good. Equation (5) for a practical design should
therefore read

Gy = 0.35 S (experimental). (6)

The ruby used in these masers was purchased from the Linde Company
in the form of standard 60° boules; i.e., the angle between the C axis
and the rod axis was approximately 60°. The boules were selected for a
chromium concentration of X0.035 atomic per cent by comparing the
paramagnetic absorption of small samples cut from each boule with
standard samples.

3.3 Structure

It is evident from’(ﬁ) that a high slowing is required in order to pro-
vide adequate gain. A comb type structure, consisting of sixty-two 0.040-
inch square fingers spaced 0.080 inch on centers, loaded on both sides
with ruby, was employed (see Fig. 3). The transmission characteristics
of such a comb not only are determined by the geometry of the metallic
structure, but are strongly dependent upon the dielectric loading pro-

b ‘ ~<SMAGNETIC
1‘ SHIMS

\ ISOLATOR 1INCH

A\
\ YTTRIUM IRON
GARNET WAFER

Fig. 3 — Cutaway view of structure.
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vided by the ruby. Such a structure can be characterized by an -8 re-
sponse: i.e., the phase shift introduced per unit length (8) as a function
of frequency (w). The slowing is given by ¢(dB/dw).

It is of advantage to use as much ruby as possible in such a structure,
since by heavily loading with dielectric the structure size required for
operation at a given frequency is reduced, thereby minimizing magnet
weight. Further, the filling factor F is maximized.

When the cross section of the ruby loading is rectangular, the upper
and lower cutoff frequencies of the loaded comb can be calculated. A
variety of rectangular loadings was studied (see structures 1 and 2 of
Fig. 4 and their w-8 diagrams), but it was found impossible to obtain
sufficient slowing without the onset of ‘“fold-over.” “Fold-over”’ is the
term applied to the occurrence of a double-valued w-8 diagram (curve
2 of Fig. 4). This phenomenon arises when the effective dielectric load-
ing of the fingers of the comb is not a monotonic function of frequency.
Knowledge of the field configuration within the structure is required

~+i~ —COMB

e —HOUSING

1 2 ' 3
CROSS-SECTIONAL VIEWS OF TRIAL STRUCTURES

/3, PHASE SHIFT PER FINGER
Ny

0 ! 1 1 1
3800 3900 4000 4100 4200 4300 4400
FREQUENCY IN MEGACYCLES PER SECOND

Fig. 4 — Bandpass characteristics for different types of dielectric loading.
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for an understanding of this effect. At the lower cutoff frequency, the
phase shift per unit length is zero, which implies that the electric field
lines extend largely from the fingers to the side walls, as illustrated in
Fig. 5. The effective loading is then a highly sensitive function of the
gap between the ruby and wall. At the upper cutoff, there is a = phase
shift per finger and the fields are concentrated in a region very near the
fingers. The loading is then nearly independent of the ruby-to-wall gap.
This can be summarized by the statement that the ruby-to-wall gap has
a decreasing effect on the effective dielectric loading, and therefore the

RUBY-TO—-WALL
GAP

(b)

Fig. 5 — TField configuration in the comb structure: (a) zero phase shift condi-
tion at lower cutoff frequency; (b) = phase shift condition at upper cutoff fre-
quency.
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phase shift, as one traverses the passband from lower to upper cutoff.
Increased slowing is achieved in a given structure by increasing the ruby-
to-wall gap, thereby raising the lower cutoff frequency. If this process is
carried too far, it is possible to reduce the effective loading at the lower
cutoff to a value less than that present at a higher frequency. This re-
sults in the double-valued w-8 response. Maser operation under this con-
dition is highly undesirable.®> A “backward,” as well as “forward” wave
is supported. The sense of polarization associated with the ‘“backward”
wayve is the reverse of that of the ‘“forward” wave, and therefore the iso-
lator (to be discussed) is rendered inoperative, leading to regeneration
or oscillation. Therefore, other ruby geometries were tried in an attempt
to account for the changing field configuration as a function of frequency
and thereby obtain an effective loading which is monotonie. The cross
section illustrated as structure 3 in Fig. 4 was selected as best. This gave
the largest slowing (S = 130), with a single-valued w-8 characteristic.
The slowing as a function of frequency is presented in Fig. 6.

With ruby symmetrically loaded on both sides of the comb as shown in
Tfig. 4, the maser will exhibit gain in either direction. Therefore, in order
to prevent regeneration or oscillation, which would result from reflections
due either to structure defects or imperfect input or output matches, an
isolator must be incorporated within the structure. The amount of isola-
tion provided should be sufficient for unconditional stability, so that the
gain of the maser is not a function of the externally presented terminal
impedances. The criterion for unconditional stability of a maser is that
the round trip (input to output, back to input) loss must exceed the
corresponding gain; i.e.

200 1 }
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Fig. 6 — Slowing vs frequency for the masers at 4.2°K.
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2(Gp — A,) — Arr — A1 <0 (7)

where all quantities are expressed in db and
Gr = forward electronic gain (equal to reverse gain)
A, = forward copper attenuation
Arr = forward isolator attenuation
A;p = reverse isolator attenuation.

The isolator employed is a linear array of 0.040-inch square polycrystal-
line yttrium iron garnet (YIG) wafers 0.004 inch thick, bonded, 0.080
inch on centers (see Fig. 3), to an alumina substrate. The aspect ratio of
these wafers is so chosen that they are resonant at the signal frequency in
the de magnetic field required by the ruby. This array is placed on one
side at the base of the comb and positioned to occupy that region of RF
field most nearly circularly polarized (this optimizes the ratio of reverse
to forward insertion loss). Typical performance of this iterated isolator
is: reverse attenuation > 120 db; forward insertion loss approximately
4 db, at center band. The isolator forward loss rapidly rises on either
side, since the slowing increases, thereby strengthening the interaction;
and further, the circularity of the RI field polarization deteriorates. This
‘behavior, as well as that of the copper losses, is illustrated in Fig. 7.
With a slowing factor of 130, these masers should exhibit electronic
gains of the order of 50 db and copper losses of approximately 2-4 db.
Substitution of these numbers into (7) shows that the maser short-cir-
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Fig. 7 — Typical losses for the structure at 4.2°K.
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cuit stability margin should be greater than 30 db. In practice this is
very desirable since it insures a smooth variation of the gain-frequency
characteristic even in the presence of structural imperfections.

IV. MASER CHARACTERISTICS

4.1 General

In a uniform magnetic field the masers had net gains equal to or in
excess of 42 db (corresponding to electronic gains = 47 db) and in-
stantaneous 3-db bandwidths of approximately 16 mc centered at 4170
me. These measured gains and bandwidths are in close agreement with
those predicted by (5) and the bandwidth relationship. Since this was
more gain and less bandwidth than required, it was necessary to correct
this situation. Two distinet approaches were taken. The first of these
was to exchange, within the maser, the excess center frequency gain for
increased bandwidth by shaping the magnetic field along the length of
the ruby, thereby broadening its effective linewidth. The second ap-
proach toward increasing the bandwidth was to consider the entire
receiver as a whole, and to introduce equalization in the postamplifier.
This latter course, which at first glance appears inefficient, actually leads
to a larger effective gain-bandwidth product than broadening the ruby
linewidth. This is illustrated in Fig. 8, which shows the ideal trade of
center-frequency gain for effective bandwidth obtainable through the
application of each technique. Both approaches were carried through
experimentally, and will now be presented separately in the two follow-
ing sections.

4.2 Broad-Banding by Magnetic Field Shaping

Since the resonant frequency of ruby is dependent upon the intensity
of the de magnetic field in which the crystal is immersed, its effective
linewidth can be increased by making the field inhomogeneous over its
volume. This was considered by Ostermayer* for several different varia-
tions of field along the maser length, and his results show that for a 25-
me bandwidth, the optimum exchange of gain for bandwidth is achieved
if the magnetic field is made uniform for one-half the ruby length, and
also uniform but of a different intensity over the remainder. A maser
immersed in such a field is equivalent to two half-length masers in series
tuned to different frequencies. It follows that for most effective inversion,
two pump frequencies are required.
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In practice it is not possible to achieve an abrupt step in magnetic
field; there will be a finite transition region. In order to minimize this,
the step in field was produced by inserting magnetic shims as close to the
maser as possible, rather than by shaping the magnet pole pieces outside
the dewar. The configuration of the shims used is illustrated in Fig. 3.

Using magnetic shims, the bandwidth was increased to 26 me and the
electronic gain reduced to 34 db, corresponding to a net gain of 28 db.
Reference to Fig. 8 reveals that this loss in gain is 6 db greater than pre-
dicted by theory. There are two possible causes for this: first, a single-
frequency pump was used; and second, the lateral homogeneity of the
field may have been degraded by the shims, the width of which was
severely limited by the dewar dimensions.

Tig. 9 is a plot of the electronic and net gain versus frequency over the
tunable range of this maser. The electronic gain is nearly proportional to
the slowing of the structure (Iig. 5); the small deviation (within 10 per
cent) probably reflects slight changes with frequency of the filling factor.
Trig. 10 is an oscillogram of instantaneous gain versus frequency. This
maser was successfully employed at Holmdel, New Jersey, during the
Telstar experiments.
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4.3 Broad-Banding by Equalijzalz'on of Amplifier following Maser

In this approach, the maser is not modified, but rather the response of
subsequent receiver stages is so equalized that the resultant over-all re-
sponse has the required 25-me bandwidth.

The gain-bandwidth relationship for equalization is simply generated
by taking the electronic (not net) gain versus frequency characteristic of
the maser, and finding the gain available at the appropriate deviation
from center frequency as shown in Fig. 11. The shaded area then repre-
sents the excess gain to be absorbed by an equalizer. From Fig. 8, it is
clear that the use of this technique would provide 2.5 db additional gain
for a bandwidth of 25 me¢ beyond that ideally available by magnetic
field shaping. Indeed, equalization is the more efficient method of in-
creasing bandwidth up to approximately 40 me. Magnetic field shaping
should be employed for larger bandwidths. (The exact crossover is de-
pendent upon both the detailed ruby line shape and the initial electronic
gain.)

The theoretically ideal point for the insertion of an equalizer would be
between the antenna and the maser input, for then the maser output
would be flat over the band. Such an equalizer would have to be purely
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Fig. 11 — Determination of effective gain available with equalization.
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reactive in nature in order not to seriously degrade the system noise
temperature. The center band signal would have to be attenuated by ap-
proximately 7.5 db and this, if done resistively, would result in a noise
temperature approaching 1500°K, which is clearly intolerable. A react-
ance in the input is, however, not acceptable in that it is incompatible
with the requirement of a good input VSWR. For this reason, the equal-
izer was located after the maser in the receiver chain and took the form
of a simple lumped RLC circuit at IF.

In going to IF equalization, one possible problem arises: maser gain
saturation. The maser shows gain saturation; i.e., a monotonic decrease
in gain when the signal level at its output exceeds —40 dbm. Since the
center band gain of the unstaggered maser is 43 db, gain saturation will
set in well below the level of the strongest signals to be encountered. This
was investigated over the range of signal levels expected in the Telstar
experiments (—90 to —70 dbm input). The results are presented in Fig.
12. When the input was increased from —90 to —70 dbm the gain of
the maser decreased by 5 db, resulting in a signal level increase at the
mixer of 15 db. This gain reduction will raise the system noise tempera-
ture somewhat, but since the gain reduction is present only when the
signal level is high, the slight increase in system noise temperature is of
no consequence. In this sense, the maser gain saturation does nothing
more than to provide weak limiting action.

A second-order effect noted was a change in the shape of the gain-
frequency characteristic arising from the fact that signals at the center
frequency drive the amplifier further into saturation than do signals at
the band edges. The maximum change was a 3-db reduction in center
frequency gain compared to the band edge gain, as illustrated in Fig. 12.
These measurements were made on a CW single-frequency basis, and
could easily overemphasize, by an order of magnitude, the effect which
would be found in an FM system. This effect would cause difficulty in
designing a proper equalizer since exact compensation could be accom-
plished at only one signal level. However, it was decided that if the
equalizer were so adjusted as to provide a low signal gain characteristic
with a 1.5-db peak at center frequency relative to the band edge, then
at high level, the response would at worst show a 1.5-db dip. This be-
havior would meet the normal 3-db bandwidth specification, and there-
fore this change in response with signal level was considered aceeptable.

An additional factor to be considered when a maser is operated in the
gain saturation regime is distortion. In conventional amplifiers, such as
the electron tube, gain saturation and distortion are closely related, and
formulae exist for the calculation of the distortion products from gain
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saturation curves. The behavior of a maser is, however, very different.
This can be seen by considering the basic amplification process, stimu-
lated emission.

The probability that photons will be added to the exciting RI" field in
a maser is given by the expression

Wi = K|ul(N; ~ N)H,/ (8)

where
K 1s a collection of physical constants,
[ul is the matrix element of the transition, a measure of the
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intrinsic probability of the transition occurring, which to
first-order approximation, (ie.,low RT fields), is a constant.
(N2 — Ny) is the difference in the spin population of the two levels
under consideration,
and
H,' is a measure of the power level of the stimulating radiation.

The population difference (Ns — Ny) is a function of the signal power
level at which a maser is operated, decreasing monotonically as the level
is raised. At any fixed average power level it is a constant, since a time
constant which is very long compared to the period of the carrier fre-
quency is associated with it. The value of this time constant is different
for each of two cases: a sudden increase in signal level or a sudden de-
crease in level. A calculation based on the reduction of the energy stored
in the inverted spin system shows that for a typical ruby maser the
time required for the gain to reach a new equilibrium after the input sig-
nal has been raised from zero to —70 dbm is approximately 1 second. The
time characteristic of gain recovery, when the signal level is reduced, is
approximately 0.1 second, as governed by the spin lattice relaxation
times. Gain changes are therefore very slow at signal levels consistent
with the use of a maser as a low-noise preamplifier. The distortion arising
from these gain changes is therefore no more serious than that introduced
by an AGC system.

Higher-order solutions for the matrix element | u |* do exhibit a de-
pendence upon H, /%, and therefore a source of distortion exists. A the-
oretical analysis and experiments® both show that, at signal levels nor-
mally found in a low-noise maser preamplifier, the power in distortion
products lying within the significant frequency range is well below the
noise generated by the maser itself. I'or example, if two signals at fre-
quencies f1 and f» simultaneously emerge from a maser at a level of —30
dbm, the third-order intermodulation products, 2fi — f. and 2f, — fi,
will be found at a level of —185 dbm,® which is approximately 95 db
below the output noise of a 4°K, 25-mc maser.

For the reasons presented, the maser is, from the system engineering
point of view, a completely distortion-free amplifier.

The use of this combination of an unstaggered maser and IT equalizer
provided an effective net gain of 34.5 db at the band edges. This gain was
sufficient to allow feeding a mixer directly from the maser output, with-
out degradation of the receiver noise temperature. The mixer had a noise
temperature of approximately 4300°I< which, reflected back to the maser
input through 34.5 db of gain, appears as 1.5°K.

Equalized receivers were employed at Andover, Maine, and Pleumeur-



MASERS 1881

Bodou, I'rance, and will be provided for the German installation. The
performance obtained was satisfactory in every respect.

V. MASER TERMINALS AND AUXILIARY STRUCTURE

In all previous masers, the largest contributor to the noise tempera-
ture has been the loss in the input transmission line. These, in the past,
have been constructed of thin wall, stainless-steel coaxial cables in order
to minimize heat conduction from their room temperature access to
4.2°K. A thin copper plating was employed to minimize electrical losses.
(A delicate balance between electrical and thermal conductivity is re-
quired.) Masers using coaxial cables have had typical over-all noise
temperatures of 10°K, of which only 2°K was inherent in the masers
themselves. Waveguide, which intrinsically has lower loss than coaxial
cable, was used for the input lead of the Telstar masers in an effort to
obtain the lowest possible noise temperature. This waveguide was con-
structed of 0.020-inch thick seamless stainless steel and internally plated
with 0.0002 inch of copper. The room temperature loss of such guide is
approximately 0.1 db in the lengths required. The waveguides used in
the final assemblies were selected for low-noise performance from many
which had been initially prepared. This was accomplished by connecting
the various waveguides, shorted at the far end, to an operating maser
and noting the maser noise output.®

The waveguide extends from room temperature to well below the nor-
mal liquid helium level in the dewar. A transition to 0.140-inch diameter
solid coaxial cable is employed (Fig. 13) and the center conductor of this
cable is extended into the maser proper where it forms the final match to
the comb structure (I'ig. 3). Coaxial cable is permissible below the helium
level, since the noise contributed by a given loss at 4.2°K is a factor of 70
less than would arise if the same loss were present at room temperature.
The success of the arrangement can be judged by the measured noise
temperature of these masers, approximately 3.5°I.

A new technique was employed to measure the noise temperature of
these masers. The ratio of the noise power output of the maser with a
matched load connected to its input to the noise power output with a
short circuit at the input was determined. Since noise power is directly
proportional to noise temperature, these quantities can be interchanged,
provided one is consistent.

‘When a matched load is connected to the input of a maser whose input
loss is small, the noise temperature observed at the output will be:

(Tow)1 = G(Ty + Tr + Tay) (9)
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Fig. 13 — Maser head.

and when a short circuit is connected to the input, the output noise
temperature is:

(Tout)‘l = G(QTI + Ts + Tar + TMR) (10)
where
G = power gain of the maser
T: = noise temperature due to losses in the input

Twur = noise temperature of the maser in the forward direction

Tur = temperature of the noise power emitted by the maser in the
reverse direction

T, = temperature of the matched load, and )

Ts = noise temperature due to losses in the movable short.

The origin of (9) is clear, the noise contributed by the load and input
losses being directly additive with forward-traveling maser noise. When
the short is in position, the noise power generated by the input lead
traveling away from the maser, as well as the noise power emitted in the
reverse direction by the maser itself, are reflected, rather than absorbed,
and therefore also contribute to the noise observed in the maser output.
For this reason, the input noise appears doubly weighted, and the maser
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reverse noise enters in (10). An observable quantity is the ratio of (9)
to (10), i.e.

(Tout)l — TL + TI + TMF (11)
(Tow)s 271+ Ts+ Tur + Tur

The noise temperature of the maser, referred to the input terminals, is
equal to Tt 4+ T'mr - T’z is just equal to room temperature, approximately
300°K. T'yr and Ty can be calculated from the theory of the traveling-
wave maser and are typically 1.5°K and 6.5°K, respectively.

The one remaining parameter to be evaluated in (11) is T's . This can
be determined by any one of a number of standard techniques, and is
typically found to be of the order of 1°K. Therefore, T'; can be calculated
from the ratio and the maser noise temperature determined.

If the situation were as ideal as has been presented, the measurement
of maser noise temperature would be well in hand. However, in practice
the ratio of the maser noise outputs is found to vary as the position of
the short circuit is changed. This is due to noise coherence effects which
oceur because of a limited bandwidth detection system and to small
mismatches in the system. A detailed analysis of these effects by W. J.
Tabor, which will be published separately, shows that the correct value
for the noise temperature can be calculated, if one substitutes the aver-
age value of the ratio of observed noise powers into (11). This technique,
which employs standard microwave components, i.e., a matched ter-
mination and a movable short in contrast to refrigerated loads, is capa-
ble of good accuracy. The range of uncertainty in the measurement of
these masers was +0.5°K.

The maser output is coaxial, since the noise contribution due to loss
following the maser gain is negligible. The pump line is thin-walled
WR28 waveguide. Fig. 13 is a photograph of the maser ‘“head” which
illustrates the various connections.

Fig. 14 shows the entire assembly except for the microwave pump
source. The de magnetic field is supplied by a 450-pound Alnico magnet,
which allows the tuning of the maser over the entire structure passband
by means of movable iron shunts. The dewar is of the standard type for
liquid helium except for one innovation. A 77° heat station, in the form
of a copper ring thermally tied to the liquid nitrogen jacket, was in-
corporated 10 inches below the room temperature flange (top). Its pur-
pose is twofold: to reduce the thermal gradient to the liquid helium along
the maser head, and to reduce the waveguide temperature in as short a
length as possible in order to minimize thermal noise generation. With
one filling of liquid helium (10 liters) the maser could be kept in opera-
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tion for approximately 20 hours. Refilling could be accomplished without
disturbing maser performance.

VI. SUMMARY

The performance of the masers is given by the following data:

Center frequency: 4170 me

Effective instantaneous bandwidth: 25 me

Effective gain: Approx. 34.5 db (equalized re-
ceiver) 28 db (magnetically
staggered)

Pump frequency: 30,175 me

Pump power: 70 mw

Magnetic field: Approx. 3300 gauss

Over-all noise temperature: 3.5°K

Bath temperature: 4 2°K

Liquid helium consumption: Approx. & liter/hr

Helium capacity: 10 liters

Power output at 1-db gain compression: —38 dbm.

The effective noise temperature, 3.5°K, of these amplifiers is almost a
factor of 3 less than previously attained. Indeed, it is so low as to closely
approximate the minimum noise temperature of the atmosphere itself.
It therefore appears that the ultimate useful amplifier sensitivity has
been achieved for application in terrestrial receivers.
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APPENDIX

Formulas for the Calculation of x”

The tensor components of the susceptibility can be calculated from the
following formulas

Xer = 7‘r%g(f — f0)(p—g — p) [ (=318 1 = DI (12)
o

X' = "5 g(f = (ot = o) (=318 = (=318, = (13)

ete., where yo is the permeability of free space, h is Planck’s constant, ¢
is the spectroscopic splitting factor, 8 is the Bohr electronic magneton,
p: is the density of spins in the energy level 7, and ¢(f — f,) is 2 normalized
line shape function; i.e.,

[otr-war=1.

All the units are expressed in mks units. If emu units are used, uo must
be replaced by 1/4r.

In the case of ruby for operation at § = 90°, the transition probability

between levels —3, —3 contain only S, and S, terms with S, = 0, where

the Z direction is parallel to the dec magnetic field and the X axis is
parallel to the C axis of the ruby. Therefore, the susceptibility tensor for
this case consists only of terms x..”, xz” and x,,”. The values of the
matrix elements can be computed from the data given by Schulz-Du-
Bois.?
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4-gc Parametric Amplifier for Satellite
Communication Ground Station
Receiver

By M. UENOHARA, M. CHRUNEY, K. M. EISELE,
D. C. HANSON and A. L. STILLWELL

(Manuseript received March 19, 1963)

This paper describes the design and performance of a 4-gc parametric
amplifier which meets the stringent requirements of a satellite ground
station recewver. It consists of two cascaded stages of similar design: the
first of these is operated at liquid nitrogen temperature and the second at
room temperature. One 23-gc pump source s used for both amplifier stages.
The combination of the two amplifier stages provides 38-db over-all gain,
45°K over-all system inpul noise temperature, 60-mc bandwidth, 0.1-db
short-term gain stability and 0.3-db long-term gain stability. A carefully
destgned cryogenic system maintains the amplifier refrigerated with only
infrequent refilling of the dewar, i.e., once every 10 days.

I. INTRODUCTION

High sensitivity, stability and reliability are important requirements
for a satellite communication ground station receiver. The maser has
come to be considered the ideal preamplifier for satellite communication
due to its superlative low-noise performance, and it is indeed ideal for
cases where its cost and maintenance requirements are not of major
concern. However, for lighter traffic routes where cheaper terminals
are required, it is desirable to have a less expensive, more compact, and
more easily maintained microwave preamplifier. This has motivated
the development of the variable capacitance parametric amplifier
described in this paper.

A block diagram of the parametric receiver is shown in Fig. 1. The
receiver consists of four major sections: a circulator type parametric
amplifier, an extremely stable 23-gc pump source, an efficient cryogenic
system, and a control system. The first-stage amplifier is operated at
liquid nitrogen temperature. The varactor diode mount, circulator,

1887
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Fig. 1 — Block diagram of parametric receiver.

K-band termination for the external idler load, and two stepping motors
for tuning the idler and pump circuits are all completely enclosed in a
sealed copper can immersed in a liquid nitrogen dewar. This refrigerated
amplifier is followed by a room temperature amplifier of the same design.
Since the regenerative reflection mode of operation is used, there is no
frequency conversion from input to output. The same 23-gc pump source
supplies power to both amplifiers.
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The gain stability of the parametric amplifier is largely dependent
upon the stability of pump power level and frequency. Therefore, con-
siderable effort has been spent to develop a pump source that would
satisfy the most exacting requirements. The 23-gc source is derived from
an X-band frequency-stabilized klystron of proven reliability (Western
Electric 457A)! and a varactor frequency doubler.? An automatic level
control is used to maintain a constant output power.

An efficient cryogenic system is required for operational simplicity
and satisfactory amplifier performance. Such a system has been designed
to maintain the amplifier at liquid nitrogen temperature. The dewar
contains about 10 liters of liquid nitrogen and lasts more than ten days.
This corresponds to an evaporation rate of 40 cc per hour or a heat
inflow of 1.8 watts.

The two-stage amplifier provides a gain of 38 db at 4.17 gc with a
minimum bandwidth of 60 mec. Over the entire band the effective system
input noise temperature is less than 45°IK. An input signal of —43 dbm
produces 1-db gain compression when the small-signal gain is 38 db.
Short-term gain fluctuations are less than 0.1 db and long-term gain
variations are less than 0.3 db over periods of months. The amplifiers
were installed in the ground station receivers at Andover and Holmdel
and have been checked out to be satisfactory.

II. DESIGN CONSIDERATIONS
2.1 Parametric Amplifier

2.1.1 Varactor Diode Considerations

There are several factors which governed the choice of the varactor
diode for the 4.17-ge refrigerated parametric amplifier. These include:
(a) A capacitive impedance of the same order as the circulator.?

(b) High dynamic quality factort (§) given by

~ S _ Total reactance variation

A 4R
where S, is the Fourier coefficient of the first-order term in the pumped
variable elastance and R s is the spreading resistance of the diode.

(c) Crystal suitability for operation at liquid nitrogen temperature.’
The spreading resistance should decrease or at least remain constant
down to liquid nitrogen temperature. To simplify amplifier design and
adjustment, a small decrease in junction capacitance from room tempera-
ture to liquid nitrogen temperature is desirable.
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(d) A self-resonant frequency of the diode higher than an idler
frequency is preferred.

At the time this amplifier was designed no diode was available which
would meet all these requirements. Since a gallium arsenide diode
satisfied all conditions but the last, which was not essential, it was chosen
for this application. It was originally developed by W. M. Sharpless®
and was further developed by N. C. Vanderwal. The recent encapsulation
of the sealed diode is shown in Fig. 2.

Typical data for the diode are tabulated in Table 1.

The spreading resistance decreases about 10 per cent from room
temperature to liquid nitrogen temperature, and the junction capaci-
tance changes only 5 per cent. Representative impedance loei of the
diode at 300°K and 77°X (measured at 5.85 gc) are plotted in Fig. 3.
The normal bias voltage for operation at liquid nitrogen temperature is
—1.1 volts.

2.1.2 Amplifier Design Considerations

The main objective of the amplifier design was to achieve the best
possible noise performance with moderate bandwidth (i.e., 25-mc
minimum, 50-me desired) and thus satisfy the system requirement with
the available diode described in the previous section. The amplifier was
required to have stable and reliable performance.

/

/

/

\
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’t,

%/’ ”’//////
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SPRING —~ CERAMIC NGOLD-PLATED
CLAMP SLEEVE

Fig. 2 — Encapsulation of sealed diode.

TasrLeE I

Static capacitance (Co) at zero bias | 0.37-0.46 pf (includes about 0.07 pf
package capacitance)

Series inductance (L,) =1.2 nh

Self-resonant frequency _ (fres) 7.3-8.4 ge

Dynamic quality factor (@) 9.0-14 at 4.17 ge

Reverse breakdown voltage (V3) 5.0-6.0 volts (at 1 pa current)
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o—=0 77°K

Fig. 3 — Impedance loci of input circuit at 300°K and 77°K (measured at 5.85
ge). Dynamic quality factor is 7.8 at 300°K and 9.3 at 77°K.

To achieve optimum performance, many factors, including the pump
source, circuit elements and the eryogenic system, were carefully investi-
gated. The detailed design considerations of the pump source and the
cryogenic system are described in the following sections; however,
selection of the pump frequency is discussed here since it primarily
determines the circuit design of the amplifier.

The optimum ratio of idler frequency (f;) to signal frequency (fi)
for best noise performance?® is

foo_ Qr
f1/1+ R, — 1 (1)
1+ 5

where @, is the dynamic quality factor of the input circuit and R./Rs
is the external idler loading factor. Assuming the external idler loading
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factor R,/Rs = 0.8, which is discussed later, and using a diode whose
dynamic quality factor at the signal frequency is 10, the optimum pump
frequency is 31.6 ge. Unfortunately, a reflex klystron with the desired
reliability was not available near this frequency. In addition, most
klystrons which provide more than 100 mw of power at X-band need
very high voltage supplies. Another factor was that none of these tubes
provide satisfactory frequency stability without an elaborate scheme to
compensate for any large environmental temperature variation and for
mechanical vibration. However, a Western Electric 457A klystron
(available from 10.7 to 11.7 ge) has high frequency stability with a
simple closed vapor-phase cooling system.! Typically, the frequency
variation is less than 2 me from —20°F to -120°F ambient tempera-
ture. This klystron provides more than 500 mw power at 11.5 ge with
about 500 volts cavity voltage. With a varactor frequency doubler,?
this klystron can generate about 100 mw of power at 23 gc even after
taking an additional 2-db loss for an automatic level control. The
increase in noise temperature due to the utilization of a 23-ge pump
source instead of a 31-ge pump source is calculated from the following
equation;® the effective input noise temperature for a reflection type
amplifier

~

9
)3)2 R,
’ =(1_i>1+<f2~ R, o)
‘ o (;;) a_ _,
)R
1+ZTS

where Gy is a reflection power gain and T is the amplifier temperature.
From (2), we obtain that the noise temperature degradation is only
1.5°K. Because of the reasons just described, a 23-ge pump was selected
for this amplifier. This produces a center-band idler frequency of 18.83
ge. Tig. 4 shows curves of the effective input noise temperature of the
amplifier at liquid nitrogen temperature for fs/fi = 4.52. Curves are
plotted as a function of external idler loading factor (R./Rs) for given
values of input dynamic quality factor @ .

To achieve the noise performance shown in Fig. 4, the input circuit
must be designed properly. The maximum normalized generator im-
pedance (R,/Rs) which provides 20 db of reflection gain for a given
Q. and R,/Rs is calculated® and plotted as a function of R./Rs in
Trig. 5.

The first and second-stage amplifiers utilize the same design, a design
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Fig. 4 — Effective input noise temperature of amplifier at liquid nitrogen
temperature and room temperature as a function of external idler loading factor
(Rr/Rs) for various Q.

which is similar to a 6-ge amplifier previously reported.” Fig. 6 shows a
photograph of the amplifier mount with a four-port circulator. The
input circuit is a 50-ohm coaxial line and the pump and idler circuits
are in RG 66/U waveguide which houses a gallium arsenide point-
contact diode at the end of the input center conductor. Since the diode
sustains at least three frequencies (i.e., signal, idler and pump), filters
must be arranged properly to climinate unwanted interference among
the three circuits. These filters are located as close as possible to the
diode to minimize energy storage at the idler frequency. The input circuit
contains two coaxial chokes for the pump and idler frequencies and a
coaxial capacitor which is used to adjust the input coupling to the pre-
determined value of R,/Rs and to tune the circuit at a desired bias
voltage. These chokes and the rest of the mount are brazed into one
piece for mechanical rigidity and electrical stability. The coaxial ca-
pacitor is movable along the center conductor to tune the circuit at a
desired bias voltage. The input coupling is adjusted by using a different
diameter coaxial capacitor.

One of the major design objectives was to increase the bandwidth
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Fig. 5 — Normalized generator impedance R,/Rg required for 20-db regenera-
tive gain as a function of external idler loading factor R./Rg for given values of
input ecircuit dynamic quality-factor Q.

without sacrificing noise performance. Since the self-resonant frequency
of the diode is approximately 8 ge, it is unavoidable that an idler fre-
quency much higher than the self-resonant frequency must be used.
This resulted in an idler circuit of very high @ and complicated im-
pedance. It was found that the 3-db bandwidth with 20-db center-band
gain was less than 20 mec when there was no external idler loading or
compensation circuit. Since the input circuit was broad enough, a
compensation circuit was inserted in the idler circuit to improve the
bandwidth. When the idler circuit @ is sufficiently high, the bandwidth
can be improved by external idler loading. The optimum idler loading
factor (Ri/Rs)opt for the case where the idler frequency is above the
self-resonant frequency f., of the diode is given in terms of @y, fi/fs
and fre/f1 as follows®
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Fig. 6 — Photograph of 4.17-ge parametric amplifier and refrigerated circulator.

6.~ TVl - O

For the case where i = 10, fi/f» = 0.22 and f,es/fl = 1.9, this equation
shows that (R1/Rg)opt = 1.15. According to the curves in Fig. 4, the
noise degradation caused by this external load is about 5°K; a suitable
compromise between optimum gain-bandwidth and optimum noise
performance is RB;/Rs = 0.8. This reduces the noise degradation to
about 3°K. As a compensation circuit, a two-cavity bandpass filter was
added adjacent to the inductive iris which tunes the idler circuit at the
prescribed diode bias voltage. This iris also determines the coupling
between the diode and the external idler load. The electrical separation
between the iris and the filter and the filter impedance characteristic
were properly adjusted for the maximum bandwidth. A Teflon tuner
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was located in the idler resonant cavity to compensate for the approxi-
mate 20 per cent change in circuit impedance from room temperature
to liquid nitrogen temperature due to the reduction in junction capaci-
tance and cavity volume.

The pump filter was built in the mount as close as possible to the
diode to minimize idler frequency energy storage in the idler cavity. A
Teflon tuner, an inductive iris adjacent to the amplifier, and a screw
in the pump filter are used for critical matched tuning and compensation
from room temperature to liquid nitrogen temperature operation.

The bias voltage of the diode was applied through the third or fourth
port of the four-port circulator. Any loss and instability usually caused
by the bias supply eircuit in the diode mount were completely eliminated.

A circulator operated at liquid nitrogen temperature (Raytheon
CCL-12) was specially designed for the refrigerated first-stage amplifier.
It was designed to have a maximum insertion loss from port 1 to port 2
of 0.2 db and isolation of at least 30 db. The room temperature circulator
for the second-stage amplifier is the broadband Melabs X-626. Its
characteristics at room temperature are similar to those of the CCL-12
at liquid nitrogen temperature.

The main design features of the amplifier are given in Table II.

2.2 Pump Source

The design of parametric amplifiers usually calls for high stability in
both the frequency and amplitude of the pump source. The troubles
often ascribed to parametric amplifiers, such as frequent failure and
high cost, can largely be attributed to unsatisfactory pump sources.
Therefore, considerable effort was devoted to obtain the simplest pump
source that would satisfy the exacting requirements.

For frequency stabilization and compactness an all solid-state source
is most attractive. This would consist of a transistorized crystal oscilla-
tor at a relatively low frequency with power amplification and subse-

TasLe 11
Input and output frequency 417 ge £ 30 me
Pump frequency _ =23 ge
Dynamic quality factor @ 10 at 4.17 gc,
(including the circuit loss) 2.3 at 18.83 ge
Normalized generator impedance (Ry/Rg) 130
Normalized i1dler impedance (R./Rs) 0.8
Gain 20 db
Estimated noise temperature from (2) 94°K at 300°K
(amplifier alone) 25°K at 77°K
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quent multiplication by varactor diodes. While technically possible,
such a device was not available in time for this project. Therefore, the
WE 457A klystron was used as an 11.5-ge source to drive the varactor
frequency doubler,? which produced the required 23-gc pump power.

For the automatie level control (ALC) the classical feedback approach
has been used. A block diagram of the ALC arrangement is shown in
Fig. 7. The output of the klystron is fed into the doubler through a
Taraday rotational variolosser.” A small fraction of the 23-gc output is
detected by a 1N26 crystal in the sampling port of a cross guide coupler.
This output is compared with a reference voltage, amplified by a
transistorized differential amplifier, and is fed to the variolosser. In this
way the difference between the sampling voltage and the reference
voltage is kept close to a preset constant value, and hence the 23-gc
power output level is stabilized to better than 0.5 per cent over long
time periods. Since the sensing diode characteristic is influenced by a
large temperature change, this diode and the first stage of the dif-
ferential amplifier are mounted in a small oven.

The second design, shown in Fig. 8, omitted the variolosser and operated
directly on the doubler bias to control the output power. Although the
performance was generally satisfactory, it demonstrated the need for
an additional control factor. For feedback stability reasons, it is neces-
sary to place a limit on the bias. However, this limit varies with input
power to the doubler diode; hence, some additional circuitry is added
to automatically set the maximum bias consistent with the input power.

The varactor frequency doubler from 11.5 ge to 23 ge used for this
pump source can generate more than 200 mw of power at 23 ge with as
low as 3.7-db conversion loss. The instantaneous 3-db bandwidth is
about 300 me, and no spurious oscillation is observable except at a bias

1.56C 23.06C
o VARIO- VARACTOR —_—
LOSSER DOUBLER %
p SENSING
¥ “biobE

DIFFERENTIAL

AMPLIFIER ) //<
REFERENCE

VOLTAGE

Fig. 7 — Block diagram of ALC arrangement. Power level is controlled by
variolosser.
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REFERENCE
VOLTAGE

TFig. 8 — Block diagram of varactor diode bias-controlled ALC arrangement.

voltage which is much higher than the optimum. The varactor diode
used is the epitaxial silicon mesa diode developed at Bell Telephone
Laboratories. The diode has a cutoff frequency as high as 300 ge at
—2.5 volts bias and a 25 volts average reverse breakdown voltage.

2.3 Cryogenic System

It was necessary for simple maintenance and satisfactory amplifier
performance to design an efficient cryogenic system. Noise considera-
tions dictate that not only the diode but also the total structure of the
first-stage amplifier, including the circulator and the idler load, should be
refrigerated. Immersing the whole amplifier in liquid nitrogen is a
convenient way of refrigerating. However, it is very difficult to seal all
parts of such a complex geometry in order to avoid liquid nitrogen
leakage, which produces erratic electrical performance. Therefore, the
whole unit is enclosed in a tight cylindrical copper vessel which is then
immersed in liquid nitrogen. The walls of this vessel will assume a
temperature of 77°K and cool the whole interior by conduction and
radiation.

In order to achieve a long operating time with each filling of the
dewar, the heat input must be minimized through the proper use of
materials of low thermal conductivity. The design must make full use
of the cryogenic value of the refrigerant. One liter of liquid nitrogen can
absorb 38,600 cal. as heat of vaporization, and in addition the nitrogen
gas which is produced can absorb 39,000 cal. when brought from 77°K
to 273°K. If an arrangement can be made so that the nitrogen gas leaves
the dewar with a temperature equal to that of ice, for instance, then the
eryogenic value of one liter of liquid nitrogen is 77,600 cal. Furthermore,
if the nitrogen gas escapes at room temperature there will be no con-
densation or freeze-out of moisture at the lid of the dewar, where many
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electrical connections are located. A long operating time between refills
can be obtained by immersing the amplifier deeply into the coolant; on
the other hand, the input transmission line to the amplifier must be
short to keep its loss and the corresponding noise contribution down.
This imposes some restrictions on the eryogenic design. Fig. 9 shows a
drawing of the cryostat. A commercial Linde Dewar featuring “Super
Insulation” was chosen. It has a necktube of 5.5 inches diameter and
holds 13.5 liters of liquid nitrogen. Part of this volume is taken up by the
amplifier chamber, so that about 10 liters of liquid nitrogen are available
for refrigeration. After immersion of the copper vessel the necktube is
closed off by a lid consisting of a grooved Teflon plug, to the bottom of

COAXIAL INPUT __
& OUTPUT ~— e __ [« —— PUMP WAVEGUIDE
NS T~~~ FILLING TUBE
TEFLON LID———_ \{1 F\‘/\L
iz
// W
STYRAFOAM—————-————/ e —————— -—POLYESTER
PLUG SUPPORT
AN TR
~ >—--— CONAX SEAL
CTING———17——" - FOR MOTOR
ESIFLLE 1 AND BIAS LEADS
— :JJ e — —~—~1-—THERMOCOUPLE
INDIUM — — =7 ¥
O-RING SEAL / r\_
-i———— CIRCULATOR
DULL BLACK —1——-——> e 1] | AMPLIFIER
VESSEL WALL
LIQUID ————->]
NITROGEN ——i~1— TUNING MOTOR
DEWAR
. —+—CENTERING

H_—- ST
%M

Fig. 9 — Cryostat for parametric amplifier.
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which is glued a styrofoam cylinder 4 inches deep and % inch smaller in
diameter than the necktube. This arrangement forces the nitrogen gas
to rise along the wall of the necktube and thereby cools it. The pump
waveguide, two coaxial lines, a Teflon filling tube, and two polyester
support rods (which add mechanical strength to the structure) pass
through this lid down to the top of the amplifier chamber. The 11-inch
input and output coaxial lines are made of 5-mil wall stainless steel
tubes with 0.5-mil copper clad interior. Thin-wall stainless steel wave-
guide with silver plated interior is used for the pump waveguide. These
transmission lines are vacuum sealed at the neck of the dewar (where
the temperature is higher than the dew point) to prevent moisture con-
densation. The top of the copper chamber is sealed vacuum tight by
an indium O-ring and the lower end extends almost to the bottom of
the dewar, where it is held centered by a dowel pin. After all the parts
are assembled, the copper chamber is tested on a helium leak tester for
perfect sealing. The inside pressure of the chamber is left at atmospheric
pressure to improve the speed of cooling.

With one filling of the dewar the amplifier was held for 10.5 days at
liquid nitrogen temperature. This corresponds to an evaporation rate
of 40 cc per hour or a heat inflow of 1.8 watts. Vertical temperature
profiles which have been measured in the dewar reveal that the tempera-
ture of the gas above the liquid level stays within 2° of 77°K. This
explains the constancy of the amplifier temperature over such a long
time. The dewar can be refilled with liquid nitrogen without interrupting
the performance of the parametric receiver.

For remote tuning of the idler and pump circuits, two tuning motors
are mounted on the bottom of the copper vessel. Motors which are
designed to be run at liquid nitrogen temperature must have a high
starting torque, slow speed, and bearings which will not seize when the
materials contract upon cooling. A stepping motor with 100 steps per
revolution has been found to be the most reliable device to satisfy these
requirements. The motors are operated by a transistorized multivibrator.

2.4 Package

One of the advantages of a parametric amplifier over a maser can be
its compactness; however, its size is largely dependent upon the pack-
age design. Since the amplifier is highly susceptible to impedance vari-
ations and pump fluctuations, the package has to be designed not only
for compactness but also to minimize any electrical malfunctions due
to mechanical vibrations. Easier maintenance is also an important con-
sideration for the package design.
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Three different types of the package were constructed. Each of the
first two amplifiers was packaged in a large 28 inch X 26 inch X 72 inch
cabinet which can directly replace the maser cabinet and match me-
chanically to the horn antenna. This package was designed for opera-
tional convenience, reliability, simple maintenance and appearance.
The front and back views of the amplifier are shown in Figs. 10 and 11.
The dewar containing the refrigerated amplifier is in a frame at the top
of the rack, with the input waveguide above the cabinet at a total height
of 78 inches. The cabinet has four leveling jacks to enable an exact
match to the antenna. The room temperature amplifier is mounted on

SECOND STAG
" PARAMETRIC-
AMPLIFIER"

SECOND STAGE

Fig. 10 — Front view of large amplifier package.
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Fig. 11 — Back view of large amplifier package.

the dewar frame to minimize the interconnecting transmission line
length and can be seen from the front of the rack with the top panel
removed. The bias and pump power controls for the room temperature
amplifier are located on the top control panel, and the controls for the
liquid nitrogen temperature amplifier and the ALC are located in the
recessed middle control panel. This section is usually covered and
protected from accidental handling. The entire pump supply is mounted
on a flat aluminum chassis which is fastened on the left side frame
structure. The length of pump waveguides and the number of flange
connections from the pump power sampling point to the amplifiers are
minimized to maintain constant pump power levels against mechanical
vibrations. The pump power level can be controlled by the motor-
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driven waveguide attenuators from the front panel. One can see that the
cabinet is only partially occupied.

To utilize full advantage of the parametric amplifier, a compact
package was designed. This package consists of two cabinets: a control
cabinet (17 inches X 18 inches X 10 inches) and an amplifier cabinet
(14 inches X 14 inches X 32 inches), both shown in Fig. 12. The separa-
tion thus allowed the amplifier to be installed directly at the antenna
output and the controls to be located at a convenient operating location.
In this compact model, the doubler bias-controlled ALC is installed to
ease the package design. Fig. 13 shows the amplifier and pump arrange-
ment.

III. PERFORMANCE

Five parametric receivers were built: two were housed in large cabi-
nets, two in compact cabinets, and one in a special cabinet for a sky

SECOND STAG
- PARAMETRI
“AMPLIFIER

Fig. 12 — Photograph of compact package.
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Fig. 13 — Photograph of amplifier and pump arrangement of compact package.

temperature measurement. The average values for the performance of
these amplifiers are listed in Table II1.

By December 1, 1962, amplifier no. 1 had been operated continuously
for 6000 hours (since March 20, 1962) without any failure or degradation.

A representative gain-frequency band characteristic is shown in
Trig. 14. Tig. 15 shows the recorded data on amplifier stability over a
two-day period. The bottom f, curve shows the pump frequency devia-
tion from 23 ge. One inch on the original recording paper corresponds to
about 200 ke deviation. The second curve from the bottom (gain)
shows the gain of the refrigerated amplifier. One inch corresponds to
1-db change in gain. The P,ump curve indicates the pump power level.
The scale is 0.25 db per 0.5 inch. Since the signal generator and the test
receiver used for the stability tests did not themselves have absolute
gain stability, both input and output signal level were detected by
crystal detectors and were recorded simultaneously. The second (Pin)
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TasLe III

Gain

Bandwidth
Noise temperature
First stage
Conjcribution from second stage -
mixer
Gain stability
Short-term
Long-term
Gain compression
23-ge pump power required
Pump stability
Frequency

Power
Dewar — nitrogen service

38(&)1{)) (first stage 20 db, second stage 18

60 mc to 3-db points
<45°K

<43°K

<2°K

<0.1db

<0.3 db

1 db down at —5 dbm output
=20 mw for each stage

Short-term <100 ke

Long-term <2 me

<0.02 db

Once a week (nitrogen lasts about 10
days)

GAIN IN DECIBELS

4210 4190

4170 4i50 4130

SIGNAL FREQUENCY IN MEGACYCLES PER SECOND

Fig. 14 — Gain-frequency band characteristic of parametric amplifier no. 2.

and third (Pouy — 21 db) curves show these outputs. The controls were
adjusted so that the separation between the two curves was 1 db when
the ;gain of the amplifier was 20 db; the gain fluctuations were then
deduced from the separation of these curves. The speed of the recorder

was, two inches per hour.

L
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Fig. 15 — Recorded graph of amplifier stability. Pump line shows the pump power level; Pin , signal input; Pout — 21 db, 21 db below amplifier
output; fpump the pump frequency deviation from 23 ge.
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The amplifiers were installed in the satellite ground stations both at
Andover, Maine, and Holmdel, New Jersey, and were checked out as
functioning satisfactorily. The complete system noise temperature of
the receiver at the Andover station with the parametric amplifier was
about 80°K when the antenna was directed at the zenith. This noise
temperature includes about 28°I< of noise from the sky, the radome, the
antenna and the diplexer, and some noise from the 2.5-foot long wave-
guide which connects the amplifier to the diplexer.

IV. CONCLUSION

The noise temperature of the receiver with the parametric pre-
amplifier is 2.5 times that with the maser. However, the parametric
amplifier is much cheaper to operate. The results of laboratory and field
tests demonstrate that the parametric receiver meets the stringent re-
quirements of a satellite ground station receiver. The stability perform-
ance of the amplifier also proves that a carefully engineered parametric
amplifier is as stable as conventional microwave amplifiers.

The amplifier and its associated devices have been designed for high
sensitivity, stability, and reliability. To assure this performance, the
bandwidth was sacrificed and in many places a conservative designh has
been adopted. With an improved diode—in particular, one in a more
suitable package—and a completely transistorized pump source, the
amplifier can be considerably simplified and made very compact with-
out any degradation in its performance and with an improved bandwidth.
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This was followed by work on the Telstar satellite project, which in-
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laser applications. Member, American Chemical Society, Electrochemi-
cal Society, A.A.A.S., Electron Microscope Society of America, Faraday
Society, Optical Society of America and Sigma Xi.

Max G. BoomEer, Dipl. Ill. Ing., 1946, T'ederal Institute of Tech-
nology, Zurich, Switzerland; Eng. D., 1950, Johns Hopkins University;
Bell Telephone Laboratories, 1951—. Mr. Bodmer has specialized in the
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development of TWT’s, life studies for systems TW'Ts, the design of a
high-power CW TWT for X-band, and the design and development of
high-reliability long-life TW'T’s for satellite use. Member, IEEE and
ATAA.

Davip C. BoMBERGER, B.S.E.E., 1934, and M.S.IL.E., 1936, Lehigh
University; Bell Telephone Laboratories, 1936—. He has worked on
transmission measurements of coaxial cables, the design of broadband
feedback amplifiers, the development of electromechanical gun director
systems, and the analysis and simulation of complex dynamic systems.
As Head, Power Systems Engineering Department, he was responsible
for engineering the spacecraft power supply. Member, IEEE, Tau Beta
Pi, Phi Beta Kappa; associate member, Sigma Xi.
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StepHEN J. Brouin, B.S.E.LE., 1957, M.S.E.E., 1959, New York
University; Bell Telephone Laboratories, 1957—. He first worked on
regulated power supplies for an experimental electronic telephone central
office, and has since designed power supplies for a military project, a
carrier system, and the Telstar project. He is currently working on power
supplies for microwave radio relay systems. Member, IEKE, Tau Beta
Pi, and Eta Kappa Nu.

W. L. Brown, B.S., 1945, Duke University; A.M., 1947, Ph.D., 1951,
Harvard University; Bell Telephone Laboratories 1950—. Mr. Brown
has been engaged in research on the physical properties of semiconductor
surfaces and the nature of defects produced in semiconductors by high
energy radiation. He has recently been responsible for radiation experi-
ments aboard the Telstar satellite. Fellow of American Physical Society,
Sigma Xi and Phi Beta Kappa.
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1950, University of Pittsburgh; Bell Telephone Laboratories, 1952—.
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for the Telstar satellite. Member, Electrochemical Society, Sigma Xij,
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group engaged in equipment design for the Andover, Maine, earth station.
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J. G. CHAFFEE, S.B., 1923, Massachusetts Institute of Technology;
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next 15 years in studies for microwave radio relay systems. Since the
inception of the Telstar project he has worked on circuit design, prin-
cipally the design of the FMFB receiver for the ground station. Fellow
of IEEE.
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Bell Telephone Laboratories, 1954—. Mr. Chapman was first engaged
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tories, 1951—. Until 1959 Mr. Cuttriss worked on design and develop-
ment of laminated-core inductors and semiconductor field-effect devices.
In 1959 he transferred to semiconductor device development and was
concerned with the development of diffused-base germanium transistors.
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formance, particularly in the design and evaluation of solar power plants
for communication satellites. Member, Tau Beta Pi.
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tor for Inspector of Naval Material, N.Y.C., 1940—41; Western Electric
Company, 1941-45; Bell Telephone Laboratories, 1945—. His early
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control equipment and search radar for the DEW Line. In 1956 he was
assigned responsibility for the ground guidance equipment for the Titan
ICBM at Cape Canaveral, and since 1961 he has been in charge of the
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member, IEEE; member, American Rocket Society.
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M.S. in Mathematics, 1960, Stevens Institute of Technology; Bell Tele-
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for a transoceanic telephone system, a PCM system for exchange trunks,
PCM repeaters for an experimental waveguide transmission system, the
Time Assignment Speech Interpolation (TASI) system, and satellite re-
peater design and data analysis. He is currently responsible for develop-
ment of customer radio systems. Member, Eta Kappa Nu and IEEE.
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technic Institute and joined the Western Electric Company Engineering
Department in 1923. At Bell Laboratories, Mr. Dickieson’s responsi-
bilities have included long-distance communications systems; military
telephone, sonar and torpedo-guidance systems during World War II;
and transmission and radio systems engineering. In 1951 he became
Director of Transmission Systems Development and subsequently
directed the planning for the communication and detection systems
used in the first Distant Early Warning stations. He became Executive
Director of the transmission division in 1961, in which position he has
general responsibility for the Telstar experiment. Naval Ordnance
Development Award, 1945; Gen. H. H. Arnold Trophy of the Air IForce
Association (with Dr. J. R. Pierce), 1962; General Hoyt S. Vandenberg
Award of the Arnold Air Society, 1963 (with Dr. J. R. Pierce); I'ellow,
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J. C. DoLuing, B.S. Eng., 1949, and M.S.M.E., 1952, Technical Uni-
versity of Hanover, Germany; Ph.D., Eng., 1955, Technical University
of Brunswick, Germany; Weserhuette AG, Oeynhausen, Germany, Chief
Development Engineer, 1954-56; Wuelfel AG, Hanover, Germany, As-
sistant to Vice-President, 1956-58; Bell Telephone Laboratories, 1958—.
He has been engaged in electromechanical development of military radar
and space communication antennas, including structural, mechanical,
and system analyses for military projects. He was responsible for pre-
liminary design of and engineering guidance on the Telstar horn-reflector
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K. M. EiseLE, Dipl. Phys., 1954, Institute of Technology, Stuttgart,
Germany; M.A.; 1955, and Ph.D., 1958, University of Toronto; Bell
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techniques and thermoelectric cooling. He is presently working on the
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sign and development of forward-scatter tropospheric antennas for early-
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warning systems. He is currently engaged in development of communi-
cations structures and equipment resistant to nuclear blast effects.
Member, Pi Mu Epsilon, Pi Tau Sigma, and Phi Lambda Tau.

Ruporr S. ENnGELBRECHT, B.S.E.I., 1951, and M.E.E., 1953, Georgia
Institute of Technology; Bell Telephone Taboratories, 1953—. He was
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and parametric amplifiers for military projects. He presently super-
vises a group concerned with parametric device studies. Member, IEEE,
Tau Beta Pi, and Eta Kappa Nu.
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sion Component Department, responsible for the design and develop-
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ment of Tradic and Leprechaun, early transistorized computérs. He
later supervised logical design of the data conversion unit used for
antenna steering on Project Echo. On the Telstar project, he was re-
sponsible for the digital control portion of the antenna pointing system.
Member IEEE, Eta Kappa Nu, Tau Beta Pi, and Phi Kappa Phi.
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semiconductor devices. Member, American Physical Society and Sigma
Xi.
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on Project Mercury. He supervised the computer programming group
on the Telstar project and is presently working on the Apollo project
for Bellcomm, Inec. Member, IEEE and Tau Beta Pi.
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radio relay systems, and the L3 coaxial cable system. He has worked
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IEEE, Sigma Xi, and Tau Beta Pi.
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M.S., 1958, Stevens Institute of Technology; Bell Telephone Labora-
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for the TH microwave system. In 1961-62 he supervised a group working
on systems analysis for a satellite communications system. Presently he is
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Head, Transmission Studies Department, concerned with studies of
objectives and maintenance of facilities for long-distance telephone
transmission. Member, IEEE, Eta Kappa Nu, and Tau Beta Pi.

Pavr T. Haury, B.E., 1941, Vanderbilt University; Bell Telephone
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group preparing models of radar test equipment. Later he designed air-
borne and portable radar equipment, and after the war turned to equip-
ment engineering related to carrier telephone systems. He worked on
submarine cable systems for military communications from 1951 to 1956,
and in 1957 he became supervisor of a group engaged in design of TH
microwave equipment. Since early 1961 he has supervised mechanical
design and construction work on electronic assemblies for satellite re-
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Georce D. HeLMm, B.S.E.E., 1947, Rensselaer Polytechnic Institute;
M.S., 1955, Northeastern University; Bell Telephone Laboratories,
1956—. He first worked on long-range search radar, automatic data
processing, and missile integration in connection with the SAGE system.
More recently, he has worked on high-power microwave amplifiers for
Telstar and other projects. Member, IEEE and Sigma Xi.

Epwarp . Higains, Jr., B.S.E.E., 1961, Newark College of Engineer-
ing; Bell Telephone Laboratories, 1953—. He was first engaged in test
and evaluation of missile ground guidance equipment and later worked
on the development and evaluation of guided-missile systems. On the
Telstar project, he was involved with system performance of the preci-
sion tracker receiver. At present he is concerned with the development of
radio guidance systems.
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1949, Ohio State University; Bell Telephone Laboratories, 1958-—. His
first assignment was work on the design, construction and testing of an
electronically scanned array. On the Telstar project he worked on the
autotrack system and on measurements of the horn-reflector antennas
at Andover and Pleumeur-Bodou. He is presently concerned with the

design of a low-noise antenna for satellite communications systems.
Member, IEEE and Sigma Xi.

Wmriam C. Hrrringer, B.S. in Metallurgical Engineering, 1944.
Lehigh University; Western Electric Co., 1946-52; National Union
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Radio Corp., 1952-54; Bell Telephone Laboratories, 1954—. While
with the Western Electric Co., Mr. Hittinger was concerned with the
specification, testing and application of electron tube and semicon-
ductor materials. After two years as Production Manager with the
National Union Radio Corp., he joined Bell Laboratories, where he was
initially engaged in exploratory and final development of semiconductor
devices. He was appointed Director of Development at the Allentown,
Pa., Laboratory in 1960, and Executive Director, Semiconductor Device
and Electron Tube Division in 1962. Member, IEEE, Amer. Inst. of
Mining, Metallurgical and Petroleum Engineers, Omicron Delta Kappa.

Danien I, Horu, B.S. in M.E., 1935, Stevens Institute of Technol-
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and planning of development projects for wire and radio systems, en-
gineering of initial Distant Early Warning (DEW) Line installations,
and long-range planning studies for transmission systems. As Director,
Transmission Studies Center, his responsibilities include engineering
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ber, Sigma Phi Epsilon.

PrTER HRYCAK, B.S., 1954, M.S., 1955, and Ph.D., 1960, University
of Minnesota; Instructor, Mechanical Engineering Dept. of University
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Xi.

Morimr Iwama, B.S., 1954, M.S., 1955, and Ph.D., 1960, University
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of California; Bell Telephone Laboratories, 1961—. He has been engaged
in the design of automatic control systems for satellite communication
systems and was responsible for the design of the antenna servo for
the Telstar project. Member IEEE, Tau Beta Pi and Sigma Xi.

WirLiam C. JaxEes, Jr., BS.in B.IL,, 1944; M.S. in E.IE., 1947; Ph.D.,
1949, Northwestern University; Bell Telephone Laboratories, 1949—.
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conductor at the Holmdel, N.J., satellite communication station. He is
presently head of the Mobile Radio Research Department. Member,
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Gexe C. Jonasson, BS.E.E. 1961, University of Washington;
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from the Telstar satellite and evaluated its performance in space. Mem-
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antennas. On the Telstar project, he performed liaison work with
contractors on horn-reflector antenna mechanical design and supervised
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work on data take-off devices, drives and electromechanical equipment
for both the Andover and Pleumeur-Bodou antennas.

Joun P. Kinzer, M.E., 1925, Stevens Institute of Technology; B.C.E.,
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lowing the war, he was engaged in systems studies, first on the L1 and
L3 coaxial systems and, more recently, on the TH microwave radio relay
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Vienna, 1933; Ph.D., Oxford, 1951 ; Bell Telephone Laboratories, 1951—.
Dr. Kompfner invented the traveling-wave tube while at Birmingham
University during World War II. At Bell Laboratories, he has specialized
in microwave electronics, work which has more recently been enlarged
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Telephone Laboratories, 1929—. He has been engaged in the me-
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the control system for the antennas. He presently supervises research
and exploratory development work on military guidance and control
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a group which worked on the frame and solar power plant for the Telstar
satellite and presently supervises a mechanical engineering group de-
veloping millimeter-wave power amplifiers and microwave printed cir-
cuits.

Henry Manw, B.A., 1950, Brooklyn College; M.S. in E.E., 1955,
Columbia, University; Bell Telephone Laboratories, 1954—. His work
has included the design of the synchronizing circuits, the demultiplex
gate, and portions of the encoder for the experimental pulse code modu-
lation system. He also engaged in the development of a system for the
transmission of two PCM groups over short-haul microwave carrier cir-
cuits. He was responsible for the design and production of a command
decoder for an experimental active satellite communications system. At
the present time he supervises a group responsible for the design of an
improved single-frequency signaling unit. Member, IEEE and Pi Mu
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H. I. MaunseLL, B.S., 1950, University of the Witwatersrand; Rell
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Telephone Laboratories, 1957—. Tor several years he worked on the
terminal equipment, test sets and protection switching circuits for the
TH microwave radio relay system. In late 1960, he became concerned
with communication circuits for the Telstar satellite, and he is presently
responsible for transmitter design for the satellite system ground station.
Member, IEEE.

Joun S. Mavo, B.S. in E.IL.; 1952, M.S. in E.E.,, 1953, Ph.D. in E.E.,
1955, North Carolina State College ; Bell Telephone Laboratories, 1955—.
He was first engaged in computer research, including studies relating
to the use of digital computers for measurement and automatic tracking
of pulsed radar range information, and in military weapons control
systems. His recent work has involved the development of line repeaters
for an exchange carrier PCM system, and high-speed PCM terminals
for an experimental transmission system. He has been in charge of the
PCM terminal department since December, 1960. Member, IEEE and
Sigma XT.

Rosert J. McCung, B.S.IE., 1948, U.S. Coast Guard Academy; Bell
Telephone Laboratories, 1954—. He was first engaged in military sys-
tems engineering, concerned with operational studies and planning for
SAGE and related air defense systems. In 1961-62 he worked on opera-
tional planning for the acquisition, tracking, and command complex of
the Telstar ground station, and supervised a group responsible for design
and operation of the control console, including provision of operations
procedures and training of the operations team. He has since been en-
gaged in special operations studies for Bellcomm, Ine., of communication
and tracking system requirements for the Apollo project. Member,
TEEE.

B. A. McLgop, B.S.E.I., 1954, Northeastern University; Bell Tele-
phone Laboratories, 1954—. He first worked on the development of
transmission systems, including test set development for the TH
microwave radio relay system. He engaged in early studies for the TASI
system and worked on TASI development until 1961, when he became
associated with the launch operations group for the Telstar project.
Member Tau Beta Pi, Eta Kappa Nu.

L. V. MEprorp, Pell Telephone Laboratories, 1955—. At Rell Labora-
tories Mr. Medford has participated in the study of adsorption of gases
on metal and semiconductor surfaces by use of the photoelectric effect.
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Early in 1961 he began development of space radiation instrumentation
for the Telstar project, followed by a similar and concurrent undertaking
for the NASA Project Relay. Later he participated in the development
of radiation instrumentation for the Explorer XV satellite and was ac-
tive in the launch operations for Project Relay. At present, Mr. Med-
ford is studying development problems related to future space radiation
experiments.

G. L. MiLLER, B.Se. (Physics), 1949, M.Sc. (Mathematics) 1952 and
Ph.D. (Physics), 1957, University of London; Brookhaven National
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Beta Pi, Sigma Xi and Eta Kappa Nu.

J. L. Murray, B.E.IL.,, 1955, Rensselaer Polytechnic Institute; Bell
Telephone Laboratories, 19556—. He has specialized in missile electronies,
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to characterize the system aspects of several radars for a guided missile
system. On the Telstar project, he supervised a group responsible for
electronic design of the precision tracker. Since then, he has supervised
a group responsible for the electronic design of a solid-state missile guid-
ance radar transmitter and receiver. He presently supervises a group
responsible for electronic design of the Nike Sprint missile-borne guid-
ance transmitter and receiver. Member, IEEE.

R. J. NieLsgEN, Bell Telephone Laboratories, 1941—. At Bell Tele-
phone Laboratories, he was first engaged in design drafting of automatic
central office equipment. He has also been concerned with the study of
metal-ceramic sealing and other special problems in connection with the
mechanical design of electron tubes. During this time he also studied
at the University of Idaho and Fairleigh-Dickinson University. From
1960 to the present, Mr. Nielsen has worked on the Telstar project and
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is now engaged in the mechanical design of special microwave oscillator
tubes.

J. A. Norron, B.A.Sc., 1957, University of Toronto; A.M., 1959,
Princeton University; Bell Telephone Laboratories, 1960—. He has been
engaged in the design of antenna control systems on the Echo and Tel-
star projects. He is also engaged in research in the stochastie aspects of
nonlinear computer-controlled systems. Member, IEEL and Sigma Xi.

Epwarp G. OrseN, Bell Telephone Laboratories, 1927—. He has
specialized in the mechanical design and development of electron devices,
including devices used in early radio transmission, special research struc-
tures, and traveling-wave tube amplifiers for microwave radio relay and
guided-missile systems. On the Telstar project he was concerned with the
mechanical design and development of the traveling-wave tube amplifier
for the spacecraft repeater.

E. F. O'NEmuL, B.S. and M.S. in Electrical Engineering, 1940 and
1941, Columbia University; Bell Telephone Laboratories, 1941—.
Mr. O’Neill’s early work was in the development of radar transmitters
and of amplifiers and regulators for cable and radio-relay systems.
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of the Time Assignment Speech Interpolation (TASI) system terminals.
Mr. O'Neill is Director, Satellite Communications Laboratory at Bell
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system. Member, Tau Beta Pi and Sigma Xi.

S. PARDEE, Jr., A.B., 1939, Harvard University; M.S. in E.E., 1960,
Stevens Institute of Technology; Bell Telephone Laboratories, 1946—.
He has been engaged in the design and development of military elec-
tronic equipment, fire control radar, and missile guidance systems. At

present, he is working on a military communications system. Member,
IEEE.

D. Stewart Prok, M.S. in E.E., 1940, University of Michigan; Bell
Telephone Laboratories 1947—. Mr. Peck has been concerned in the
design for production of gas-filled electron tubes such as rectifiers, thy-
ratrons and cold-cathode tubes. More recently, he has been in charge
of work on reliability studies, applications engineering, and specifica-
tions for electron devices. On the Telstar project Mr. Peck’s department
has been generally responsible for the specification, aging and selection
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programs for semiconductor components used in the satellite. Member,
IEELE, American Standards Association, Tau Beta Pi, Eta Kappa Nu,
Sigma Xi and Phi Kappa Phi.

T. R. PerEers, B.3.E.E., 1955, Virginia Military Institute; Bell Tele-
phone Laboratories, 1955—. He has participated in the systems and
logic design of a military special-purpose digital computer, studies of
logic connectives for integrated circuits, and cryogenic logic studies. On
the Telstar project he was involved in the system and logic design for the
antenna pointing system and later was concerned with development,
installation and maintenance of the digital equipment at Andover,
Maine. He is currently working on studies for a military digital com-
puter.

E. Jarep REip, B.S., 1956, Trinity College; B.S.E.E., 1957, Rens-
salaer Polytechnic Institute; M.E.E., 1959, New York University; Bell
Telephone Laboratories, 1957—. He was first engaged in development
work on the TASI system, and took part in final field tests of TASI in-
stallations in the U.S. and overseas. He subsequently worked on the de-
velopment of the Telstar satellite electronics system.

WiLLiam C. Ripgway, III, B.S.E., 1957, Princeton University;
M.E.E., 1959, New York University; Ph.D., 1962, Stanford University;
Bell Telephone Laboratories, 1957—. He has worked chiefly in the
field of data processing, first for the Nike Zeus anti-missile system and
more recently for the Telstar project. Member, A.C.M., IEEE, Phi Beta
Kappa, Sigma Xi.

W. RosenzweEig, B.S., 1950, Rutgers University; M.S., 1952, Uni-
versity of Rochester; Ph.D., 1960, Columbia University. Brookhaven
National Laboratory, 1951-1953; Radiological Research Laboratory,
Columbia University, 1953-1960; Bell Telephone Laboratories, 1960—.
At Bell Laboratories, Mr. Rosenzweig has been mainly engaged in
studies of radiation damage to semiconductors. Member, American
Physical Society, Radiation Research Society, Sigma Xi and Phi Beta
Kappa.

A. TroMAs Ross, B.S.E.E., 1939, Lafayette College; Bell Telephone
Laboratories, 1946—. Mr. Ross was first engaged in the field of high-
altitude bombing systems. Subsequently he worked on the development
and testing of a high-powered, tunable magnetron. Prior to his work on
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the Telstar project, he was concerned with the development of tubes
for broadband submarine telephone cable systems. He is currently cen-

gaged in the development of parametric amplifiers. Senior member,
IEEL,

R. E. Sageman, B.E.E., 1944, and M.E.E., 1948, Renssalaer Poly-
technic Institute; Long Lines Department of the American Telephone
and Telegraph Co., 1948—. He has engaged in plant engineering for the
overseas radiotelephone division and statistical analyses for the account-
ing and traffic operations departments. He has been Director of Elec-
tronic Data Processing Activities for the Long Lines Department and
Satellite Projects Engineer, responsible for coordinating the activities of
the Long Lines Department in the Telstar and Relay projects. He is
presently Service Engineer, Southeastern Area, Long Lines. Member,
Eta Kappa Nu, Tau Beta Pi, and Sigma Xi.

FrED J. ScHAEFER, B.E.E., 1950, Syracuse University; Bell Telephone
Laboratories, 1951—. His early assignments included circuit design and
field evaluation of a target designation system; operations and system
planning for the DEW Line project, including evaluation of the VHF
scatter system. He later supervised groups working on circuit design and
performance analysis of missile systems, and is presently supervisor of a
group developing missile guidance radar. He supervised a group responsi-
ble for the design of the Telstar precision tracker. Member, IEEE, Tau
Beta Pi, and Eta Kappa Nu.

R. H. SuenNuM, B.S. in E.E., 1944, and M..S. in E.E., 1948, Montana
State College; Ph.D., 1954, California Institute of Technology; Bell
Telephone Laboratories, 1954—. He first worked on the design of
microwave parts for the TJ microwave system. Later, he was responsible
for companding, signaling, and voice-frequency development and field
experiments for the T1 carrier system (PCM). As Head, Satellite Design
Department, he was responsible for the development of the electronic
circuits for the Telstar satellite. Mr. Shennum was also responsible for
the assembly of the spacecraft and final testing at the Hillside, N. J.,
laboratory. Member, IEEE, Sigma Xi, Tau Beta Pi, and Phi Kappa Phi.

Joun T. SiBinia, B.S. in Physics, 1955, Rutgers University; M.A.,
1957, and Ph.D., 1962, Princeton University; Bell Telephone Labora-
tories, 1960—. He has been engaged in maser development, including
studies of the use of rutile for a 10-kme maser. He presently supervises
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a group responsible for the development of masers for the Telstar project
and military projects.

D. H. Syiry, B.S.E.E., 1944, University of Minnesota; M.S. in In-
dustrial Management, 1961, Stevens Institute of Technology; Bell
Telephone Laboratories, 1947—. He has been engaged in development
work on voltage regulating apparatus, including rectifiers and regulated
exciters, and advance engineering and development of power systems,
including long-range planning. From 1952 to 1961 he supervised a group
concerned with power systems engineering. In 1961, as Head, Reserve
Power Systems Department, he became responsible for development
work on power systems, which included the power generating and reserve
power systems at the Andover earth station, and for development of the
timing mechanism to shut off the beacon transmitter in the Telstar
satellite. Member, IEEE and its Subcommittee on Definitions, Magnetic
Amplifier Committee; Chairman of American Standards Association
Sectional Committee C85 on terminology for automatic control.

KenveETH D. SMITH, M.A. in Physics, 1930, Dartmouth College; Bell
Telephone Laboratories, 1930—. He has worked on high-frequency test
equipment, coaxial cable system development, proximity fuses, radar
bombing equipment, and microwave radio relay systems. Since 1951, he
has been engaged in semiconductor device development, including high-
frequency transistors, power rectifiers, voltage limiters, and the Bell
Solar Battery. He currently supervises a group concerned with high-
frequency transistor development. Senior member, IEEE.

Frieoorr M. Smirs, Dipl. Phys., 1950, Dr. rer. nat., 1950, University
of Freiburg, Germany; research associate, Physikalisches Institut, Uni-
versity of Freiburg, 1950-54; Bell Telephone Laboratories, 1954-62. Mr.
Smits went to the Sandia Corporation in May 1962. His work at Bell
Telephone Laboratories included studies of solid-state diffusion in
germanium and silicon, device feasibility, and process studies, as well as
the development of UHF semiconductor devices. He supervised a group
that conducted radiation damage studies on components, particularly
solar cells, used in the Telstar satellite. Member of the American Phys-
ical Society and the German Physical Society.

R. V. Srerry, BS.E.E., 1949, M.S.E.E,, 1951, West Virginia Uni-
versity; Bell Telephone Laboratories, 1952—. Mr. Sperry was first en-
gaged in the development of transmission networks for coaxial, radio
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and military systems. He has worked on repeater development for an
exploratory waveguide transmission system and on the antennas and
several circuits used on the Telstar satellite. At present, Mr. Sperry
supervises a group working on the development of repeaters for a high-
speed PCM coaxial cable system. Member, Eta Kappa Nu, Pi Tau
Sigma, and Tau Beta Pi.

JouN W. Starrorp, B.S.A E., 1954, Massachusetts Institute of Tech-
nology; M.S.A.M.; 1959, Brooklyn Polytechnic Institute; Bell Telephone
Laboratories, 1961—. Mr. Stafford participated in the mechanical design
and testing of the Telstar satellite. He is now engaged in development
studies of an orientation system for communications satellites. Member
of American Institute of Aeronautics and Astronautics.

ALBERT L. STiLLwELL, B.A., 1925, M.A., 1928, Gonville and Caius
College, Cambridge, England; Pell Telephone Laboratories, 1927—.
His early assignments included the design of filters, special networks, and
the first three-stage cathode feedback amplifier for coaxial transmission.
After wartime activity in the development of proximity fuses and radar,
he worked on television transmission apparatus. Later he developed
special circuits for the research department and is presently in a group
concerned with the design of solid-state microwave circuits. Senior
member, IEEE.

Kurr M. StriNy, B.S.M.E., 1953, and M.S., 1961, Newark
College of Engineering; Bell Telephone Laboratories, 1956—. He has
been engaged in the mechanical design and development of electron tubes
such as the coaxial magnetron and low-noise traveling-wave tubes. He
is currently working on high-power traveling-wave tubes used for the
Telstar ground transmitter and other applications. Member A.S.M.E.

R. A. Swirr, B.S. in E.E., 1943, Union College; Rell Telephone
Laboratories, 1946—. He has been engaged in mechanical and equip-
ment design aspects of system design, and was responsible for mechanical
design and evaluation of missile-borne guidance equipment for the
Titan and Thor-Delta Missiles. On the Telstar project he was responsible
for the formation and conduct of the design, qualification, and accept-
ance test program for the satellite. Member, IEEE.

Wirriam J. TaBor, B.S. in Chemistry, 1953, Renssalaer Polytechnic
Institute; A.M. (Physics) and Ph.D. (Chemical Physics), 1954 and
1957, Harvard University; Bell Telephone Laboratories, 1959—. Since
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coming to the Laboratories, he has engaged in research and development
work on microwave masers, including the maser for the Telstar ground
station receiver.

E. W. Tromas, Bell Telephone Laboratories, 1961—. He has con-
tributed to the design and development of radiation experiments for the
Telstar experimental communications satellite and other satellite pro-
grams. Following the Telstar satellite launch, he assisted in interpretation
of the radiation data. He is currently conducting experiments to aid in
more precise understanding of the Telstar results as well as results of
other satellite radiation experiments.

Leroy C. Tizrotson, B.S.E.E., 1938, University of Idaho; M.S.E.E.,
1940, University of Missouri; Bell Telephone Laboratories, 1941—. Mr.
Tillotson’s early work included design of filters and networks; he has
since been concerned with microwave radio relay systems. From June,
1958, to July, 1959, he served as a member of technical staff of the Ad-
vanced Research Projects Agency division of the Institute for Defense
Analyses. As Assistant Director, Radio and Electronics Research, and
Head, Radio Systems Research Department, he has been active in plan-
ning the communications aspects of Project Telstar. Senior member,
IEEE; member, Sigma Xi.

Davip E. TrucksEss, B.S.E.E., 1926, Pennsylvania State University;
Bell Telephone Laboratories, 1926—. He has worked in the field of
regulation for motor generators and rectifiers. During World War 1I,
he supervised a group which designed power supplies for military
systems. He is presently Head, Power Conversion Department, and is
concerned with the development of power facilities for submarine cable
systems, microwave communications systems, PBX equipment, and
military sonar systems. Fellow and Deputy Director of Technical
Operations, IEEE; member, N.S.P.E.

Ricuarp H. Turrin, B.S.E.E., 1956, Newark College of Engineering;
M.S.E.E., 1960, New York University; Bell Telephone Laboratories,
1956—. He has been chiefly concerned with propagation and antenna
work at micro and millimeter wavelengths. He participated in the design
of the Telstar ground-station antennas. Member, IEEE, Eta Kappa
Nu and Tau Beta Pi.

MicHryukr UENOHARA, B.E., 1949, Nihon University (Japan); M.S.,
1953, and Ph.D., 1956, Ohio State University; D.E., Tohoku University



1932 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963

(Japan), 1958; Bell Telephone Laboratories, 1957—. He has been en-
gaged in exploratory studies of microwave variable reactance amplifiers,
Esaki diode amplifiers, and related devices. He was also engaged in micro-
wave tube research at Nihon University from 1949 to 1952, and taught
there in 1957. Member, American Physical Society, IEEE, Institute of
Electrical Communication Engineers (Japan), Eta KKappa Nu, Pi Mu
Epsilon, Sigma Xi, and R.E.S.A.

Burron A. Uncer, B.S.M.E., 1954, Purdue University; M.S.M.L.,
1960, Newark College of Iingineering; Bell Telephone Laboratories,
1960—. Mr. Unger participated in the thermal test program of the
Telstar satellite. He is now engaged in development studies of orien-
tation systems for communication satellites.

H. NewLson UprHEGROVE, B.S., 1945, U.S. Naval Academy; S.B.,
1948, Massachusetts Institute of Technology; Ph.D., 1954, California
Institute of Technology; Bell Telephone Laboratories, 1953—. Mr. Up-
thegrove served in the U.S. Navy, 1945-49, and was a Teaching Iellow
in engineering at Cal. Tech., 1949-53. At the Laboratories, he was first
engaged in submarine cable development and later in the planning and
acquisition of new cable ships and equipment. On the Telstar project, he
was Head of the Satellite Launch Operations Department, responsible
for integration of the satellite and the Delta launch vehicle. He is pres-
ently Head of the Missile and Tracking Department Member, IEEE,
Slfrrha Xi, and Tau Beta Pi.

: PAUL W. Ussiry, B.S. in Physies, 1951, Upsala College; M.S.E.E.,
1956, Newark College of IEngineering; Bell Telephone Laboratories,
1957—. He has engaged in the development of regulated power supplies
for an experimental electronic switching system, solid-state inverters
and regulators, microwave radio relay systems and missile guidance
equipment. He worked on the design of the Telstar spacecraft power
supply system and is presently engaged in development work on thermo-
electric regulators and power supplies for radio relay systems. Member,
IEEE and Sigma Pi Sigma.

L. J. VarnerIN, S.B., 1947, Ph.D., 1949, Massachusetts Institute of
Technology ; Bell Telephone Laboratories, 1957—. He has been engaged
in the development of components and solid-state devices, and was
first concerned with the development of very high frequency germanium
transistors, field-effect devices, thin film components and circuits. He is
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presently Head, Solid-State Microwave Device Department, concerned
with the development of microwave ferrite, magnetoelastic and optical
devices. Fellow, American Physical Society ; senior member, IEELE.

Epwarp J. WawLsg, Bell Telephone Laboratories, 1928—. He has
chiefly been engaged in the mechanical design of electron tube structures
and enclosures, including the design during World War II of proximity
fuse tubes and the thermally tuned klystron, and later of the frame-grid
tube used in microwave radio relay systems. More recently he has super-
vised a group responsible for mechanical design of electron tubes for a
submarine cable system; he is presently in charge of a group working on
structures for the gaseous optical maser, photomultipliers, and other
electron devices.

Irwin WeLBer, B.S.E.E., 1948, Union College; M.E.E., 1950,
Rensselaer Polytechnic Institute; Bell Telephone Laboratories, 1950—.
Mr. Welber has worked on the design and analysis of long-haul micro-
wave radio relay circuits and the Time Assignment Speech Interpolation
(TASI) switching system. As Head, Ground Station Design Depart-
ment, he has been responsible for over-all systems analysis, ground
communications equipment and technical planning with foreign partici-
pants for the Telstar project. Member, IEEE, and Sigma Xi.

Pavr R. Wickuirre, Jr., B.S.E.E., 1949, Purdue University; S.M.,
1951, Massachusetts Institute of Technology; Bell Telephone Labora-
tories, 1951—. He was first concerned with development of antennas and
traveling-wave tube amplifiers for the TH microwave system. He later
worked on a narrow-band radio system for order wire and alarms. In 1961
he became supervisor of a group engaged in the design of the ground
transmitter for the Telstar project. Member, IEEE, Eta Kappa Nu, and
Tau Beta Pi.

Frawncis J. Wirr, BS.E.E., 1953, M.S.E.E., 1955, Johns Hopkins
University; Bell Telephone Laboratories, 1954-55, 1957—. At Bell
Laboratories, he has engaged in active and sampled-data network ex-
ploratory research and in solid-state circuit development for short-haul
carrier systems. Later he was in charge of a group responsible for the
development of some of the solid-state circuits in the Telstar experi-
mental communications satellite. At present he is concerned with the
development of digital processing circuitry for a high-speed PCM trans-
mission system. Member, IEEE, Tau Beta Pi and Sigma Xi.
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ALBERT M. WITTENBERG, B.S. in Physics, 1949, Union College; Ph.D.,
1955, Johns Hopkins University; Bell Telephone Laboratories, 1955—.
His early work at the Laboratories concerned the development of gas
tube devices for switching applications. He later engaged in studies on
photoconductive and electroluminescent materials. At present he is in-
volved in developing techniques for space simulations, and is also con-
cerned with the effects of space environment on the thermal and mechani-
cal properties of satellites and satellite materials. Member, American
Physical Society, Sigma Xi and Institute of Environmental Sciences.

K. B. Woobarp, B.S. in M.E., 1943, Georgia Institute of Technology;
Bell Telephone Laboratories, 1946—. IHe has been engaged in the
mechanical design and testing of components and structures for guided
missile systems, including the antennas for the Nike Zeus system. For
the Telstar project, he was responsible for mechanical design of the
precision tracker antenna and the large air-supported structures and
slip rings for the horn-reflector antenna. Member, A.S.M.E., Pi Tau
Sigma, and American Rocket Society.

M. C. WooLEy, B.S. in E.E., 1929, Ohio Northern University; Rell
Telephone Laboratories, 1929—. He has been engaged in the design
and development of inductors and capacitors, including capacitors for
the Havana-Key West submarine cable. He has worked on fundamental
development of capacitor materials and processes and presently super-
vises a group responsible for development capacitors and resistors for
ultra-high reliability applications such as the Telstar experiment. Mem-
ber, Nu Theta Kappa.
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antenna pointing, 1213
autotrack, 1283
command and telemetry, 1027
digital equipment, 1223
external communications, 1383
horn-reflector antenna, 1137, 1187
maser, 1863
orbit determination, prediction, 1357
parametric amplifier, 1887
planning and operation, 1383
precision tracker, 1309
servo system, 1253
transmitter and receiver, 1063, 1109
traveling-wave tube, 1829
GrouND StaTioN (Holmdel), 1421
GroUND STATION CONTROL CONSOLE,
1397
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HeariNGg, Andover, 1405
HorMmpEeL, N. J., SraTION, 1421
system description, 1422
HORN-REFLECTOR ANTENNA
description, 787
drive systems, 1159, 1256
electrical characteristies, 1187
geometry, 1206
mechanical design, 1137, 1148
position controls, 1265
research, 750, 761
Humipity TESsTSs, spacecraft, 1016
HypravLic TRANSMISSION
horn-reflector, 1257

I

IF AMPLIFIER, spacecraft, 839
INTERFERENCE, TD-2, 1622

L

Launce VEHICLE, 1466

launching, 1449
Leak Tests, spacecraft, 1019, 1023
LinrarR TRANSMISSION, tests, 1577

M

MaaneTric MoMENT TEsTS, 1020, 1024
MaagneTic Tare Units

antenna pointing, 1228
MasER, 1083, 1863

broadbanding, 1874, 1877

characteristics, 1874

design, 1865

research, 750

structure, 1869

terminals, 1881
M4040 TraveLING-WAVE TuUBE, 1829
M4041 TravELING-WAVE TUBE, 850, 1703
MissioN TaPES, antenna pointing, 1228
Monbpes, antenna pointing, 1244
MOMENT OF INERTIA

spacecraft, 1015, 1022
Mon1ToR, antenna tracking, 1238
MouNTING, solar cells, 1765

N

NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION
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Project Echo, 739, 757

Telstar spacecraft launch, 740
NickeL-Capmivm CeLLs, 1500, 1687

assembly, 1691 ’

characteristics, 1695

life tests, 1699

selection and qualification, 1694
Noise

baseband and IF, 1584

ground receiver, 1097, 1101

maser, 1881

parametric amplifier, 1905

sky, 749

spacecraft repeater, 866
NoONLINEARITY, 1596
N-oN-P SorLar CeLis, 1779
Nyro~n Lacing

electronics package support, 979

o

OreraTORS, Andover, 1393
OrricaL TrACKING, Holmdel, 1430
ORBITS
Cape Canaveral, 1470
computer programs, 1357, 1365
determination, 1357, 1359
four-observation, 1360
operational results, 1378
prediction, 1357
selection, 769, 772
single-pass elements, 1363
TELEPATH system, 1373
TELETRACK system, 1369
trend removal, 1362
two-observation, 1359
P
PArRAMETRIC AMPLIFIER, 1085, 1887
cryogenic system, 1898
design, 1889
performance, 1903, 1905
pump, 1896
ParricLE EXPERIMENTS, 1508
Passive COMPONENTS
reliability, 1668
PERFORMANCE
spacecraft antennas, 884
PiercE, J. R., 1955 paper, 739, 747 -
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Powgr
Andover station, 1402
solar cell, 1765, 1811
PowER AMPLIFIER
ground transmitter, 1069
PoweRr LIMITER, SPACECRAFT, 1817
design, 1821, 1824
performance, 1825
PowER SupPLY, SPACECRAFT, 943
converter, 960
inverter, 962
performance, 971
rectifier-filter, 965
regulator, 953
PrecisioN TRACKER, 1215, 1309
antenna, 1315
control console, 1350
operating modes, 1335
operation, 1352
parameters (Table), 1315
PrOoTON BOMBARDMENT
solar cells, 1775
ProronN DETECTORS, 913, 916, 918
measurements, 1526

R

RapiatioN Damage, 1537
damage transistors, 907
exposure, 1529
solar cells, 905, 1543, 1770, 1777
transistors, 1545

RADIATION EXPERIMENTS
electronic circuits, 929
performance in space, 939
results, 1505

Rap10-FREQUENCY POWER
spacecraft, 1489

RapoMmE
dehumidification, 1407
erection, 1181
fabrication, 1179
heating and deicing, 1405
mechanical design, 1137, 1173
tolerances, 1147

RECEIVERS
command, 1045
ground, 790, 1063, 1079
precision tracker, 1312, 1323
spacecraft, 831

INDEX

RevLiaBILiTY oF CoMPONENTS, 1660, 1674
passive components, 1668
principles, 1667

REPEATER, spacecraft, 831

REsEsrRcH BACKGROUND, 747

REsuLTs, see Experiment Results

RF CirculT
ground traveling-wave tube, 1834

Rocker, 1466

Roowms, radome equipment, 1152

RuBy, MASER, 1866

S

SampLING COUPLER, autotrack, 1301
SAPPHIRE SHIELD, 1797
SATELLITE, see Spacecraft
SEARCH MODE, precision tracking, 1220
SEMICONDUCTOR DEVICES

qualification tests, 1676

radiation damage (transistors), 1545

reliability, 1674

selection, 1682
SHIELDING

radiation, 1550

solar cell, 1797
Suock TEests, spacecraft, 1009, 1018
S1GNAL PROCESSING, autotrack, 1290
S1LIcON, solar cells, 1783
Sky Noise TEMPERATURE, research, 749
SLeEw Mobg, horn-reflector, 1273
Surr RiNas, Andover antenna, 1387
SrLow-Wave Circult

ground traveling-wave tube, 1842
SOLAR ASPECT

cells, 900

glint telescope, 1431

spacecraft, 1476
Sorar CeLLs, 1500, 1765

module, 1793

n-on-p design, 1779

output, 1807

panels, 978

performance, 1811

radiation damage, 1543

solar plant, 1802
SoLArR POWER, requirements, 947
SPACECRAFT, TELSTAR

antennas, 869

command and telemetry, 1027, 1631
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components, Part 3, 1659-1908
general description, 777, 801
orbit, 1357, 1449
power supply, 943
radiation experiments, 899, 1505
repeater, 831
structure and thermal design, 973
test and evaluation, 1007
See also, Testing, Spacecraft
Srace EXPERIMENTS, results, 1475
SPACE SIMULATION, 994
SpiN
axis, spacecraft, 1441
building, Cape Canaveral, 1457
rate, spacecraft, 1433, 1440, 1478
test, spacecraft, 1020
SpiraL ScaN, horn-reflector, 1273
STRUCTURE OF SPACECRAFT, 815, 973
testing, 981
Sum AND DIFFERENCE SIGNALS,
autotrack, 1288

T

TELEMETRY SYSTEM, 810, 1027, 1050
Cape Canaveral, 1455
ground receiving, 1059
information, 1054
performance, 1037
signal, 1031
TELEPHONY, two-way tests, 1613
TELESCOPE, glint, 1431
TELEVISION RECEPTION
Holmdel, N. J., 1436
test results, 1606
TELSTAR SYSTEM
objectives, 740, 765
performance, 794, 1475, 1561
principal features (table), 770
research proposal, 752
spacecraft launch, 1449
TEMPERATURES, spacecraft, 1482
control, 989
tests, 1016, 1018
See also: Thermal Design, Thermal
Environment, Thermal-Vacuum
Tests
TesT AREA, Andover, 1569
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TESTING, SPACECRAFT, 1007

antennas, 884, 896
Cape Canaveral, 1457, 1463
See also: Leak Tests, Magnetic Mo-
ment Tests, Moment of Inertia,
Nickel - Cadmium  Cells, Semi-
conductor Devices, Shock Tests,
Spin, Structure of Spacecraft, Tem-
peratures, Thermal-Vacuum, Vibra-
tion Tests.
THERMAL DESIGN
spacecraft electronics package, 821
THERMAL ENVIRONMENT, spacecraft, 985
THERMAL-VAcUuUM TESTS
spacecraft, 1012, 1023
TIMER, two-year, 969
Track DieiraL CoNTROL, antenna, 1239
TraCKING SysTEM, 792, 1213
digital equipment, 1223
operation, 1217
organization, 1213
performance, 1213
servo system, 1253
TRANSISTORS
See Semiconductor Devices
TraNsMISSION, linear, 1577
TRANSMITTER
command, 1043
ground, 790, 1063
TransmiTTER CONTROL, ground, 1075
TrAVELING-WAVE TuBE (GROUND), 1829
operating characteristics (Table), 1839
performance aspects, 1854
requirements (Table), 1830
structure, 1832
TRAVELING-WAVE TUBE (SPACECRAFT)
850, 1703
cathode temperature choice, 1744
construction, 1737
design considerations (Tables), 1706
electrical performance, 1728
performance in space, 1745
single-reversal permanent magnet cir-
cuit, 1719
tests, 1740

U

Ur CONVERTER, spacecraft, 845
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Vans, Cape Canaveral, 1453 WaveEGUIDE LIMITER, spacecraft, 851
VAracTOR OCTUPLERS, spacecraft, 854 WAVEGUIDE MONITOR, spacecraft, 846
VHF ANTENNA, spacecraft, 892
VHF Beacon, 1499 Y
ViBRATION TEsTS YTrriuM IRON GARNET
spacecraft, 1009, 1017, 1022 maser isolator, 1873

VisiBrniTy, spacecraft, 1480 See also Power Limiter, Spacecraft



