










































































































































































































































































































































































Fig. 5 - M40-l0 collector. 
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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 r = 1.1, where r is defined as in Danielson, Rosenfeld and 
Saloom.2 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 Herrmann3 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. 8ea) suggests that a useful rule to apply when predicting the 
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CIRCULAR WAVEGUIDE 
RETAINER 

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 - ELECTRICAL DESIGN PARAMETERS AT MIDBAND 

Midband frequency 
Gun perveance 
Gain parameter, C 
Space charge parameter, QC 
(Radial phase constant) X (beam radius), 'Yrb 
Growing wave parameter, X 
V eloci ty parameter, b 
No. of beam wavelengths, N 
No. of active cavities 
Beam radius (r95), rb 
Tunnel radius, a 
Cathode radius, rc 

6.15 gc 
0.47 X 10-6 amp/(volts)~ 

0.062 
0.3 
0.65 
0.65 
1.0 

20 
29 

0.049 inch 
0.082 inch 
0.205 inch 
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TABLE III - TYPICAL CHARACTERISTICS FOR M 4040 
OPERATED IN THE Telstar GROUND STATION 

Cathode potential 
Accelerator potential 
Circuit potential 
Collector potential 
Heater current 
Heater voltage 
Solenoid current 
Solenoid vol tage 

(a) Input 

Total cathode emission current 
Collector water flow rate 
Circuit water flow rate 
Solenoid water flow rate 
Maximum signal power 

(b) Output 

Rated frequency range 
Rated maximum output power 
Small-signal gain 
Output amplitude ripple 
Gain at 2000-watt level 
Magnetic field 
Circuit interception current 

(no drive) 
Circuit interception current 

(with drive) 
Accelerator interception current 

-17,000 v 
+600 v 
Ov 
Ov 
6.2 amps 
7.25 v 
23 amps 
15.3 v 
1030 rna 
18 gal/min 
3.5 gal/min 
0.5 gal/min 
3 watts 

6.35-6.45 gc 
2000 watts 
31.8-30.8 db 
±O.2 db 
28 db 
730 oersted 
4 rna 

35 rna 

0.1 rna 

TABLE IV - TYPICAL M4040 CHARACTERISTICS 

FOR BROADBAND HIGH-POWER OPERATION 

Ca thode potential 
Total cathode emission current 
Signal power 

(a) Input 

1

-17,400 v 
1040 rna 
~4 watts 

(Other values are the same as in Table IlIa) 

Center frequency, fo 
Output power at center frequency 
Gain at fo and at 2500-watt level 

(b) Output 

I-db instantaneous bandwidth (i.e., band edge 
power = 2 kw) 

Efficiency at f 0 

~6.15 gc 
2500 watts 
28 db 
12.7% = 780 me 

13.8% 

1839 
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Fig. 8 - (a) Minimum beam radius (95 per cent of total current) vs beam 
voltage; (b) position of beam minimum vs voltage. 

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.l.4 The relation between the axial distance the beam has 
drifted and the beam radius can be written as 

roZ 
z = vK 

where ro is the beam radius on entering the field-free region and 

I (m)1/2 1 
I{ = V 3l2 • e ·2V27rEo • 

The beam radius rb appears in the expression for Z, viz. 

(1) 

(2) 

Z = ft 2e t2 dt (3) 

where t = VZn R, in the form of a normalized radius R = rb/rO. The 
half-value of the integral in (3) is tabulated by Jahnke and Emde5 

for various values of t. 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 rb versus z. Also plotted 111 
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Fig. 9 is the power density incident on a surface normal to the beam 
axis, (J.L , 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 rb 
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 (ro ~ 0.125 cm) is (J.L ~ 360 kw/cm2

• 

If it is assumed that the collector is cylindrical in shape, the power 
density incident on a surface parallel to the beam axis, <Tu , will be of 
interest. Consider the beam to be spreading such that the edge electrons 
make an angle cp with the initial beam axis. Then the power illuminating 
a small area, A.L , which is located at the beam edge and is perpendicular 
to the initial beam axis, is given by (J.LA.L . When A.1. is projected by the 
beam illumination onto the surface parallel to the initial beam axis, 
it takes the value All such that 

A.L drb I 

~ = tan cp = dz = rb . 

Equating the power incident on A.L to that on Au 

(J.LA.L = (JIIAu 

(4) 

(5) 

where (JII 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 

(Ju = <T.Lrb' = (J.LVK Vln rb/rO' (6) 

The expression for rb' is obtained in deriving (1). 0"11 is plotted as a 
function of z 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 cp becomes smaller for 
all other conditions. Therefore, the collector may be designed such that 
the cylinder length determines when O".L equals the maximum desired 
and the cylinder radius determines the same value for 0"11 • The length 
and radius corresponding to a power density of 100 watts/cm2 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 0"11 • 

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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b 

(a) (b) 

SUMMARY OF M4040 CIRCUIT DIMENSIONS 

a 0.325" r t 0.082" 

b 0.1625" r2 0.122" 

9 0.116" r3 0.5235" 

h 0.294" L 0.668" 

t 0.040" (Jl 75° 

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

tively couplcd 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-{3 diagrams for the four lowest modes are shown in Fig. 11. The 
M4040 is designed to operate on the first forward wave space harmonic 
of the TlVlol cavity mode. Where the resonant frequency, W s , of the 
coupling slot is appreciably higher than the upper cutoff frequency, 
W2 , of the cavity, the dispersion curve of the TlVlol cavity mode may be 
approximated by the equation 

cos (~;) (7) 

Here WI 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, rb , and the beam velocity, Uo • These in turn determine the cavity 
beam hole radius r] ~ 1.67 r b and the periodic length L ~ 37ruo/ Wo , 
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900 

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 giL is selected to lie between 0.1 and 0.2. 
The outer radius of the ferrule, r2, and the septum thickness, t, are 
designed to be as small as possible consistent with the heat energy 
to be dissipated. 

Following Ramo and Whinnery,6 the cavity may be analyzed as a 
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foreshortened radial line resonator. The major cavity radius, r3 , which 
sets the upper cutoff frequency, W2, may be calculated from the expres­
SIOn 

(8) 

where 

(j. = t -1 [No(lcri )] 
t an JO(kri)t 

.f,. = t . -1 [_ J 1(lcri) i] 
~t an NJ (kri) 

ZOi = 377 [Jo
2
(kri ) + No2(lcri)]1/2 

JJ2(kri) + NI2(kri) 

and k = wlc, the wave number. J o , J 1 ) No , NJ are Bessel functions of 
the first and second kinds and Co is the loading capacitance. The latter 
is estimated as the sum of four parallel connected capacitances 

(9) 

The gap capacitance, C (J, is the equivalent parallel plate capacitance 
for an area equal to that on a ferrule edge, 7r( r22 - r]2), and a separa­
tion, g. Thus 

(10) 

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

(11) 

The capacitances C dl and C d2 are the discontinuity capacitances located 
at rl and r2, i.e., where the cavity height changes. For a symmetric 
step 

(12) 

where the value of C i as a function of gap ratio is obtained from a 
curve in Ramo and Whinnery.7 The gap ratio at rJ is considered to be 
2g1L. (Note that once r3 is calculated, it may be inserted back into (8) 
to obtain the higher order cavity mode resonant frequency, W3, cor­
responding to the TMo2 mode.) The ratio of upper to lower cutoff 
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frequency of the operating mode is related to the coupling iris angle ex 
in the following manner. 

J / 180 
11 180 - ex 

(13) 

for ex 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,8 appears in Fig. 12(a). Using the Tee equivalence in Fig. 12(b), 

-----01~ u ~~~ IT ~,-_-_ 
(a) 

(b) 

~~ 
~ 

(d) 

Fig. 12 - (a) Equivalent circuit for a chain of coupled cavities; (b) equivalent 
Tee circuit for a transformer; (c) transposition of circuit 12(a); (d) half section 
of circuit 12(c). 
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Fig. 13 - Comparison of an experimental w-{3 curve with the theoretical dis­
persion curve of the assumed equivalent circuit. 

the circuit of Fig. 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 7r radians for 
adjacent cavities is properly accounted for) is precisely that of (7). 
Fig. 13 offers a comparison between a typical measured w-{3 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. 

WI = 

whence 

and 

[G(L - 2.Llf)r! upper cutoff 

[G(L + 2M)r! lower cutoff 

[
(L - 2M) + 4MJI/2 

(L - 2M) 

L 
M 

2(W2
2 + w/) 

W22 - WI2 

(14) 

(15) 

(16) 

(17) 

The equivalent circuit for the last two cavities and the terminating 
waveguide is represented in Fig. 14(a). The values L, G, and M define 
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LAST CAVITY CAVITY WAVEGUIDE 

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
pIing between the last two cavities and between the last cavity and the 
waveguide, however, has been allowed to change to Nand P, respec­
tively. The inductance and capacitance of the last cavity have been 
modified by the factors A and 1/ A, 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 Fig. 12(b), we arrive at the 
circuit of Fig. 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) 

(18) 

where 

I{ = wL _ ~ = w
2
LC - 1 

wC wC 

The impedance looking to the right of the reference plane can be written 
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(19) 

Z R will be real if 

(WP)4 + (RA1()2 = 2A(wNR)2 (20) 

SO that 

R = 2A i / (wN)2 _ ](2. 

IV 2A 4 

(WP)2 

(21) 

Substituting (20) and (21) back into (19) and equating ZR to Z7', 
we get 

or 

N = V2A AI. 

Let us assume that we may choose 

P=VB~I 

where VB is a constant. Then we have 

B[ (WM)2] B 
R = A vi 1(2 == A Ro. 

2 w2J.112 --
4 

(22) 

(23) 

(24) 

(25) 

For convenience the height of the last cavities in the lVI4040 was left 
unchanged. This implies that A = 1 and that (L - 2AI) 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 

1800 [ 5.656 ] 
aN = LIM + 3.656 . (26) 

Using LIAI = 8.09 for the lVI4040, a figure evaluated from (17), we 
predicted a value of aN = 86.7°, whereas the empirically determined 
angle turned out to be 92°. 

An inherent difficulty arises when attempting to calculate Ro , since 
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(14) and (15) define three circuit values, L, C, and IJ!I, in terms of only 
two known parameters, WI and W2 . 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 Co , calculated in 
(9) through (12), over the radial waveguide from radius r2 to (r3 - a/2). 
The calculation of Ro may be simplified if the midband frequency is 
chosen as the mean of the cutoff frequencies (w M = V WIW2). Combining 
(14), (15) and (25), one obtains 

Ro = (W2 - WI) (W2 + Wl)2 

16C(WIW2)2 
(27) 

The resultant value for Ro 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 

P = VB 1\1 = I~~o~ M. 

Using the same procedure as when calculating aN , 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-{3 diagram, Fig. 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 w-{3 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 gc, 12.7 gc and 
17.1 gc 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 gc. If one attempts 
to raise the voltage through the oscjllation 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. Mter the tube is sufficiently aged 
in, thc 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 Fig. 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 gc. 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 accompliflhed 
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 ISO-degree rotation from 
slot to slot. One may consider the coupled-cavity circuit as a TMol 
circular waveguide of characteristic impedance ZOI and propagation 
constant /30] shunted by a normalized reactance }x corresponding to 
the circular end walls which form the cavities. If we treat a section, 7, 
of this guide as a TEM transmission line, the eigenvalue equation is 
given by9 

cos e = cos {Joll + 21x sin fOIl (28) 

where e is the phase shift per section. The band edge frequencies may 
be solved for by setting e = 0 and e = 7r. For e = 0 
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{301l 
cot- = 2x 

2 

For 8 = 7r 

. {3od 0 or 8m T = , 

tan {301l = - 2x or cos {301l = 0 
22' 

i. e., {301l = 0, 2r., 47r, .... 

i. e., {301l = 7r, 37r, .... 

1853 

If the periodic spacing, l, is small compared to a wavelength at the 
TMol frequency, {301l = 7r, 27r ... n7r will occur only at much higher 
frequencies. Thus, at (j = 0 

at (j = 7r 

where 

{301l 
cot - = 2x or {301l = 0; 

2 

-tan (301l = 2x 
2 

and W2 is the cutoff frequency for the TMol mode. 

(29) 

(30) 

(31) 

If the form of the reactance x can be determined, we can solve (29) 
to (31) for the band edge frequencies. For the TMol 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 
(32) 

where ws
2 = 11LC the slot resonant frequency. 

It is necessary to make an estimate of Land 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, 
wsl W2 is diminished, lowering the slot-mode passband center frequency 
and decreasing the ratio of upper to lower cutoff frequency in the slot­
mode, 
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From the above discussion, one concludes that (i) the slot-mode is a 
perturbed Tl\101 mode; (ii) because of this, rotation of the slots (avoid­
ing slot-to-slot coupling) would not be expected to change the slot-mode 
passband; and (iii) 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 

Figs. 16 to 22 are plots of power, gain and interception currents as 
functions of frequency, magnetic field, etc., 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: 

(i) The variation of small-signal gain with frequency is similar to 
that calculated, using the theory of Birdsall and Brewer,l° except that 
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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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1.2 H (Brillouin) ; 

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. Cutlerll were combined 
with the small-signal calculations of Birdsall and Brewer to predict 
output power as a function of frequency. 

(ii) 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 

H 1.1 H (Brillouin) ~ 660 oersted ~ I mag 21 amps 

H = 1.2 H (Brillouin) ~ 720 oersted ~ I mag = 23 amps. 

(iii) The gross "wiggles" in the small-signal gain and high-level out-
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Fig. 20 - Output power and beam interception as a function of magnetic field 
[V = 17.0 kv; f = 6.4 gel. 

put power versus frequency plots can be correlated with variations in 
the cold input and output matches. 

(iv) 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,12 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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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 device 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 harmonic output power as 
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Fig. 22 - Output power vs input power [Vk = 17.0 kv; H = 1.2 H (Bril­
louin); f = 6.4 gc; parameter is collector depression]. 

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 gc. 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 gc 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 M 4040 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 gc, the small-signal gain becomes 35 db and 
the gain, at the maximum output power of 2700 watts, is 30 db. Further 
experiments demonstrated that the water cooling rate could be dras­
tically reduced and that ion drainage couJd 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.13 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 

(Manuscript received January 28, 19G3) 

This paper discusses the design and characteristics of ruby traveling­
wave masers operating at 4- gc. These masers, characterized by an average 
gain of ~35 db over a bandwidth of 25 mc, are equipped with waveguide 
input transmission lines, rather than the previously employed coaxial cables. 
This change results in an over-all noise temperature of 3.5°K for these de­
vices, rather than the 100

[{ exhibited by earlier masers. The maser noise 
temperature now closely approximates sky temperatures, which set the 
ultimate limit on earthbound receiver sensitivity. The improvements to be 
had by further reduction in amplifier noise are therefore almost negligible. 
A less well known rnaser 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 mc centered at 4170 mc 
(c) 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°1(. 
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 GOOoK. A maser with 
25 db of gain would reduce the TWT noise contribution to the over-all 
system noise temperature to 1.9°K, a value which is small when com­
pared to the initially projected total receiver noise temperature of ap­
proximately 500 K. 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 
FM mode of transmission. 

The demand for the lowest possible maser noise temperature is se1£­
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 coefficients 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. 



MASERS 

III. MASER DESIGN 

3.1 General Considerations 

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

G = 27.3 ( -x") (FfL/v g ) 

where 
G electronic gain in db 
x" = imaginary part of the ruby paramagnetic susceptibility 
F = filling factor 
f = frequency 
L = maser physical length 
Vg = group velocity of signal 

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

E = V G ~ 3 Em 

18G5 

(1) 

(2) 

where E is the 3-db bandwidth of the amplifier and Em is the material 
linewidth (assuming a Lorentzian shape'. 

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

( ") 1 G = 27.3 -x F Ao SL, (3) 

where Ao = 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 homogeneous 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. F is partially 
determined by both. 

The gain-bandwidth expression (2) in the case of a ruby (Iinewidth 
60 me) 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 mc]. For this reason, the need for broad-



1866 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1963 

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 gc, x" is maximized when the C axis of 
the crystal is aligned perpendicular to the applied dc magnetic field 
(e = 90°). The signal transition occurs between the lowest two energy 
levels (-i, -~), and pump power is applied between the outermost 
levels (-i, +i).2 

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 +++ ions 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 a 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 gc has been found to be approximately 5.0. The corresponding cal­
culated values for the inverted susceptibilities are 
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Xxx" - 0.028, 

Xy:/' -0.00.54, 

and 

XXy" = i 0.012, 

where the Z direction is taken parallel to the dc magnetic 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 RF 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 

[ [xxx" \ Hx \2 + Xy/ \ Hy \2 - Xx/' (HxHy * - Hx *Hy)] dv 
x"F = m (4) 

f [\ Hx \2 + \ Hy \2] dv 
s 

where 

Hx = hx' + ih:/' 

Hy = hy' + ihy" 

and where hx,y' is the amplitude of the RF magnetic field along the X,Y 
axis of the ruby (see Fig. 2) and ihx,y" is the amplitude of the RF mag­
netic field that is 90° out of phase with hx,y'. The subscript m on the in-
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Fig. 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 subscript s 
implies that the integral in the denominator should be taken over the 
entire volume of the structure. The term \ Hz \2 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, 
Hz = H cos 60° and Hy = 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 = 4 gc, x"F = -0.011, 

reduces to 

Gdb ~ 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. 



MASERS 1869 

It 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 

Gdb ~ 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 ~0.035 atomic per cent by comparing the 
paramagnetic absorption of small samples cut from each boule with 
standard samples. 

3.3 Structure 

I t is evident from (6) 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-
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Fig. 3 - Cutaway view of structure. 
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vided by the ruby. Such a structure can be characterized by an w-{3 re­
sponse: i.e., the phase shift introduced per unit length ((3) as a function 
of frequency (w). The slowing is given by c(d{3/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 
operati()n 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-{3 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-{3 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 
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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 Hlustrated 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 7r 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 

(a) 

(b) 

RUBY-TO-WALL 
GAP 

--- RUBY 

Fig. 5 - Field configuration in the comb structure: (a) zero phase shift condi­
tion at lower cutoff frequency; (b) 7r 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-f3 response. Maser operation under this con­
dition is highly undesirable.3 A "backward," as well as "forward" wave 
is supported. The sense of polarization associated with the "backward" 
wave 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 monotonic. The cross 
section illustrated as structure 3 in Fig. 4 was selected as best. This gave 
the largest slowing (S = 130), with a flingle-valued w-{3 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 
Fig. 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. 
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Fig. 6 - Slowing vs frequency for the masers at 4.2°K. 
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where all quantities are expressed in db and 
GF = forward electronic gain (equal to reverse gain) 
Ac = forward copper attenuation 
Au = forward isolator attenuation 
AIR = reverse isolator attenuation. 
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(7) 

The isolator employed is a linear array of O.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 dc 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 RF 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 CHARA.CTERISTICS 

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 
mc. 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 distinct 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 NE agnetic Field Shaping 

Since the resonant frequency of ruby is dependent upon the intensity 
of the dc 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 Ostermayer4 for several different varia­
tions of field along the maser length, and his results show that for a 25-
mc 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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Fig. 8 - Trade of gain for bandwidth for a single-step stagger-tuned maser and 
for an equalized maser. 

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. 

D sing magnetic shims, the bandwidth was increased to 26 mc 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. 

Fig. 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 (Fig. 5); the small deviation (within 10 per 
cent) probably reflects slight changes with frequency of the filling factor. 
Fig. 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 Equalization of Amplifier following JJlaser 

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-mc 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 c~nter 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 mc beyond that ideally available by magnetic 
field shaping. Indeed, equalization is the more efficient method of in­
creasing bandwidth up to approximately 40 mc. 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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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 1500oK, 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 lo5-db peak at center frequency relative to the band edge, then 
at high level, the response would at worst show a lo5-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 acceptable. 

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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Fig. 12 - Maser signal saturation characteristics: (a) maser gain saturation; 
(b) maser response as a function of input level. 

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 RF field in 
a maser is given by the expression 

(8) 

is a collection of physical constants, 
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, (i.e., low RF fields), is a constant. 

(N2 - N 1 ) is the difference in the spin population of the two levels 
under consideration, 

is a measure of the power level of the stimulating radiation. 

The population difference (N2 - N 1 ) 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 AGe system. 

Higher-order solutions for the matrix element 1 f.L 12 do exhibit a de­
pendence upon Hr/, and therefore a source of distortion exists. A the­
oretical analysis and experiments5 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. For example, if two signals at fre­
quencies J1 and J2 simultaneously emerge from a maser at a level of ·-30 
dbm, the third-order intermodulation products, 2f1 - hand 2h - it, 
will be found at a level of -185 dbm,5 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 IF 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°1( which, reflected back to the maser 
input through 34.5 db of gain, appears as 1.5°1(. 

Equalized receivers were employed at Andover, Maine, and Pleumeur-
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Bodou, France, 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 lOoK, 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. 6 

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 (Fig. 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°K. 

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: 

(9) 
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Fig. 13 - Maser head. 

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

where 
G 
Tr 
TMF 

TMR 

(10) 

power gain of the maser 
noise temperature due to losses in the input 
noise temperature of the maser in the forward direction 
temperature of the noise power emitted by the maser in the 
reverse direction 
temperature of the matched load, and 
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)! _ TL + Tr + TMF 
(Tout )2 - 2Tr + Ts + TMF + T MR ' 

(11) 

The noise temperature of the maser, referred to the input terminals, is 
equal to Tr + TMF . TL is just equal to room temperature, approximately 
300 0 K. TMF and TMR can be calculated from the theory of the traveling­
wave maser and are typically 1.5°I( and 6.5°K, respectively. 

The one remaining parameter to be evaluated in (11) is Ts . This can 
be determined by anyone of a number of standard techniques, and is 
typically found to be of the order of 10 K. Therefore, Tr 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 
occur 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 OK. 

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 dc 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-



Fig. 14 - Complete maser package. 
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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: 
Effective instantaneous bandwidth: 
Effective gain: 

Pump frequency: 
Pump power: 
Magnetic field: 
Over-all noise temperature: 
Bath temperature: 
Liquid helium consumption: 
Helium capacity: 
Power output at I-db gain compression: 

4170 me 
25 me 

Approx. 34.5 db (equalized re­
ceiver) 28 db (magnetically 
staggered) 

30,175 me 
70mw 

Approx. 3300 gauss 
3.5°K 
4.2°K 

Approx. ~ liter/hr 
10 liters 

-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. 

VII. ACKNOWLEDGMENTS 

The authors wish to acknowledge the role played by H. E. D. Scovil 
in the development of these masers. The importance of his insight and 
continued guidance cannot be overemphasized. 

We are indebted to E. O. Schulz-DuBois and E. D. Reed for reading 
this manuscript and making valuable suggestions. We would like to 
thank P. J. Pantano for his valuable assistance in the mechanical design 
and microwave measurements; his enthusiastic efforts in the early stages 
of this program were invaluable. 

The authors also wish to show appreciation to certain members of the 
group for access to unpublished data: namely, S. Harris and R. W. De­
Grasse, for calculations involving the comb bandpass cutoff, and to 
F. W. Ostermayer for design equations used in broadbanding. 



1886 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1953 

APPENDIX 

Formulas Jor the Calculation oj x" 

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

xxx" = 7rg2h{32 g(J - Jo)(p-~ - P-!) I (-! I Sx I - P 12 (12) 
JLo 

XXy" = 7rg2h{32 g(J - Jo)(p-! - P-l)(-! I Sx! - P(-! I Sy I - V (13) 
JLo 

etc., where JLo is the permeability of free space, h is Planck's constant, g 
is the spectroscopic splitting factor, (3 is the Bohr electronic magneton, 
Pi is the density of spins in the energy level i, and g(J - Jo) is a normalized 
line shape function; i.e., 

J g(J - Jo) df = 1. 

All the units are expressed in mks units. If emu units are used, JLo must 
be replaced by 1/471". 

In the case of ruby for operation at (J = 90°, the transition probabHity 
between levels -!, -j contain only Sx and Sy terms with Sz = 0, where 
the Z direction is parallel to the dc 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 xxx", xxu" and Xyy". The values of the 
matrix elements can be computed from the data given by Schulz-Du·­
Bois.7 
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4-gc Parametric Amplifier for Satellite 
Communication Ground Station 

Receiver 
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This paper describes the design and performance of a 4-gc parametric 
amplifier which meets the stringent requirements of a satellite ground 
station receiver. 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 is used for both amplifier stages. 
The combination of the two amplifier stages provides 38-db over-all gain, 
45° I( over-all system input noise temperature, 60-me bandwidth, O.l-db 
short-term gain stability and 0.3-db long-term gain stability. A carefully 
designed cryogenic system maintains the amplifier refrigerated with only 
infrequent refilling of the dewar, i.e., once every 10 days. 

r. 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 457 A)1 and a varactor frequency doubler.2 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 me. Over the entire band the effective system 
input noise temperature is less than 45°1(, An input signal of -43 dbm 
produces I-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-gc refrigerated parametric amplifier. These include: 

(a) A capacitive impedance of the same order as the circulator.3 
(b) High dynamic quality factor4 (Q) given by 

Q = ~ = Total reactance variation 
2wRs 4Rs 

where 8 1 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. 5 

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. Sharpless6 

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 loci of the 
diode at 3000 K and 77°K (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, ,10-mc 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. 

1------------------- 0.250 ------------------j 

I r----- 0
.
090

----, I 
~(~~~~00~~~~~~~~~~~¥/M 
I 
I 
I 

0.062 
I 
I 
I 
L-' 

SPRING- ..... 
CLAMP 

I 
I 

CERAMIC 
\ 
"GOLD- PLATED 

SLEEVE 

Fig. 2 - Encapsulation of sealed diode. 

TABLE I 

Static capacitance (Co) at zero bias 

Series inductance (L 8 ) 

Self-resonant frequency _ (fres) 
Dynamic quality factor (Q) 
Reverse breakdown voltage (V b) 

0.37-0.46 pf (includes about 0.07 pf 
package capacitance) 

=1.2 nh 
7.3-8.4 gc 
9.0-14 at 4.17 gc 
5.0-6.0 volts (at 1 p'a current) 
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o 
0-0 77°K 

Fig. 3 - Impedance loci of input circuit at 3000 K and 77°K (measured at 5.85 
gc). Dynamic quality factor is 7.8 at 300 0K and 9.3 at 77°K. 

To achieve optimum performance, many factors, including the pump 
source, circuit elements and the cryogenic 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 (f2) to signal frequency (II) 
for best noise performance3 is 

i 1-1 + Ql~_l 
1+~ 

Rs 
(1) 

where Ql is the dynamic quality factor of the input circuit and RL/Rs 
is the external idler loading factor. Assuming the external idler loading 
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factor RdRs = 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 gc. 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 K-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 457 A klystron 
(available from 10.7 to 11.7 gc) has high frequency stability with a 
simple closed vapor-phase cooling system.} Typically, the frequency 
variation is less than 2 mc from - 20°F to + 120°F ambient tempera­
ture. This klystron provides more than 500 mw power at 11.5 gc with 
about 500 volts cavity voltage. With a varactor frequency doubler,2 
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-gc pump 
source instead of a 31-gc pump source is calculated from the following 
equation;3 the effective input noise temperature for a reflection type 
amplifier 

Q12 

1 + (:b:)2 1 + RL 

(
1 _ ~) f2 Rs . T 

Gn (l!) 012 _ 1 
h 1 + RL 

Rs 

(2) 

where Gn 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-gc pump was selected 
for this amplifier. This produces a center-band idler frequency of 18.83 
gc. Fig. 4 shows curves of the effective input noise temperature of the 
amplifier at liquid nitrogen temperature for fdf1 = 4.52. Curves are 
plotted as a function of external idler loading factor (R L/ Rs) for given 
values of input dynamic quality factor Q1 . 

To achieve the noise performance shown in Fig. 4, the input circuit 
must be designed properly. The maximum normalized generator im­
pedance (Ro/Rs) which provides 20 db of reflection gain for a given 
Ql and RI/Rs is calculated3 and plotted as a function of RL/Rs in 
Fig. 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 
(RdRs) for various Q. 

which is similar to a 6-gc amplifier previously reported.7 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 eliminate 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(iRs 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(l/Rs required for 20-db regenera­
tive gain as a function of external idl~r loading factor RL/Rs for given values of 
input circuit dynamic quality-factor Q. 

without sacrificing noise performance. Since the self-resonant frequency 
of the diode is approximately 8 gc, 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 Q and complicated im­
pedance. It was found that the 3-db bandwidth with 20-db center-band 
gain was less than 20 mc 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 Q is sufficiently high, the bandwidth 
can be improved by external idler loading. The optimum idler loading 
factor (RL/Rs)opt for the case where the idler frequency is above the 
self-resonant frequency ires of the diode is given in terms of Q1, i1/f2 
and ires/i1 as follows8 
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CIRCULATOR 

t,NPUT 

Fig. 6 - Photograph of 4.17-gc parametric amplifier and refrigerated circulator. 

For the case where QI = 10, frlh = 0.22 and fres/!I = 1.9, this equation 
shows that (RL/Rs)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 RL/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 



1896 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1!)G3 

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 circuit 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. 
I t 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-

Input and output frequency 
Pump frequency _ 
Dynamic quality factor Q 

(including the circuit loss) 

TABLE II 

Normalized generator impedance (Rg/Rs) 
Normalized idler impedance (RdRs) 
Gain 
Estimated noise temperature from (2) 

(amplifier alone) 

4:17 ge ± 30 me 
=23 ge 
10 at 4.17 ge, 

2.3 at 18.83 ge 
13.{h 
0.8 

20 db 
94°K at 3000 K 

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 457 A klystron was used as an lL5-gc source to drive the varactor 
frequency doubler,2 which produced the required 2:-3-gc pump power. 

For the automatic 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 
Faraday rotational variolosser. 9 A small fraction of the 23-gc output is 
detected by a IN26 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 gc to 23 gc used for this 
pump source can generate more than 200 mw of power at 23 gc with as 
low as 3.7 -db conversion loss. The instantaneous 3-db bandwidth is 
about 300 mc, and no spurious oscillation is observable except at a bias 

II.SGC 
~ 

REFERENCE 
VOLTAGE 

x 
23.0GC 
~ 

SENSING 
DIODE 

Fig. 7 - Block diagram of ALe arrangement. Power level is controlled by 
variolosser. 
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Fig. 8 - Block diagram of varactor diode bias-controlled ALe 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 gc 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 
cryogenic 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 haIld, 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 cryogenic design. Fig. U 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 ~-- PUMP WAVEGUIDE 
& OUTPUT -----..,---u 

....... <::: '1-- FILLING TUBE 
TEFLON LlD----.. .. I ..... 

DULL BLACK ------­
VESSEL WALL 

LlQUID---­
NITROGEN 
DEWAR 

------------AMPLIFIER 

~-------- TUNING MOTOR 

__ Ll-CENTERING 
_---- DOWEL 

Fig. 9 - Cryostat for parametric amplifier. 
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which is glued a styrofoam cylinder 4 inches deep and 1 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 II-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 a-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 II. 
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 STAGE 
PARAMETRIC 
AMPLIFIER 

KLYSTRON 
POWER 
SUPPLY 

DOUBLER 
CONTROL 

TO ANTENNA 

Fig. 10 - Front view of large amplifier package. 
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MULTIVIBRATOR 
FOR AMPLIFIER 
'TUNING 

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 ALe 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 lev.el 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 ALe 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 

Fig. 12 - Photograph of compact package. 
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OUTPUT 

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 III. 

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 
Fig. 14. Fig. 15 shows the recorded data on amplifier stability over a 
two-day period. The bottom fp curve shows the pump frequency devia­
tion from 23 gc. One inch on the original recording paper corresponds to 
about 200 kc deviation. The second curve from the bottom (gain) 
shows the gain of the refrigerated amplifier. One inch corresponds to 
I-db change in gain. The P pump 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 (P in) 
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TABLE III 

Gain 38 db (first stage 20 db, second stage 18 

Bandwidth 
Noise temperature 

First stage 
Contribution from second stage + 

mixer 
Gain stability 

Short-term 
Long-term 

Gain compression 
23-gc pump power required 
Pump stability 

Frequency 

Power 
Dewar - nitrogen service 

If) 

..J 
w 

38 

~37 
w 
o 

~ 
~ 36 
< 
\!) 

db) 
GO mc to 3-db points 
<45°I{ 
<43°I{ 
<2°I{ 

<0.1 db 
<0.3 db 
1 db down at -5 dbm output 
=20 mw for each stage 

Short-term <100 kc 
Long-term <2 mc 
<0.02 db 
Once a week (nitrogen lasts about 10 

days) 

4210 4190 4170 4i50 4130 
SIGNAL FREQUENCY IN MEGACYCLES PER SECOND 

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

and third (Pout - 21 db) curves show these outputs. The controls were 
adjusted so that the separation between the two curves was 1 db when 
the igain 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. 
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o 
0) 

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;jpump the pump frequency deviation from 23 gc. 
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The amplifiers were installed in the satellite ground stations both at 
Andover, lVlaine, 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 SOaK when the antenna was directed at the zenith. This noise 
temperature includes about 2SoK 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 design has 
been adopted. vVith 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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transmission. Member, IEEE, Eta Kappa Nu, and Tau Beta Pi. 

PAUL T. HAURY, B.E., 1941, Vanderbilt University; Bell Telephone 
Laboratories, 1942-. His first assignment was with the trial installation 
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 19.56, 
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
peaters. 

GEORGE D. HELM, 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. 

EDWARD F. HIGGINS, 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. 

J. NED HINES, B.S.E.E., 1943, University of Connecticut; M.Sc., 
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. 

WILLIAM C. HITTINGER, 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 
lVIining, Metallurgical and Petroleum Engineers, Omicron Delta Kappa. 

DANIEL F. HOTH, B.S. in lYl.E., 1935, Stevens Institute of Technol­
ogy; Bell Telephone Laboratories, 1936-. Mr. Hoth was first concerned 
with studies of local plant transmission; he later engaged in the study 
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 
studies of satellite communication systems. Senior member, IEEE; mem­
ber, Sigma Phi Epsilon. 

PETER HRYCAK, B.S., 1954, M.S., 195,5, and Ph.D., 1960, University 
of Minnesota; Instructor, Mechanical Engineering Dept. of University 
of Minnesota, 1955-60; Bell Telephone Laboratories, 1960--. He has 
worked on low-temperature refrigeration problems, thermal design and 
thermal testing of the Telstar satellite. Member, American Institute of 
Aeronautics and Astronautics. 

P. T. HUTCHISON, B.S., 1944, Mississippi State University; lVI.8., 
1947, California Institute of Technology; Ph.D., 1960, Georgia Insti­
tute of Technology; Bell Telephone Laboratories, 1960-. Mr. Hutchison 
was first engaged in development work on microwave refiectometers 
used in TH radio test equipment. He has done development work on 
the microwave portion of the 4-gc ground receiver used in the Telstar 
experiment. Later he was responsible for electrical aspects of the micro­
wave repeater in the Telstar satellite. Currently, he is responsible for 
development work on microwave antennas and microwave circuitry to 
be used in future communications satellites. Member, IEEE and Sigma 
Xi. 

lYIORIMI 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. 

"TILLIAM C. JAKES, Ju., B.S. in E.E., H)44; M.S. in E.E., 1947; Ph.D., 
1949, Northwestern University; Bell Telephone Laboratories, ] 949-. 
Mr. Jakes has been engaged in research in microwave radio antennas 
and microwave propagation. He was project engineer in charge of the 
Bell Laboratories team participating in the Project Echo passive satellite 
communication tests. During the Telstar system tests he has been test 
conductor at the Holmdel, N.J., satellite communication station. He is 
presently head of the Mobile Radio Research Department. Member, 
Eta Kappa Nu, Pi Mu Epsilon, and Sigma Xi; Fellow, IEEE. 

GENE C. JONASSON, B.S.E.E., 1961, University of Washington; 
Western Electric Co., 1961-. He has been engaged in the development 
of environmental test specifications and in the environmental testing 
and evaluation of the Telstar satellite. He has also analyzed data received 
from the Telstar satellite and evaluated its performance in space. IVTem­
ber, IEEE. 

H. P. KELLY, B.S.E.E., 1937, lV1.S.E.E., 1938, Virginia Polytechnic 
Institute; Bell Telephone Laboratories, 1943-. Mr. I(elly was first 
engaged in the design and development of military radio equipment. 
Later he was responsible for the design of transmission test equipment 
for telephone carrier systems and the development of video and micro­
wave radio systems. At present he is Head of the Ground Station De­
sign Department, responsible for planning, design, and coordination of 
construction of the satellite ground station near Andover, l\IIaine. lVlem­
bel', IEEE, Tau Beta Pi and Phi Kappa Phi. 

W. ,J. KINDERMANN, A.B., 1933, Columbia College; B.S., 1934, and 
M.E., 1935, Columbia University School of Engineering; New York 
Telephone Co., ] 93.1-1941; Bell Telephone Laboratories, 1941-. He 
was first responsible for the design and construction of precision po­
tentiometers employed in analog computers for missile guidance systems 
and flight instrumentation equipment. He later supervised work on data 
take-off devices for the Command Guidance system and Proj ect Echo 
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. 

JOHN P. KINZER, M.E., 1925, Stevens Institute of Technology; B.C.E., 
1933, Polytechnic Institute of Brooklyn; Bell Telephone Laboratories, 
1925-. Except for an initial two years spent on loudspeakers for the 
first sound movies, and the four war years on radar test sets, he has been 
concerned with long-haul transmission systems. His work has included 
the development of t\vo-wire and four-wire voice and program repeaters 
and the negative-feedback repeater used in cable carrier systems. Fol­
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 
system. Since early 1961, he has been participating in the planning and 
analysis of the communications tests for the Telstar system. Senior 
member, IEEE. 

A. ROBERT KOLDING, B.S.E.E., 1941, Polytechnic Institute of Brook­
lyn; Bell Telephone Laboratories, 1930-. Mr. Kolding first worked on 
the exploratory development of cable transmission of television, which 
later evolved into television transmission over the L1 system. During 
World War II he worked on the development and field evaluation of 
airborne radar bombing systems. He returned to television systems 
after the war, taking part in the development of the L3 coaxial system, 
the A2A local television system, and terminals for the TH microwave 
system. He supervised a development group on the TASI system. At 
present, he is supervisor of the Telstar Launch Operations Group. Mem­
ber, IEEE, Eta Kappa N u. 

RUDOLF KOMPFNER, Diplom. Ingenieur, Technische Hochschule, 
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 
to include research on quantum electronics and satellite communications. 
Director of Electronics Research, 1955; Director of Electronics and 
Radio Research, 1957; Associate Executive Director, Research, Com­
munications Systems Research Division, 1962. Fellow I.R.E., 1950; 
Duddell Medal, Physical Society, 1955; A.I.E.E. David Sarnoff Award, 
1960; Franklin Institute Stuart Ballentine medal, 1960. 

D. E. KOONTZ, B.S. in Chemistry, 1945, Youngstown University; 
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M.S. in Chemistry, 1948, Ph.D. in Chemistry, 1951, University of Pitts­
burgh; Bell Telephone Laboratories, 1952-. Mr. Koontz was first en­
gaged in studies of electron tube materials and processing. For the Tel­
star project, he was responsible for the selection and application of 
materials for the space vehicle and their evaluation in simulated space 
environments. He is presently Head of the Electron Device Technology 
Department, responsible for chemicals and materials associated with 
the development of electron devices. Member, American Chemical So­
ciety, Sigma Xi and Phi Lambda U pEilon; Chairman of Committee 
F1-X of the American Society for Testing Materials. 

RONALD W. KOIwos, B.E.E., 19.57, University of Detroit; M.S.E.E., 
1959, Northeastern University; Bell Telephone Laboratories, 1957-. 
He has engaged in the design of microwave ferrite devices, including 
field-displacement and resonance isolators for several microwave radio 
relay systems. At present he is working on circulator development for 
a military radar system. Member, IEEE, Tau Beta Pi, and Eta Kappa 
Nu . 

. JOSEPH P. LAICO, M.E., 1933, Brooklyn Polytechnic Institute; Bell 
Telephone Laboratories, 1929-. He has been engaged in the me­
chanical design and development of electron tubes from early amplifiers 
through magnetrons, klystrons, and traveling-wave tubes used in radar, 
coaxial cable, radio relay, missile guidance, and the Telstar satellite. He 
is presently engaged in the design and development of high-power travel­
ing-wave tubes for use in a radar system. 

TINGYE Lr, B.Sc., 1953, University of Witwatersrand (South Africa); 
M.S., 1955, and Ph.D., 1958, Northwestern University: Bell Telephone 
Laboratories, 1957-. He has been engaged in studies of microwave an­
tennas and microwave propagation. Recently he has been primarily con­
cerned with work on optical masers. Member, IEEE, Eta Kappa Nu, 
and Sigma Xi. 

ROBERT LOWELL, B.S.E.E., 1948, New York University; M.S.E.E., 
1951, University of Maryland; M.S. (Applied Math), 1959, Stevens 
Institute of Technology; Bell Telephone Laboratories, 1953-. Mr. 
Lowell was first engaged in military systems studies. At present, he 
supervises a group in the military antenna and microwave research 
department. Member, IEEE. 

JOHN C. LOZIER, A.B., 1934, Columbia University; Bell Telephone 
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Laboratories, 1936-. He was first concerned with the theoretical aspects 
of toll transmission systems, feedback amplifiers and control systems. 
On the Telstar project he headed a group which designed and developed 
the control system for the antennas. He presently supervises research 
and exploratory development work on military guidance and control 
systems. Senior member, IEEE. 

A. A. LUNDSTROM, B.S.E.E., 1928, Oregon State University; Pacific 
Telephone and Telegraph Co., 1928-29; Oregon State University faculty, 
1929-30; Bell Telephone Laboratories, 1930-. He first engaged in re­
search on telephone transmission and signaling systems, including the 
first nationwide dialing system. He has since done research and develop­
ment on radar, computer, and control systems. On the Telstar project 
he headed a group responsible for research and development work on the 
antenna direction systems. He is presently Head, Digital Technique 
Research, and is concerned with guidance and control system analyses 
and cryogenic digital techniques. lVIember, IEEE, Eta Kappa N u, Tau 
Beta Pi, and Phi Kappa Phi. 

CHARLES MAGGS, B.S. in M.E., 1941, New York University; Bell 
Telephone Laboratories, 1928-. He has chiefly been engaged in the 
design of electron tubes, including early magnetrons and klystrons and 
the close-spaced triode. lVIore recently he has worked on magnetrons 
and supervised a group working on beam-deflection tubes. He headed 
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 MANN, 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 
Epsilon. 

H. 1. MAUNSELL, B.S., 1950, University of the Witwatersrand; Bell 
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Telephone Laboratories, 1957-. For 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 . 

. JOHN S. MAYO, B.S. in E.E., 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 XI. 

ROBERT J. MCCUNE, B.S.E., 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, Inc., of communication 
and tracking system requirements for the Apollo project. Member, 
IEEE. 

B. A. McLEOD, B.S.E.E., 1954, Northeastern University; Eell 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 N u. 

L. V. MEDFOHD, Pell Telephone Laboratories, 19.')5-. At Eell 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, lVIr. lVIed­
ford is studying development problems related to future space radiation 
experiments. 

G. L. lVIrLLER, B.Sc. (Physics), 1949, lVLSc. (lVIathematics) 1952 and 
Ph.D. (Physics), 1957, University of London; Brookhaven National 
Laboratories, 1957-. Since his association with Brookhaven Labora­
tories, he has been engaged in the study and development of nuclear 
instrumen ta tion. 

LOUIS F. MOOSE, B.S.E.E., 1940, University of California; Pell Tele­
phone Laboratories, 1945-. After graduate study at the University of 
California and lVIassachusetts Institute of Technology, lVIr. Moose 
joined the Laboratories and worked on microwave tubes for radio relay 
and radar applications, and semiconductor diodes for microwave usages. 
Currently, he is engaged in the final design of alloy transistors and ap­
plied mechanics at the Allentown Laboratory. lVIember, IEEE, Tau 
Beta Pi, Sigma Xi and Eta Kappa Nu. 

J. L. MURRAY, B.E.E., 1955, Rensselaer Polytechnic Institute; Bell 
Telephone Laboratories, 195,)-. He has specialized in missile electronics. 
including design of pulse logic circuitry, and has designed experiments 
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. NIELSEN, 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. NOHTON, 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 stochastic aspects of 
nonlinear computer-controlled systems. Member, IEEE and Sigma Xi. 

EDWARD G. OLSEN, 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'NEILL, 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. 
Beginning in 1956 he headed a group responsible for the development 
of the Time Assignment Speech Interpolation (TASI) system terminals. 
Mr. O'Neill is Director, Satellite Communications Laboratory at Bell 
Laboratories, and is Project Manager for the Telstar experimental 
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 PECK, 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. lVIember, 
IEEE, American Standards Association, Tau Beta Pi, Eta Kappa N u, 
Sigma Xi and Phi Kappa Phi. 

T. R. PETERS, B.S.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. JARED REID, 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. RIDGWAY, 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. ROSENZWEIG, 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. THOMAS 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 



H)28 THE BELL SYSTEM TECHNICAL .JOURNAL, JULY 1\)03 

the Telstar project, he was concerned with the development of tubes 
for broadband submarine telephone cable systems. He is currently en­
gaged in the developmcnt of paramctric amplifiers. Senior lnember, 
IEEE. 

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 N u, 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. SHENNUM, 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. 

JOHN T. SIBILIA, 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-kmc 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. SMITH, B.S.E.E., 1944, University of lVlinnesota; M.S. in In­
dustrial lVlanagement, 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. lVlember, IEEE and its Subcommittee on Definitions, Magnetic 
Amplifier Committee; Chairman of American Standards Association 
Sectional Committee C85 on terminology for automatic control. 

KENNETH D. SMITH, lVLA. 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. 

FRIEDOLF M. SMITS, 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. lVlember of the American Phys­
ical Society and the German Physical Society. 

R. V. SPERRY, B.S.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. 

JOHN W. STAFFORD, 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; Fell 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. 

KURT 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 
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