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Spectral lines 

More on Publications. Although the last three Spectral Lines' articles have been devoted 

to the subject of the technical publications of this Institute, the Editor requests the indulgence 

of the readers of this feature if he again directs their attention to this subject. Although the 

various conventions, symposia, and meetings sponsored by the Institute play an important 

and unique role in the dissemination of technical information, it is of interest to note that a 

relatively small percentage of its members are actively involved in these meetings. While it is 

very difficult to obtain precise figures. it is estimated that the total attendance at IEEE meet-

ings is 265 000 per year. In contrast, the IEEE publishes and distributes in one year approxi-

mately 2 300 000 copies of periodicals devoted to technical material. While it might be argued 
that this comparison is not a valid one since the publication of an article does not mean 

everyone reads it, it should also be pointed out that just by being in the same meeting room 

in which a paper is given does not mean that one has heard or understood it. The point is 

that the printed page carries the major share of the dissemination of technical information, 

which is the objective of this Institute. 

What requirements should our publications meet? Perhaps the most fundamental require-

ment is that the papers we publish be technically sound. While the author or authors of an 

article certainly bear the ultimate responsibility for the validity of a paper, the Institute 

must have reviewing procedures that can separate with great accuracy the technically sound 

from the technically unsound articles. While it is probable that some mistakes will be made, 

keeping such mistakes to a very low percentage of the total output is an important continuing 

responsibility of the editors and reviewers. The proper discharge of this responsibility is 

of utmost importance if this Institute is to be of real service to its profession. 

The next most important requirement is that we minimize the time needed for processing 

and printing a submitted paper. It is obvious that prompt, widespiead, and accurate dis-

semination of information is essential for the rapid advancement of our profession. Delays in 

publication of new technical information can result in the unnecessary duplication of effort, 

wasteful use of resources, and a general slowdown in the rate of advancement. It is signifi-

cant that the most rapidly developing technical fields are frequently those which have the 

most rapid publication facilities. Thus, if we are inefficient in our review and editing pro-

cedures, we are guilty of slowing down technical progress. It is essential that we eliminate all 

unnecessary delays and that we include in our reviewing processes only those procedures 

which are absolutely necessary to ensure technical soundness. The fact that in many of our 

publications the delay between submission and publication of a well-written paper is almost 

one year indicates that there is much room for improvement. Both administrative and tech-

nical innovations are urgently needed in this area. 

It is probably not possible in an Institute having such a diversified membership as the IEEE 

to adopt a single procedure for reviewing and accepting papers for publication. However, 

it is certainly true that our technical publication procedures should be such that technically 

sound papers are made available to the members throughout the world with the least possible 

delay. 
F. Karl Willenbrock 
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Progress in semiconductor lasers 

The semiconductor laser field has progressed at a tremendous 
pace during the past few years. This article attempts to bridge the 
gap between the now-familiar injection laser and more recent 
work on optical photon and electron pumped lasers 

Benjamin Lax National Magnet Laboratory, M.I.T. 

Many review articles 1-5 have been published on the 
subject of semiconductor lasers since 1962, when the 
first junction diode laser of gallium arsenide was de-
veloped. Each of these articles reviewed some of the same 
background and fundamental principles from different 
viewpoints and also included updated experimental and 
theoretical results. Perhaps the most complete and com-
prehensive review in this regard is the article by Burns and 
Nathan,5 which also has a copious list of references up to 
July 1964 and thereby excuses the writer from duplicating 
their heroic accomplishments. In view of this, what justi-
fication is there in still another review? The writer 

searched his soul and, after much procrastination, 
decided that there was some virtue in a complementary 
attempt that bridges the gap between those references 
concentrating on the injection laser and more recent re-
sults on optical photon and electron pumped semicon-
ductor lasers. In addition, this also provides an opportune 
medium for discussing those aspects of semiconductor 
lasers which are of particular interest to the writer and his 
colleagues at Lincoln Laboratory. Consequently, failure 
to include significant material or references presented else-
where is purely intentional, and the writer can only hope 
that his sins of omission will be forgiven by his readers 
and critics. 

History 

Soon after the development of the ammonia maser by 
Gordon, Zeiger, and Townes8 in 1954, physicists began to 
speculate about the possibilities of solid-state masers and 
even lasers. Since it was known that semiconductors 
luminesce and emit in the optical and infrared regions, 
some thought was given to this possibility. Among the 
first to suggest a means of excitation was John Von 
Neuman,7 who proposed in correspondence with col-
leagues an electrically pumped device very much like the 
present junction diode laser. However, his suggestion 
was not specific and was somewhat ahead of the state of 
the art. Another possibility of using point-contact de-
vices for excitation was entertained by Pierre Aigrain8 
in 1957 during the course of a series of lectures at the 

Some of this work was done while the author was at M.I.T. 
Lincoln Laboratory, which is operated with the support of the U.S. 
Army, Navy, and Air Force. The National Magnet Laboratory is 
supported by the Air Force Office of Scientific Research. 

Massachusetts Institute of Technology. He and his group 
began active work on this and other schemes for elec-
trical and optical pumping of semiconductors, such as 
germanium and silicon, without success and reported 
these ideas at the International Conference at Brussels in 
1958. 8 
Two other groups, one at Lincoln Laboratory and the 

other at the Lebedev Institute, also started independent 
efforts for achieving laser action in semiconductors. The 
Lincoln group considered a number of devices, such as 
the cyclotron resonance maser8 and the interband and 
impurity lasers, which appeared feasible on theoretical 
grounds. The group at the Lebedev Institute, under the 
direction of Basov," considered analogous devices using 
electrical excitation. 
Many of these ideas, which were not fully crystallized, 

were informally discussed at the First Quantum Elec-
tronics Conference in September 1959. Some were tested 
experimentally and reported at the Second Quantum 
Electronics Conference in 1961. Although none were suc-
cessful, the basic concepts were better understood and 
quantitative considerations were presented. It was at this 
meeting that Basov first proposed the possibility of 
exciting semiconductors by an electron beam. It was 
shortly after this that Bernard and Durrafourg" showed 
theoretically the necessary criterion for inverting the 
population in a semiconductor. The practical develop-
ments commenced when a number of investigators began 
to examine the emission from gallium arsenide. The 
most striking results were those of Keyes and Quist," 
who demonstrated an order of magnitude increase in 
emission from a GaAs diode near the energy gap when 
they lowered the temperature to 77°K, with line narrow-
ing and high quantum efficiency. This immediately sug-
gested that such a structure would offer a possibility for 
a semiconductor laser. Independently, on theoretical 
grounds, Dumke' 3 predicted that gallium arsenide would 
be most suitable for a direct transition laser and indicated 
pessimism about the feasibility of an indirect transition 
laser. The first such gallium arsenide diode laser was re-
ported by the General Electric group" in the fall of 1962 

and was soon followed by similar results from the groups 
at IBM" and Lincoln Laboratory." 
Much work has been done since then on junction diode 

lasers by many groups. Only highlights which appear 
subjectively relevant will be mentioned in this historical 

• 

• 
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I. 
review. One of the next interesting developments was the 
fabrication of an alloy diode laser'7 of GaAsi_,Pz which 
emitted in the red region. This was followed by others 
using InAs, 19 InP,'9 and alloys of InzGai,As, 29 and also 
of InAsi_219x, 21 which emitted in the infrared region 
from 8400 to 32 000 A (3.2 microns). Although these 
first lasers operated on a pulse basis, CW operation was 
soon achieved by several techniques, including the use of 
magnetic fields to lower the threshold current needed for 
laser amplification. This method was rather spectacular 
when InSb lasers were subjected to magnetic fields as 
high as 100 000 gauss."' The operation of a tunable 
magnetooptical laser was finally demonstrated and 
operated according to theoretical predictions. 
Tuning of semiconductor lasers has also been achieved 

by varying the temperature and by subjecting the laser to 
hydrostatic and uniaxial pressure. Room-temperature 
operation of diode lasers has also been possible on a pulse 
basis with high threshold currents. Harmonic generation 23 
from GaAs lasers has now extended the emission fre-
quency to 4200 À for the second harmonic. In the long-
wavelength region, diode lasers of PbTe" and PbSe 2" 
have extended the spectrum to 6.5 and 8.5 microns, re-
spectively. Large-volume bulk lasers of InSb have been 
operated with the radiation transverse to the diode cur-erent and also parallel to it. 26 
The next major development was the electron ex-

citation of semiconductor lasers, which was first proposed 
by Basov 27 in 1961. In fact the attempts by his group at 
Lebedev" in 1963 on CdS resulted in line narrowing, 
which indicated possibilities for laser action by this type 
of pumping. The first actual coherent radiation by elec-
tron pumping was achieved in InSb and InAs by Benoit 
à la Guillaume and Debever" in July 1964. Subsequently 
Hurwitz and Keyes," using similar techniques, succeeded 
in producing laser action in GaAs by electron excitation. 
The laser-action threshold was studied as a function of 
doping experimentally by Cusano" and theoretically by 
Klein. '2 The French group about the same time "3 excited 
GaSb as a coherent source and later produced coherent 
emission from tellurium, demonstrating unequivocally 
that a direct transition existed in this material. 
A variety of applications for diode lasers have been 

developed. Among these has been the use of a GaAs 
laser to optically pump 31'33 InSb and InAs crystals, which 
in turn were made to emit coherent radiation. Demon-
strations of the use of GaAs diodes for communication 
and television transmission 36 were successful over modest 
distances. Radars using both low-temperature and room-
temperature operation of GaAs diode lasers have shown 
capability of high spatial and angular resolution." The 
GaAs laser has also been employed as an infrared source 
for Raman spectroscopy." These lasers have been in-
corporated in the light of beam transistors by a group 
from the IBM Corporation." The most recent develop-
ment has been the scanatron," a scanning beam semi-
conductor laser that, if fully developed, has a number of 
potentially useful applications. 

Basic principles 

In order to operate any laser, certain basic require-
ments have to be met. The first of these is that there must 
be a means of excitation or pumping of electrons from a 
lower to a higher level. In semiconductors a number of 
these techniques have been proposed so far. Only three, 
however, are practical: ( 1) electrical pumping by in-
jection, as in a diode; (2) electron-beam excitation of 
hole-electron pairs; and (3) optical excitation of hole-

electron pairs. The second criterion that has to be met is 
that the excitation process invert a sufficient number of 
electrons to produce sufficient stimulated emission to 
overcome the losses. The third requirement is that a reso-
nant geometry be available to provide feedback so that all 
the photons emitted are properly phased to one another— 
in other words, that the radiation is coherent. 

In this discussion we shall restrict ourselves to the con-
sideration of the foregoing processes in connection with 
the direct transition lasers that have been operated suc-
cessfully. First, however, we should explain what we 
mean by an inverted population in a semiconductor. The 
energy levels in the conduction band of a semiconductor 
are not discrete, as they are in atomic energy levels or in 
localized impurity centers in solids. The electrons are in 
broad bands separated by a forbidden region so that the 
meaning of inverted levels is not well defined. However, 

inversion can be understood physically for the following 
simple situation: If an intrinsic semiconductor at very 
low temperature is suddenly subjected to a pulse of elec-
tric or optical energy in such a way that hole-electron 
pairs are created, and these pairs are allowed to come to 

equilibrium in the valence and conduction bands, re-
spectively, in a time that is short compared to the recom-
bination time, then two degenerate populations are in-
verted with respect to one another. Electrons with a 
certain value of momentum p in the conduction band can 
only make transitions downward to the valence band with 
the same value of p; that is, the selection rule states that 

= O is a strongly allowed transition. From inspection 
of Fig. 1 we see that the photon distribution in energy 
hv becomes 

8, < hv < F, — F„ (1) 

where e, is the energy gap, F, and Fr are the quasi-Fermi 
levels of the electron and hole distributions, and hv is the 
energy of an emitted photon. At T = 0, these Fermi 
energies correspond to the top and bottom of the electron 
and hole populations. At higher temperatures the distri-
butions are not well defined or sharp, and there are both 
filled and empty states above and below the Fermi levels. 
Consequently, photons are not only emitted, but can also 
be absorbed in the range of values represented by Eq. ( 1). 
More will be said later about this. Nevertheless, under 
steady-state conditions when the hole- electron pairs are 
produced continually, the two distributions of carriers 
are not in equilibrium with one another, but with the lat-
tice. Hence the Fermi distributions defined by F, and Fr 
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are still meaningful for the particular temperature of the 

crystal lattice. 
It is interesting to note that at low temperatures the 

spectral distribution in an idealized interband laser shown 

in Fig. 1 would be determined by the condition of Eq. 
(1), which for a simple parabolic band would be deter-

mined by the density of states: 

ft3a, = g, g„ 

where g, and g, are the energies above and below 
conduction and valence bands; that is, 

h 2 (3N)  212 

ge.v = — 
2m , 87r 

(2) 

the 

(3) 

where flic and nr, are electron and hole masses and N is the 
charge carrier concentration. If we assume a recombina-
tion lifetime of about 10-3 second, then the number of 
carriers excited just below threshold in a laser is typically 
10 " cm -3. This would give g,,, 0.01 eV, which is a value 
close to that observed for the line width of the spon-
taneous emission of a diode laser at low temperatures. 
The line shape, however, would be definitely asymmetri-
cal. In any case, this simple mechanism is not quite the 
correct one; other evidence indicates that interband tran-
sitions between ideal bands do not occur and that im-
purities play a role in determining the energy of transition 
and possibly in modifying the energy bands in degenerate 
semiconductor regions. 

In an actual diode laser the two inverted regions are 
created in a region, near the junction. in which the large 
forward bias of the junction produces an overlap area 
between the valence and conduction bands as shown in 
Fig. 2. The diagram suggests that the n region is more 
heavily doped and hence the injection of excess hole-

Fig. 1. Inverted population of electrons and holes in 

conduction and valence bands of a semiconductor. 

F, 

Fv 

electron pairs is into the p region. This is the situation 
which has been experimentally observed, although in 
principle holes can be injected from a heavily doped p 
region into a lightly doped n region. In the present ar-
rangement the emission would occur on the p side of the 
junction, where the electrons are inverted relative to the e 
holes. The voltage applied to the junction is compara-
tively high—that is, somewhat larger than the energy 
gap—to be consistent with Eq. ( 1). 
Once the population is inverted, the requirement that 

must be met is that the stimulated emission shall exceed 
the losses in the laser structure. Factors that contribute 
to the loss of energy include ( 1) bulk losses of pumping 
energy caused by free carrier absorption; (2) reabsorption 
of the photon to be emitted if the laser is not at a very low 
temperature, and also if the population of holes and elec-
trons is not degenerate; (3) a geometric loss factor arising 
because the inverted region is narrow and the lumines-
cence overlaps lossy regions; and (4) reflection losses. We 
shall consider these one at a time and idealize our laser 
structure step by step until all of these factors are taken 
into account. Let us consider, therefore, the simplest con-
figuration: a bulk laser at very low temperature in which 
the only loss to be overcome is that of the free holes and 
electrons excited into the inverted region by the pumping 
energy. Pumping can be done by means of optical energy, 
by an electron beam, or by the injection of carrier pairs, as 
in the bulk plasma laser. The latter two approximate this 
situation fairly well. Under these conditions we can deter-
mine approximately the condition for laser action by the 
scheme developed by Dumke" to predict such a pos-
sibility. He compared the negative absorption coefficient 
or essentially the probability of emission for a photon to 
the absorption by a free carrier. The coefficient for direct 
transition and hence the value of gain per unit length is 
given by 

a, = A 1//iv — g, (4) 

where A is a coefficient calculated theoretically and de-
pends upon both the momentum matrix element for 
allowed transitions between bands and also the density of 
states. These quantities for GaAs are known from optical 
absorption data, for example. Hence for a degenerate 
population of carriers, N e--e 10'7 cm-3, the maximum 
value of a, is calculated from Eq. (3) to be 

,à8 = hv — 
h2N2/ 3 

nt* 

where m* is the reduced mass. For GaAs we find that 
a, = 10 cm- '. This is somewhat higher than the average 
value, but since the density of states increases with energy 
and also the number of electrons are weighted, N 
(Age 2, this is not too different from the average value. 
We then have to compare this with the losses for free 
carriers, which are given by 

ac crV171d€ (5) 

where the conductivity 

= 
Ne2r Ne 2 

m*(1 w 2r 2) m* w2r 

If we use typical values, in* 0.1 nio, r 10-13 

second, CO = 2 X 10" for GaAs, then a, 0.2 cm- I. 

• 
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Thus we see that the free-carrier absorption is several 
orders of magnitude smaller than the gain from stimu-
lated emission. In an actual laser, the stimulated transi-
tion takes place between bound donor or exciton states to 

()acceptor states. The values for the absorption coefficient 
for such transitions have been measured or calculated 
theoretically and give a, 300 cm-' for a free-electron to 
acceptor concentration of N =--› 10" cm -3 comparable to 
the band-to-band transition above. 

In a diode laser the width of the inverted region is 

usually of the order of one to several microns and is 
bounded on either side by degenerate material in which 
the free-carrier losses dominate. The electromagnetic 
boundary value problem has been solved for such a con-
figuration assuming a narrow, extended, negative-con-
ductance sheet,'" which behaves like a dielectric wave-
guide. The electromagnetic field peaks up in this region 
and decays exponentially on either side transverse to the 

inversion layer. By idealizing the configuration, the 
growth coefficient can be calculated for TE and TM 
modes and the threshold current evaluated. A similar 
result can be obtained by approximation using a pertur-

bation treatment, and the condition for threshold cor-
responds to the balance of net gain in the inverted region 

to the loss in the bulk on either side: 

f_ W/2 criEl= dx — f cr2E2 2 dx — cr2E32 dx 
1172  f— W/2  a 

2 f [E X h] dx 

(6) 

where E and h are the electric and magnetic vectors of the 

111, electromagnetic field, u1,2,3 is the conductivity in each 
region, and i2 is the unit vector in the z direction. Region 
1 is the junction region of width W. If we assume that 

E1 •••-•=-. Eo, E2 E0 e- a2x , and E3 &err, then, assuming 
a skin depth penetration S into the degenerate regions, the 
value of x is 

a 
Wcr, — r72/2u2 — cr3/2a3 1//7. 0 

1/cY2 1/a3 E 

Wcri — (cr2S2  — 0-263)/2 bro 

S2 + 03 

At threshold a > 0, which means that 

0"»& (73‘53 
> " -2W 

0.202 
or cr, > - - 

W 
for 82 = 83, 0'2 = (j3 

(7) 

Hence the gain in the actual diode has to be larger than in 
the bulk by the ratio of the skin depth (3 to the width of 
the inversion layer. This geometrical factor is usually 
about 10 in most diode lasers. It is now understandable 
why a direct transition is desirable since cri >> 02, as 
we have shown. For the indirect transition this is not the 
case and at best the negative conductivity is comparable 
to the positive loss; that is, cri > 0'2. In a diode, therefore, 
the geometrical factor makes this situation unfavorable 

II>for achieving the laser condition for germanium, silicon, 
or silicon carbide for shallow impurities. 

In order to obtain coherent radiation after the condi-
tion for stimulated emission is satisfied, it is necessary to 
provide a resonant structure. In a diode laser, the struc-

ture is a Fabry-Perot cavity, which consists usually of 
two parallel polished surfaces transverse to the plane of 
the junction, and provides a reflection of the growing 
wave as well as a reflection loss. If this reflection is taken 
into account in calculations of the threshold current Jti, as 
well as the bulk losses, it takes the form" 

ry + A[  1 11 log (8) 
L R 

where a is the average free-carrier loss within the ex-
trinsic n and p regions surrounding the diode junction. 
The second term represents the reflection loss, with L as 
the length of the diode and R the reflection coefficient. 
The coefficient A is dependent upon Au, the line width of 
the spontaneous emission and the energy of the laser 
radiation. The various theoretical developments have 
differed somewhat, but the form of the result given in 
Eq. (8) has been verified by experiments" in which the 
bulk loss a for relatively lightly doped materials was 
small and the threshold was shown to be proportional to 
the inverse length of the diode. This statement also sug-
gests that the electromagnetic mode pattern is deter-
mined by the relative dielectric properties of the inverted 
region and the extrinsic regions near the junction. This 
conclusion follows from the equations for the electro-

magnetic problem for the traveling or guided wave along 
the inverted region where the value of the spread on either 

Fig. 2. The energy bands present in the neighbor-
hood of a p-n junction of a diode laser, with the 
applied voltage (A) V = zero and (B) V > p,„le. In 
this degenerate case, the Fermi level e is below the 
bottom of the valence band and above the top of 
the conduction band. (From Redikeri) 
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side is given approximately by 

X2 e 1 
- - — 

W AE (2702 

where X is the wavelength in the medium and AE is the 

difference in dielectric constant. The spread may be due 

to free carriers or even the difference in the interband 
contribution near the gap, which is altered by the occupa-
tion level in the degenerate regions and the inverted 
region. The dispersive part of the latter can also be a con-
tributing factor. The amazing part of the above result is 
that for X 2.3 X 10 -5 cm, W 10-4 cm, and (52 
10-2 cm. the value of Ae/e 10-4. This requirement can 
be easily satisfied by any one of the mechanisms above. 
But even before the inversion sets in, the electromagnetic 
field can be guided since Ae> Ois readily attained. 
The numerical values obtained from the various theo-

retical estimates for the threshold current yield values of 
./th of about 100 to 1000 A/cm2 in semiquantitative agree-

ment with the experimental values. In addition, the value 
of the vertical angle of the laser beam from O X0/(52 
0.84/10 0.08 radian 5° is in agreement with the 
estimated value of 62. The values (in microns) of X0 and 
82 are the free-space wavelengths and skin depth of the 
degenerate region, respectively, for the GaAs diode in-

jection laser. 
The threshold current has also been examined theo-

retically" and experimentally" by the IBM group. They 
found that the values remained at about 100 A/cm 2 from 
about 2°K to 20°K. and then increased with the relation 

T" beyond this temperature, as shown in Fig. 3. 
The theory developed by Lasher and Stern" accounts for 

10 

10 

10 

1 1 1 1 1 11 I 1 j I IIII 

(9) 

:3•mm.•••••• 

10 

Temperature, K 

100 

this effect in terms of the reabsorption for band-to-band 
transition, as the temperature increase allows for empty 
states in the conduction and valence bands as the devia-
tion from degeneracy increases. The temperature de-
pendence of T2.6 at higher temperature is reasonably 
close to the experimental situation. Their theoretical 

calculation also accounts for the line shape of the spon-

taneous emission of the radiation observed in the diodes 
below threshold. 

Recent developments 

The original semiconductor diode lasers have been 
fabricated from III-V compounds such as GaAs, InAs, 
InP, and InSb, and their alloys. All of these materials are, 
of course, direct-gap semiconductors. Another well-

known and well-investigated class of direct-gap semicon-
ductors is the IV-VI family. These compounds include 

lead chalcogenides, such as PbS, PbTe, and PbSe. Indeed, 
with the advancement of materials preparation, the latter 

two now have been fabricated into diode lasers. These dif-
fer from the III-V compounds in that the optical transi-
tions occur at the [ 111] edge (L point) of the Brillouin zone 
rather than at the center k = 0 usually found in the other 
compounds. The important aspect of the development of 
the PbTe and PbSe lasers is that they have extended the 
range of semiconductor lasers to longer wavelengths of 

6.5 and 8.5 microns, respectively. Furthermore, it ap-
pears from recent experiments that uniaxial and hydro-
static pressures allow tuning of these lasers further into 
an 8- to 14-micron "window" of the atmosphere, where 
useful applications for communications and military 

purposes are possible. 

Fig. 3. Temperature dependence of the thresh-
old current required for laser action in GaAs. 
(From Burns, Dill, and Nathan") 

Fig. 4. Longitudinal injection plasma laser with 
the Fabry-Perot cavity parallel to the current. 
(From Melngailis, Phelan, and Rediker") 
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In the junction lasers the active inverted region, which 

is responsible for stimulated emission, is estimated to be 
about One Ink! on in depth along the direction of the in-

jecting current. The luminescent region, determined from 

ethe beam pattern, is somewhat wider and may be of the 
order of about 10 microns in this same direction. Re-
cently, Melngailis, Phelan, and Rediker developed a 
"large-volume" injection laser in InSb in which the in-

verted region extends several hundred microns beyond the 
junction region. This innovation to the diode laser tech-
nology originates in this group's earlier work on large-

volume injection-plasma diodes,' in forward-biased 
n+-p-p+ InSb structures used for making magnetic switch-
ing and amplification devices, which they called madis-
tors. These diode structures consist of a heavily doped n 
region and a lightly doped p region followed by heavily 
doped layers. It is the middle layer that is responsible for 
the unique properties of this diode. On forward bias the 

electrons from the n+ region are injected in the p region 
and saturate the traps, thereby increasing the carrier 

lifetime from 10-'0 to about 10-7 or 10-6 second. It 

follows that the diffusion length L„ = hr goes from 
about one micron to approximately 100 microns. The 
application of a magnetic field along the direction of the 

current increases the efficiency of emission, as indicated 
by the pattern observed with a mechanical scanner on an 
infrared lens and an InSb photovoltaic detector. 

An important aspect of the large-volume laser is that 
for the first time a semiconductor laser has been made to 
produce a growing coherent wave along the direction of 
the current. This device, developed by Melngailis. has 
been called the longitudinal injection-plasma laser. Its • construction, which is quite different from the usual diode 
laser, is shown in Fig. 4. The laser is mounted on a copper 
heat sink, which contains a small hole. The laser cavity 
now consists of an optically flat, polished surface on the 
n+ side. The p+ side is polished and covered with evap-

orated layers of silver and gold so that it will be totally 
reflecting. The layers match the circular hole so that the 

transverse dimension of the inverted layer is smaller than 
the longitudinal dimension. With no transverse reflection 
and losses in the noninverted adjacent regions, the gain in 

the longitudinal direction exceeds that of the transverse 
and is sufficient to produce laser action in the forward 
direction. An axial magnetic field also confines the in-
jected plasma by reducing the transverse diffusion, and 
thereby limits the transverse dimensions of the active 
inverted region. 
The technique of electron-beam pumping is one of the 

most recent developments. The principle of the electron-
beam semiconductor laser is quite simple. A high-energy 
beam of the order of 20 to 100 keV is focused on a small 
semiconductor sample whose dimensions may be of the 
order of several hundred microns. Then, as before, two 
surfaces are either cleaved or polished parallel to form a 
Fabry-Perot resonator perpendicular to the beam. As the 
electron beam penetrates the bottom layer to a 5- to 
10-micron depth, it creates electron-hole pairs which, at 
low temperatures, form degenerate populations as in the 
case of the injection diode. Upon the formation of this 
inverted population, the spontaneous emission builds up 
until, above a threshold current of the electron beam, 
stimulated coherent emission perpendicular to the elec-
tron beam emerges from the polished or cleaved surfaces 

of the resonant structure. The first such attempt in the 

Fig. 5. Electron gun and Dewar vessel for elec-

tron-beam semiconductor laser. (From Rediker,) 
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Fig. 6 (above). Laser spectra emitted from electron- beam-
pumped GaAs. (From Hurwitz and Keyes2") 

Fig. 7 (above right). Bulk InSb laser pumped optically by 
use of a GaAs diode injection laser. (From Phelan and 
Redikern) 

Fig. 8 ( right). Relative I nSb emission vs. the pumping GaAs 
emission. Pulses of 50-ns duration were used. On the ab-
scissa, 10 corresponds to 20-ampere GaAs diode current 
and about 7000 W/cm2 incident upon the InSb. (From 
Phelan and Rediker34) 

Soviet Union on CdS employed an electron beam of the 
order of 200 keV and a current density of about 1 A/cm 2. 
Although laser action was not achieved, the fact that line 
narrowing was observed indicated the feasibility of this 
technique for laser action. Shortly thereafter, Benoit à la 
Guillaume and Debever achieved successful laser opera-
tion in InSb and InAs with a 20-keV electron beam and 

threshold currents of the order of 1 mA for a beam diam-
eter of about 150 microns. This corresponded to a cur-

rent density of about 1 A/cm2 or an electron concentra-
tion of 10 17 CM — 3comparable to the inverted population in 
the junction laser. To avoid heating effects, the electron 

beam was pulsed for a few microseconds with a low duty 
cycle. It has been estimated that efficiencies of pair ex-

citation of about 30 per cent have been achieved above 
threshold. 

Electron-beam techniques have also been successful 
for GaAs, in both n and p types, with impurity concentra-
tions of the order of 10 12/cm3. In GaAs it was found that, 
in addition to a threshold current, a threshold voltage of 
about 30 keV was necessary in order to achieve laser 
action. The parallel, polished faces were approximately 
200 microns apart. Pulses of 0.2-µs duration at a repeti-
tion rate of 1000 per second were used. The arrangement 
of the apparatus is shown in Fig. 5. When the spectral 
properties of the emission were examined below threshold 

with a beam current of about i/2 mA, the line width was 
found to be approximately 100 À. Above threshold, how-
ever, at a beam current of 3 mA, many modes were ob-
served, as shown in Fig. 6, in which the line width of the 

individual modes was approximately 2 À with a char-
acteristic spacing between modes of about 4 À. The latter 
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is in very good agreement with the theoretical value 
calculated for a Fabry—Perot resonator of this dimension. 
In addition to GaAs, GaSb has also been made to operate 
by the electron-beam technique by the French group. 

Very recently, Benoit à la Guillaume and Debever were 
able to excite tellurium with a 15-keV electron beam and 
they observed emission of two sharp peaks at 4°K of 
0.334 eV and 0.336 eV, at a threshold current of about 
200 µA. In this material, the emission was polarized with 
the electric vector parallel to the c axis, indicating a direct 

transition for this polarization. Finally, Hurwitz has 
achieved laser action by electron-beam techniques" 
in PbTe and PbSe at their characteristic wavelengths, with 
results similar to those obtained in the diode structures. 
Although one of the earliest suggestions for pumping 

semiconductor lasers was by means of optical sources, e 
this method was not attempted until recently. Actually, 
the writer has suggested, in connection with the cyclotron 
resonance laser, that a gas or diode laser beam focused to 
a spot of 100 microns or less with a power intensity of ap-
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Fig. 9. The shift of the spontaneous emission line with 
magnetic field, for three diodes made from different n-type 
materials and operated near 77°K. Effective mass values 
are computed from the slope of the straight lines, assum-
ing that-1g= Zero field photon energies at 77°K are 
0.395, 0.393, and 0.381 eV for diodes 57, 43, and 73 respec-
tively. (After Galeener et al.)) 

proximately 10 watts would excite electron-hole pairs in 
such a way that the effect would be equivalent to that of 
the injection or electron-beam techniques for excitation. 
Indeed, by utilizing a GaAs laser in juxtaposition to a 
small slab of InSb as shown in Fig. 7, which was prepared 
as a resonant structure, the coherent radiation at 5.3 
microns was emitted by the InSb, which was near 4°K. 
The InSb was relatively pure n-type material—that is, 
the impurity concentration was only about 10"/cm3. 
When the energy balance was taken into account, with the 
appropriate corrections for reflection, the threshold cor-
responded to about 1000 A/cm2 as one would expect of 
an equivalent junction diode. An interesting curve show-
ing the relation between the output of the InSb and the 
input of the GaAs diode is shown in Fig. 8. Above thresh-
old, output intensity proceeds linearly with the input 
energy. 

Magnetic effects 

A variety of magnetic phenomena have been investi-
gated in connection with semiconductor lasers. One of the 
earliest observations was the behavior of the emission 
from GaAs diode lasers with high magnetic fields. It was 
observed that the frequency increased with the square of 
the applied magnetic field intensity corresponding to a 
quadratic Zeeman effect" of a bound donor electron or 
exciton near the bottom of the conduction band. It was 
therefore concluded that the initial state was either of 
these two and that the final state had to be an acceptor 
state or acceptor band above the normal valence band, 
since the energy of the laser emission at 1.47 eV was 
lower than that of the intrinsic energy gap at 4°K by ap-
proximately 0.04 eV. Similar studies of emission from 
InAs diodes and lasersr'° were also made by Galeener 
and co-workers at high magnetic fields. One of the in-
teresting observations concerning the diode emissions 
was that the behavior with magnetic field intensity in this 
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Fig. 10. Laser threshold current versus magnetic field for 
a CW laser diode immersed in pumped liquid helium and 
oriented first parallel and then perpendicular to the mag-
netic field. (After Galeener et al. 50) 

small gap material was nearly linear, but the slope of the 
line was strongly dependent on the concentration of the 
doping. If one then used the model corresponding to the 
motion of a free carrier or an interband transition be-
tween free-carrier (Landau) states, then Ago = 1/2 1i(coc 
+ we), where co, = elilinc*c and wr = eHltnr*c are the 
cyclotron frequencies for the electrons and holes. Dif-
ferent effective masses, corresponding to the reduced 

mass ni,*, are shown in Fig. 9. The interpretation of this 
phenomenon is that the effective mass corresponds to 
that associated with the nonparabolic curvature of the 
energy bands in which a degenerate distribution places 
the Fermi level well into the band in the region of higher 
effective mass. 
The threshold for the laser as a function of magnetic 

field was also studied in InAs and exhibited a behavior as 
indicated in Fig. 10. The curve shows the variation of 
threshold for the magnetic field parallel to the current. At 
lower magnetic fields, the threshold is reduced by a factor 
of two and then it slowly increases with magnetic field 
intensity up to about 100 kilogauss. This phenomenon is 
not well understood, since on a simple model one would 

expect the threshold to decrease monotonically. The 
theory does not take into account, however, the effect of 
magnetic field on scattering and recombination, which 
may then more properly explain the behavior observed. 
With the magnetic field perpendicular, the threshold is 
quickly reduced by a few thousand gauss and remains flat 
as the field is increased further. In this configuration, the 
interpretation is that the magnetic field influences the dif-
fusion length, reducing it and thereby initially increasing 
the electron-hole pair concentration in the inverted 
region. Ultimately at sufficiently high fields near 10 
kGs, the laser does not operate at all because the trans-
verse magnetic field reduces the diffusion of carriers into 
the inverted region, and eventually cuts off the diodes. 
The diffusion coefficient is reduced according to the 
relation Du •••-•,-- Dolcucr. 

In InSb, the effect of magnetic field is even more strik-
ing. The threshold is considerably reduced, as expected 
from theory. In the particular diode shown in Fig. 11, the 
threshold is a factor of five lower beyond about 15 kGs. 
At low magnetic fields, the diode does not operate at all. 
This phenomenon is qualitatively explained by the fact 
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that the density of states increases with magnetic field 
and thereby the transition probability for emission is 
proportionately increased. Nevertheless, at very high 
fields (of the order of 100 kGs) the threshold flattens out, 
possibly for the same reasons mentioned for the InAs 
laser. It is therefore apparent that the theory of this 

phenomenon is not completely understood. 
Another striking aspect of laser emission in InSb is that 

the frequency shift as a function of magnetic field in-
tensity is rather high, as one would expect from the theory. 
The frequency changes approximately 8 per cent as a 
field of 100 kGs is applied, as indicated in Fig. 12. At low 
magnetic fields the diode emission frequency exhibits a 
quadratic dependence on magnetic field indicative of a 
donor or exciton state. At high fields, however, the de-
pendence is linear, with the interesting phenomenon that 
initially the laser operates at a higher frequency and then 
a lower frequency transition takes over. The splitting of 
these two states in InSb corresponds to the anomalous 
spin splitting of the conduction-band states observed in 
magnetoabsorption experiments. The theory indicates 

that the upper transition has a probability which is a fac-
tor of three higher than that of the lower one. Hence, at 
lower fields of 20 to 30 kGs, where both levels are popu-
lated, the upper transition level would be expected to 
dominate. As the magnetic field is increased, however, the 

population factor begins to favor the lower one so that at 
very high fields, only this level is populated. A similar 
phenomenon has been observed in PbTe and PbSe, where 
the pattern in both is quite similar and shows a character-
istic as indicated in Fig. 13. This time, however, both the 
lower and upper spin states operate simultaneously, inas-
much as the transition probability for both is the same. 
As the magnetic field increases beyond 20 kGs, however, 
only the lower level continues to emit, since the higher 

one is no longer populated. 
One other magnetic effect in connection with these 

lasers is that associated with the dispersive properties of 
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interband transitions. It is known, from magnetooptical 
studies utilizing Faraday rotation and magnetoreflection, 
that the dielectric constant near the gap is strongly af-

fected by the magnetic field. Thus, in addition to in-
creasing the energy gap and changing the frequency of the 
laser, the spacing between the Fabry—Perot modes is 
strongly affected by the magnetic field. This pattern has 
been observed both in InSb and in InAs, and appears as 
shown in Fig. 14. As the magnetic field is increased, the 
laser operation jumps from one mode to the next higher 
one. At the same time, each mode shifts in absolute fre-
quency to a shorter wavelength, since the dielectric con-
stant increases because of the magnetic field. 
One of the first conceptions for semiconductor lasers 

was a four-level system that makes use of magnetic 
fields." It was proposed that an interband transition com-
bined with an intraband transition between magnetic 
levels would produce coherent radiation in the far infrared 
region. The basic principle is illustrated in Fig. 15, wherein 
a strong source of narrow-band radiation excites electrons 
from magnetic level 1 in the valence band to magnetic 
level 1 in the conduction band. This serves to invert level 1 

relative to level 0 in the conduction band, and at suffi-
ciently high excitation there will be stimulated emission 
between level 1 and level 0 in the conduction band, pro-
vided that there is a resonant structure at this wavelength. 

This structure should be relatively easy to provide. Si-
multaneously there should be stimulated emission across 
the gap from level 0 in the conduction band to level 0 
in the valence band. According to theory, this transition 
has a greater probability than the former, thereby pre-
venting a botbleneck or the piling up of an electron popu-
lation at the bottom of the conduction band. 
Another requirement for laser action in a cyclotron 

resonance device is that the level spacing between 1 and 2 
be different. Otherwise, stimulated transitions upward 
would be possible, resulting in absorption and loss and 
thereby preventing laser action from taking place. For-
tunately, this unequal level spacing exists in InSb, in 

Fig. 11. Threshold current density for laser action as a 
function of magnetic field intensity. (From Phelan et al. 22) 

Fig. 12. The energy of laser emission spectra as a function 

of magnetic field intensity. (From Phelan et al.") 
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which the conduction band is nonparabolic. An additional 
feature fulfilled in InSb is that the levels in the valence 
band corresponding to those labeled 1 and 0 are very 
closely spaced, and therefore the relaxation time between 
them is very short, thus providing the ideal pattern for a 
four-level laser. An appropriate pumping source for this 
cyclotron resonance laser would be either a helium-neon 
laser operating in its strong emission mode at 3.39 mi-
crons, or an InAs laser, which operates at 3.1 microns. 

The transition just described would require magnetic 
fields in excess of 100 kGs, which are now readily avail-
able in either dc or pulsed form. Furthermore, we calcu-
late that a pumping power level of approximately 10 
watts, either CW or pulsed, focused into a 30-micron spot 
on the InSb surface, would produce 10 17 to 10 18 carriers 
per cubic centimeter, a concentration that is comparable 

to that obtained in electrical excitation. The calculated 
gain to be obtained at the cyclotron resonance transition 
for an emission wavelength of 20 microns would be more 
than sufficient (neglecting bulk loss) by several orders of 
magnitude to overcome the reflection loss at the surface of 
the Fabry-Perot resonator. It is found that al > 1 under 
this form of excitation, where a is the gain coefficient and 
/ 3 X 10-3 CM is the size of the cavity. Consequently, 
the only other loss that has to be considered is the free-
carrier absorption resulting from the nonresonant upward 
transitions. It can be shown that the ratio of the gain 
coefficient to the loss coefficient 

ao 
= (à(0)27.2 (10) 

aL 

where ,Aco is the difference between the lower and upper 
11>cyclotron resonance levels, which in InSb is approxi-

mately 6 X 10 12. If we taker 10-'2 second from experi-
mental values, we find that the criterion for the gain to 
overcome the loss is well justified. 

P. A. Wolff52 has made a proposal for an analogous 
cyclotron resonance laser at longer wavelengths and lower 
fields of the order of 10 to 20 kGs in which he attains 
inversion by optical excitation of many levels above the 

Fig. 13. Energy of laser emission from PbSe as a function 
of magnetic field intensity showing the effect of anoma-
lous spin splitting of the conduction band states. (Courtesy 
of J. F. Butler) 
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lowest one. He expects rapid cascading downward to 
level 1 due to optical phonon transitions whose relaxation 
time he estimates to be 10-'3 second. With these smaller 
magnetic fields, the Landau levels in the conduction band 

will be less widely separated, and thus the emission will be 
in the 100-micron wavelength range. His estimates are 
probably not accurate, since he ignored the effect of mag-
netic field on the relaxation phenomena due to either 
acoustical or optical phonon scattering. The latter, in 
particular, would show resonant behavior in a magnetic 
field, as predicted by Gurevich and Firsov. 53 Moreover, 

off resonance—where one would operate either the high-
field or low-field laser—the scattering due to optical 
phonons is not as large as Wolff anticipates in cases where 
he requires large scattering to produce inversion. Finally, 
the acoustical phonon scattering is an order of magnitude 
larger than he predicts because in pure material T CC H-1 in 
the quantum limit." 
The scheme proposed here, in which we would use a 

monochromatic optical excitation of perhaps 100 watts 
peak power, would permit the cyclotron resonance laser 
to operate equally well in the far-infrared range using 
smaller magnetic fields. This pump threshold is somewhat 

higher than that predicted by Wolff, and the physical con-
figuration prescribed here is, we believe, more favorable 
and simpler. 

Fig. 14. Change in preferred mode of propagation and 
small shift of frequency as the magnetic field changes the 
dielectric constant in I nAs diode. (From Melngailis and 
Rediker, Appi. Phys. Letters, vol. 2,1963, pp. 202-204) 
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Applications 
One of the promising possibilities heralded for the 

semiconductor laser was for application in the communi-
cation field. The semiconductor laser is easily modulated 

electrically at modulation frequencies as high as the giga-
cycle range. Television signals have been transmitted over 
infrared beams from diodes and diode lasers of GaAs. Of 
course the objection to the infrared laser for transmission 
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Fig. 15. Discrete energy levels created by a magnetic field 
for the four-level cyclotron resonance laser. 

Fig. 16. Artist's sketch of elementary scanning beam laser. 
(From Lae') 
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stems from its atmospheric absorption properties, which 
make it a fair-weather device. We may consider the possi-
bility, however, of transmitting the radiation through tiny 
hollow waveguides, several microns in diameter, oper-
ating in the low-loss TEE,' mode. With laser diodes as 
repeaters, such an arrangement may provide the basis for 

a large-capacity communication cable. 
The GaAs laser also has been developed as a compact 

transmitter for radar equipment. These diodes have been 
operated at room temperature with very narrow pulses of 
the order of 50 ns or less with output power as high as 100 
watts peak. Such compact radars are capable of spatial 

resolution of several feet. The angular resolution with 
suitable optics should provide resolution of the order of 

milliradians or better. 
The semiconductor laser has been adapted to a beam-

of-light transistor in which a GaAs laser is directed at a 
diode collector with a somewhat smaller gap. The com-
bination can provide current gain. In principle, such a 
combination can be extended to the microwave range, 
since the laser diodes and the collector can respond to 

these high frequencies and the limitation of the transit 

time across the base region is eliminated. 
With the advent of the electron-beam pumped laser, 

other applications are also possible. A whole class of 

these is within reach when the scanatron, or scanning 
beam laser, is fully developed. The writer has proposede 

two schemes for realizing this device. The first involves 
the adaptation of the electron-beam technique for exciting 
a bar of semiconducting material several centimeters in 

length and perhaps 100 to 200 microns wide, with polished, 
parallel faces, to form a Fabry—Perot resonator. The beam 
is then scanned across the bar and the laser light is emitted 
at right angles, as shown in Fig. 16, and moves with the 
electron beam, which can be controlled as in a cathode-
ray tube. If many of these bars are arranged in a raster, 
the laser beam can be scanned in two dimensions, as in a 

television or cathode-ray tube. Through modulation of 
the beam, a display device or projector can be fabricated, 

as shown in Fig. 17. The device can also be achieved by 
causing the laser to emit in the forward direction. This is 
accomplished by polishing sheets of semiconducting mate-
rial, about 5 to 10 microns thick, and coating the sheets 
with dielectric layers or silver and then mounting them on 
sapphire, in the arrangement shown in Fig. 18. The for-
ward laser action is favored because the dielectric or 
silvered layers provide feedback and greater gain in this 
direction than in the transverse direction, in which the 
100-micron width of the beam has insufficient gain for 
laser action. When perfected, these devices may be used 
for film readers, displays, page reproduction at remote 
distances, microscopy, a CW source with several hundred 
watts of output, and other applications. The feasibility of 

scanning a beam has already been demonstrated by 
Rotstein, Zieman, McNamara, and Lax in GaAs." The 
basic principle is now established, but many technological 
problems remain to be solved before a practical device is 

realized. 
The last application that will be discussed is one in 

which the GaAs laser has been employed as a source for 
studying the Raman effect in the infrared region by 
Chantry, Gebbie, and Hilsum. 38 This is an ingenious 

scheme in which the sensitivity of the technique is in-
creased by incorporating a Michelson interferometer and 
the related Fourier-transform data technique for detecting 
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Fig. 17. Sketch of a scanatron laser device showing the multiple array of flat, polished semi-
conductor slabs and also lens arrangement for projecting image onto a screen. (From Lax"') 

Fig. 18. Scanatron laser device in which a forward emitting laser is employed. 
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the spectra in the near-infrared. The experimental ar-

rangement is shown in Fig. 19. This technique has been 
successfully used to study the Raman effect in iodine. 
With other semiconductor lasers and increased power at 
longer wavelengths, it appears that Raman spectroscopy 

and nonlinear phenomena will be possible at still longer 
wavelengths in the infrared. 

Conclusion 

This article has represented an attempt to summarize 
the recent developments in the rapidly progressing field of 
semiconductor lasers. Within a short span of 21/2 years 
about a dozen new materials have emerged as effective 
media for generating coherent radiation in the infrared 
from about 0.6 to 8.5 microns. If we consider the success-
ful generation of harmonics, the range extends down to 
0.32 micron, which increases the total range to more than 
one octave. Levels of several watts of continuous power 
and about a kilowatt of peak power in short pulses have 
been attained. 
Many problems still remain to be solved in the theo-

retical, the experimental, and the technological areas. 
The basic mechanisms for guiding the waves are not fully 
understood. The detailed natures of the transitions in-
volved in different lasers appear to vary and have to be 
identified in each material, depending upon the behavior 
of the laser with respect to doping level, magnetic fields, 
pressure, and temperature. Polarization phenomena have 
not been adequately explored. More realistic solutions of 
the electromagnetic problem may be possible if perturba-
tion techniques are used to take into account the variation 
of excitation with penetration or injection depth, inhomo-
geneity of doping near the junction, etc. Exploration of 
the mechanism of excitation by electron beams and opti-

Laser 

cal pumping will probably result in improved techniques. 
On the applied side we have only begun to make prog-

ress. Semiconductor lasers will undoubtedly be extended 
further into the far-infrared region by the use of lower-gap 
material as well as by intraband phenomena, such as the 
cyclotron resonance laser. Optical lasers will be possible 
when better or properly controlled materials are devel-

oped in the high-gap region. These will then lead to many 
important applications in the field of photography and 
displays. Holography will then become more convenient 
and useful if compact and less expensive semiconductor 
lasers become available in the optical region. Of course, 
the real breakthrough we are seeking is to make such 
lasers more efficient at room temperature and, at the 

same time, to extend them to the optical and ultraviolet 
regions. The latter would, of course, offer interest to the 
chemist for the excitation of photochemical reactions. 
The unique role to be played by lasers and, in particu-

lar, the semiconductor lasers, is beginning to crystallize. 
It is hard to predict the important and economically sig-
nificant developments now, but in these very early years 
of this infant device it would be inappropriate to judge 
the field either pessimistically or overoptimistically. 
Those laboratories that have the talent, resources, and 
interest should continue to push the science and tech-
nology vigorously for the next few years or even for a 
decade until the basic questions are resolved. This is an 
exciting frontier in applied physics and technology, which 

is less expensive than space, nuclear physics, or astron-
omy. Nevertheless, the same questions of relevance, 
utility, prospects of scientific accomplishment, and 
economic worth are involved. As part of our scientific 

culture, we should apply the same yardstick to quantum 
elcctronics, and to lasers in particular, as to these other 

Fig. 19. I nterferometric spectrometer using a laser source. ( From Chantry, Gebbie, and Hilsume) 
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fields. One should not adopt a short-sighted attitude by 
expecting the quick commercial returns that we had from 
transistors, computers, and other solid-state devices. 

fb The author wishes to express his appreciation to K. J. Button for 
his assistance in the completion of this article, and to A. L. Mc-
Whorter and R. H. Rediker for valuable discussions on the subjects 
covered. 
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Mariner Mars 1964 

telemetry and command system 

The Mariner Mars telecommunication system was designed 
to transmit video data from the vicinity of Mars and additional 
scientific data during the .flight, as well as direct and 
quantitative commands to the spacecraft 

Richard P. Mathison Jet Propulsion Laboratory 

Spacecraft 
commands 

TI' 
Spacecraft 
engineering 
data 

Video 
data 

Command 
decoder 

 *-

Mode 
control 

Telemetry 
data 

handling 

Video 
tape 

recorder 

Command 
detector 

Telemetry 
modulator 

-4  
Transponder 

receiver 

V 

Transponder 
transmitters 

10 W 

Sync Redundance 
generator 411- control 

1 
Mode Transmission 
control rate control 

Mc/s 2298 M/s 

k4  

VLow-gain 
antenna 

Mode 
control 

Jr 

4* 
RF 

switches 

High-gain 
antenna 

2116 Mc/s 

2298 Mc/s 

• 

• 
Fig. 1. Mariner 1964 spacecraft 

telecommunication system. 

76 IEEE spectrum JULY 1965 



The initial objective of the Mariner Planetary-Inter-
planetary Program is the preliminary probing of the 
planets Mars and Venus by unmanned spacecraft. The 
probing of Venus was successfully accomplished by SMariner II. The next operation directed toward this ob-
jective is the probing of Mars by the Mariner IV space-
craft, which is now in transit. 
The primary objective of the Mariner Mars 1964 

project is to conduct close-up, fly-by scientific observa-
tions of the planet Mars during the 1964-1965 op-
portunity and to transmit the results of these observations 
back to earth. Television, cosmic dust, and a complement 
of fields and particles experiments are being carried by 
Mariner IV. In addition, an earth occultation experiment 
is planned. 
A secondary objective is to provide experience and 

knowledge about the performance of the basic engineering 
equipment of an attitude-stabilized fly-by spacecraft 
during a long-duration flight in space farther away from 
the sun than is the earth. 
The Mariner IV spacecraft was launched on November 

28, 1964. The spacecraft is fully attitude stabilized, using 
the sun and Canopus as reference objects. It derives power 
from photovoltaic cells, arranged on panels having body-
fixed orientation, and a battery, which is used for launch, 
trajectory correction maneuvers, and back-up. The tele-
communication system for the Mariner Mars 1964 
Mission is comprised of spacecraft-borne equipment and 
the NASA Deep Space Net.' It is required to perform 
three functions: ( 1) tracking the position and velocity of 
the spacecraft, (2) telemetering engineering and scientific 
data from the spacecraft, and ( 3) transmitting commands 

•to the spacecraft. The design of the spacecraft equipment 
is based upon techniques that were used for the Mariner 
II spacecraft. 2." These techniques have been extended and 
modified to improve equipment reliability, accommodate 
the increased communication range required by the Mars 
1964 Mission, and utilize the characteristics of the Mars 
1964 trajectories to effect simplifications in the spacecraft 
equipment. 

Single CW radio-frequency carriers that are trans-
mitted to and from the spacecraft are used for tracking 
the spacecraft and transmitting the telemetry and com-
mand information. The functional arrangement of the 

Fig. 2. Circulator switch circuit. 
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spacecraft subsystems utilized to accomplish this is 
shown in Fig. 1. For both the telemetry and command 
functions, pulse code modulation, phase shift key, and 
phase modulation (PCM/PSK/PM) techniques in com-
bination with pseudorandom sync codes provide efficient, 
accurate transmission of the data over interplanetary 
distances. 
The telemetry portion of the system is required to 

transmit video data in digital form from the vicinity of 
Mars and both scientific and engineering data during 
the flight from earth to Mars. Since the rate at which the 
video data is gathered exceeds the capacity of the te-
lemetry channel, data storage and playback are provided 
by a synchronous, endless-loop tape recorder capable of 
storing 20 frames of video data. 
The duration of the Mars 1964 Mission is approxi-

mately eight months, in contrast to the Venus 1964 
Mission, the duration of which was four months. In 
order to accommodate this increased equipment operating 
time, modest reliability improvements were incorporated 
within the constraints of available power and weight. 
These improvements take the form of better components, 
extensive part screening, worst-ease circuit designs, and 
redundant elements in the telemetry modulator and trans-
mitter. 
By utilizing the unique characteristics of the Mars 

1964 minimum-energy trajectories,' considerable savings 
in spacecraft weight and complexity were realized. The 
variation in earth, spacecraft, sun, and Canopus geometry 
permitted the use of a moderately high-gain antenna that 
is fixed with respect to the spacecraft and thus eliminated 
the need for antenna pointing mechanisms. 
The command system provides for the transmission of 

both direct and quantitative commands to the spacecraft 
in digital form. 
A detailed discussion of the scientific instruments and 

the data automation system that controls and interfaces 
with the instruments is beyond the scope of this article.5 
Moreover, details of the modulation-demodulation 
theory that forms a basis of the data transmission tech-
niques have been adequately covered elsewhere-5 and 
will not be repeated here. However, estimates of expected 
communication performance will be included. 

Radio subsystem 

The radio subsystem is required to receive a modulated 
RF carrier from stations of the Deep Space Net ( DSN), 
demodulate command and ranging signals, coherently 
translate the frequency and phase of the RF carrier by a 
fixed ratio, modulate the carrier with telemetry and 
ranging signals, and retransmit it back to earth. It consists 
of an automatic-phase-control receiver, redundant ex-
citers, redundant power amplifiers, power supplies, low-
and high-gain antennas, and associated transmission and 
control circuits. It operates at S-band frequencies, receiv-
ing at 2116 Mc/s and transmitting at 2298 Mc/s. 
As received from earth, the up-link RF signal is phase-

modulated either singly or simultaneously by a composite 
command signal and a coded ranging signal. It is of the 
form 

S R = A('y,r) sin [coo/ clh(e) ckr(e)] (1) 

t' = t — — (2) 
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20° 

160° 180° 

where 

A is the received signal level, a function of spacecraft 
attitude ̂y and spacecraft earth range r 

wo is the carrier frequency transmitted by the DSN station 
irfre is the phase modulation by the composite command 

signal 
44 is the phase modulation by the coded ranging signal 
r(t) is the spacecraft—earth range, a function of time t 
c is the velocity of propagation 

This signal is demodulated by the automatic phase con-
trol, double superheterodyne receiver which tracks the 
coot' component of the carrier phase. The composite corn-

280° mand modulation and coded ranging signals are sent to 
the command detector and the exciter phase modulators, 
respectively. When the receiver is phase-locked to the 
received signal, it generates for the transmitter exciter a 

260° filtered phase reference that is coherent with the coot' 
component of the received signal. The phase of the trans-
mitted signal is then related to that of the received signal 
by a fixed ratio to within an error of less than 1 radian 

240° rms. The resulting transfer function is given approxi-
mately by 

Or — 240 1 ± (3/4B)s  
— 
OR 221 [1 (3/4B)s 1/2 (3/4B)2s21 (3) 

where 

220' s is the Laplace variable and B is the effective noise band-
width of the receiver phase tracking loop 

Or is the phase of the transmitted signal 
OR is the phase of the received signal 

Fig. 3. Earth track vs. time. Numbers indicate days 
from launch; encounter = approximately 230 days. 

Fig. 4. Mariner 1964 spacecraft. 
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With this relationship the ground stations are provided 
with a signal that permits two-way Doppler tracking.9 
The transmitted signal is phase-modulated by a com-

posite telemetry signal and the coded ranging signal. 
While the telemetry signal modulates the carrier con-einuously, the ranging modulation can be turned on or off 
by ground command. 
When a signal is not being transmitted to the space-

craft, transmitter frequency control is provided by an 
auxiliary crystal oscillator. This noncoherent mode of 
operation permits one-way Doppler tracking, angular 
position tracking, and telemetry reception by the ground 
stations. 

In order to provide increased reliability over the 
Mariner H design, redundant exciters, power amplifiers, 
and power supplies have been incorporated in the trans-
mitter. Each exciter consists of an auxiliary oscillator, a 
X4 frequency multiplier, a phase modulator, a X 30 fre-
quency multiplier, and an output isolator. Either exciter 
can be coupled to either power amplifier by a circulator 
switching network. Similarly, the input and output cir-
cuits of the power amplifiers are coupled through circu-
lator switches. 

The control of the switching between these elements 
is provided by either ground command or on-board 
failure detection. In the case of ground command control, 
the receipt of the appropriate direct command causes the 
control unit simultaneously to transfer the dc power from 
the active to the inactive element and reverse the circula-
tor switch or switches. For the exciters, the modulation, 
phase reference, and mode control inputs are fed to both 
exciters in parallel. 

In the case of switching by on-board failure detection, 
IMF power monitors sample both the exciter and power ampli-

fier RF power outputs. When an output power drops 
below a preset level, a gate in the control unit is enabled 
which allows cyclic pulses from the control computer and 
sequencer (CC&S) to toggle the relay driver circuit. 
Upon the receipt of one such pulse, the control unit trans-
fers the dc power and RF circuits in the same manner as 
when a ground command is received. If the power output 
from the redundant element then exceeds the threshold, 
the gate inhibits further transmission of pulses to the 
driver circuit. The thresholds for enabling the gates to 
operate are set at 3 dB below the nominal exciter and 
power amplifier outputs. The cyclic pulses occur once 
every 66? hours. Thus, the maximum switching time 
after a failure is 66 3 hours. 

Circulator switches were chosen for the control of the 
RF transmission paths because they appeared to offer 
significant reliability advantages over conventional elec-
tromechanical coaxial switches. As an RF circuit, the 
circulator is simply a strip-line Y connection with no 
moving parts. The Y is surrounded by a ferrite material 
that is polarized by a de electromagnetic field. Signal 
flow through the device is circular, as indicated in Fig. 
2. By reversing the magnetic field, the signal can be made 
to "circulate" in the opposite direction and hence the 
switching action. In the event of a loss in electromagnetic 
field, the circuit will function like a transmission line 
T, with the attendant power splitting and increased mis-
match losses, but will not cause a complete loss of per-

formance. 

The Mariner Mars 1964 spacecraft uses both the sun 
and the star Canopus for attitude references. Sun sensors 
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provide pitch and yaw control such that the roll axis is 
pointed toward the sun, and the Canopus sensor pro-
vides roll position control. With this type of attitude con-
trol the position of earth as seen from the spacecraft (the 
direction of the spacecraft coordinate system) varies as 
shown in Fig. 3 for a typical Mars 1964 trajectory.' 

It can be seen that the locus remains within one hemi-
sphere of the spacecraft during the entire flight and within 
a relatively small angular region during the later portion 
of the flight, from 130 days before the Mars encounter to 
20 days past encounter. A comparison of this characteris-
tic and the required minimum antenna gain vs. time-of-
flight showed that the gain requirements could be met 
with a combination of one low-gain and one high-gain 
antenna, both of which were fixed relative to the space-
craft (Fig. 4). The low-gain antenna provides coverage 
during the first 70 to 95 days of flight, whereas the high-
gain antenna fills in the remaining period until approxi-
mately 20 days past encounter. 
The low-gain antenna consists of a cruciform aperture 

at the end of a low-loss circular waveguide, which also 
functions as the support structure. In order to minimize 
pattern distortion by reflections from the spacecraft 
structure, the aperture is mounted well away from the 
bulk of the spacecraft. As shown in Fig. 5, the antenna 
provides a pattern of revolution about the roll axis with 
a maximum gain of 5.5 dB at 2298 Mc/s in the direction 
of the —Z spacecraft axis (oriented toward the sun) and a 
minimum gain of —6 dB with respect to circular isotropic 
over the entire —Z hemisphere. The pattern at 2116 Mc/s 
is similar. 

Since the thrust vector of the mid-course motor is 
perpendicular to the —Z axis, the earth can be kept within 
the —Z hemisphere while the thrust vector is pointed in 
any arbitrary direction. Thus, the low-gain antenna pat-
tern also meets the requirement for providing coverage 
during mid-course maneuvers of unrestricted direction. 
The high-gain antenna is a 46.0- by 21.2-inch parabolic 

reflector that is illuminated by a pair of turnstile elements. 
These elements are arranged so that a right-hand cir-
cularly polarized beam is projected with a maximum 
gain of 23.5 dB (at 2298 Mc/s) and a half-power beam 
width of 13.5° by 7.5°. The beam is positioned so that 
coverage is provided from approximately 90 days after 
launch until 20 days past encounter. As a result of using 
this design as opposed to the one-degree-of-freedom 
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antenna that was used on Mariner II,"" an estimated 50 
pounds of spacecraft weight was saved by the associated 
reductions in structure, actuator, control electronics, 
and power requirements. 

Three transmitting and receiving modes are available: 

1. Transmit low gain, receive low gain. 
2. Transmit high gain, receive low gain. 
3. Transmit high gain, receive high gain. 

These modes provide the required coverage during the 
acquisition, cruise, mid-course maneuver, and encounter 
phases of the flight. Selection of the proper mode is con-
trolled by programmed CC&S commands or ground 
commands as a backup. 

In addition, two failure mode controls are provided. 
First, if roll position control is inadvertently lost while 
the receiver high-gain mode is being used, the loss of the 
Canopus sensor signal automatically switches the receiver 
to the low-gain antenna so that command capability can 
be maintained. Second, if the spacecraft does not receive 

a signal from earth at least once between the occurrence 
of the 66%-hour cycle pulses, as signified by receiver 
phase lock, the control unit automatically switches the 
receiver from one antenna to the other after the receipt 
of two such pulses. The receiver is subsequently cycled 
between the antennas once every 66% hours until phase 
lock is obtained. This later mode control provides partial 
redundance for some antenna failure modes. 
Summaries of the principal radio subsystem trans-

mission and reception parameters are given in Tables I 
and II, respectively. 

Telemetry subsystem: basic technique 

The principal functions of the telemetry subsystem on 
the spacecraft are to time-multiplex engineering and 
scientific data samples and to encode them for efficient 
modulation of the spacecraft-to-earth RF carrier. The 
subsystem is specifically required to 

1. Transduce engineering parameters into electric 
signa Is. 

2. Time-multiplex (commutate) engineering and 
scientific measurement signals. 

3. Convert engineering data samples to binary words. 
4. Store digitally encoded video data. 
5. Phase-shift-key a subcarrier with the binary signal. 
6. Generate a cyclic, binary, pseudorandom sequence 

for use in synchronizing the encoding and decoding 
of the telemetry data. 

7. Phase-shift-key a second subcarrier with the sync 
code. 

8. Combine the two subcarriers into a composite 
telemetry signal. 

The basic timing for the subsystem is derived from the 
2400-c/s spacecraft power frequency, which is divided 
down to provide two subcarrier frequencies, one for 
data and one sync. The frequency divider is arranged to 
provide two data transmission (bit) rates, 3”g and 8% 
bits per second (bis). While the 33%-b/s rate is used 
during preflight check-out and the early flight phases up 
through a first mid-course maneuver, the 8%-b/s rate is 
used for the remainder of the flight. In-flight selection of 
the data rate is controlled by ground command and 

I. Spacecraft radio transmission parameters (2998 Mc/s) 

Transponder Low-Gain Channel 

Parameter Value Tolerance 

Transponder High-Gain Channel 

Value Tolerance 

Total transmitter power. +40.0 dBm ±0.5 dB +40.0 dBm 
Carrier modulation lossb -4.1 dB +0.9 dB -4.1 dB 

-1.0 dB 
Transmission circuit loss, -1.7 dB +0.2 dB -1.3 dB 

-0.3 dB 
Spacecraft antenna gaina +6.0 dB ±1.8 dB + 23.2 dB 

'Ten watts nominal output of traveling-wave-tube amplifier. 
" Based on modulation indexes of 0.809 rad peak for data subcarrier and 0.451 rad peak for sync subcarrier. 
• Includes all circuitry between the output of the TWT amplifier and the input to the antenna. 
d Referenced to perfectly circular isotropic pattern maximum. 

±0.5 dB 
+0.9 dB 

- 1.0 dB 

+0.2 dB 

- 0.3 dB 

-±-1.1 dB 

II. Spacecraft radio reception parameters (2116 Mc/s) 

Parameter 

Transponder Low-Gain Channel 

Value Tolerance 

Transponder High-Gain Channel 

Value Tolerance 

Antenna gain (pattern maximum). 
Receiving circuit loss" 
Effective system noise temperature, 

Carrier APC noise bandwidth (2131,0)a 
Carrier threshold SNR in 213,,,, 
Two-way Doppler tracking, 
Command reception 

+6.5 dB 
-1.0 dB 
2700°K 

20.0 c/s 

+3.8 dB 
+8.0 dB 

±1.8 dB 
±0.2 dB 
+1700°K 

-610°K 

±1.0 dB 

+21.8 dB 
-0.9 dB 
2700°K 

20.0 c/s 

+3.8 dB 

+8.0 dB 

±1.1 dB 
±0.2 dB 
+1700°K 
-610°K 

• • • 
±1.0 dB 

Referenced to perfectly circular isotropic pattern maximum. 
b Includes all circuitry between the antenna and the input to the transponder receiver. 
Includes contributions due to antenna temperature, circuit losses, and noise figure at input to preselector, 10 dB (+2 dB, -1 dB). 

d Tolerance included in uncertainty of system noise figure. 
• 3.8-dB SNR is required for +2.0-dB ground receiver degradation. 
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CC&S command. Either rate can be selected by ground 
command, but the CC&S selects only the 8I¡-b/s rate 
192 days before encounter. The CC&S control is to in-

sure that the 81, -Ict/s rate is used at encounter in the event 
that command capability is lost. • The square-wave sync subcarrier drives a redundant 
pair of pseudorandom code generators which generate a 

cyclic 63-bit code. A set of word gates, in turn, generates 
bit and word sync pulses that are used to synchronize 
(1) the stepping of the commutator, (2) the analog-to-
digital converters, (3) the readout of data from the data 
automation system, (4) the readout of the event registers 
and timers, and (5) the playback of the stored video data. 
The word sync pulses occur once per cycle of the code, 

whereas the data-bit sync pulses occur once every nine 
code bits, or seven times per code cycle. Thus, each data 
word is seven data bits long. 

In order to convey the bit and word sync timing to 
the ground stations for use in synchronous demodulation 
of the telemetry subcarrier, the code also phase-shift-
keys the sync subcarrier. The resulting composite te-
lemetry signal that modulates the spacecraft-to-earth 

carrier is given by 

2f 
D(t) = i(d [1.79d (- -dt)C)a(4fdt) ± (f;--) Qa(2fdt)] 

9 2 

(4) 

• 

where 

lid is the amplitude of the complex four-level wave 
d(21;a19) is the binary telemetry data of amplitude ± 1 and 

bit rate (2/9)fd 
a(ft) is a symmetrical square wave of amplitude ± 1 and 

frequency f 
X(fdt12) is a cyclic, binary, pseudorandom sequence of 
amplitude ± 1, length 63 bits, and bit ratefd/2 

C) represents modulo 2 addition 

At the ground station, a local model of the code is 
phase-locked to the received code. Word gates identical 
to those in the spacecraft code generators then produce 
accurate bit and word sync pulse trains. For a detailed 
discussion of the technique, the reader is referred to 
References 6, 7, and 8. 
Analog engineering measurements are sampled by a 

solid-state commutator that provides 100 channels, 90 of 
which are used for measurements and ten for synchroniza-
tion points and subcommutation. These channels are 

Registered events 

Channel Events 

1 

2 

3 

4 

Pyrotechnics current pulse 
Gyro turn-on 
Solar panel 1 open 

CC&S events 
Solar panel 2 open 

Pyrotechnic arm 
Pyrotechnic current pulse 
Solar panel 3 open 
Recorder end of tape signal 

Ground command events 
Sun acquired 
Solar panel 4 open 
Scan platform unlatched 

divided among ten decks of ten channels each and are 
arranged to provide three sampling rates, 
The pulse-amplitude-modulated output of the com-

mutator is fed to two analog-to-digital converters, which 

convert the data samples to serial 7-bit words by a suc-
cessive approximation technique. The output of the con-
verter forms one of four data sources that comprise the 
telemetry modes. 
Four modes of data transmission are provided for: 

(1) engineering data, (2) engineering and science data, (3) 
science data, and (4) stored video data and engineering 
data. In the first mode, only engineering data from the 
commutator, event register, event timer, and command 
monitor are transmitted, primarily for maneuver and 
check-out phases. In the second mode, both engineering 
and science data are transmitted in an alternating se-
quence of 140 engineering data bits followed by 280 
science data bits. This mode is intended for most of the 
cruise phases. In the third mode, only science data are 
transmitted, as received from the data automation sys-
tem. This mode is designed for use at planet encounter. 
In the fourth mode, stored video and engineering data 
are transmitted in alternating periods of approximately 
9 and 1.5 hours, respectively. This mode provides for 
readout of the video data taken during encounter and 
periodic monitoring of the spacecraft performance after 
encounter. 

Event-type signals that signify the occurrence of events 
such as motor-start, receipt-of-command, or solar-
panels-open are accumulated as they occur in four sepa-
rate registers. Each register accumulates different types 
of events, as shown in Table III, and holds up to eight 
counts before recycling. The registers are sampled in 
pairs at the high commutation rate in synchronism with 
the commutator, so that the state or count of two registers 

is conveyed by one 7-bit word. 
An event timer measures the duration of certain events, 

such as the mid-course motor firing duration, by dividing 
the word sync rate by two and accumulating the number 
of pulses that occur between the start and the end of the 
event. This number is sampled at the medium rate also in 

synchronism with the commutator. 

During the Mars encounter, a television subsystem 
which operates under data automation system control 

periodically generates video data in binary form. These 
data and the mode 3 instrument data generated at an 
effective rate of 10 700 b/s are organized in 516 168 bit 
frames, of which 504 400 are TV-related. Since this data 
rate greatly exceeds the 8;à-b/s radio transmission capa-
bility at encounter, a data storage subsystem holds the 
data for postencounter readout. 

Data storage is accomplished by an endless-loop tape 
recorder. This machine records binary data and sync 
pulses on two tracks, filling one track at a time on each of 
two consecutive tape cycles. Recording is started and 
stopped by control signals from the data automation 
system to coincide with the encounter data frames. In 

order to prevent overrecording after the two tracks are 
filled the first time, end-of-tape signals automatically 
stop the recorder after the second complete tape pass. 
The tape is then in the correct position for subsequent 

playback. 

Playback, at the 8%-b/s transmission rate and syn-
chronous with the telemetry bit sync pulses, is accom-
plished by an automatic phase control servo which con-
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trois the tape speed so that the recorded bit sync pulses 
are kept in phase with the telemetry bit sync pulses. By 
this means the pseudorandom sync signal allows syn-
chronous demodulation of the recorded data at the 
ground stations. 

In conjunction with the starting and stopping of the 
recorder during the record cycles, approximately 3 to 5 
feet of tape are used while the machine accelerates and 
decelerates. No data are recorded on these segments. 
During the continuous playback, these blank spots pro-
vide approximately 1.5 hours in which spacecraft engi-
neering data are inserted for periodic monitoring of post-
encounter spacecraft performance. Control of this alter-
nation between the recorded and engineering data is 
provided by a circuit that senses the presence or absence 
of data on the tape. Table IV summarizes the characteris-
tics of the tape machine. 
As with the radio subsystem, limited redundance has 

been incorporated in the telemetry subsystem for in-
creased reliability. This redundance is in the form of two 
pseudorandom code generator analog-to-digital con-
verter pairs which operate with parallel inputs and logical 
"or" coupled outputs. Only one pair operates at a time, 
and this pair is selected by ground command. 

In addition, the commutator sequencer has been de-
signed so that many of the possible failure modes result 
in a modification or "short counting" of the sequence 
rather than a complete stoppage. The number of channels 
that would be lost for a given failure depends on the 
location of the failed component so that a varying degree 
of partial success can exist. For example, a short count 
in a low-rate deck would not affect the higher-rate chan-
nels, while a short count in a high-rate deck could bypass 
a large number of low-rate channels. 

Finally, redundant components such as resistors, 
diodes, and capacitors have been employed in the power 
transformer-rectifier unit. Table V lists the principal 
telemetry subsystem parameters. 

Command subsystem 

Commands are transmitted from DSN ground stations 
to the spacecraft by I. o subcarriers, which phase-modu-
late the earth-to-spacecraft RF carrier. One subcarrier 
is phase-shift-keyed by serial binary command words, 
and the other by a pseudorandom sync code in a man-
ner similar to that used for telemetry data transmission. 
The command subsystem is required to detect and de-

code the command words, of which there are two types: 
direct commands, which result in selected switch closures, 
and quantitative commands, which convey a magnitude 
and polarity for spacecraft maneuvers. 

Initial acquisition is achieved by slightly offsetting the 
frequency of the clock at the ground stations from the 
average static frequency of the loop voltage-controlled 
oscillator (VCO). Under this condition, the local code is 
slowly shifted in phase with respect to the received code 
until the phases match. The frequency difference is made 
small enough so that the automatic phase control loop 
receives sufficient signal to acquire phase lock and the 
acquisition is complete. 

Outputs from the command subsystem include the 
direct command switch closures, the quantitative com-
mand bits, bit sync pulses, alert pulses for the CC&S, and 
several telemetry signals. In the case of both direct and 
quantitative command output circuits, complete de isola-

IV. Video storage characteristics 

Record rate 10 000 b/s 
Playback rate (synchronous) 81/2 bis 
Storage capacity 5.24 X 106 bits 
Number of tracks 2 
Type of tape machine Endless loop 
 II> 

V. Telemetry parameters 

Type of encoding 

Channel requirements: 
Engineering measure-
ments 

Event counters 
Word length 
Transmission rates 
Word error probability at 
threshold 

Required ST/(N/B)* for bit 
error probability = 5 X 10 -3 

Data channel modulation 
loss 

Sync channel threshold 
S/(N/B) 

Sync channel modulation 
loss 

Sampled data, digital PSK 
with pseudonoise sync 

90 
4 

7 bits 
331/3, 81/2 b/s 

1 word in 28 (bit error proba-
bility = 5 X 10 -6) 

dI3,/„ 
7.6 ± 0.7 dB 

b/s 

—4.6 ± 0.6 dB 

11.0 ± 0.5 dB, . 

—10.5 dB (+0.2 dB, —0.3dB) 

*S = signal power; T = time for one bit; N = noise power; B 

bandwidth. 

VI. Command parameters 

Number of commands 
Discrete 
Quantitative 

Modulation type 

Word length 
Transmission rate 
Command threshold criteria: 

Probability of correctly executing a 
discrete command in one attempt 

Probability of completely executing 
a quantitative command in one 
attempt 

Probability of a bit error in a com-
pletely executed quantitative com-
mand 

Probability of a false discrete or 
quantitative command being exe-
cuted when another command is 
sent 

Required carrier SNR in 20-c/s band-
width at command threshold 

Required command channel ST/(N/B) 
at threshold 

Command channel modulation loss 
Required sync channel SNR at 
threshold 

Sync channel effective noise band-
width 

Sync channel modulation loss 

29 

1 address, 

3 subaddresses 

Digital PSK with 

PN sync 

26 bits 

1 b/s 

>0.7 

>0.5 

<2 X 10 -4 

<2 X 10 -6 

+8.0 ± 1.0 dB 

+15.7 ± 1.0 dB 
+8.5 ± 0.6 dB 

+15.7 ± 1.0 dB 

+2.0 ± 0.8 dB 
+5.5 ± 0.5 dB 

• 

• 
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tion is maintained from the interfacing spacecraft sub-
systems. 
As an aid to acquisition and in-flight performance 

monitoring, the sync channel VCO frequency and in-lock S*signals are telemetered. For this purpose, a special counter 
converts the VCO frequency to a binary number which 
is periodically sampled by the telemetry system. Table VI 

lists the principal command subsystem parameters. 

• 

Performance 

The telecommunication system is required to provide 

tracking, telemetry, and command performance from 
launch to 20 days past encounter, including all of the in-
termediate phases. In order to reasonably assure this 
capability, it was desired to choose the system param-
eters so that the nominal received signal levels always 

exceeded the threshold signal levels by at least the linear 
sum (in dB) of the adverse tolerances." This criterion has 
been met for all functions and flight phases, except for the 
telemetry for a period of 10 to 26 days, depending on the 

launch date. 
Figure 6 illustrates, for a typical trajectory, the nominal 

received carrier level for the spacecraft-to-earth channel 

vs. time from launch. The variations are due to both the 
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increasing range and the variable antenna gains, and it is 
apparent where the performance of the low-gain antenna 

leaves off and that of the high-gain antenna takes over. 
For the diplcxed tracking feed and maser ground 

station configuration, the nominal threshold carrier level 

for telemetry is — 164.4 dBm at 8):¡ b/s. A comparison 
between this value, the nominal carrier levels, and the sys-

tem tolerances ( Fig. 7) shows that the design criterion has 
been met over most of the flight, and the extent to which 

it has not been met at the transition region. In the transi-
tion region, the telemetry performance may be marginal. 

This situation is a result of the antenna position com-
promise that had to be made between mid-flight per-
formance and postencounter performance with a rela-
tively simple antenna design. Mid-flight performance was 
sacrificed to meet the 20-day postencounter requirement. 
Since the nominal carrier level is never less than the nomi-
nal threshold level, it is considered to be a reasonable 

compromise. 
The nominal received carrier levels for the earth-to-

spacecraft channel are shown in Fig. 8. Since the same 
spacecraft antennas are used for transmitting and re-
ceiving, both up and down channels exhibit similar time 
variations. A comparison between the command thresh-
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Fig. 6. Received signal level vs. time, spacecraft to earth. 
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Fig. 8. Received signal level 

vs. time, earth to space-

craft. Ground transmission 

power = 10 kW, command 

modulation on. 

Fig. 9. Command perform-

ance margin vs. time. 
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The role of grounding 

in eliminating electronic interference 

Because of a basic derence in their approach to grounding; the 
electronics and the power engineer encounter difficulty in reconciling 
their respective systems. A common grounding language is needed 
as a first step to the acquisition of that common knowledge 
that can dispel the existing confusion 

Trevor A. Robinson Northrop Corporation 

• 

Probably more has been written on the subject of 
grounding over the past 40 years than on any other 
topic. Yet confusion and uncertainty still exist, par-
ticularly for electronic items that have been adapted for 
use with power systems. For power systems alone, the 
grounding techniques may be regarded as developed, 
codified, and covered by a specific terminology, so that 
definite statements can be made and understood. The 
electronics industry has related problems, but the differ-
ences are such that when the same vocabulary is used 
confusion rather than clarity often results. The best 
way to gain an understanding of the overall picture is 
first to present a brief review of power grounding tech-
niques, and then to give a more rounded, fuller review 
of techniques of electronic grounding. A later discussion 
will deal with grounding of complexes involving both 
types of systems, particularly where a single specification 
is to be written. Correct understanding of both categories 
of problems is essential if a document is to be produced 
that will provide clear directions for two groups that 
often speak a different language. 

This article is a plea to both power and electronics 
engineers to find a common grounding language and to 
acquire sufficient knowledge of each other's specialty 
so that the solutions proposed for particular problems 
in one field will not violate the basic requirements of 
the other. 

Conventional power system grounding 

A typical utility power system could be divided essen-
tially into the generating stations, transmission systems 
substations, primary distribution systems, and low-
voltage secondary distribution systems. Grounding is 
used in each division for the same basic reasons. If it 
is done correctly to accomplish the main objectives, 
it is assumed by the utility distribution engineer that 

minor objectives will take care of themselves. The way 
the utility engineer thinks of his problem and the or-
der of importance he assigns to his reasons are naturally 

conditioned by the system he is operating. Continuity 
of service and safety under all conditions are his par-
ticular concern. 
To obtain continuity of service he must be assured 

that in case of trouble the defective line will be isolated 
from his system. The trouble might be an insulator 
failure on a high-voltage transmission line, a tree falling 
against a city primary feeder, or an equipment short 
circuit. Any such fault will cause a ground current to 
flow from the fault back to the associated station. At 
the station there must be an effective low-resistance 
ground connection because a low voltage and maximum 
current are desired. (A high resistance would, of course, 
pass only a small current and produce a high voltage.) 
The maximum current is needed so that the protective 
relays will function to remove the line from service in 
minimum time. The utility engineer thus strives to keep 
the controllable elements of the fault circuit at the lowest 
practicable impedance. Another condition that might 
arise could be a fault or voltage surge caused by lightning. 
The ground connections thus should be short and direct 
and of low impedance to true ground. With a poor 
connection, lightning discharge will build up a high 
local voltage before the wavefront has time to drain 
into the earth. Equipment could then be damaged and 
continuity of service again lost. 

Safety, to the power man, means that no unforeseen 
hazard will exist during either normal or abnormal 
operating conditions. No circuit will flash over during 
a lightning surge; no equipment case or supporting 

structure will rise dangerously above ground potential; 
and no part of the building framework or the substation 
fence will rise above ground potential. This also implies 
that no two adjacent pieces of equipment or structures 
will reach dangerously different potentials. The power 
man ties all his equipments, structures, and fences 
together by a "safety" grounding grid network that is 
grounded at frequent intervals. The provisions for 
safety will thus reinforce the provisions for proper relay 
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action. He is concerned with gross amounts of power. 
A lightning surge may reach many thousands of amperes, 
as will a fault current in a major system. If the grounding 
takes care of these needs, the chances are that it meets 
all the other requirements, such as drains for static 
electricity or suppression of radio interference. 

City power distribution systems 

City power distribution systems are special. The high-
and low-voltage lines and the transformers are generally 
all pole-mounted along the city streets. The public is 
intimately concerned, and so safety is the prime factor 
governing this grounding. It is also necessary to obtain 
rapid relay action to disconnect faulty equipment. If a 
line should fall to the ground or a truck knock over a 
pole, it is vital that all live parts be disconnected as soon 
as possible. Again, such action has to be initiated by 
relay operation. 

Tests have shown that a ground rod driven eight feet 
into representative Midwest soil may have a resistance 
to true ground of from 50 to 100 ohms. If rods are used 
to obtain ground connections on distribution systems 
it can be seen that many must be used in parallel. Sup-
pose that ten rods, spread over an adequate area for 
greatest effectiveness, are used. The resultant impedance 
to true earth might be 5 ohms. If a fault occurred so that 
a 440-volt line short-circuited to the ground system, a 
dangerous condition could result. The current flow 
according to Ohm's law would be 88 amperes. It is 
quite likely that the particular secondary system would 
be fused for 100 amperes or more; hence no fuse would 
blow and the entire ground system, according to Ohm's 
law, would be raised above true ground potential by 
440 volts. This is not a good situation, and can usually 
be avoided by having grounding connections to water 
systems and other supplemental structures. 
A special condition exists on the standard 120/240-

volt single-phase or 120/208-volt three-phase 60-c/s 
secondary distribution system used for household electric 
service. Here all the customary requirements for safety 
and continuity of service exist. In addition, the lines 
must not carry radio interference into the home. Of 
course, in the first place, every effort is made to prevent 
radio noise, that is, high-frequency unwanted random 
oscillations, from getting onto the lines. Occasionally, 
such noise may originate in the utility equipment. This 
only occurs, however, from faulty equipment, as standard 
utility items do not cause interference when operating 
properly. This source of noise is easy to locate and 
correct. Most noise on local secondary circuits originates 
on some customer's premises. Again, this is usually easy 
to isolate, and once isolated it can be eliminated. 
Few engineers today appreciate how much noise 

would be generated by common appliances if filters were 
not almost always provided by the manufacturers of 
these items. In the late 1920s, for example, when radio 
was just coming into widespread home use and oil burners 
with electric controls and motors, electric refrigerators, 
electric fans, home tools, etc., were the latest gadgets, 
I was working for a Midwest utility. Part of my job was 
to cruise around in the evening with a portable radio, 
listening for radio interference on the complaint of 
customers that a squawking noise was recurring on their 
radios every 12 seconds all evening long. (Of course, 
they always blamed the power company and not the 

flashing sign on the street corner.) Today, all appliances 
must be tested for radio noise before being marketed. 
If this were not so, there would probably be no accept-
able television reception. In the early days, one could 
often "hear" on his radio the sound of motorcars being 
driven down the street. 
To provide safety, continuity of service, and freedom 

from radio noise, utilities must pay particular attention 
to the grounding of secondary circuits. These circuits 
also continue on into the customers' homes. There the 
rigorous local safety codes have their say as to what is 
done. Most communities use the National Electric Code 
[NEC ( 1)1 or codes that are essentially the same. These 
require that the neutral conductor of the incoming 
service be grounded at the service entrance. The metal 
parts of the service equipment must also be grounded. 
These grounds must be made to a water system if one is 
available and suitable (if not, a driven rod is used). 
Consider then a typical utility secondary section about 
600 feet long, supplied by a 50-kVA stepdown trans-
former. The secondary runs down an alley and supplies 
five to ten houses. The neutral conductor will then have 
the grounding furnished by the utility company plus 
supplementary parallel grounds. Such a system probably 
provides a resistance to true earth of a small fraction of 
an ohm. Many utility companies interconnect their 
secondaries, and particularly the neutrals, from one area 
to another; the neutral wire thus becomes a ground 
grid wire throughout the city. Much of the credit for 
the proper grounding of utility systems stems from the 
work of S. B. Hood. He was active during the 1920s 
when grounding was a very "hot" topic among utility 
men. Figure 1 illustrates the grounding situation on a 
typical utility low-voltage system. 

Conventional grounding on a customer's premises 

Grounding on a customer's premises is rigidly covered 
by local codes. If these are followed to the letter, an 
adequate system for safety will result. This is to be 
expected, as the codes are based on two requirements: 
safety to persons and safety to property. The latter 
requirement is concerned with the fire hazard (the Na-
tional Electric Code is a bulletin of the National Board 
of Fire Underwriters). To meet the code will not neces-
sarily ensure a complete elimination of radio noise on 
the system because, after all, radio noise is not a hazard 
to personnel nor is it likely to damage property. Con-
versely, grounding to eliminate radio noise could be 
completely successful and yet not meet the safety codes. 
In fact, it is quite conceivable that a purely "noise" 
approach to the trouble could result in practices on power 
systems that are hazardous. The following are two typi-
cal examples: 

1. A "noise" engineer wishes to have certain small 
equipment power-source circuits remain ungrounded. 
He could enclose these circuits in a cage for safety, but 
would then have to ground the cage itself. This latter 
could be done by connecting the cage to an available 
power-circuit neutral. Such a practice does not meet 
the NEC philosophy; in fact, it would be a violation if 
this cage came in contact with some structure that 
happened to have a safety ground lead to earth. 

2. A ground reference point in a radio circuit is re-
quired, and the chassis is used for this connection. This 
reference may also be connected to the power neutral. 
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Even if such a connection is made through a resistor to 

neutral, it is contrary to good "power" safety practice. 
Yet such practices have been used in radio and television 
systems available to the public. 
The aforementioned examples show that a conflict emay exist in the manner in which the two philosophies 

are approached. It is sometimes particularly frustrating 
for the electronics engineer. He may design an electronic 
device that works to laboratory perfection only to find 
that the power engineer, in adapting it for commercial 
use, has fouled up his grounding scheme. If the electronics 
engineer had a knowledge of power practice, this would 
not occur. It would seem to be more appropriate for the 
electronics engineer to learn power grounding practice 
than the converse. There are two reasons for this: Power 
grounding practice is relatively straightforward and 
simple; furthermore, it is compulsory. Radio-noise 
grounding requirements need not conflict with the former 
but may require additional refinements. It is, therefore, 
particularly important to understand the codes that may 
apply to a customer's premise. 

Figure 1 shows how the power service may have many 
connections on the utility system neutral. However, for 
the individual customer, there is effectively a single-
point ground. The code specifically requires the neutral 
to be grounded at the point of the service entrance 
equipment, but not anywhere beyond this point. There-
fore, within the confines of his property, there will not 
be any circulating return earth currents; they must all 
travel by the insulated neutral conductor. The NEC 
recognizes two types of grounding: ( 1) a "system ground" 

for the electric system neutral or return wire, and (2) 
a "safety ground" for metal conduits, enclosures, or • structures. The first type is used for conductors that 
"in normal operation" carry current; the second type 
is used for all parts that "in normal operation" do not 
carry current. A customer has but one of the former, 
but he may have many of the latter; in fact, in a steel 
building all equipment is automatically grounded by 
virtue of contact. 

Figure 2 illustrates a typical grounding scheme a power 
man might apply to a flight vehicle check-out building. 
It is assumed there is available 60-c/s 277/460-volt 
three-phase Y power; and 60-c/s three-phase 120/208-
volt, Y power. Four-hundred-cycle three-phase 120/-
208-volt Y power is furnished by a motor—generator set. 
Direct current at 28 volts is furnished by a static rectifier. 
There will be one-point power grounding for each sys-

tem: The 60-c/s power is grounded at the transformer 
secondary neutrals at the substation, the 400-c/s power 
neutral is grounded at the generator distribution panel, 
and the dc negative lead is grounded at the rectifier. 

If other than single-point grounding is used, there will 
be stray return currents circulating in the areas between 
ground connections. Consider a scheme that might have 
been used in the recent past: the ac powers are correctly 
grounded but there are multiple grounds on the dc 
powers. In fact, the dc equipment components have all 
their negative return points connected to their respective 
chassis. Figure 3 illustrates how the returning direct 

tie currents may flow if the consoles are connected to power 
outlets by means of portable power cables that also 
incorporate an additional conductor for equipment 
safety grounding. 

Suppose that an insulation failure occurs on a 120/208-
volt conduutoi inside console 2 and that the transient 
short-circuit current peaks at 1000 amperes. This current 
must return to the substation through the safety ground-
ing system. The dc neutral, however, is in parallel with 

this system and will carry current inversely in proportion 
to the impedances involved. It is also likely that some of 
the current will pass through items of dc equipment and 
return via the dc positive conductor to the rectifier and 
thence to ground. There is thus a possibility of damaging 
the dc equipment at the console as well as the dc power 
supply itself. Consider, also, another aspect that would 
present a normal operating condition. The dc return 
currents will always split up and return by all paths 
available, inversely as the respective path resistances. 
Thus stray direct current will appear in the safety ground-

ing conductors of each power cable for each category of 
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Fig. 1. Multiple grounding on utility distribution system. 

Fig. 2. Illustration of a typical grounding scheme at a site. 

Bond to 
building steel 

400 c/s 
120/208 V 
MG set 

Grounding 
bus 

Buried 
ground wire 
(counterpoise) 

DC 28 V 
TR unit 

Floor and 
pad grounding 
receptacle 

Substation 

Transformer 
case neutral 
of secondary 

Switchgear 

Fence 

Ground rod 

Bond to 
water pipe 

Robinson—Role of grounding in eliminating electronic interference S7 



power. If dc pulses exist, these may induce pulses into 
the ac circuits and possibly influence the accuracy of 
delicate metering circuits. 

Electronic systems 

Electronic circuits commonly imply circuits having 
very small currents, or circuits containing such elements 
as vacuum tubes, solid-state rectifiers, diodes, or tran-
sistors. True, some of these devices may produce large 
currents, but they are the exception. Here the types of 
devices implied are amplifiers, television, telemetry, 
computers, communication, etc., where most of the 

currents are measured in milliamperes and the frequency 
is high. 
The minute currents are in the same range of magni-

tude in which possible interfering currents are found. 
As the communication engineer would say, the "signal-
to-noise ratio" is not high. It is this that makes such 
circuits so susceptible to stray ground currents. The 
high frequency introduces a whole set of additional 
difficulties as compared with power-frequency circuits. 
The wavelength of 60 c/s is approximately 3100 miles; 
radio frequencies range from a few millimeters to a few 
hundred meters at most. 

It can be seen that on power circuits (aside from a few 
long transmission lines) it is impossible to have a high-
power voltage buildup on a grounded conductor. On 
high-frequency circuits, on the other hand, it is possible 
to get standing waves due to circuit reflections and high 
voltages on circuits that are, by power standards, well 
grounded. Thus electronic ground leads must be short 
and direct, free from loops and sharp turns, and, if 
possible, kept from paralleling adjacent circuits. 
Mixed systems. Complex systems present the greatest 

challenge. In some systems large-current power circuits 
as well as minute-current and small-voltage electronic 
circuits exist in a confined area. There are many examples: 

Fig. 3. Multiple grounds on dc system, which cause 

circulating 3round currents. 
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self-cintained items, such as the modern airplane, a 
space vehicle, a check-out van with all its power, elec-
tronics, air conditioning, and lighting; and integrated 
complexes such as missile check-out and launch facilities. 
The latter, of course, are designed for the specific space 
vehicle; thus the engineers responsible for the vehicle 
design naturally regard everything else as auxiliary 
equipment. They follow their own grounding philosophy. 
The check-out engineers design their gear to fit the 
vehicle and ground it, if possible, to meet the require-
ments imposed by the vehicle systems. All these items 
then are moved into a site complex built specifically for 
them. The complex, however, has been designed and 
built according to "best commercial practice" and is 
grounded to conform to all safety codes and power 
grounding practices. When the marriage takes place, 
the arguments start. This is followed by a long and 
costly process called "getting the bugs out." It is be-
lieved that much time and money could be saved if 
those involved in the two technologies would realize 
how the other man tends to think and act, and par-
ticularly if they would speak the same language. 
A great deal has been written on the particular solu-

tions for site grounding so that anyone who wants to 
dig deeper can readily do so (see bibliography). In all 
cases, it is basically a logical application of the principles 
already described. 

Appendix 

In reading this article, it has probably become ap-
parent that the words used to describe grounding prac-
tices are vague, and may even be misleading. Many of 
them fall in the "understood if known" category. This e 
tendency, unfortunately, occurs in many of the articles 
on the subject. In fact, if you read several articles in 
quick succession, you may find the same term used with 
several different shades of meaning. 

No science can be exact without precise measure-
ments. Similarly, no practice can be accurately specified 
without precise terms. "Power" grounding terms are 
pretty well defined in the literature (particularly in 
ASA C42, where all grounding is covered in the section 
on "Generation, Transmission, and Distribution"), 
but these terms cannot always be carried over directly 
to aerospace practice, nor are they adequate to cover 
all facets of electronics application. What is needed is 
an updating of terminology to cover these new facets. 
Unfortunately, this will require "committee" action and 
thus take a long time. Anyone who tries to write a criteria 
specification for an overall aerospace complex that 
involves power, building, ground support equipment, 
and flight vehicles would welcome a precise terminology. 
Some of the terms with tentative definitions are pre-

sented below. In many cases, the appropriate definition 
depends upon the context usage. In this case, the writer 
must make clear what definitions apply in his text. 

Bond, bonding. There are 11 definitions under "bond-

ing" in ASA C42, one of which applies to "aircraft, 
electrical." Probably no new definitions are needed 
provided the article is written to prevent misinterpreta-
tion. There have been instances where a reader associated 
the work with "glueing" or "fastening." which does not 
necessarily produce electrical continuity. 

Chassis ground. The chassis used as a reference poten-

tial system or a connection thereto. The chassis itself 
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may or may not be connected to earth. It may or may not 
be a true earth potential. (The context must, therefore. 
bring out whether the chassis as a "ground" is meant, or 
whether a connection from chassis to earth is meant.) 

Earth, earthed. These are the British terms equivalent eto "ground" and "grounded" in ASA C42. It is recom-
mended that they be used when a connection as defined 
specifically in ASA C42 is meant, and where the context 
leaves room for doubt. In writing for a power document 
this may not be necessary. For an electronic document, 
use of the words "earth" and "earthed" are recom-
mended. 

Earth ground. (Same as "earth.") 
Equipment ground. "An equipment ground is a ground 

connection to a noncurrent-carrying metal part of a 
wiring installation of electric equipment or both" [see 
bibliography, "National Electrical Code (NEC)" under 
"Codes"]. It is for the safety of personnel or for electro-
static shielding. (Also see "Safety ground" and "Static 
grounds.") In the aerospace industry the term "hardware 
ground" is sometimes encountered. 

Counterpoise. This is defined in ASA C42 as a "system 
of wires or other conductors, elevated above and insulated 
from ground, forming the lower system of conductors of 
an antenna (for electrocommunication)". Webster gives 
"counterweight" as a synonym. Electronics men may 
think of a counterpoise as a system forming a "mirror 
image" of another system. For a power man, it may imply 
a bare conductor buried in the ground running along a 
power line. In this sense, it does form a mirror image of 
the overhead ground wire. 

Floating ground. This term would imply a "reference 
ground" that was not earthed. It should probably not • be used without some explanation. 
Ground systems of an antenna. "The ground system 

of an antenna is that portion of the antenna, below the 
antenna loading devices or generating apparatus, most 
closely associated with the ground, and including the 
ground itself" (ASA C42). 

Impedance ground. An earth connection made through 
an impedance of predetermined value. Usually chosen to 
limit the power short-circuit ground current to acceptable 
values. Same as a "resistance" ground. 

Negative ground. The ground connection provided for 
the negative terminal of a dc power source. This con-
nection may or may not go to earth. For large stationary 
systems, the earth is customarily used as the reference 
connection. 

Neutral ground. "A neutral ground is a ground con-
nection to the neutral point or points of a circuit, trans-
former, rotating machine, or system" (ASA C42). This 
may be the neutral of a 120/208-volt three-phase system, 
or of a 120/240-volt single-phase system; or, in the case 
of a 120-volt two-wire feeder originating at such systems, 
the conductor involved is that connected to the source 
neutral terminal. The term "neutral" is also frequently 
used in connection with single-phase systems originating 
at single-phase sources. In this case, the term "neutral" 
is applied to the grounded conductor. 

Reactance ground. (See Impedance ground; also ASA 
C42.) S ground. A reference point or bus usually 
close to, but not necessarily at, earth potential. 

Resistance ground. (See Impedance ground; also ASA 
C42.) 

Safety groue "A ground required for human safety. 
This would be a low resistance earth ground, an 'equip-
ment ground'" (NEC). It is an earth ground that is 
installed for this primary reason. 

Service ground. A service ground is a ground connection 
to a service equipment and/or a service conductor (see 
ASA C42). (A "service" is the power feed running to a 
customer, or load, on a power utility system.) 

Signal ground. A point within a circuit to which all 
signals within the circuit are referenced. It may or may 
not be connected to chassis, to the circuit "neutral," 
or to earth. 

Static ground. A ground to reduce "static" electricity. 
To accomplish this, an earth connection is required. 
It is therefore an "earth" ground used for this primary 
reason. In flight vehicles, static grounds are used to 
connect equipment to the structure so that charges will 
not build up on "black boxes," etc. 

Static dischargers. On flight vehicles, there are devices 
to drain off static charges ("static bleeders"). These 
devices will dissipate the charge on the outer surface 
of a flight vehicle while it is in flight and are frequently 
referred to as "static grounds." 
RF grounds. Example RF line "grounded" to earth 

or chassis by a capacitor of low impedance for the work-
ing frequency, example radio noise filters, etc. 

Single-point grounds in electronic systems' shielded 
leads, etc. Technique of insulating lead or circuit shield 
braids and provide a single point in system to ground. 
This technique eliminates "noise" currents in braids 
used for shielding. 
"Audio common" ground. A single ground point in an 

audio system, such as an intercom, to ground the audio 
output. Technique eliminates hum being coupled into 
the audio output. 

The author wishes to thank F. L. Lyons and D. H. Stephens 
for their assistance in the preparation of this manuscript. 
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Nuclear power in the world today 

Judging by reports at the 1964 international conference 
on atomic energy, nuclear power is now an established fact of 
life. The question no longer is whether it is competitive 
with conventional power sources but what production 
method will best meet economic criteria 

Louis H. Roddis, Jr. Pennsylvania Electric Company 

In preparing a discussion of the role of nuclear power 
in today's world, one can choose among several alter-
native methods of attack. For example, one could repeat 
various frequently quoted cliches: "Nuclear power has 
arrived." "Nuclear power is competitive." "Nuclear 
power will take over as the prime source of energy by 
the end of the century." Or one could point out that, as 
with most situations today, there are so many "iffy" con-
ditions in the nuclear picture that any statement could be 
rendered innocuous with qualifications. 

Either approach to the subject could be substantiated 
by an arbitrary selection of material from the 739 papers 
presented last fall in Geneva at the Third International 
Conference on Peaceful Uses of Atomic Energy. An ap-
praisal of the economic presentations indicates that 
different conditions, dissimilar accounting methods, and 
variations in the scale of power plant construction, plus 
currency exchange deviations, make the comparison 
of reactor capital and operating costs as much a matter 
of necromancy as of science. The situation is further 
clouded by the dictates of national pride, and by the 
prospect of lowered costs for potable water as a result 
of the combination of desalting operations with power 
generation. 

In Geneva, discussions of costs so permeated the de-
liberations that the conference was labeled "too com-
mercial." This tagging, as much as any other single 
development, indicates the growing importance of nu-
clear power in the world's energy markets. When 
engineers with their improved techniques begin edging 
out scientists and their theories, it is a rather strong 
indication that nuclear power has become a viable in-
dustry. 

The Geneva conference was devoted not so much to 
the question as to whether nuclear power per se is com-
petitive, as it was to the relative economic advantages 
of water and gas reactors. Within the limitations im-

posed by the conditions under which the leading types 
of such reactors have been developed, it is difficult to 
state that either has demonstrated a clear superiority 
on a world-wide basis. To use the vernacular of the ad-
vertising world—with gas reactors you pay now; with 
water reactors you pay later. That is, gas-cooled reactors 
have higher capital costs and are more competitive in 
situations where interest rates are low. Water reactors, 
with lower capital costs and higher fuel costs, are favored 
in areas where the cost of money is higher. 
Advocates of pressurized water and of boiling water 

both offered some cogent reasons why their respective 
choice is best. Neither Britain's advanced magnox and 
high-temperature gas nor France's gas—graphite sup-
porters succeeded in proving their claims of superiority. 
Canada and Sweden suggested the possibility of combin-
ing some of the better features of both in a heavy-water-
moderated reactor using either a water, gas, or organic 
cooling system. 
As a preface to reporting on the status of nuclear 

power in various countries, I would like to point out 
that the projection of a nation's image can have a vital 
influence on the technical path it chooses to follow. What 
for the scientist is discovery of the unknown and for the 
engineer is a means to great achievement, for the poli-
tician is a complex balance of social, financial, and inter-
national forces. 

Nuclear power abroad 

England, with more installed nuclear power capacity 
than any other nation in the world, has concentrated 
on developing gas-cooled reactors that utilize natural 
uranium as a fuel. When its magnox series of nine sta-
tions with two units each is completed in 1969, the United 
Kingdom's nuclear generating capacity will be 5094 
MWe. 
Power costs for the ninth station, Wylfa, are fore-
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ir cast at 7.8 mills/kWh. This is approximately half the 
costs for Berkeley, the first station completed (in 1962). 
During the period between Berkeley and Wylfa, construc-
tion costs have declined from $493 to $280 per kilowatt. 
Despite these reductions the cost of nuclear power has eremained approximately 20 per cent higher than that of 
conventional types, largely because of increasing interest 
rates in England. The British Atomic Energy Authority 
predicts that later versions of its advanced gas-cooled 
reactor now operating at Windscale should produce 
electricity at 4.8 mills/kWe as compared with 5.8 mills/ 
kWe for the best conventional stations in operation in 
the mid-1970s. 

The size of coal reserves and the monetary problems 
associated with importing fuel and equipment are fully 
as important as generating costs in the United Kingdom. 
The English have indicated a desire to add 5000 MWe 
of nuclear generating capacity by 1975 but have com-
mitted themselves only to the construction of two 500-
MWe units at Dungeness. Bids have been received for 
water-cooled and advanced gas-cooled reactors as well 
as for an improved version of the magnox type. 

France, which concentrates on gas cooling so that it 
can use natural uranium and thus remain independent of 
other countries for its fuel supply, put its first major 
power station in operation last year. The capacity of this 
station. EDF-2, nearly equals the total capacity of EDF-1 
and the three dual-purpose units operating at Marcoule. 
France's nuclear generating capacity will again be doubled 
when EDF-3 becomes critical. The French are building a 
pressurized-water reactor in cooperation with the Bel-
gians in the Ardennes, but their own projected reactors *will be gas cooled. 
The French policy is that each succeeding power 

reactor must show a decline in power costs, and they 
have indicated that they expect EDF-3 to be competitive 
with conventional fuel when it goes on the line in 1966. 
France also is trying to reduce her importation of oil 
and coal. Surprisingly, I found Polish coal being burned 
in a power plant close to Paris. And, of course, the North 
Sea gas field discovery is changing the whole fuel sup-
ply picture in northern Europe. 

France's claim to superiority received a boost recently 
when Spain selected French companies to construct 
a 500-MWe station at Catalonia at an estimated cost of 
$200/kW and fuel costs of 2.25 mills/kWh. Un-
doubtedly these costs are lower than can be achieved in 
a fossil-fuel station, but other factors entered into the 
selection. Spain wishes to utilize natural uranium, of 
which it has sizable reserves, and France agreed to pay 
25 per cent of the construction costs in return for 25 per 
cent of the power output. 

Spain also has a nuclear power plant under construc-
tion, an American-type 150-MW pressurized-water sta-
tion, at Zorita. Power cost estimates are considerably 
lower than the 7.1 mills/kWh quoted for a fossil-fuel 
station. 

At the present time 72 per cent of Spain's power comes 
from hydroelectric stations as the development of steam 
stations has been hindered by the high cost of imported 

fe9 el. In Portugal, hydro provides an even larger part, 
7 per cent, of electric production; the first Portuguese 

nuclear station, 250 MWe, is projected for 1975. 
A somewhat similar situation prevails in the Scandi-

navian countries where Sweden is conducting extensive 

research into heavy-water reactors. A pressurized-water 
reactor is producing heat, as well as electricity, for an 
apartment building at Agesta. A 206-MWe boiling-water 
reactor is scheduled to be completed in 1969 at Marviken. 

Italy has had a head start in nuclear power produc-
tion—with three reactors, each a different type, produc-
ing 632 MWe by 1964. All have established good records 
for safe, continuous operation and presumably are 
producing power at costs lower than those for established 
conventional stations. (Much of Italy's fuel must be 
imported and therefore has a high price tag.) However, 
nationalization of the Italian electric industry has caused 
a postponement in selection of future generating stations. 
Germany's progress in the nuclear field has been less 

than what might be expected from such a technically 
oriented country, partly because of conditions resulting 
from World War Il and partly because German utilities 
were reluctant to proceed until the technical and eco-
nomic aspects of the various concepts were more fully 
known. A 16-MWe boiling-water prototype has been 
operating at Kahl for the past two years and two other 
small prototypes are scheduled to become critical this 
year. 

German utilities have contracted for five nuclear 
power stations; four of these will be water cooled and 
one gas cooled. Although they will be subsidized by the 
government, it is expected that these units will achieve 
power costs comparable to those of conventional 
generating stations in the same area. 

Germany has launched a nuclear-propelled merchant 
ship and is conducting fast-breeder development at 
Karlsruhe with the support of Euratom. 
Although Russia has announced a big nuclear pro-

gram and estimates that by 1980 "tens of millions of kil-
owatts" will be produced, they have completed only two 
large power reactors. One is pressurized water and the 
other is boiling water; their combined capacity is ap-
proximately 300 MWe. It is reported that Russia is 
operating "a half dozen" dual-purpose reactors of up 
to 600-kW total capacity, primarily for production of 
plutonium. With the addition of two other prototypes, 
Russia's nuclear capacity is estimated to be 965 MWe, 
with an additional 1270 MWe under construction. 

Russia's vast size and low population density, as 
well as national planning, militate against heavy invest-
ment in nuclear power facilities. The Russians have 
extensive hydro power resources that are transmitted 
to many parts of the country over long-distance high-
voltage lines. The U.S.S.R. has more miles of transmis-
sion lines operating above 345 kV than have all the other 
nations of the world combined, a natural result of her 
geography. The country's need for local generating 
facilities is being met by the construction of plants cap-
able of utilizing vast reserves of coal and oil. 

Indications are that nuclear power has not become 
competitive in the Soviet Union but there is no question 
but that the Russians have the technical competence to 
build large nuclear power stations. One of the proofs 
of this competence was the unveiling at Geneva of the 
Romashka, a large land experimental direct-conversion 
thermoelectric reactor which was reported to have oper-
ated for 500 hours at temperatures of 3452°F, pro-
ducing 800 watts of power. 

In recent weeks the United States introduced a more 
sophisticated direct-conversion unit in the SNAP-10A, 

Roddis—Nuclear power in the world today 95 



which is orbiting the earth as another significant achieve-
ment in space technology. 

It is evident that both Russia and the United States 
have large staffs doing research in the direct-conversion 

field but much of this work is of a classified nature. 
Delegates to the Third International Conference were 

less reluctant to discuss progress in fusion development, 
probably because it has been mostly of a negative nature. 
It was generally agreed that the problems of harnessing 
the power of fusion are many and complex, and nowhere 

near solution. 

Canada's heavy-water reactors 

To return to fission, however, more recognition than 
at any time in the past was given at Geneva to Canada's 
long-time advocacy of heavy-water reactors. It has gen-
erally been recognized that heavy water offers low fuel 
costs with either natural or enriched uranium as a fuel. 
Offsetting factors have been the cost of heavy-water 

itself ($45/kg) and the difficulty of preventing loss through 
leakage. Progress has been made in overcoming both of 
these drawbacks. 

Although Canada has abundant low-cost energy 

reserves, the more favorable hydro sites will be utilized 
within the next five to ten years. To carry present low-

cost power to load centers, a substantial number of 
miles of EHV transmission lines are being built. The 
estimated cost of transmitting 1900 MW 600 miles on a 
735-kV circuit is 1.4 mills/kWh. 
The NPD prototype, utilizing natural uranium for fuel 

and heavy water as moderator and coolant, has been 
operating successfully for three years. Technology de-
veloped there is being incorporated in a 200-MWe reactor 
nearing completion at Douglas Point, and in a 132-MWe 

reactor in Pakistan. The Canadians expect to complete 
a 500-MWe twin-reactor station in Toronto by 1970 
that will generate electricity for an estimated cost of 
less than 4 mills/kWh, which is considerably less than 
the cost of fossil-fuel-produced power. 

Outside of the United States there are 42 nuclear 
power reactors operating with a net electrical capacity 
of 4730 MWe. An additional 25 reactors, with a net 

capacity of 7391 MWe, are under construction, and five, 
with a net capacity of 3102 MWe, are committed. 

The American picture 

The United States has 16 reactors operating with a net 
capacity of 1157.8 MWe, and eight reactors, with a 
net capacity of 2884.9 MWe, are under construction. 
One of the latter, Hanford, became critical in December 
1963, but will not produce electricity until generating 
equipment is completed late this year. The capacity of four 
nuclear stations that are definitely committed totals 
2031 MWe. At least twice that capacity is involved in 
stations where utilities have indicated a possibility of 

going nuclear but are analyzing downward adjustments 
of coal prices before making a definite commitment. 
American superiority in the nuclear power field is not 

evidenced unless you look behind these statistics. 
The United States has compiled more operating ex-

perience with a greater variety of reactor types than 
any other country. It has also sold more reactors to 
foreign nations than has any other country. If operating 
reactors are compared on the basis of nation of origin 
rather than on the basis of operating location, it will be 

found that one half of the nuclear generating capacity 
operating and being built in the free world is of American 
design. 
The reason for this leadership lies in the progress made 

under America's free enterprise system, the willingness 
of investor-owned utilities to conduct research and 
development work, the enlightened policies of the Atomic 
Energy Commission, and the competition among manu-
facturers to build a superior product at a lower price. 
The effectiveness of these factors is shown in the de-

creasing cost of pressurized-water reactors. Connecticut 
Yankee, a 462-MWe pressurized-water reactor scheduled 
for completion in 1967, will have capital costs of $174/kW 
and power costs of 5 mills/kWh, as compared with costs 
of $220 and 9.9 mills respectively for its predecessor, 
Yankee, which has 40 per cent of the new plant's ca-
pacity. The first Yankee reactor, on the other hand, hace 

three times the capacity at one fifth the cost of Shipping-
port, the first commercial pressurized-water reactor. 

Dresden, the first commercial boiling-water reactor, 

cost $245/kW and produces power for 9 mills/kWh. 
Oyster Creek, a third-generation boiling-water reactor 

scheduled for completion in 1967, will have 21/2 times 
the capacity of Dresden and will have capital costs of 
$138/kW and fuel costs of less than 4 mills/kWh. 
The decrease in construction costs, a factor of scale 

and technical experience as well as of competition for 

orders, accounts for the fact that every utility planning 
a major new generating station must consider nuclear 
power. However, nuclear power's gains in reducing 
capital costs are being offset to some extent in an area 
where it always has had a decided advantage—in the 

cost of fuel. 
Faced with the threat of nuclear power, the coal 

industry has been able to reduce its prices substantially 
as a result of economies achieved by the introduction 
of continuous mining machines, conveyor belts, roof 
bolting, draglines, and other automated devices. In 
the past seven years the industry has succeeded in in-
creasing the tonnage output per man more than 50 per 

cent; in 1963 the average production per miner in the 
United States was 15.19 tons, or 4.6 tons more than in 
1957, the largest per-man gain ever achieved in a com-
parable period. I am sure it is more than a coincidence 
that this gain occurred during the period in which th 
atom began to prove its potential as a primary source of 
energy. 
The coal operators are to be complimented for their 
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Within the next five years the United States hopes to 
land two men on the moon and bring them back safely 
to earth. As part of the Apollo project, the vehicle 
destined to make the manned landing is the National al eronautics and Space Administration's Lunar Excursion 

odule (LEM). 
Vital to the success of the mission are the many 

electronics devices carried on LEM. Those electronic 
devices that must operate external to the vehicular 
confines of spacecraft have created radically new environ-
mental problems for hardware designers. For example, 
the major problem in the design of the LEM antennas is 
to keep them from melting—in spite of the fact that the 

II outside temperature is absolute zero! 
The irony of the situation would undoubtedly be lost 

on an astronaut trying to maintain a critical communica-
tion link or perform an intricate rendezvous maneuver, 

r but it does point out the radically different problems 

that the advent of space travel has imposed on the design 
of spacecraft electronic equipment. 
Equipment, such as antennas, sensors, or even an 

astronaut's personal communication equipment, that 
must operate outside the confines of the spaceship 
encounters bizarre environments in their most virulent 
forms. Temperature extremes, thermal stresses, micro-

meteorites, and solar radiation are sample conditions 
that will be encountered. A more complete listing of the 
characteristics of the space environment is found in 
Table I. 

It behooves electrical engineers responsible for space 
electronic equipment to be aware of the dangers in this 
new environment. Traditionally, the environment in actors electronic equipment operated has been one of the 
actors receiving the least attention because of its con-
stancy and stability. This is no longer true. Today, an 
electronic project engineer must be a leader of a team 
comprising electronics engineers, thermodynamicists, 
structural designers, metallurgists, and mission analysts. 

Temperature 

Perhaps the most striking phenomenon encountered in 
outer space is the wide variation in temperature that can 

I. Characteristics of space environments 

Thermal radiation fields 
Infrared solar radiation 
Planetary albedo 
Planetary and vehicle radiation 
Cold space 

Other radiation fields 
Solar: X-ray, ultraviolet, visible, RF 
Cosmic: gamma, X-ray, ultraviolet, RF 

Force fields 
Gravity 
Acceleration 

Material fields 
Micrometeorites 
Engine exhaust 

"'Particles: protons, atomic nuclei, etc. 

Fig. 1. Sources of space thermal environment. 

be experienced on spacecraft surfaces and externally 
located equipment. Temperatures and temperature 
gradients not ordinarily encountered in the operation of 
ground or airborne electronic equipment are "ambient" 
conditions for spacecraft equipment. On such hardware, 
not suitably externally protected or housed deep within 

the space vehicle in a controlled environment, these 
temperature extremes can wreak destruction. While 
designers of earthbound electronics are fighting tem-
peratures that will produce system degradation, space-
craft electronic designers may be fighting temperatures 
that will cause their equipment to melt. 

Conversely, extreme cold may be a problem. Although 
low-noise-level receivers, such as liquid-helium-cooled 
masers, may thrive in the vicinity of absolute zero, 
most electronic systems are "red lined' at about — 70°F. 
Below this temperature, the gain of many transistors is 
almost zero. Components such as resistors or capacitors 
also have limited temperature ranges and beyond these 
limits their values may vary significantly enough to 
preclude proper system operation. 

On both ends of the temperature scale, the ground or 
airborne equipment designer has a simpler environment 
to contend with. In addition, the space electronics de-
signer finds himself in a "temperature paradox." A 
black box cannot simply be placed in a superinsulated 
enclosure anymore than a human being can. All other 
factors neglected, both would rapidly destroy themselves 

because of self-generated heat. The electronic equipment 
must, therefore, be exposed to its environment in some 
manner, but it also needs a great deal of protection. The 
problem is not as simple as putting on or taking off a 
sweater, depending on whether the temperature is 30° or 
70°F. The problem is to put something on and keep it on 
regardless of whether the temperature is — 250° or 
+250°F. As shown in Fig. 1, many factors give rise to 
the temperature extremes encountered. However, these 

extremes must be understood before any consideration 
can be given to means for alleviating them. 
The temperature of space. To put it succinctly, space is 

cold. A passive structure alone and exposed to space—not 
receiving radiant energy from the sun or planetary bodies, 
nor kinetic energy from collisions with other bodies— 

will stabilize at the temperature of space: absolute zero. 
This is a hypothetical case. In actuality, external equip-
ment may get as cold as — 250°F; but because of the 
proximity of the space vehicle, it will seldom get colder. 
By itself, extreme cold would pose no extraordinary 

design problems. Structures can be built to withstand it. 
Heaters and thermal shields could be employed to keep 
electronic components at temperatures between 0 and 
160°F. When then is cold space a problem? It is a problem 
when periods of extreme cold are followed by periods of 
extreme heat. Large thermal gradients can be developed 

rapidly as, for instance, when an antenna quickly warms, 
as it may when it is suddenly rotated into direct sun-
light or a rocket exhaust. These gradients can cause 
deformation of a carefully machined parabolic dish or 
cause expansion in a critical gear chain. For example, one 
edge of a parabolic reflector may be exposed to a 30-
second rocket exhaust, and in this small time the exposed 
edge could rise in temperature from — 60° to 450°F. 
In this same time period the opposite edge of the re-
flector may have risen to only 120°F. The resulting 
thermal gradient of approximately 330° could seriously 
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distort or buckle an antenna that required a 0.040-inch 
surface tolerance to maintain its performance. The 
result may be antenna failure, or at least temporary loss 

of an important communication link. 
No complete solution to the actual problems imposed 

by cold space can be found without considering the 
sources of heat that will be encountered by spacecraft 

equipment. The largest and most important source of 
natural thermal energy found in the solar system is the 
sun. 

Solar heating. Solar surface power density has been esti-
mated at 65 million watts per square meter. Because solar 
energy, like all electromagnetic energy, decreases as the 
square of the distance from the source, only a fraction of 
energy reaches the vicinity of the earth. At the earth's or-
bital range, solar power density is about 1400 W/ m2. 
This energy is further attenuated by the earth's at-
mosphere; however, at altitudes above about 110 miles, 
atmospheric attenuation is negligible and 1400 W/m2 
(442 Btu per hour per square foot) is considered to be the 
solar power density available to heat space equipment. 
Because of the inverse-square law, however, about 92 
per cent more solar heating would occur in the vicinity of 
Venus than on a trip to the moon. Conversely, because 
Mars is farther from the sun than the moon is, about 57 
per cent less solar heating would occur in the vicinity of 
Mars; see Fig. 2. 

Notice that solar energy heats space equipment. 
Although the sun emits X-ray, ultraviolet, and RF 
energy, over 90 per cent of the radiated solar energy is 
in the infrared and visible portion of the spectrum. 

Hence, thermodynamicists consider the effect of solar 
heat inputs as being similar to heat from a fireplace or a 
hot soldering iron. The effect of X rays and ultraviolet 
emissions must also be considered; however, since they 
do not generally pose any thermal problems, they will be 
discussed in a later section. As a physical example of 
these effects, consider why it is possible to get sunburned 
on a cloudy day. Sunburn results from the sun's ultra-
violet, not its infrared, energy. Clouds attenuate the 
sun's infrared energy, but pass much of its ultraviolet 
energy. Hence, not only is it possible to get badly sun-
burned on a cloudy day, but there will be no uncomfortable 
feeling of getting warm to warn of the danger. 

Another fundamental feature of solar energy is that 
its heating effect is limited. A piece of electronic equip-
ment—for instance, an antenna—orbiting the earth 
would theoretically achieve a steady-state temperature 
of about 1800°F, assuming it absorbed 100 per cent of 
the sun's incident energy and reradiated less than 1 
per cent of its accumulated energy. It would get no hotter. 
Actually, because no physical material has these theo-
retical properties, an aluminum antenna not designed to 
minimize solar heating or radiate to space from portions 
not illuminated by the sun would stabilize at about 
550°F, if we assume that the antenna is not generating 
any internal heat. If the antenna were dissipating elec-
tric energy, perhaps in a servo drive, the temperature 
could be 100° or more higher. 

At 550°F aluminum has lost a good deal of its strength; 
and although other metals such as steel can withstand 
these temperatures, weight penalties are incurred. It is 
also almost impossible to keep electronic components at 
reasonable temperatures when an adjacent structure is 
this hot for any length of time. 

"1 tie magnitude of the thermal problem is now becom-

ing more clear. On the one hand, external spacecraft 
equipment tends to become very cold—about — 250°F. 
On the other hand, when this equipment is in the sun it 
tends to get very hot—over 500°F. What can be done. 
Well, for one thing, not all materials absorb sola 
energy equally. It is common knowledge that black cars 
feel a good deal hotter than white cars after both have 
been sitting in the sun for several hours. This happens 
because the majority of the sun's thermal energy is 
confined to a narrow band of wavelengths between 
0.1 and 3 microns and the white paint absorbs much 
less energy in this portion of the spectrum than does the 
black paint.* 
As an electrical engineer uses bandpass and band-

reject filters, so a heat transfer engineer can make use of 
different thermal coatings so that only enough thermal 
energy is let into his equipment to balance the thermal 
energy that is being radiated to space. This balance be-
tween heat in and heat out can be maintained at almost 
any desired temperature. As an example, consider the 
simple heat-balance equation that may be written between 
an antenna, the sun, and space. If the antenna is at 
equilibrium, then heat in must equal heat out. Thus we 
have 

Q., due to the sun = Q.,„t due to radiation to space 

where Q = heat flow in Btu/h. 
Substituting for Q,„ and Qout, we have 

a,A,S = crEATA4 

where 

a, ••=-- solar absorptivity (normally between 0.1 and 0.9) II> 
S = solar constant = 442 Btu/h•ft2 

projected area of antenna facing sun 
u = Boltzmann constant = 0.17 X 10-8 Btu/h • ft2 

(°Rankine)4 
e = emissivity of antenna (normally between 0.1 and 

0.9) 
TA = equilibrium temperature of antenna, °Rankine 

For this discussion, solar absorptivity a, may be con-
sidered to be the ratio of solar heat absorbed to solar 
heat incident. Likewise, emissivity E may be considered 
to be the ratio of actual antenna heat emitted to heat 
that would be emitted by the antenna if it were a 100 
per cent efficient emitter. 
From the foregoing equation it can be seen that the 

antenna temperature can be controlled within a factor of 
about 1.7 to 1 (the fourth root of 0.9/0.1) by use of a 
proper surface coating to either accept or reject the sun's 
energy. If emissivity is also varied, the temperature can 
be controlled within a factor of about 2.9 to 1. 

Since the frequency at which objects radiate their 
maximum thermal energy is dependent on their tem-

perature, not everything radiates between 0.1 and 3 
microns as does the sun. Hence, while some thermal 
control can be maintained by judiciously choosing a 
material having the desired solar absorptivity, thermal 

* Contrary to popular opinion, color has little to do with hoe 
much or how little solar energy is absorbed. Color as seen by the 
eye is reflected (nonabsorbed) solar energy in the visible portion of 
the spectrum. Hence it is not necessarily an indication of how much 
infrared solar energy will be absorbed. For example, "snow-white" 
snow is an excellent absorber of solar energy. 
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balance may be upset when there are other sources of 
heat, such as planets or spacecraft. 

Planetary radiation. Planetary bodies such as the earth, 
the moon, or Venus, while not as hot as the sun, are con-

eiderably warmer than space. These bodies may be con-
idered to be in thermal equilibrium with the rest of the 
solar system. Consequently, they receive energy from the 

sun and exchange energy, depending on their tempera-
tures and proximities, between each other and anything 
in their vicinity. 

Fig. 2 (right). Solar flux den-

sity at planetary ranges out 

to Mars. 

Fig. 3. Thermal environment 
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surface. 
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Two types of radiation from a planetary body are of 
importance in the thermal design of space equipment. 
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solar energy incident. It is important because this radia-
tion is of the same frequency as direct solar radiation. 
Hence it may be added directly to a solar heat input 
and controlled by choice of solar absorptivity. The moon's 
albedo has been given as approximately 0.124. Thus a 
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12.4 per cent more solar energy when it is on the moon. 
The second important type of planetary radiation is the 

radiation due to the temperature of the planet itself. 

Because the body is not at the same temperature as the 
sun, it will radiate to cooler bodies and to space at a 
frequency dependent on its temperature. Therefore, a 
piece of space hardware, specifically coated to filter solar 
inputs, may find itself literally burning up from radiation 
from a planetary body. Planetary radiation is depicted in 
Fig. 3. 

Naturally, the space hardware must be relatively close 
to the planetary body before it is thermally affected; 
how close is dependent on the size of the body and the 
criticality of the thermal design. From 5000 miles away, 
the moon subtends an angle of approximately 19° and 
occupies less than 1 per cent of the solid angle about the 
vehicle. Hence, beyond this range and most likely 
even at less than this range, lunar thermal effects will be 
negligible. 
An example of a problem involving planetary heating 

arises in the case of a hand-held television camera for a 
manned lunar landing. The camera may come as close 
as 4 feet to the surface of the moon. Assuming a landing 
at high noon, the bottom of the camera will face the hot 
lunar surface, + 250°F, while the top of the camera will 
face space and the sun. A passive cooling design for the 

camera would have to filter out solar radiation on the 
top and the sides (to filter reflected solar energy) of the 
camera case, insulate the bottom of the camera from 
lunar heat inputs, and radiate internally generated heat 
outwards from the top of the camera into space. 
Such a passive thermal design can be accomplished, 

but the resulting camera is very sensitive to its relative 
orientation; that is, if the astronaut holds the camera 
upside down too long, things will get awfully hot inside. 
An active solution for the camera could be to use a "water 
boiler," which consists of a water-filled jacket surrounding 
the camera. As the jacket gets hot, the water boils off, 
and as long as the water lasts the camera will stay cool. 
It is of interest to note that since the boiling point of 
water depends on the pressure, the water temperature 
can be maintained at any desired temperature above 
freezing by use of a pressure valve. For example, the 
pressure might be set so that the water boils at about 
100°F. 
The camera should also operate if the landing occurs 

on the dark side of the moon. Here the lunar surface 
temperature may be as low as — 250°F and there will be 
no solar or lunar heat inputs. Under this condition the 
camera must conserve its internal heat and inhibit 
radiation to the moon and space. This, of course, is 
just the opposite of what was required in the lunar day 
landing. 

In addition to planetary bodies, there is another 
similar source of thermal radiation that must be con-
sidered: radiation from the spacecraft. 

Spacecraft heat transfer. Because any externally located 
equipment will constantly be close to the spacecraft, there 
will constantly be an exchange of thermal energy between 
the equipment and the vehicle. Heat will radiate from the 
warmer body to the cooler body as in the case of planetary 
radiation, and, if there is physical contact between the 
equipment and the vehicle, there will also be conductive 
heat flow. 
Conductive heat flow can be controlled in the structural 

design of the equipment—vehicle interface. The larger the 
interface area and thermal conductivity of the interfacing 
materials, the greater the conductive heat flow will be. 
Conversely, the effects of conduction can be minimized 
by using thermal insulation material or by increasin 

the length of the conduction path between the equipmente 
and the vehicle. As a rule of thumb, in the thermal design 
of space equipment it is usually easier to decrease the 

effects of conduction than to increase them. An explana-
tion is that metal-to-metal thermal conductivity (more 
specifically referred to as thermal contact resistance) is a 
function of many surface properties that are different 
for a vacuum environment than for a ground environ-
ment. For example, in a vacuum, a tenfold increase in 
the contact resistance between two metals could result 
from the loss of the conduction effects of air between the 
contacting surfaces. Thus seemingly solid bolted as-
semblies, having relatively large contacting surfaces, 
may have a surprisingly large thermal resistance be-
tween them in a vacuum. Since relatively little theoretical 
information or data are presently available to deter-
mine thermal contact resistance in a vacuum, it is im-
portant that any assumption made in the thermal design 
be verified experimentally. 
The amount of radiation heat transfer between the 

equipment and the spacecraft will depend on the tem-
perature difference between them. On a typical mission to 
the moon, the spacecraft skin may vary in temperature 
from — 250° to 250°F. This temperature excursion is 
similar to that experienced by the surface of the moon. 
The spaceship, therefore, will impose thermal problems 
similar to those encountered on the moon. 
As an example, consider a star tracker that is bein 

heated by the sun on its front surface. To maintain itse 
associated electronic equipment at a reasonable tem-
perature, say 160°F maximum, the thermal designer may 
want the rear of the tracker to radiate excess heat to space. 
Since space is at — 460°F, it would not be particularly 
difficult to achieve this condition. However, if between 
the back of the tracker and space there were a portion 
of the spacecraft skin at a temperature of 250°F, there 
would not be sufficient heat flow out of the tracker's 
electronic equipment, and failure could occur swiftly. 

Although spacecraft are not usually designed to have 
skin temperatures higher than 250°F, "hot spots" occur 
frequently. For this reason, external electronic equip-
ment locations must be chosen carefully. Rocket engines 
are perhaps the worst offenders when it comes to gen-
erating local hot spots. Nozzle temperatures may reach 
5000°F and skin temperatures in the vicinity may be as 
high as 250°F. Rocket engines also cause thermal prob-
lems, but in a different way. 

Engine exhaust. Perhaps the most severe heat source 
that may be encountered by external electronic equip-
ment is the exhaust plume from a rocket engine. Although 
the equipment is generally not located in the vicinity of 
main engine exhausts, spacecraft such as the LEM carry 
auxiliary reaction control engines for vehicle maneuver-
ing. Since these engines must fire in all directions, it is 
physically impossible on spacecraft the size of the LEM to 

locate antennas, for instance, so that they will be unine 
fluenced by the RCS (reaction control system) engines. 
Equipment located within exhaust plumes will be 

heated by the impact of supersonic exhaust products as 
they physically strike the antenna. These exhaust prod-
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ucts may be likened to grains of sand from a sand-
blasting gun. They are not very warm themselves, but 
they travel so fast that when they hit something, a great 

deal of heat is liberated. 

le
Location of the equipment within the plume is the 
ost important parameter in determining the heating 

rates from the plume. Equipment closer to the center line 
of the exhaust plume will be heated more than equipment 
that is located off to the side of the plume's center line. 

Further away from the nozzle, heating rates also go 

down. 
Heating rates of about 0.1 to 0.2 Btu/s•in2 ( 100 000 

Btu/h•ft2) are not uncommon on antennas located 10 
feet from a rocket nozzle. This heating rate is approx-
imately 240 times that of solar heating, and withering 
temperatures of about 1500°F can be reached in less 
than a minute. Needless to say, an antenna made of 
conventional materials and not designed to withstand 
or minimize plume heating would melt under these 
conditions. Even if the antenna structure is built to 
withstand these high temperatures—for example by the 
use of stainless steel instead of aluminum—external 
electronic devices such as servomotors, amplifiers, and 

tracking components must be suitably protected to pre-
vent them from exceeding their maximum operating tem-
peratures. 
Another factor which must be considered when we deal 

with engine exhaust is plume torque. A single LEM re-
action control engine of 100 pounds thrust will exert ap-
proximately a 50-inch-pound torque on the 24-inch-
diameter parabolic antenna located 10 feet from the 
nozzle. Although this load is not overwhelming, it should 11> be considered in the antenna gimbal design. 

Having successfully contended with the effects of tem-
perature, the designer must now face the problems im-

posed by the vacuum environment. 

Vacuum effects 

Space is a vacuum far better than man has ever achieved 
on earth except for small limited laboratory experiments. 
The gas pressure beyond the vicinity of the earth (greater 
than about 7000 miles) is smaller than 10-12 mm of 
mercury, or about 10-'5 of surface atmospheric pressure. 
At these densities and the corresponding temperatures 
the heat energy contained cannot significantly affect the 
spacecraft or its equipment. 
The more insidious effects that must be examined and 

considered in design are those of sublimation and de-
composition of materials under these pressure and tem-
perature conditions. 

Sublimation of solid materials is analogous to evapora-
tion of liquids. At the combination of pressures and tem-
peratures encountered in space even such metals as 
cadmium and zinc, which are quite commonly used for 

plating on earth, sublime at rates (0.040 in iyr at 250°F) 
that are unacceptable. On the other hand, aluminum 
would have to be in its liquid state (above 1490°F) to 
evaporate at the same rate. 
One might wonder what would happen if the more 

volatile elements, such as zinc, were contained in an alloy. 
In most cases the diffusion rate through the alloy base 
metal is small and the net sublimation rate is much 
smaller than for the pure volatile element. In inorganic 

compounds the process can take on even more complexity 
because, in addition to the above process, decomposition 

into simpler and even more volatile components may take 
place. 

If a volatile material is used in a vacuum enclosure 
that has sizable temperature extremes within the volume, 
some of the volatile materials at higher temperatures may 
sublime and roam around the enclosure, only to deposit 
themselves on cooler surfaces and create havoc with de-
vices such as relay contacts. 

In general, surface coatings such as paints or platings 
can be an effective preventative. For metallic surfaces 
conversion coatings such as oxides are possible. In the 

case of organic materials—particularly those with long 
polymer chains, such as polystyrene—the failure mecha-
nism is the breakdown of long chains into smaller, more 
volatile components. This breakdown is partially caused 
by residual catalysts which, if they remain in the polymer, 
contribute to decomposition. Some degradation inhibitors 

are available. 
Property changes of materials in vacuum. In the case of 

inorganic materials it appears that for the LEM mission 
there is not much chance of degradation of material prop-
erties. Organic materials, on the other hand, must be care-
fully selected so that polymers containing volatile plasti-
cizers can be avoided. Small losses of plasticizers can 
cause severe embrittlement. Also, care must be exercised 
in the selection of foamed polymers, since they are in-
clined to breaking caused by internal foam pressures in a 
vacuum environment. 
Cold welding, the phenomenon whereby adjoining 

metal surfaces that are clean and free from absorbed 
films of gas weld together into a single piece when the 
proper temperature and vacuum conditions exist, is 
another source of potential trouble if ignored. 

Lubrication. Last but not least, the problem of lubrica-

tion in a vacuum must not be ignored. The proper treat-

Fig. 4. Distribution of solar energy in the wavelength region 
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ment of surfaces that move in contact with one another— 
whether by enclosure, by hydrodynamic or solid lubri-
cants, or by platings—must be assured. 

Radiation 

Less than 1 per cent of the sun's radiated energy is in 
the X-ray, short-ultraviolet, and RF portions of the 
spectrum and, therefore, is not important as a source of 
heat. However, this radiation, especially the ultraviolet, 
can be harmful to electronic components, surface thermal 
finishes, and optical systems, and can change the struc-
tural properties of such organic materials as epoxy. 
Figure 4 shows the wavelength distribution of solar 
energy. 

Since ultraviolet radiation in the range of 1 to 3000 À 
will affect only the exposed surfaces of metals, metal 
housings will protect the electronic equipment inside 
from degradation—provided, of course, that the radiation 
does not destroy the thermal design by markedly altering 
the external thermal coatings. 
Thermal coatings must be thoroughly investigated for 

their radiation vacuum properties before they are used. 
For example, if the emissivity of a coating should de-
crease from 0.86 to 0.77, a 10 per cent change, a 3 per cent 
temperature rise could ensue. This rise, if not anticipated, 
could be enough to cause component overheating. The 
key to success is to account for radiation deterioration in 
the initial design. 

In the case of lenses for optical systems, two types of 
radiation damage are common. One concerns the thermal 
energy absorption of the lens, again a temperature prob-
lem; the other concerns the transmissivity of the lens, 
which is a measure of how well energy, such as light, is 
transmitted through the lens to internal sensors. Here, 
knowledge of the lens characteristics is most important, 
so that deterioration can be compensated for in the initial 
design. Careful selection of materials whose optical and 
thermal properties are critical is of prime importance, in 
order that the system can be initially "overdesigned" with 
a deterioration safety factor. 

Micrometeorites 

A final item of concern in the design of external equip-
ment is the ever-present threat of damage by meteoroids, 

IL LEM antennas and critical environments 

Function 

Communication, LEM to 
earth 

Communication, LEM to 

command module 

Communication, LEM to 

astronaut 

Communication, moon to 

earth 

Communication, LEM to 

earth 

Navigation, LEM to comman 

module 

Navigation. LEM to moon 

those wanderers of space that could cause trouble for 
the astronaut and his vehicle. 

Meteoroids, which are small particles of cometary 
origin, can be found in various densities and various 
sizes throughout the solar system. Should a spacecraft(' 
encounter ineteoroids, three effects may cause equip-
ment damage. The first is erosion, which may cause 
deterioration of thermal finishes, solar cells, optical 
systems, or even microwave radiation surfaces, such as 
antennas. The second effect is penetration of equipment 
housings or skins by the particles. This can cause in-
ternal mechanical damage to equipment similar to the 
effect of firing small pellets into electronic gear. The 
third effect is spalling of material from the inside sur-
faces of equipment housings, which can cause damage 
similar to actual penetration of the housing by the meteor-
oid. 
Two factors must be taken into account in order to 

assess the probability of meteoroid encounter and to 
determine the amount of impact protection required. 
The first is that distribution of meteoroids in space is 
nonuniform, and the second is that meteoroids vary in 
composition, size, and density, as well as in relative 
velocity. 
The largest type of meteoroids, called meteorites, need 

not concern us. Although these particles often exceed a 
gram in mass, they occur so infrequently (less than 10-'4 
particles per square meter per second) that a commercial 
airliner is just as likely to be hit by one of them as is a 
spaceship. A smaller class of particles, generally smaller 
than one gram, also exists and may be five to ten times 
more prevalent than the previously mentioned meteorites. 
Again, however, it is statistically unlikely that a space-
craft will encounter them and, in any event, missions 
can be planned to avoid known, relatively large con-
centrations of these particles. 

Micrometeorites, which comprise the third category 
of meteoroids, are a fine dust which has been brought 
into heliocentric orbit by solar radiation and pressure 
drag. They pervade all space in varying densities. Most 
of these particles, which range in size from 10-3 to 10-'3 
gram, are in orbit around the sun, but a significant amount 
of them have been captured by the earth and pursue it 
in its travels. They orbit about the earth and slowly 

Name Type 

S- band omni no. 1 & no. 2 Fixed 

VHF omni no. 1 & no. 2 

VHF LEM/astro 

S-band erectable 

S- band high- gain 

d Rendezvous radar 

(X- band) 

Landing radar ( X- band) 

Critical Environments Manufacturer 

RCS engine exhaust Grumman 

Fixed RCS engine exhaust and Grumman 
vibration 

Erectable Lunar ambient and vacuum Grumman 

Erected by Lunar ambient, vacuum, RCA 

astronaut solar heating, secondary 

ejection 

Gimbaled Cold space, solar heating, Dalmo Victor 

RCS engine exhaust, 

Gimbaled lunar ambient, vehicle, RCA 

ambient, vacuum, vibra-

Gimbaled tion, radiation, micro- Ryan Aeronautical 

meteorites 

• 
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spiral inward. Micrometeorites are capable of causing 
damage, mainly by erosion, and should be considered in 
the design. 

Several approaches to protective systems exist. One oceans for protecting optical surfaces is to provide 
utters, which are removed for operation. This tech-

nique, however, is limited only to systems that operate 
at intermittent intervals and are fairly small in size. An-
other approach is to cover the surfaces to be protected 
with thin transparent films that can be removed and re-
placed as they become degraded by erosion. Again the 
disadvantages are obvious. Probably the approach most 
likely to succeed in maintaining surface thermal finishes 
is the simplest one—that is, to put the finish on as thick as 
possible. 

It is perhaps obvious that no superior method or meth-
ods exist to protect against meteoroids. The larger 
meteorites, those that could cause catastrophic damage 
upon collision, cannot be protected against at the pres-
ent time unless weighty shields are carried. Nevertheless, 
they pose no real threat because of their rarity. Protection 
against the smaller particles, micrometeorites, which can 
cause erosive damage to optical and similar surfaces, 
can in some measure be achieved. The important thing, 
however, is that even if 100 per cent protection cannot be 
attained, the possible degradation must be considered in 
the design. 

Fig. 5. Lunar Excursion Module antenna system. 

• 
S-band high gain Rendezvous radar 
(LEM to earth) 

VHF Omni no. 2 

S band Omni no 2 

LEM antenna system 

The LEM antenna system offers several examples of 
external electronic components that must be designed for 
all the environment discussed so far. The vehicle antenna 
system runs the gamut of the RF spectrum from VHF 
communications to X-band radars, and in addition to 
the radiating surfaces and microwave components, the 
antenna assemblies include such electronic gear as 
motors, gimbals, servoamplifiers, and rate gyros. Finally, 
LEM also carries a 10-foot parabolic antenna that will 
be erected by an astronaut when he reaches the surface of 
the moon. 
The initial designs of all these antennas are complete. 

At this stage of LEM development, however, qualified 
equipments have not yet been built. Undoubtedly as a 
result of the extensive reliability assurance and prototype 
environmental test program, modifications will be made. 
Nevertheless, the major environmental problems facing 
the antenna system have been met and solved. The ensu-
ing discussion, while not a final or complete description 
of the antenna system, does serve to illustrate the design 
techniques. 

A listing of the antennas and their critical environ-
ments may be found in Table II. The major problem for 
most of these antennas is engine plume from the LEM 
reaction control engines. Because all of the antennas are 
at different locations with respect to the engine nozzles 

VHF ( LEM to astro) 

landing radar 

VHF Omni no. 1 
(LEM to CSM) 

S-band Omni no. 1 
(LEM to earth) 

RCS engine (4) 
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(see Fig. 5), the antennas will all be heated at different 
rates; consequently the LEM antennas are a metallurgist's 
nightmare. Beryllium, aluminum, stainless steel, and 
titanium are all used—each metal being carefully chosen 
to do a specific job. 
The ground plane and radiative elements of the VHF 

omnidirectional antenna (shown in Fig. 6) are made of 
beryllium. The antenna elements are small, light in 
mass, and if made of aluminum would heat up to 800°F 
and fail during a 30-second engine firing. Beryllium, how-
ever, has a higher specific heat than aluminum, so during 
the same plume firing, the beryllium antenna only gets 
as hot as 600°F. At 600°F, beryllium still has excellent 
structural characteristics and is therefore able to with-
stand the shock and vibration conditions that are im-
posed by the LEM. For similar reasons, the S-band om-
nidirectional antenna (shown in Fig. 7) also will be made 
of beryllium. 
As an example of an antenna employing electronic 

devices, consider the high-gain S-band antenna used for 
in-flight communication between the LEM and the earth. 
The antenna, a 24-inch-diameter parabolic dish, is 
mounted on a boom extending from the LEM. The an-
tenna must constantly track earth throughout all the 
flight portions of the LEM mission when earth is within 
line of sight. Once lunar landing has occurred, the ex-
ploring astronaut erects a larger, 10-foot-diameter S-
band antenna, and the high-gain in-flight antenna is 

deactivated. However, prior to lunar lift-off, the in-
flight antenna is reactivated and once again must track 
earth until rendezvous with the command module is 
completed. 
To accomplish its mission, the antenna assembly* 

contains an integrally mounted earth sensor, whichniir 
maintains earth track. Associated with the antenna's 
steering components are two servomotors, in addition 
to the associated electronic equipment and gimbal mech-
anisms. 
During the long, three-day translunar flight, the an-

tenna is just excess baggage, since all earth communica-
tion is via the command module. Nevertheless, the 
antenna's electronic equipment must be maintained 
between the temperature limits of —70° and 160°F 
regardless of the external environment. 
The most critical external environments during trans-

lunar flight consist of cold space, solar heating, and the 
exhaust from the command module's reaction control 
jets. Protection against solar heating is achieved by 
packaging the electronic equipment in enclosures that 
reject solar energy while permitting the radiation of 
internally generated heat to space. A paint having a solar 
absorptivity of 0.28 and an emissivity of 0.86 will be 
used. The resultant antenna design is such that under the 
worst conditions of solar energy impingement, with 4 
watts of stand-by power being internally dissipated 
within the servo's electronic components, the components 
will become no hotter than 155 °F. Conversely, should the 
LEM vehicle constantly interpose itself between the sun 
and the antenna, the components will get no cooler than 
—60°F as long as stand-by power of 4 watts is dis-
sipated. The decision to maintain stand-by power there-41) 
fore hinges on the mission and whether or not the antenna 
will be exposed to solar heating. 
A 45-second blast from the command module's RCS 

engines could easily raise the temperature of an un-
protected aluminum reflector and feed to a temperature 
well above 1000°F, causing them to melt. All electronic 
components would be similarly destroyed. To prevent 
this, the antenna will be stowed with the reflecting sur-
face, feed, and electronic equipment facing away from 
the rocket engines. The side of the antenna facing the 
plume will be made of stainless steel and thermally in-
sulated from the front of the antenna. Now, even though 
the back of the antenna reaches temperatures of the 
order of 1000°F, the critical front of the reflector will 
be less than 100°F. Likewise, the electronic component 
will remain within acceptable temperature limits. 

Following translunar flight, LEM will be detached from 
the command module and begin its descent to the moon. 

Fig. 6. VHF omnidirectional antenna used for LEM to 
command and service module communication. Be-
cause of RCS engine heating, the antenna will be 
made of beryllium. Antenna is right circularly polar 
ized. 

Fig. 7. S- band omnidirectional antenna for LFM to 
earth communication. Because of plume heating 
from command module attitude control engines, the 
antenna may be made of beryllium. Antenna is right 
circularly polarized. 

• 
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The descent is expected to take about two hours, and 
during this time the antenna cannot be stowed and must 
operate. The antenna is now exposed to the LEM's RCS 

engines and can he disipating 14 watts of internal power ele it is slewing. Fortunately, the LEM's control 
gines will not be firing in the 45-second burst pattern 

of the command module. Rather, they will be pulsing at 
millisecond rates in order to maintain attitude control. To 
be safe, however, the antenna is being designed to with-
stand a 30-second continuous LEM firing. The antenna 
location has also been chosen to minimize the heating 
effects. Nevertheless, the radiating surface may approach 
400°F and the rim of the dish may become much hotter. 
The dish itself, which is made of aluminum, can withstand 
this temperature. The rim, however, must be made of 

stainless steel; it is mechanically decoupled from the 
reflector so that it may expand and contract without 
buckling the dish. 

Similar thermal problems occur during ascent, which 
nominally takes about 11/2 hours from blast-off to dock-
ing. However, during lunar stay, even though the antenna 
is for the most part inoperative, a new environment exists 
due to the presence of the moon. If the landing is made 
at the subsolar point, which means the sun is directly 
overhead of the landing site, the moon will have a surface 

temperature of 250°F. Under these conditions even 
nonoperative servo electronics could exceed their max-
imum temperature during the 24-hour lunar stay. In 
addition, even though the servo electronics are protected 
from the LEM engine plume they increase in temperature 
some 10° to 15°F during a 30-second engine firing. 
Therefore, the temperature of the electronic equipment err the 24-hour lunar stay must be sufficiently low to 
ow attitude control engine firings during ascent. 
Several unique enclosures are being investigated to 

protect the servo electronics during lunar stay. One con-
sists of a set of venetian blinds that have the slats drawn 

upward to prevent the electronic equipment from "see-
ing" the moon. 

In addition to thermal protection, the other environ-
ments must be considered. Surface finishes that do not 
degrade under vacuum or radiation must be used. In-
sulation materials that are subject to degradation from 
radiation must be sandwiched between metals for pro-
tection. Electronic components are likewise protected 
from radiation by shielding, and special lubricants and 
seals are employed to protect bearings and gears. 

The other LEM antennas face similar environments 
and are similarly protected. The one exception is the 10-
foot erectable antenna. This antenna is stowed in the 
descent stage until it is removed from its compartment 
by an astronaut on the moon. Stowed, it is a cylinder, 
3 feet long and 10 inches in diameter, protected from 
most of the environment by LEM. 

After touchdown it is removed and carried by the 
astronaut to where there is an unobstructed view of the 
earth. The astronaut then unfolds the telescopic legs and 
releases the unfurling pin. Slowly, but surely, under the 
limited gravitional pull of the moon, it blossoms into ika10-foot parabolic antenna. An eyepiece will appear 
r the central hub of the dish and the astronaut, peering 

rough the sight, will aim the antenna at earth. A cable 
connection will be made to the antenna and moments 
later live television from the moon will be received at 
earth. 

If it sounds simple, it's because it has to be. An astro-
naut encumbered by a spacesuit cannot be required to 
make a tedious assembly. The human factor is, therefore, 
a major consideration in the design. 

The lunar environment is also a major consideration. 
The antenna must be mechanically sound regardless of 
whether the temperature is — 250°F or 250°F. Solar 
energy must not be permitted to focus at the feed. 
A mesh seems like a good choice for the reflector sur-

face. Most of any solar energy striking the dish would 
pass through and not be focused at the feed. In addition, 
the effects of secondary ejection, if existent, will be 
minimized by the use of wire mesh. 
Secondary ejection is an as yet undetermined phe-

nomenon whereby meteors striking the moon will cause 
lunar pebbles to be thrown up. Since the lunar gravity 

is small, about 161/2 per cent of that of the earth, these 
pebbles might actually be thrown up with such force that 
they will go into lunar orbit at altitudes of less than 6 
feet. These pebbles, if they did not collide with anything, 
would continue to circle the moon. A mesh fabric could 
better withstand a collision with one of these pebbles 
than could a solid fabric. For one thing, the pebble might 
go through the mesh without hitting it. For another, 
if hit, the mesh would be less susceptible to tearing and 

surface deformation than would a solid fabric under the 
same tension. The mesh most likely will be a plastic, 
such as nylon, coated or painted with an electric con-
ductor, such as aluminum. A mesh of this kind would 
be of lighter weight than a solid metal mesh and also 
would be less subject to stresses caused by thermal ex-
pansion and contraction. 

Conclusion 

It should now be apparent that the space environment 
imposes unique and varied requirements on the design 
of electronic equipment, which are quite often outside 
the experience areas of the electrical engineer. What then 
is the best approach to a design problem involving elec-
tronic hardware to be used in space? 

First, the engineer, when examining his electrical re-
quirements, must realize that environmental factors will 
weigh much more heavily in the design of a device for 
space than they would for a similar device on earth, and 
indeed they might well place a limit on the achievable 
electrical characteristics for a particular device. 

Second, the engineer must recognize the limits of his 
ability and be aware that engineering disciplines other 
than electronics will be needed to effect a satisfactory 
design. Consequently, the electrical engineer must actively 
seek help in at least the following areas: 

1. Thermodynamics 
2. Structures 
3. Metallurgy 
4. Mission analysis 

Having brought these additional engineers on board, 
the electrical engineer must now act as team leader to 
insure continuity to the project. 

The material used was gathered from many diverse sources; 
rather than acknowledge a few sources, to the exclusion of many, 
the authors make this general acknowledgme'nt. In addition, they 
thank their many colleagues at the Grumman Aircraft Engineering 
Corporation--in particular, Haig A. Manoogian—for their assist-
ance in the preparation of this article. 
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Report on the A. S. Popov Society meeting 

F. Karl Willenbrock, Editor IEEE 

The Twenty-first Annual Meeting of the Popov Society 
was held in Moscow, U.S.S.R., May 12-15, 1965. It was 
attended by about 2000 persons from many parts of the 
Soviet Union and from 12 foreign countries, including 
Bulgaria, Czechoslovakia, Finland, France, the German 
Democratic Republic, the German Federal Republic, 
Hungary, the Korean Peoples Democratic Republic, 
the Malayan Peoples Republic, Poland, the United 
States, and Yugoslavia. There were 227 papers present, 
of which 25 were by guests from countries other than the 
U.S.S.R. 

In response to an invitation from Dr. V. I. Siforov, 
President of the Popov Society, an IEEE delegation of 
six members, headed by President B. M. Oliver, attended. 
The other delegates were Dr. Yardley Beers (U.S. Na-
tional Bureau of Standards), Professor Paul D. Coleman 
(University of Illinois), Professor Claude E. Shannon 
(M.I.T.), Dr. F. Karl Willenbrock (Harvard), Professor 
Lotfi A. Zadeh (University of California, Berkeley). In 
addition, the IEEE was represented by members from a 
number of other countries. 
The meeting was opened by a plenary session, which 

included three major addresses. The first speaker, Pro-
fessor I. V. Brenev, discussed A. S. Popov's contributions 
to our knowledge of radio-wave propagation. This year 
is the 70th anniversary of his experiments in this field. 
The next address, by Professor Siforov, marked another 
anniversary, the 20th anniversary of the organization of 
the Popov Society. In this address Professor Siforov 
reviewed the activity of the last 20 years. The final address 
of the plenary session was by Dr. Oliver, who spoke on 
"Ideologies Versus Ideas in Human Progress." (For the 
speakers who did not speak in Russian, a consecutive 
translation method was used on a paragraph-by-para-
graph basis.) Excerpts from his talk appear below. 
The technical program consisted of more than 20 

sections devoted to such topics as information theory; 
antennas and radio astronomy, waveguide components; 
semiconductor devices; radio receivers and amplifiers; 
wire communications and switching; television; plasmas; 
radio measurements and techniques; radio transmitters; 
electromagnetic wave propagation; broadcasting, acous-
tics, and recording; computing machines; quantum elec-

tro nics; cybernetics; analog computation; history o 
radio; medical and biological electronics; bionics. These 
sections, which met simultaneously, consisted of from 
one to five sessions, averaging four papers per session. 
After the presentation of a paper a question period fol-
lowed. These question periods were very active and in 
some cases occupied as much time as the original paper. 
In most cases, questions were given to the session chair-
man in written form during and at the end of the formal 
talk. When the speaker did not speak Russian, both the 
question and answer had to be translated, which proved 
to be a rather time-consuming process. 
Although nearly all the papers were available in ab-

stract form at the time of the meeting, it is, at best, very 
difficult to select those of particular significance. How-
ever, some comments about the subject matter of some 
papers will be made. 
The information theory section included a paper on 

apparatus reliability and the possibility of using Monte 
Carlo methods of modeling, and also a paper on photon 
communication channels. In the antenna section, papers 
were given on the synthesis of antennas for a given field 
pattern and on log periodic antennas. The television 
section included a number of papers relating to criteria 
for measuring the quality of visual images. 

In the electromagnetic wave propagation section, a 
paper described experimentally observed fluctuations in 
radio emission in cloudy atmospheres in the 0.8- an. 
0.4-cm wavelength regions. The quantum electronics 
section included papers on gas lasers and mode selection. 
A paper in the medical and biological electronics section 
related to a proposed method of automating microelec-
trode measurements of neurons, and a paper in the 
bionics section related to psychophysiological considera-
tions in the design of control panels of computing 
machines. 
From the diversity of subject matter covered, it can be 

seen that this meeting has some similarity to the technical 
program of the IEEE International Convention held in 
New York. Since the Popov Society now has a member-
ship of 90 000 and 102 local chapters, it is not surprising 
that its principal meeting should cover a wide variety of 
subjects. 

Ideologies versus ideas in human progress 
President Siforov, honored guests, and members of the 

Popov Society, let me first express my own gratitude, 
and that of the other members of our delegation, for 
the opportunity you have given us to be with you at this 
annual celebration of your distinguished society, and 
especially for the opportunity to address you and to 
share with you some of our ideas. I consider it a great 
privilege to be able for the first time in history to convey 
to you personally the greetings of the Institute of Elec-
trical and Electronics Engineers and the 160 000 members 
it represents. While the majority of our members live in 
the United States, let me remind you that the IEEE is a 
non-national organization, with thousands of members all 

over the world. Let me also, therefore, invite all of 
you to become members, and to participate in a scientific 
community that knows no political boundaries. Although 
the ideologies of many of our members may be different 
from yours, we share a common interest in the field 
that sprang from the work of Popov, Hertz, and Marconi. 
Since our creative ideas are the same, in the IEEE 
we would find more to unite us than to divide us. 

It seems to me that this is often the case: scientifie 
truths unite people, while ideologies divide them. As 
scientists we are all conscious of the underlying physical 
laws which govern the universe. We are conscious of the 
majestic order of the cosmos and the insignificance of 
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mankind in relation to it. We are conscious of the 
enormously complex chemistry of life and of the heredi-
tary mechanism that we share. In the pursuit of truth 
we find basic commonalities among us, and only enough etifferences to add variety and interest to life. And yet on 
he political side we see these differences magnified to 
such an extent that we are blinded to our common needs, 
and our common destiny, and are in great danger of 
destroying ourselves. I think this danger arises because 
ideas sometimes become ideologies, or are incorporated 
into ideologies, and are assumed to have more universal 
importance than is in fact the case. 

Because the word "ideology" has several meanings, and 
because I am using it in a somewhat special sense, I 
should give you an example of what t mean. 
When Sir Isaac Newton discovered the law of gravita-

tional attraction—that two particles attract each other 
directly as the product of their masses and inversely as the 
square of the distance between them—he found a great 
truth about the physical world. This one simple little 
equation explained so many apparently unrelated phe-
nomena. It explained the motions of the planets in their 
ellipses, the ebb and flow of the tides of the sea. In short, 
what made the apple fall made the sun rise. He had a great 
unifying idea, Newton did, and although Minkowski and 
Einstein may have given us a deeper insight, Newton 
provided an excellent phenomenological description. 
Many years later, Coulomb stated the law of electro-

static attraction. By then, the inverse square law, with its 
geometrical basis, was well established, so perhaps it 
required less creativity on Coulomb's part to postulate 
and then prove that charge played the role of mass in this ease. But nevertheless Coulomb too had a great idea that 
is basic to all electrical phenomena. 

But now suppose that the scientific world had become 
divided into two camps: the Newtonians who believed 
that Newton's law of gravitation was a universal truth 
covering all cases, and the Coulombians who believed 

only electrical forces ruled the world. Suppose in the end 
that there were worshippers of the masses, and worship-
pers of the charges, and you had to be one or the other. 
Suppose, in other words, that these two great scientific 
ideas had become ideologies, wouldn't science look pretty 

silly today? And yet doesn't this describe the political 
scene pretty well ? 

When an idea becomes hardened into an ideology or 
becomes distorted or overextended by the ideology, 
when it becomes so dominant in the minds of men that 

they seek to apply it where it is not valid, then that idea 
becomes dangerous. The danger lies not in the idea but 
in the context in which it is used. I am reminded of a 
conversation between two old friends that goes: 
"How did you hurt your head?" 
"My wife hit me with some tomatoes." 
"That shouldn't have hurt you." 
"These tomatoes were in a can." 

It isn't the idea that hurts, it's the can it's in. I guess what 
I'm trying to say is: we must all beware of canned ideas! 

Fortunately, in science, ideas seldom get misused. 4.1 deas are tested and the exceptions noted. And so, when 
asses are present we remember Newton's law, when 

charges are present we remember Coulomb's law, and 
when both are present we need both laws. As my good 
friend John Pierce once remarked: 

"A good law, holding, holds for the cases it holds for," 

and that is all we can expect. 
Of course, not all ideologies are based on truth. 

There are many beliefs that have no basis whatever in 
reality. But it is safe to say that most of the major 
ideologies of the world contain some ideas that are true 
in certain circumstances, and that in these circumstances 
are even the most useful ideas. It is when we attempt to 

apply the ideas without regard for their relevance that 
we run into trouble. 

It is when the proponents of an ideology seek to make 
physical law subordinate to political law that scientists 
rightfully object. 

The trouble with ideologies is that they are not self-
critical; they often reject truth and accept falsehood 
rather than adapt. When Galileo published his con-

clusions about the solar system, based on his observa-
tions with his telescope, he was tried as a heretic because 
the truths he had discovered conflicted with the ideology 
of the Roman Catholic church. Science almost suffered 
a disastrous setback, but in the end it was the Church 
that had to recant for the truth was there for all to see. 
Conversely, in modern times, false ideas of race and of 
heredity have been accepted because they were consistent 
with particular ideologies, but in the end truth has pre-
vailed. In these cases ideologies have delayed human 
progress and caused great human suffering. 

Now why are ideologies so rare in science and so ramp-
ant in philosophy, sociology, religion, and politics? I 
suspect it is because science has been built up from 
basic principles that were proven by experiment, and that 
each new principle has been tested for consistency before 
being accepted. This procedure develops a humility in 
the scientist with respect to his scientific beliefs. Nature 
is the final judge, not he. The testing of social, and 
especially of religious, beliefs is much more difficult. 
One may have to die in the attempt. In addition, and 
perhaps because we know so little about them, many 
social and psychological phenomena seem much more 
complex than the physical phenomena that concern the 
scientist. 

In view of this, we, as scientists, should be at least as 
tentative of our political and social beliefs as we are of 
our newly established principles in science. We should be 
humble about them and ever on the alert to modify them. 
But alas, it seems to be true of human psychology that the 
less sure we are of a belief, the more obstinate and emo-
tional we become in its defense. 

Truth ultimately forces ideologies to adapt and in this 
fact lies hope for human progress. If we as scientists, and 
as citizens of our two countries, can help to avoid a 
collision of our ideologies, then we will be able to pool 
our ideas and work together for the future of the human 
race. I look forward to the day when we will no longer be 
competing in space, for example, but combining our 
efforts in this most exciting scientific adventure. I look 
forward to the day when I can address you, not just as 
fellow scientists, but also as friends in a common cause. 

Let me on behalf of the Institute of Electrical and 
Electronics Engineers express to you of the Popov Society 
our admiration for your many wonderful accomplish-
ments in electronics and the electrical sciences. May your 
efforts and ours continue to add to man's knowledge and 
ideas, and may they reduce the ideological differences 
that, for the present, separate us. 

B. M. Oliver, President IEEE 
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Report on the 

1965 INTERMAG Conference 
Robert F. Elfant IBM Corporation 

The 1965 International Conference on Magnetics 
(INTERMAG) held in Washington, D.C., April 21-23, 
attracted more than 740 United States and foreign scien-
tists and engineers. Of the 105 papers that were presented, 
more than 25 per cent were given by foreign authors. 

Dr. J. J. Suozzi, the General Chairman, opened the 
conference. He noted that the newly formed Magnetics 
Group was sponsoring this and all subsequent INTER-
MAG conferences, and that the conference scope had 
been broadened to include all aspects of magnetics rather 
than being limited to nonlinear magnetics. 
The chairman of the IEEE Magnetics Group, Dr. H. F. 

Storm, also addressed the meeting. He traced the history 
leading to the formation of the group, pointed out that 
the IEEE TRANSACTIONS ON MAGNETICS would be the 
official IEEE outlet for publishing all papers on magnet-
ics, and urged that all scientists and engineers interested 
in this field join the IEEE Magnetics Group. He also 
announced that the 1966 INTER MAG Conference would 

be held in Stuttgart, Germany, on April 20-22,1966. 
S. Methfessel opened the technical sessions with a 

discussion of the " Potential Applications of Magnetic 
Rare Earth Compounds." He noted that the rare earth 
compounds have large anisotropies, large magnetic 
moments, and large optical effects. These effects only 
occur at low temperatures, and thus have not been fully 
exploited. With the advent of more sophistication in low-
temperature systems, rare earth materials may play a 
stronger role in future technology. 
Thin magnetic films received broad coverage at this 

year's meeting. M. S. Cohen described the use of Lorentz 
microscopy as a tool for investigating thin films. He 
indicated that Lorentz microscopy was directly applicable 
for measuring relative magnetization or film thickness, 
Curie temperatures, anisotropy constants, anisotropy 
dispersion, and wall motion switching. 

In a three-paper series, R. Montmory et al., E. Goto 
et al., and F. J. Friedlaender et al. discussed the magnetic 
properties of exchange and magnetostatically coupled 
films. For the exchange-coupled films, the mechanism of 
coupling is similar to the mechanism that couples the 

spins in the film itself, whereas for the magnetostatically 
coupled films, the coupling mechanism is due to the stray 

Dr. Elfant is manager of memory research, IBM Research 
Laboratory, Yorktown Heights, N.Y. 

• 

fields resulting from the discontinuity of the spin system at 
the film surfaces. In either case, the coupled film pair 
shows interesting properties for memory applications be-
cause of its high tolerance to disturbing fields and non-
destructive read properties. 

A. V. Pohm et al. discussed a new approach to high-
speed film memories. The significant aspect of this ap-

proach is the use of a ferrite keeper close to the thin film 
to reduce the effects of the stray fields due to the film it-
self. Pohm pointed out that use of the ferrite keeper re-
sults in reduced "disturb" sensitivity, reduced current re-
quirements, and increased output signals. In addition, in-
creased packing densities should be feasible, resulting in. 
reduced memory delays. 

J. E. Schwenker compared the properties of thin 

nickel-iron films plated on a wire with those of evapo-
rated flat thin films. Schwenker found that the films had 
basically the same properties; however, because the plated 
films were thicker than the evaporated films, the plated 
films had a low coercivity. The measurements were made 
using an extremely sensitive, 1-mil-spot Kerr-effect probe. 
The area of magnetic recording for home use was 

reviewed by M. Camras. Camras compared conventional 
disk recording with magnetic recording. He then re-
viewed the progress of magnetic video recording and in-
dicated that video recorders in the price range of the 
average home owner should be available in the near 

future. 
Magnetic recording for computer applications was 

reviewed by G. Bate. He concluded that because of the 
requirements for higher recording densities, new methods 
for producing recording media with thin coatings, high 
coercivities, and rectangular hysteresis loops are needed. 
Following Bate's presentation. several speakers discussed 
the limitations on recording density and a disagreement 
arose as to whether the limiting mechanism was self-
demagnetization or demagnetization due to the stray 
fields of adjacent bits. 
A new session entitled " Ferrite Microwave Devices" 

was introduced at this year's conference. The intent of 
this session was to emphasize the magnetic properties o 
the materials and how these properties are utilized in th 
microwave devices. E. Schlomann discussed the " Ulti-

mate Performance Limitations of High-Power Ferrite 
Circulators and Phase Shifters." Schlomann pointed out 

that it is not only high power but also low losses that are 
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required for good microwave performance. He indicated 
that high-power materials can be obtained by most stand-

ard substitutions into the garnet lattice or by utilization 
of very small grain size samples, but that these techniques eusually result in high losses. He suggested wider adoption 
of a "quality factor," which is the ratio of the power 
capabilities to the losses. 
The field of superconductivity was keynoted by R. A. 

Ferrell. In his paper, "Are Room Temperature Super-
conductors a Possibility ?," Ferrell discussed various 
models of superconductivity and concluded that on the 
basis of either a one- or a two-dimensional model, room 
temperature superconductivity is not theoretically pos-
sible, as had been previously suggested. On the basis of a 
three-dimensional model, however, a room temperature 
superconductor is a theoretical possibility; but the prob-
ability of finding one is quite remote. 

P. Gamby and V. A. J. Mailer described a supercon-
ducting continuct13 film store. They concluded that an in-

line drive line arrangement is superior to the orthogonal 
connection as far as tolerances and certain disturb se-
quences are concerned. L. M. Troxel described a super-
conducting magnet used with a traveling-wave maser to 
obtain larger bandwidth. The bridge cell—a new super-
conductive memory cell for random access memories— 
was described by R. W. Ahrons. The essential feature of 
this device is that the persistent-current loop formed in 
the superconducting material is perpendicular to the 
plane of the substrate. Hence it is inherently capable of 

higher packing densities. 
The switching properties of single and multiaperture 

ferrite devices were extensively discussed. Of particular 41) value was an explanation of the quasistatic magnetization 
process in cross-magnetized multipath ferrite structures 
presented by D. S. Shull, Jr., and L. A. Finzi. This dis-
cussion was followed by a paper on the "Phenomeno-
logical Model of the Biax," by P. J. Nistler and K. J. 
Korowski. The general interest in this subject was so high 
that a special evening session was called to allow a con-
tinuation of these discussions. 

In the area of magnetic amplifiers and logic devices, R. 

C. Barker analyzed a second-harmonic modulator. His 
analysis is based on the dOldt widening of the hysteresis 
loop. The analysis makes possible the comparison of 
amplifiers using different magnetic materials. D. I. 
Gordon et al. discussed the factors affecting the sensi-
tivity of the ring-core magnetometer. The highest sensi-
tivity is achieved when the self-demagnetization is 
smallest. The theory of a three-phase ferrosonant circuit 
was presented in a two-part paper by H. Kobayashi et al. 

and T. Hasumi et al. H. C. Bourne and T. Kusuda pre-
sented a theoretical analysis and experimental results on a 
three-phase magnetic amplifier. 

Magnetic logic and materials were covered in a 9-paper 
session. An interesting paper on re-entrant hysteresis 
loops in a cobalt-ferrous ferrite by R. M. Glaister and 
I. V. F. Viney aroused great interest. D. H. Smith dis-
cussed a new magnetic shift register that employs domain 
wall motion. Basically, the shift register is simply a mag-
netic wire using a material with a pronounced re-entrant 
loop. A bit region is set up by an appropriate nucleating 
field, and it may be propagated along the wire with an 
applied field less than the nucleating field. The shift regis-
ter described could be operated at about 104 bits per sec-
ond. F. R. Monforte, E. E. Newhall, and J. R. Perucca 
discussed the influence of material properties on the gain 
and threshold of a magnetic digital circuit. A small 
amount of ThO2 inhibits the growth of large grains in 
the ferrite, giving an improved threshold and an increase 
in the amplifying capability of a balanced amplifier. 

A. Apicella and J. Franks presented a new method for 
operating a toroidal ferrite core in an associative memory 
application. This method, called BILOC (biased logic 
core), utilizes a de bias field which is transverse to the 
plane of the core in conjunction with a transverse switch-
ing field. Because of the presence of the bias field, in-
creased NDRO signals are obtained, and it is possible to 
perform the "exclusive OR" function necessary for as-
sociative memories. B. E. Briley discussed a new device 
that uses a ferrite disk with a plurality of apertures. This 
device, called MYRA (myriad aperture), is proposed for 
read-only or mechanically changeable memories. Briley 
suggested that 16 words of 32 bits could be stored on one 

disk and accessed in 2 ets. The information is stored by the 
pattern of the wires passing through the disk apertures. 

In two sessions devoted to combined magnetic and 
semiconductor devices, P. P. Biringer and P. C. Sen de-
scribed a frequency tripler that utilizes linear reactors and 
silicon controlled rectifiers. This arrangement should 
have higher efficiency and be physically smaller than 
equivalent all-magnetic multipliers. A self-balancing dc 
comparator for 20 000 amperes was described by M. P. 
MacMartin and N. L. Kusters. Accuracies of ten parts per 
million when operating near rated current were reported. 

The international character of the meeting was de-
lineated by the large foreign attendance and number of 
papers by foreign authors. Present were representatives 
from such countries as West Germany, Japan, England, 
Israel, Switzerland, France, Poland, Holland, Formosa, 
Korea, and the Soviet Union. 

Correction notice 

In the article "Plasma thrustors for space propulsion" as published in the June 1965 issue 
of IEEE SPECTRUM on pages 36-45, an error appeared in the footnote on page 44. The foot-
note as printed stated, "This article is an expansion of a paper presented at the W. G. Dow 
(Dow Chemical Co.) Seminar: ..." The words Dow Chemical Co. should not have ap-
peared, as the Seminar was one held in honor of Professor W. G. Dow and had no connection 
whatsoever with the Dow Chemical Co. 
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Report on the IEEE-NBS 

P article Accelerator Conference.  

J. A. Martin, R. S. Livingston Oak Ridge National Laboratory 

Specialists in the rapidly advancing field of particle 

acceleration met in Washington, D.C., on March 10-12, 
1965, to discuss the physics and engineering aspects of a 
broad range of modern accelerator design and operating 
problems. The meeting, known as the Particle Accelerator 
Conference and subtitled "Engineering Problems of 
Accelerators and Related Devices," was the first of what 
may become a continuing series of national conferences 
on this subject. The Proceedings, scheduled for publica-
tion in the June issue of IEEE TRANSACTIONS ON Nu-
CLEAR SCIENCE, will bear the label "First National Par-
ticle Accelerator Conference." That the conference was a 
success is borne out by the attendance of 760—twice the 
number originally expected; by the volume and tone of 
the comment—large and, with almost no exceptions, very 

favorable; and by the number of contributions—more 
than 230 abstracts submitted. Although nationally or-
ganized, the meeting also had an international flavor. 
Some 10 per cent of the participants were from other 
countries. 
The week prior to the conference saw the Joint Con-

gressional Committee on Atomic Energy holding hearings 
on long-range plans for high-energy physics. A "white 
paper"' had just been issued giving the Federal Govern-
ment's proposed plans through 1981. In this atmosphere 
the conference proved to be particularly timely. Nowhere 
was this typified more clearly than in the banquet address 
of Prof. W. K. H. Panofsky who spoke on the relationship 
between accelerator builders and users and the manage-
ment problems that arise with the increasing size of ac-
celerator establishments. Professor Panofsky, Director 
of the Stanford Linear Accelerator Center, speaks with 
great authority on this topic. He is responsible for con-
struction of the world's most expensive accelerator to date 
and also has made many important research contributions. 
The first problem reviewed by Prof. Panofsky was the 

allocation of experimental resources and running time— 
that is, the division between the in-house staff and out-
side users and the question of choice of experiments. 
Someone must choose between important experiments 
that are sure to work and the more speculative but 
nonetheless well-conceived experiments that may yield 
nothing. Here he gave no answers, but remarked that 
layers of committees will not necessarily provide a solu-
tion. Great sensitivity is needed to yield a proper balance 
between conservative and liberal scientific philosophy. 
The second problem discussed was the developing re-

lationships between builder and user. There was a time, 
not very long ago, when there was little distinction be-
tween the two groups, but with today's large accelerators 

Mr. Martin is a member of the staff of the Electronuclear Divi-
sion, Oak Ridge National Laboratory: Dr. Livingston is direc-
tor of the Division. The Oak Ridge National Laboratory is oper-
ated for the U. S. Atomic Energy Commission by the Union Car-
bide Corporation. 

costing hundreds of millions of dollars the specialization 
so typical of other facets of modern society has arrived. 
When an accelerator is completed, and also during its 

planning, a problem arises. Who is to be responsible for 
its management and use? At one extreme, we find com-
plete user control with accelerator design, construction, 
and operation relegated to service functions; at the other, 
we find accelerator operation entirely by and for the 
benefit of its in-house staff. Both ways have been tried; 
neither produces a desirable state. With user control, 
which may result in absence of pride in accomplishment, 
there may be little motivation for the builder staff. 
Builder control, however, though suitable for small ac-
celerators, fails by reason of being wholly inadequate for 
the large installations of both the present and the future. 

Dr. Panofsky stated: 

"1 find that the controversy now centering around the 
management and location of the next step in high-energy 
accelerators—namely, the construction of a 200- to 
300-BeV proton accelerator—is much less a regional 
argument than a debate as to the best compromise be-
tween the responsibility and authority of users versus 
builders. The builders object to the downgrading of their 
prestige in the creation of the next generation of accel-
erator facilities; whereas users, with notable and laudable 
exceptions, would like to have the maximum control over 
the program and the operation of the accelerators, but 
the minimum responsibility for carrying out the work. 
In my experience it has been difficult to involve the future 
users of accelerators during the period of construction of 
the facility. Most users prefer to wait in line for their 

turn on the running schedule of existing accelerators 
rather than to participate in the planning of general-
purpose accelerator facilities, or even of their own ex-
periments, before an accelerator has actually produced a 
beam." 

In closing he made the following important point: 

"I hope that during this discussion 1 have illuminated 
some of the questions which appear to cloud constructive 
builder-user relations. Each of the questions has a com-
mon feature: the problems will not be solved by extreme, 
one-way solutions; these problems are a feature of a new 
era of experimentation using large shared instruments. 
On the one hand, the objectives and the fundamental in-
terest are just as 'academic' as they have always been in 
the past when large tools were not required; on the other 
hand, the technical necessities are such that traditional 
academic methods cannot be blindly continued. In order 
to solve these problems there is a clear need for the builder 
to understand the problems of the users, and the users, 
the problems of the builders." 

• 

e 
The conference program 

Rather than to attempt a detailed summary of a con-
ference as broad as this one we will only characterize it by 
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listing the session titles to give the reader an idea of its 
breadth and an inkling of what to expect from the Pro-
ceedings in the June issue of TRANSACTIONS ON NUCLEAR 
SclusiçL. This listing will be followed by a few selected or'. terns of progress which were reported to the conference. 
he sessions were as follows: (A) Accelerator Component 

Controls and Automation Systems, (B) High Power RF 
Sources; Accelerating RF Structures, (C) DC Accelera-
tors and Auxiliaries, (D) Accelerator Magnets and Power 
Supplies, (E) Performance of Existing Accelerators; 
Proposed Accelerator Designs; Facilities; Costs, (F) 
Beam Dynamics, (G) Safety Systems; Shielding; Radia-
tion Effects; Radiation Protection; Vacuum, (H) Ion 
Sources; High Voltage Technology; Injection, (I) Beam 
Sensing and Handling Devices and Systems, Including 
Extraction, and (J) Future Accelerators. 

Session (J) deserves special mention, because it con-
sisted wholly of invited papers by some of the nation's 
foremost accelerator experts. The session consisted of the 
following papers: (1) "Sectored Cyclotrons," H. G. 
Blosser, Michigan State University; (2) " High Current 
Traveling Wave Electron Linear Accelerators," J. Haim-
son, Varian Associates; (3) "Meson Factories," J. R. 
Richardson, U.C.L.A.; (4) "The Future of Electron 
Synchrotrons," M. S. Livingston, Cambridge Electron 
Accelerator; (5) "Storage Rings," B. Gittelman, Stanford 
University; (6) "Super-Energy Accelerators," Lloyd 
Smith, Lawrence Radiation Laboratory; and (7) "Super-
conducting Accelerators," P. B. Wilson and H. A. 
Schwettman. Stanford University. 

Some glimpses of the conference 

ith the % ery high beam intensities contemplated from 
a rious accelerator improvement programs, and with the 

future 200- to 300- and 1000-GeV machines, the induced 
radioactivity problem is a very serious one indeed. In-
tensive studies are under way at several accelerator in-
stallations. Designs for the 200- to 300- and 1000-GeV 
machines are being based on scaling from present CERN 
and Brookhaven experience. There is a lack of adequate 
basic data. Some laboratories have active programs to 
alleviate the situation, but much remains to be done. 
Special equipment for remote maintenance is needed. 
Here the requirements for compactness and other special 
features prevent direct adoption of the designs available 
from the nuclear energy industry. 

Progress continues to be made toward better voltage 
stability and compactness in 500-kV, multi-MeV dc 
accelerators. The compactness is gained both by high-
frequency excitation, which minimizes the transformer 
size, and the use of high-pressure insulating gas, which 
markedly reduces clearances. In a one-MeV cascade 
rectifier a voltage stability of one part in 100 000 has been 
achieved by the use of a highly effective feedback system. 
The newest large accelerators are faced with control 

problems of huge proportions. As might be expected, the 
on-line digital computer approach is being pursued with 
considerable diligence. The day when large accelerators 
are wholly automated is not far away. 
At Stanford University active studies are under way 

elative to the use of superconducting materials for the 
construction of RF cavities for nuclear research devices 
which commonly use large amounts of RF power. Typical 
applications considered include electron linacs, cavities 
for electron synchrotrons, RF beam separators, and 

microtrons. Measurements of the Q factor of a lead-lined 

cavity at 2.8 Gc/s, as a function of temperature, yield 
values from "-AO at 4°K to 101° at 2°K. Operation 
below the lambda point (2.17'K) is recommended to take 
advantage of the superfluidity, thus improving heat 
transfer. At 2°K the improvement factor relative to room 
temperature copper is about 6 X 104. Although the 
savings in RF power are very large, some of the gain 
must be paid back in refrigeration cost and added com-
plexity. Nevertheless, the possibility of CW operation 
makes the superconducting devices highly attractive. 

A fairly heated controversy is developing between the 
proponents of gridded tubes and klystrons as to which is 
the best choice for accelerator applications in the UHF 
region. The choice of 805 Mc/s as the frequency for the 
high-energy end (above 200 MeV) of high-energy proton 
linac proposals has brought the controversy out in the 
open. The recent availability of gridded tubes with in-
ternal RF cavities, which operate efficiently at that fre-
quency, has made them attractive to linac specialists who 
are fully versed in gridded-tube performance and cir-
cuitry. On the other hand, efficient high-power klystrons 
have been developed for the UHF range for other applica-
tions—for example, the BMEWS radar systems which 
operate at 430 and 1250 Mc/s. The klystron proponents 
base a large part of their argument on lower tube costs 
and failure rates. The ultimate tube costs for the newly 
developed gridded tubes are not known, since tube-life 
statistics can be variously interpreted. It is likely that the 
controversy will continue for some time. The stakes are 
quite high. The cost of the 805-Mc/s system for the 
proposed Los Alamos linac will be about $5 million. 
One of the most important happenings at the con-

ference was the announcement of successful operation of 
large high-field superconducting magnets. At the Argonne 
National Laboratory, fields of 67 kilogauss have been 
achieved in a 7-inch I.D. (inner coils of Nb-Ti alloy) sys-
tem; AVCO reports 43 kilogauss in a 5-inch bore system 
(Nb-Zr alloy). Both of these coils operate close to the 
short-sample I vs. H transition curves, and demonstrate 
elimination of the so-called "current degradation effect" 
that has plagued the designers of large superconducting 
magnets. Both of these units use new current-stabilization 
techniques, which prevent a local superconducting-nor-
mal transition from propagating throughout the magnet. 
It can be said that the day of practical large supercon-
ducting magnets is at hand. Since the conference we have 
heard that one manufacturer has made a firm price 
quotation of $300 000 for a 25-foot-long, 8-inch-I.D., 
30-kilogauss solenoid, including refrigeration system and 
power supply. 

In closing, an acknowledgment is due the cosponsors: 
the National Bureau of Standards, the United States 
Atomic Energy Commission, and the American Physical 
Society. One reason for the success of the conference was 
the untiring efforts of the local arrangements committee: 
Louis Costrell, assisted by E. H. Eisenhower. 
To the United States Atomic Energy Commission go 

special thanks for funds which enable the publication in 
the TRANSACTIONS of a total of 196 papers rather than the 
92 that could be included in the conference program. 
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Washington, D.C., Feb. 1965. 
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