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I, INTRODUCTION

Precision angle measuring systems are required for many applica-

,tions within the fields -)f communication, radar, direction finding, sonar.

etc. Two techniques, which are commonly considered for high accuracy

requircments, are (amplitude) monopulse and interferbmetric (phase mono-

pulse) systems. Fundamentally, these two techniques differ because mono-

pulse systems operate on amplitude information (although phase information

is sometimes used as well), and interferometers operate on phase informa-

tion. When both systems are resolution limited; i.e., the system resolu-

tion requirements dictate the antenna diameter for monopule systems and

the baseline dimensions for the interferometer, other system characteristics,

such as angular coverage and hardware requirements, can significantly dif-

fer between the two techniques. The difference in these characteristics-can

lead to choices between the two techniques for, a particular system design.

While a comparison of these techniques has been made for wideband systems

operating over a '- 300 field-of-view (Ref. 1). this discussion is'more con-

cerned with narrow pencil-beam systems and aperture antennas, which are

capale of higher angular precision.

Interfer~ometric systems can achieve high angular resolutiorn by employ-

ing baselines which are multiple wavelengths in dimensions. This resolution

performance is achieved a. the expense of ambiguities in the angular response,

which result because the system only measures the principal value of the phase

difference between interferometric elements. The ambiguities must be cor-

rectly resolved in order to achieve .a practical system design. One technique

for ambiguity resolution is to add more antenna e~lements within the baseline;

however, this technique can have a significant impact on system complexity

and cost, particularly when the interferometric elements are large. Another

technique, proposed ,n Ref. 2, would resolve ambiguities by varying the sig-

nal ireq'uency; this technique is not practical for many applications. A third

technique, which appears to be previously unexplored and will be discussed

here, would utilize monopulse techniques in conjunction with the interfero-
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metric antenna eleme-nts. This new technique is investigated in detail with

a statistical analysis, which basically .addresses the following question: how

large m-ist the interferometric antenna elements be relative to the baseline

dimensions to correctly resolve the interferometric ambiguities within a

specified probability"'
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II. SYSTEM ANGLE-MEASUREMENT ERRORS

The basis for the angle sensing comparison for the two systems is the

expression for their pointing errors. This analysis assumes the system

operates on a single signal and is not degraded by other signals. These

errors will be normalized to the antenna system beamwidth, and are limited

by the amplitude and phase errors of the monopulse and interferometric sys-

tems, respectively., The angular error performance may be obtained most

accurately from carefully measured data for the complete system; however,

simple aralytic derivations. for these errors will be developed to provide

the basis for compa-rison. More detailed treatments may be' found else-

where, e. g., Ref. 3. These exoressiors will also be used subsequently

to investigate ambiguity resolution performance.

A. Monopulse Systems

The amplitude monopulse system, as shown in Fig. I., uses two beams

generated by off-axis feed elements to derive angle-sensing information. The

angle-sensing performance for monopulse systems is limited by errors in

Vi and V.. In the analysis presented here, performance in a single plane

will be described; in practice, four beams would be used, two'beams in

each orthogonal plane. These beams would be combined as sums (E ) and

differences (.1) by a beam forming network, and angle sensing information

is derived from the measured sum and difference ratio, r/A. The deter,-

mination of the angular error as a function of the measurement errors in

V1 and .V2 basically requires a determination of the arrival angle as a function

of V1 and, V 2 and a determination of the sensitivity of the arrival angle to

changes in V 1 and V.,
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Figure I Functional Block Diagram of Monopulse System

In this analysis the antenna beam shapes will be assumed to follow a

Gaussian form. This assumption' is nor restrictive since the-main beam

response for almost any practical pencil-beam antenna is closely approxi-

mated by a Gaussian pattern, particularly since this analysis really- only

considers th2 response out to about the 3 dB width. With this assumption,

the voltages V1 and V2 may be wri'tten

V 2 A e 0

where k 1.386 which is obtained from evaluating the Gaussian pattern at

the half-power point, Y is the angle between the beam peak and the antenna
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axis, and -0 is the half-power beamwidth of the antenna. The sum and
0

difference ratio • /2 may be written as

V +V
/ =V 2 (2)

V - V
1 2

which by using Eq, I may be written as

coth 2kZc, (3)

0

The arrival angle , can be determined from this equation as

2 V +V
o coth" 1  V 2
2ka--V1. V 2 I4

The rm. error in the arrival angle "> is determined from

- +(5)

where the errors are assumed ,incor'reiated with similar statistics and

is the rmiq vo)tave errors. Whe this expression i: evaluated.

. ... 0 A (6 )
4ko'

where A is the relative rms voltage error, i.e. .

The choice of the beam dis lacement angle @ is a compromise; as r

increases, (T decreases until tA increases as the S/N degrades. Generally,

the beams corresponding to V an V are overlapped at the 3 dB point so that

.0/2 .(7)
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The rms pointinm e rror normalized to the half-power beamwidth can there-

fore he written as

o. sl0 "A

The antliar precision of the monopulse. system is limited by the amplitude

errors. A' and the anten'na beamwidth. An increase in the antenna diameter

improves performance rv reducing 0 (-A may a!so be reduced because the

thermal noise induced errors decrease with increased gain performance).

B. Interfe romete r

The angle-sensing performance of the interferometer is limited by

phase e rrors in the output, in contrast to b)eing limited by amplitude errors

in the case of the monopulse. For this analysis, the phases of the two ele-

ments are subtracted, and nonlinear interferometric processing is not con-

siderred. The phase difference between interferometric elements for energy

arriving at an angle with respect to the interferometric boresight is given

by

-2-d
sins (9)

where d is thie baseline dimension between the. interferometric el'ements as

shown in Fig. 2 and • is the operating wavelength.

dCALIBRATION PD SEE 'ISGNAL LO DTECOR C-0 2

>*12

Figure. 2 FIinctional Block Diagram qf h. 'rometric System
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The sensitivity of the phase errors to changes in arrival angle is given

by

2-d cos (10)

For an interferometer, the half-power beamwidth of the interferometric an-

tenna sy.stem, OI assuming the element pattern is much broader than the

interferometric array factor, is given by

O.88)
I d cos

The rms pointing error of the interferometer normalized to its beamwidth

is given by

0'/" . 181 (12)

"I.

-The angular precision of the inferferometer is limited by the phase error,

"and the beamwidth of the interferometric system. An increase in the

interferometric baseline improves performance by reducing 'I"

Ux



III. MONOPULSE RESOLUTION OF INTERFEROMCTRIC AMBIGUITIES

While the interferometric system has the potential of excellent angular

resolution performance, such performance'is achieved at the expense of an-

gular ambiguities which result fron. large (multiple wavelength) baseline

dimensions. Techniques must be developed to resolve these ambiguities

if interferometric systems are used practically. A new technique for am-

biguity resolution, 'described here, would utilize monopulse circuitry with

the interferometric elements.' In this case, the problem can be interpreted

in terms of a determination of the interferometric element size relative tW

the baseline dimension which is required to achieve ambiguity resolution.

Such a determination should be phrased in statistical terms, i.e.,, what

should the element size be in comparison to the interferometric baseline

to achieve a specified probability of correct ambiguity resolution?

The analysis will be simplified by initially investigating a single angle

coordinate. The phase diffe rence between inte'rferometric elements previously

given in Eq. 9 is

_ 2'd sin

(13)

= a + 2-N

where a, is the principal value of the phase, which is the measured quantity

and N is the ambiguity number, which requires correct determination.

The ambiguity problem can be displayed graphically. Consider Eq. 13

divided by 2TT which yields

d a
- sin 0! - + N (14)'

where the right hand side of the equation may be interpreted a the number of

phase rotations as information is gathered over a range of'angles. If the

equation is plotted versus sin i. a graphic display given in Fig. 3 results for

1 3 . ......
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Figure 3I Phase Rotations vs. Spatial Angle

various baseline dimensions in terms of wavelengths (d/M). Every time the

ordinate increases by one unit, another ambiguity occurs. It should be noted
0'that dA / 1/2 spans less than one unit for angles between o90 and 90 : this

baseline dimension, as is well known. has no ambiguities in its response.

As another example, consider a 5X baseline system which examines informa-
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tion "rom 10° to 600. In this case the ordinate varies from 0.87 (100) to

4.'33 (60°i, which is a span of 3. 46 phase rotations. The system in this

example would encounter 3 ambiguities. S2Zd
An absolute bound on the ambiguity number N is T as should be

clear from both the figure and equation. The number of ambiguities is re-

duced from the maximum value by restricting the field-of-view. Such re-

striction results by utilizing directive antenna elements: however, element

directivity cannot completely eliminate the ambiguities since the element

apertures would have to physically overlap in order to achieve a sufficiently

small beamwidth to eliminate the ambiguities.

The determination of the required angular resolution from the mono-

pulse system depends on the angular spacing between ambiguities. The

angular spacing between ambiguities An may be derived by considering

d
(sin (A +)) = + N+ I

(15)
d sin 9 +

which may be rewritten as

)/d = sin (A + AP) - sit P

= 2 sin cos (A + (16)

ap cos A,

The angular spacing between ambiguities is therefore

d cos A
(17)

where P is theinterferometric half power beamwidth. This result could

also be anticipated from uniform array characteristics.
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Thu monopulse performance of the interferometric element must be

better than the angular spacing between ambiguities in order to correctly

identify the emitter location. The determination of, this performance can

be done statistically. The problem should also be viewed in two dimensions.

The ambiguities from an in terferometer with orthogonal baselines to

achieve angle arrival in two coordinates can be represented graphically

as in Fig. 4, where 1, @ are two orthogonal angular coordinates and the

spacing between ambiguities a,' is X /d ( in rad.) with X the operating

wavelength and d the interferometric baseline. This analysis will assume

identical baseline dimensions in both planes and circular interferometric

antenna element patterns.

Without loss of generality the correct signal location can be selected

as ( @, t) = (0°, 00), i.e., the figure is aligned with the correct location

which means the system bias errors are zero and the principal phase value

is subtracted out. It should be noted that the ambiguities are spaced equally

about the correct location. A polar coordinate system can be defined by

2 21/2S: (9 2  + 2)

(18)

r tan1 (5/•)

The probability of correct ambiguity resolution will be assumed equiva-

lent to the probability - i.e., a correct measurement falls within

a circle centered about the correct location with a radius equal to one-half

the angular spacing between ambiguities. For the symmetric orthogonal

baseline.configuration, the probability of correct resolution strictly falls

within a square region, however, for a regular polygon antenna ar'ray con-

figuration, the ambiguities map into regular polygons, which approach a

circle as the number of elements increase, and the radius of the circle'is

dictated by the overall baseline dimensions. The c ,ilar area is used here'

for both generality of array geometry and ease of ei -- tion and provides a

representative assessment of system performance.

16
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Figure 4 Angular Location of Interferometric Ambiguities for a
Four Element Interferometer with Orthogonai Baselines
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The monopulse system en the interferometric array elements is

assumed to provide independent measurements in two orthogonal directions,

Sand ,,and the statistics in each direction have equal variances and zero

n,eans (no bias values). The probability density for these measurements

is given by

e
Pn = -(2 2

_0 2 / -2"•
e ~ /a(19)

(2"' 21/

,2 2

Note that

.. 2P, 2 P-02/ 12

- (z e 2 2- 1 /e, (20),

(2- 2/2(2
e

2- 2

and

,f'pOPOA~ d jp, d c1, 21

The probability of correct ambiguity resolution is given by

P = P(' < 1/2d ( (22)
)rr/2d ,.

,6 I W Y,* rf
e8/2dTZ)
e8



The monopulse acc'uracy previously derived in Eq. 8 is given by

, = 0. 5 10oA (23)
0

where 'A is the amplitude error in the monopulse measurement. The half

power beamwidth of the element is assumed to be

1.22)
o D- (24)"0 D

where D is the element diameter so that

0. 5 1 0 -A 1.22) 0.622A (25)S~D

Combination of the above equations yields

e-0.323 (. D ()Pc = 1 'A (26).cr "

which is the desired probability of correct ambiguity resolution.

This analysis applies to a single monopulse measurement. If K inde-

pendent measurements are performed, the random errors in the monopulse

variance - are reduced by I/K. Independent measurements can ar'ise from

monopulse systems on more than one element or from multiple independent

looks at the signal. In this case

' =1 -' e -0.323K (-• 27)cr A (7

This equation is the desired result giving the probability of correct ambiguity

resolution in terms of the ratio of the element size to the baseline dimensions

and the errors associated with the monopulse measurement.

19



The derived result is independent of the operating frequency which

can be anticipated physically. While the angular separation between am-

biguities decreses w ith increasin•g frequency, the field-of-view narrows

and the monopulse accuracy increases with increasing frequency. As a

result, the required element aperture size relative to the baseline dimen-

sions to achieve ambiguity resolution is frequency'.-independent.

20



IV. DISCUSSION OF RESULTS

The preceeding analysis has developed expressions for the angular

measurement errors for the monopulse and interferometric systems and

examined the probability of resolving interferometric ambiguities with

monopulse circuitry. The analysis will now be used as the basis for com-

parison of the two angle sensing techniques. One problem in making such

a comparison is the determination of the appropriate output measurement

errors, A for the monopulse and • for the interferometer.

The output measurement errors for the two systems require a care-

ful assessment of many factors, some of which are hardware. and system

specific in nature and also depend on the care and precision used in cali-

bration to eliminate systematic error sources. Generally, error budget

estimates are used to determine an r. s. s. estimate of the error sources

to achieve an evaluation of system performance. The final proof of per-

formance is generally an evaluation and calibration of the entire system

including the receiving electronics.

One output error source which can be readily estimated is the effect

of thermal noise. Reference 4 provides a discussion of the measurement

accuracy as limited by thermal noise; basically, both relative amplitude

errors and phase errors are inversely proportional to the square root of the

signal-to-noise ratio. The electronics and beam forming networks also

contribute errors to the measurements. The antenna systems contribute

errors which are dependent on polarization, frequency, and spatial responses.

It should be noted that the amplitude errors associated with antenna pattern

responses And monooulse circuitry are most important for monopulse sys-

tems, and the location of the phase center of the antennas, insertion phase

of RF cables, and phase detector performance are important for interfero-

metric systems. Propagation errors, such as, refraction and multipath.

are another important class of errors. Finally, mechanical errors associa-

ted with the system mounting and positional readout enter into the overall

error budget.



The output measurement errors of monopulse systerms are sometimes

expressed in terms of amplitude imbalance (dB values). Such an expression

naturally results from measurements of beam forming network performance,

axial ratio characteristics of antennas, etc. Figure 5 presents the conver-

sion between amplitude imbalance and the relative voltage errors used in

this analysis. A "rule-of-thumb" estimate of monopulse performance, often

used in first order assessments, is that the system angular error is one-

tenth of the antenna half-power beamwidth; this error corresponds to 'T A

0. 196 from Eq. 8 or a 1.7 dB amplitude imbalance. Similarly, phase im-

balance is sometimes used for interferometers as a means of expressing

the output measurement error and again such an expression naturally evolved

from phase detector performance, RF cable insertion phase differences, etc.

Typical output error values, - and ", are used parametrically in Figs. 6

and ; to provide estimates on the system size requirements for monopulse

and interferometric systems respectively.

The requirements for the interferometric aperture size relative to

the baseline dimensions will now be considered using the "rule-of-thumb"

performance (",/0 = 0.1) for monopulse systems. The probability of cor-

rect ambiguity resolution is plotted in Fig. 8 as a function of the element

size relative to the baseline dimensions with the number of independent

measurements as a parameter. The element. size relative to the baseline

.is a function of the system requirement's for correct ambiguity resolution.

For example, if the probability of correct ambiguity resolution is 0. 995,

the element diameter must be approximately 80% of the baseline dimension

if one measurement is made, 56% if two measurements are made, 40% if'

four measurements are made. etc. The values can be conveniently com-

puted by solving Eq. 27 for D/d which yields

Did =A 3.096 ,(pc 1 (28)

If the monopulse output error A is smaller, the element diameter relative
A

to the baseline dimensions is reduced for a fixed value of P
cr

22
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The field-of-view performance of monopulse and interferometric sys-

tems differ. In both cases, the field-c'-view is dictated by the antenna aper-

ture diameter. For comparable resolution, monopulse systems are required

to have larger antennas and hence a narrower beamwidth than the antenna ele-

ments in an interferometer. As a consequence, the field-of-view of the inter-

ferometer is larger than that of the monopulse system. The larger aperture

of the monopulse system results in a higher gain value and hence more sys-

tem sensitivity. For example, ifthe interferometer elenment is 49% smaller

than the monopulse antenna, its gain value is 8 dB lower than, the interferome-

tric system assuming identical antenna efficiencies for both systems. For

resolution-limited cases, as was assumed initially, such sensitivity losses

may not be important. A fundamental tradeoff in a system design is the com-

promise between angular coverage and system sensitivity. For many appli-

cations, extending the field-of-view'is very important' such is the case in

direction finding, signal acquisition, etc.

The choice between a monopulse system and an interferometric system

depends on the interplay between the system requirements'and the characteris-

tics of the two techniques. For some systems, the overall size may be a major

constraint; for others, angular resolution, and field-of-view may be the over-

riding consideration; for still other systems, signal sensitivity may be the

controlling factor; etc. Existing hardware and economics are, other factors

which dictate sy tem choices.

An example system tradeoff will be used to illustrate this interplay

between parame er choices. The constraints for this system design will

be an overall size limitation of 30% (wavelength), -rA = 1.7 dB for monopulse,

amplitude errorS. 20° phase imbalance for interferometric phase errors, and

a 95% probability of correct ambiguity resolution. if an' interferometric system

is used. The interferometric system will utilize four elements and each of

theseeler.ents ill have a monopulse capability. The ratio of the interfero-

metric element ize to the baseline dimension, as determined from Eq. 28,

is 30%. The ba eline dimension required to keep the interferometric system

27
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within a 30, overall dimension is 23. IX and each antenna element is 6. 9

wavelengths in diameter. The system comparison is summarized in Table I.

The antenna technology would typically use a dish forthe monopulse system

,and horns for the interferometric system; the costs are perhaps a subjective

area, but the cost of a dish is probably comparable or more than the cost of

four horns with monopulse circuitry required for the interferometric system.

The gain of the monopulse antenna is 36. 9 dB (55% efficiency) while the gain

of the horn is 25. 8 dB (80% efficiency), which results in the I. I dB signal

sensitivity penalty for-the interferometric system. The interferometric
system provides 70% better angle-Wensing capability and 4. 3 times larger field-

of-view performance than the monopulse systems. For systems-which 'operate

in a high S/N environment, the interferometric system may. be a better choice

than a monopulse system.

TABLE I

Monopulse Inte rfe romete r/Monopulse

Antenna diameter, X 30 6.9

Field of View, (3 dB beamwidth) 2.3 10. 1
Antenna Gain Relative to Monopulse,dB - -11. 1

Angular error, 0.233 0. 137

The parameters for the interferometer in this example can be varied "to

achieve different values. The example was based on the requirement for am-

biguity resolution. If the baseline is reduced with a corresponding increase

in the element antenna size, both the probability of correct ambiguity resolu-

tion and the 'antenna gain are increased with a decrease in the field-of-view

and the angular accuracy. The basic conclusions from these analyses are

the following:

1) When the antenna size is dictated by S/N requirements for the

system and the, corresponding angular error performance and

coverage is adequate, the monopulse system is appropriate.
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2) When the angular error requirements dictate the antenna size

rather than the S/N requirements, interferometric systems

offer better angular coverage performance and potentially

lower cost.

3) When the baseline is a significant fraction of the element

diameter, the interferometric ambiguities can be resolved

with acceptable probability by the use of monopulse circuitry

with the interferometric antennas.
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V. CONC LUSIONS

A system comparison of monopulse and Interferometric angle-sensing

techniques has been made. The angular errors normalized to the antenna

system beamwidth have seen derived by simple analytic means to estimate

the performance of each system. A problem which occurs with interfero-

metric systems is ambiguities in its angular response,which arise because

only the principal value of'the phase difference can be measured. A new

technique for ambiguity resolution was investigated to resolve ambiguities

with monopulse circuitry used in conjunction with the interferometric ele-

ments. A statistical analysis has derived the probability of correct ambiguity

resolution as a function of'the monopulse performance and the relative size

between the interferometric antenna element and its baseline dimension. Re-

latively simple analytic expressions have been used to compare the two tech-

niques on a system-level estimate basis; these estimates can be refined by

using measured values to achieve a more precise performance estimate. An

important task in such a refinement is the determination of appropriate en-

tries in the r. s. s. error budget for the output errors, rA and r.

The choice between the two angle sensing techniques for a particular

application lies with tradeoff-i in angle sensing performance, angular coverage,

signal sensitivity, overall size, and system complexity and costs. The inter-

ferometric system required multiple antennas which are smaller in size than

the single monopulse antenna. The angle-sensing performance tradeoffs depend

on the amplitude and phase errors, and a general statement contrasting the

performance of the two systems is difficult to make without specific system

error budgets. For high S/N situations the thermal noise errors may not be

the dominant error source, i. e., the resolution-limited case initially assumed.

and better angular resolution may be achieved with an interferometric system

than a monopulse system,assuming both systems are constrained to the same

overall dimensions. The angular coverage of the interferornetric system is

greater than that of the rn nopulse system for a specified angular value; how-

ever, this.angular coverage advantage is achieved at the expense of reduced

signal sensitivity performance. System complexity and costs are subjective

issues which should be evaluated for each instance.
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..ASORATORY OPERATiONS

The Laboratory Operations of The Aerospace Corporation Is conductingp

experimental and theoretical Investigations neceseary for the evaluation anid

application of scientific advances to raw military concept@ and systems. Ver-

satility and flexibility have been developed to a high degree by the l~aborato-

ry personnel in deal'ng with the many problems encountered in the Nation's

rapidly developing apace systems. Expertise in the latest scientific develop--

menit* to vital to the accomplishment of tanks related to these problems. The

laboratories that contribute to chi* research are:

Aerophysics Laboratory: Aerodynamics; fluid dynamics; piasmadynanica;
chemical kinetics; engineering mechanics; flight dynamics; heat transfer;
high-power gas lasers, continuous and pulsed, lit, visible, UJY; lase~r physics;
laser resonator optics;'laser effects anid countermeasures.

ChomistEL and Physics Laboratory: Atmospheric reactions and optical back-
grounds; radisc ive transfer and atmospheric transmission; thermal and state-
specific reaction rates in rocket pluses; chemical thermodynasics and propul-
sion chemistry; laser isotope seporation; chemistry and physics of particles;
space environmental and contamination effects on spacecraft materials;, lubrica-
tion; 'surface chemistry of insulators and conductors; cathode materials; setn-
jar materials and sensor optics; applied laser spectroscopy; &tomic frequency
standards, pollution sail toxic materials monitor~ing.

Elsctrnnics Research Laboratory: Electromagnetic theory snd propagation
phenomena; microwave and semiconductor device* and integrated circuits; quan-
tum electronics, lasers, and electra-optics; communication sciences. Applied
electronics, sujperconducting and electronic device physicsl millimeter-wave
and far-iofrared technology.

Materials SUecelm brto~ Development of now materials; couposlta
materisal; graphite2 ancramics; polymeric materials; weapons effects and
hardened materials; materials for electromic devices; dimemaioaally stable
materials; chemical and structural analyses; stress corrosion; fatigue of
metals.

Space Sciencasa Laboratory: Atmospheric and Ionospheric physics, radia-
tion, from the atmosphere, density and composition of the atmoephere, auroras
and airgiow; magooetompheric physics, commic rays, generation sod propagation
of plamms waves ia the magnetomphere; solar physics, x-ray astronomy; the effects
of nuclear explosion*. magnetic storms, and solar activity on the earth's
'toosph~ers. ionoeptre, and magnetosphere; the effects of -optical. electremeg-
netlic, and particulate radiationse in space on space sysetms.


