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('\_,?\ £8Y Project DUCK was jointly undertaken by Stanfovd Rescarch
Institute and the Raythcon Company to study HF recentry _phunomanc_n!gg_-._r
and to derive empirical and theoretical models to be used by the over-

the-horizon (OTH) detcction community for system design and ¢ita intes-

protation. The HF launch phenomenology of ABM vehicles as represented

¢ Sprint %as to have been studied; howewer, no vehicles were suc-
This

by th
cessfully launched during the six menths of field operations.

report [irst briefly desc

CW HF network used at White Sands Missile Range (WSMR) and then sum=

marizes the project's results, conclusions, and recommendations.

/o V(87" The energy received from the HF terget penerated by th

Athena payloads had a Doppler Irequency tiat corresponded ta the
e

velocity of the reentering vehicle. The target returus were relatively

ine-grain analysis revealed FM side-

discrete in {requency; huwever,
pands symmetrically displaced around the vehicle Doppler that had »

{requency interval between the sidebands egqual to the payload's

The measured cross sections were orders of magnitude
Dif-

nutation rate.
larger than the bare body cross sections of the payloads alone.
ferent vehicle types showed differences of 103 or more in measured
cross section. All of the reentry targets were very aspect sensitive.
On one vehicle, RROZ, the cross secticn measured with a broadside
aspect reached losmz. while that simultaneously measured with a
head-on backscatter aspect was Lﬂplnz. The other viewing geometries
yielded cross sections that lay between these extremes. Payload
returns were enhanced at altitudes as high as 55 km, and somewvhere
petween 23 and 35 km they became suddenly and strongly enhanced at

an altitude that depended primarily upon vehicle type and secondarily

upon viewing aspect. The target remained strongly enhanced until an

i1

£

USSR

ribes the line-of-sight geometry of the bistatic
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altitude of approximately 12 km had been reached. This sudden enhance-
ment may have indicated that boundary-layer transition had taken place.
The average frequency dependence of the HF target when viewing the same
vehicle at the same vicewing aspect and altitude was approximately 1/12.
Heavily ablating payloads ylelded larger cross sections than nonablators,
however cross-section dependence on nose-tip rausius could not be
established. When two ldentical payloads reentered with a velocity
difference of about 3 ki{t/scc, the faster had a cross section that was

approximately & factor of ten larger.

(.,"\ (87 Among the gencral conclusions reached were that payloads
reentering at ICEM velocitlies have sufliciently large HF cross sectioms
to be detected st OTH distances 1f favorable viewing geometries are
employed. Further, the HF scattering characteristics of a reentering
payload were similar to those of a long, thim cylinder moving at the
velocity of the payload. Present modeling techniques based on the
above principle arc probably sufficient to make “optimm" OTH siting
predictions, but although some of the vehicles viewed with the line-
of-gight nel.w'r‘.-k were also detected with quasi-OTH geometries, the
ability of the models to predict the behavior of an OTH path could

not be confirmed.

f;d # Two specific experiments are recommended to fill in present
data deficiencies concerning ABM's and larger operational payloads,
and also to confirm presently held theories on optimum OTH siting
configurations. One experiment would take place at White Sands
Missile Range and would be solely concerned with obtaining HF data
on the low-altitude intercept Sprint ABM. The other experiment would
take place at Kwajalein and would be directed at obtaining data on
the high-altitude intercept Spartan and elso on large, operational
payloeds. Both line-of-sight and OTH paths would be employed. (
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ot ) wf\ Fhenomenclogy, as the term applies to Project DUTK objectives,

!ﬁf!‘
l.;f;e;i

5

refers to both qualitative descriptions and quantitative measurements

3 D e,

of those target parameters reguired for the developsment, deployment ,

PRIk S

and operation of an OTH system. 1t should be stressed that the ob-

Jectives of Project DUCK were not oriented toward developing discriminz-

Aakecion

tion techniques that could be incorporaied into U.S, defense systems:

however, it was recognized that information previously unavailable at

i

PE

HF might be provided on the physics of reentry to those groups presently i-‘
wrestling with U.5. ABM or reentry probliems. i
; &
lll- ‘(,ej/ As examples of qualitative parameters useful in the OTH {field, f
it is necessary to consider such things as the general form of the f_
return signal and whether the majority of the returned energy is spec- :
trally clean (indicating a coherent target) or spread in frequency ':4
+f

i

space (as with a diftuse target). On the other hand, the most meaningful

quantitative measurement in this type of experiment is radar cross section.
For crnss scction to be a useful parameter in the OTH sense it should be
known as a function of distribution in Doppler space, viewing aspect
angle, rudar coperating [requency, altitude, and vehicle type or configura-

tion.

U/'"t (8] Once the GIH phenowenology relating to U.S. reentry and A
activities is known, and the assumption is made that the country under

observation i3 not taking a drastically different approach in the problem

areas, it should be possible to derive a great deal of useful intelligence
information. Boosted reentry tests should be distinguishable from simple
ballistic reentry testing. Diagonostic iofo-mation on the type of reentry
system being developed and whether or not penetration aids are belng used
might be available. A multiple reentry system, a maneuverable reentry
system, or a fractional orbit reentry (FOB) system would be characterized
by distinctively different OTH energy returns. Simply establishing that
one of these systems was being developed, how it wos being configured,

or what level of effort was being employed in its devclopment would be
useful to members of the intelligence community.




(l—kﬁf The OTil phenomenology obtained on ".5. ABM's could be uscg ;;b
to determine the other vountry's approach to the problem of missile
defense. For instance: it should be possible te ascertain whether

2 low-altitude intercept, high-acceleration vehicle such as the Sprint,
or a high-alttitude intercept, long-range vehicle such as tae Spartan,

or both, are being developed, aince these vehicles should yvield dis-
tinctively different signatures. It is possible that more specific
information on the acceleration, maxipum velocity, approxioate altitude
of intercept, or approximate miss distance for either tyvpe of vehicle

could also he obtained.

B. Purpose and Orzanization of Feport (U)

Q\{,c‘{ This report is intended to give the reader a concise suwmary
of the Project DUCK objectives aad an understarding of the degree to
which the objectives have or have not been obtained. The implications
of the Project's results to Lhe design, deployment, and use of OTH
radar systems are presented throughout the text. Where objectives
have not been achieved, the implications have been assessed and

recommendations are presented where appropriate.

(U) The project's major objectives are summarized in this section.
Sectivn II very brieiiy describes the exgeri=eoni. Ssctllon ITI gives a
summzry of the target characteristics acquired with line-of-sight
geometries, discusses the models derived [rom these measurements, aud
presents a summary of the results obtained witk the OTH paths. Sections

IV and V give the conclusions and recommendations, respectively.
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I1 EXPERIMENT {(U)

roal
4 ; :
LS{ Between 1| September 1966 and 1 Marc® 1967 the Project DUCK

CW bistatic HF network shcwm in Fig. 1 was operated 2. #hite Sands
Missile Range (WSMR) to view the L3 reentry experimeits of the Athena
program flown during this peried. The Athena is a solid-fuel workhorse
vehicle which, after being lofted from Green River, Utah by the first
two rocket stages, is accelerated downward with either a third stage

(in the case of the B and E vehicle emfigurations) or a third and

fourth stage (in the case of the € and D vehicle configurations).

The third end/or fourth stage boosted the payload to IRBM or ICEM
velocities, when the payload begins i1s test at about 90 km altitude.
The bistatic HF network was thus able to view not only the P/L reentry
but aiso the third and fourth stages while they were performing their
boost function and when they reentered as dead tankage. The CN HF
radar system was designed to provide data on targets as small as 0,1

square meters at a range of 200 kms.

U'." (‘sf Each of the two transmitter sites operated its two spectrally
pure lO-kW transmitters in & irequency ratic of uppmiﬁ:eiy Zts 1. -
The corresponding frequencies of the two transmitter sites were set
in close proxieity. With this operating mode, the six channels of
ktigh-frequency bistatic data {and the six channels of low-frequency
data) acquired by the three receiver sites could be compared to deter-
mnine target frequency characteristics over the net's frequency range
of B to 26 MHz.

U‘j(_sa' All of the transmitters and most of the recelvers wers syn- *
thésized to derive a very stable unmodulated carrier. In order to .
relax the two-tone-dynamic-range requiircments placed on the analog
tape recorders and spectral processing equipment, a deep notch was
used at the outpul of each receiver to suppress the strong carrier ¥

without disturbing the Duppler-shifted returns. The radiation patterns

- for all the C¥ antennas were flown and calibrated.

o o s ikt R
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{U) The preliminary analog data manalysis and interpretatios was
performed !n the field by project personnel to pooduce cross-sectieon

data for field reports and to allow #{fective on-the-spot evaluztion

of project operations. Of course, the long-tern analysis carried out
since the telairatior eof the firld activities has been performed at

Raytheon and SRI,

B :
U’ '(.8{ A short-puise radar (SPAGAR) operating with a uveak pulse
power of 20 MW at 23.5 MHz and 2 pulse width of 1/2 us was also in-
#ta)led and operated as part of the line-of-sight network. Since the

radar, as well as subsequent test and development work, is described

T e o a4

*
elsewhere, it is sufflicient to state heive that while the device worked

as designed, it has insufficient sensitivity for the job at hand.

L‘:"\,(,E‘)’ In addition to the direct-look (line-of-sight) network,
CW HF transmitters at Pahoa, Hawaii, and Ava, New York were monitored
by some of the projects "on range” receiving =ites to establish paths
with OTH illumination. OTH receiving sites, one uear Mount Hamilton,
California and the other at Stockbridge, N.Y., wonltored the project
transmitters on the range.

LV’\ (S¥ Provisions to monitor the expected Sprint firings oa the
range were incorporsted inlo Lhe network with antennas or_}._eptad to
view the vehicle dlreci!y and with vertical-incidence phase-path
sounders to sense perturbations in the lonosphere.

|- Rambilmen %

*G. Oetzel,,R. Todd, "Short-Pulse Radar Development (U}", 2

Finzl Itepabt SR1 Project 5993, Contract DA-01-021-AMC- [k ‘51

14483 (Z), Stanford Research Institutc, Menlo Park, Calif,, i35,

Aug, 1968, SECRET. 00 @'} .
lr“l.

\"'“bq [
(

L SN s S i S O TR AT S e U L

Qﬂ;ﬁrﬂ o




e
1
i

H sUA A PLOEIYT N YETS 1)

A @)
i P
{/'} }Af Bigatat pe crnsn st Dgis were doerised for seversl diticrem
Ldrees 0 pat leals vabsding Tran the small o tle relatively large
Ctog Whate Sl a) B s ad vedirobes aliaae buese dblatader o anil Lewrilod
abe L3 ard approsieately o fpesees, peapentively s T sopnt tudes of

the Croes st pans oheerved for didferent elasses ol payleads Lal

agur differcvices,.  For tke snaller vebicles, the cross sectiony st

some dapoct angles citen lay Luelam toe sepsitivity of H [0 Bysterm,

and this alope imdicetes that wariations of radoar cross section

Between diilor ot types o swlitcees can e three or more Grders ol
magnitude,  Pusitive results wore oleays obtadoed on nost paths lor

the HH and 8Y vehicles, pence wvirvwundly ali of the guantitative apalysis

wotk of Lthe project has been divectes) tosard these vehicles,
(U‘M’ It should be emphasiied (hat all of the Prejoct DUCK
results summarizcd in this report choraclertze the target prosented

nt HF radar and do wotl necessarily appdy Lo 1he target

tu a coher
presented to an incobicerenl radar or Lo 4 radar operating in the VIF

or higher={roguency rangos.

U/‘Uﬁf With the CF nedwwork, the cnergy reteened [rom the roeatry
target olwuys lay at Lhe Doppler freaquency cor-espoosdiog to the pavioad
veloodtly wnd usually had very Little trequency spread.  However, on
some vohicles, fine-gralo apalysis of this energy showed the presence
of symacirical MM sidebands around the Duppler frequency. In one case
these sidebands were separated Irum the vehicle Doppler and from each
other by O to 10 Hz and the separation correlated exactly vith the

in the vehicle's angle

nutatlon rate or rute of osedllatory enan

of atituck as determined by on-board instrumentation, No diserete or

= aEpr T
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ditfuse vehrws near zoroe Duppler have been observed for the parloads;

however, a dis rete retusn would have to be very large to be senscd

in the priscer.c of Bhe carraer.

'Lf/l ]rs)/ The magnitude ol the eross scetion derived from the
energy at the payload Puppler (roquency 1s chh larger than would be
predicied or peasured for the borc=budy cross scction of Lhe payload
alone. The wake contributes by far the major portion of the CW cruss
section and has the “apparvent” velocity ol the payload. Nete that
Lthis does not fmpiy that the make material is moving at the vehicle
veloctiy. The bare-budy cross sevclions of the vehicles vicwcd are
woll into the Rayleipgh scattering region and are calculated to be ¢n
tke order of 107 1o 10722 or 1oss. However, the cross scctions
mueasured at Some ASPUCLS wWOre Scven or more orders of magnitude greater.
A maximum creoss scction value of I.t!amz was ohserved with a broadside
viewing geometry. At the same altltude for the same wehicle, o cross

12

section of 107 m  or less was ohserved from a “head-on” viewing aspect.

In betsccn th

two exir wws of viewing cupects, intermediate values

of cross scctfon were ohserved,

(k'l!! W Because the reentering vehicle's cross secrion can vary
] such ss four or five orders of magnitude with viewing aspect sngle,
any I'F radar thst is to detect the recntering vehiclc must be placed very
carefully. If it is pot, its chances of sceing an ABM's target and
thereby derlving any information about the intercept mode will be
greatly reduced.

{d)MIu gencral , the luwer-freyucncy cbservations on Project
DUCK yinldud crass scctions 3 to O dB {and on occasion as much as 20 dB)
larger than those simultancously obtained with the same viewing aspect
at higher frequencies. This characterisiie also indicates that the HF
reentry target is not in the Raylelgh scattering reglon where the fre-
quioncy depende: o2 would be reversed.

{
Lo)wf The altitudes at which Lhe payloads wiewed at WSMi were
first vnhanced above barc-body cross sectdan could not be determined

sy .,
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duc to insullicient system scnsttivity and 'ar contaminalion by relurns

from Lhe » tering lourth=stage tankage. Nevertheless, cross-section
cnhancenent has been observed as high 2s 50 tu 60 km. [t should be
noted that this Ligh-altitude cvahanccment could be obscrved only with
a quasi-frontal aspeci since the pelwork «as configured to obtain

side-aspect data at lower altitudes.

LL-'A‘I&J/ Characteristically the cross scciions became strongly
enhaneed when the pavioads had reached altitudes between 33 and 23 ke,
and remained stronply enhanced until the vehicle had flown to an
altitude of approximately 12 km, The partleular altitude of cross-
section brightening depended primarily upon vehicle type and configura-

tion, 2%d to some extent upon viewing aspect.

(‘;0) _IJ{ Variations in cross scction were observed as a function
of velocily on identical payloads. A differeace in velocity of
approximately 3000 {1 s cawsed an order-ofi-magnitude larger HF cross

sectionh 4n the case of the payload having the higher veloecity.

LL)] Lﬂr Several vehicle parameters were examinced for the purpose
of relating them to differences in HF-cross-section magnitude. The
first of these was the material usec in the nose tip or heat shield
of the vehicle. A substantial diffevence {as much as 20 dB) in WF
cross section was observed on the same swrhicle configuration when
different nose-tip materials were used, with the more ablative nose-tip

caterials yielding the larger cross scclions.

COJ W The second parameter examined was nose-tip radius and its
relationship to cross-section magnitude., Here the recults were rather
inconclusive. Although the sharper (small nose-tip radius) vehicles
generally showed smaller {(on the order of 10 dB) HF cross sections
than the blunt wchicles, there were, in addition to differences in
the nose=-tip radius, differences in materials used on Lhe nose tips
and heat shields of the vehicles compared. Theoretical considerations
indicate that the blunter vehicles should have higher cross sections;

tremy 1!
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however, it is impossible, on the basis ol the data, to £y whether

)
i
i

the smallsr cross secctr;on nwasared with the sharper wvehicies was
cavsed by the vehicle beinp sharp or by difforences in materials
used. Ope can only soy Lhat the data are not inconsistent with

expectations.

(5-‘."1{,8'5» Sudden enhancements in cross sections wera noted for
both the sharp 58 and the blurt HRE vehiclcs. In the case of the
ER's the ernhancement occurred between 29 and 35 km, and in the ease
of (he 55 vehicles between 23 and 26 km. Fortunately, GE and AVOD
reports giving optlical results acquired with the TRAP aircraft were avall-
able for the S5 wvehicle series {unfortunately not svailable for the RR
series). A comparison of the HF and optical results shows thal oplical
brightening and the sudden HF enhancement occur at the same altitude, -
The optical brightening has been inlerpreted by the two groups as
boundary layer transzition. (GE also states thal hase pressure sensors

confirm the opticral interpretation.) : 5

(V)esY” Radar-derived curvex of B = #/C A for the BE and S5
vehicles viewed by Project DUCK show a peak that has alse been

interpreted as corresponding to the interval associated with boundary-
layer transition. The times that these peaks in g ocour correlate

with the sudden enhancemeni in HF cross sections.

-, ~ ee——— el — R

|:UJ ‘[ﬁ,/' Except from the frontal backsecacter aspect, the energy
rcturﬁrd at the payload Doppler during the period of enhancement for
some of the vehicles was characterized by slow, well-defined and

pronounced "fades.” Since the depth and position of the peaks and 4

nulls were dependent upon both the viewing aspect angle and the

frvquency of the observation, they could not be attributed to =
mechanical motion or blooming or withering of the target. In additien, \I
the cross sections characteristically built up to high values at the ]

specular (1.e., zero Doppler frequency) point on the trafectory.
These facts suggested that the target had a well-defined length and

consequently scattering characteristics similar to Fraunhofer i

10
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diffraction. Indead, ounc is hard pressed to explain the fading charae-

teristics without invoking an eflfective length and diffracticn. Tech-
niques were developed in which the uniquely identifiable peaks or nulla
on some¢ individual paths were used to determine a curve of length
versus altitude for a given payload. The target length determined
with this simple one-dimensional model was then "flown” by computer

on the appropriate trajcctory to obtain predictions of relative crass
seetion for each path geometry and frequency of operation. The agree-
ment between the predictions and the date woas in general excellent.
The lengths associated with the payloads where this type o! modeling
was employed were {ound to decroase with decreasing altitude, varyipg

froo approximately 100 meters at 40 km to 10 meters at 15 km.

Lh’}j}r Because the application of the sirple Fraunhofer Dif-
fraction Model can yieid no more than relative cross sections snd
the variation of effective target length with altitude, a more
sophisticated model was pursued. A generalization of the Chu formula
for electramagnetlic scattering fnm cylindrical bodies was assumed to
derive such things as target polarization dependencn and the shsolute
value of cross section. This model assumed forced currents and ™
waves. When values of the target length and reflectivity taper deduced
from the diffraciion analysis were incorporated into this scattering
model , 4t Zas possible to perform calculations of the tarpet cross
section that provided reasomable matches to ebservations. This model ,
then, not only accounts for major elements of the aspect dependence,
but also explains the observed frequency dependence, incorporates
polarization dependence, and provides magnitudes of cross section.

(_L)] (57" The “sudden brightening” of the HF cross section tends
to indicate that a more severe aspect dependence of reflectivity
exists for lossy than for lossless targets. Extending the scaltering
theory ta inelude lossy targets has tended to verify this hypothesis
theoretically and may provide the basis jfor a model of more genoral
applicability, especially when front-to-front backscatter viewing
aspects are cnployed.

11
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v igsa’ A one-dimensional study of wake scattering has shown
theoretically that the effects of wake velocity, varying vehicle
velocity, systematic variation of wake length, periodic variations
in wake intensity, and periodic variations of wake length are quali-

tatively entirely comsistent with the dota.

2, ABM Launch Phenomenolegy (U)

U,Ii gﬂ' One of the major objectives of Project DUCK could not
be attained in any degree. Since firings of the high-perfomance
Snrint terminal <defense missile had been planned for the period of
projoect operations at WSMR, the transmitting and receiving sites
were piaced to vicw these firings as well as the Athena reentries.
Antennas wnre directed towards the expected trajectories. Unfortun-
ately, all of the scheduled firings were canceled or aborted; hance,
there still remains little or no information on the phenoaenology
of ABM launch. This, then, must become the msjor objective of some
future program if the information required for gathering and inter-
preting data on Russian or Chinvse ABM development is to be obtained.

3, Associated Reentry-Svstem Targets (U}

L{}‘)w The Project DUCK direct-look network necessarily observed
the burning third and fourth stages, retrofire, and the reentering
third- and fourth-stage tankage. Typical cross-section values derived
with 8 near frontal aspect and with an analysis bandwidth of 8 Hz are
glven m_hbl.e lj With the information gained and sufficient sensi-
tivity, 1t should be possible to sense and identify a boosted reentry
testbed. Incidentally, the frontal-aspect measurements of the burning
engines are unique in HF launch phenomenclogy.

12
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CHARACTERISTICS FOR SOME ATHENA REENTRY-SYSTEM COMPONENTS (S)

Cross Section {nz)

Event Type of Echo Altitude (km) 21 .6 MHz [1.6 MHz
A " . 3
drd-stage burn Enhanced skin 195 - 165 kn 10 10

echo

. 5 2
dth-stage burm Enhanced skin 140 = E15 km 10° 5x10

echo

Exhaust echo 140 - 1135 km Net available ].{3‘1 Lo 105
Retrofire Diffuse 110 km Hot available 105 to 106
b4 - & -
Zod-dtage Piscrete 80 - 40 km axl0 l 5:::01
reentry
drd-stapge Diserete until Kot available ].EI-" 101
reentry breakup
4th-stage Discrete until 80 = 50 km 10-1 10°
reentry breakup

4. Targets of Opportunity (U)
a. Pre-Stage Launch (U)

Q"j 87 Two pre-stage lest vehicles flown at WSMR were observed

as targets of opportunity.

A Nike booster provided the upward accelera-

tion while a Tomzhawk sccond stage propelled the pre-stage downward fcr

its test during the last fow sceonds before impact.

The cross section

of the passive second stage was approximately 10 to 107 m° and was

-2 -1 %
cuhanced by approximately 10 dB, to 10 to 10 ] md during its burn.

Although the vertical-incldence phase-path soundings of the ionosphere

ware made, the results were negative,

b.

Pershing Reentry

()

(_f)/l ((/!.')' The low-velocity reentries of three Pershing vehicles
were monitored durlng one evening by the network with front-to-front

and front-to-side wiewing
was cbserved; however, no returns from the warhead were scen in the

speccral analysis records made in the field.

approximately 2.4 km/sec.

aspects,

The reentry of the second stages

The reeptry velocity was

P L]




b. Results of OTH Observations (U)

i_‘;l .‘-‘”’F Several scal-OTH paths (where one leg is OTH and the other

is linc-of-sight) were operated during DUCK, d=ponstrating the feasi-
bility of detecting reentering bodies at OTH ranges. Positive detections
were achieved over paths that would be judged favorable on the basis of

aspect dependence deduced from the Jdirect-look results.

Lu'f (%Y The OTH records contained many of the signature components
observed at line-of-sight ranges. Those included, as separately

identifiable elerents, the events listed in Table II. A cosparison of

Tables T and IT shows that there are large discrepancies in the observed .
cross-sectinis, These differcnces are probably atrributable to dissimi-

lar geometries, viewing aspects, and altitudes that existed while the

measurcoents were being made, us well as to the different analysis band-

widths and methods used in deriving the cross-sections for the twe sets

of data. Althecugh the gathering of OTH data was not emphasized in

Project DUCK, care should be taken in a future HF reentry experiment to

ensure that line-of-sight and OTH cross-section data can be compared

directly.

Table II 5%
(‘)Lu/ OTH RADAR CHARACTERISTICS FOR SOME ATHENA REENTRY-SYSTEM COMPONENTS (5% |

Event Altitude (km) Cross-Section (‘a) 1
Boost engine (4th Stage) 140 - 115 1! - 10
h i =skip
Tankage reentry (near 60 106 L m‘r
apecular aspect)
Payload reentry 35 to 18 1I:|z - 103
(max)
Retrofire 115 > 108




S,

i) R
. ’(Jr Ir is significant, in vies of possible :ntelligence applighd

ey

tions, that each of the signature components could be related, by Doppler

irequency, te the responsible eveat.

.-\.)\ ).*‘.:') The large values of cross-scction observed for the tankuige

al near-specular aspect on OHD paths

at 60 km aluitude, together with

the sssociated incoherent (near-zero Doppler frequency} return nhscrved

in the same altitude rogime %'th line-of-sight geometry, are interpreted

as implying a target of appri .lavle length, perhaps of the order af a

kilometer. A more direct desonstration of this would be desirable

inasmuech as other factors

, such as ionospheric focusing, could also be

rvesponsibie for Large OHD cross sections.

(U)¢s8 This apparently lo o lemgth of the tarset assoniated witn the

tankage implies extreme aspi

values only in the very ne

of the ambient clutter and/er notch

¢ gensitivity yieldirg high cross section

a. vieinity of zero cps—i.e., in the center

filter of a C¥ system. The fact

that multihop tankage cchoes failed tu exnibit parrow peaks but, rather,

displayed high cross secgtiond well away i1rom 0 cps suggests that these

long targets can be casily detected wi th multihop C¥W paths. This might

be internreted as evidence that th

e diffuse {i.c., somewhat non-specular)

ground scattering broadened the inherently narrow scatrering patteina

of the long targets.

(U] (sr e chu model for electromagnetic scattering by paylead wakes

has been exitended from the ariginal line-of-sight formulation to one

suitable for calculation for arbitrary OTH configurations. Due to an

insufficient nusber of OTH detections of payload against which to check

this calculation, it must be considerec ot yer experimemtally validated.

On the basis of both mode

1s and expe

rimental observations, criteria have

been established for optimally configuring OTH paths. These eriteria

have beca applied to the design of new OTH experiments.

15
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IV CONCLUSIONS {(U)

A Target Characteristics (U)

'\.L']"{,a‘r The significant conclusions of Project DUCK rest upon the
dete;ulnatlcm of target characceristics for a wehicle reeatering the
earth's atmosphere at IRBM or ICEM velocities. The HF reentry phenome-
nology of those vehicles viewed with the Project DUCK line-of-sight
CW network at ''SMH is summarized by the [ollowing:

(1) The HF ONF rcturns have the reenterlig vehicle's Doppler
frequency and spectrally are relatively discrete.

(2) The WF CW cross sections measured for reentry targets stmngly
depend upon viewing aspect angle. The cross sections measured at {rontal
aspect are as much as five orders of magrnitude less than those obtalnoed

when viewlng with a side aspect where the cross section reached ll‘.l3 l:I

(3) The cross scetions of the reentry payload are enhanced, at
icast below 55 ka, when viewnsd from some aspects, Somewhore between
a5 and 23 ko mltitude, the cross sections become puddenly nlnd'\iery
strongly enhanced, and this enhancement remains until the vehicle has
reached an altitude of at least 12 km,. Significantly, the bare-body
cross sections were well below the Project DUCK threshold of semsitivity.
The very strong target enhancements occurring between 35 and 23 km
altitude may indicate that boundary-layer transition has taken place.

(4) On the average, the HF reentry target exhibits a l..f'l’z fre-
quency dependency .

(5) The HF cross section will increase with an increase in pay-

load velocity.

(6) Heavily ablating payloads appear to yleld larger HF cross
sections than nonablating vehicles when the payloads have similar
configurations,

18
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(o) &
{7) Paylnad nutation during reentyy can be sensed with CW HF

radars and manifests itsel! by FM sidebands appearing around the

target Doppler. The frequency spparation beiwoen sidebands is equal

to the nucation rate.

(B) Recntries at ¥SMR of both payloads and tackage were detected
withk paths having OTH illumination and line-of-sight receivers. The
OTH returns were successfully related, on the basis ol Dogpler, with

those obtained with the line-of-sight notwork,
B. |MNodeling Results (U)

L:J,_[i‘f The characteristics of *he HF reentry target have been uscd
in developing math. tical models to describe the HF reentry pheaone-

nolopgy. They assume -+ the clectromagnetic scattering is that of

a long, thin cylinder soving at the payload velocity. Modeling results
are summarized as follows:

(1) Given data from a single viewing geometry and a single Ire-
quency, the models can be successfully used to predict the magnitude

and fading characteristics of the observed cross sections acquired

wiih other viering geometries and [requencies. The predictlions coa-
puted with the models =2pply 8t least over the I0-to-25 ¥Hz frequency
range and 33-to-12 km altitude range.

(2) The HF target Jenvrated by a reentering payload has an
effective scattering length that varies [rom approximately 100 m at
40 kn to nothing at 12 km. The sudden enhapcement in cross section
between 35 and 23 km can be interpreted as an abrupt increase in
scattering coefficient; however, the target's lenogth at this time
is not affected.

(3) Steep axial gradients in the HF scattering coefficleat
wxist in the wake.

(4) The modeling concepts employed imply nothing of the actual
physical motion of the wake material.

(5) The modeling techniques are sufficiently well developed that
they can be extended to OTH applications.

17
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C. Gemeral Conclusions (U)

et
'\..‘r"" w- The geoeral and major conclusicns of Project DUCK are the
following:

{1} The cross sections of reentry vehicles are sufficiently
targe that they cae be detected with over-the-horizon detection

technigques when fzvorable viewing aspects are employed.

{2) The phenomenological models and their engincering approxima-
tions have besn developed to the point where they can be used for OTH
system design, evaluation, and optimization, and for interpreting data
acfuired by existing OTH systems. With the existiog models a single
HF line-of-sight observation made on an arbitrary vehicle and with a
given geometry may be sufficient to make accurate predicticns of what
Ml be cbserved with OTH geowetries. In addition, with a priori
trajectory information, the most favorable OTH siting geometry can
probably be determined or, given a list of already existing sites,
the best detection geometry can probably be chosen. This conclusion
should be confirmed with further testing.

{3) The present HF reentry drta base is inadequate and includes
only a portion of the sclatively smail vshiclies fiown at ¥2W. Data
are needed on larger payloads and should be acquired vith different
geometries und wider frequency ranges than those employed at WSMR.

(4} Omne concept for discriminating maylowds from decoys is
based upon deriving the size of the wvehicle fr-m its HF radar cross
section. The radar cross section ol a vebli. le iLyleg in the Rayleigh
scatteidng region is proportional to the squire of the volume of the
vehicle, and further, is not to any cegree aspect-sensitive. The
tacit assumption in this type of discrimination aystem is that.t.lm
only observable at the Doppler frequency of the vehicle will be the
payload itself. The ohservations of Project DUCK, where the wave=
lengths employed were sufficient to put the payload in the Rayleigh
region, clearly demonstrate that over the altitude regime of at least
40 to 10 km fuch a system will have problems. There is some evidence

18
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in the data that there may be probless associated with such a systes
up to aititudes as great as 55 k=. The only aspect where it might be

successful is the dirsctly head-on “hackscatter situstioa.

(5) ALY venicles were not launched at WSMR during Project DUCK
operilions: henca one of the program's major objectives could not be
attained. An understanding of ABM launch phenomenclogy is stall re=
qui red and should be esrablished for hoth low-altitude (Sprint) and
high-altitude (Spartaz) intercept vehicles with experiments that
simul taneously utilize line-of-sight and OTh paths.

TR s e e 58 m_..«-q-
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¥V RECOMMENDATIONS (U}
¥ (I.‘}

£Y In Sec. 1V, Conclusions, note is taken of seversl areas where
infermation on HF recntry phenomenvlogy 18 sti1ll lacking. No data could
be acquircd at WSMR on the larger operational pavioads., The reentry
target characteristics at ihe higher altitudes cruld not be established
at WSMR since above 40 km the payload returns were cortaminated by echoes
from the (ourth-stage tankage and ¢cbris. The target’s functional depen-
dence upon frequency has been tested only to approximate'y 25 MHz. Addi-
tioual data at higher freqiercies are neceded to ensure that target behav-
ior 4s consistent and il understood over the entire frequency range of
interest to the OTH communiry. Fimally, there has been no ressonable

test of the applicability of the models derived with lin--of -sight mea-

surementa to OTH geomelries. We thercfore recoemend that an experiment
be conducted with the reentries occurring In the Keajalein area. This
<xperiment will widen the present data base and shoula overcome the

deficiencies remaining at the conclusion of Project DUCK.

("'I 437 Perhaps the single most importint objective of Project DUCK
could not be mchieved--na=ely, determining the AP phencmenslogy of ABM
vehicle launch. Low-altitude ADM'. represented by Sprint) and higs
altitude long-range ABM's (such as Spartan) have very different perfor-
mance characteristics; hence their HF radar target cheracteristics such

as cross section, energy spread in frequency apace, and accompanying
ionospheric perturbations will pruhaﬁiy be very different. The HF
launch phenomenclogy for both types of vehicles should be established.

LV)/W)’ Apparently the Spartan teat series now being flown at Ewnjalein
will continue for at least two years, Fortunately the dats needed on the
Spartan vehicle can be obtained with the instrumentation installed mround
Kwajnlein to study further the HF reentry targot,

0)} 7 The Sprint 1s now being flown at WSHR and may start tests at
Kwajalein about one year. From the experimenter's point [ view, ¥WS'R
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\;sl’ The OTH paths shown in Fig. 4 and 5 have been chosen on the
- basis of Project DUCK results. Geometries yielding Dopplers that slowly
approach zero [requency in the altitude range of interest will also
vielo the highesr radar cross-section for the lungest period of time
Thuse paths are defined as being optimum from the OTH sense in that
they will give the hiphest possibility of detection, and their data will
yield a maximum amount of information, It is on 1ais basis that the
patas from Johnston to reentry area to Roi-Namur and Likiep, and from

Johngton to reentry arem to Brisbane, Australia were chosen. The first

18 & simulation of an optimum semi-OT. detection path with the receiver
being line—of-sight. The second 1s a long but still optimum forward-
scatter path. The geometry of the third path from Johnston Tsland to
reentry area to Midway Island established with a 120-kW transmitter on
Johnston was chosen for somewhat different reasons. It gives an approxi-
mation of the scatter angles, arnd therefore the Doppler, of the Sentinel
. Shoe system which is constrained to illuminating its target by 1-1/4 hops.
This path, however, will also allow the vehicle to be illuminated by a
3/4-hop mode. The returns slmultancously obtained with these two illu-
mination modes will be separsble 1n Doppler space; bence, the experi-
mental results derived irom each should be of use not only to the opor-

ators and analysts of the Sentinel Shoe system but also to any others

s i 2

who might establish an HF radar that would illuminate its targest with
a 3/4-hop mode.

l(.’i

and Midway Islands, and the x's shown in Fig. 5 represent the impact

Russisn reentries have occurred in the general area of Johnston

points for several. If the Russimns should conduct more of these tests
during the period in which the Pacific experiment 1s operating, it is
probable that valuable HF linc-of-sight or OTH data can be acquired on
their reentry vehicles,
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