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DEFINITIONS
DA publishes the following documents o report the resuits of its work.

Reports

Reports are (he most authoritative and most carefully considered products IDA publishes.
They normally embody results of major projects which (a) have a direct bearing on
decisions affecting major programs, (b) address issues of significant concern to the
Exocutive Branch, the Congress and/or the public, or (t) address issues that have
significant economic implications. IDA Reports are reviewed by outside panels of experis
to ensure their high quality and relevance to the pradiems studled, and they are released
by the President of IDA. .

Group Hepg_s

Group Reports record the lindings and results of (DA established working groups and
panels camposed of senior individuals addressing major issues which otherwise would bs
the subje~t of an (DA Report. ‘DA Group Reports are reviswed by the senior individuals
responsible for the project and others as selacted by 1DA 10 ensure their high quality and
relevanca to the protiems studied, and are released by the President of [DA.

Papers

Papers, alisa authoritative and caretully considered products of 1DA, address studies that
are narrower in scope than those covered in Reports. 1DA Papers are reviewed to ensure
that they meet ths high standards expectad of refereed papers in professional journals or

formal Agency reports.

Documents

1DA Documaents are used for the convenience of the sponsors or the analysts (a) 1o record
substantive work done In quick reaclion studies, (b) to reccrd the proceedings of
conferances and meetings, (¢) to maks available preliminary and tentativs results of
analyses, (d) to record data developed in the course of an investigalion, or (s) to forward
infarmation that Is essentlally unanaiyzed and unevaiuated. The review of IDA Documents
is suited to their content and intended use.

The work reported in this document was conducted under cantract MDA 903 89 C 0003 for
the Department of Defense. The publication of this IDA documeni does rot indicate
endorsement by the Depariment ot Detense, nor should ths contants be construed as
reflecting the official position of that Agency.

This Paper has bean reviawed by (DA to assure that it meets high standards of
thoroughness, objectivity, and appropriate analytical methodelogy and that the rasuils,
conclusions and recommendatlions are properly supparted by the material presented.
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INTRODUCTION TO VOLUME II

This is the second of three volumes on the history of DARPA accomplishments and
their implications. The first two volumes include histories of selected DARPA projects:
they are the source material for Volume III, which will analyze these projects in the broader
context of DARPA's history and the influences of the external environment on the agency.
Volume III distills lessons learned as a help toward guiding future strategic olanning and
project management by DARPA. To obtain an adequate pictuse of the scops and nature of
DARPA acco.nplishments and their impacts, therefcre, it will be necessary for the reader to
peruse both Volumes I and II. For an analysis of the implications of DARPA's
accomplishments for management, Volume III should be read.

At the outset a single volume was planned. However, in response to a direct
request frorm Dr. C. ¥ 21ds, then DARPA director, Volume I was produced on a shortened
time scale, and Volume II was begun. Subsequent discussions with Dr. Reis, the current
director, led to new guidance, mainly a new emphasis on an overall analysis, which led to
Volume IIf and the elirainatioa of some topics in the original list of contents for Volume II.
Consequently, the new list of topics included in Volume IT differs from that stated in
Volume I. However, the general criteria for selection and addition of topics remained the
same as outlined in the introduction o Volume I, which should also be read in conjunction
with Volume II. The programmatic groupings of topics are also nearly the same as in
Volume 1.

In both Volumes I and X there are topics that belong to early programs such as
DEFENDER (the Anti-Ballistic Missile program) and to Tactical Technology (which began
to be identified as sich after the Vietnam War). Volume I also contains several topics in
the materials arva--an area that had origins in the earliest days of ARPA, took somewhst its
present form ;a the mid-1970s, and is ongoing today.

Several reseurchers made significant contributions to Volume H in addition to the
main authors. Their names and the chapters to which they contributed are: P. Albright
(TEAL RUBY, Chapter IX), Earl Alluisi (SIMNET, Chapter XVI), David Bushnell (Ada,
Chapter XV), Erland Heginbotham (VLSI, Chapter XVII and XVIII), A. Hull and David
Markov (Armor-Antiarmor, Chapter VIiX), Robert Knapper (Interactive Graphics, Chapter
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XMI), David Markov and Stephen Wooley (Image Understanding, Chapter XIV) and
Stephen Woolsy, (X-29, Chapter XI and GaAs, Chapter XIX). Despite the multiple
authorship, every effort was made in the individua! chapters to retain the textual format set
in Volume 1.

In genetdl, the topics in Volume I are of more recent vintage than those in Volume
L As such, their history and, even more, their impact have been only partly developed. It
was realized that it would be more difficult to determine the real history of these more
recent projects, for which available information may often be expected to reflect current
arguments, program justificutions, and personal feelings. Volume I with iis older ropics
was simply easier to do than Volume II. Some of the topics in the original list for Volume
II have been eliminated fo- this reason. Also, a few of the missing topics have beer
associated with projects which are now highly classified; in these cases it proved
impossible to write a meaningful account, satisfying our criteria, in an unclassificd
document.

In the materials arez in particular there are fewer topics than planned and different
topics from those in the original materials list for Volume II. These changes reflect two
factors. First, to track specific impacts in the materials area proved quite complex. The
development of materials seems in many, if not most, cases to be like a skein with many
weavers. Partly because of an early appreciation of this difficulty, tackling the materials
arca was put off to Volume II. The reality, however, proved more difficult than the
expectation. Second, the materials list changes are symptomatic of the fact that in general
the entire project has been, in a sense, experimental: we did not know, at the outset, to
what extent it would be possible to determine and express the roles and impacts of DARFA;
it was a process of learning by doing the necessary investigating, which proved to be close
to sleuthing in many cases.

DARPA's real role and impact were particularly hard to discern and unravel in the
materials area. This was disappointing because it was generally recognized DARPA has
had a particularly broad and deep impact in the materials area: the performance of almost
all military systems is limited by materials characteristics. To include and emphasize
materials was also felt to be important to convey a properly balanced perspective on
DARPA programs. Materials efforts have interacted strongly with other DARPA programs
such as lasers, strategic and tactical technology, and information sciences. We regret that
to delineate the specific impact of DARPA's role in these areas dic not prove feasible in ihis
effort for more than a few cases. The two new materials topics added, IDLs and

xiv




" " S . ———
= T et sz - Y I T L AR, ST e S o DI ERI TN N A b N e s R X R P e S e T
TR Fiippet s RS PRERENGC Satie o R e e T IR

Retirement for Cause, szemed to be exceptional <-ases ior which the DARPA role was very
imporiunt, the impact large, and ready docurientation was available.

Finally, as mentioned above, the textual format of the topical writeups has been
largely retained in Volume M, but a few of the time-track diagrams are missing. This was
due in part to the feeling shat ia cases in which impacts are still developing, such time tracks
could present a micleading picture.
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L. PRESS

A. BRIEF OVERVIEW

Project PRESS (Pacific Range Electromagnetic Systems Studies) was the major
field measurement clement of ARPA's research on phenomsnology of the reentry into the
earth's atmosphere of inter-continental ballistic missiles (ICBMs) under its DEFENDER
program. The largest part of DEFENDER, which was transferred to the Army in 1967,
PRESS and the Army's follow-on Kiernan Recntry Measurements Systems (KREMS)
facilities and measurements have played a key role in assuring credibility of the U.S.
ICBM offensive deterrent and in U.S. decisions about Bailistic Missile Defense (BMD)
R&D and system deployment. The TRADEX, ALTAIR, and ALCOR rudar systems
resulting froin PRESS are in use today by KREMS at the Army's Kwajalein Test Site
where they support R&D for Air Force penctration systems and Army ard Strategic
Defense Initiative (SDI) BMD efforts. Thess systems are also in operational use by the Air
Force in SPADATS and for Space Objects Identification (SOI) work. Airbome optical and
IR measurements, originated under PRESS and continued under DARPA Strategic
Technology Office (STO) sponsorship. have contributed to the design of sensors for
midcourse terminal homing intercept systems under SDL

B. TECHNICAL HISTORY

1. Background

In the late 1950s a number of U.S. government actions resulted from a sharply
growing appreciation of the Soviet ICBM potential, fueled by the Soviet's test of a ballistic
missile of intercontineatal runge and their successful launching of SPUTNIK. There was
an acceleration of efforts on the defensive side with the NIKE-ZEUS BMD system then
being carried on by Bell Telephone Laboratories (BTL) under Army sponsorship (then a
top DoD priority) and also with the Air Force's long range WIZARD radar, space based
ABM (Anti Ballistic Missile) projects, and MIDAS early wamning satellite effort. On the
offensive side--the prime basis of U.S. deterrent to date--Air Force efforts toward an
operational ICBM system were speeded up. There were several high-level studies of the
technical aspects of the ICBM problem which emphasized particularly the need for beiter
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understanding of ICBM reentry phenomena in order to enah'e the defense to discriminate
between decoy debris and reentry vehicles containing warheads. These studies also
addressed countermeasures which could assure penetration of U.S. offensive missiles
through Soviet BMD systems that were then believed to be under development.!

A key related action of the Eisenhower administration was the establishment of
~ ARPA. To get the United States going in space in a reasonable way without Service-
related bias (the Army and the Air Force were in strong competition for missions in space)
was, chrenologically, ARPA's first assignment. The second major assignment, with the
same flavor of helping the president deal with inter-Service rivalry,2 was DEFENDER,
oriented toward advanced approaches to BMD. While this DEFENDER assignment was
second chronologically, the earliest ARPA Congressional hearings indicate it was first in
priority.3 The DEFENDER assignment was to:4
...undertake research, experimentation, development and long term
fcaslbxhty demonstrations to obtain technologically advanced defense
against extra-atmospheric offensive vehicles, including space vehicles and
ballistic missiles. It is intended that this project be pointed toward the
exploitation of fundamental phenomena; the development of new systems

concepts; and the applications of new techniques as opposed to
development and refinement of authorized defense systems which will be

the responsibility of the military departments.

NIKE ZEUS was, at the time, such a major authorized defensive system with
development started by the Army, but responsibility for it was given also to ARPA.
However, NIKE ZEUS was quickly evaluated by Roy Johnson, the first ARPA director,
as too close to a procurement decision to fit ARPA's assignment. One of the first ARPA
actions was to return the responsibility for NIKE ZEUS to the Army,’ and to concentrate

1 High-level studies of the feasibility of what were eventually called "penetration aids” included those
conducted under the Gaither Committee (in 1957) and, 2 little later, by the DoD Reentry Body
Identification Group and by a special panel of PSAC. Many of the same people participated in all
thuesmdu.wbnchmmnedbyw Bradley, who later joined and IDA's ARPA Support Group.
"The ABM Debate,” by ER. Jayne, MIT thesis, 1969, p. 452, and H. York, "Multiple Warhead
Missiles,” in Scientific American, Vol. 29, Nov. 1973, p. 2004. Earlier Service studies went back to
the carly 1950s.

2 According o Gen. Goodpaster, Special Assistant to President Eisenhower, this was the president’s
primary motif in establishing ARPA. Discussion with Gen. Goodpaster, 4/88.

3 Hearings before Defense Subcommittee on Defense Appropriations, for 1959 85th Congress, 2nd
session, stalement of R. Johnson, p. 292,

4 DoD directive 512933, Dec. 30, 1959.

3 R. Johnson, op. cit., pp. 320 and 338, ARPA was also given the Air Force's 117L Satellite Program,
which it returned, modified, to the Air Force. The Air Force and Navy ballistic missile efforts, less
controversial, were not given 10 ARPA.
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its efforts on the more fundamental unknowns aid advanced approaches mentioned in its
assignment.

Another related ARPA assignment, mentioned in the same DoD directive, was to
investigate advanced technologies for "penetration aids" for ICBM warheads. The Air
Force had already begun some effort in this direction.6 It was recognized early-on that the
same type of measurements of reentry phenomenology were essential to the penetration
aids programs as for BMD programs.

An outline of specific directions for project DEFENDER was provided by previous
studies, notably by the Bradley PSAC and RBIG (Reentry Body Identification Group)
panels. The ARPA DEFENDER effort, guided in part by these studies, encompassed a
very wide range of technologies underlying early waming, long range and terminal BMD
approaches and penetration aids, including phased array and over-the horizon radars, high
power electronic tubes, long range BMD and ASAT systems, nuclear effects and non-
nuclear hypervelocity impact systems for destruction of reentry vehicles (RVs), lasers, and
charged particle beams as directed-energy weapons, infrared emissions from rocket plumes
and reentry, and a new ionospheric probe (ARECIBO) with a 1,000-foot antenna. The
Bradley studies had emphasized the complexity of the BMD problem, and pointed out that
there were many unknowns in the reentry phenomenology, which might or might not be
critical for BMD system design. Among these were not only the phenomena associated
with the hypersonic reentry of RVs into the normal atmesphere, but also the effects of
nuclear explosions which were expected to be frequent in the reentry scenarios then
discussed.” In response, many of the earliest ARPA orders under project DEFENDER
were concerned with the nuclear effects areas,® and included extensive programs in relevant
atomic and molecular physics, and in the physics, chemistry and hypersonic acrodynamics
of reentry. These ARPA activities built on the previous and ongoing related DoD and
Atomic Energy Commission (AEC) work.? Field measurements were understood to be of
major importance and were undertaken by ARPA with a wide range of active and passive
sensors, using and expanding available Service 2a0 NASA facilities at Wallops Island, the
Army White Sands Missile Range (WSMR), and . AAtlantic Missile Range (AMR). Some

6 H. York, Does Strategic Defense Breed Offense, Harvard Univessity Press, 1986, p. 13.
mAwmdm&nWhquﬁchhlmﬁlm
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Bradley recommendations in
suchmios. Ct. also Richard J. Barber Asscciaies, History of the Advanced Research Projects
Agency, 1958-1975, NTIS 1975, p. IlI-55.

9  Some work in these areas had been going on since the mid-1950s.

1-3




significant extensions of these field capabilities were also made by ARPA, notably in the
outfitting of the DAMP (Down Range Anti-Ballistic Measurement Program) ship.10 (See
Figure 1-1.) '

ARPA became the strongest player in the field measurement game, not only to carry
out its responsibility under the DEFENDER directive, but also because the White House
wanted an "honest broker” between the Air Force, with its rapidly developing, primariiy
offensive ICBM orientation, and the Army with its defensive ABM effort. Besides, there
was an urgent demand for more reentry data, especially field data, by all involved, and
ARPA could move quickly to obtain it 11

There was an carly appreciation by ARPA's leadership of the difficulties of
integrating & very complex measurements effort when it would all get underway, especially
the experimental field work which would include measurements on the Atlantic test range,
on land, and some on the DAMP ship.12 Accordingly, one of the earliest actions of
ARPA’s top staff was to approach MIT's Lincoln Laboratory as to whether they could
undertake a major responsibility to pull together the national effort.13 However, Lincoln
did not choose to take on such a major responsibility at this time. It did "leave the door
open” and agreed to increase their field measurements effort, together with an expansion of
laboratory and theoretical efforts on hypersonic phenomena, and an increased effort on data
processing specifically requested by ARPA in anticipation that this would eventually
become a major probiem area for BMD. Lincoin also lent one of their key reentry scientists
to ARPA/IDA, which is discussed at length below. Lincoln had already been involved
with NASA and the Air Force in setting up a suite of sensors (both radar and optical) at the
NASA Wallops Island test facility, where tests of rockets and reentry vehicles were going

10 DAMP, RCA brochure (UNCLASSIFIED) 1960. By 1961 DAMP included a data measurement
analysis laboratory at Moorestown, N.J. Early funding was provided by A.O.'s 51 of 12/58 and 127 of
1/60; also discussion with A. Rubeastein, IDA 12/87.

11 ARPA BMD Technology Program Review, IDA-ARPA TR 59-8, Aug. 1959 (declassified), p. 13.

12 A review of radar measurements and facilities 10 August 1960 was given by R. Leadabrand of SRI and
of IR nd Optical Measarements by M. Nage! of AFCRL, in an ARPA review of project DEFENDER
for thie DDR&E, Aug. 1960 (dectassifind).

13 Richard J. Barber Associates, op. cit., p. 11I-5S. This first approach to Lincoin was apnarently made in
May 1958, Eatlier, Lincoln had finished R&D for design of the BMEWS radar system for the Air
Force and did not yet have another major project 10 replace it.
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on, and making distant observations of these objects with its MILLSTONE HILL radar.4
This early Lincoln effort had a remarkably “unfettered" charter for its research.

ARPA's field measurements program continued for more than a year after Lincoln's
turn-down, under direction of the DEFENDER IDA/ARPA group. In particular, ARPA
proceeded to quickly develop and exploit the DAMP ship which had the important features
of positional mobility with respect to the trajectories of reentry vehicles, and because
optical, microwave radiometric, and JR measurements cculd be all made from the same
stabilized platform on the ship.!S A similar effort was made to use aircraft for optical and
infrared observations, some of which had been outfitted previously. Some of these aircraft
were "drafted” to make the first U.S. observations of reentry events provided by Soviet
ICBM tests in 1960. The first ARPA measurements ~f U.S. ICBM reentry events were
made by DAMP on the AMR in 1961. DAMP made valuable measurements also during the
FISHBOWL nuclear test series in 1962, but was terminated in 1963.

In the late 1950s ARPA also made arrangements with the United Kingdom to make
measurements associated with tests of their BLACK KNIGHT ICBM at the Australian
Woomera Test Range.16 Particular interest attached to the advanced "low observable" RV
designed for this missile by the U.K.'s Royal Radar Establishment.

A particularly important feature of this early DEFENDER work was that ARPA
soon came to regard it as a program of scientific measurement and analysis. To this end
ARPA set up several mechanisms for data archiving and organized scientific exchange on
topics of importance. One of these was a series of regular AMRAC (Anti-Missile Research
Advisory Committee) Symposia held biennially until 1969 through an ARPA contract with
the University of Michigan, at which scientific discussions of the results of all relevant
work could take place. The BAMIRAC project, also at the University of Michigan,
provided for archiving missile phenomenology data and modeling, initially encornpassing
all aspects from launch to reentry; later, BAMIRAC specialized more in IR
phenomenology. The scientific archives of AMRAC and BAMIRAC have been invaluable
also for the BMD efforts carried on after DEFENDER by the Services and SDI.17 Later, in

14 3. Shortal, A New Dimension: Wallops Island Test Range, the First 15 Years, NASA Reference,
publication 1028, Dec. 1978, p. 538; and discussion with L. Sullivan, Lincoln Labs, 12/89.

15 A. Rubenstein, discussion op. cit. Earlier shipboard observations had been made by the Army's
Operation GASLIGHT, cf., "Missiles & Rockets," July 14, 1958, p. 14.

16 Eg., A.O. 114 of 11/59.

17 A.0.236 of 6/6) provided explicitly for BAMIRAC. Earlicr related efforts and the AMRAC meetings
had been funded by ARPA in 1959 under A.O.'s 6 and 30.
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1963, Dr. C. HerzfelC, then DEFENDER project director, started the Journal of Missile
® .Defense Research (JMDR) which became in 1968 the present Journal of Defense Research
-as a medium for classified scientific communication in the area, with a degree of quality

control by "peer review."

In roughly the same time frame, the Bell Telephone Laboratories (BTL} had
constructed NIKE ZEUS radars at WSMR and also a NIKE-ZEUS target-track radar
facility at Ascension Island, near the region of reentry of ICBMs being tested at the AMR,
and beginning in 1961 had subcontractors (AVCO and Cornell Aero labs) making related
optical and infrared observations in aircraft.!8 These field efforts were supplemented by
laboratory and theoretical work. Together with the DAMP and other available data, these
carly BTL observations were used in attempts to find some single discriminants or
combination of such, to identify and track reentry vehicles (RVs) among missile tankage,
debris, and decoys. The first discriminants investigated included aerodynamic deceleration
in the atmosphere, and the associated doppler and scintillation characteristics of radar
returns at different frequencies, polarizations and pulse formats, and emissions in the
optical, infrared, and microwave spectral regions. Extensive discussions of such BMD
discriminants are chronicled in the early AMRAC processing and issues of JMDR.19

The HARDTACK series of nuclear explosions in the fall of 1958 included the
TEAK and ORANGE high altitude events, which were aimed in part at measuring the
attenuation of electromagnetic waves in the large affected atmospheric volumes, important
P for selection of radar frequencies of BMD systems which were expected to operate in such
environments.2® Such measurements were made during TEAK and ORANGE under
ARPA auspices and also by the BTL NIKE ZEUS group. The results, together with those
from later experiments in the FISHBOWL series in 1962, and an appreciation of the
® difficulty and cost of constructing radars at different frequencies, developed partly by the
ongoing ARPA efforts on high power sources, had a major eventual impact on the design
of the reentry measurement radars in DAMP and elsewhere, and on the NIKE X and later
BMD systems.2! '

18 ABM Project History, Bell Telephone Laboratories, Oct. 1975, pp. 1-32, 1-46, and I-50.

19 Ppart of the original ARPA motif was to help "backfit," if possible, improvements into NIKE ZEUS,
cf. testimony of H. York in DoD Appropriations Hearing for FY1959, House of Representatives, 85th
Congress, 2nd Session, p. 257.

o 20 BTL states, however, that nuclear effects were not considered in the design of NIKE ZEUS, not having

been specified by the Army. BTL, op. cit., p. I-19.

21 An ARPA-supported comprehensive study of "blackout” by IDA in 1965, using this data, decisively
affected the choice of frequencies of NIKE X. See, e.g., BTL History, op. cit., p. i-44,
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Lincoln Laboratory, with a strong background from their earlier BMEWS and
MILLSTONE HILL radar design experience, had participaied in the design of the radars on
the DAMP ship which were built by RCA. In 1958, shortly after ARPA's beginning,
Lincoln "lert” Dr. G. Pippert to the IDA/ARPA division.22 One of Dr. Pippert's first
activities was to discuss with RCA (which had built several precision range tracking radars,
including those used on the DAMP ship and the BMEWS radars) a concept for a large
ground-based radar for accurate ICBM tracking and measurements, featuring coherent
operation and ability to generate a variety of pulse trains. The need for such a ground-
based precision tracking radar, to make accurate measurements of trajectories and in order
to guide other sensors, had been underlined by experience on the AMR.23 The flexibility
provided by the different pulse trains together with the coherence, was also expected to
allow measurements of the ionized hypersonic RV wake structure, as well as of the RV
bodies' scattering characteristics. RCA quickly developed a proposal for this radar,
eventually called TRADEX (tracking and detection experiment radar) which was accepted
by ARPA.# TRADEX was mechanically steered, but its signal formats gave it high range
resolution for accurate tracking as well as measurement. It was first planned to operate at
UHF. Work soon began on the radar, apparently before the final decision had been made
as to where it wovld be located.

In 1958-9, partly because of advantages for polar orbits for satellite launches, the
Air Force constructed its main ICBM launch complex at Cooke AFB, later named
Vandenberg AFB.25 In the same time period the Army selected Kwajalein atoll in the
Pacific as a test site for its NIKE ZEUS system. To provide RVs for test of NIKE ZEUS,
the Army proposed to launch its JUPITER Intermediate Range Ballistic Missiles (IRBMs)
from Johnson Island, with rockets to augment downward reentry velocity (as had been
done at Wallops) to simulate ICBM reentry. It was expected by DoD planners that the Air
Force would soon launch ICBM:s into the Pacific Missile Ra .ge from Vandenberg, which
could provide realistic RVs for test of NIKE ZEUS. Because of "inter-Service rivalry,”
magnificd by the arguments between the Strategic Offense (AF) and Defense (Army), there
may have been some Air Force reluctance to allow its RVs to be used for NIKE ZEUS

22 ~KREMS, The History of the Kiernan Reentry Measurements Site,” by M.D. Holtcamp, U.S. Army
BMDSC, Huntsville, 1980, p. 18. The "loan" was typical for the ARPA's IDA support staff at the
time.

23 A, Grobecker, ARPA , 1959, BMD Technology Program Review, op. cit., p. 99.

24 A.0.49 of 12/58, TRADEX ($38.5 million).

25 SAMSO Chronology, 1954-79, Air Force Systems Command Space Division, Chief of Staft, History
Office, 1980, pp 52 and 59.
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tests, and on the other hand the Army prefered an "organic” operation under its control.26
In any case, the DoD plans, which were in line with Pres. Eisenhower’s desire to keep the
Army out of the missile launch picture, pre railed. Dr. H. York, the first DDR&E, ruled in
carly 1960, when he found out . bout the sif nation, that only real ICBM RVs would be shot
into the Kwajalein area.2’

2. Project PRESS

ARPA recognized the difficulties of doing accurate measurements on the AMR, and
the opportunity and great economy involved in using. the same reentry events as would
NIKE ZEUS in a location for which logistics and other arrangements were being made by
the Army, as well as the advantage of being able to interact closely with the NIKE ZEUS
observations being made by the system being built by BTL at Kwajalein. Consequently, in
Fall 1959, ARPA set up project PRESS with its major facilities to be located in the reentry
area, on Roi Namur, another island in the Kwajalein atoll chain.28 The original plans for
the PRESS facilities included the PINCUSHION experimental radar, another ARPA-
funded project, and TRADEX.2

Through the persistent efforts of Dr. J. Ruina, then Assistant DDR&E, Lincoln
Laboratory accepted a coordinating role for the entirs national reentry measurements
efforts, as well as technical supervision and coordination of all military efforts on
penetration aids, target identification and reentry physics, as well as technical direction of
project PRESS.3 Preliminary to this, Lincoln had apparently reviewed an ARPA study of
the PRESS role in the overall reentry measurements problem, and in response
recommended that a single organization be in charge. It was envisioned in this study that
PRESS would involve TRADEX and possibly other radars later, together with various
ground and air based optical and IR sensors. The PRESS radar facilities were planned to

26 G, Kistiakowsky, A Scientist at the White House, Harvard 1977, p. 319, 323, and 327.

27 H. Ycrk, Making Weapons, Talking Pecze, Basic Books, 1987, p. 177-8. Somewhat lates, however,
some (Air Force) IRBM shots from Johnson did occur in the Kwajalein area.

28 Unsuccessful attempts were made to Jocate PRESS facilities in the istand of Kwajalein itself. AO 110
of 10/59, Project Press Roi Namur Facility, also AC 121 of 12/59.

29 Apparently there was also a delay of about 1 year between the decision 10 go ahead with TRADEX and
the decision of its frequency band. The first recommendation for TRADEX, Nov. 1958, was for UHF,
despite the nuclear effects data from HARDTACK, which showed significant absorption at UHF. L.
band was eventually added 1o UHF for the first version of TRADEX. A. Grobecker, IDA TE 184, Oct.
1959 (CLASSIFIED).

30 E. Michacl Papa, Historical Chronology of the Elecironics System Division (ESD), 1947-86 History
Office, Air Force ESD, Hanscom AFB, Bedford, MA, Oct. 1987, p. 6.
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be all under computer control, a4 to have extraordinary data reading capabilities.3! This
preliminary Lincoln review also recommended against going further with PINCUSHION
because of anticipated technical difficulties with its new design and with the high-power S-
band transmitters required.32

Construction of TRADEX and assnciated PRESS facilities began at Roi-Namur in
carly 1961.33 TRADEX incorporated a new high-power L-band transmifter tube developed
under ARPA sponsorship. In .pril 1962, TRADEX began operations by RCA, and
shortly afterwards Lincoln personnel arrived to take over. In June of that year, TRADEX
successfully tracked the first Air Force ICBM reentry event at Kwajalein, along with the
NIKE ZEUS radars. In July 1962 the first successful NIKE ZEUS intercept of an ICBM
occurred at Kwajalein. TRADEX (sec Figure 1-2) was the first and only dedicated
measuremenis radar at Kwajalein till 1968, and after many successive upgrades, remains in
use to date.34

Between 1960 and 1962, apparently, the level of activity at Lincoln associated with
PRESS was niot high.35. Shortly after Lincoln staff arrived at Roi-Namur, ICBMs began to
arrive and 1nuch data began to be gathered on reentry phenomena. The PRESS capabilities
at Roi Namur were soon augmented to include an optical telescope and a Baker-Nunn open
slit spectrograph, similar to those that had been used at Wallops Island, and the WSMR,
and also other optical and infrared systems. Optical and IR instruments on existing aircraft
were also improved, and another aircraft was specially outfitted for PRESS.36 Data
analysis done initially at Roi Namur was found to be difficult to manage there because of
the time required and complexity of preparing for the frequent reentry events. As a result,
data packages were soon air mailed back to Lincoln for analysis.

31 Computer control lns taken place gradually, cf. Holticamp, op. cit., p. 72, and Jiscussion with Gen. K.
Cooper (Ret.), 6/90.

32 Alsotha'ewudnmfacmnmARPA with the zate of progiess on PINCUSHION. Discussion with
A. Rubenstein, 590,

33 Holicamp, op. cit., p. 32.

34 TRADEX current specifications are given in K. Roth, et al., "The Kiernan Reentry Measurements
Sysiem at Kwajalein AFB," Lincoln Laboratory Journol, Summer 1989, Vol. 2, No. 2, p. 255.

35 Discussion with Dr. M. Balser, 9/89. Lincoln work related on reentry physics, however, was
subsiantial at the time. Cf., e.g., C. McLain, "A Study on General Recommendations for
Experimental Field Mmemem. Project DEFENDER, May 1961 (UNCLASSIFIED).

36 A0. mor./so.'msssm
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Figure I-2. The PRESS Radar Antennas. (From Lincoin Laboratory Journal
op clt.)
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The optical and IR sensors in the PRESS aircraft after some initial difficulty
eventually were directed successfully using TRADEX. The optical results were particularly
valuable for investigation of emissions associated with chemical phenomena in wakes,
which were especially complex from ablating RVs.

The scientific data f© m PRESS, along with some from the parallel BTL Range
Measurements Progzam (RMP), were reviewed in monthly meetings starting in early 1959
and a little later presented, along with relevant analyses, in the ARPA-sponsored AMRAC
symposis. Many different types of RV targets were observed. A synergism developed
rapidly using results of the laboratory and theoretical effotts on reentry phenomena together
with the field results.3’7 Some of the NIKE ZEUS radars, which initially had modest
coherent capability, eventually increased coherence bandwidth partly as a result of
TRADEX's performance 38 :

Beginning in 1962 when concern rose about the potential of Soviet BMD systems,
the Air Force began a major effort on penetration aids, initially with ARPA funding, and
the Navy's plans for POLARIS included multiple reentry vehicles (MRVs).3% Later (in
1963) the Air Force was given the assignment of coordinating U.S. penetration aids efforts
under project ABRES.90 ARPA funding of a program dedicated to R&D on "Penaids”
continued through 1966, and thereafter on a more opportunistic besis. In 1965 ARPA also
funded the "Pen X" study, which reviewed the problem of Penaids versus multiple
independent reentry vehicles (MIRVs). Pen X provided some input to the DoD decisions
to deploy MIRVs. However, this decision seems to have been primarily due to simpie
economic considerations related to missile costs.4!

As mentioned above there was an early appreciation of the need to thoroughly
understand both offensive and defensive systems' capabilities in order to make decisions
on the balance required for cost-effective national security. The key question for the

37 C. McLain, op. cit.
3% This apparently took place after the cancellation of NIKE ZEUS, in 1963, when the BTL RMP

program was expanded in support of NIKE X. B’l‘l..op cit, p. 1-41. It was paid for in part by
ARPA. A.0. 702 of 3/65, "Modification of NIKE TTR."

3 Apparently, about $1 billion was spent for penetration aids, etc., between 1962-68. Cf., A.C.
Enthoven and W K. Smith, How Much is Enough, Harper, 1972, p. 190.

40 About this time ARPA also conducted a comprehensive study in this area for WSEG. PENAIDS are
discussed more fully in Chanter IV of this volume.

41 Apperently the inspiration for Pen X came from the then Assistant DDR&E for Delensive Systems,
Dan Fink. Discussion with BGen R. Duffy (Ret.), 3/20. The MIRV economics is discussed in All in
a Life Time, by 1. Getting, Vantage Books, 1989, p. 479,
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defense was whether some practically useful discrimination phenomenon or combination of
phenomena existed to lessen the defense’s burden of identifying RVs in time to be able to
launch and guide a missile to destroy it. The offensive (penetration) side of the same
problem was the search for ways to minimize or mask the RV's observables for some
critical length of time, and the key question was how many, how heavy and large
penetration aids, which displaced destructive warhead payload, would be cost effective.
While the Army and Air Force had opposite sides of this problem, ARPA was set up to be
able to work both sides, and indeed PRESS was set up to make accurate quantative
measurements of the same phenomena which affected both sides. Not long after PRESS
was underway, DDR&E sponsored regular meetings involving offensive and defensive
sides with Lincoln and ARPA as active participants and "honest brokers." Key to being
able to do this, of course, was DDR&E H. York's 1960 decision to force both Services to
use the same reentry site at Kwajalein, and in ARPA's setting up the PRESS operation
there to provide high quality scientific information to both sides (defensive and offensive),
as well as enabling independent analyses be done by and through ARPA.

Before the end of 1962, President Kennedy made the decision, after many studies
and debates, not to deploy NIKE ZEUS because of the apparent vulnerability of NIKE
ZEUS to simple countermeasures.42 It is not clear what part, if any, PRESS had in this
decision. Not many reentry measurements had yet been made by PRESS and apparently
few penetration aids of any sophistication had been tested.43 The BTL history of BMD
states that the decision was due to a change in the threat from one-on-one engagements (a
single NIKE ZEUS installation could only handle one RV/missile at a time) to a high traffic
threat, involving simultaneously many RVs and many interceptors. Multiplication of
individual NIKE ZEUS type systems to meet this new threat was not considered cost
effective.44 Other considerations involved were: the fact that the ZEUS missile speed
required launch before "atmospheric filtering” of RVs from lighter decoys, debris, craft,
etc., could take place; the reality of the Soviet penciration aids threat for U.S. BMD, which

42 Jayne, op. cit., p. 173.

43 Jayne, op. cit., and p. 185. See also "Strategic Warfare,” by Daniel J. Fink, Science and Technology,
Oct. 1968, p. 64. Several RVs had been tested, but penetration aids, such as low observability,
required tradeoffs. High "Beta” RVs were assumed to have low-observable geometry. The first ABRES
flight test apparently took place on the AMR in 1963. Cf., SAMSO chronology, ibid., p. 120. The
available data from DAMP, PRESS and BTL were reviewed in the IDA Intercept X Swdy, in 1962,
which provided some input to the NIKE ZEUS decision.

44 BTL, op. cit.,, p. 2-15. Until about 1964, penetration aids were apparently mainly "on paper.”
D. Fink, op. cit.
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remained a matter of contention throughout the BMD project;4S and the vulnerability to
nuclear blasts of the mechanically steered NIKE ZEUS radars. After the President's
‘decision, NIKE ZEUS continued through 1962, making successful intercepts of several
types of ICBMs, and the BTL target tracking and discrimination radars continued to make
reentry measurements for several years.

While cancelling NIKE ZEUS, the administration also gave its backing to continued
ABM R&D, specifically along the lines of a concept called NIKE X, involving a hardened
phased arrey radar and a high acceleration missile to make close-in intercept after
atmospheric screening-out of light decoys and other debris. The name NIKE X was
apparently due to Dr. J. Ruina, then ARPA director, who had the task of laying out the
options for DoD and the President's Science Advisory Committee (PSAC).4¢ BTL
describes NIKE X as a transition R&D phase toward the next generation BMD system.
Apparently from about 1960 a high acceleration missile had been under study at BTL and a
phased array also, after the stimulation of ARPA's successful ESAR project and an explicit
request by DoD 47

In early 1963, apparently prompted in part by intelligence about Soviet ABM
developmeats, as well as about their prospective offensive capabilities, the Secretary of
Defense ordered the priority development of NIKE X. The WIKE program by then had
begun construction at WSMR of a hardened phased array radar, the MAR 48 and of a short
range high velocity missile (SPRINT); in 1964 the program incorporated a thermonuclear
warhead, on a longer range version of the ZEUS missile (SPARTAN)4® for
exoatmospheric X-ray kill of RVs, providing a kind of area defense.

The fact that SPRINT and SPARTAN had nuclear warheads emphasized the
importance of understanding the characteristics of ABM systems operation under
conditions in which nuclear explosions occurred in and above the atmosphere. Many then
felt that the theoretica! assessment of such situations should have been compared with
dedicated experiments involving real nuclear explosions. However, with the atmospheric

45 BTL, op. cit., p. 3-7.

46 Ruina had previously been assistant to DDR&E for Air and Missile Defense. His briefing on NIKE X
was given 1o PSAC and apparently to the President directly, Jane's, op. cit., p. 179.

47 BTL, op. cit., p. 2-1, and J. Ruina, op. cit.

48 Cf. Chapter VI of Vol. 1 of this study.

49 BTL, op. cit., p. 10-1.
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nuclear test ban, no further experiments occurred.50 ARPA funded several related
experiments connected with the FISHBOWL nuclear test series in 1962, and some of the
data analysis.5!

As part of NIKE X, in 1964 BTL intensified its own reentry measurements and
analysis program.52 Overall reentry test requirements. in the mid 196Cs, began to be
coordinated in a tri-Service coordinating group and an ARPA-Army agreement was
established specifically to coordinate the RV measurements program.53 The respective,
responsibilities, described from the viewpoint of BTL, were as follows:34

1. Bell Laboratories. Specified program objectives, reentry hnrdware

performance requirements, and target delivery (trajectory and deployment)
requirements. Operated the NIKE radar sensors and EC121 optical aircraft.
Reduced and analyzed collected data.

2. Ammy. Procured target vehicles and delivery systems through the Air Force.
Coordinated test requirements, program objectives, and schedules. Provided
the Kwajalein Test Range support. Coordinated inter-Service data exchanges.

3. Air Force. Provided the reentry hardware, booster systems, and the ETR
(Reentry Test Range) facilities (i.e., delivered targets to Kwajalein Test Site).
Exchanged technical data and coordinated their reentry study program,
ABRES, to support missions of mutual interest.

4. Lincoln Laboratory. Supplied technical consultation and coordinated design of
reentry experiments and data analysis exchange. Operated additional sensors
(data sources) of the PRESS facilities at KTS.

In the early 1960s intelligence about a Soviet ABM radar, and an appreciation that
penetration aids were as yet used in very few of the U.S. ICBMs, suggested a specific
need to better understand reentry phenomenology as observed by radars operating in the
VHF frequency range.55 This led to Lincoln design, about 1964 of a new, higher power

50 Apparently Sec. of Defense McNamara had argued against ABM deployment pantly due to the absence
of such data, but a while later argued for a test ban on the grounds that the uncertainty did not outweigh
the general advantages of a test ban. Later ABM deployments, it was agreed, would involve radar
frequencies which could "see through,” and a distribution of radars which could "see around” the nuclear
effects.

51 AQ 310 of 2/62, STATFISH.

52 BT, op. cit, p. 2-15.

53 A0 648 of 12/64, ARPA-Army Agreement on RV Measurements Programs.

54 BTL, op. cit.

35 Jane's, op. cit., p. 257. The NIKE ZEUS and NIKE X radars did not operate at VHF. However,
apparently driven by considerations of practicality and cost of high power tubes, for a while there was
serious consideration of VHF for the later U.S. BMD systems. BTL History, op. cit., p. 8-10.
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radar with dual frequency capability, at VHF and UHF, called ALTAIR (ARPA Long
Range Tracking and Instrumentation Radar) as the next major PRESS sensor at Roi-Namur
(see Figure 1-2). The primary motif for ALTAIR apparently was to simulate the Soviet
BMD radars' capabilities against U.S. RVs.56 It was also considered important to obtain
accurate experimental data 6o reentry phenomena at different frequencies, even if some of
them were low enough to be significantly affected by nuclear explosions. Before ALTAIR
was built, however, TRADEX was modified to provide some interim VHF observational
data. Like TRADEX, the construction of ALTAIR was funded separately.57 ALTAIR
became operational about 1969.

Shortly after commencing work on ALTAIR, Lincoln proposed that a large
bandwidth, high resolution C-band radar [ALCOR (ARPA - Lincoln C-band observable
radar)] be constructed. (See Figure 1-2.) TRADEX and other data had indicated that high
resolution images of RVs and of the structure of their wakes might be very important. ‘To
obtain very high resolution, a wider bandwidth (500 MHz) and a higher radar frequency
were required than provided by TRADEX and ALTAIR.5® Like TRADEX, ALTAIR and
ALCOR (and the later millimeter wave radar), as experimentally oriented systems, were
merhanically steered, not having the muitiple-target BMD problems which required a
phased array. ALCOR became operational about 1970 at Roi-Namur.

Figure 1-3 outlines the history of upgrades of radars originating in PRESS, up to
1980. In the mid 1960s a wide bandwidth, similar to ALCOR's, was included in the
ARPA Synthetic Spectrum Radar, built by Westinghouse and used in SOI studies and in
the design studies of ADAR (Advanced Array Radar), for hardened site defense systems
with capabilities beyond that then planned for NIKE X.59

Throughout this period (early to mid-1960s) there were a large number of ICBM
and SLBM tests involving different types of RVs and penetration aids. Some of these were

of special design for the ABM projects, and some RVs carried instruments to make special
measurements on board to determine the properties of plasma sheaths and wakes. A

56 Holtcamp, op. cit., p. 73.

57 A.O. 668 of 2/65, PRESS UHF/VHF Radar.

58 There were earlier ARPA efforts to explore approaches 10 a wide bandwidth synthetic spectrum radar
(AO 145 of 5/60). Comell Aero Labs., 8 BTL subcontractor, had also pointed out the value of short
pulse lengths. Lincoln later upgraded the bandwidth of its HAYSTACK radar 10 improve its SOI
(Space Object Identification) imaging capability.

59 The ADAR swdies began under the blanket AO 498, of 7/63 to Lincoln, for "discrimination studies.”
Other aspects of the ARPA hard point defense concept included the HAPDAR low cost, hardened
phased array radar, and the HIBEX missile. See Chapter 'IL of this volume.
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number of experiments, with ATHENA intermediate-range missiles and special RVs were
also conducted in the mid-1960s at WSMR.6? The WSMR radars used for these
experiments included BTL's NIKE ZEUS and MAR radar, and ARPA's AMRAD
measurements radar, operated at first by the Columbia University electronics laboratory
group, (later the Riverside Research Institute) and eventually turned over to Lincoln. The
WSMR measurements, lacking real ICBMs, but under somewhat better control, and often
allowing a closer comparison with laboratory reentry physics experiments, were a valable
complement to those at Kwajalein and Roi Namur. These WSMR activities continued to
the mid-1970s.

In the late 1960s several summary studies were conducted to assess the state of
understanding of reentry phenomenology and its applicability to NIKE X.6! While these
and other similar studies underlined the continuing difficulty of discrimination problems, at
the same time they apparently indicated a sufficient level of capability of a NIKE-X type
system against a presumed unsophisticated penetration-aids threat from China to help
persuade DoD in 1967 to propose deployment of a "thin" BMD system, called SENTINEL.

In 1967, at about the same time as the SENTINEL decision, the major part of
project DEFENDER was transferred from ARPA to the Army, along with some key
personnel and the PRESS facilities.52 Dr. J. Foster, then DDR&E, directed the
- transfer,noting that DEFENDER's objectives had been largely reached, and that the
Kwajalein facilities, including PRESS, should be regarded as national assets. In response
the then Army Chief of R&D, Gen. A. Betts, who had been an earlier ARPA director,
reorganized his command to identify clearly its ABM-related R&D effort in an Advanced
Technology Progiam of which the ex-ARPA personnel were now in charge. As specified
by the DDR&E, the Army continued Lincoln's management of PRESS in support of ABM
R&D and the Air Force's ABRES project. The PRESS facility was renamed the Kiernan
Reentry Measurements Facility (KREMS) after LtCol Joseph Xiernan, who had managed
the ARPA PRESS program from 1963 to 1966 and was killed in Vietnam 63

60 Cf.,, AO 254 of 8/16 and AO 379 of 6/62.

61 See ¢.g, "BMD Discrimination Study,” IDA/JASON Study S-298 (CLASSIFIED) 1966. At about the
same time, the Pen X and other studies of the utility of penetration aids versus MIRVs werc made,
favoring the latter.

62 g. Holicamp, op. cit., p. 44-5, and Richard J. Barber, History, op. cit., pp. VII-11, VII-38 and VII-

63 The m; of the facility was also due to Gen. Betts, Holtcamp, op. cit., p. 46. Apparently
Lincoln also had an internal debate about this time as t0 whether continued PRESS-type responsibility
was compatible with the laboratory's research mission. M. Balser, op. cit.
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In summer 1968 an ad hoc committee, including representatives from ARPA,
cognizant Army agencies, DDR&E, and the major contractors BTL and Lincoln, developed
. a coordinated plan for continued use of some of the Kwajalein radars and retirement of
others, which was then approved by the DDR&E reentry programs review group
overseeing the transfer and subsequent actions. In fall 1968 the same committee devised
plans for integration of these sensors, providing a measure of independence along with
improved communications by which the radars would provide data to each other and to an
upgraded central data processing system. Previous to this, apparently, BTL had set up a
high-capacity data link between PRESS and their NIKE X radars.54 In the 1967-72
period, there was very close collaboration of the Lincoln and BTL groups not only on
reentry measurements, but also on system-related activity, such as determining miss
distance of the SPRINT and the SPARTAN intercept events.65 Figure 1-4 depicts the
complex PRESS facilities in 1969.

By the early 1970s considerable confidence was expressed in the ability to
successfully model reentry phenomena, based on PRESS and related data, and when
integrated with the laboratory and theoretical work on reentry physics under
DEFENDER.% Because of the progressively higher cost of reeatry tests there was (and is)
a major economic payoff to a successful reentry modelling effort. However, there were
a'so qualifications to such statements as they related to defensive discrimination.6’ The
BTL history also expresses some skepticism about the then current theoretical
extrapolations, and some frustration due to the lack of threat radar signature data available
to them to design their SAFEGUARD system. 8 :

64 “Ballistic Missile Defense Testing in the Pacific: 1960-1976," by C.A. Warren, Bell Laboratories
Record, 1977, p. 204.

65 Cf.e.g., "Radar Reentry Data,” by L. Rechtin (Lincoln) and T. Philips (BTL) in Journal of Defense
Reu.;rch. Vol. 2B, 3, 1970, p. 85 (CLASSIFIED), and (regarding SPARTAN) BTL History, op. cit.,
p. 5-37.

66 Cf., e.g., C.E. McLain, "State of the Art of Reentry Physics,” Journal of Defense Research, Vol. 2A,
No. 1, 1970, p. 2. (CLASSIFIED), and Richard J. Barber, History, quoting Dr. C. Herzfeld.

67 McClain, op. cit., p. 5.

68 BTL History, op. cit., Chapter III-7, states that the necessary intelligence information could hav: been
gathered, but wasn't,
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After the transfer of most of DEFENDER, ARPA formed its Strategic Technology
Office (STO) which continued to support optical and IR research using the PRESS aircraft,
until the early 1970s.89 This research provided much of the the basis for sensor
developments later undertaken by SDI. The PRESS ground-based optical and IR systems
went to KREMS, and operated until 1972 with some changes. The Army began to install a
new generation of ground-based optical instrumentation, emphasizing IR and active laser
systems at KREMS in 1973. The TRADEX Optical Adjunct (TOAD), an optical telescope
boresighted with TRADEX and featuring a CCD focal plane array, was installed in about
1980. TOAD images RVs against a star background, enabling highly accurate angular
measurements.’”® The AOA (Airborne Optical Adjunct) work under SDI has also revived
interest in the possibilities of direct use of aircraft.as sensor platforms for BMD systems.

Figure 1-5 outlines the history of the PRESS and KREMS optical systems to 1980.
Figure 1-5 also shows the current KREMS instrumentation system, including a local-area
network intercomputer communication system. In the early 1970s ALTAIR was modified
to simulate the SENTINEL-SAFEGUARD system's PAR radar, since the PAR, then being
constructed near Grand Forks, S.D., could not observe any test reentries. In the mid-
1970s the Air Force expressed a need for a radar sensor in approximately the Kwajalein
geographic location for their SPADATS system, in order to deal with launches of satellites
from the USSR or China. ALTAIR demonstrated related capabilities in the late 1970s and
was modified soon afterwards for both low altitude and deep space satellite observations.
In 1981 ALTAIR began SPADATS operations on a round-the-clock basis.”? TRADEX,
operating in a new pulse-compression mode, also backs up ALTAIR for spacetrack
capabilities. TRADEX also serves as an illuminator for the new precision, multistatic
reentry tracking system at KREMS.2

In the mid-1970s, the Army's SAFEGUARD program was terminated. However,
a Hard Site Defense System, oriented to defense of ballistic missile launch sites was later
designed and, in part, constructed and tested by the Army at the Kwajalein test site.

69 Holtcamp, op. cit., p. 79.

70 mid.

71 Lincoln Laboratory Journal, op. cit., p. 259.
72 1bid, p. 262,
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Figure 1-5. The KREMS Instrumentation Network (From Lincoln Laboratory
Jeurnal, op. cit.) )

ALCOR has now been upgraded to routinely generate two-dimensional images of
objects in orbit, in support of the Air Force's SOI (Space Orbit Identification) activities. Its
bandwidth aiso allowed it to track beacons in RVs. A Lincoln-designed millimeter wave
radar, to achieve higher resolution, is the latest addition to KREMS.

KREMS is now the major part of the national R&D facility, operated by the Army's
Strategic Defense command, and serving all Service and SDI needs for measurements of
RVs and BMD. A particularly good, if somewhat dated, description of its value and
activities was given by the Army BMD commander in 1979.7

‘The BMD Program Manager is also responsible for the operation of

Kwajalein Missile Range (KMR), a national range. KMR is not dedicated
solely to the support of BMD; it is the major test range for our strategic

73 Testimony of MG Stewart C. Meyer, Defense Authorization Hearing for FY 1980, 96th Congress, 1st
SCSSiOn. pp. 314‘15.
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missile force, offensive and defensive. KMR is unique in two major
respects; first the unique quality of the data collected by its highly accurate
sensors is essential to the successful development of the new generations of
stratcgic offensive missiles (e.g., MX and TRIDENT II) and second, it
provides unique opportunities for coordination, and cooperation between
the offensive and defensive technical communities. Virtually all ICBMs
ﬁtﬁd into KMR serve both the offensive and defensive communities for data
collection,

Major fiscal year 1980 test programs at KMR include:

The Advanced Ballistic Reentry Systems (ABRES) test of RV material
characteristics, penetration aids, arming and fuzing technology, and
maneuvering RV design. .

The Minuteman development tests of Special Test Missiles and Production
Verification Missiles to evaluate modifications and improvements to the Air
Force reentry systems. :

The Strategic Air Command (SAC) tests of Minuteman II and III missiles
into KMR to provide training for SAC crews and evaluation of weapon
system performance. Selected test vehicles have additionai data
requirements in support of offensive system development objectives.

The BMD Advanced Technology Center Detection, Designation and
Discrimination Program, which utilizes the Kiernan Reentry Measurement
Sit’c radars (Tradex, Altair and Alcor) to provide the primary source of
techniques.

The Systems Technology Test Facility on Meck Island to support evaluation
of BMD components for potential application to future BMD systems.

An evaluation of the effectiveness of the ALTAIR radar to meet Air Force
Acrospace Defense Command requirements for collecting data was
successfully completed in fiscal year 1978. Full time support of ADC

requirements is under consideration at this time.

Range planning for the following future testing will be accomplished in
fiscal year 1980.

Homing Overlay Experiment tracking scenarios.
Interceptor Technology Tested Program.

Tracking analysis and miss distance measurement techniques for Space
Defense Program.

Testing to examine the technology required for non-nuclear kill of reentry
vehicles.

The importance of KMR to the success of these and othey test programs
cannot be overemphasized. The U.S. possesses no comparable capability
to collect exo-atmospheric signature data, record missile reentry
phenomena, provide terminal trajectory and impact data, record missile
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reentry phenomena, provide terminal trajectory and impact data, recover
reentry vehicles when required, and transmit near real-time data to the
mission sponsors. The instrumentation required is extensive; moreover, the
data provided by these instruments must be of the highest quality. High
confidence in our test data leads to high confidence in our missile
development programs and ultimately in our operational capabilities.

The collection of our offensive and defensive test activities at KMR is

particularly beneficial. In the process of testing our offensive systems, the

BMD Program takes full advantage of the opportunity to test new BMD

technologies and components against the most sophisticated targets

available. The result is the mutual accomplishment of test objectives with a

minimum of missile firings and a continuous interchange of data between

our offensive and defeasive development programs.

Recent steps to further upgrade KREMS for SDI are described in a recent issue of
he Lincoln Laboratory Journal,’ and of IEEE's Speciium.’® The SDI plans for the
Kwajalein site also include a supercomputer for range control, and construction of a new
generation phased array radar (GBR-X or GSTS) for early acquisition, tracking and
discrimination of RVs, and guidance of exo- and endo-atmospheric, intercentors on the site
of one of the radar foundations built by BTL in the early 1970s. Incorporating solid state
technology, GBR-X is to operate in the microwave frequency range, desired in the late

1950s but then considered economically impractical.

C. OBSERVATIONS ON SUCCESS

DEFENDER had the objective of doing advanced research relating to BMD and its
penetration. A "map" of needed R&D had been provided by earlier studies, and an efficient
start for ARPA's work was due in part to the fact that some of the participants in these
studies were key players in the early DEFENDER project. It was clear from the beginning
of DEFENDER that ficld measurements of ICBM reentry would play a major, if not
decisive, role for decisions about the continued credibility of the U.S. deterrent against
Soviet ABM efforts, and about the practicality of a U.S. BMD deployment. PRESS was
the ARPA response to the need to do this kind of high quality measurements. PRESS
began as an ARPA initiative, but the continuing participation of a major high quality non-
srofit laboratory was a very important factor because of the complexity of the
measurements and the key role that these measurements would play. Lincoln at this time

74 Lincoln Laboratory Journal, op. cit.

75 *Kwajalein's New Role; Radar for SDI," by Glenn Zorpette, /EEE Spectrum, March 1989, p. 64. This
anicle also outlines some of the current operations - & [S.
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was "available" because its BMEWS job was done. but was reluctant at first, due to the
politics involved in being an Air Force contractor.

A key decision was made by H York as DDR&E to combine assets, the Air Force
ICBM shots and the Army's ABM R&D efforts, at Kwajalein atoll. ARPA made a similar
key decision to takc advantage of this combination, which would mean that the
measurements made by the PRESS sensors could be provided equaily to the offensive and
defensive side.

The carly ARPA measurements of reentry maac before PRESS primarily with the
DAMP ship indicated that discrimination of RVs was difficult and helped toward the
national decision not to deploy ZEUS. However, the major factor in this decision was
probably the NIKE ZEVS iznabiiity to handle multiple RVs. NIKE X was the follow-on
option recommended by Dr. J. Ruina, ti:sn ARPA director, and assumed that atmospheric
filtering could play a key role in simplifying the discrimination problem, at the expense of
compressing the time available for action, and so requiring a very high acceleration missile.
This early judgement was provec correct by subsequent intensive measurements made by
PRESS, and also by BTL. The TRADEX radar and the correlated optical and JR
measurement systems were the "workhorse" of this period. BTL recognized the value of
the PRESS data and vsed it for their BMD systems effort. An increase in bandwidth of the
NIKE ZEUS target tracking radar (TTR) was partly paid for by ARPA, and there seems to
have been some impact of the coherent PRESS radar data on the NIKE X system design.
PRESS data also influenced the ADAR effort under DEFENDER, which in turn influenced
the later Anry BMD systein designs.

From about the time of the NIKE X decision, the priority of the "RESS effort
seems to have been on the offensive, penetration problem. ALTA!R, the second PRESS
radar, was originally designed to mimic the Soviect ABM radars. ALCOR, on the other
hand, seems to have been designed largely to explore the possibilities the highest
practicable resolution instrument could otfer for PMD discrimination. Both ALTAIR and
ALCGR were begun under ARPA, but were not used until after the transfer of
DEFENDLR. The value of TRADEX, ALTAIR, and ALCOR is indicated by their
continued use today. These systems, upgraded in several ways and linked in a computer
neiwark, are the core of the National Kwajalein Test Site (KTS) facility and now part of the
Army's Advanced Technology Center, and are used oy the Air Force as part of their
operational SPADATS systems and for SOI.



Optical sensors, after receiving initial emphasis, seem to have been relegated to a
secondary role during the PRESS period. Howvver, the PRESS optical (and IR) sensor
systems did not all go to the Army in the DEFENDER transfer. ARPA, STO, kept the
airborne sensors optical development and measurements, as well as the AMOS facility,
looking to the future possibilities of exoatmospheric discrimination from an elevated
platform. These possibilities have been followed up in later Army and SDI programs.

The transfer of DEFENDER seems to have been a "top down" decision of Dr. J.
Foster, then DDR&E, in view of the DoD decision to deploy "the best available BMD
system” and the subsidence of inter-Service rivalry over the years. By the time of transfer
the objectives of "keeping both offensive and defensive sides honest,” setting up a high
quality . ientific effort in the area, and acting as competition to iniprove the quality of the
Army work had been accomplished. Key tools to carry out further research were in place.
These tools incluvded modeling, which integrated theory and laboratory reentry physics with
PRESS results, to allow more cost-effective design of expensive reentry tests, and to lend
assurance to the major decisions about deployment of BMD.76 Despite these
accomplishments, apparently there were some strong feelings, at the time of DEFENDER's
transfer, that there was considerable research yet to do and that ARPA should have
remained in charge.”” Some of this research was continued under ARPA's STO,
transferred in the early 1980s to the SDI R&D program.

ARPA expenditures for PRESS from project records are about $200 million. The
Armmy and SDI have spent nearly $1 billion in subsequent R&D & '~ upgrading efforts at the
KREMS follow-on facility at Roi-Namur. The Air Force had spent over $1 billion on
penetration aids by 1970. Typical complex reentry tests now cost over $100 million each.
It is difficult to estimate the savings due to the ability to reduce the numbers of iCBM tests
required, the negative decisions not to deploy a BMD system, and to put a dollar figure on
the positive credibility assurance provided to our deterrent systems.

76 These tests, currently, can require several years preparation and intensive rehearsals, costing over $100
million each, cf., Lincoln Laboratory Journal, op. cit., p. 252.

77 These feclings are descibed in Richard J. Barber, op. cit., pp. VII-11-12,
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II. ARECIBO

A. BRIEF OVERVIEW

The ARECIBO 1,000-foot antenna of Cornell University's National Astronomical
and Ionosphere Center is the largest in the world. Built in 1959-63 with ARPA support,
and transferred to the National Science Foundation in 1969, the ARECIBO facility h-s
assisted NASA in selection of suitable locations for the APOLLO lunar landings and the
Viking planetary mission, and has made many notable contributions to radar and radio
astronomy, ionospheric physics, and to the acronomy and dynamics of the earth's upper
atmosphere. Continually upgraded, ARECIBO remains in many ways the world's most
sensitive instrument for radio and radar astronomy and ionospheric radio physics, and is
currently in round-the-clock use for research.

B. TECHNICAL HISTORY

In the early 1950s research on tropospheric and ionospheric scatter communication
by the Services led eventually to development and fielding of several military
communication systems. Extension of the line of thought of this research also led W.E.
Gordon of Comnell University to consider the possibility of directly scattering radio waves
froin the individual electrons in the ionosphere. Because of the extremely smal scattering
cross-section of a single electron (derived in the 1920s by J. J. Thomson), Gordon quickly
came to the conclusion thai a large antenna, about 1,000 feet in diameter, would be required
for a useful system using this approach.! This was larger than couid be expected to be
practizal for a communication system in most locations. However, a single such antenna as
part of a radar system appeared to open a new range of possibilities for detailed exploration
of the structure and dynamics of the ionosphere. It was not long after Gordon's first
publication? that an actual detection of the incoherent or Thomson scatter from the
ionosphere was achieved by the Bureau of Standards.? The radio physics research

1 W.E. Gorcon, unpublished notes, 1987,
2 WE. Gordon, Proc. IRE 46 (1958), p. 1824,
3 K.L.Bowles, Physical Review Letters 1, 1958, pp. 454.
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possibilities, and the challenges of finding a suitable location and of designing and building
a 1,000-foot antenna strongly intr.gued several members of the Cornell faculties of
geology, engineering, and physics. Much of this preliminary work at Cornell was funded
by ONR's electronics branch through an existing contract.4

In roughly the same time period, there were several other large antennas under
construction or planned. The Naval Research Laboratcry (NRL) had constructed a
200 x 234-foot parabolic section antenna in a ground depression for experiments on moon-
bounce communication in the rnid-1950s.5 The success of these experiments encouraged
NRL to propose construction of a 600-foot fully steerable dish to be located in a low radio
noise environment at Sugar Grove, West Virginia. The largest fully steerable antenna at the
time was the 250-foot dish at Jodrell Bank in the United Kingdom. While motivated
primarily by exploration of the potential of moon-bounce signals, the NRL plans were to
allow part-time access to the 600-foot antenna for radio astronomy research. Approvals for
the SUGAR GROVE facility had been obtained by the time Cornell was formulating a
proposal, and in late 1958 prelimirary work on construction was underway. Howevey, the
scope of the project was expanded to include a radar capability under an accelerated
schedule, and severe problems were encountered with the construction. The 600-foot dish
project was cancelled in the early 1960s.6

Plans were also being formulated in the late 1950s by the National Science
Foundation (NSF) for several large steerable antennas for its National Radio Astronomy
Observatory to be located at Green Bank, West Virginiz, not far from Sugar Grove because
of the low radio noise expected there.” The NSF project also ran into construction
problems with the first of these antennas while the Cornell proposal was being considered
by ARPAS

4 W.E. Gordon, unpublished notes, 1987.

5 L.A. Gebhard, "Evolution of Naval Radio-Electronics and Contributions of the Naval Research
Laboratory,” NRL Report P-300, 1979, pp. 114-115.

6  G. Kistiakowsky, A Scientist at the White Hous:, Harvard, 1976, p. 153, recounts discussions in
1959. Cf. also "The Navy's Big Dish,” IEEE Spectrum, Oct. 1976, p. 38. There were several other
antennas built by the Navy at Sugar Grove subsequently, some using parts of the 600-foot project.

NRL had previously nbtaired a Federal ban on TV and other sources of radio 1:0is in the area.
8 Milton A. Lomask, A Minor Miracle--An Informal Histcry of the National Science Foundation,
USGPO, 1975, p. 13911.
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Lincoln Laboratory had also constructed, in the mid 1950s, the large MILLSTONE
HILL radar. This L-band facility began ionospheric research exploiting incoherent scatter,
shortly after Gordon's publication.?

The Cornell group discussed the possibilities of a 1,000-foot dish with ARPA
beginning in mid-1958.19 The approach was to construct the antenna within a limestone
"Karst" formation, a bowl-like depression, about 9 miles south of the town of Arecibo,
Puerto Rico from which the facility took its name. This location was chosen partly because
it was closest to Cornell of all sites considered eligible, and partly because its latitude was
favorable for observing the planets.!! The original proposal to ARPA, made in early 1959,
was to construct a parabolic dish which could only look upward in a narrow range of
angles, primarily to do ionospheric research and secondarily for "radar astronomy"
investigations of the moon and planets, and also radio astronomy.

The proposal was assigned to project DEFENDER, which was concerned with
phenomenology of m.issile flight, part of which would take place through the ionosphere.
However, it was several months before ARPA took action on the proposal. In part this
seems to have been due to an unfavorable climate caused by the difficulties being
experienced at the time by the other big dish construction projects, the Navy's 600-foot
steerable dish project at Sugar Grove, and with NSF's project at Green Bank.12 Partly
also the delay seems to have been due to arguments within ARPA over the degree of
relevance for DEFENDER of the investigations proposed using the ARECIBO dish.13 The
main justification for ARECIBO under DEFENDER emphasized particularly the lack of
knowledge about the structure of the upper ionosphere, above the F-layer, inaccessible to
_ ground-based sounders.

Partly also, the delay was due to the fact that ARPA made a suggestion to Cornell
that a spherical dish untenna be considsred, which could allow access to a wider range of
angles than could a parabolic dish, at the expense of some difficuities with "feeds"
conforming to the line focus of a spherical mirror. W. Low of ARPA/IDA put the Cornell

9 See, e.g., J.V. Evans, "Millstone Hill Thompson Scatter Results for 1964," Lincoln Laboratory
Technical Report 430, 1967,

10 Discussion with W.E. Gordon, 1990.
11 There were many other eligible sites, ¢.g., in Hawaii, Mexico, and Cuba.

12 Antennas at Sugar Grove and Green Bank are being used by the Navy and NSF's National Radio
Astronomy Observatory (NRAO) today. The largest NRAQ antenna at Green Bank collapsed in 1989.

13 Discussion vith Dr. C. Cook, 4/90, and Richard J. Barber, History of ARPA, 1958-75, p. VI-21.
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group in touch with the Air Force Cambridge Research Laboratory, which had been doing
research on spherical antennas for use at microwave frequencies.!4 After some further
discussion, Cornell adopted the suggestion, which was recognized to primarily benefit the
facilities' use for research on the moon and planets, rather than on the ionosphere.

ARPA finally responded positively to the Cornell proposal, first by AO 106 of 7/59
to undertake design and rescarch planning studies and a little later with AO 122 of 12/59 for
construction of a "1000-foot ionospheric probe.” Apparently Dr. J. Ruina, then director of
ARPA, felt that it was most important, at the time, to do good research in areas broadly
related to DEFENDER, and that the Comell proposal was a good example in point.15 As
DEFENDER developed, however, attention became concentrated on missile reentry
phenomena below the ionosphere. This helped fuel continuing arguments about relevancy
to ARPA mission, within ARPA and DoD, which apparently went on until the project was
transferred to NSF in 1969.16

Construction of the initial open-wire mesh 1,000-foot dish took about 4 years.
Relatively conservative bridge-type wire suspension technology was involved, yet a
number of problems needed to be surmounted. The steel mesh was "fitted" into the
depression, with provision for multipoint adjustments. Figure 2-1 shows a section through
the planned structure, which involved suspending a carriage for the feeds from three
concrete towers around the edge, together with an outliizc of initial specifications. A hole in
the dish's center allows the feed-carriage to descend for repair. A control station at the
dish's edge steers and turns the carriage. Building efficient line feeds of unprecedented
size also proved difficult. A cooled parametric receiver was to be used, and provision was
made for transmitting and receiving different polarizations.1?

In November 1963 the facility was dedicated, about a year later than anticipated.

The antenna's smoothness was determined by photogrammetry, and after a few months’
adjustments the initially desired level of 1-inch average surface deviation, then considered

14 W.E. Gordon, op. cit.

15 Dr. Ruina's philosophy was expressed in a 1967 Pugwash address, printed in "Impact of New
Technology on the Arms Race,” MIT, 1971, p. 304. Cf. also Richard J. Barber ibid., p. V1-24 where
Ruina is quoted about the approval of his decision on ARECIBO by Dr. H. Brown, then DDR&E.

16 Richard J. Barber, op. cit. p. VI-25.

17 The pianned capabilities of the facility were advertised in IRE's Transaction on antennas and
propagation, "The Design and Capabilities of an Ionospheric Radar Probe,” W.E. Gordon and
W. Lelande, June 1961, p. 17.

] 24




compatible with uncontrollable motions of the feed carriage, was attained.1® Figure 2-2
shows a photo of the antenna.

In early 1964 the "ARECIBO Ionosphere Observatory” began operations and
revealed at once its unique capabilities due to the great resolution and gain of the antenna.
A great deal of detail about the structure and dynamics of the ionosphere was quickly
obtained. The data excited related activity on the part of plasma physicists, who recognized
ARECIBO's possibilities as a precision instrument with which to test their theories, under
conditions actually present in the ionosphere. However, “competition” was soon presented
by the "topside sounder" satellites, which were actually the first to explore the upper
ionosphere. The MILLSTONE HILL group were also very active in ionosphere
investigations at this time.19 As had been planned previously by the Cornéll group, precise
radar measurements were made of the distances to the moon and planets with results that
have helped correct the orbital parameters for these astronomical objects, as well as the
fundamental "astronomical unit."20 Doppler returns gave information on the rotation of
Venus and Mercury, and the smoothness and electromagnetic characteristics of the moon
surface layers were determined with greater resolution (20 or 30 km) than ever before.2!
In the mid-1960s, systematic studies of lunar radar reflectivity began, which led to a
NASA-supported project in the late 1960s to assist selection of a site for the lunar
landings.22 A number of new radio stars were also discovered and catalogued. After
Pulsars had been discovered in 1968 in the United Kingdom, ARECIBO located the pulsar
in the center of ihe Milky Way, which was considered to be an example of a "neutron star.”

However, not many ARPA projects directly involved ARECIBO. Some of the
carly discussions, while the proposal was under consideration, involved some of the
JASON group and others who were concerned with the structure of ionized

18 W, E. Gordon, ibid., and "The ARECIBO Telescope 1974,” The National Astronomy and Ionosphere
Center, Comnell U. "thaca, New York.
19 3.v. Evans, op. cit.

20 wE, Gordon, IRE 1961, op. cit., and B. Hiatt, “The Great Astronomical Ear,” The National Science
Foundation MOSAIC (USGPO), Vol. I No. 2, 1980, p. 31. Cf. also "Radar Astronomy, " J. V.
Evans et al., Ed., McGraw-Hill, 1968, p. 168.

21 ARPA Annual Report of 1965 (declassified), p. 2, and Evans, ibid., p. 251.

22 piscussion with W. Gordon and T. Thompson, 4/90. Cf. "Apollo 16 Landing Site: Summary of
Earth-based Remote Sensing Data,” NASA publication SP 315, 1972,
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missile wakes.? There were also some attempts to correlate ARECIBO data with
.measurements made for the ARPA OTH radar project.24 After the cancellation of the
Navy's 600-foot antenna project, there was some interest in investigating ARECIBO's
potential for receiving moon-bounce signals, but this was abandoned for reasons similar to
those that had led to the cancellation. However, after the transfer of ARECIBO to NSF, an
auxiliary "hf heater" antenna was constructed and a number of ionospheric projects have
been conducted that, in retrospect, could have been judged to be relevant for
DEFENDER.?

In 1980 about 20 percent of the facility s .ime was occupied with ionospheric and
atmospheric work, and about 65 percent on radio and radar astronomy.26 There have also
been some uses of the ARECIBO radar's unique capabilities to infer the deployment of
antennas and rotational motions of space probes at great distances.’ However, in the mid-
1960s when DoD was questioning ARPA's justification for ARECIBO, the researchers
there apparently did not cooperate much in developing projects then considered relevant to
DEFENDER.28 ARPA successfully fought off these attacks and continued its support of
ARECIBO, albeit reduced somewhat, until a formal transfer of responsibility was made to
NSF in 1969.

After the transfer to NSF, the ARECIBO dish was reconstructed in the early 1970s
with aluminum panels, which achieved an average smoothness of a few millimeters,
permitting use at higher frequencies. The history of this upgrade goes back to the mid
1960s, when a smoothing upgrade to ARECIBO appears to have been proposed to NSF by
Comell. The Dicke Advisory Panel to NSF for large radio advisory facilities, noting that
the ARECIBO carriage feed had moved less than 1/2" in hurricane Inez, concluded in 1967
that the ARECIBO upgrade was the most cost effective of many radio astronomy facilities
then being proposed. NSF did not act, however, giving as reason lack of funds.

23 w. Gordon, op. cit.
24 some of these were done by Raytheon under AO 982 of 2/67.

25 Some of these involved ionospheric heating experiments and the mvesugauon of large scale
ionospheric "holes” due to missile passage. Cf, MOSAIC, op. cit,, p. 31.

26 MOSAIC, ibid,

27 Eg., L.B. Spence et. al., "Radar Observations of the IMP-6 Spacecraft at Very Long Range,”
Proc. IEEE, Dec. 1974, p. 1717. Some of this work was done by investigators from Lincoln
Laboratory which has been very active in "Space Object Identification,” mostly by imaging radars in
the microwave range such as HAYSTACK, built with ARPA support in the early 1960s.

28 Richard J. Barber, op. cit. At the time, there was also a general problem in DoD-University relations
because of the Vietnam War,
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Apparently in 1969 the Mansfield Amendment forced the issue, the Dicke panel was
reconvened and reaffirmed its previous recommendation. NSF did act this time to carry out

“the upgrade.?9 NASA then provided a new high power transmitter with which ARECIBO
was able to get data on the roughness of the surface of Mars, which were used in the
selection of a suitable location for the VIKING Mars landing. The extension of useful
frequency range at ARECIBO has allowed investigations to be conducted of weak
molecular absorptions in the galaxies, which have also been used to confirm intergalactic
distance scales. The acronomic structure of the earths' atmosphere has also been explored
using molecular absorptions, and the wavelike dynamics of the upper atmosphere and
lower ionosphere have been investigated using the very weak reflections from gradients in
refractive index.30 The facility has also been used in the SETI project which attempts to
detect "intelligent" radio emissions from the universe, so far unsuccessfully.3!

The ARECIBO facility is now in use 24 hours a day for research, with many
investigators vying for observing time. It is again being upgraded, incorporating a
Gregorian type mirror whick will reflect to a point focus and markedly increase the
bandwidth, since line feeds of the type used hitherto have a narrow bandwidth.
ARECIBO's characteristics have been re-examined recently by radio and radar astronomers
who have concluded that it remains, in many ways, the most sensitive instrument available
in its range of useful wavelengths. One recent estimate is that ARECIBO is about one
order of magnitude more sensitive as a radar, at its shortest wavelength of about 13 cm,
than the JPL GOLDSTONE when used as a single dish at its shortest wavelength of 8.5
cm.32 The Bistatic GOLDSTONE-multiantenna very large array (VLA) combination may
prove more sensitive, however.

C. OBSERVATIONS ON SUCCESS

The ARECIBO facility originated in a 1958 proposal from Cornell to ARPA. There
was interest in properties of the ionosphere in ARPA's large project DEFENDER, and the
facility described in the proposal offered prospects of obtaining data on its structure in a
great deal of detail. There were also interests in a variety of rapidly developing areas, some

29 Cornell U., op. cit.

30 MOSAIC, op. cit., p. 36.

31 mid.

32 Seven J. Ostro, "Planetary Radio Astronomy," Encyclopedia of Physical Science and Technology,
McGraw-Hill, 1988, Vol. 10, p. 611,
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of more military interest than others, and in which ARECIBO could make a possibly
unique contribution. There were even political considerations involved, probably because
of concerns about Puerto Rico's economy. However, the decisive fact seems to have been
that Dr. J. Ruina, director at the time, was in favor of the proposal, following his
philosophy of ARPA's supporting goes research that is broadly related to areas of military
interest.33 In the short run many objections to this viewpoint could be, and have been,
raised in DoD; nevertheless, over the years ARECIBO has produced a large amount of
information which is, in fact, useful for the progressively more sophisticated models of the
ionosphere and upper atmosphere required for defense-related projects.

ARPA did not respond to the original Comell proposal with its then characteristic
speed. This was due to several factors: the controversy within ARPA over the proposal's
relevance to DEFENDER; the difficultics that were being experienced at the time by other
ambitious, large antenna projects; and also because of a positive suggestion made by ARPA
staff to use a spherical rather than a parabolic dish. This technical suggestion would not
make : big difference in ionospheric research, which was ARPA's main stated justification
for support, but could help a lot in radio and radar astronomy, and so added to the
attractiveness of the facility for a wider range of investigators.

After construction and demonstration of its unique capabilities, ARPA sought to
transfer the facility to NSF in the mid-1960s. NSF was not involved from the beginning
due partly to an appreciation by Cornell that problems had started to plague that agency's
radio astronomy initiative at Green Bank, and partly that the main thrust of their initial
proposal was to be on the ionosphere, which wasn't a high priority area for NSF. In fact it
was likely, at that time, that NSF would have pointed out that DoD had more ionospheric
interests and that Cornell should try going to one of the DoD agenci;:s.

It took a bit more than 4 years for the transfer of ARECIBO to NSF to be effected.
This was not unusual, since NSF, largely due to its internal procedures, has had difficulty
taking over large projects from other agencies, and when it does the process takes several
years.34 ARPA maintained enough support through this time, recognizing the facility's

33 A similar idea underlay ARPA's support of AMOS, under Dr. Ruina, initially intended to partly be for
military, partly for open astronomical research. AMOS' history is different than ARECIBO's,
however, having been used primarily for military work. See Chapter X, of Vol. L.

34 Other examples include ONR's STRATOSCOPE 11 balloon astronomy project, the Air Force's
Sacramento Peak Observatory, and the Interdisciplinary Materials Laboratories, discussed in Chapter 20
of Volume ™,
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importance, to keep it viable until the transfer could be finally effected, notwithstanding a
number of problems in justifying these actions to DoD.

ARECIBO, throughout its lifetime, has been continually upgraded in its electronics,
computational capabilities, and in its antenna characteristics. It is now used around the
clock, mainly by visiting scientists. It is expected that it will continue to be an important
and producrive national facility and the largest "filled aperture” antenna in the world.
Today some of its chief competition comes from fields of antennas or "unfilied apertures,”
such as the multiantenna VLA, which can be linked with sophisticated processing
techniques.

ARPA's outlays for ARECIBO, from project records, were about $9 million for the
construction and initial operations, and about $10 million more in support of research
through the transfer period to NSF for a total of about $19 million to 1970. NSF support
currently has b:en about $7 million a year, and appears to have totalled more than $110
million to date.35 The replacement value of the ARECIBO facility was estimated in 1974 as

$100 million.36

35 InFY90 dollars. Discussion with Dr. F. Giovane, NSF, 4/90.
36 Comell U., op. cit.
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III. HIBEX - UPSTAGE

A. BRIEF OVERVIEW

HIBEX (High Booster Experiment) was a 2-year research project to investigate the
technology of a very high acceleration, short range anti-ballistic missile interceptor, for
hard point defense. The HIBEX missile achieved nearly 400 g peak axia: and over 60 g
lateral acceleration, reaching a velocity of nearly Ma =8, in a little over 1-sec bum time,
with pitch over from a vertical ejection from a silo to a trajectory of 15 deg elevation. In 2
more years, UPSTAGE, a maneuvering HIBEX second stage, demonstrated over 300 g
lateral acceleration and a side-force specific impulse Isp > 1000 sec using extemal bumning,
jet flow control techniques and a laser gyro for guidance. The HIBEX technology
furnished the basis for the Army's LoADS short range interceptor program. UPSTAGE jet
maneuvering control technology has been incorporated into the SDI's HEDI missile.

B. TECHNICAL :ISTORY

A number of early U.S. studies of Ballistic Missile Defense (BMD) indicated that
the problem of active defens» of restricted-area "hard points” appeared much more tractable
than that of defending larger urban areas, the primary emphasis of the Army's NIKE ZEUS
BMD project. A presidential decision in late 1962 led to the cancellation of NIKE ZEUS
and the start of the NIKE X R&D program.which involved development of hardened
phased-array radars capable of computer-controlled acquisition and tracking of a large
number of reentry objects, and a two-stage high acceleration missile, SPRINT, which was
to intercept and kill reentry vehicles (RVs) by an explosion of its nuclear warhead at
altitudes of about 45,000 ft. SPRINT was launched after "atmospheric filtering" had
allowed better discrimination of the threat RV from decoys.!

About the time of this Presidential decision, there were also further studies of
alternatives to NIKE X, involving a variety of radar and missile systems, with a view to

1 ABM project history, Bell Telcphone Laboratory, Oct. 1975, p. 1-33, ff.
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possible future hard point defense.2 Hardpoint BMD appeared to be easier than urban
defense for a number of reasons. The defended target is "harder,” and the stakes were
lower than urbar: defense. Technically, the radar ranges could be shorter, search could be
confined to a narrow "threat corridor," and atmospheric filtering simplified the problem of
sorting out the real threat RVs. However, the time for intercept action was compressed into
a narrow "window" (see Fig. 3-1) requiring a very high acceleration missile. Also, the
hardened large phased array antennas being constructed by BTL for NIFE X were
expensive, and economic hard point defense required that such antennas have lower cost.

Shortly after the NIKE X decision, ARPA's project DEFENDER commenced
investigation of several key advanced concepts for hard point defense, including a high
acceleration missile in its HIBEX project, togéther with the HAPDAR (Hard Point
Demonstration Array Radar), a low cost hardened phased array radar.3 Previously, ARPA
had investigated other advanced BMD concepts but had not, to this point, undertaken any

Figure 3-1. Hard Point System "Window™ Proflle*

2 Eg., Intercept X, conducted by IDA.

AO 510 of 9/63, HIBEX, and AO 516 of 10/63, HAPDAR.

4 From "Introduction for HIBEX,” by V. Kupelian, Bulletin of the 20th Interagency Solid Propulsion
Meeting, July 1964, Vol. III, p. 338 (declassified).
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booster development under DEFENDER. lts earlier CENTAUR and SATURN projects
hzd aimed at space flight and in both cases, after early funding critical to getting them
started and some brief technical involvement by ARPA, the major part of the technical
development of these vehicles was done by other agencies.S In the case of HIBEX, in
contrast, ARPA was in close control throughout.

Besides exploring the technical boundaries of high acceleration missiles and the
associated control problems, ARPA's interest at the time also encompassed the possibilities
of non-nuclear kill of RVs, and the feasibility of firing a second interceptor if the first one
failed.? While the possibilities of using HIBEX alone for intercept were considered, the
ARPA concept also included a second stage which might be able to execute the "high g"
maneuvers required to "chase” maneuverable RVs, then beginning to be studied.

At the time of these investigations it was known that propellant wakes could absorb
and refract electromagnetic waves. Therefore, the ARPA concept envisioned command
guidance from the ground during a "coast” phase of HIBEX flight, after propellant
burnout. Ia the actual HIBEX experiments, however, no attempt was made to do any
external guidance. Internal, closed-loop guidance was used.

Preliminary studies of HIBEX indicated (see Fig. 3-2) that accelerations of several
hundred g's and burnout velocities of about Mach 8 would be required. HIBEX was to be
launched veriically, from a small silo, and afterwards would "pitch over” to a direction
suitable to accomplish intercept, requiring high "g" also transverse to its axis (Fig.
3-3).

It did not seem possible, hased on information from the initial HIBEX studies, to
be able to use a scaled vehicle for tests in the usual scheme of engineering research.

CENTAUR and SATURN are discussed in Chapters IV and V of Volume I,

Discussion with V. Kupelian, 12/87.

Discus:ior wvith A. Rubenstein, 11/87.

A. Rubenstein and V. Kupelian, ibid. One such MaRV was ARPA's MARCAS, AO 569 of 4/64.
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Therefore it was decided early-on, to undertake HIBEX as a series of full scale field tests.
This was more risky, but if successful the results could be more convincing. The
performance desired was higher than SPRINT's first stage (although the two-stage
SPRINT achieved a higher terminal velocity and a longer flight); also HIBEX would be a
much smaller vehicle. As a research program, the boundaries of performance to failure
could be explored in HIBEX without the constraints of practicality imposed in engineering
a system for production. In contrast, because a near-term production was expected,
SPRINT had these kinds of constraints.

In particular HIBEX required a higher burning rate propellant than was available,
and one which could siund several hundred "g's” without undue deformation or fracture.
Technology was available to increase the burning rate by addition of small metal fragments,
and also for strengthening the propellant "matrix,” but tradeoffs were required.
Measurement techniques had not been developed for such important quantities as propellant
strain in the regime of stress expected. Consequently, a series of static firings was made to
test successive approximations to eligible propellants.

At the time of HIBEX, acrodynamic characteristics of vehicles in hypersonic flight
with large angles of attack were not well known. Wind tunnel tests were performed to
-assist in gaining understanding of the forces and moments; but the stability of the actual
system was somewhat a matter of guesswork, with fortunately corapensating errors made
in design parameters.?
* An outline of early HIBEX requirements is shown in Figure 3-4. Boeing was
chosen as prime contractor, with Hercules for propellant development. A large number of
" measurements were planned for each flight, in accordance with the exploratory nature of
the investigation. Besides being in entirely new parameter ranges, the mcasurement
instruments themselves had to withstand very severe envircnments. The HIBEX flights
took place at White Sands Missile Range (WSMR) and took advantage of the telemetry and
optical range instruments there. Figure 3-S5 shows a cut-through diagram of HIBEX.
Strap-down mechanical gyros, the only technology then available, was used for guidance
in both stages. The first flight was a test of the booster and did not involve on-board flight
guidance. The second and later flights incorporated on-board control and involved tests of
thrust vector control in one, and later in two dimensions. Thrust vector control was

-

9  Discussion with V. Kupelian, 12/87.
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achieved by injection of liquid Freon, as with SPRINT. The final flights involved
maneuvers of 75 deg in pitch and 45 deg in azimuth. In the last (7th) successful flight a
second stage incorporated a propellant which was burned externally in order to achieve
very high transverse impulse.

HIBEX Requirements

Experiment - Full Scale

Vertical Silo

300 Ib Second Stage (15 In. x 15 In.)
Burnout Velocity 8000 FPS Iin .1 second

Elevation 15° to Vertical
Controliable
Azimuth £ 45°

0.5 Second: Avallable for PreLaunch Commands
Program not to exceed 2 years

Flight and Ground Instrumentation

Existing WSMR Facllities

Data and Test Reports

Figure 3-4. HIBEX Requirementsl?

The originai 2-year schedule for HIBEX slipped by 2-months, but six out of seven
flights were successful. An explosion at one of the propellant testing facilities required
reimbursement.!!  Such explosions of advanced propellants were not unusual.

10 From-"HIBEX Booster Development,” by E.V. Moore and A.M. Jacobs, Bulletin of the 20th
Interagency Solid Propulsion Meeting, July 1964, Vol. IV, p. 39, (DECLASSIFIED).

11 A0 93 of 5/66, HIBEX Explosion Payment, $ .5 million.
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In its flight test HIBEX reached an axial acceleration of about 362 g's, and about 60
g's lateral acceleration. The project results indicated that even higher accelerations were
possible.12 The last two flights originated from silos. Measurements were made also of
acoustic over-pressures in the vicinity.

Table 3-1 chows a comparison of HIBEX parameter objectives and achievements.
Despite the 2-month extension of schedule, the project was accomplished at low cost with
five fewer "shots" then originally contemplated.13

Table 3-1. HIBEX Flight Performance*

hem Qujsctive : Achiaved
Boost Burn Time 1.05 Sec. | 1.124
Burnout Velocity 8,000 ‘ps 8,408 fps
Waight of Second Stage 300 295-303 b
Trajectories with Programmed Turns

From Vertical To:

Elevation 15 deg. 15deg
Azimuth + 45 deg. 45-deg.
Burnout Velocity Vector Error + 5deg 1.8 deg. maximum
Stage Separation Favorable for Missile Favorable for Missile
Guidance Guidance**S

*Source: Moore and Jacobs, op. cit., p. 22,

A HIBEX symposium was held in 1966, to present its results, and several
(classified) articles were published later in the Journal of Defense Research.14

12 HIBEX Final Technical Report, Boeing, March 5, 1966 (DECLASSIFIED), p. 22.
13 Boeing, ibid., p. 396.

14 *HIBEX," an expzriment in high acceleration boost for BMD, by C.R. Smith, Journal of Defense
Research, Vol. 2A, 1970, p. 170 (CLASSIFIED).
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Toward the end of HIBEX, some external burning propellant experiments were
conducted with encouraging results. A study was then made of a maneuvering second
stage interceptor, UPSTAGE, which would incorporate external burning for sidewise
thrust.!5 PRESTAGE, the immediate follow-on project to HIBEX, was carried out in the
1965-68 time frame, to investigate external burning in a controlled hypersonic flow
environment and the corresponding problems of thrust control, axial and lateral.l6
"Disposable” vanes were studied along with lateral jets for thrust vector control.
PRESTAGE was carried out by McDonnell-Douglas,!? and included laboratory and flight
test experiments, using available rocket motors.

After PRESTAGE, project UPSTAGE began in 1968, dedicated to investigation of
a second stage for intercepting maneuvering RVs. A HIBEX vehicle was used for
UPSTAGF's first stage. The UPSTAGE effort covered second stage separation
phenomena, control system, thrust vector control generation techniques and mechanisms,
guidance, aerodynamics, structure and communications. The UPSTAGE vehicle was
designed with "lifting" acrodynamic characteristics. An important new guidance feature
incorporated was a laser optical gyro, which required no "spin-up," and which had been
developed partly with ARPA funding.18

External guidance for UPSTAGE was provided by a command guidance link and
tracking by the ZEUS target-tracking radar at WSMR. "Finlet" injections were used to
provide transverse thrust. UPSTAGE reached several hundred lateral g's with response
times of milliseconds. The UPSTAGE maneuvers were controlled in a simulated MARV
chase but no actual interceptions were attempted.!? The tests were generally successful and
indicated the feasibility of the technology along with a need to better understand external

burning.

In another follow-on project Radar Homing On-Board Guided Intercept (RHOGI)
was investigated.20

15 AO 595 of 7/64, UPSTAGE.

16 AO 765 of 8/65, PRESTAGE.

17 Douglas had also been the NIKE ZEUS SPRINT contractor.
13 A0 744 of 6/65.

19 v, Kupelian, ibid.

20 AOQ 873 of 3/66.
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In 1975 a Presidential decision was made to deploy SAFEGUARD, an advanced
version of NIKE X, to defend Minuteman missiles, then not considered a "hardened”
system. SAFEGUARD involved SPRINT missiles in silos. After Congress voted to keep
U.S. BMD in an R&D status, the Army's subsequent HARDSITE and LoADS programs
involved a missile similar to HIBEX in general descriptions of weight and size.2! V.
Kupelian, ARPA's HIBEX project manager, was for a time in the Army's ABMDA, in
charge of missile-related work in terminal BMD. So far, LoADS has been formally
cancelled, but the Army apparently considers its technology to be "on the shelf."

The SDI R&D program for wide area defense does not involve a short range
terminal defense missile. However, SDI includes HEDI (High Endoatmospheric Defense
Interceptor), a missile incorporating UPSTAGE jet maneuvering control in endo
atmospheric intercept, but at somewhat higher altitudes than HIBEX's range.2

C. OBSERVATIONS ON SUCCESS

HIBEX and UPSTAGE were key projects in ARPA's DEFENDER program for
hard point defense. In accord with the DEFENDER assignment, these projects explored
the boundaries of possible performance of high acceleration missiles for intercept of RVs.
HIBEX was widely recognized to have been an impressive R&D achievement. While
HIBEX is often compared with the SPRINT system then being built under the Army's
BMD program, it must be recognized that SPRINT had the major constraints of a system
being engineered for production deployment on a limited time schedale.

UPSTAGE also had a very ambitious objective of demonstrating a capability for
chasing MaRV's, a mission not emphasized in the SPRINT system design, and possibly
coming close enough for non-nuclear kill. UPSTAGE was successful in demonstrating
much of what might be achieved with external burning, but some questions were left for
further R&D.2B

21 Thomas M. Perdue, et al., "Low Altitude Defense for MX (U)," Journal of Defense Research, 82-3,
1982,
22 AIAA Assessment of Strategic Defense Initiative Technologies, March 15, 1982, p. 32.

23 project UPSTAGE, Progress Report, May 1968, McDonnell Douglas Company (CLASSIFIED). See
also "Interaction Control Techniques for Advanced BMD Interceptors,” by D.F. Hopkins, et. al.,
Journal of Defense Research, Vol. 9, 1979, p. 274,
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Through personnel and information, the HIBEX/UPSTAGE technology as well as
other aspects of the ARPA hard point defense program seems to have been effcctively
transferred to the Army. Treaty restrictions have allowed only R&D on the HARDSITE
and LoADS concepts. The Army did build and test a hardened phased array radar; and the
success of HIBEX is indicated by the fact that the LoADS interceptor missile has not had a
development program, but is described as having gross characteristics similar to HIBEX%4
and is regarded as "off the shelf," readily available technology. The ARPA-developed laser
inertial guidance system is regarded as readily available also. SDI does not include a
missile like that in LoADS probably because SDI is aimed primarily at area, rather than
terminal defense. SDI's HEDI missile for high endoatmospheric intercept however, does
incorporate UPSTAGE jet maneuvering technology.

From project records ARPA outlay for HIBEX appears to have been about $25
million and for UPSTAGE (including PRESTAGE) about $26 million.

24 perdue, op. cit.
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IV. PENAIDS

A. BRIEF OVERVIEW

Through project DEFENDER, ARPA made early contributions to the capabilities of
ICBMs to penetrate Soviet Ballistic Missile defenses. A direct assignment by DDR&E in
1961 led to a dedicated ARPA effort on advanced offensive technology for assuring
penetration by United States ICBM~-, which included support of the Pen X study
recommending use of MIRVs. In the mid 1960s as part of the ARPA joint Service-ABRES
program, ARPA developed several advanced technology options for possible use as
penetration aids (PENAIDS), including observables management, jammers, chaff, and
reaction-jet controlled manuevering reentry vehicles (MARVs).

B. TECHNICAL HISTORY

In late 1957, shortly after Sputnik, the DoD established the Reentry Body
Identification Group (RBIG) to consider whether measurss should be taken to assure that
U.S. ICBMs couid penetrate possible Soviet ballistic missile defenses (BMD).! The
RBIG concluded that the possibility of BMD should indeed be taken seriously and
recommended that research be pursued on countermeasures, which later were called
"penetration aids" (PENAIDS).2 The countermeasures considered by the RBIG included:
decoys, chaff, jamming, possible use of missile tankage and other fragments other than the
reentry vehicles (RVs) carrying the ICBM warhead; reduction of the RV radar cross-
section; the "blackout” that could be produced by a "precursor” nuclear explosion in the
upper atmosphere; and using multiple warheads to saturate the defense.3 The RBIG
considerations were remarkably comprehensive; most of the work on PENAIDS in the
following years was along one or another of the lines suggested by that group.

1 HF. York, "Multiple Warhead Missiles,” Scientific American, Vol. 229, No. 5, 1973, p. 71.

2 ‘There had been previous study by RAND and others of the ICBM penetration problem, and the White
House:level Gaither Cominittee had a panel also led by W.E. Bradley, which considered possibilities of
both ballistic missile defense and offense.

3 D.J. Fink, "Strategic Warfare," Science & Technology, Oct. 1968, p. 59.
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The Bradley subcomiittee of the President's Science Advisory Committee,
(PSAC) zonvened a little later, reviewed the ICBM penetration problem again and pointed
out that while decoys or chaff -ould work to some extent outside the earth's atmosphere,
there were many unknowns in the phenomena of RV reentry into the atmosphere. Some of
these unknowns, the Bradley group pointed out, were at the quite fundamental level of
properties of atoms and molecules existing in the hypersonic shocks and wakes occurring
in reentry, and in the ¢even more complex conditions that would be caused by nuclear
explosions.

In the burst of post-Sputnik U.S. Government activiiy in early 1338 leading to the
formation of ARPA, one of its first major assignments--and the one then stated to be the
top prioriiy--was project DEFENDER, to look into advanced aspects of ballistic missile
defensc beyond those approaches being developed and produced by the Services; chief
among these was the NIKE-ZEUS BMD system being built by the Bell Telephone
Laboratories for the Army.4 It was understood even at these early stages that the BMD and
penectration problems were two sides of the same coin, so to speak, and that any
approaches to solutions of both required a common scientific understanding of the
observable phenomenology of ICBM flight, from launch to reentry. The second priority of
the ARPA program had to do with accelerating development of space technology,
especially for surveillance satellites, which were required to more certainly determine
features of the ICBM threat.

At this time most attention was being given, in both tl.e Air Force and Navy ballistic
mussile programs, to getting the missiles (and in the Navy also the Polaris submarines) built
and deployed. There had been concern for some time in these programs about how to
design and construct RVs to assure their survival of the intense heating of rezatry. Two
broad approaches to the survival prohlem had been followed, one using bluni-nosed "heat
sinks,” and the other involving ablation of outer layers of RV material, which migh: permit
use of a more slender RV body. The expectation that nuclear explosions would disturb the
reentry environment added the renuirement for the RVs to withstand the associated heating
and nuclear radiations. It was clear early-on that RV materials and aerodynamic shapes
were inter-related and both would have strong effects on reentry observables. Some of the
first steps in the ARPA DEFENDER program were toward obtaining good full-scale data

4 House Subcommittee on DoD Approriations, 1985 Congress, 2nd Session. Hearing on the Advanced
Research Projects Agency, April 25, 1958, iestimeny of R. Johnson, p. 292.

5 Did.
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as soon as possible on reentry phenomena, using the U.S. missile test program just
beginning.6

The proceedings of early ARPA meetings on project DEFENDER indicate the wide
range of current activity, reflecting the RBIG guidance, including: field measurements and
the associated radar, infrared and optical instruments needed to make them; fundamental
atomic and molecular physics involved in reentiy phenomena; nuclear effects; effects of
hypervelocity impact of dust, rain and projectiles on RVs; decoy packaging and
discrimination; ICBM fuel tank explosion effects; exoatmospheric infrared detection of cold
decoys; interceptor flight characteristics; directed radiation weapons; and radar component
technologies.” Some of the earliest missile flight tests included decoys and chaff.8

One of the earliest explicit scientific discussions of an approach to a penetration aid.
an RY’ :ith low radar cross-section, was given by a scientist from the United Kingdom at
an -ar'y review for ARPA's Auti Missile Research Advisory Committee (AMRAC) in
1960.° *ecognizing that much exploratory and research work had to be done in
DEFENDER, ARPA held a series of meetings at which such scientific papers were elicited
in order to more clearly define the status of understanding. The U.K. scientist pointed out
the advantages of a slender conically shaped RV for lowering radar observability, and

.outlincd several other general approaches to reducing radar cross-sections.10

Also in the early 1960s, the Air Force's FORECAST I study recommended that
conically shaped RVs be used because with a high weight-to-drag ratio (usually termed
"Beta"), these could give greater accuracy and, would penetrate further before slowing
down than would blunt-nosed RVs.1! Conical-shaped RVs were in fact developed by the

6 E.g., WR. Hutchins, "ARPA FY 1959 Program,” ARPA BMD Technology Program Review, 3-14
Aug. 1959, p. 13, (declassified). In 1960, ARPA noted that U.S. data on our own reentry objects were
generally from off-axis broadside observations near Ascension Island. Any terminal defense (e.g.,
NIKE ZEUS) required Jooking head-on at RVs. So ARPA funded the DAMP ship in June 1961 to
make observations head-on of U.S. RVs launched from Patrick Air Force Base into the Atlantic.
Radar, optics, and IR sensors were placed aboard the DAMP ship. Observations included RV
oscillations and radiation fror reentry objects. Discussion with A. Rubenstein, IDA 7/90.

7 ARPA 1959 BMD Review, Table of Contents--much of this early ARPA effort was carried out under
AOs 5 and 6 of 4/59, with many tasks. AO 39 of 3/59 included 2 tesk on Decoy Packaging.

8 E.g.. Summary of KREMS Tests Through 30 June 1979, Lincoln Laboratory, 1979 (CLASSIFIED).

9 T. Dawson, "Radar Camouflage Aspects of the Blue Streak te-entry Head Design,” AMRAC
Proceedings, Vol. 11, July 1960 (CLASSIFIED).

10 T, Dawson, ibid., and K. Siegel, ¢t al., in Journal of Missile Defense Research, 4, No. 4, p. 379
(CLASSIFIED).

11 Discussion with BGen. R. Duffy (Ret.), 5/90.
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Air Force in the early 1960s to use on follow-ons to Minuteman I missiles.!2 But blunt-
nosed RVs continued to be used for some time on the larger ATLAS and TITAN ICBMs.13
It was soon appreciated that the observables and PENAIDS for the bluni and slender RVs
would be quite different.!4 Also, while slender conical shaped RVs would have the
advantages of Jower shot dispersion and radar cross-sections, these also had severe volume
constraints and would be subject to high thermal and aerodynamic loadings during
reentry.!5 fn turn, these thermal and acrodynamic factors affected RV observables, such as
radar fluctuations due to body geometry and motion and the high temperature wakes
affected by "seeding” by RV material ablation and evaporation.

It became clear relatively soon that what had been considered simple
exoatmospheric PENAIDS, such as chaff, in fact involved complex practical difficulties,
such as ejection of long wires in order to obtain a satisfactory distribution of scattering
objects in space. It was also clear quite soon that "atmospheric filtering" would likely be
the most effective means for BMD to sort out RVs from reentering decoys and other
fragments. The implication was that to penetrate terminal BMD cone would have to develop
decoys with Beta comparable to those of the RVs and with similar wake phenomenology,
but under constraints of small weights and volumes this was a difficult task.

In the iuic 1950s and early 1960s there was growing evidence of a serious Soviet
BMD program.i6 In late 1961 Dr. H. Brown, then DDR&E, assigned ARPA the task of
providing the Joint Chiefs' Weapons System Evaluation Group (WSEG) the task of
providing technical inputs for their study of the capability of U.S. ICBMs to penetrate
Soviet BMD, and to develop a comprehensive base of related technology.!7 In early 1962
ARPA commenced a dedicated PENAIDS program.!8

12 First Minuteman RV's were blunt.

13 Due to their large warheads, the Soviets had less need for accuracy and ased blunt-nosed RVs for some
time. Cf., ABRES 1962-ASMS 1984, TRW, Inc., 1985, p. 15 and p. 2.

14 A, Grobecker, "Parametric Considerations for Design of Penetration Aids,” IDA TN 61-27, Dec. 1961
(CLASSIFIED).

15 Apparently a satisfactory solution to these problems was not achieved until the mid 1970s (TRW, op.
cit).

16 Sayre Stevens, "The Soviet BMD Program,” in Ballistic Missile Defense, Brookings, 1984, p. 182 ff.

17 Richard J. Barber, History, p. V-24, quotes the memo from H. Brown, DDR&E, giving the
assignment,

18 "Second Report of IDA Committee on Penetration Effectiveness of Decoyed ICBMs," IDA TR 62-14
(CLASSIFIED).
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At about the same time as the PENAIDS assignment ARPA provided funds for the
TRADEX measurements radar and other measurement instruments at Kwajalein where
NIKE-ZEUS tests were to be conducted, and also commenced investigation of new BMD
concepts. For exploration of one of these new approaches to BMD, called ARPAT, the
AMRAD high-resolution measurement radar was constructed at the White Sands Missile
Range (WSMR). It was anticipated that using AMRAD and the NIKE-ZEUS radars
already at WSMR, together with multistage missiles which would augment reentry velocity
to that of ICBMs, would be advantageous for testing RVs and penetration aids, as vell as
new BMD concepts, for reasons of economy, efficiency, and security. This early ARPA
program provided for on-board RV measurements of reentry wake and hypersonic shock
layer properties; exploration of nuclear effects; investigation of the properties of RV
materials as these were affected by thermomechanics of reentry; radar, IR and optical
observables; and active jamming by decoys.l¥ Studies were also commenced on the
overall "system" and cost effectiveness of the balance between ICBM penetration options
and EMD.

In late 1962 DoD commenced the joint Services-ARPA ABRES (Advanced Ballistic
Reentry Systems) program, to more directly coordinate under DDR&E all the efforts related
to ballistic missile penetration in the exoatmospheric and terminal reentry phases.
Apparently some initial funding for ABRES came through ARPA, but in early 1963
management responsibility was given to the Air Force which had the major part of the
program, while DoD conducted regular monthly review and coordination meetings.20 As
its part of ABRES, ARPA continued investigations of advanced penetration aids and
provided critical measurements using the PRESS sensors at Kwajalein.2!

In the early 1960s there were increased concerns and sharper technical appreciations
of the characteristics of Soviet BMD which U.S. ICBMs would have to penetrate. The
Soviets conducted some large nuclear tests and, significantly, also a "live" test of a BMD
system under conditions involving nuclear explosions--something never done in the United
States programs.22 The United States NIKE X program also indicated the characteristics
of a sophisticated BMD system that might eventually be dsveloped by the Soviets.

19 AQ's 413, 4135, 440, 441.

20 SAMSO Chronology, USAF Space Command, 1975, p. 123. The ABRES meetings were first chaired
by the then ADDR&E for missile defense, D. Fink,

21 PRESS is discussed in Chapter I of this volume.
22 sayre Stevens, op. cit., p. 193,
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One of the immediate reactions to these new threat developments and concerns was
the Navy's upgrade of the penetration capabilities of the Polaris missile system with
multiple reentry vehicles (MRVs).22 The MRVs all would have the same urban target, but
would complicate the Soviet problem of BMD--the assessment was that the Soviet system,
like the earlier NIKE ZEUS, would have difficulties handling multiple RVs.24 Also in the
early 1960s, the Air Force FORECAST I study had pointed out the possibility of multiple
independently targeted reentry vehicles (MIRVs). A number of relatively independent
technology developments, in this same time frame, for satellite deployment and for
separation of RVs in ICBM tests, also suggested the MIRV possibility.>> The decisive
push to U.S. MIRV development, however, appears to have been due to other factors: a
Strategic Air Command requirement to be able to attack 3,000 Soviet military targets, and
the decision by Secretary of Defense McNamara, on economic grounds, to limit the AF
ICBM force to 1,000 Minuteman missiles--providing a direct incentive for each Minuteman
to have multiple high-accuracy warheads.26

To get a clearer picture of the cost-effectiveness of different "mixes" of penetration
aids (other than warheads) and MIRVs, the DoD commissioned the Pen X study, a large-
scale 6 month effort conducted by IDA and budgeted through ARPA.27 The Pen X results
indicated that MIRVs had several advantages, but that a "mix" of MIRVs with other
penetration aids would also be useful under many circumstances.2® Pen X appears to have
influenced subsequent DoD decisions generally favoring the use of MIRVs.2? Up to this
time, most of the activity regarding PENAIDS had been on paper.3? However, the Air
Force, then and later, did not give PENAIDS a high priority.3!

The large size of the Soviet Galosh BMD missile, exhibited in late 1964, indicated a
capability for long range intercept, with a large nuclear warhead. With this new
background, in the mid-1960s ARPA undertook investigation of a number of

23 H. Yok, op. cit., p. 22.

24 R. Duffy, op. cit.

25 H. York, op. cit., p. 18.

26 1, Genting, All in a Lifetime, Vantage 1989, p. 479.

27 A.0. 741 of 6/65.

28 The PenX Study, IDA R-112 (Summary) August 1, 1965, (CLASSIFIED).

29 R. Duffy, op. cit., and Richard J. Barber, History, p. VII9.

30 Fink, op. cit., p. 59, R. Jayne, "The ABM Decision,” MIT Thesis, 1975, p. 257, and R. Duffy, op.
cit.

31 Duffy, op. cit.,, and discussion with MGen. Toomay (Ret.) 4/90.
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exatmospheric PENAID approaches. Along the lines of the first early ABRES emphasis on
LORYVs (low observable RVs) ARPA investigated new radar-absorbing RV materials,
"impedance loading,” active ECM, and related power supplies.32 While much of this early
LORY effort appeared not to have been not very successful, at least one ECM approach,
developed in part through ARPA efforts, scems to have met with some acceptance as a
possible PENAID.33

Another major ARPA PENAIDS effort in this period was HAPDEC (hard point
decoy), a decoy-RV combination which would involve wake and radar cross-section
"management” to make discrimination more difficult down to low altitudes where hard-
point terminal defenses would operate.34 HAPDEC was designed during a time when
ARPA started several efforts on hardpoint defensive technology which could be assumed to
be eventually "mirror-imaged” by the Soviets. HAPDEC was flight-tested in the ABRES
program, but seems not to have been adopted due, in part, to weight and complexity.3’

In the early and mid-1960s severzl analyses were done of the possibility of
MARYVs. Some of these approaches involved guiding flaps, or change of RV body shape.
The possibility of MARYV attack on hardpoint defensive systems motivated ARPA's
HIBEX/UPSTAGE program, having a second-stage UPSTAGE interceptor capable of
reaction-jet controlled maneuvers.36 A little later similar reaction jet technology was
applied in the ABRES-ARPA MARCAS (Mancuvering Reentry Control and Ablation
Studies) MARYV program.37 A number of successful MARCAS flight tests were conducted
at WSMR.38 However, scaling up the MARCAS jet control technology apparently
involved unacceptable weight penalties.3

During the mid-1960s work on PENAIDS (both system and technology oriented)

was at its peak. At that time both the Navy and Air Force had PENAIDS systems work
going on for POLARIS/POSEIDON and Minuteman, as well as the ABRES program.

32 A0s 679, 705, 779, 803.

33 TRW, op. cit.

34 HAPDEC, AO 920 of 9/66.

35 TRW, op. cit., p. 15.

36 HIBEX/UPSTAGE is discussed in Chapter ITI of this Volume.

37 A0 929, of 10/66.

38 AMRAC Proceedings, 1968 (CLASSIFIED) contains several papers on MARCAS.
3% Duffy, op. cit., and TRW, op. cit.
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Expenditures amounted to several hundred million dollars per year. ABRES alone was
supported at just under $150 million/year.

After transfer of defense-oriented DEFENDER projects to the Army in 1967-8,
ARPA's PENAIDS activity was also reduced and characterized in ARPA statements as
"mature."¥ Subsequent ARPA activity, related to both PENAIDS and BMD, moved more
toward exploration of exoatmospheric optical and IR phenomena, and means of obscuring
or detecting these.4! This ARPA work has contributed to the database for SDI and
countermeasure technology for the Air Force's efforts in follow-ons to ABRES, now
conducted under the Air Force Advanced Strategic Missiles Systems (ASMS) Program.
Related midcourse observations useful for ABRES ASMS, and also for BMD, continue to
be made at the ARPA-built AMOS optical and IR telescopes and imaging radars. Similarly
useful data continue to be obtained by the ARPA-built sensors at the Army's KREMS
(Kwajalein reentry measurement system) site.

C. OBSERVATIONS ON SUCCESS

The carly RBIG study gave a comprehensive outline of the areas of research
required for PENAIDS and BMD. The subsequent DoD PENAIDS assignment, together
with the earlier DEFENDER assignment, put ARPA in the unique position of being a key
participant in both the offensive and defensive aspects of BMD. For both aspects, also,
ARPA was to be a source of independent and critical technical information for DoD.
ARPA's contribution to both aspects may have been greatest through the PRESS
measurements of reentry phenomena at Kwajalein. Other aspects of the DEFENDER
program, such as investigating nuclear effects, and vulnerability of RVs to non-nuclear
attack, also made important contributions to the devclépment of PENAIDS. DoD took a
strong direct role in control of the PENAIDS efforts about 1963, with the Pen X study and
the institution of ABRES, which ensured coordination and technology transfer, while the
Air Force conducted the major part of the program.

ARPA's direct contributions to PENAIDS technology, while real, do not seem to
have had a major impact. Apart from MIRVs which apparently had multiple origins,
PENAIDS were a susbstantial factor in the U.S. ICBM and SLBM developments.

40 pJ. Friel, "Project Defender, Progress and Future,” AMRAC Proceedings, Vol. XVIIL, 1967, p. 87
(CLASSIFIED).
41 Eg., AO 1846, Piume Physics, and PJ. Friel, op. cit.
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PENAIDS were deployed on Minuteran I and Ii and POLARIS and were developed for
Minutmen I and TRIDENT 1. The PenX study appeared to have had an effect on the DoD-
level decision on MIRVs. While the use of conical RVs seems to have been accepied quite
carly, mainly on grounds of their accuracy, their low radar cross-section seems also to have
been considered :. sufficient PENAID against the then estimated Soviet BMD threat. It
apparently took a iong time, from 1963 to 1976, to arrive at a satisfactory RV nose cone.

Two former long-term participants in ABRES on direct query, while agrecably
crediting ARPA with contributions to advanced PENAIDS technology development (which
were formally or informally transferred to ABRES) could not recall any major impact of the
specific ARPA-supported efforts.42 These directors also felt that the PENAIDS program
had been under-funded, through most of its life and not a major Air Force priority. While
initially this may have been due to a low appreciation of the BMD threat, apparently the
feeling grew within DoD in the early and mid-1960s that saturation of enemy defenses was
the appropriate offense--conservative tactic because unexpected advances in decoy
discrimination techniques, which could not be entirely discounted, could rapidly degrade
RV penetration capability.43 Later, the BMD treaty removed much of the impetus for
PENAIDS-related efforts.

ARPA expenditures directly for PENAIDS, from project records, appear to have
been about $25 million to 1968.

42 Duffy and Toomay, ibid.
43 T Greenwood, Making the MIRV: A Study of Defense Decision Making, Ballinger, 1975,
Appendix A, p. 163,
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TACTICAL TECHNOLOGIES



V. ASSAULT BREAKER

A. BRIEF OVERVIEW

Soviet conventional warfare doctrine for Europe historically has called for initial
attack forces to break through NATO forward defenses at selected sectors of the NATO
defense border, with exploitation by fresh forces moving through the gap in defenses
created by the breakthrough. Various forces following the initial attack at the front are
essential to Soviet operational concepts. These forces may be configured in one of the
following ways: as second echelons to reinforce the breakthrough attempt if it meets high
resistance; or as Operational Maneuver Groups to mnve into NATO’s rear and disrupt the
support for an orderly defense in depth; or as exploitation and pursuit forces should
NATO’s defenses crack.! To enable NATO’s forward defenses to perform their tasks
successfully, NATO’s counterstrategy has always contemplated the need to disrupt, delay
and ultimately halt the movement and attack by these Soviet/Warsaw Pact (WP) “follow-
on” ferces. The DARPA ASSAULT BREAKER concept combined many interrelated and
complementary systems for this purpose.

The ASSAULT BREAKER program accomplisﬁed unprecedented integration of
radar, missile, and submunition technologies to demonstrate a capability to attack multiple
tank targets using terminally guided submunitions released from a standoff "missile bus”
controlled by an airborne radar (see Fig. V-3). It also represented a pioneering and
ambitious effort by DARPA that successfully nested major programs within larger
programs, and combined them in a coordinated way to achieve the overall objective.
ASSAULT BREAKER significantly impacted the joint Army-Air Force JSTARS battlefield
surveillance radar and the Army's ATACMS missile system, both of which are currently in

1 There has been no suggestion that the Soviet force consolidation implicit in the current (1989-90)
European force reduction talks has discarded this doctrine. Rather, some of their literature suggests that
they may feel better able to implement it under conditions of reduced conventional force postures in
Europe, because (in their view) Soviet forces would be better integrated while NATO's would become
more fragmented. See United States General Accounting Office, Supplement B, to a report (o the
Chairmen, Commitiees on Armed Services, U.S. Senate and House of Representatives, NATO-
WARSAW PACT Conventional Force Balance: Papers for U.S. and Soviet Perspectives Workshops,
Appendices VIII, IX, and X, December 1988,

5-1




the early steps of procurement. These programs involve a new degree of inter-Service
operational cooperation. NATO established Follow-On Forces Attack (FOFA) as a "critical
military area" based in part on the successful early demonstration of the ASSAULT
BREAKER concept, and is now planning and developing several weapons-mix "packages"”
that incorporate ASSAULT BREAKER-type technologies. The program history is
summarized in Figure 5-1.

B. TECHNICAL HISTORY

1. Program Origins

In the late 1960s and carly 1970s, considerations of approaching NATO/WP
nuclear parity led to the Strategic Arms Limitations talks. There were many studies and
projects related to needed improvements in conventional arms.2 A particular problem was
the potentially large conventional force asymmetry, which would make it very difficult for
NATO to withstand multiechelon WP attacks. It was widely recognized that this problem
required some approach allowing effective attack of many mobile targets at once and in a
relatively short time period.3 During the same period, the Vietnam and the Isracli wars had
taught several lessons regarding the potency of ground-based air defenses and the potential
of "smart" weapons. Also in this period the U.S. Army was developing the concept of
Air-Land battle in the extended battlefield4 requiring precise fire support at longer ranges
than had been considered earlier. In the late 1970s, the Army had begun studies of
replacement or upgrades of the Lance missile which, with its nuclear capability, was a
mainstay of NATO force posture.

2 U.S. efforts in these developments go back at least to the early 1960s, see A.C. Enthoven and
K.W. Smith, How Much is Enough, Harper, 1969, Chap. 1.

3 A declassified briefing-summary of many of the then current concepts can be found in IDA Paper P-
1062, Methods of Improving the Ability of U.S. Forces to Engage Mobile Targets in a Tactical
European Environment, August 1974. The importance of this report was in pointing out the high
leverage of terminally guided submunitions (TGSMs) dispensed from air or ground-launched missiles if
they could be made to work, and in demonstrating the importance of a real-time link betwezn standoff
radar and time of arrival (TOA) target location systems, and guidance of a missile "bus” to the point
where it should release its TGSMs.

4 The extended air-land battlefield concept was apparently first promulgated in the 1982 version of the
Ammy's FM 100-5.
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In the mid-1970s the Defense Science Board (DSB) reviewed available technologies
for possible approaches to the needed improvements of conventional armaments in the
European theater.S An important input to this study was made by F. Marian from Martin
Marietta, who sketched for the DSB the dimensions of a pessible Soviet attack on NATO.
He showed the potentially high leverage that could be obtained by use of the Martin
Marietta concept of a ground launched “Batilefield Interdiction Missile" that could dispense
submunitions capable of homing on and attacking several tank targets simultaneously.
Some of the work on such a missile had been supported by DARPA.S Terminally guided
submunitions (TGSMs) that might use infrared or millimeéter wave seekers were in various
stages of development in the Air Force and Army }issile Command (MICOM) programs.
The DSB study also reviewed the technologies for detection and location of targets, such as
"time of arrival” electromagnetic intercept systems and, particularly, high resolution
synthetic aperture radars and Moving Target Indicator (MTT) radars in aircraft.

The DSB concluded that all these technologies, or achievcble modifications of
them, could be integrated into a feasible warfighting systemn. It was anticipated that such a
system, operating together with a facility to "fuse" the information about targets, could
effectively counter the "second echelons” of the expected Soviet attack configurations.
Some of these approaches, the DSB pointed out, would require an unprecedented degree of
ihterdependency of Army and Air Force operations.” The DSB panel also noted that no
organized attempt had been made up until that time to puy together the technologies to
demonstrate the kind of approach they felt would be worthwhile, and their report
recommended that this should be done. Because of the strong inter-Service
interdependency that would be involved, the DSB also felt that some kind of special
" management scheme was required. It should also be noted that this kind of attack would

5 Final Report, DSB 1976 Summer Study on Conventional Counterforce Against a PACT Attack
ODDR&E, May 26, 1977 (CLASSIFIED).

6 E.g., ARPA order 2209, of April 1972, A.O. 2238 of July 1972. Apparently there were similar
concepts offered by other companies at the time. The Manin Marietta contribution to the DSB
considerations was mainly in their impressive portrayal of the overwhelming nature of a potential WP
attack agairst NATO and the need for a massed fast response. Discussion with Dr. J. Luquire, June
1939,

7 DSB 1976 Summer Study, p. 21.
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require an unprecedented degree of coordiration and timing in the target ~cquisition/strike
sequence, a process the Director of the Weapons System Evaluation Group (WSEG)8 at the
time, L.tGen Glenn Kert, USAF, had called "target engagement.” This posed a severe
technical challenge, in addition to the many doctrinal challenges inherent in the concept.

The USDR&E, Dr. Perry, responded to the DSB recommmendation in 1978 by
giving DARPA management responsibility of the project called ASSAULT BREAKER in
recognition of its purpose. Dr. Perry established a flag-level steering group and Executive
Committee with Secretarial participation to guide the fast-paced program envisaged.

D:. Perry also set up (in 1977) the Joint Services (and DARPA) BETA project to
develop and demonstrate a state-of-the-art, near real-time information fusing facility for
opzrations on an extended battlefield, including ASSAULT BREAKER. BETA was also
associated with CELT (Coherent E:aitter Location Testbed), initially envisaged by DARPA
as part of an overall approach to precise target location in the ASSAULT BREAKER
program. CEI.T wouid contribute information to BETA, which would “fuse” all available
target information to provide target location and identification data for weapon firing and
control. Hon « ver, all these projects were pursued on such compressed time scales that
there was no opportunity to put BETA and CELT together with the ASSAULT BREAKER
program.?

As noted previously, there were antecedents in related DARPA and Service work
dating back ro the early 1970s.1¢ 1n the mid-1970s DARPA pursued the key concept of
modifying the Air Force-developed UPD synthetic aperture radar (SAR) to obtain MTI
(moving target indicator) capability This effort later tumed into the joint DARPA-Air
Force Tactical Air Weapons Direction System (TAWDS) project. With such a radar,
targets could be identified anu tracked, and a TGSM-dispensing missile guided to a mobile

8 WSEG was a part of the Office of the Joint Chiefs of Staff, organized in the easly 19505 to evaluate
soint Scrvico weapon system voncepts for the JCS. The Institete for Defense Analyses (IL'A) provided
analytical support i0 WSEG, through combined IDA/WSEG civilian/military analytical \cams. WSEG
was chus in a position beth to refiect and to influence Scrvice views in complex system design and
acquisition matters.

9 J. Tegnelia, et al., "History of ASSAULT BREAKER and Related Projects.” Journal of Defease
Research, 1984 (CLASSIFIED). CELT and BETA individually had significant impact, the two
additional progrums are described separatcly in this volome.

10 See the DSB summer study report. Also, ARPA ocders 2228 of August 1972, and 2479 March 1973
"IR Terinal Guidance,” and 2878 of Sept. 1974, "Tacticul SAR Experiments.”
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target. DARPA apparently briefed this concept to Dr. Currie, then DDR&E, and obtained
his backing for it.1!

There had been related earlier efforts that caused the Services some hesitancy in
moving ahead rapidly with the DARPA program. The Army had several related ongoing
programs going back tc the MARS rocket project in the 1960s, abandoned because of the
number of missiles required in one-on-one engagements. By the mid 1970s the ongoing
Army pregrams included the Lance modernization already mentioned; the MRS launcher
for firing multiple rockets with unguided anti-materiel warheads; the Corps Support
Weapon System, a rocket intended to have TGSMs and related dispensing and seeker
technologies, then mcinly in exploratory development; the standoff target acquisition
system (SOTAS) helicopter radar; the ALARM MTI radar on the OV-1 aircraft and other
ELINT systems; and an all source analysis tactical data fusion system. In the same time
frame the Air Force had an o.going wide area anti-armor muniticns (WAAM) project,
which included the WASP, a small, high velocity, air launched missile, and submunitions
such as the AVCO SKEET self-forging fragment muniticn. For long range battlefield
surveillance, the Air Force was developing the high alticude TR-1, a succes:or to the U-2,
which was to carry the UPD-SAR. Each service wanted, to the exte.it possible, to have an
organic capability to undertake their respective missions, with the Army cuovering the near
batticfield and the Air Force doing deep interdiction, a separation of responsibilities dating
back to the " ey West" agreement of 1947. There was a degree of accepted
interdependence in operations, partly due to lack of capability of the systems. For
example, the Air Force's SAR had high resolution, but couldn't detect and track moving
targets very well, while SOTAS lacked resolution and range but was designed to track
close-in moving targets.

Despite earl: Service coolness, the new ASSAULT BREAKER program was
eventually supported by the Army, to the extent that MICOM became the DARPA agent for
the ground-based missile and TGSM work, recognizing its potential for going beyond
LANCE modemization. The Air Force Electrmaic Svstem Division (ESD), the agent for the
TAWDS (Tactical Air Warfare Direction Systen) radar development (eventually renamed
PAVE MOVER) also became an enthusiastic participant. For both these programs,
substantial "up front" DARPA funding was made available. The DoD approved

11 Discussion with J. Luquire, 6/89.




continuation of the Service in-house development programs relaied to defeating the Soviet
second echelon attack, in addition to ASSAULT BREAKER.

There was also provision in the early ASSAULT BREAKER program for an air-
launched missile. This, however, met with resistance 5y the Air Force's Eglin ASD group,
which had the WAAM responsibility.12 The ASD group apparently did not like the idea of
an air-launched ballistic missile from tactical aircraft and preferred the idea of a cruise
missile which had a loiter capability, or an air-lsunched straight-in high velocity rocket
attack.

Both Services recognized that an attack un the tank top, which has thinner armor,
would have a better chance of success with a small munition delivering either a shaped
charge (requiring a direct hit) or a self-forging fragment (SFF) (fired from a distance). Both
Services, while recogmzmg the criticality of the anti-armor capability, also wanted a "mix
of weapons” to deal with the variety of targets that would be involved in a WP attack.13

Despite the importance assigned by DoD to ASSAULT BREAKER, Congress did
not fully back the program, initially putting off funding for a year because of skepticism
about its management. However, DARPA went ahead, with a tight schedule and
apparently using available funds.14 (A little earlier DARPA had provided for support of
effort on the BETA information fusion system.!5 Beginning somewhat earlier, also, the
DARPA anti-armor effort was accelerated.!® The DARPA-AF PAVE MOVER program
aiso began in May of 1978.17 A terminal-guidar:ce seeker program had also been going
on, including investigations of millimeter-wave seekers.18 )

12 3, Luquire, see footnote 6. Eglin, however, had the responsibility for setting ur the ASSAULT
RREAKER missile tests.

13 See e.g., L.D. Buelow, et al., "Antiarmor Survey and Evaluation,” AFCMD/SA, Kirtland Air Force
Base, February 1984, p. 3, "Summarizing Conciusions of the WAAM Anti-Armor study of the 1977-
1980", and "Technologies for NATO's Follow-on Forces Attack Concept,” OTA, 1986, for a list of
weapons mixes in different "packages.”

14 DoD Authorization Hearings for FY 1980, Committee on Armed Services, HOR, 96th Congress, 1st
Session, Rescarch and Development, part 3, p. 913. A.O. 3628, of May 1978, ASSAULT
BREAKER.

15 A.0.'s 2367 of December 1972 and 3596, March 1978, BETA.
16 A.0. 3580, Anti-Armor, March 1978.

17 A.0. 3628, PAVEMOVER, May 1978.

18 A.0. 3146, March 1975.
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2. The DARPA ASSAULT BREAKER Program

Because of the inter-service aspects and many interfaces, the ASSAULT
BREAKER program was managed directly by DARPA (and the Steering Group, which
was quite active).19 There was no industrial integrating contractor. The management
scheme, devised by explicit decision for the ASSAULT BREAKER program, is shown in

Figure 5-2.
EXECUTIVE COMMITTEE"
Dr. W. Perry |
STEERING GROUP
< Dr. R. Fossum
DARPA LTG. R. Baer
LtGen. T. Marsh
| MIRADCOM
ESD ’ ADTC
. dar * Potential . ' Surf,
« Fire Cortrol Cnts Al-to-Surface %u.r.l;(:‘-to- o
« integration Wespon

*Will include sppropriate general officers.
Figure 5-2. Management Scheme for ASSAULT BREAKER Froject (Ref. 14)

The ASSAULT BREAKER concept is illustrated in Figur= 5-3. The target is
detected and located bv ...~ airborne radar, operating at some standoff from the front line.
This information is pas...: 10 an "attack coordination center,” also developed and built in
the project, to do processing of the radar data and "fusion” of this with information from

19 3. Luquire, discussion, 6/89.




other sensors and other sources.20 Since some of the targets are mobile, a rapid decision
about the attack must be made at the coordination center. A ground based ballistic missile
was to be guided by its own inertial system until "acquired” and given a guidance update, if
needed, by PAVE MOVER. From this update point on, the missile trajectory is to be
controlled by PAVE MOVER, in coordinates relative to the aircraft. Such guidance would
enable the missile to reach a "basket" near the target area, where submunitions ar= released
to home on the targets. The submunition dispersal pattern could be controlled to some
extent to match the target distribution. Working backward from the characteristics of these
submunitions determined the dimensions of the "basket” in space and time, and thus the
guidance accuracy requirements. For fixed targets, the missile's own inertial system was
accurate enough to be relied on. The submunitions had to be able to "recognize” the target,
home in on it, and, depending on the munition, either hit the target (TGSM) or fire a
penetrating pellet against it (SKEET). Broadly, the ASSAULT BREAKER type of concept
had been discussed earlier,2! but this was the first time it was actually assembled and tried.

The ASSAULT BREAKER program had four phases. The first phase involved a
focussed effon on the comyponent technologies--verifying that they really were available
and that their performance estimates added up to a feasible overall concept.22 The second
phase involved testing most of the critical component technologies in parallel, and making

‘ further developments as necessary. At least two contracters were involved in ali the tests
and developments. Thus, there were two different approaches, by Hughes and Norden, to
the PAVE MOVER radar system and for the related ground processing stations; two
"missile bus" contractors, Martin Marietta for the Patriot (T16) and LTV for the Lance
(T22) missile; and two contractors, General Dynamics (TGSM) and AVCO (SKEET), for
the submunitions.Z3 Submunitions components were tested individuaily, with emphasis on
tive required dispensing and homing properties to accomplish the "end game.”

20 The "fusion” was initially expested to be done in the BETA facility, but actually BETA was not used
in any of the ASSAULT BREAKER trials, s> Chapter VI.

21 IDA Paper P-1062, op. cit.

22 BDM Report, "History of ASSAULT BREAKER," 1985.

23 Only a few tests of the kil! mechanisms were conducted, apparently, partly because of the considersble
data availadle from previous eftorts on SKEET and TGSMs.
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Figure 5-3. ASSAULT BREAKER Concept for Standoff
Armored Forces Combines Pave Mover Targeting Radar Which
Surveys Forward Battle Area, a Ground-based Data Processing
Station Where Target Engagement is Established, Radar
Tracking of the Targets, and the Launching of Missile
Carriers. When Over Targets, a Carrier Dispenses Self-
Contained Submunitions to Make Multiple Kills24

Submunitions dispensing was tested separately from the actual m'ssile using wind
tunnels and high speed tracks, and homing properties were determined in "captive" flight
tests using helicopters and fixed facilities elevated above the targets. Much affort was
devoted to determining the capability of the submunition seeker systems to discriminate
:argets, specifically tanks, from infrared backgrounds such as would occur under battle-
field conditions. Similarly, armor penetration was tested off-line so that other system
testiny could be done with inert munitions. Both the General Dynamics TGSM and AVCO
SKEET qualified successfully in these trials. In the PAVE MOVER radar program Hughes
and Norden both succeeded in developing and demonstrating radars capable of accurately
locating and tracking targets, and "interleaving" the SAR and MTI arget acquisition modes
of the radars as well as their ability to acquire a missile and guide its flight. However, the

24 BDM Repont, History of ASSAULT BREAKER, 1985. This figure is an unclassified excerpt from
this classified report.
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software for the radars and ground stations apparently proved more extensive and complex
than first estimated, causing some delay in the overall program.

In the third phase gradually more complex degrees of system integration were
tested. Missiie flight tests were conducted, first with inertial guidance only: the T-16 used
a Stellar-sight gyro update and the T-22 used an Army-developed optical laser gyro. Later,
radar guidance, ground and airborne, was used to steer the missile. Both missiles qualified
successfully, achieving the desired accuracies. After this, tests were made including
integration of the submunitions with the missile, along with increased complexity in the
command signals directing the time, location, and characteristics of submunitions release.
Finally, in the last phase of the program, tests of the combined airborne radar-missile-
submunitions systems were conducted against some tank targets at White Sands. The final
tests (which involved a ground-based radar simulating the PAVE MOVER) in late 1982 had
several failures; but in the last test five General Dynamics TGSMs made five direct hits,
one on each tank in a pattern of five stationary tanks. The SKEETSs, however, did not
achieve any hits in these final tests.

A schedule of some of the different phases of ASSAULT BREAKER is shown in
Figure 5-4, and the success record in Figure 5-5. The final tests, while successful,
unfortunately did not include all features desired, partly for lack of sufficient funding.2’
Nevertheless, it seems generally agreed that the major technological features of an
ASSAULT BREAKER capability had been demonstrated by the DARPA program. Procf
of concept was established and a decision could have been made to enter full scale
engineering development if the Services had adopied ASSAULT BREAKER as a system.

" 3. Transition

The transition from proof of principle to operating systems has a complicated
history, however. OSD set up the follow-on JTACMS (Joint Tactical Missile System)
program with the Air Force and Army in 1982-83, while the Air Force and the Army
continued separately with the PAVE MOVER and SOTAS radars. Despite this and
continued encouragement by Congress for a closely integrated program, the Services did
not react quickly. The JTACMS concept required the Army to be operationally dependent

25 3. Luquire, discussion, 6/89. Most of the government funding, at this step, was from the Servicss.
Also the industrial group involved put up substantial amounts of their own funding for the final tescs.
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on the Air Force to a greater degree than before, which took a while to work out.26 After a
review by an ad hoc Defense Science Board panel SOTAS was cancelled and PAVE
MOVER was transformed into the Joint Surveillance and Target Acquisition Radar System
(JSTARS), with the U.S. Air Force as lead Service. A 21 March 1983 memorandum from
James P. Wade, Jr., the principal deputy USDR&E, to OSD, the JCS, Service R&D chiefs
and relevant CINCs outlined the grouping of JSTARS, JTACMS, Joint Tactical Fusion,
Ground Attack Coordination Center and the Tacit Rainbow radar-homing, loitering missile
for attacking ground-based air defenses into a constellation of programs designed to attack
enemy forces deep behind the close combat zone.2? Afterward, the Office of Conventional
Initiatives was established in OUSDRE to oversee Service follow-through on the integrated
program, initially under James M. Tegnelia, who became Director of DARPA’s Tactical
Technology Oftice in 1982. In a M2morandum of Agreement of May 22, 1984, Gen. John
Wickham, Jr., and Gen. Charles Gabriel, respecively Army and Air Force Chief’s of Staff,
agreed, among other things, that the Army would build a ground launched [ballistic]
missile system and the Air Force would build an air launched [cruise] missile system under
the JTACMS program, and that the Army and the Air Force would support and work
together on a single JSTARS platform, to be operated by the Air Force in such a way as to
provide dedicated support of ground commander requirements.

Also during the ASSAULT BREAKER period there were a number of NATO
studies of the problem of meeting the second and other follow-on echelons of a WP attack
deep on the WP side of the battle front, to keep the follow-on forces from overwhelming
and breaking through NATO's front-line defense. Objections by some of the Europeans to
the concept centered on their concern that attention and resources drawn to follow-on forces
attack (FOFA) would detract from NATO's ability to meet the WP attack at the front.
There was also some skepticism to the effect that "high technology” approaches to the
FOFA problem would fai! in battle, and a parallel concern that, if such an approach were
adopted by NATO, then Europe would have to "buy U.S.” to create the forces.28 Gen.
Bernard Rogers. then SACEUR, was aware of the ASSAULT BREAKER results and was

26 Hearings, DoD Authorization for FY 1986, Committee on Armed Services, U.S. Senate, 99th
Congress, 1st Session, part 4, Tactical Program, p. 1668.

27 Discussion in Nov. 1989, with Mr. Loren Larson, Director, Conventional Initiatives, ODR&E.

28 A list of pertinent NATO (and other) FOFA studies is given in "New Technology for NATO,"
Congress of the U.S., Office of Technology Assessment, 1987, p. 218. See, also, U.S. Congress,
Office of Technology Assessment, Technologies for NATO's Follow-On-Forces Attack Concept,
Special Report OTA-1SC-312, p. 18.
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encouraged by them to persist in his FOFA concept.29 The concept has since become
accepted as one of SHAPE's “critical military areas of warfare" that, along with such areas
as air superiority and close combat, are deemed essential to defeating a Soviet attack on
NATO.

The major parts of the ASSAULT BREAKER concept have persisted in the Air
Force and Army programs to date, although they are not viewed as a single, integrated
system. The Army and Air Force do not accept the FOFA concept per se as part of their
doctrines, which are centered, respectively, around the air-land battle and deep interdiction.
Systems built for these purposes are agreed between the Services and SHAPE to be
consistent with the FOFA concept, and the doctrinal issue rests there.

The airborne, multimode radar for surveillance of the deep battlefield continued in
the JSTARS program, possibly because RADC had become an internal advocate for the
program. There was, early in the program, an argument about which aircraft would carry
PAVE MOVER: the high altitude TR-1, a lower altitude aircraft like the Army OV-1
carrying the SAR-MTI battlefield detection system, or a modified transport type aircraft.
After the ASSAULT BREAKER tests, the radar contractors felt that it would be desirable
to have as much processing power as possible in the aircraft, which pointed to the C-18
(now E-8A) modified Boeing 707 aircraft for JSTARS. Explicit agreements between
Generals Wickham and Gabriel on 11 May and 11 June 1984, following their initial
agreement in principle, designated the C-18 as the sole JSTARS platform. The C-18 with
JSTARS had its first test flight in sarly 1989.30 Apparently a new JSTARS radar has been
built by Grumman-Meclbourne (formerly Norden) with approximately 1.7 million lines of
software code, but it has been suffering delays.3! Perhaps for this reason JSTARS now
seems to havc evolved mainly into a battlefield surveillance and target acquisition radar,
with the more complex missile guidance problem, involving coordinate transformations,
put off for the future. The Army has operaters in the C-18 and responsibility for the
JSTARS ground terminals.

The missile heritage of ASSAULT BREAKER initially involved the joint Army-Air
Force effort to arrive at a ground and air-launched missile with maximal commonality,
through JTACMS. Congress further directed that the T-16 and T-22 missiles be

29 See, ¢.g., Gen. Bemard Rogers: "Follow-on Forces Attack (FOFA): Myths and Realities,” NATO
Review, V-32, No. 6, Dec. 1984,

30 Armed Force- Journal International, Vol. 126, #7, p. 34, Feb. 1989,
31 "JSTARS Slips a Year,” C31 Report, March 21, 1988.
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investigated for JTACMS, which caused some difficulty in asticulating a concept suitable
for Air Force operations.32 The tactical Air Force moved toward a cruise missile with loiter
capability for a variety of interdiction missions, and JTACMS became ATACMS,
predominantly an Army program involving the T-22 Lance variant used in the ASSAULT
BREAKER tests, which is to be launched from the Army's MLRS (Multiple Launch
Rocket System) launcher. The first conventional warheads for ATACMS will use the
APAM (anti-personnel, anti-materiel) munition, with a TGSM for direct tank attack
relegated to a later Block II stage. The TGSM development was slowed by a combination
of bureaucratic and technical delays, which involved inter-Service disagreements over
jurisdiction and preferred technical approach (IR or mm-wave guidance), and insufficient
attention on the part of the technical community to keeping "smart” submunition costs
down. As a consequence, the initial implementation will probably use the SKEET or
similar self-forging fragment approach, with a true TGSM appearing in the mid-to iate
1990s. However, as a general matter, ATACMS seems fully funded as an Army
acquisiiion program.

While the original standoff battle concept involved development and use of the
BETA "fusion" system, the ASSAULT BREAKER ground station for tactical missile
control and radar data processing was built separately from BETA. However the DoD joint
tactical fusion system is in part an outgrowth of BETA and is planned to incorporate the
information from JSTARS.

A number of option packages being considered incorporate JSTARS and
ATACMS-type technologies in NATO FOFA forces; almost all approaches rely on the Joint
Task Force (JTF) concept. These studies have mentioned, in particular, concerns about the
survivability of the surveillance aircraft. Germany apparently has serious (largely non-
technical) reservations about the ATACMS. They have consistently expressed concerns
about proposals and plans for ballistic missiles, which might also be fired deep into Soviet
rear areas, for fear of initiating a tactical nuclear war on German territory. France (not in
NATO's military command) has also undertaken development of a helicopter radar systemn
similar to SOTAS, named ORCHIDEE, for close-in battlefield surveillance, and the United
Kingdom is developing a longer range ASTOR radar surveillance system.

While not directly involved with JSTARS or ATACMS, DARPA efforts continue
on such related technologies as HALE (high altitude long endurance) platforms with radars

32 genate Authorization Hearings for 1985, testimony of Gen. Russ, USAF, p. 1815.
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and on-board intelligent processing systems; on infrared IR seeker technologies; and on
advanced long range cruise missile techrologies.

C. OBSERVATIONS ON SUCCESS

The basic concept of ASSAULT BREAKER was apparently discussed in several
studies and proposals in the mid-1970s. DARPA and the Services were developing most
of the needed technologies, and DARPA was working with the Air Force's ESD
(Electronic System Division) to develop the needed surveillance SAR-MTI radar. The DSB
Summer Study of 1976 found the essential technologies available and made the
recommendation that they be put together and demonstrated. Key inputs to the DSB study
on the missile side were made by industry, an IDA/WSEG study of "target engagement,”
and the DARPA-AF TAWDS work, which indicated that the real-time targeting and missile
guidance updates might be feasible. DSB noted that the concept required an unprecedented
degres of inter-service cooperation.

Under DoD-arranged ertraordinary "Steering” and "Executive Committees,”
DARPA was given the program management responsibility without assistance of any
industrial "integrator." While the DARPA objcctive was to develop a prototype, not a
system to be fielded, there was some disappointment in OSD and DARPA at the end that
the Services did not react more quickly to the demonstration that the concept could be made
to work, and that they did not fully accept the integrated system concept. However, many
Service doctrinal principles were being challenged, so this should not have been surprising.

An extraordinary combination of technologies had o be tested, and some had to be
developed in a very compressed time schedule. Of all of them, the most serious major
hitch seems to have occurred in the radar development, which has been described by some
as perhaps the most complex ever undertaken by the United States. The software
development, in particular, seems to have been underestimated. Adding to the
complications of the multimode radar's computational system was the need to deal with
coordinate systems relative to the aircraft and the missile inertial systems with ground
reference. These problems caused about a 1-year slippage in the program, not
inappropriate for a highly experimental program; the progressively more complex
"integrated” tests had a mixed record.

The original ambitious concept of linking BETA and CELT to ASSAULT
BREAKER was abandoned along the way, and these other projects have had independent
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development histories. BETA and CELT, individually, have impacted related Service
programs.33

The second technical area where progress was slower than it might have been was
in the guided submunition development; this occurred for reasons already described. The
final, successful attack of five out of five tanks was a clear demonstration, however, that
the essential ASSAULT BREAKER-type technologies could be made to work. The
somewhat simplified conditions for this test were probably all that could have been
arranged with the funds and in the time schedule followed. The initial feasibility study had
probably been carried far enough to warrant initiation of serious Service system
development efforts had the Services been of a mind to do so.

From a detached perspective one might say that despite this success, at the present
time the Services are following the lines set out before ASSAULT BREAKER. By this
reasoning, ATACMS can be considered the follow-on Lance II, with a conventional
warhead. The Army still has its OV-1 SLAR. The Air Force still has its surveillance
ASARS in the TR-1 system underway, with the E-8A for augmentation. And, the Air
Force has not adopted any ATACMS ballistic-type air-launched missile, but has returned to
its original notions of a standoff cruise missile and a high velocity missile. Nevertheless,
ASSAULT BREAKER seems to have led, as the DSB predicted, to a new, if limited,
degree of interdependency and cooperation between the Services via the E-8A. NATO has
adopted a deep-attack concept (FOFA) and system description that includes many elements
of ASSAULT BREAKER, and the U.S. Services consider their deep attack-relaied
systems compatible with the NATO FOFA concepts. The Service delay in responding to
ASSAULT BREAXER was due partly to the required adjustment in operational concepts,
and partly due to caution about the support requirements for a new and complex system.
Their cooperation has yet to be worked out and tested "full up,” including a joint commanc
and control system. The ASSAULT BREAKER experience was, however, one of the
motivations for DoD to set up a special office for conventional initiatives to encourage and
ensure such inter-Service cooperation.

The ASSAULT BREAKER impact, therefore, has been seen in a major legacy of
hardware (JSTARS and ATACMS), in significant developments in Service and NATO

33 BETA #1d CELT are topics of separate chapters in this report.
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operational cooperation, and in DoD organizaton. Thus in the FY 1986 Senate Armed
Scrvices Committee hearing, LTG Wagner of the Army stated, about JSTARS:34

We signed an agreement wivh the Air Force. They are going to develop the

radar and we are going to dcvelop the ground station. For the first time they

have signed an agreement with the Army that will give us dedicated support

for the Corps commander. We never had that before. We feel confident we

can depend on the Air Force to do that job.

ASSAULT BREAKER's success has affected all discussion, in the United States
and abroad, of the possibilities for dealing with WP attacks with smaller size forces3S than
those of the Pact. The resulting concepts and systems could persist as safeguards against
sudden massing of Soviet forces in Eastern Europe, should a serious crisis arise after a
conventional force reduction agreement there.

DARPA outlays for ASSAULT BREAKER and related previcus studies from
project records appear to have been about $155 million; for PAVE MOVER and TAWDS,
about $50 million. The Services spent, through FY 1984, nearly $200 million on
corresponding programs. The anticipated outlays for ATACMS and JSTARS, together,
approach $10 billion, exclusive of NATO expenditures.36

34 1986 Senate Armed Services Hearing, p. 1668.
35 Ibid.
36 mid., p. 1669.
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VI. BETA

A. BRIEF OVERVIEW

The DARPA-Joint Services BETA (Battlefield Exploitation and Target Acquisition)
project demonstrated the feasitility of a state of the art, coraputer-based tactical data fusion
system capatle of dealing, in near real-time, with the information load of the modemn
battlefield. A BETA testbed remains in operational use today as LOCE (Limited
Operational Capability Europe), a European command asset providing intelligence support
to the UU.S. Army and Air For :¢, and to other NATO forces. BETA has also been a testbed
10 gain experience and a training aid for the Army aad Air Force components of the Joint
Tactical Fusion System. now under devciopment, and for the planned NATO BICES
tactical intelligence fusion system.

B. TECHNICAL HISTORY

In the mid-19705 many new airborne surveillance and reconnaissance capabilities
were under development. The joint DARPA/Amy/Air Force BETA program originated in
the mid-1970s and grew in part out of Service efforcs to coirelate and exploit all
information sources on the future battlefield.! The results of these efforts indicated that the
target-dense batilefield on the European Theater would generate a fiood of data, which
could not be adequately evaiuated by intelligence analysts in a timely way to assist
operational comands. In part, also, the stringent requirements for accurate targeting of
precision guided munitions, expected to be used in ASSAULT BREAKER to deal with
FOFA, provided a challenge to the capability of computer and display systems which were
emerging at about the same time, many from DARPA programs.?

1 Discussion with Dr. P. Dickinson, 10/89.

2 1. Bruce James and M. Cox, "Viewing and Targeting Enemy Second Echelon Formations," in Journal
of Defense Research, Vol. 10 #2, September 1978, p. 79 (classified article). Unclassified excerpts have
been made from this and other classificd articles cited.
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In the mid-1970s also, DARPA's Tactical Technology Office (TTO) funded studies
indicating that such a battlefield information correlation "testbed" was feasible, and might
be developed into a militarily useful product at an affordable cost. These studies led to a
DARPA proposal that a demonstration fusion system be constructed in the European
The=ter. This proposal, however, was not well received, at first, by the Services.3 Several
WSEG studies and a DSB Summer Study in 1976 pointed out that the Army and “orce
should have a common info-ational picture of the battlefield to deal with FOFA, and
recommended that available . :chnologies be integrated into a testbed for operatinnal
evaluation and training.4 In response, Dr. Perry, then Under Secretary of Defense
Research & Engineering (USDR&E), set up the joint Services BETA project in 1977 with
ARPA funding and technical direction, with the stated objective of demonstrating feasibility
of automated co.-~lation of sensor data for target acquisition and battle management.’
BETA was, initially, conceptually linked with ASSAULT BREAKER, an essential element
to deal with FOFA.

Because of BETA's perceived importance to NATO, Dr. Perry set up a special
program management scheme for BETA similar to that of ASSAULT BREAKER. In this
approach DARPA mianaged the program through the Army, and reported to a steering
committee, which in turn reported to Dr. Perry. A fast-paced program was set up
beginaing in early 1978,5 (see Fig. 6-2) in order that BCTA could pa:.cipate in a large
NATO exercise in 1981.

The BETA scenario envisaged was that of an extended battlefield including,
perhaps, several hundred thousand "elements of interest” all under surveillance by a
number of different sensor systems belonging to tiie Army and Air Force. It was intended
that the BETA fusica cen.er should be able, in near real-time, to filter, correlate, and
aggregate all available information from these elements in order to accurately identify,
locate, and report on a much smaller number, perhaps thousands, of "high interest"
potential targets.” BETA was designed to exploit existing sensor systems, and was to
combine data from these sensors in such a way as to extract the most information possible

3 H. Federhen, BETA Program: A History, 1DA Memorandum Report M-56, 1984 (CLASSIFIED).

4 DSB (1976) Summer Study on Conventional Counterforce Against a Pact Attack, 1977
(CLASSIFIED).

5 H. Federhen "BETA,” (UNCLASSIFIED), Proceedings of AIAA-NASA-DARPA (CLASSIFIZD)
Conferenice on Smart Sensors, November 1978, paper # 29,

§ A0 3596 of 3/78, BETA.

7 H.Federhen, "RETA" p. 29-3.
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from them without interfering with the primary users of the information. BETA was to
disseminate this information in formats that would be tailored to different users in the Army
and the Air Force. A variety of sensors could be invoived, including imaging systems,
radars, and emitter locators, each of which required a diff-rent type of processing. Some
of the sensors, such as CELT (Coherent Emitter Location Testbed), would be able to
generate digital data suitable for direct insertion into BETA's computer processing, and
some required human interv=ntion.? Based on a study of several battlefield scenarios, an
initial selection was made of sensors to provide inputs to the processors in the BETA
correlation centers (CORCENS). Later the number of sensors was limited. Each sensor
was to have a t..Jored BETA interface module (RIM) which was to operate, as far as
possible, without interfering with the other primary users of the sensor. Each BIM would
do some preliminary data filtering and reformatting appropriate for communication to the
preliminary data processors in the CORCEN.? In these processors, each data message
would be checkzd for errors and further filtered, separated into individual reports, and sent
on to the appropriate "user” terminals or to processors in other CORCENs. Figure 6-1
illusirates the flow of events in BETA.10 Different types of correlation, some with nearly
cuirent information and some using previously existing data bases, were to be routinely
performed, and some could be done remotely when queried by operators using interactive
terminals.  Each operator terminal possessed an appreciable fraction of the CORCEN
processing capability, and could communicate inquiries, through the CORCEN Control,
back to the individual sensors through their command posts.

Because it was to be a testbed, BETA was planned to be constructed using
commercially available computer hardware and available military and commercial
communications lines, including AUTODIN and voice circuits. However, some BETA
elements, notably terminals, turned out to be one of a kind, and in the end the project
appeared to have stressed the state of the art of several types of computer hardware and
display systems. It was assumed at the outset that available software could be used for
BETA communications, data "fusion,” and data base management. It was also expected
that BETA would be able to accommodate more CORCENS, sensors, and operators

CELT is discussed in Chapter XXXII of this Volume.

9  “History of ASSAULT BREAKER," unclassified chapter on BETA in BDM Draft Report, 1985
(CLLASSIFIED).

10 mid.
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without software changes. However, major software development eventually prove:
necessary, which caused some truncation of BETA functions and overall program delay. 11

[ sensor
Plattorm Other
CORCENS

AREA COMMUNICATIONS

L Colgn:n.l::::’l: ne ‘___J Correlation Operator
Processor Terminsi

Sensor
Ground
Station

RDS

Figure 6-1. Major BETA Components by Function

The first two BETA systems were produced by TRW and in 1981 were given to
Army and Air Force tactical operations training units for evaluation. This was timely
because in 1980 Congress had mandated that the Army and Air Force should consolidate
efforts to automate intelligence fusion, starting what later became the Joint Tactical Fusion
Program. Generally, the Services' evaluations were positive, but a number of deficiencies

11 BDM, "History of ASSAULT BREAKER." See also J. Tegnelia, et al., "History of ASSAULT
BREAKER, and Related Projects,” Journal of Defense Research, 1984 (classified article) Vol. 16 #4,
1984, p. 277.
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were identified, particularly by the Air Force test group. However, these deficiencies had
been known 12 exist beforehand and most could be traced to lack of funding 12
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Figure 6-2. BETA Project Schedule

12 A somewhat negative GAO report appeared in 1981, whiie these developmentally oriented evaluations
were at an early stage.
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These two BETA systems, apparently, were used by the Army and Air Force
through 1987 as test beds for their respective ASAS and ENSCE projects in the Joint
Tactical Fusion Program.!? A third BETA system was constructed at TRW out of available
parts used for software tests. This syste.n was to have been sent to Europe for further
evaluation and operational training in 198! NATO exercises. However, because a "dry
run" demonstration before the steering committee was only partly successful, and
expectations had been built up in NATO, the BETA program was extended for 4 months,
and BETA was not available for the NATO exercise. With this additional effort, however,
a successful demonstration was held before Service and NATO representatives in 1981,
using input tapes containing data from the missed NATO exercise.l4 This BETA was
eventually placed in Europe with the set-up shown in Figure 6-3. The European BETA
underwent two further extensive evaluations in 1984, by the Army and Air Force.l> A
number of problems were identified in these evaluations: the European BETA system
found difficulties with multilevel security, particuiarly with NATO interfaces: the Air Force
evaluation found delays in responding to queries: and "lockup” of the system occurred
under certain circumstances. In response, BETA operations in Europe were further
limited, but overall "availability" rcmained reiatively high. Today the European BETA
apparently interfaces with only a few sensors, rather than the larger number planned, and
uses only a fraction of its computer capabilities.!6

Wevertheless, this BETA system, now renamed Limited Operational Capability-
Europe (LOCE) and operated mainly by the Air Force, provides the cnly automated data
fusion system capability now available in Europe. LOCE appears to be often used as a
communications facility rather than for information fusion. It also functions as a training
device for the U.S. Joint Tactical Fusion Program and as a testbed for design of the
planned follow-on NATO Battlefield Information Collection and Exploitation System
(BICES).17 In 1985 testimony, LTG Wagner of the Army stated:!8

13 Assessment of Tactical Data Systems, TDA Report R-326, p. 244 (CLASSIFIED).

14 These tapes apparently involved some exercise data and sore data from Army simulations.

15 3, Tegnclia, op. cit. gives some results of these evaluations which were, or the whole, satisfactory.
16 Discussion with P. Dickinson, 10/89.

17 *Intelligence Fusion System Planning Project: Lessons Learned From Development and Ficlding of
TLAC, BETA, and ITEP,” JPL, 1984 (CLASSIFIED).

18 DoD Authorization Hearing for FY 1986, Commitiee on Armed Forces, U.S. Senate, 99th Congress,
1st Session, Part 4, Tactical Programs, p. 1787-8.
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! would like to emphasize that LOCE is a European Command asset and, as

such, provides intelligence support to Army users as well as Air Force users

in that theater. Although LOCE is significantly less capable than the Army

All Source Analysis System (ASAS) and the Air Force Enemy Situation

Correlation Element (ENSCE), the fusion systems now under development

within the Joint Tactical Fusion Program, it is performing a valuable service

in support of our forces in Europe, while providing useful feedback to the

development process for ASAS/ENSCE. Except for LOCE, the Army has

no true fusion system.

ASAS and ENSCE, the Army and Air Force elements of the Joint Tactical Fusion
(JTF) Program are current developmental programs which were set up by Congressional
directive in 1980. These JTF developments have used BETA systems as testbeds and for
training, and profited from BETA experience in Europe, but have differences in design due
to their operation at "system high" security levels. The Services' JTF programs have
experienced technical problems, mostly software, cost over-runs, and leck of test
specifications to meet DoD approval.® ASAS is developing in evolutionary modules and,
while under procurement by the Army as of early 1990 for limited capability
configurations, is not expected to be available in time to match the IOC of JSTARS, with
which it was hoped to work. One ASAS module has served the Korean U.S. Army's
Command as a fusion facility. ENSCE funding apparently has been withdrawn by the Air

Force as of early 1990.20

BETA's most extensive influence may have been on the NATO BICES which is
now being developed to interface with the C3I systems of all NATO couniries. BICES
specifications have been worked out using the LOCE BETA testbed. Development of
BICES was begun with a consortium of approximately 200 engineers from Europzan
companies in 1985 and is funded by NATO. BICES is initially planned to be a testbed,
like BETA, but will be more complex, interfacing with several NATO countries' C3!
systems and more closely tailored to NATO requirements.2! JTF will have to interface
with BICES, and LOCE is regarded as the JTF support element for that purpose.

C. OBSERVATIONS ON SUCCESS

BETA was a DARPA initiative toward a demonstration "fusion” center for the
European theater. This proposal, apparently, was not well received initially by the Armay or

19 See cy., ASAS, "From Confusion to Fusion,” by Jammes Rawles, Defense Electronics, Oct. 1989,
p. 105H; and OT&E report for FY 1988, DoD, p. 104.

26 jane's, DMS Market Intelligence Report, 1990, "Joint Tactical Fusion Program.”
21 Jjane's, DMS Market Intelligence Report, 1989, for "BICES." L. Bruce James, JDR.

6-8




Air Force.22 However, the urgency of the FOFA problem overtook events. After DARPA
had conducted studies indicating BETA feasibility, the DSB recommended a go-ahead and
"~ DDR&E set up a joint program in which DARPA had funding and technical
responsibilities. Apparently there was no development with the same scope, in the Service
programs, at that time.

According to a JPL 1984 review of iessons learned pertinent to the JTF program,
the BETA project underestimated the com:puter and software capability required, was late,
delivered less capability than o-iginally zstimated, and ran over budget.2? Its scope was
apparently changed in midstream to accornmodate NATO users, which caused problems in
multilevel security.2* The original BETA motif, however, was to serve NATO, which
would seem to have made such problems inevitable. In its operational tests firm
specifications were not set early enough. Although tight coupling to users was prescribed
from the beginning, users were apparently not consulted nor adequately instructed in order
to operate the equipment with confidence. Also, BETA provided a "quantum jump" in
informat:vi capability to analysts, which has required some time for the intelligence
system to digest.Z>

BETA has performed, its function successfully as a research testbed, introducing the
Services and NATO to a new level of intelligence capability, and assisting in the working
out of specifications for systems such as BICES, the planned NATO tactical data fusion
system. BETA remains also a useful, if iimited, operational capahility in the European
command ar=a.

BETA's influence on the development of the U.S. Joint Tactical Fusion Program
has been real but appears to have been limited, due largely to multilevel security problems.
ASAS and ENSCE, the Army .nd Air Force elements of the Joint Tactical Fusion program,
partly grew out of previous Service intelligence fusion efforts. These programs seem also
to have had significant softwarc problems.26 ENSCE, in fact, seems to have been deferred

22 H. Federhen, "BETA," 1978.

23 "Intelligence Fusion System Planning Project,” JPL, 1984.
24 Federhen, ibid. and JPL, ibid,

25 JpL, ibid.

26 Rawles, "From Confusior to Fusion,” 1989.
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indefinitely by the Air Force, and while ASAS is in procurement, its IOC has slipped to
1993.27

While criticized by some as "over ambitious," in his 1984 review article J. Tegnelia
characterizes BETA and ASSAULT BREAKER as resecarch programs which were
successful technologically and well worth pursuing in view of their technolcgical impact.
He pointed out, however, that such technological success does not necessarily lead 1o
implementation, due in part to follow-on management difficulties. Rccognizing this,
DDR&E established the Office of Conventional Initiatives. This :. anagement action can
also be credited, in part, to BETA and ASSAULT BREAKER.

From project records, DARPA outlays for BETA seem to have beer. about $9
million. Total DoD funding was $56 million. Present BICES plans ior develonrmint
funding have been estimated at about one-half billion in 1998. ASAS and ENSCE costs
are difficult to estimate but various reports indicate these will be considerably higher than
$2 billion.28

27 Jane's DMS Market Intelligence Report 1990, "Joint Tactical Fusion Program,” p. 4.

28 Government Computer News, Vol. V-7, June 10, 1988, "2.6 billion Systems to Merge Secret
Battleficld Information,” and "House Action Joint Tacticai Fusion,” Aerospace Daily, August 24,
1985, Vol. 151, # 37.
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VII. CELT

A. BRIEF OVERVIEW

The joint Service-DARPA CELT (Coherent Emitter Location Testbed) was the first
automatic, near real-time system for precision location of communications emitters. CELT
successfully demonstrated its capabiiity in NATO exercises in 1978-80. CELT technology
has influenced the design of Air Force PLSS-ELS systems and the Army improved
airborne GUARDRAIL system.

B. TECHNICAL HISTORY

The origins of CELT go back to the 1960s, when efforts were made to use airbomnc
systems to locate enemy communications emitters during the Vietnam War, and to even
carlier efforts in ECCM.! In the early 1970s the expectation was that the Eurcpean
battlefield would involve distances from location systems to targets far greater than those in
Vietnam, and would require rapid formation of much sharper beams than those possible on
single-aircraft intercept systems. In the mid-1970s, the Air Force RADC and DARPA's
Tactical Technology Office (TTO) began a joint effort toward an Emitter Location System
(ELS) which used long baseline multiple time difference of arrival (TDOA) and differential
doppler (DD) approaches to locate communications emitters.2 The RADC group involved
in ELS was also responsible for development of the Precision Location Stnke System
(PLSS), dedicated to location of pulsed emitters, to which ELS was to add a
communications emitter location capability.3 Communicadons emissions, however, were
characteristically narrowband in frequency spectra, generally without the sharp time

1 See e.g., "Genesis and Evolution of TOA Concepts,” Harry Davis, (classified article) in Journal of
Defense Research, Vol. 5B, #1, Spring 1973, p. 1. Unclassified excerpts have been made from this and
other classified references.

2 cf, "Techniques to Precisely Locate Non-Pulsed Emitter,” L.C. Tavlor, et al., Journal of Defense
Research, Vol. 5B, #4, 1973, p. 350 (CLASSIFIED).

3 AO 3126 of 12775 CELT.
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reference points provided by pulsed radar-type emissions, so that cross correlations of
intercepts over sufficiently long signal samples were required.4

The CELT concept involved communications-navigation links between several
aircraft similar to that for the PLSS (Fig. 7-1), which also was to include an ELS system.
ELS required precise navigation data and used for this purpose ground-based distance
measurement equipment (DME) anid inertial systems in the aircraft, together with accurate
frequency reference data. Digitized encrypted data from the aircraft were transmitted in a
high-speed data link to a ground processing station such as BETA, where the major part of
the processing was to be done, together with other coinmand, control, and intelligence
functions. Figure 7-2 illustrates the low of events in CELT.

. PLSS. Ty
REAL-TIME INEQ ON EMITTING TARGETS -
. REQUIRES A TRIAD OF TR-1s

»

>
&
£,

I . « :
o PAOVIDES CONTINUOUS £D8 UPBATE T0 ONTEL *

o ALTS AS A CROUND ATTACK EDWFROL PRST,
DIRECTS ATTACKS AS TASKED BY THE SACE -
a1 . B

Figure 7-1. PLSS Real-Time Information on Emitting Targets
(From Hearing before Senate Committee on Armed Services, 1st Session,
March 1984, p. 1735)

4  Seee.g., "COMTOA: Precision Location of Continuous Emitters,” by S. Stein, Journal of Defense
Research. 5B, #2, Summer 1973, p. 146, (CLASSIFIED article). This and other earlier work had been

funded by RADC.
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Figure 7-2. Real-Time Data Flow
The Army soon joined DARPA and the Air Force in efforts to develop a mini-ELS
system for use on small RPVs, also being developed in the early 1970s, and severai flight
tests were made of different versions of the ELS.5 While these early systems did not
possess a real-time location capability, the test results indicated the feasibility of accurate
location of any type of electromagnetic emitter, narrow or broadband.

In 1978, spurred by the increased appreciation of the threat of massive Soviet
"follow-on forces attack” (FOFA), DARPA's TTO undertook initiatives toward precision
location data fusion, and multiple target attack, in the BETA and ASSAULT BREAKER

5 RPV'sare discussed in Chapter XXVIII, of Volume I.
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programs.5 The ELS project (renamed CELT) was now aimed at developing a new
generation of technology for the real-time, automatic location and classification of the many
communications emitters expected on the European battiefield, with the accuracy required
for targeting by standnff weapons.” Due to the urgency associated with the FOFA
problem, CELT had an accelerated schedule, in order to be able to participate in the NATO
REFORGER exercises to take place in late (calendar) 1980. Since CELT was envisaged to
provide a key digiial, real-time input to the BETA tactical fusion system, {also under
development by TTO to meet the same NATO exercise schedule) special effores were made
to configure a BETA interface for CELT.

CELT's schedule had three phases.8 The first phase, in the 1979-80 time period,
involved system design, construction and integration. The second phase took place in the
Spring of 1980 and featured evaluations and demoncstrations of the CELT air and ground
systems, and check-out of the interface with the BETA testbed then at the Army's Fort
Huachuca. A "CELT enhancement system" developed independently by IBM (the prime
contractor) was added to CELT in this phase. This enhancement system provided
"templates" that related the individual emitters located by CELT to the larger "force
elements” through which they could assist in assessing the attack and assigning target
priorities.

Ir its final phase CELT was sent to the European Theater in the early fall of 1980
and participated in NATO's REFORGER exercise that year. While it was possible to
analyze only part of the data from CELT in this exercise, apparently a large number of
emitters were located and many high value targets identified, along with a significant
fraction of the related force elements. Unfortunately, BETA was not available to participate
in this exercise and link with the CELT input.?

After its REFORGER invoivement, further quasiopcrational tests of CELT were
conducted in the Europsan Theater in the early 1980s.19 While quite successful overall,

ASSAULT BREAKER and BETA are discussed respectively in Chapter V and VI of Volume I1.

"Coherent Emitter Location Testbed,” RADC TR-81-246, Vels. I-III, December 1981, Unclassified
chapter ia Firal Report, IBM Corp., by J.R. Stovali (CLASSIFIED).

8  John N. Entzminger, et al., "Emitter Location and Identification Technology for Precision Strike,”
Journal of Defense Research, 78-2, p. 65 This classified article also describes the early history of
TDOA systems.

9 Later, taped recording of CELT and other inputs were used to tesi BETA. See Chapter VI. on BETA,
in this volume.

10 Stovall, op. cit.
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and providing a new level of information on battlefield activity and iargeting, these and the
previous tests of CELT indicated several problems, one of the most important of which
was due to outside electromagnetic interference affecting data links which had been
"borrowed"” from available Army DME (Distance Measurement Equipment) radiolocation
systems.

CELT technology also was to have been included in the tactical Air Force's PLSS-
ELS system. However, PLSS was cancelled in 1986--costs weie cited as the reason--after
production: of one complete system which was installed in TR 1 aircraft.!l CELT
technology has also been incorporated into one of the pl;cmncd improvements in the Army's
GUARDRAIL system, the IBM CEAALS (communications high accuracy airborne
location system), to provide a high-precision emitier location option when multiple aircraft
are invelved.12

C. OBSERVATIONS ON SUCCESS

The development of CELT had origins in the Vietnam War era. DARPA
involvement in CELT began as a joint effort with the Air Force RADC to augment the Air
Force's PLSS system capability by locating nonpulsed emitters. An acceleration of the
project was motivated by the urgency expressed by the DoD to deal with the emitter

“location problem of a European FOFA battlefield environment, with its corresponding
requirement for rapid and accurate location of a large number of potential targets and
identification of enemy formations.

CELT was initially envisaged by DARPA as part of an overall approach to the
FOFA problem, together with BETA and ASSAULT BREAKER. However, all these
projects had short time schedules because of the urgency of the FOFA problem, and all the
pieces were never put together. Despite this, the DARPA CELT, BETA, and ASSAULT
BREAKER projects have had, individually, considerabie impact.

CELT achieved its major goal of a successful trial under NATQ exercise conditions,
and its technology was incorporated in the IBM CHAALS, which has been included in
plans for the Army's improved GUARDRAIL system. CELT also contributed to the Air
Force's PLSS-ELS, which was cancelled by the Air Force in 1986 for stated reasons of
economy after one test system was constructed.

11 Jane's DMS Info Service, 1989, "PLSS," op. cit.
12 mbid.
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CELT expenditures by DARPA were about $11 million. PLSS expenditures to the
time of cancellation were apparenily about $500 million.!3 Expenditures for the Army's
GUARDRAL systems, including aircraft, have been about $350 milliou through FY 90.14

13 Thid.
14 Expendivares to 1984 wers mentioned in Hearing before the Committee on Armed Services, U.S.
Sznate, 98th Congress, 1st Session, March 1984, p. 1735. From FY 84 on, sce Jane's ibid.
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VIII. ARMOR/ANTI-ARMOR

A. BRIEF OVERVIEW

DARPA has had a long history of work on the problems of penetrating hardened
vehicles with projectiles. In ARPA's early DEFENDER program, research on kill of
ICBM RVs by hypervelocity pellets contributed to robust RV designs. From the 1960s
and into the mid-1980s DARPA pursued a variety of programs in the areas of armor and
penetration research. Under Project AGILE lightweight armor was developed and used on
helicopters in Vietnam. Initial work was begun on several advanced concepts for armor
penetration, including kinetic energy and chemical energy projectiles, and electromagnetic
approaches to projectile acceleration. Through the 1970s some of these efforts were
focused on the HIMAG/HSVT-L light armored vehicle programs, which incorporated an
automatic cannon firing an advanced kinetic energy round.! A workshop sponsored by
DARPA in 1973 for the express purposz of creating "a renaissance in conventional
weapons tecihnology"” had several significant outputs. One was an analytical theory, based
on some of the earlier work on RV survivability, high modeling velocity material
penetration mechanics, which provided a systematic basis for the DARPA program, in
contrast to what had been previously a largely empirical design process. In particular this
theory demonstrated the value of ceramic materials for lighter weight azmor. This approach
suggested, when combined with other data, that Soviet armor design was much more
advanced than the United States had thought, and it assisted the DoD in its decision
regarding a larger caliber of gun for the M-1 tank. DARPA efforts during the late 1970s
and into the early 1980s continued through several modest programs cn penetrators
(shaped charges, rod penetrators) armor, and rail guns.

During the latter period, growing concerns about the implications of Soviet tank and
armored fighting vehicle modernization culminated in a Summer Study by the Defense
Science Board in 1985. The Board concluded that the United States faced a problem in the

1 Chapter XXVII, Volume 1 of this study.
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area that was “approaching a mattes of national urgency.”? Subsequently, with aa
assignment by the Secretary of Defense via the Undersecretary of Defense (Research ard
Engineering), DARPA made a major new commitment, with an ini‘i-. funding level cf $t2
million in 1986 to the armor/antiarmor area. This new program fundamentaliy broadened
and redirected DARPA's research in both penetration technologies and armor. The new
program’s management was shared by DARPA, the Army, and the USMC. Innovaticas
made by this program included: involvement of the Department of Energy laboratorics and
of industry as major players; establishment of a Red Team activity to pose threat challenges
to the program; and competitive shootoffs ir: specific technical areas as alternative
approaches were developed. The joint DARPA, Army, Marine Corps armor/anti-armor
program has involved financial commitments of nearly $400 million, of which
approximately one-third was for armor, one-third for anti-armor, and the remaining one-
third for activities that could contribute to both efforts. The program involved a 5-year
DARPA commitment through Fiscal 1990, and has led to important advances in chemical
energy and kinetic energy munitions, armor design, and electromagnetic gun technology.

B. TECHNICAL HISTORY

1. Hisfory up to 1980

DARPA hzs had a coniinuing interest in problems of penetration mechanics since its
inceptica. The interest was pursued in a variety of relatéd programs which ultimately
converged in the armor/anti-armor program. Initially, the ARPA effort was aimed at
achieving non-nuclear, impact kill of reentry vehicles under project DEFENDER. Under
this effort, explosively driver pellets at speeds grecater than 5 km/sec delivered more than
15 megajoules in lethality demonstrations.3 While these early investigations were mainly
for new terminal anti-missile defense systems,? related efforts were undertaken to select

2 Defense Science Board, "Armor/Anti-Armor Competition,” October 1985, (CLASSIFIED)
P. v, 1983 Summer Study. Statement unclassificd, quoted in the record of a mecting on “Worldwide
Developments in Armor/Anti-Armor” held by Technology Training Corp., Washington D.C., Jan. 23-
24, 1989,

3 Statement of Dr. R. Sproull, ARPA director, before House Defense Appropriation Subcommittee for
FY 1965. A.O. 6, of 5/58, included tasks for a broad study of such kill mechanisms, as did A.O. 39.
The concepts then investigated included long rod penetrators. A.O.s 70 and 71 were for hypervelocity
impact investigation at NRL and BRL.

4 A.0.90of 5/59. NASA and the Air Force also had some related work, going back to the mid 1950s,
concemned with hypervelocity impact of meteorites on space vehicles. 3ec, e.g., Proceedings of the 2nd
Hypervelocity and Impact Efforts Symposium, Dec. 1957, at NRL.
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materials and designs for reentry vehicles (RVs), and to estimate hypervelocity impact
effect on survivability of RVs.> Some of this ARPA work continued until the DEFENDER
project was transferred to the Army in 1967 and the related penetration aid program was
transferred to the Air Force. The analytical work on the physics of penetration under this
program later became an important basis for DARPA's anti-armor work in the mid-1970s.

In the early 19€0s, under project AGILE, an ARPA-funded effort was devoted to
dGeveloping lightweight armor for personnel and helicopters.S About this time ARPA began
to support related work by Wilkins and others at the AEC's Livermore Laboratory on
approaches to lightweight armor involving ceramics.” Together with standoff multiple
aluminum armor arrays to make bullets tumble, ceramic armor configurations for aircrew
vests were produced that were able to stop the tumbling nrojectiles.® The results of this
work were used extensively in Vietnam to protect helicopter piléts from small arms fire.

In the late 1960s "Chobham Armour"” was developed in the United Kingdom and
was used in new UK 1anks beginning in the early 1970s. This armor was provided to the
U.S. Army's Ballistic Research Laboratory under a M.O.U. A little later, a derivative
"special armor" was developed by the U.S. Army's laboratories and is now used in the M1
tank.?

In 1972, ARPA undertook a joint program with the Army to develop a high velocity
rapid fire 75-mm automatic cannon firing an advanced "kinetic energy" penetrator. This
gun was incorporated into the High Maneuverability Gun (HIMAG) and the High
Survivability Vehicle Technology (Light) (HSTV/L) test beds, in a program aimed at
exploring the possible advantages of agility on the battlefield. These efforts led to a
demonstration armored fighting vehicle system incorporating the 75-mm, high-rate of fire
gun. While this vehicle was not adopted for Service use, it contributed to Army and
especially Marine Corps Light Armored Vehicle technology.!0 Other DARPA work in the

A.O. 149, "Hypervelocity Kill Mechanisms.”

Discussion with R, Moore, 4/6/90. A.O.s 294 and 359 for nonmetallic composite armor, both in
1962,

7 A.O. 469 of 4/63. A later A.O. 980 of 1/67 was explicitly for a "Lightweight Armor Rescarch
Program.” Some of the results are summarized in "Lightweight Armor Research Program,” by M.L.
Wilkins, et al., Journal of Defense Research, Volume 1B, #4, 1969, p. 321, (classified article).

A.O. 2554 of 7/73, "Armor Arrays."

9 R. Eichelberger, "The Evolution of Tank Armor," Journal of Defense Research, 79-1, 1979,
p. 116 (CLASSIFIED).

10 This program, tihe HIMAG/HSTV/L, is described in Chapter XXVII of Vol. 1 of this history.
83



late 1970s and early 1980s on tactical armor penetration included designs for a prototype
Tank-Launched Guided Projectile; the Tank-Breaker anti-tank guided missile;!! and the
Assault Breaker system for attacking armored follow-on (second attack echelon) forces.!2

In coordination with these efforts, in 1974 K. Kresa and Robert Moore, the
Director and Deputy Director, respectively, of the ARPA Tactical Technology Office,
arrangsd a workshop on tactical systems and technology at the Naval Undersea Systems
Center. According to Moore, this workshop specifically aimed to create “a renaissance in
conventional weapons technology and research,” an area that had been viewed as
stagnating in the arsenal system.:3> The objectives of this workshop were (1) to heighten
industry involvement in tactical systems technology development, (2) to generate new
tactical technology ideas, and (3) to go back to fundamentals to find a more efficient way to
design new armor and penetrators. Available methods for such design were based on
empirical rules or involved complex but limited and often expensive computer codes.

Several areas of new ARPA-supported work were stimulated by this workshop.
One such area was the development of a simplified analytical theory of penetration by C.
Donaldson of the Aeronautical Research Associates of Princeton (ARAP), which could also
be embodied in an inexpensive computer code, relating the physical properties of the armor
and projectile material to the penstration phenomenology. This theory was an extension of
earlier work by Donaldson on effect of hypervelocity impact of rain droplets on
survivability of RVs. Moore notes that he explicitly brought Donaldson under contract
because of this earlier work and Moore's strong fecling that such an analytical approach
made the mechanics of penetration more understandable and was necessary to counter the
"empiricism" of the Anmy rescarch. "People had forgotten the fundamental physics work
that had been done cn problen.s of penetration.” Moore said.!4 Donaldson's theory
characterized the armor material by two, and in many cases one, integral dissipative
parameter that could be determined by experiments. ARAP carried out such experiments in
the mid-1970s for a number of materials and experimental armor configurations.!3 This

1 Ibid., Chapter XXVI

12 Chapter V of Volume I of this study.

13 Discussion with R. Moore, 4/6/90.

14 1bid.

15 The ARAP theory and some experiemental results are presented in: R. Contiliano and Coleman
Donaldson, “The Development of a Theory for the Design of Lightweight Armor,” AFFDL TR-77-

144, Aeronautical Research Associates of Princeton, Princeton, NJ., Nov. 1977. Some of the ARAP
work on lightweight armor was also supported by the Air Force.
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ARAP work suggested a imore economical and efficient approach to armor and penetrator
designs, notably for lightweight, confined ceramic armor and had considerable impact on
the ARPA program at the time. However, it met initially with considerable skepticism from
those invelved in the Army and the Energy Research and Development Agency (ERDA,
subsequently the Department of Energy) laboratories.

In the late 1970s the ARAP analytical models were applicd at the request of
R. Moore, then Assistant DDR&E for land warfare, to assist in deciding the required
caliber of gun for the M-1. The issue was whether the United States' 105-mm gun with an
advanced kinetic energy munition or either of the 120-mm guns uvailable from the UK or
the FRG should be used, in the i-1.16 A related investigation of the open literature,
instigated by Moore, revealed that the Soviets had developed a similar approach to the
armor penetration problem.1? This, plus the gun characteristics attributed to the recently
fielded (mid-1970s) Soviet T72 tank, indicated that the U.S. tanks might be more
vulnerable than previously thought, and probably should have a larger gun than previously
planned; both were matters of deep concern to DARPA, the Secretary of the Army, and the
Secretary of Defense.

Another outcome of the 1974 workshop was the initiation by DARPA of an effort
toward improving shaped charge rounds.!® The use of new liner materials and shaped
charge geornetries apparently demonstrated important new levels of capability. Later R&D
developments aleang these lines were applied in TANK BREAKER and torpedo
warheads.!® The ERDA national laboratories took a prominent part in this effort. A
correlated materials program was initiated in the late 1970s, working toward low cost
armor and improved penetrator materials.20

16 Discussions with R. Moore, 12/89 and 4/6/90. Moore emphasizes that he had earlier discerned Sovict
involvement in ceramics for armor based on their avid interest in Wilken's research. He used this
information to develop a revised "threat” against which to evaluate the M-1 gun requirement using
ARAP's models. The result, which he presented to Dr. Currie, the DDR&E, was that nothing under a
120-mm gun would be adequate.

17 See e.g., Soviet Kinetic Energy Peretrators, Joseph E. Backofen and Larry W. Williams, Batclle
Repont, 1979, p.22.

18 Discussion with R. Moore, 4/6/90.

19 1bid., and AOs 4161 and 4470.

Cf., e.g., AOs 3964 for light weight armor and AO 3979 for particulate reinforced aluminum.



2. History of the 1980s

In the early 1980s concerns contir sed to be raised about the lead that the Soviet
Union was believed to have again gained cver the United States in annor design and tanks
with their larger ( 125-mm) gens. It was also known that the Soviet Union was fielding
improved tanks and armored fighting vehicles at a higher raie than the U. S. (Fig. 8-1).
Some of the Soviet tanks, in particular the T-80, were believed o have new armors ar least
as strong as those in the new U. S. M-1 tank. Moreover, the T-80's gun was a larger
caliber than that of the long-barrelled guns used in most United States M-60 tanks, and was
larger than that planned at the time for the M-1. Soviet tanks were also being outfitted with
reactive armor appliques that would make it even more difficult for shap-d-charge,
chemical-ens- _y wa eads to damage or destroy the tanks.2!
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Tanks showns are both new models and major modifications. Other systems are new modals only.

Figure 8-1. New and Modified U.S. and USSR Armored Systems by 10C
Date, 1960-1985. From: The FY 1987 Department of Defense Program for
Research and Development; Statement by the Under Secretary of Defense,
Research and Engineering, to the 9%th Congress Second Session, 1986,
p. V-4,

Reflecting these concerns, in 1982 DARPA began an extended Armor/Anti-Armor
Research and Technology Program, and the Services also accelerated a number of

21 The concept of reactive armor had been investigated for a long time but apparently not funded before the
1970s. Cf., Eichelberger, ibid., p. 117.
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substantial anti-armor programs. During this same period, NATO was adopting Follow-on
Forces Attack concept and the United States was further refining Air-Land Battle doctrine.
These doctrines called for holding Soviet armored force advances at the forward edge of the
battle area (FEBA) while their second and third echelons, essential for breakthrough,
would be severely damaged or destroyed through interdiction. However, doing this meant
introducing "new technologies producing more accurate and lethal weapons systems
expanding the possible scope of such eciion and making new options available."22
(DARPA’s ASSAULT BREAKER program was one of the efforts intended for this
purpose.) :

By the mid 1980s, the Under Secretary of Defense (Research and Engineering),
Donald Hicks, was also concerned, by the mid-1980s, about the slower rate of U.S.
armored forces' modernization compared with that of the Soviet Union. All these growing
concerns, which were emphasized by then in an :xchange of correspondence at the highest
levels of government in the United States and the United Kingdom, led the USDRI- to
assign the problem to the Defense Science Board, which examined it in a 1985 Suw .zer
Study.Z3 The DSB report confirmed that ther> was reason to be concerned, saying that the
U.S. lag behind the Soviets in the area was “approaching a matter of national urgency.”
Recommendations made by the DSB to remedy the situation included: advancing
armor/anti-armor technology and systems, and changing how DoD conducted R&D,
planning and acquisition of systems in this area. However, some feel the DSB ignored the
earlier successful DARPA work.%4

The Under Secretary said, in his February 1986 annual report to Congress: "The

Soviet modernization [of armored forces] directly challenges past U.S. qualitative
' superiority in ground combat forces." The Under Secretary's report further argued that:
"Rapid introduction of more effective weapon systems and munitions using emerging

[ 8
L

2 Michael Moodie, "The Dreadful Fury,” Pracger, New York, 1985, . 31,

23 The FY 1987 Department of Deferse Program for Research and Development, Department of Defense,
(UNCLASSIFIED), February 18, 1986, p. IV-3. See, also, footnote 2 of this Chapter.

24 Discussion with R. Moore, 4/6/90. The DSB report Appendix on modeling 1ecommended that both
simplified, scmi-empirical, and complex computer hydrocode approaches be followed in the DoD
Armor-AntiArmor program. This appendix noted that the former had been the path largely followed by
industry, and the latter by the Government and DOE Iabcratories. It also noted that the industrial efforts
had been often in competition with those of the government laboratories. DSB, ibid., Appendix D
(UNCLASSIFIED). Apparently this happened in the case of ARAP which while first to meet new
materials specifications in the early 1980s, nevertheless lost the competition to Livermore. Discussion
with C. Donaldson, 5/90.
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technologies will L. necessary to regain the past U.S. qualitative advantage."25 The Under
Secretary agreed with the DSB recommendations that the Secretary of Defense should
assign DARPA the responsibility to undertake a new coordinated program to remedy the
situation.26

3. Structure of the New Joint Armor/Anti-Armor Program?’

In a new joint armor/antiarmor program DARPA hoped to further implement the
idea, which had been in the background of the 1974 tactical technology workshop, of
increasing industry participation in an area taat had been almost the exclusive province of
the government laboratory system. DARPA's top management also regarded it as
important, in the interest of early application of results, to involve the Services in the
expanded program as early as possible.2!  DARPA designed a program, developed a
Memorandum of Understanding (MOU) with the Services, and proceeded expeditiously to
bring industry into the program outline in Figure 8-2.29

An MOU with the Army and Marine Corps committed all parties to a joint
armor/anti-armor technology program of major financial proportions through 1990; nearly
$400 million was to be spent in the time period (Table 1). The available data suggest that
the DARPA contribution amounts to between a quarter and a half of the amount in the joint
program.30 [There are additional relevant Service and DARPA technology programs,
notincluded in this program, that increase the total contribution of each to the overall
problem solution.3!] The three parties further agreed that the program might be extended

25 The FY 1987 Department of Defense Program for Research and Development, p. xiii.

26 There had been some criticism of excessive proliferation and lack of coordination of the substantial
Service efforts in the area, totalling nearly $1 billion in FY 81-83. For example. cf. "Anti-Armor
Survey and Evaluation, Feb. 1984," DAS-TR-84-3, HQ AFSC, 1987.

27 Based on unclassified extracts from DoD 1989 Antiarmor Munitions Master Plan, September 1989
(CLASSIFIED).

28 Discussion with R. Moore, 4/16/90. One effect of the early multiagency nature of the program was
the rearrangement of the work among various performers as new contracts were let. In the process
some of those who had contributed to DARPA's earlier efforts were not included in the new program.

29 At the early stages of the program, however, technical goals were no clearly delineated. Discussion
with R. Gogolewski, 3/90.

30 E.g. A.O.s 5868 and 5832 of 6/86. 5937 of 7/86 total nearly 80 million; there were many other
AQs,

31 Loder, R. K., (AMC), Usclassified data from “DOD Armor and Antiarmor Technology Base
Program,” Jourral of Defense Research, Special Issue on Anmor/Antiarmor, SECRET/NOFORN, in
pubdica:ton, 1990.

8-8




1975

1985

1986

GROWING SOVIET DEVELOPMENT OF COMPARATIVELY
ARMOR/ANTIARMOR AIRLAND BATTLE & SLOW U.S. ARMORED
CAPABILITIES FOLLOW-ON FORCES FORCES
DOCTRINES MODERNIZATION
¥
DEFENSE
»| SCIENCE BOARD »
SUMMER STUDY

FORMATION OF JOINT DARPA/ARMY/USMC
ARMOR/ANTIARMOR PROGRAM

l

BRIEFING TO
INDUSTRY
CALL FOR SUPSORT

TECHNOLOGY

DEMOSTRATION
SHOOT-OFFS

Flaure 8-2. Evolution of the Join: Armor/Anti-Armor Program
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through 1992 after an 3SD assessment of its status and progress as of 1990. Ii was also
decided at DARFA’s urging, subsequent to the MOU, that Los Alamos National
Laboratory (LANL) would act as Independent Technical Advisor, doing some of the work
and letting contracts to other performers.

Table 8-1. Jcint Armor Anti-Armor Program Budget (in $ Miliions)

Project Y86 Fya7 FY8s FYse FY90
CEWH 4.5 10.3 9.3 12.7 11.0
KE WH 2.2 8.9 8.1 7.2 15.0
Armor 3.6 8.0 121 10.6 16.0
Veh Surv 35 45 8.0 - 85 14.0
int & Trms 1.2 1.6 1.2 3.4 10.0
Red Des 1.0 3.1 11.4 13.0 5.9
ATAC 3.0 16.2 10.2 15.8 15.0
SPT 0.3 4.2 0.0 0.0 0.0
+ Tech Base 12.0 9.6 8.6 4.7 3.7
NUNN 0.0 0.0 15.0 12.0 10.0
Total 31.7 66.5 83.9 97.9 100.6

Under the MOU, direction of the armor/anti-armor program was assigned to an
Executive Committee consisting of representatives of the Army, the Marine Corps, OSD,
and DARPA; the Committee is co-chaired by DARPA and the Army. This group provides
program direction to DARPA, which is implemented through contracts with industry, the
Department of Energy, and universities. The DARPA Tactical Technology Office has had
the lead in prosecuting the program, and a Joint Program Office at DARPA, with strong
Army and Marine Corps participation, has managed it. The management process has been
important to the transfer of results to the Services and will be explained here.

A major objective of the DARPA/Army/Marine Corps program has been to build a
capability in industry to analyze, design, and test armor/anti-armor mechanism:s and
systems. In a specific research area, work is carried out by ail participants toward a
common goal--for exarnple, the design of a lightweight armor system capable of defeating a
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given set of kinetic energy and shaped-charge penetrators. At the end of each cycle »f
competition, the designs are evaluated in a slioot-off, and a contract could be awarded to
adapt the winning concept to a specific application. Following each shoot-off, a new cycle
of competition is initiated using updated threat or evaluation criteria.

The organization of the program is shown in Figure 8-3. An important program
feature is the independent Red Design Bureau, headed by Battelle Mechanical
Technologies, Columbus Laboratories, which produces suitable simulators of Soviet
equipment for use in the shoot-offs. The Advanced Technology Assessment Center
(ATAC), located at the Los Alamos National Laboratory, plans and conducts the shoot-offs
and also takes part in the competitive evaluations.

The Joint Program Office (JPO) provides administration and day-to-day oversight
of the program. This office includes personnel from DARPA, the Army, and the Marine
Corps. The Executive Steering Committee provides “strategic” guidance to the program.
This group is assisted by the Intelligence Steering Committee and the Independent
Assessmer:t Group. The Independent Assessment Group is made up of representatives of
the Army and Marine Corps test and evaluation community, and provides an independent
assessment of new technologies and selected test procedures to the Executive Steering
Committee.

4. Areas of Investigation Under the New Program3?

The penetration investigations were divided into chemical energy and kinetic energy
approaches to defeating tank armor. The armor program is aimed at improvements in
protection for both heavy tanks and light armorexd vehicles. Other parts of the program
were aimed at defeating incoming attack before actual contact with the vehicles, and have
been intended eventually to incorporate pioneering technological results in weapons and
platforms.

32 The program achievements iistzd in the following sections are taken from Siegrist, D., BDM Corp.,
unclassified briefing charts on the accomplishments to da:e (as of 1989) of the armor/anti-armcr joint
program. unless otherwise noted.
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a. Chemical Energy33

Two of the questions posed to the teams concerned with chemical energy weapons

for Phase I of the program were:
« Can a 10-pound HEAT warhead greater than 81 mm but less than 150 mm in
diameter of any design defeat projected FST II armor in direct attack, or is a

tailored trzjectory necessary? If it cannot, what is the minimum diaineter and
weight?

» Can an effective top-attack submunition be retrofitted to existing delivery

systems that will defeat projected applique armor on the T-72 and T-807

The results obtained in response to the first question established the warhead
parameters and tradeoffs for ATGM systems, and are being applied to systems such as the
AAWS-M and AAWS-H. The second question concerns tradeoffs for short overflight
shaped charges and explosively formed penetrntors. The competing systems were
evaluated 1n a shoot-off that begzn in May 1988. In addition, a large body of data is
available from test firings done by each of the contractor teams. Storage of this information
in an automated central data base for future reference is underway.

The three industrial teams competing in the chemical energy warhead area have
different areas of emphasis, as shown in Table 8-2. A fourth area consists of several
industrial efforts to address unconventional, high-payoff chemical energy warhead
approaches in Phase II of the program. In addition, a technology support team headed by
Lawrence Livermore National Laboratory (LLNL) has performed work of general interest
to the industrial teams, such as the development of advanced explosives and improved liner
materials, and investigations of some novel shaped-charge concepts. This team serves a
basic research function for support of the overall effort; it does no: compete with the
industrial teams.

In 1988, warhead technologies for both direct and indirect fire weapons were
successfully demonstrated against interim threat targets. However, a: the end of Phase I
developments, new intelligence information for the year 2000 + led to newly defined threat
targets, starting new cycle in the armor-antiarmor historical pattern. Targets reflecting
substantially higher levels of difficulty were used in the May 1988 shoot-offs. While these
higher threat levels made the problem more difficult than had bzen anticipated, several

33 DoD 1589 Antiarmor Munitions Master Plan (CLASSIFIED).
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shaped-charge and explosively formed penetrator-based warhead designs were successful,
although larger warhead diameters were required. The industrial competitive shoot-off led
to a focus on technology gaps in warhead systems for the next armor/anti-armor cycle.

These are being addressed by the program through design iterations for which testing
began in the second quarter of FY89, as an extersion of Phase I efforts. It is planned that
warhead technologies demonstrated thus far be transferred through specific programs for

warhead upgrades.

Tahle 8-2. CE Program Structure (From Ref. 33)

AAWS-M | Heavy | Top Attack Direct Fire
{4"-8") (6=-7") l Submunitions Projectile
UNCONVENTIONAL &——0 @ [
¢ [ o
Compatitive | Toam!
Industrisl
Teams Team2 O<«—— o
Team3 O+—+——9 o
Advanced j
Technology LLNL and Others
Support Team o e ® L

@ = Major Emphasis

Q© = Secondary Emphasis

Phase II of the chemical energy warhead program, which began during FY89, has
the aim of enhancing the robustness of the maturing technologies, development of near-
term warhead solutions, and cultivation of unconventional far-term, high-payofi chemical
energy warhead technclogies. By FY90 and FY91, it is expected that additional warhead
technologies with potential application not only to the above mentioned systems, but also to
HELLFIRE, FOG-M and AAWS-M, will be demonstrated and readied for FSD.
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b. Kinetic Energy34

The major thrusts of the kineiic energy penetrator program are the following: to
increase total penetration through the use of segmented rods, new materials, and novel
penetrator concepts; to increase projectile velocities, particularly for longer ranges; and to
improve projectile accuracy, either through reduced ballistic dispersion or through the use
of guided rounds.

Because of uncertainties, regarding the penetration mechanics and target interaction
of novel penetrator concepts, ths initial efforts in the kinetic energy penetrators program are
parameiric investigations to compile a database of various impactor materials attacking a
variety of target types over a wide range of velocities (Table 8-3), in order to provide the
background for the formulation and experimental evaluation of advanced penetrator

concepts.
Table 8-3. Projectile/Target Matrix of Hypervelocity Impact Investigations
Targets
Scaled
International
Projectiles RHA Ceramic Spaced Reactive _|Range Targets
Rods of
Different
Materials X X X X
Segmented
Rods X X X X X
Sheathed
Rods X X X X X
Jackhammer
Rod X X X X
Tubules X X X
Ceramics p x X
"Grease Gun” X X

The X-Rod program has been initiated in the Joint Program to demonstrate kinetic
energy munitions suitable for firing from a 120-mm tank cannon and capable of defeating
projected Soviet tank frontal armors at extended ranges. These concepts invoive

34 bid.
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propulsion outside the gun tube (for example, rocket or ramjet-assisted) and some form of
guidance or accuracy enhancement. Competitive industrial teams have been formed and
Phase I component developmeni woik is well underway. A shoot-off was plaaned for
FY91, after which development for the 120-mm application could begin, followed by 105-
mm development.

Additional work in the area of anti-armor gun systems is also being pursued in a
related program, the Electromagnetic Gun Technology Demonstration program, designed to
demonstrate maturity of launcher and projectile technologies for weapon development.33
Projectile velocity upward of 5 km/sec are being sought. A portion of this program is
funded by the DARPA JPO; funding is also provided by the Balanced Technology Initiative
and th: Strategic Defense Initiative. Three distinct technology approaches have been
pursued: an electromagnetic railgun, an electromagnetic coilgun, and an electrothermal
gun. Projectile development for this effort focuses on high velocity and draws on results
obtained in the kinetic energy projectile parametric examination described above.
Demonstration hardware is planned for a maximum energy output of 9 megajoules. An
anti-armor system based on any of the three approaches is estimated 10 require an energy
output in the neighborhcod of 18 to 25 megajoules.

¢. Armor

The results of the arror program zre expected to be incorporated into improvements
of existing tank and armored combat vehiclc designs, and into new vehicle designs such as
the Army’s new Armored Family of Vehicles. Tv-o industrial teams are competing in each
area. The four centractors were evaiuated initially at a shootoff in late 1988. Cooperation
with other NATO countries is alse being established as part of this program.

Both the light and the neavy armor progrims enhance protection levels through
innovative geometries, next geoncration armor appliques, and advanced ceramics.
Materials, advanced manufa<turing techriques, and improved approaches to design of
materials through improved computer models of the material-penetrator interactions are all

part of this program.

35 Eg., A.O. 5882 of 6/86.
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C. OBSERVATIONS ON SUCCESS

ARPA's early, non-nuclear impact kill experiments resulted in robust designs of
RYV nose cones and indicated feasibility of mechanisms that form part of the database for
the SDI program. The ARPA AGILE work on light armor led to applications for personnel
and helicopter protection in Vietnam.

Moreover, DARPA's early work from the DEFENDER and AGILE programs
pointed toward the directions for solving a number of fundamental questions about
penetration mechanics. Near the end of the Vietnam War DARPA involved industry in this
area, changing it from an almost exclusive government laboratory preserve. A new,
simplified approach to armor penetration mechanics emerged, derived from the earlier work
on RVs. This approach provided a theoretical basis for a systematic efficient and economic
sense of experiments that _=monstrated the value of lighter weight confined ceramic
armors.

This work, together with other data, pointed to the possibilisy that the Soviet Union
was already using such armors, placing them ahead of the United States in tank design; the
work impacted later lightweight armor designs and assisted DoD decisions favoring an
increase in gun caliber for the M-1 tank. An attempt to integrate many of these advances
with other technology in HIMAG/HSTV/L was overtaken by threat advances in heavy
armor. However, another result of this DARPA initiative was the involvement of the Los
Alamos and Livermore Laboratories in efforts t improve shaped-charge warheads.

Converging concerns in the United States and NATO about a growing Soviet lead
in armor capability were reinforced by the DARPA-supported work on penetration
mechanics, and by the observation of more frequent Soviet fielding of new iank and
infantry combat vehicle designs. The implication of a growing U.S./NATO disadvantage in
armored systems and forces was confirmed and reinforced in a DSB study undertaken as a
consequence of the concerns. This, together with a lack of focus among Service programs
in the area, led the Secretary of Defense to ask DARPA 1o undertake a new joint armor/anti-
armor program. The DARPA program, with responsibility for conducting a coordinated
program, represents a relatively new approach to ensuring Service adoption of DARPA
program outputs. Since it is stiil on-going it is impossible to assess this program's impact.
Preliminary indications are that parts of the new program are making substantial
contribuiions to addressing the concerns raised by the Defense Science Board.

Developing new analytical tools and creating the Red Design Bureau at Battelle are

widely acclaimed successes of the new program. The recent Program-sponsored projects
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at Department of Energy laboratories that are developing complex, multidimensional
computer models are seen as substantially advancing the armor design process.36
Additionally, the new program modified existing special diagnostic capabilities resident in
Department of Energy laboratories to improve the design process for kinetic and chemical
energy warheads. The Red Design Bureau's efforts to forecast potential Soviet armor
design advances, and ther to build prototypes of those designs, have gone a long way
toward implementing the Defense Science Board's recommendation to define future Soviet
threats in more imaginative ways. '

There have also been a number of specific technical successes in the recent
program, including many advances in shaped charge design that greatly enhance their
penetrating power, even against reactive armor; advances in kinetic cnergy rounds
including validation of segmented-rod penetration theory; boosted kinetic energy rounds of
greatly enhanced performance, and demonstration of a 3.4 km/« ¢ tactical bullet; and
progress in the areas of armors, electromagnetic guns and anti .mor mine warfare.37
While these accomplishments may be regarded by some as evolutionary, the results have
increased U.S. capability both to penetrate armor and to afford protection against
penetration. For example, armor material concepts developed in the new armor/antiarmor
program were the competitive winners for the Block II armored vehicle upgrade program,
and severzl chemical energy warhead designs have been accepted for application by the
U.S. Army Missile Command (MICOM).

DARPA leadership of the recent program has also led to the introduction of a
number of valuable management features. The initial DARPA hope of involving industry
in the technology-base aspects of this national problem in an important way has been
realized. The use of Los Alamos in an integration-oriented role is helping to tie the entire
program together. The time to transfer useful results to the Services appears to have been
reduced by virtue of Service participation in the joint program and the Joint Program
Office. The use of competitive shootoffs between new capabilities in specific technical
areas as they were developed has increased the chances that the results will be sturdy to
new threat developments.

36 Rurik K. Loder, op. cit.
37 Siegrist, D., BDM Corp., unclassified briefing charts on the accomplishments to date of the
armor/antiarmor joint progtam.
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Some DARPA participants have expressed disappointment that more couldn’t be
done in the new program. In particular, the time from conception of an idea to contract to
results has tended to be longer than desired. Also, some of the desired technical parts of
the recent program--work in integrating all of the results in demonstration vehicles,
reminiscent of HIMAG/HSTVL, for example--have been given up. Some believe that
technical impetus may have been lost because some participants in the earlier efforts werz
not involved in the new program, and that some earlier contributions seem to have been
ignored at the new program's inception.

Overall, in managing this program DARPA has fulfilied one of its important roles,
that of facilitating a rapid approach to an important national problem where our technical
capability was lagging. To do this, DARPA drew on a long background of involvement in
relevant technology matters. A final score sheet will obviously have to await the
completion of the program and the outcomes of the Service utilizaiion of the results.

DARPA outlays in the armor-antiarmor area, from available records, were about
$100 million up to 1985. The subsequent program budget has been somewhat larger. The
technology from this DARPA effort has impacted a wide variety of defense systems
involving armor, guns, warheads, and penetrators, programs totaliing several biliion
dollars.
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IX. IR SURVEILLANCE: TEAL RUBY/HICAMP

A. BRIEF OVERVIEW

ARPA had early involvement in satellite infrared (IR) surveillarce technology and,
later, in development of IR imaging for the Vietnam war. In 1975 DAEPA began to push
the state of rhe art in IR focal plane array staring imager technology, and commenced the
Teal Rut.y program to construct 2 satellite capable of near 1eal-time IK detection of strategic
and tactical aircraft. Under Teal Ruby very large space qualified focal plane arrays were
successfully produced a. a fraction of previous ccsts per image pixel, along with larger
long life cryocoolers, and large lightweight optics. To assist design of Teal Ruby
processing zlgorithms. HBICAMP, an aircrart-based background measurement program
producad the major IR data base now available for satellite systems for aircraft detection.
After a numter of management probiems, cost over runs, and delays, the planned Teal
Ruby launch via the space Shuttle was postporned and later cancelled by Congress. The
Teal Ruby satellite is now in storage.

B. TECHNICAL HISTORY

1. Background

From its earliest days ARPA wis involved in infrared surveillance technology. As
part of its broad space assignment ARPA brietly took over responsibility for the Air Force
(AF) MIDAS, infrared satelltic program for ICBM detection and early warning. ARPA
changed the Air Ferce 1171 surveiilance satellite program to make MIDAS a separate
satellite.! Some in ARPA/IDA also had further concerns about the MIDAS IR system but,
these had little effect on MIDAS which was then well along toward launch.2 When
MIDAS was found to have excessive false alarms it was cancelled, » 1d DoD gave ARPA
an 18 month assignment to detecmine whether thete were fundame:ntal problems which

1 Richard J. Barber History of the Advanced Research Project Agercy. 1958-75, 1976, p. IV-11 and 12.

2 H. York, he first ARPA Chief Scientist, states that "the Air Force (satellite) programs were approved
essentially as they stood.” in Makir.g Weapons, Taiking Peace, Basic Books 1987, p. 145.
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would not allow any IR missile warning system to work. ARPA responded with project
TABSTONE, which made many high accuracy measurements »f of missile propellant
radiation, atmospheric transmission, and of the background seen from high altitude
sensors.3 TABSTONE was completed in 18 months as assigned, and its results raised
DoD confidence that satellite IR surveillance of ICBM launches could indeed be practical.
Subsequently the Air Force undertook several satelliie R&D progrems toward an IR ICBM
surveillance system, culminating in the launch of the satellite early warning system (D3P)
in the early 1970s.

Under project DEFENDER ARPA also supported IR measurements of ICBM
reentry in project PRESS, and in project AMOS constructed an IR telescope for precision
IR imaging of space objects and stellar backgrounds for measurement of IR transmission
by the atmosphere.# AMOS was also a testbed for some later infrared detection arrays.

The Vietnam War provided a major impetus for development and production of
infrared imaging systems, in the late 196Cs and early 1970s. ARPA funded many of the
developments in this period, along with the Services. By the early 1970s it was clear that
there was a fast-growing demand for IR imaging systems for use in the field, but the costs
of these systems were high. A concerted DoD effort, with Army lead, was set up in 1973
toward a "common module” approuch to construction of infrared sensor systems, in order
1o bring costs down and facilitate greduction. Part o€ the basis of the common module
effort was an assumption that something of a plateau hau been reached in the early to mid
1970s in several key ingredient technologies, detectors including 1-D (1-dimensional)
arrays of up 0 180 detectors, cryogenic coolers and custom integrated circuits.®

This platzau assumption was uscful for "freezing” some of the technclogy for the
mass-production efforts that followed, bur the large fundirg base also aliowed several
developments to continue, including conswruction of early 2D focal plare armays {FPA) with
arcund 103 detectors, with charge roupled device readout systems in the back of the FPA.7

3 TABSTONE is described in Chapter Vil of Voiume I of this repont.
AMOS is descrited in Chapter X of Volume 1 and PRESS in Chapter T of this volume.

5 ARFA funded oae of the sarliest st.empts toward simplification of IR imaging sensor design, at
Honeywell. Discussion with R. Ennulat 4/88.

6  Commox Module--Overview and Perspective, by W.A, Craven, Jr., Proc. IRIS Infrared Imaging,
Specisly Group Meeting, 1985, Vol. 1, p. 9.

T Common Mcdule FLIR impact ar Technology Development, by J. Stephens, Proc. IRIS Imaging
Specialty Greup Meetng, 1986, 1. 32, and chapter on Improved Surveillance, by J. Fraser, in Ariny
Contro: 3pecificaiion, Eds. K. T. Spies, et ai., Pergamon, 1986, p. 179.
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2. TEAL RUBY

Around 1975 Dr. George Heilmeier, then Director of DARPA, was anxinus to push
the state of the art in IR focal plane array technology. The recent success of the coonmon
module program, outlined above had shown that techniques were to allow the use of IR
focal plane technology ii. a wide variety of military programs. Furthermore, the advent of
CCDs in the carly 1970s implied the possibility of very large focal plane arrays, with two
to three orders of magnitude increase in the number of pixels over the current state of the
art. Aside from the focal plane array issue, DARPA was interested in other key
technologies such as large lightweight optics, mechanical cryocoolers, active satellite
structure control, and data processing. This effort was intended to support nissile
surveillance, theater surveillance and targeting, air vehicle detection, (AVD) and other
surveillance interests. To push the technology, the detection of air vehicles from space
appeared to be the most challenging, yet within the bounds of reality and cost.
Furthermore, the AVD issue was at the forefront within the Defense community (as well as
Congress) because of the development by the Soviets of a long range bomber capabilits
(Backfire). Thus, although IR focal plane arrays were initially the driving issue, contracts
were awarded to Lockheed and Rockwell to develop a demonstration satellite for IR AVD:
Teal Ruby. Competition continued through Program Decision Review (PDR) at which
‘point Rockweil was awarded the contract for the final phases of the program. Although
funding and direction was provided by DARPA,8 contract management and spacecraft
development was provided by Air Force Space Division under the Snace Test Program.
This type of management arrangement had worked earlier for less complex systems, but for
Teal Ruby it led to difficulties, which will be discussed below.

The Teal Ruby program was begun in 1975 to place intc orbit a satellite cepabie of
detecting strategic and tactical aircraft in several infrared wavebands. The program
objectives were:

1. o demoastrate the feasibility of AVD from space with an IR mosaic sensor;

2. to demonstrate the preducibility and assess ths performance of IR fscal plane

arrays any associaied technologies in space; and

8 ARPA Order 3058 of 6/75 provided most of the ~arly funding.

9 M. Schlessinger, Infrared Handbook of Air Vedicle Detection, Vclume 6, The Teal Ruby Experiment,
ed. Hans G. Wolthard, The Institute for Defense Analyses. IDA Paper P-1813, Septembor 1985
(SECRET). Unclassified excerpts have been made from thig classified article.
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3. to generate and establish a background and target database of radiometric and
other data that will support the development and test of future operational AVD
sensors and space surveillance systems.

Although aircraft detection was the primary objective, Teal Ruby was 1iso to
perform experiments relevant to missile launch detection, naval targets suci as ships ana
submarines, ground targets such as mobile missile iaunchers, and other non-AVD
problems. Thus, Teal Ruby was to demonstrate the potential of IR surveillance to many
different interest groups.

Development of a space-based IR AVD system required more than fc zal plane
aTays. Waveband selection was by no means a foregone corclusion; thus, multiple filters
were required on Teal Ruby in order to optimize an opevational system The original
concept was to use 2 s.ngle array with an acousto-optical filt:r. However, data handling
issues caused tiaat idea to be discarded ir favor of dividing the Yocal plane into 13 filter
zones; each zone had within 12 32 x 96 IRCCD chips, and the array would be read off a
zone at a time. Filter selection focussed cn (wo detection concepts: the detection of the con-
trast between the »erodynamucally keated airframe of the target and the earth’s background,
and the detection of the target aircraft engine plume. Initially, the plame was thought to be
the key signature feature.

Much effort was expended within the Teal Ruby program on the physics of the
"blue spike” and "red spike" spectral features in the 4.3 pm CO, emission region, which
were the "leakage” (i.e., spread) around the centrai atmospheric absorption region of the
emissions from the hot CO, in the engine exhaust. Much data was coilected, generally at
short range, which proved to be very deceptive for inferring signal strength at operational
ranges, reminiscent of TABSTONE. Data collected at longer range by B. Sanford of
AFGL, (Air Force Geophysical Laboratory) along with subsequent analysis by ERIM
(under R. Legault), Aerospacs (under F. Simmons), IDA (und=r Hans Wolfhard), and
Hughes Aircraft, led to the conclusion that the plume emissions would not be dependable
for AVD detection. This conclusion was programmatically helpful to Teal Ruby in that
more zones could be given over to hardbody detection bands, and very narrow, very
expensive blue spike filters were no longer required; some of the spectral zones were
changed. 2nd include spectral bands to support the Talon Gold!? program aad other

16 Taion Gold w.s n classified program for an experimental space-based laser pointing and tracking system
for missile defense
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specia] missions. However, .. could be argued that the 13 zones already frozen into the

design were probably sugerfluous.

The detectron of air vehicles agaiast the earh's backgrouad requires a substantial
amount of rlutter suppressicis. Hence, detection algorithms had to be developeu and
evaluated. It was also decided early on that Teal Ruby shoud be dcsi,.ied to demonstrate
as much a ~eal-time, cperational dcteciion capability as was possible. Therefore,
provisions were made for on board processing, which had rever been attempted betore.
Detection aigorithms ail revelved aroune MTI (Moving Target Indication) scheres, which
generally require a low aegree of platform jitter, and significant on-bourd storage and
processing. This work was pioneered by M. Schlessinger of ‘The Aerospace Corporztion
ard Dr. E. Winter of Technical Research Associates,

The telescope was comprised of four elements, witli an £/3.3 20 inch aperture: (ot
weight was 61 lbs, excluding facal plane hardware. ‘To achieve that low weigit, graphite-
filled epoxy was selected a, the structural material. At the tirre, graphite epoxy had been
used primarily in some experimental aircraft, and in the manufacture of tennis racquets.
One technical issue that arose was that graphite epoxy is hygroscopic, and mus: retain a
certain amount of moistuz. to mzintain structural stability. In earth-bound applications a
film coating traps the moisture; in space, however, moisture would continue to evaporate,
causing condensation problems on the cooled optics. This difficulty was discovered late in
the program, and was fixed by the insertion of a transmissive zinc selenite window that
isolated the structure from the cold optics.

The development of low temperature (15 K), long life (1 year mission duration)
cryogenic systems to cool very large focal plane arrays was a significant technical
achievement of the program. The monolithic silicon arrays required low temperature
uniformly across the entire assembly. To minimize sensor jitter solid cryogens were
specified; the arrays were cooled with subliming neon. Furthermore, the optics had to be
cooled to 70 K. This "was achieved by coupling subliming solid methane to the rear optical
elements.

The IR focal plane array production line for Teal Ruby remains the largest ever in
this country. Over 150 IRCCDs were required for th= mission, and had to meet stressing
specifications of uniformity, responsivity, noise, spectral response, etc. Thus, hundreds
of arravs had o be tested in order to select the optimal set. This was a learning process that
occurred primarily under the direction of LTC. H. Stears of DARPA; for almost two years
the program stood virtually still while sorting out the issue of whether or not the tester
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(provided by Rockwell gratis) was giving erroneuus results or the detectors themselves
were bad.

Once this was resolvea, a dedicated test facility that largely automated the process
was constructed with success; over 500,000 detectors were processed in 6 months time,
once the system became operational. Furthermore, massive amounts of grovad calibrations
were conducted, achieving 2vsolute accuracics to a few percent. An on-board blzckbody
souaice was provided, and an unprecedented amount of ground command of bias voltages,
gain statcs, efc. was to occur as detector performance changed with time. Ground truth
-ites were selected later in the program. The scopé of this achievement is easy to
underestimate today, but the LANDSAT sensor was in comparisca rudimentary.

Aside from the goal of producing very 1afge, space-qualified arrays, there was the
objective of obwaining low detector channel costs. At the time, the single pixel cost for 2-D
IR surveillunce system (including drive electrenics), as estimated by DARPA, was
$20,000.1! The DARPA goal was $0.10; Teal Ruby achieved $2.00 per qualified,
calibrated pixel.

3. HICAMP

After the down-select to Rockwell, a contract was awarded to Lockheed to collect
data from an aircraft-based sensor of targets and earth backgrounds. This program was
called the Calibrated Aircraft Measurement Program {(CAMP), which flew a two
dimensional IR array, and later evolved into HI-CAMP, with higher radiometric accuracy,
greater spectral coverage, and higher spatial resclution. HICAMP as a program is only
now winding down, and represents the single most comprehensive IR AVD database col-
lected. The purpose of the program was to get the community's feet wet with data. Fur-
thermore, there was a desire to put to rest the plume detection vs. hardbody detection issue.
The original intent was to use Teal Ruby "reject” detector arrays, but that was discarded in
favor ¢ a dedicated focal plane array. HICAMP data, in the absence of Teal Ruby, has
become the major IR AVD database in this country for designing and testing detection
algorithms, selecting spectra; passbands, and sizing tactical, and air or missile defence
systems that operate in th relevant spectral regions.

11 Normsliced to total fielded unit cost, the per pixel ccst for 1-D, ccmmon module systems was about
$%0. Cf. Common Moaules, A Success Story, by Walter E. Morrow, Proc. IRIS Imaging Specialty
Group Meeting, 1986, p. 25.
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The development of detection algorithins required detailed knowledge of
background clutter. It was found from the HICAMP data, as well as other, more limited
programs, that statistical measures of clutter, such as power spectral density, could lead to
erroneous conclusions about the false alarm rates. Indeed, there is still debate as to what
measures best characterize the clutter background. Furthermore, although Teal Ruby had
planned an extensive set of targer measurement experiments, the 1 year mission lifetime
implied that a considerable amount of time would be available for collecting background
data. Although never implemented, there was also a design feature that allowed the
uplinking of new detection algorithms, which would occur as data became available.
Finally, the HICAMP database did not exist for denied areas such as the Soviet Union, or
for weather conditions that precluded the U2 from flying. Thus, Teal Ruby if it had been
successfully launched would have added a large variety of background measurements to the
experimental program.

4. PROGRAM MANAGEMENT

Significant time delays and cost overruns occurred in the program; the blame could
be shared among the contractor, DARPA, and AFSD.12 DARPA had imposed initially a
highly unrealistic schedule, wherein many new technologies would be integrated and the
whole would come to fiuition within 21 months. DARPA had also loosely defined
program requirements and given inadequate specifications in an arena where many aspects
of the technology were very immature. Unrealistic "success-oriented" cost estimates were
accepted, without indepg=ndent evaluation. There were other issues associated with
procurement managerent, and configuration control. For its part, AFSD provided ir-
adequate manpower; the projec: office consisted of 3.5 persons in 1980. There was a lack
of continuity, with five program managers in five years. The early support by Aerospace
Corp. was essentially similar. This led to an acceptance of the overly opamistic DARPA
procurement strategy. system requirements, and schedule. Senior management seemed
unaware of the nature and scope of the program, which led to inadequate responses to the
cost growth, such as arbitrary spending caps. Rockwell in turn, had inadequately
estimated the cost of the program, failed te properly audit and track subcontracts, and had
problems with the system engineering and program management. Finally, inflation had a

12 3ee Edwin W. Schneider, The Life and Times of Teal Ruby, presentation tc DARPA Space
Symposium, Oct. 4, 1983, Schneider was the Director of DARPA's West Coast Liasion Office, and
repans the reentry of the Aernspace Corporation study to assess and rebaseline the Teal Ruby program.
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major impact; fully one third of the $30M in program growth that had occurred by the end
of 1981 v 1s due to that cause.

Program management was clearly a major issue for Teal Ruby. DARPA provided
the money, and was primarily interested in development of the techbase (e.g., focal plane
arrays, cryocoolers, lightweight optics, etc.). Air Force Space Division (AFSD) was
responsible for contract management and spacecraft development, and was primarily
interested in assuring that the system worked; the program was initially treated as a "small"
program by AFSD, but was eventually elevated to "major” program status by LtGen Mc-
Cartney. As might be expected, friction occurred, to the point where the program came
close to cancellation several times by mutual consent. In some cases this was averted by
the intervention of DDR&E, who considered the program important for addressing the
perceived Backfire threat as well as driving the technology. Col. A. Wisdom of AFSD and
Lt. Col. H. Stears of DARPA eventually reached a modus vivendi. They tried to obtain a
Memorandum of Agreement (MOA) between AFSD and DARPA, but the Air Force would
not sign; fiscal flexibility was the issue. Without an MOA, Wisdom and Stears reached a
personal agreement, which kept DARPA out of decisions involving less than $100K,
placed a DARPA person in the AFSD SPO, and established programmatic goals. Lines of
communication opened up significantly. Furthermore, DARPA and AFSD, acting jointly,
were able to get Rockwell to renegotiate the contract (now 10 years old) into a fixed-price
contract with incentives for on-orbit performance, of a type used in a number of DoD
satellite contracts beginning with ARPA's VELA HOTEL.13

Teal Ruby came under attack within DARPA. DARPA overall funding had been
low throughout the 1970s, compared to the preceding decade, and Teal Ruby was seen by
many within DARPA as taking a disproportionate share of the pie. As discussed above,
significant cost overruns had occurred. In response, Lt. Col. Stears and L. Lynn, Deputy
Director of DARPA, stopped the program for S months at the management level to
recvaluate. An Aerospace Corp. study was commissioned by DARPA to compare Teal
Ruby with other first-time satellite development programs like DSP and GPS.14 The study
concluded that Teal Ruby was within what normally occurred in such Air Force programs,
and furthermore estimated that the program could expect that between 1 to 1.5 years of time

13 VELA HOTEL is described in Chapter 11, of Volume I, of this report.
14 gee Schneider, op. cit.
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outside the schedule would be required to meet unexpected problems. The study also
idsntified potential problem arcas. With this in mind, DARPA and the Air Force
reformulated the program schedule, with management blocks set aside to meet
contingencies, and got the corporate Air Force to agree to the consequent cost and schedule
increase. No further overruns occurred. It is important to realize that Teal Ruby was the
most complex spacecraft ever constructed by AFSD, in terms of number of parts and
subsystems; the fact that it programmatically fell within the norms of other first-time
systems might be seen as something of an achievement. In contrast to these other systems,
however, the delays in the Teal Ruby program were fatal due to the Challenger launch
accident and subsequent events.

Teal Ruby was set for launch wben the Challenger disaster occurred. By the time
shuttle flights resumed, circumstances and personne! had changed dramatically. Teal Ruby
had been transitioned by DARPA to the Air Force for completion. The money for the
sensor had been in the Air Force cruise missile line, which was cancelled. The Air Force
had money for the spacecraft, but was told by Congress to hold up spending on the other
components of the mission until they had seen justification for the program. Congressional
attitude at that point was generally positive. However, AFSD issued a contract to Rockwell
to allow completion; this step was construed by Congress as a violation of its direction.
Congress then cancelled the entire program. The strong support for the program provided
by, among others, Lt. Gen. Randolph, had evaporated. Air Force AVD was now focussed
on space based radar. Furthermore, the Backfire bomber was seen now as primarily a
Soviet Naval Aviation asset, and hence less iinportant to the Air Force threat scenarios.
DARPA was anxious to transition the entire IR AVD program to the Air Force, which
seemed uninterested. In addition, there was some quarreling within DARPA between the
Strategic and the Tactical Technology Offices as to whe should control future IR AVD
programs. The argument with Congress proved io ve the slamming of the door on the
program. The Teal Ruby satellite is currently in storage, and remains flyable. The
qualification sensor has been tested, and found to be fully operational after 10 years of
storage. Cannibalization of Teal Ruby is expected to begin at any time.

As a demonstration program, Teal Ruby has yet to prove itself. After a period of
delay, substantial cost over-runs and management problems, a satellite and mission
operations center was built, qualified, and calibrated, experiments were designed, and a
large amount of testing and analysis was performed to plan and carry out the mission. Teal
Ruby was designed as a Space Shuttle payload, and was scheduled and ready to go when
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the Challenger exploded 5 months before scheduled Teal Ruby launch. The subsequent
long wait, budgetary squabbles among DARPA, Air Force HQ, and Congress, and a
limited interest in 1R AVD within the Air Force due to the push for space based radar
systems, prevented Teal Ruby from flying.

The Teal Ruby program rep: 23ents diiferent things to different people. To critics of
infrared air vehicle detection (AVD) the program represenis a massive tailure that resulied
from the hubris within the IR community. To some Teal Ruby is a case history that
illustrates why DARPA should nut get involved in 'big" programs. While there are
understandable reasons for holding such views, Teal Ruby has had considerable impact as
a technology base program. It demonstrated clearly the feasibility of a number of
technologies necessary to the use of infrared for both air vehicle detection and surveillance,
and furthermore nurtured a community and a technology that has gone on to support the
tactical use of IR, the Strategic Defense Initiative, the Air Defense Initiative, and a variety
of other programs.

C. OBSERVATIONS ON SUCCESS

The Teal Ruby program, in spite of the fact that it never flew, can claim a number

of technical achievements:

1. IR focal plane array technology. The production number, size, testing
procedure, and achieved cost reduction of the arrays remains a singular
success.

2. Lightweight optics.

Long-life cryocooling for large LFA's.

4. Development of detection algorithms for IR surveillance and their
implementation in on-board signal processing.

A quantum leap in the understanding of IR target and background signatures.

6. Planning of a ground segment that allowed unprecedented control of the
sensor, real-time demonstration of AVD, and reduction of data for later

analysis.

Perhaps the greatest achievement of Teal Ruby was in the nurturing of a community
and a technology that later has gone on to play a vital role in the Strategic Defense Initiative,
the tactical electro-optic community, civilian efforts such as LANDSAT, and a variety of
other programs. The absence of Teal Ruby data has proven to be a major handicap to
programs in all these a - with current proposals for satellite-based IR target and
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background measurement programs a commen thread throughout the national security

arena.

Teal Ruby was a high risk, high investment development program, but was not
managed as such from the beginning. The DARPA-sponsored Aerospace review presented
by Edwin Schneider listed the following more basic lessons learned:1°

@

(b)

()
()
e

®
(®

(h)
@
)

(k)

0

Be very selective in initiating high risk, high investment, demonstration
program.s. Eecanse of the st liability, the number of these programs should
be minimized.

Develop an interna! program plas that outlines the program objectives ani
matches realistic technical goals to the schedule.

Obtain competitive proposals.
Conduct an independent cost analysis.

Develop a formal program plan with the agent that identifies the major tasks,
risk areas, program review cycles, organizational responsibilities and
interfaces, critical milestones, and the funding baseline prior to program
initiation.

Obtain an independent analysis of the plan.

If the program requires non-DARPA resources to be successfully completed,
obtain a writien commitment for these resources prior to initiation.

Obtain the personal commitment of the agent's commander to fully support and
monitor the program.

Ensure that the agent "mainstreams” the program (i.e., subjects it to the same
review procedures as the agent's programs).

Incentivize the contract such that end item performance is of equal importance
as the cost and schedule goals.

The contract should include Mil-Std requirements and specifications for
hardware and software developments; provisions for spares; redundant test
equipment; separation of funding clauses if more than one source of funds is
used; formal cost reporting; strong quality assurance/control requirements; and
at least three end items: a development model, qualification model, and final
model.

The problem should be structured so that cost and schedule contingencies are
included for both the agent and DARPA; formal program review/evaluation

15 0Op. cit., p. 84.
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points are identified; go/no go criteria or re-evaluation criteria are designated
for each evaluation point; and inflation is accounted for in the budget.

The presentation then listed some additional, perhaps less obvious "lessons for
DARPA "6

(a) Stay involved and as close to the program as possible. Use monthly letter
exchanges with the agent and biweekly visits.

(b) Get in the program's major decision loop. Utilize in-plant or in-program office
representation.

(c) Use outside experts to augment the contractor's or agent's efforts in high risk
areas. Ensure that the prior or related experience is transferred.

(d) Ensure the contractor's top management is involved in the program.

(e) Work all program issues/pioblems through the agent, not directly with the
contractor.

These observatior.s came from the perspective of the Aerospace Corporation
review, and tae DARPA Liaison Officer then responsible for the Technology Program.
Some of these may be viewed as "overkill," or not applicable to other programs, or even,
just hindsight not appreciative of the imperatives of the program. However, they do show
the important issues of program management and program and program definition that were
raised by Teal Ruby.

Teal Ruby was initiated by Director George Heilmeier, who was a sirong advocate
of a large-scale demonstration program for a space-based large focal phase array sensing
system. There were others who favored a more incremental approach.l? Heilmeier
recounts that he purposely was "pushing technology intc demonstration as application,
when others were reluctant; I saw this as the true mission of DARPA."18

In this regard Heilmeier was in accord with the DDR&E, Dr. Currie, who states
that his primary motivation for appointing Heilmeier as Directo: was to "revitalize" the
agency by "hitting hard on basic research projects and big projects that could make a
difference."19

16 1bid.
17 Discussion with R. Zirkind, 11/88.
18 Ibid.
19 bid.
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Currie explicitly contracted this perspective from his view that "DARPA was spread
too thinly doing things it shouldn't have been deing.” Instead, he felt DARPA needed o0
"pursue a more active program that took some risks."20 In retrospect, Heilmeier says that
Teal Ruby should have beer cancelled, but cites management problems, particularly with
the main contractor, as the main reason.2!

Teal Ruby and the associated infrared sensing and surveillance technology work
clearly moved the state-of-the-art much more rapidly than would have been the case without
such a program.

Teal Ruby was started with a $24M contract (with an initial letter contract for
$21M), with a delivery date for the sensor system of 21 months and an additional 13
months for it to be integrated in the P80 spacecraft and tested before launch--a total of 33
months (Rockwell had a separate contract with the Air Force for P80-1 spacecraft).? By
mid 1982 the accumulated over-run was $100M (with schedule riippage of 40 months). In
“"rebaselining” the program in 1982, additional cost for the Teal Ruby sensor was set at
$230M with an additional $220M, required from che Air Force for the P80-i spacecraft, the
land support, and mission planning and data analysis.23 A program initially scooped at
$24 million, over 33 months, grew into one that cost over $575 million and spanued nearly
fifteen years and still did not result in a launch.

.

The legacy of the Teal Ruby therefore is dichotomous: (1) it is a prime example of
a large, high-risk demonstration program, that did not yield the end-result intended (a
space-based infrared sensing/surveillance system) and cost an enormous amount of
resources; and (2) a progenitor of fundamental advances in infrared sensing techriology and
measurements with the resulting of understanding infrared phenomena that have
contributed directly to subsequent surveillance and sensing systems. The lessons-learned,
as listed in Schneider's retrospeciive, clearly show that programs of such scope and risk
must oe cntered into, and continually managed, with much greater attention *o their scope
and uncertainty. Teal Ruby, in conjunction with the other technolcgy thrusts initiated in
DARPA at the time, clearly oveiloaded DARPA's existing management capabilities and
experience. It took several years and intensive effort to bring the program under control.

20 1pid.

21 bid.

22 s nneider, op. cit., p. 71.
23 Ibid., p. 83.
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The program presents ‘mportan: lesson regarding the strategy of moving forward
multiple key technoicgies demoastration approach. Perhaps the greatest lesson is to clearly
understand and consider the “isks up-front and v 2pproximately scope the effort in
advance. Teal Ruby as a major technoiogy/cemonstration program was managed initially
as if it were an incremental, business-as-usual activity. This had damaging, nearly
catastrophic, effects on the program.
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X. STEALTH

A. BRIEF OVERVIEW

DARPA from time to time undertook programs to reduce tie observability of
nissiles, aircraft, and sensors. These included approaches to reducirg the observability of
re-entry vehicles (RVs) to complicate ABM defense; the QT-2 quiet observation aircraft
program for night observation of Viet Cong activity in Vietnam;! an approach to a quiet
aelicopter; observability reduction parts of the RPV program that DARPA pursued from the
carly 1970s on; and incorporation of Low Probabiiity of Intercept (LPI) characteristics in
the PAVE MOVER radar for ASSAULT BREAKER.

In 1975, as the result of an interaciion between DARPA and the staff of the
DDR&E, DARPA focused more explicitly on concepts for low observability in aircraft.2
After a period of discussions amorng the DARPA Director, his staff, the DDR&E, the
USAF Deputy Chief of Staff for R&D, and the USAF Chief of Staff, it was agreed that a
program to demonstrate the technology would be undertaken jointly by DARPA and the
USAF. At this point the clear operational implications of the technology led to designation
of special access requircments for DARPA and Scrvice efforts in the low observables arez.
A number oS Service programs subsequently emerged. The decision by the Services to
undcrrake such programs was aided by DARPA’s demonstration of technical feasibility.
DARPA continued to cooperate with the Services in furtherance of the technology
development.

B. EARLY HISTORY

The need to avoid detection of aircraft on missions over enemy territory dates from
the time aircraft were first used in such missions, and the problem became especiaily severe
when the Soviets proliferated and continualiy improved their air defense systems in the
post-1950 period.

t  The QT-2 program is described in detail in Chapter XVI of Vol. 1 of this history.
2 See Chapter V. of this Volume for a de-siled description of ASSAULT BREAKER.
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“When visual and acoustic detection were the only means availaole, might flying
could help reduce targeting by air defenses significantly. The “soda straw” of the
searchlight and the coarse direction finding of the accustic array, together with the inherent
difficulty of hitting an aircraft with the unguided antiaircraft shell- of World War I and
World War II, were not adequate to the task. Interceptor pilots could rely on ambieat light
and visible exhaust trails for night engagements, but in general attriion of night atlackers
was sigaifican'ly lower than that of daytime fiyers. This, together with the bombing
accuracy :ssue, figured in the World War M arguments between the RAF and the U S,
Army Air Corps about whether to do night bombing with essentially defanseless aircraft or
daytime bombing with heavily armed aircraft that couid exast attrition from the enemy. The
invention of radar for aircraft detection and tracking and artille.y direction changed the
nature of the argumsauts, and led to a need for aircraft to have reduced observables in this
additional dimension. The problem was made still more complex as electro-optical
detection and guidance systems in the infrared bands were added to the inventory in the
post-World War Il era.

World War II saw the beginning of stealthy use of aircraft for surveillance and
recounaissance. The British Mosquito bomber proved to be especially capable of
penetrating the defens=s of the time period in Europe at low altitude.3 As the war was
ending, the United States ficlded the long-range P-61 “Black Widow,” designed and built
by Northrop to cover long ranges at night against the Japanese.# This aircraft was
followed (in 1954) by the U-2 and subsequently the SR-71 {early 1960s). Both were
designed for int-usion into enemy airspace for surveillance and reconnaissznce using parts
of the flight cnvelope--high altituce, for both, and high speed for the SP-71--that were
difficult or impossitle for the defenses of the day to reach. The SR-71 was the first
modern aircraft to incorporate low radar cross-secticn (RCR) technology integrated with the
design for performance, from the start. Hostile defenses eventually caught up with the U-
2, but the Mach-2 5k-71 successfully avoided thera throughout its operational life.

3 Janc's All the World's Arrcraft, 1943-1950 issues

4 Knaack, M. S., Encyclopedia of US Air Force Aircraft and Missile Syztems, Vol. 1, Post-World War
I Figh:ers, 1945-73 Washingtor, D.C. Office of Air Force History, 1978.

5 Sweetman, B., Steath Aircraft, Osceola, Wis., Motorbooks Internat.onal, 1986.
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C. DARPA EFFORTS

DARPA (or ARPA, as it was known until 1972) showed periodic interest in
reducing aircraft observables almost from the time the agency was organized. In ARPA's
earliest days, in 1959, when the Institute for Defense Analyses (ID4) provided the ARPA
technical staf?, there was a proposal from the University of Michigan to :nvestigats the
possibility of designing aircraft and space vehicles from the beginning with electromagaetic
scattering properties as well as aerodynamic qualities in mind.6 This proposal, by Keeve
M. Sicgel, a consultant to ARPA and IDA, involved tie combination of shaping with radar
absorbing materials (RAM). Apparently this proposal received an unfavorable review in
ARPA, according to the brief IDA records. There are no details of the proposal, but the
negative review seemed based on the ract that there was related technology work at the time
at several companics. Eventually, work oa the idea in the specific proposal was supported
vy the Air Force laborairies at Wright Field.”

According to the historical records, mainiy the ARPA orders, there were then three
ct four sporadic ARPA efforts in the low-obser ™ es area.

Very exriy-or there were efforts tow. . low-observable re-entry bodies (RVs).
The possibilities in this direction had Leen "sounded" before ARPA's existence, by the
DcD's "Re-entry dody Identification Group."® These involved shaping, radar-absorbing
materials, and impecance loading body schemes.9 The goals were to make RVs leok like
smaller decoys, and to reduce "glint" used by homing vehicles.1® The U.S. was not alone
in this--there was a good deal of interest in the shape and performance of the UK's RV to
go on the "Blue Knight" missile :hat was tested at the Australian range at Woomera.!l
ARPA actively participatzd in the radar measurements made there through 1965.

The problem: of RV ooservat:lity is complicated by the plasma effects at hypersonic
speeds in the atmosphere. Some work was done to reduce the plesma electron content
below “critical" for various radar frequencies. Some of this work continued after the

IDA's TE-33, 6/59, IDA archives (CLASSIFIED).
Discussion with R. Legault of IDA, 11/24/89.

Herbert F York, "Military Technology and National Security,” Scientific American, V. 221, p. 12,
Aug. 17, 1969,

9 AO 3¢ Task 14 of 5/50. "Threat Parameters and Observables,” AG #197 of 1/61, Task 7, "Penaids
Survey,” AO 254 of 8/61, Task 3 on LORV's, AO 558 of 4/63. "RV Thin Film Radar Absorbing
Materials,” AO 8C3 of 11/65, "Impendance Loading.”

10 A0 73, Task 6 of 10/60, ™ slint Measurement and Suppression Tezhni jues.”
11 AO 114 of 11/59, and IDA TE 157 of 1/59 (CLASSIFIED), and AO 709 of 3/65, SPARTA.
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transfer of DEFENDER to the Army in 1967.12 Also, under Project WIZARD the Air
Force was measuring components of RV cross-section v:ith the idea of tiansferring the
appropriate parts of the results to air defense system design. The critical question was
whether the resulting vehicles, with shape optimized for radar cross-section (RCS)
reduction, would fly with reasonable performance for the mission. The necessary
technologies were not yet available, and the project did not progress. 3

The next ARPA low-observables effort of record began in project AGILE. For
example, the proposal made by Lockheed for the QT-2 "quiet airplane” originally included
work to reduce its radar cross-section by using radar absorbing materials. Perhaps because
the QT-2 was to fly low in an environment where the enemy was not expected to have
radar, and it achieved its mzjor objective of being acoustically quiet, radar absorbing
materials were apparently not applied. When, a little later, ARPA supported investigations
of a "quiet helicopter,” a somewhat similar pattern was favored--but in this case the radar
sca"+ering reduction seems to have been looked into more seriously.}4

After Vietnam, ARPA began development of mini-RPVs. The second phase of the
RPV design was dedicated to increasing these vehicles' survivability mainly by recucing
observables. There were several tesis of these RPVs® observability.]3 Also. in the late
1970s DARPA incorporated Low Probability of Intercept characteristics in the FAVE
MOVER surveillance, target acquisition, and weapon guidance radar of the ASSAULT
BREAKER program. This approach was presented by the USAF as “Airborne Low-
Visibility Moving Target Acquisition Systems” after the PAVE MOVER technology was
transferred to the Air Force when DARPA completed its ASSAULT BREAKER efforts. 16

The genesis of the DARPA effort in low observables that led to current steal:li
programs was in the sequel to a 1574 request by Dr. Malcoln: Currie, the DDR&E during
the 1972-1976 period, to Dr. Stephen Lukasik, then ARPA Director, to consider new
program ideas. The idea of building low-observable systems was discussed with Robert
Mioote, then Deputy Director of DARPA s Tactical Technology Cffice (TTO), by Charles

‘L 40 1009 Task 2 of 6/67 "Electron Properties,” and AO 1080, "Antenna Radar Cross Section,” of
8,67,

13 R. Legault, op. cit.
14 A0 1321-2 and 3, Quiet Helicopter, 8/68 and discussion with R. Zirkind, 3/88.

15 See Chapter XXVIII, in Volume I for history of RPVs. AO #2528 of 10/73, and dearing before
House Committee on Armed Services, 94th Congress, 1st Session. March-April 1675, p. 3973,

16 pepartment of Defense Annual Report, Fiscal Year 1979, Harold Brown, Secsetary of Defense, p. 264.
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Meyers, then Director of Air Warfare Programs in ODDR&E, who raised the notion of
“Harvey,” an invisible aircraft (named after the invisible, quasi-human 6-foot tall rabbit
“companion” of the lead character in a popular play of the time).!? Subsequently, when
George Feilmeier became Direcior of DARPA in 1975, Meyers alse discussed with him the
idea of designing an aircratt that would be invisible to ti:e most common means of
de-estion; the purposc would be to achieve surprise in air warfare.l¥ Moore applied the
term “stealth” to the aircraft that was one of the ideas discussed over the period, and the
term rema‘ned associated with the entire area of low-observables technology.

Moore ard Currie agreed that DARPA would urderiake a program to explore what
some technical approaches could achieve. When Heilmeier assumed responsibility for the
total DARPA program on becomiag Director, he felt it would be desirabls for DARPA and
tl:c TJSAF to share the funding for the demonstration phase of the program. This was
agresd after extarsive discussion and negctiation involving the Deputy Chic? of Staff for
R&D and the Chief of Staff of the USAF. There was a competition among sevcial
contracrors, ang cne was chosen to proseed, but ideas developed by others as well
pertsisted in later programs.

In his exteasive testimony before th: House Defense Appropriations Committee for
FY 1976 and 76T, Dr. George Heilmeier, then D.<RPA director, referring to still anohe:

program, sta‘ed:19

Iniproving the ability of sirwregac wircraft and their offensive weapon
systems ic reach assigned iargets has a direct payoff in the
vost/effectiveness ©f the strategic bomber force. Emphasis is being placed
nn resiacing the detectability o aircraft. As a first step the feasibility of a
low radar Cross-section strategic penetrator was investigated based on a
conceptual flyieg-wing design. The ability o pensirate can be improved by
extreme shaping of the flying wing design, applicatior: of thrust vector
coatrol/reacticn zontrol technology; modified engine inlet designs, and
techniques for wing leading edge RCS suppression. Investigations
ircluding the analys:s of range test data are underway in the evaluation of
these aporoacnes.

It became clear around this time that th= stz2lth conczpts would be promising, and
that they should be closely hzid for opsrational reasons. The decision was therefore made
to put the programs in the spccial access catsgory. From this poinc on the Servive

17 nwerview with Robert Moore, January 10, 1990.

18 Inierview with Gorge Heilmeier, Marcx: 28, 1990.

19 Dr. George Heilmeies, tectimony befcie the House Defenss Appropriations Committee for FY 1976
gud 75T (0. 4968).

" 10-5




programs, all of which have special access requirements, predominate. The DARPA-
initiated demonstration of feasibility figured importantly in the decisions to proceed with the
Service programs.20 DARPA continued to cooperate with the Services, to assist in
implementing the technology. About 10-12 individuals were involved in the early effort,
and its success was due to their efforts.21 In response to the rising problem that as RCS is
reduced, the infrared signature becomes more important for detection, in 1984 DARPA and
the USAF iritiated a basic technology prograx: at IDA to deal with that issue.

In 1988 the Director of DARPA, Dr. Raymond Colladay, prepared a briefing for
the Presidential Transition Team with an illustration (Figure 8-1) bearing the legend that
“Early work on low observables was started in DARPA in the early 1970s and once the
initial feasibility was established, the programs transitioned to join efforts with the Air
Force and other Services.”

D. OBSERVATIONS ON SUCCESS

Not much can be said about the process in this area without violating the bounds of
security. This seems to have been an area where

*  There was early work, by ARPA and others, in the direction of trying to learn
about and solve an imporiant and difficult technical problem;

* ARPA, and then DARPA, maintained a sporadic but productive interest in the
problem, expressed that interest through periodic projects that incorporated
some of what was known about the technology at the time, and was responsive
to suggestions to advance the technology when the technical situation had
reached the point where further advances appeared possible;

« DARPA took the lead, in coordination with the DDR&E, to advance the
technology and <emonstrate new concepts rhrough an experimental program;

+  DARPA expended the managerial as well as the technical effort to insure that at
least one Service wouid make use of the experimental results if they were
successful.

20 nterview with John S. Foster, Jr., February 6, 1990.

21 Heilmeier {op. cit.) specifically mentioned Moore (who had become Director of TTO during the period
of program development); Bruce James, Moore’s Deputy; and Kenneth Perko as individuals who made
special efforts with him toward insuring the success of the DARPA program.
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XI. X-29

A. BRIEF OVERVIEW

The X-29 program was undertaken o explore the advantages of forward swept
wing and to overcome problems of structural divergence. Program directors! hoped that
the X-29 and other "technology demonstrators" would perform some of the functions of an
advanced fighter prototype.2 Although this did not happen, the X-29 proved successful in
demonstrating the ability of a forward swept wing aircraft to operate at high angles of
attack; it also demonstrated the viability of advanced technologies such as a unique fly-by-
wire flight control system, aeroelastic tailoring on a thin, forward swept, supercritical
wing, and the use of close-coupled canards or foreplanes for pitch control. Technology
breakthroughs, particularly flight control systems and composite materi~1s, made possible
the manufacture of a supersonic fighter class aircraft with a forward swept wing.

B. TECHNICAL HISTORY

1. Origins of Program, 1945-1976

The "X" series aircraft, from the Bell X-1 to the National Aerospace Plane (NASP),
have been part of an intermittent experimental design and testing program begun in the
1940s. X-plane programs have pushed existing speed envelopes, endurance limits, tested
innovative design concepts, performed maneuverability and high altitude tests, examined
various new modes of propulsion, and served as prototypes for missiies such as Atlas and
Navajo. Almost all X-planes were designed with a specific mission objective.

Unlike other X-planes, the X-29 was designed to be an integration testbed, not a
demonstrator of a single technology or improved performance in a single regime.
Application of the forward swept wing concept has a history dating back to 1944 when

1 IDA appreciates the assistance of Tom Taglarine and Glen Spacit of Grumman, Norris Krone and Bob
Moore, formerly of DARPA, and Gary Trippensee of NASA Dryden Flight Research Center in helping
to piece together the history of the X-29.

7 "Forward Swept Wing Technology Integration for the ATF,” Internationc! Defense Review, February,
1984, p. 209.
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Junkers designed, built, and successfully flew the Ju-287 prototype.3 The end of the war
brought development of the Ju-287 to a close, but only after it had flown 17 times and
attained an airspeed of 400 mph, not quite fast enough to suffer problems with wing
divergence.4 Since the 1940s, several other designs have experimented with forward
swept wings as well. These aircraft did encounier problems with wing divergence, hence
these experiments were unable to explore performance envelopes of modern fighter aircraft.

In the 1970s, two scenarios were unfolding simultaneously and would eventually
merge in the production of the X-29. Air Force Lt. Col. Norris Krone, a structural
engineer with the Air Force, became a strong proponent of the viability of forward swept
wing design to application in modern aircraft. Krone's dissertation at the University of
Maryland centered on forward swept wing design and the ability of advanced composite
forward swept wings to overcome wing divergence.> Mr. Irv Mirman, scientific advisor to
Air Force Systems Commander, attempted to interest Air Force aircraft design personnel to
consider the forward swept wing concept proposed by Krcne. This idea was rejected
because of the high risk associated with the concept. At least one major aircraft
manufacturer also rejecied the concept because of the risks involved. As a result, Mirman
and Krone contacted DARPA and Robert Moore to investigate the possibility of Krone
working for DARPA.6 Krone left Air Force Systems Command for DARPA's Tactical
Technology Office,’ specifically to work cn air vehicle technology and the forward swept
wing concept. DARPA was the only organization contacted by either Krone or Mirman
that agreed to accept the risks of developing the forward swept wing aircraft.

In 1975, Grumman Aerospace embarked on an in-house wind tunnel program to
determine why serious wing root drag problems caused the company to lose competition

3 Sevcral papers had been written about the use of a forward swept wing, including those by Adolph
Buseman (1935) and Bob Jones of NACA (1944).

4 An aft swept wing bends under a load and twists leading edge down. This reduces angle of attack
capability and wing load. A forward swept wing twists leading edge up, increasing angle of attack and
load. Depending on various factors, including degree of forward sweep, above a critical speed (usually
as the aircraft approaches .9 mach) the wing will fail, twisting off of the aircraft. Until sirong
composites were available, this phenomenon curtailed the use of forward swept wings. To offset
twisting, or divergence, the wing had to be made stronger, and weight penalties incurred offset any
performance gains made by the sweep of the wing.

5 Divergence Elimination with Advanced Composites, Norris J. Ksone, Jr., Ph.D. Thesis, University of
Maryland, December 1974,

6  An interesting sidelight to the story revealed by interviews with Krone and Moore is that Krone
esscntially called DARPA "out of the bluc” (o see if there was interest in his ideas.

7 The Tactical Technology Otfice was headed by Dr. Robert Moore at the time; the Director of DARPA
was Dr. Robert Fossum.
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with Rockwell to build the HIMAT (highly maneuverable advanced technology) remotely
piloted vehicle. Krone, because of his past involvement in forward swept wing design,
took particular interest in Grumman's internal wind tunnel program, becoming familiar
with Grumman's facilities and acquainted with lead engineer Glen Spacht. Eventually,
Krone suggested that Spacht and Grumman try a forward swept wing design on the
HIMAT in order to solve some of the problems associated with the original design,
including wing root drag. Even though the HIMAT contract had been awarded to
Rockwell, Spacht and Grumman were committed to solving the problem, and Krone's
suggestions, combined with Grumman's innovation, helped solve some of the HIMAT
design problems.

2. The Program, 1976-1984

The program that became known as X-29 officially began in 1976, when Krone
was authorized to begin looking at the feasibility of forward swept wing technology.
Combined outlays in FY76 and FY77 totaled $300,000, and were used to grant study
contracts to Grumman, Rockwell, and General Dynamics.8 The purpose of the study
contracts was to verify the technical aspects of a forward swept wing design. All three
companies verified the aerodynamic performance of the forward swept wing concept, and
demonstrated that a wing could be fashioned with advanced materials and be used on an
aircraft. In additior to fulfilling the obligations of the contracts, all three companies ard
NASA donated wind-tunnel time to the project.

By 1979 DARPA-funded research had made clear that use of lightweight composite
materials could overcome the divergence problems associated with previous forward swept
wing designs. In so doing, DARPA leamed that certain maneuverability and angle of
attack performance advantages could be gained by using a forward swept wing on a
fighter-class aircraft. DARPA and the Air Force Flight Dynamics Laboratory decided to
apply the forward swept wing concept to an experimental aircraft program. Norris Krone
became the program manager for a project that was to explore the application of forward
swept wing design to a fighter type aircraft.

DARPA, with the Air Force Flight Dynamics Labotatory acting as the agent,

received proposals from Rockwell, General Dynzinics, and Grumman in 1979. Krone and
others in the DARPA Tactical Technology Office set the program requirements. The

&  DARPA issued AO 3436, :0 analyze the forward swept wing concept in 5/77. This AQ also covered
several other later tasks, totalling $8.85 million.
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Grumman and Rockwell designs exploited more or less equivalent technology, but the
Grumman design more strongly emphasized cost savings. The design that became the X-
29, conceived in 1978 as Grumman Design 712, developed and demonstrated the
associated technologies 2mploying extensive use of off-the-shelf components and
systems.? Rockwell, in contrast, had designed a new aircraft that was in some ways
technologically superior, but more costly than the Grumman design. General Dynamics
had essentially taken the F-16 design and applied a forward swept wing concept to it.
Grumman's design represented a compromise between use of new technology/design and
cost considerations.

Crumman X-29, In the Flight Test Program, NASA Drycden Flight
Research Center, Edwards Air Force Base, Cal.

Figure 11-1,

The X-29 designation, the first X-plane in over a decade, was granted in September
1981. Two X-29's were developed and produced by Grumman at a cost of about $87
million.10 Costs were controlled in part because Grumman was able to use many off-the-
shelf components in constructing the X-29. The X-29 research program was funded by
DARPA and administered by the USAF Wright Aeronautical Laboratories Advanced

9 For example, the Grumman design incorporated the nose assembly and ejection seat from the F-5, F-16
landing gear and hydraulic actuators, F- 4 flight sensors, and other off the shelf equipment, See
"Unusual Aerodynamics of X-29," Aes cspace America, February, 1986, p. 34.

10 "First Phase of X-29 Test Show Forward Swept Wing," Defense Daily, 20 January, 1989. Actual
costs were slightly higher, as Grumman contributed about $50 million of its own money to the
project. DARPA AO 4186 of 1/31 covering construction and tests, was for $118 million.
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Developrueat Program Office (ADPO). In the X-29 testing, the ADPO acted as the ageut
for DARPA, and initiated the contract with Grumman.

3. Flight Tust Program, 1984-Present

The first phase of the flight test program proved the viability of design of a forward
swept wing aircraft by flying and verifying the results of the simulation program. The first
phase involved only the first X-29 aircraft. The second phase evaluated the ability of the
forward swept wing design and technology to operate at higher angles of attack. Both
aircraft were used during this phase, but the second aircraft was extensively medified (at a
cost of about $4.65 million)!! to look at high angle of attack (AQA) characteristics of
forward swept wing aircraft.

First flight of the first aircraft was December 14, 1984. The first flight of the initiai
X-29 lasted 66 minutes. The second and third flights were undertaken in February 1985.
These ended successfully, but not without controversy, as Grumman test pilot Chuck
Sewell performed "unscheduled maneuvers" during the third flight. Sewell was replaced
as pilot until the eighth mission.12 The final technical report for the period January 1983 to
December 1986 indicates that the first three flights were completed with no pilot
discrepancies (from the predicted performance in the simulator) reported. The fourth flight
revealed that on takeoff, 15-knot additional rotation speed would result in a more
comfortable rotation. On both the high-speed taxi and during flight, forward stick was
required to stop the rotation. This characteristic was not exhibited in simulation.!3 The
end of the fourth flight effectively cumpleted Grumman's initial obligations under the
contract to USAF and DARPA. On March 12, 1985, after the first four flights, the
program was turned over o the Air Force to continue flight tests. The X-29 program (both
aircraft) completed more than 279 flights (as of April 27, 1990), the most ever for an X-
series aircraft.14

The primary research objective of initial X-29 flight testing was to determine the
flying qualities of the aircraft and compare the flight test results to predictions, design
criteria, and existing military specifications. A secondary research objective was to

11 Thae X-Planes, Jay Miller, New York: Orion Bocks, 1988, p. 189.

12 1bid., pp. 186-193.

13 X.29 Aircraft, Flight Worthiness, Grumman Aerospace, Bethpage, NY, March 1987, p. A-15.

14 ¥ .29 Proves Viavility of Forward Swept Wing,” Aviation Week and Space Technology, 31 October
1988, p. 38. Vol. 129.
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establish a flight test set of aercdynamic stabi'ity and control derivatives for the aircraft and
compare these derivatives with wind tunnel predictions.!> The X-25 flight test program
reached both objectives.

In December, 1986, USAF, DARPA and NASA jointly funded a $30.2 million
follow-on flight research program covering high angle of attack studies (up to 90°) using
both X-29 aircraft. Also during the same month (13 December) the X-29 became ihe firs.
forward swept wing aircraft to fly supersonically (Mach 1.03).16 Thcre was some
hesitation on the behalf of NASA and the Air Force in the initial funding. Once this flight
test foliow-on program began, both NASA and the Air Force were eager to explore the
potential of the aircraft. Although the Air Force originally had no interest in a forward
swept wing fighter, as the tes: program evolved, it was interested in examining potential
applications of the technologies on the X-29 to conventional fighters. NASA, on the other
hand, has been trying to understand exactly why the aircraft has demonstrated specific
capabilitics. NASA has been responsible for the day-to-day events in the flight test
program; as a result, it has been less willing to conduct risky flight tests suggested by the
Air Force. NASA has proposed some interesting research directions for the future, which
are discussed in Section C, Observations on Success.

The second aircraft entered flight testing in May of 1989.17 The first aircraft
verified performance characteristics up to the 20-22° AOA range. For the second aircraft,
wind tunnel tests have demonstrated an ability to approach an angle of attack of somewhere

iween 70 and 80°. In actual flight tests, the second aircraft has flown at angles of attack
up to 57° at mach 1. The second X-29 has demonstrated a high instantanecus rate of turn
and roll control at high angles of attack, and is highly maneuverable through 42° angle of
attack. The unique design of the aircraft, with three surface ccatrdl configurations --
canards, wing control surfaces, and strake flaps -- provides the aircraft with significant
longitudinal control at high angles of attack. Wind tunnel tests indicate that the aircraft's
design limit is about 70" angle of attack, compared to 50-55° for the F/A-18,18 the aircraft
in the U.S. inventory with the highest design limit.1?

15 "Flying Qualities Evaluation of the X-29 A Research Aircraft,” Stuart L. Buus and Alan D. Hoover,
Air Force Flight Test Center, Edwards Air Force Base, California, May 1989.

16 The X-Planes, Jay Miller, New York: Orion Books, 1988, pp. 186-193.
17 "First Phase of X-29 Test Show Forward Swept Wing," Defense Daily, 20 January 1989.
18 In reality, the F/A-18 has not flown at an angle of attack greater than about 22°.

19 ~Second X-29 Will Executr High Angle of Attack Flights”, Aviation Week and Space Technolvgy, 3
October 1988, p. 36. Angle of attack is the relationship between an circraft's longiudinal axis and its

11-6




The high angle of attack envelope is the flight regime that the Air Force would like
tn exploit with the ~ngoing flight test programi. If this ability were improved, a new
generation fighter would be able to out-turn its opponent without risking a ztall and loss of
control. This ability would improve the chort take off and landing capabilities of an aircraft
as well.20

Additionaily, the angle of attack capabilities of the X-29 could be advantageous in
later designs. Performance data for the X-29, 7*-16A, and -15C aircraft were analyzed by
Universal Energy Systems, Inc., Dayton, Ohto, under contract with USAF Wright
Aeronautical Laboratories. The objective of the combat analyses was to obtain an
gssessment of the mancuverability of the X-29 versuc the F-15 and F-16 in a rae-on-one
combat situation. The point mass digital simulation does accurztely represent lift, drag, and
thrust characteristics of the aircraft. During the analysis, approx..nately 70 pzrcent of the
firing cpportunities for the X-29 occurred at angles of attack greater than 30°. This
indicates an advantage for an aircraft with high angle of attack capabilities in a cne-on-one

situation.2!

In most tests, t..e actual performance cf the X-29 came close to the predictions that
were generated beicre the testing program began. A meeting of aercdynamic specialists
was held i1 Decembzr 1988, after four years of flight testing, to review initial ac1odynamic

‘design predictions ar:d compare them with flight experience. The data indicate that the X-
29's advanced technologies result in improved performance, especially in transonic
maneuvering.22 Drag and lift coefficients were for the most part, accurately predicted.
There were some unexpected drag polar results at .4-.6 Mach which require further
analysis to explain. The unique technology areas (discussed above) fared weli in tests.
The variable camber configuration provided significant drag reductio and the canards

flight parh, assuming that the wing is mounted so that the line from its leaciing edge to its trailing edge
is parallel to that axis. At zero angle of atiack, Jir flows parallel to the longitudinal axis. Angle of
adack js related to lif1. and therefore to maneuverability. Al constant airsp.eed, a wing produces more
Jift as the angle of attzck increases, and converscly, increasing angle of attack will maintain constant
lift as airsr¢d decreases. But angle of attack cannot be increased beyond a certair peint, or the airflow
over the wing separaies, and th. wing will no longer produce necessary lift, creating a stall. High
angle o! attack is 1.0: usually attainable at high airspeed, because the aircrafi will reach its maximum g-
load before reaching the stallizg point (greates: possible angle of attack). Low airspeed combined with
2 high angle of attack allows the wing *o preduce greater lift, atlowing for greater maneuverability

20