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l. INTRODUCTION

Location: East of the east/west runway at Kirtland Air Force Base, New Mexico

Quad: Albuquerque East

UTM: 13 357947E 3877268N (NAD27)

Date of Construction: 1972 - 1980

Present Owner: Kirtland Air Force Base; 377" Air Base Wing

Present Use: Offices for the U.S. Army “Big Crow” Program in the Ground
Plane Wedge

Significance:

At the end of World War |1, the U.S. began a series of atmospheric tests in order to maintain
nuclear superiority over Russia. During these tests, scientists and the military noticed that there
was an electromagnetic pulse (EMP) created by the explosion of a nuclear weapon and that this
pulse had a negative effect on military systems. After the atmospheric test bans in the early
1960s, scientists and the military began to develop alternative methods to evaluate nuclear
weapons and their effects, including EMP. During this post test-ban period, a number of EMP
simulators to test aircraft were developed by the Air Force Weapons Laboratory (AFWL) at
Kirtland Air Force Base (AFB).

EMP simulation was developed to create an environment similar to that which would occur in
the upper atmosphere in the event of a nuclear detonation. Nuclear explosions produce gamma
rays, which create EMP when they interact with the atmosphere. The gamma rays create a
Compton-electron current and produce electromagnetic fields (the EMP) which in turn interact
with electronic equipment. In the late 1950s during the atmospheric tests, the military began to
understand that EMP incapacitates electronics. The first instrumented EMP incident occurred
during Starfish, a 1962 high-altitude nuclear test in the Marshall Islands and resulted in power
system failures as far away as Hawaii (Lee 1986:45; Longmire 1985; Federation of American
Scientists 2003:1). If a detonation took place 200 miles above southern Canada, because of the
orientation of the earth’s magnetic field, EMP effects would cover nearly the entire United States
(U.S.), with the potential to incapacitate electronics throughout the entire country (AFWL 1983-
1984:200) (Figure 1). Because the modern military has a heavy reliance on solid-state
electronics, the phenomenon of EMP was of great interest to the nuclear effects community in
the AFWL. The need for EMP simulators became stronger as electronics evolved from vacuum
tubes to solid-state components to microelectronics; these advancements in technology made the
systems more susceptible to EMP (HQ USF 1973:1). As a result, AFWL began to test for EMP
and work towards developing means to “harden” or protect systems against the EMP that would
result from a nuclear attack in efforts to ensure “survivability.”

Van Citters: Historic Preservation, LLC Project No. 195-03
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Figure 1: Radius of high altitude EMP effects

The largest EMP simulator constructed was the AFWL Transmission Line Aircraft Simulator
(ATLAS), which is commonly known as the TRESTLE. In order to properly test large aircraft in
a simulated flight mode (horizontal polarization), the test stand was constructed of wood, a
material that would not conduct electricity. This was required so that the structure would have
minimal impact on the EMP environment created to test the aircraft. The test article also had to
be sufficiently high above the ground to avoid ground interference with the EMP in order to
simulate the in-flight environment. As such, the TRESTLE was constructed with a raised test

platform and of wood glue-laminated trusses connected with wood bolts.

It is twelve stories tall

and 1,000 feet (ft) long and is said to be the largest wooden structure in the world.
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Il.  ADMINISTRATIVE SUMMARY

Historian: Van Citters: Historic Preservation, LLC (VCHP)
Date of Research: August 2003
Sources Searched: Air Force Research Laboratory Phillips Research Site Historical

Information Office

Defense Threat Reduction Agency Information Center

377" Air Base Wing Environmental Management files

377" Air Base Wing Civil Engineering Drawing files

Dr. Carl Baum, Air Force Research Laboratory, Directed Energy
Directorate, High Power Microwave Division

Bill Prather, Air Force Research Laboratory, Directed Energy
Directorate, High Power Microwave Division

Methodology:

Van Citters: Historic Preservation, LLC (VCHP) contacted the Air Force Research Laboratory
(AFRL) Phillips Research Site Historical Information Office for data about TRESTLE and they
provided copies of photographs and other information available at their archive.

VCHP conducted research in the drawing files of the 377" Air Base Wing, Civil Engineering
and copied a number of drawings that were useful in describing TRESTLE and some of the
design changes that took place during construction.

The Defense Threat Reduction Agency Information Center (DTRIAC) allowed the team to
conduct research at their facility for unclassified information available on the ATLAS facility.
This information consisted of eighteen boxes of TRESTLE information from the AFRL Phillips
Research Site Historical Information Office that had been sent to DTRIAC for archival storage.
Video and reel-to-reel audiotapes were located in the DTRIAC archive. The videotapes were
copied for use in the documentary that accompanies this written document. The audiotapes
consisted of interviews of TRESTLE staff taken in 1980 by Dr. Robert Duffner of the AWFL
History Office. VCHP had the tapes transferred to compact disk (CD) and the CDs transcribed
for use in this project.

VCHP also interviewed Dr. Carl Baum of the AFRL Directed Energy Directorate,
scientist/designer for the ATLAS facility. He provided the team with diagrams, background
data, and historic photographs. William Prather of AFRL Directed Energy Directorate also
provided data for the project.

Laser Geomatics was contracted to create measured drawings and a 3-D model of the facility
through laser scanning. The TRESTLE was scanned with LIDAR to create a point cloud model
in the field then the point data was used by drafters to create a 3-D computer model. This model
was then used to develop the 2-D Historic American Engineering Record (HAER) drawing set.
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Avista Video Histories was contracted to develop a 30-minute documentary of the TRESTLE.
The documentary includes information about the genesis of the idea for the TRESTLE, EMP,
and construction and interviews with people involved in the project and testing at the facility.

Concurrently there was documentation with HAER formal photography (4 x 5 format) of the
ATLAS property.
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I11: HISTORICAL INFORMATION

Feasibility Studies:
1) AFWL scientists and EG&G Incorporated completed a TRESTLE Design Study.

General Contractor:
1) McDonnell Douglas Astronautics Co.: overall integrating contractor for the TRESTLE
program.

Architectural & Engineering Firms:

1) Stadelmann Engineering, Inc.: consultant on glue-laminated timber structures (contract
with AFWL).

2) W.C. Kruger & Associates: architectural and engineering design (subcontract to Mc
Donnell Douglas Astronautics Co.).

3) R. D. Krause Engineering Company at Santa Fe: structural design

4) Culbertson, Noren & Neal: Title 11 architect-engineer inspection services for the test
stand (contract with AFWL).

5) Shirmer Engineering Corporation: design of the fire protection system (contract with
AFWL).

Test Stand and Ramp Construction:

1) Hunt Building Company: construction of caissons.

2) Allen M. Campbell Company of Tyler, Texas: construction of wood ramp, wood
terminator stand, two wood pulser stands, test stand, walkway and transmission line
subsystem.

3) Standard Structures Inc.: construction of glue-laminated timbers.

4) Woodlam, Inc.: construction of glue-laminated beams.

Pulser and Test System Design/Construction:
1) Maxwell Laboratories, Inc.: pulser design and construction.
2) Braddock, Dunn and McDonald: electromagnetic analysis, timing and control equipment
(subcontract to McDonnell Douglas Astronautics Co.).
3) Black & Veatch: design of the Test Article Support System.

Van Citters: Historic Preservation, LLC Project No. 195-03
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IV. TRESTLE DESCRIPTION

TRESTLE was constructed to test large aircraft for the effects of EMP and simulated an “in-
flight” environment. To do so the facility was constructed well above grade of an electrically
non-conducting material (dielectric), with a system that would develop a pulsed electromagnetic
wave. The dielectric material selected for construction was glue-laminated lumber and the
structure was constructed in an arroyo (drainage), an area where the grade naturally dropped off,
which facilitated creating a tall structure above grade onto which a plane could be towed. The
TRESTLE included a towpath from the runway to the site, a wood ramp that served to move the
plane from grade into testing position, a test stand 115 feet (ft) or 35 meters (m) above grade that
served to support the plane as it was subjected to EMP, and the Central Ground Plane Wedge
(Wedge) (Figure 2). The ramp,
B which leads from the towpath to
the test stand, is 400 ft long by 50
Central Ground| Tt wide. The test stand was
Plane Wedge | designed as a 200-ft square, but in
— order to reduce construction costs,
a thirty-by-thirty ft square, that
did not affect the turning radius of
aircraft to be tested, was removed
from each corner of the structure.
The ramp and test stand are
separate structures, in that they
are not pinned or fixed to each
other (USAF 23 August 1978).

I — Test Stand

Figure 2: TRESTLE
Ramp Source: DTRIAC TRESTLE Collection

The Wedge is at the south end of the structure and housed the control room and offices and the
support structure for the pulsers that created the EMP. The steel structure that rises from the
building is covered with wire mesh and served as a portion of the transmission line (Cole July
1976:3). The Wedge was the control center for TRESTLE operations. It has four levels, each
served by an elevator and two outside stairways. The first and second levels are walled-in to
provide habitable office, storage and work areas. The third and fourth levels are semi-protected
from both the weather and the electromagnetic field environments. The fourth level was called
the pulser level and personnel were excluded from this level in the area immediately adjacent to
the two pulsers during pulser firing operations (AFWL 22 July 1977:2-20).

Van Citters: Historic Preservation, LLC Project No. 195-03
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The structural design was completed by R.D. Krause Engineering at Santa Fe (Krause) and W.C.
Kruger & Associates at Albuquerque, under a subcontract with McDonnell Douglas Aircraft

— ; s, Company (MDAC)  (Koppers  1977:3).
R S i e \‘Pf ‘: Originally, the TRESTLE was composed of
individual wood truss columns. The final design
was more of a standard trestle bent with braces
interconnecting the structure throughout. The
bent structure was designed to withstand a wind
. load capacity of 40 miles per hour (mph), with
an aircraft on the test stand and up to 90 mph
without and aircraft (Morelli 2004; Program
Management Assistance Team 1975:3). Figure 3
~ shows a bent during construction.

Figure 3: Construction of Glue-laminated bent
Source: DTRIAC TRESTLE Collection

The pulses at TRESTLE were created by two pulsers and a parallel plate transmission line:
running south to north on the east and west side of the test stand and ramp. The pulsers at the
south end produced the high amplitude, nanosecond pulse. The pulse source consisted of two
Marx generators housed in 1,600 cubic ft enclosures — one on the east and one on the west — that
would launch the pulse wave into the transmission lines. The Marx generators included a bank
of capacitors with each capacitor charging to 50 kilovolts (kV). The switching mechanism in the
banks allowed the voltage on each capacitor to multiply in such a manner that the output was on
the order of 5 million volts, or megavolts (MV), for each generator. Once a bank was charged
they would be rapidly switched to discharge into the transmission line (Cole July 1976:2).

The generator enclosures were filled from the bottom with Sulfur Hexaflouride (SFs), as the box
filled, air would be pushed out creating a pressurized electronegative gas that would prevent high
voltages from arcing to the ground (Morelli 2004; Cole July 1976: 1-3, 14). Each transmission
line comprised a wire array on a vertical alignment supported by masts. Although the wire
arrays are not solid, they acted as plates below a “certain frequency.” At the test stand, the arrays
are parallel, but they taper and angle toward the TRESTLE structure at the north and south.
These tapers were the transition sections that provided the electrical connection and termination.
In order to reduce electromagnetic reflections onto the test stand, which could adversely affect a
test, the earth below the test stand was contoured near the wedge and a termination was required
to dissipate the energy (Cole July 1976:3). A 127 ft tower with an energy absorbing resistive
array at the north end housed the electromechanical termination device.

Table 1 shows the dimensions for the proposed structure that AFWL provided during a
presentation to the American Timber Industry (Slater March 1975:4-6).
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Table 1: Proposed TRESTLE Components
Source: Slater March 1975

TRESTLE Component Dimension

Length — Wedge to terminator 1300 ft or 4 football fields
TRESTLE Component Dimension

Width — rim to rim of bowl 600 ft or 2 football fields

Depth of bowl Approximately 120 ft
Transmission tower height 185 ft (68 ft are glue laminated)
Wedge — length 250 ft long x 240 ft high

Ramp 50 ft x 400 ft x 12 ft up to 115 ft high
Test Stand 200 ft x 200 ft x 115 ft high
Walkway 10 ft x 80 ft x 115 ft high
Pulser Support (2) 30 ft x 70 ft x 74 ft high
Terminator Support 36 ft x 62 ft x 127 ft high
Tower poles (6 each) 26 in x 26 in x 68 ft high

Total glue-laminated material 6.5 million board ft

Number of joints 10,000

Dielectric bolts 60,000

Split rings and shear plates 120,000

Square feet of gusset plates 12,000
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V. HISTORICAL NARRATIVE

The Cold War and the Limited Test Ban Treaty

The “Cold War,” as journalist Walter Lippman first coined it (Primary Sources n.d.), continued
from the end of World War Il in 1945 to 1989 when the fall of the Berlin Wall essentially ended
the conflict.

After the World War Il defeat of Japan, the U.S. relationship with Russia changed dramatically
for the worse. Polarization of the political ideologies transformed the former atmosphere of
alliance to one of distrust. This distrust spawned the need for strategic deterrence and nuclear
weapons became the ultimate means of that deterrence. Although the Soviet Union did not
detonate an atomic weapon until 1949, the Cold War began with the testing of the first atomic
bomb at the Trinity Site in July 1945. The nuclear weapon, which stunned the world with its
decimation of Hiroshima and Nagasaki, became the means for deterrence of a third world war as
the U.S. and the Soviet Union focused on production of warheads. Although the growing
concept of deterrence through strength in military technology was in existence before the
dropping of the atomic bombs on Japan, immediately postwar it came to the forefront of both
countries’ strategy and policy. The incorporation of deterrence into national policy and strategy
became the primary force behind the escalation of the arms race.

In late 1949, the U.S. National Security Council (NSC) declared deterrence as the national
military strategy (Lewis et. al. 1995:29). NSC Document No. 68 (NSC-68) of 1950 stated that
the Soviet Union was bent on world domination and that by 1954 would equal the U.S. in atomic
capability. NSC-68 recommended a massive military build-up.

In August of 1953, the Soviet Union detonated its first hydrogen bomb and Soviet scientists
began working on the world’s first Intercontinental Ballistic Missile (ICBM), called the R-7.
Later in the year, the R-7 was equipped to carry a nuclear warhead, resulting in the U.S.
reassessing its ability to deter the possibility of a Soviet first-strike attack (Gaither, 1997:13;
Lewis et. al. 1995:32). The 1954 Killian Report or “Surprise Attack Study” recommended that
the highest national priority be placed on the development of the U.S. Air Force ICBM program,
Intermediate Range Ballistic Missile (IRBM) capabilities for land and shipboard launch,
construction of an early warning system in the Arctic, and R&D for a possible anti-missile
system. Further incentive to arm came when the Soviets launched Sputnik | and Il satellites into
Earth orbit in 1957. The ramification of this event was that if the Soviets could launch a satellite
into space they had the capability to launch a hydrogen warhead 5,000 miles, a capability that the
U.S. did not have at the time. The military strategy of the U.S. under President Eisenhower
became one of massive retaliation.

The early 1960s were marked by several crises, including the building of the Berlin Wall, the
Bay of Pigs, and the Cuban Missile Crisis. Each of these events was different in scale and
cumulated in a new view of the use of nuclear weapons. The strategy changed to the potential
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selective use of nuclear weapons in the event that deterrence failed and use of massive nuclear
force only in retaliation for a first-strike (Lewis et al. 1995:40).

Atmospheric Tests and the Limited Test Ban Treaty

Beginning in 1946 with Operation Crossroads, the U.S. conducted numerous atmospheric
nuclear weapons tests to learn how to maximize the effects of atomic weapons, gather
information about the environment created by their detonations, and test their effects on living
beings and military equipment (Defense Threat Reduction Agency 2001). The atmospheric tests
conducted through the 1950s were critical to the definition of nuclear weapons effects for the
design of survivable U.S. offensive and defensive weapons systems.

During late 1958, both the U.S. and the Soviet Union voluntarily suspended nuclear weapons
testing. In reaction to the Soviet Union detonation of a nuclear device in the atmosphere in 1961,
the U.S. resumed testing and continued until the U.S., United Kingdom, and Soviet Union signed
the Limited Nuclear Test Ban Treaty (LTBT) in 1963.

The 1963 LTBT effectively ended nuclear weapons tests or any other nuclear explosion in the
atmosphere, in outer space, and under water (underground testing was still permitted). In light of
the moratorium, the U.S. began to look to simulation methods to determine the effects of nuclear
blasts on military materiel. Nuclear explosions produce radiation effects on equipment ranging
from weapons storage structures to electronics. Two types of simulation, one to test blast
hardness of structures and the other to test the effects of EMP, were conducted at Kirtland AFB
in Albuquerque under the Air Force Special Weapons Center (AFSWC), which was established
in 1952 to ensure the atomic capability of aircraft and missiles.

Establishing AFSWC at Kirtland AFB was a logical choice. At the end of World War 11,
Albuquerque had become home to the following groups working with nuclear weapons:
1) Z Division, a weapons research group that had moved from Los Alamos and
eventually became Sandia Laboratory;
2) Manzano Base nuclear stockpile;
3) Air Force Special Weapons Command, which oversaw the testing development
for nuclear weapons; and
4) Armed Forces Special Weapons Project (AFSWP), a group with representatives
from the Army, Navy, and Air Force.

As the LTBT began to have an effect on how the U.S. evaluated their nuclear capabilities and
ability to respond to a nuclear attack, the focus of efforts at the Albuquerque military and
research facilities began to shift to simulation.

EMP Simulation

In the early part of the Cold War, as open air nuclear tests were taking place, the military began
to realize that a by-product of nuclear explosions was EMP. EMP is detrimental to electronics
and develops when the gamma rays from a nuclear explosion interact with the atmosphere: the
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gamma rays create a Compton current in an area of the atmosphere (known as the source region)
and produce an electric field. The fields are EMP; reaching their peak in a few to 10
nanoseconds, and although they peak in such a short period, they are very powerful and spread at
the speed of light. In a high altitude burst, EMP extends in all directions on the horizon and
affects metallic conductors including antennas, cables, conduits, power lines, aircraft, and missile
bodies. When the EMP encounters metallic conductors, the conductors feed the energy into
electrical and electronic equipment. Equipment that operates at low currents, such as computers
and solid-state systems (electrical devices that rely on semiconductors), cannot withstand the
EMP power surge and is likely to burn out (Duffner and Harrington 1985, 200). Being
vulnerable to such an equipment loss would put the U.S. at a distinct strategic disadvantage: the
military relies heavily on electronics and if its electronic systems were to fail there could be little
Or no response to an attack. As a result, the Air Force began to work to develop the means to test
military systems for EMP effects in an effort to understand the nuclear effects and develop
methods by which military systems could be “hardened” to ensure survivability.

Typically, EMP can result in peak current of kiloamperes and peak voltages at the 100s of kV
level, which could cause damage to electronic equipment. “The purpose of EMP hardening is to
reduce the EMP signal to a level that will not cause permanent damage or transient upset to the
electronic equipment” (AFWL March 1982 Five Year Program Plan:10). As a result, EMP
hardening is providing design allowances to prevent or ameliorate the effects of gamma or high-
energy neutron radiation or bombardment. Such hardening, or resistance to EMP effects, is
accomplished through shielding, grounding, filtering, and various other techniques. (Slater 11
Mar 1975:3)

The first ICBM was developed in 1953 when the Soviets equipped the R-7 with a nuclear
warhead; four years later Sputnik was launched which increased U.S. fears of Soviet ICBM
attack. In the early 1960s, the NSC predicted that there would be a transition from a bomber
threat to that of ICBMs. ICBMs have a target travel time of 30 minutes and, unlike bombers, no
potential for the launch to be recalled. The early Cold War air defense early warning and
interceptor aircraft systems that were established to thwart Soviet bombers, could not function
against this new ICBM threat. In addition the Secretary of Defense, Robert McNamara
recommended to President Kennedy that rather than focus on “first strike capabilities,” the U.S.
should support deterrence through reinforcing the survivability of its command and control
systems (Lewis et al. 1995:40). McNamara, the LTBT, NSC prediction, and the effects of EMP
on military systems resulted in a change to the U.S. approach to defense. To protect its forces
the U.S. began to develop passive measures including dispersal, mobility, hardening, and
concealment.

To aid in this new mission, the Air Force Weapons Laboratory (AFWL) was created in 1963
from elements of AFSWC’s Research and Development Directorates as a new laboratory for
innovative nuclear research. AFWL was established to conduct research about nuclear weapons,
nuclear power, nuclear effects, and the vulnerability of the U.S. weapons systems to nuclear
attack.

AFWL’s primary focus at Kirtland AFB became hardening, with three main defense programs:
1) EMP simulation for use in hardening military systems;
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2) Civil engineering tests aimed at hardening structures;and
3) Research to develop an airborne laser to shoot down missiles.

After the LTBT, AFWL began pioneering testing the effects of nuclear explosions through
simulation. Under the new program, AFWL began to test military systems for EMP effects in an
effort to understand the nuclear effects and develop methods by which military systems could be
hardened to ensure survivability.

There are different forms of nuclear EMP environments and the type of environment is
dependant upon the location of the detonation and the location of the system exposed to that
detonation. The AFWL developed devices, called simulators, to imitate the EMP environments
created by different types of nuclear detonation. Using the simulators, the EMP effect on military
systems could undergo testing and data analysis to develop the means of hardening those
systems. Simulators differ in terms of electromagnetic geometry (or how fields are formed) of
the simulator structure, the electrical sources for that structure and where the test system is
located within the structure. To get a full picture of the EMP effects on a particular military
system and to ensure its survivability in various EMP environments it was usually necessary to
test the system in a variety of simulators.

EMP simulation is:

...an experiment in which the postulated (EMP) exposure situation is replaced by a

physical situation in which:

1) The (EMP) sources are replaced by a set of equivalent sources which to a good
approximation produce the same excitation including reconstruction by superposition
(to the extent feasible) to the total system under test or some portion thereof as would
exist in the postulated nuclear environment; and

2) The system under test is configured so that it reacts to sources ... in very nearly the
same way and to the same degree as it would in the postulated nuclear environment
(Baum 1978:36).

The most significant types of EMP environments are those associated with an exoatmospheric
nuclear detonation, or high-altitude nuclear explosion (HEMP), which exists outside the source
region in the air and on the earth (Figure 4). The environment created by HEMP would affect
systems above the atmosphere, in the atmosphere but outside the source region, and on the
surface of the earth. There are two classes of simulators for EMP that occur outside of the
source region:

a) Those that simulate an approximate freespace plane wave on the system;

b) Those that simulate such a plane wave plus the reflection from the surface of the earth

(Baum 1978:38).
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Figure 4: Geometry of a high altitude burst

Source: Drawn by Karen Van Citters from Baum 1978
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VI. SIMULATOR DEVELOPMENT AT AFWL

Simulator Construction and Figures of Merit

A simulator should provide the electrical excitation for simulation without having the presence
of the simulator significantly alter the response of the test system; i.e. the simulator itself should
not affect the outcome of the tests. Because simulators simulate a specific environment and do
not actually create that environment, there are performance limitations built into the system. For
each simulator and test, there is a quantification of limitations so that there is a relationship
between a system response in a simulator and a nominal EMP environment. This relationship is
called the concept of “figures of merit.” The figures of merit “compare various features of the
calculated and/or measured performance with some ideal (preferably simple) electromagnetic
environment” (Baum 1978:37). Using the figures of merit approach to design allows scientists
to exchange various performance components with constraints on money and time to achieve a
balanced simulator design.

The figures of merit approach was an important concept during the development of EMP
simulators at Kirtland AFB. The AFWL and its design teams worked together using this method
to produce simulators that created EMP environments with quantifiable limitations that were
within budget and time constraints. AFWL and its contractors worked through several issues:

1) Determining the best type of EMP simulator for the system being tested

2) Configuring the major dimensions and other electromagnetic characteristics

3) Determining the desired characteristics of the appropriate electrical pulsers, photon

pulsers and/or generators (Baum 1978:50).

The team required the following information to determine the best type of EMP simulator for the
testing of a system:
1) The type of EMP to be simulated,
2) Where the system being tested would be located within the simulator;
3) Whether more than one type of EMP simulator should be used;
4) What the most efficient type of simulator was (balancing funding, time, with the
quality of the simulated environment); and
5) Whether additional simulators were necessary to accommodate long appendages
(Baum 1978:50).

The following factors were important in configuring a simulator:

1) The dimensions of the system that was being tested;

2) The allowable “distortion of the system response” such as deviations of field
scattering and incorrect impedance;

3) Allowable field distortions and currents from less than ideal simulator characteristics;

4) Figures of merit; and

5) How to connect auxiliary EMP testing devices when appendages were part of the test
(Baum 1978:50).
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Pulser issues for EMP testing include:

1) The speed of the rising pulse;

2) The amplitude;

3) Pulse decay time;

4) Low-frequency content of the pulse;

5) The smoothness of the Fourier transform (a trigonometric series of terms) as a
function of the frequency over a frequency range;

6) What the pulser source impedance should be, the level of power of the generator; and

7) The range of frequencies and mode the generator should operate in and whether the
test would benefit from more than one type of pulser (Baum 1978:50).

All these factors were used to determine the non-ideal features of the simulator and test and to
assign a set of figures of merit for a simulator with respect to a specific system or group of
systems that was to be tested. Design of the EMP simulator and determining parameters for
simulator tests of systems both used the process of figures of merit.

During the Cold War, a number of EMP simulators were constructed at different areas around
Kirtland AFB: AFWL Characterization Interim Low Level EMP Simulator (ACHILLES) (Figure
5), AFWL Terrestrial High-Altitude EMP Alert Mode Aircraft Simulator (ATHAMAS) (Figure
6), ATLAS and the AFWL RAND EMP Simulator (ARES) (Figure 7). The ACHILLES
simulators were constructed south of the runway and included the Vertically Polarized Dipole
(VPD-I) (ACHILLES 1), Los Alamos Scientific Laboratory EMP Calibration Simulator
(ALECS), Hardness Surveillance llluminator (HSI) (ACHILLES I111) and Ellipticus (ACHILLES
IV). The ATHAMAS area was constructed to the east of the runway and included the
Horizontally Polarized Dipole (HPD) (ATHAMAS 1) and VPD-II (ATHAMAS I1). ARES and
ATLAS were constructed just to the south of the ATHAMAS site. During conceptual design,
ATLAS became known as TRESTLE. Because the design team used the approach of figures of
merit, the construction of the EMP simulators was a design-build relationship (before the
construction term design-build became common nomenclature in the construction industry).
AFWL would provide a concept and budget to the contractor and the contractor would develop a
design that best met the testing requirements within the given budget. There was a back and forth dialog
to develop the design that had the best EMP test capabilities for the available funding (Dana 2002).

Figure 5: ACHILLES Simulators

Source: Air Force Research Laboratory Phillips Research Site Historical Information Office
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Figure 6: ATHAM S imulators

Source: Air Force Research Laboratory Phillips Research Site Historical Information Office

Types of EMP Simulators

Figure 7: ARES Simulator

Source: Source: Air Force Research Laboratory Phillips Research Site
Historical Information Office

Systems that would be in the air or above the atmosphere when an EMP wave hit them, such as
aircraft or missiles, are best tested with a free space plane (uniform) wave. This is because the
time delay between the incident wave and the wave reflected from the earth can be very large,
making the effect on those systems from the reflected wave less significant than the initial wave.
Systems that would be on or near the earth when a wave hit them are best tested with devices
that can approximate the reflected wave from the earth. Various types of simulators can produce
this reflection (Baum 1978:38). There are many classes of EMP simulators, but the three major
types are: Dipole, Hybrid, and Guided Wave (Table 1).

Table 2: Types of EMP simulators
Source: Giles 2000 and Baum 1978a

Simulator | Pulse Characteristics Best Results Testing Mode

Class

Dipole Radiates; low frequencies are limited,; fields are Systems in ground-alert mode.
predicted analytically.

Hybrid Produces a pulse waveform that simulates a plane Ground-based system exposed to EMP
wave together with reflection from the earth’s from a high-altitude nuclear detonation.
surface.

Guided Can convert pulse power into uniform energy fields. | Aircraft or missiles in simulated in-flight
Produces single plane wave for in-flight systems. configurations.
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Dipole EMP simulators are a radiating class of devices. In dipoles, the simulator is located far
from the system being tested in comparison to the size of the dipole structure. An electric dipole
is a system in which a short distance separates two equal and opposite electrically charged poles;
a common type of dipole simulator is a radiating EMP simulator (RES). RES is a large electric
dipole that is a long thin rotationally symmetric body tapering along the length. RES included
impedance loading, or opposition to the flow of electrical current created with resistors, to
dampen oscillations that may have occurred when an electrical charge was applied. EMP
simulators are resistively loaded to shape the radiated pulse and prevent large notches in the
frequency spectrum (Glles 2000:13). RES | was developed in the early 1970s to test large
ground-based facilities, including Minuteman silos, and
had mobility, because it hung from a helicopter (Figure 8).
Although designed to test ground-based facilities, the RES-I
also tested the U.S. Navy’s EC-130Q (which was referred to
as the “Take Charge and Move Out” or TACAMO) in
flight.

Figure 8: RES-I in flight

Source: Air Force Research Laboratory Phillips Research Site
Historical Information Office

Another type of dipole simulator is a cone that is resistively loaded and mounted on a ground
plane. The ACHILLES I (VPD-I) is this type of dipole and was constructed to test aircraft in the
ground-alert mode, or the mode where a reflected wave from the earth would affect the aircraft
(Baum 1978:38; Giles 2000:13). The most distinctive dipole constructed during the Cold War
was the EMPRESS II, which was modeled on the ATHAMAS Il (VPD 1I) at Kirtland AFB and
located on a barge that traveled to deep water to test large naval vessels. The EMPRESS Il was
demolished post-Cold War. Appendix A shows the known existing dipole simulators.

Hybrid simulators combine a variety of features to simulate plane waves and their ground
reflection. Hybrids provide the “best available approximation to the environment that would be
experienced by a ground-based system exposed to an EMP from a high-altitude nuclear
detonation” (Giles 2000:14). In static simulators, the placement of the test system is very close
to or within the structure of the EMP simulator. In these simulators, the incident fields produced
are “uniform in the vicinity of the system” (Baum 1978:39). The frequencies in such a simulator
are small and the corresponding wavelengths are large, compared to the structure of the
simulator, so that “quasi static form of the fields is applicable” (Baum 1978:39). When testing
“very small systems or penetrations (small antennas and apertures) on highly conductive surfaces
of larger systems” (Baum 1978:39) this type of simulator is used.

Hybrid simulators have three basic characteristics:
1) The early-time (high-frequency) portion of the waveform reaching the system is
radiated from a relatively small source region compared to the major simulator
dimensions.
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2) The low-frequency portions of the waveform are associated with currents and
charges distributed over the major dimensions of the simulator structure. This
structure either surrounds the system or is very close to it.

3) The structure is sparse so that most of the high-frequency energy radiates out of the
simulator without reflecting off the simulator structure. The structure is also impedance
loaded to further reduce unwanted reflections in the simulator (Baum 1978:39).

There are two large hybrid simulators remaining in the U.S.: the HPD at Kirtland AFB and a Navy
facility in Maryland. Appendix B shows the locations of known hybrid simulators throughout the world.

Guided or bounded wave simulators, the most common type of simulator, and the type that was
used for TRESTLE, produce an EMP environment that is appropriate to that outside the source
region and are primarily used for testing missiles and aircraft in simulated in-flight
configurations. Guided wave simulators have been used to test ground vehicles, but those tests
are not considered “high-fidelity simulation” because they do not provide for the ground
reflection that is required to assess EMP coupling characteristics of systems on the surface of the
earth (Giles 2000:7). These simulators use a wave guiding structure (typically metal plates
driven by high voltage generators) that is two-dimensional: described by two orthogonal
coordinates to propagate a wave to a third orthogonal coordinate. These wave-guiding structures
have the ability to control the field distribution for the “frequencies of interest from wavelengths
small to large compared to cross-section dimensions” (Baum 1978:41). Appendix C shows the
locations of known guided wave simulators.

ALECS (Figure 9) at Kirtland AFB was the first EMP simulator built, but during the Cold War,
many were constructed for the U.S. Army, Navy and Air Force. In addition, the U.S., including
the AFWL and EG&G, aided other countries in developing and constructing their own EMP
simulators. The U.S. has aided in the development of simulators in Canada, France, Germany,
Israel, Italy, the Netherlands, Sweden, Switzerland, the United Kingdom, and post Cold War in
China, the Ukraine, and Russia. The International Electrotechnical Commission (IEC) was the
primary catalyst for the post Cold War work. Since 1999, the fifteen participating IEC member
nations (Austrla Czech Republic, Finland, France Germany, Italy, Japan, Mexico, Romania,
Russia, Spain, Sweden, Switzerland, United
Kingdom and the U.S.) have been working
on the applicability of using the EMP
simulators for the testing of civil and
commercial equipment. There are currently
39 known simulators in 13 countries, which
the IEC documented as simulators that may
be adapted for civil use (Giles 2000:iii).
Appendix D shows these simulators.

Figure 9: ALECS
Source: Air Force Research Laboratory Phillips Research Site Historical Information Office
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Simulator Construction Program at Kirtland AFB

On 10 February 1971, an existing contract between the AFWL and EG&G Incorporated (EG&G)
(Contract No. F29601-71-C-0018), which had begun in October of 1970, was amended to
include EG&G furnishing the engineering support necessary to install EMP facilities for
ALECS, Siege Development Facility (SDF), the Simulated EMP Ground Environment (SIEGE)
facilities and RES-1 Mobile. On 4 August 1971 EMP project officials modified the contract with
EG&G to include a “VPD facility” (Duffner et al. 1978:69). This is the facility that became
known as ACHILLES I, or VPD-I and cost $378,000 to construct (USAF 1973:4). Later, when
HPD was added to the Kirtland AFB EMP simulators, it was scheduled to cost 1.6 million
dollars (USAF 1973:4).

During 1971, as design and construction moved forward for the EMP testing facilities, AFWL
issued a solicitation for 18 contractors to produce proposals to conduct tests to evaluate EMP
interaction with military aircraft, the actual experiments that would take place in the simulators.
Five companies responded and AFWL selected two to participate in the program: Boeing
Company and the Autonetics Division of North American Rockwell. On September 16, 1971,
AFWL awarded a contract to Boeing Company (Contract Number F29601-72-C-0028) to test the
following systems:

1) B-52:

2) EC-135;

3) Airborne Warning and Control System (AWACYS);

4) E-4 (Boeing 747), Advanced Airborne National Command Post (AABNCP);

5) Short-range attack missile (SRAM);

6) B-52 electro-optical viewing system (EVS);

7) Rivet Ace—electronic countermeasure equipment aboard the B-52; and

8) Hound Dog |I.

The contract with Autonetics Division of North American Rockwell (Contract Number F29601-
72-C-0037) included testing for the following:

1) B-1,;

2) SRAM, “on board” computer;

3) FB-111 inertial navigation system; and

4) Hound Dog II.

The charge for both companies was to research, develop, and experimentally test for EMP. The
VPD-I, HPD, and RES-1 airborne simulator were to be made available for this work and EG&G
staff were to provide support for tests conducted at the facilities (Dana 2002). Under the above
testing contracts, it was envisioned that tests would also occur at a modified ALECS facility and a
new simulator that was still in the design stage: TRESTLE (Duffner et al. 1972:163).

Requirement for “In-Flight” Simulator

VVPD-1 was constructed to test the AABNCP and AFWL envisioned that HPD, once constructed,
would also be used to test the aircraft, as well as the B-52 and EC-135 in ground alert mode, but
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these dipole simulators would not provide full data on EMP effects and could not simulate and
in-flight mode. In the VPD and HPD simulators scientists had to contend with reflection of the
EMP wave off the ground, which affected the accuracy of the results. This reflection could
cancel the electric field of much of the incoming wave and the ground would image the gross
electrical configuration of the aircraft. In HPD, this effect was profound, but in VPD, it was not
as great because the waves were vertical, although the image effect did become a factor in test
accuracy (USAF 1973:1; HQ USAF 1973:5; Defense Science Board 1975:9). In ARES and
ALECS the reflection problem was avoided by adding a metal mesh at grade to serve as
“conducting sheets” that would isolate the main portion of the electromagnetic wave from
significance influence of the soil (Baum 1969:2).

The only means of removing the ground plane reflection to overcome the effects of horizontal
field cancellation and ground plane imagery to simulate an in-flight mode was to remove the
influence of the ground from the aircraft (Defense Science Board 1975:9). By removing the
ground, the aircraft could be tested virtually as though it were in flight (Figure 10). To create this
environment at TRESTLE, the aircraft would be placed on a non-conducting platform
constructed above the ground and of a non-conducting and non-reflective material so that the
simulated test would “see” it as air and use horizontal transmission lines supported high above
the ground (USAF 1973:1-2). In addition, with this configuration, the aircraft could be tested in
its normal upright position with the incident electrical field parallel to the largest dimensions of
the aircraft, the body or wings (Baum
1969:2). TRESTLE was intended to
support the test program with such in-
flight capabilities and provide an
% environment with considerably fewer

. testing limitations than VVPD and HPD.

“ | Figure 10: Conceptual View of Aircraft on
Trestle-type simulator

Source: AFWL 24 August 1971

The in-flight characteristics that could not be tested in a simulator, because simulators were
constructed on the ground, were the effects of “aerodynamic loading, vibration, cold soak, and
reduced atmospheric pressure” (Defense Science Board 1975:10). To compensate the Defense
Science Board (DSB) recommended comparing low-field strength tests within a flying aircraft to
high-field strength tests at TRESTLE to examine these flight effects on electromagnetic
coupling. Because aerodynamic loading, vibration, and cold soak can be evaluated linearly, the
comparison would provide suitable extrapolated data. However, because the effects of reduced
atmospheric pressure on the corona discharge from aircraft surfaces and the breakdown between
conductors to the interior of the aircraft is non-linear, the comparison technique could not apply.
In order to investigate the corona phenomena the DSB recommended that the Air Force consider
experimental and analytical methods, rather than using low field strengths on an aircraft that was
in flight or EMP simulation on the ground (Defense Science Board 1975:10-11).
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VIl. TRESTLE DESIGN

AFWL Design Development

In April 1969, a member of the AFWL technical staff, Captain Carl Baum, documented the
necessity for a large horizontally polarized transmission line to simulate the effect of free-space
(in-flight) electromagnetic plane waves on large aircraft and summarized the problems
associated with such a simulator in his “Sensor and Simulation Notes, Note 82"
... for large transmission lines for simulating fields over large systems (missiles, aircraft,
etc.) the cross-section dimensions can get rather large ... In addition, supporting the
system to be tested at such heights further increases the construction difficulty. If one
also has to support a large high voltage pulser (or pulsers) the difficulty is further
compounded (Baum 1969:9).

To resolve the problem of developing a large in-flight testing facility that could support and
aircraft, pulsers, and equipment, he suggested the use of a dielectric structure, similar to an old
wooden railroad trestle bridge, which would support the aircraft well above the ground and avoid
electromagnetic coupling between the system being tested and the ground. He further suggested,
as a method to move the aircraft onto the testing platform, yet have it be above the ground, that
the aircraft could enter the simulator from the rear, i.e. at grade, before the ground dropped off
around the bridge structure (Baum 1969:4, 9). Once the idea of a trestle structure was accepted
by the Air Force and AFWL, teams were put together to explore the idea and develop a
conceptual approach to a trestle-type EMP simulator that could support large aircraft as if they
were in flight. The exploration resulted in the 1970 report EMP High Altitude Simulation
Technology Reports: Bounded Wave Simulators (TRESTLE).

Two main concepts were considered for the large in-flight EMP simulator. One option included
the torus concepts: a huge circular or arched structure, extending around or over the earthen bowl
created for the trestle structure and held up by a balloon and tethered with cables (AFLW
1970:1-5) (Figure 11). A high voltage pulser was located along the arch of the torus. Although
this design had several advantages, including wide variability of angle of incidence and
polarization and unimpeded access to the simulator working volume, the disadvantages
outweighed these advantages. The complexity of the operation because of balloon handling, as
well as the requirement for very high voltage pulsers, made this design less feasible (AFWL 1970:1-6).

Figure 11: Torus concepts

Sources: AFWL 1970 &
. 1971
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The second option was a guided wave simulator that used a large transmission line driven by a
high voltage pulser (Figure 12). This included a conical transmission line extending across a
large earth depression with pulsers at one end and a trestle extending from the other end into the
transmission line (AFWL 1970:1-8). The major advantage of the transmission line simulator
was that “an appreciable fraction of the
total energy output of the pulsers [was]
channeled in a preferred direction so
that higher field strength can be
obtained in the working volume with
less energetic pulsers” (AFWL 1970:1-
9). The required pulsers to operate such
a system were thought to be available at
the time; however, the system could not
provide the versatility in polarization
STl and propagation direction that the torus

design could (AFWL 1970:1-9).

Figure 12: Bounded wave simulator concept
Source: AFWL 1970

AFWL planned 300-foot dielectric towers to support the EMP transmission lines (AFWL
1970:1-39). The test platform was also required to be dielectric to avoid interference with EMP
and AFWL determined it should be constructed of wood, but be capable of bearing the weight of
the aircraft, instrumentation, and personnel. The original concept for the platform construction
was similar to the corrugated structure of cardboard (Figure 13), but ultimately, the platform was
constructed of a more traditional beam system. The platform height needed to be 115 ft (35 m)
tall in order to remove the aircraft far enough from the ground to simulate an in-flight mode. In
addition, it had to be large enough to permit the
R .. aircraft to turn 90 degrees (originally this was
"~ estimated at 180 by 70 ft). The large platform was
planned to include an approach of a 525-ft long
towpath, which continued onto a wood ramp. The
towpath and ramp allowed the ground to drop below
the trestle structure as aircraft were towed into the
testing position the equivalent of twelve stories above
grade (AFWL 1970:1-36-1:37).

Figure 13: Conceptual Design for Platform
Source: AFWL 24 August 1971

Contractor Designs

In 1971, EG&G completed a TRESTLE Design Study, the objective of which was to “define the
design of the TRESTLE simulator concept and to provide reasonable cost and schedule
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estimates” (EG&G 1971:1-1). Pulser voltage levels of 12 and 60 MV were planned for the
vertical and horizontal polarizations, respectively, which far exceeded those of any high voltage
system at the time (EG&G 1971:1-9). Using figures of merit, the study recommended the
following configuration:
1) Variable, bounded wave system;
2) Two-plane, transmission line antenna of 51 wires in each plane with a straight 80-m
center sections flanked by 45-ft conical feed and termination sections;
3) Resistive and inductive terminator;
4) 35-m (from grade), 200 x 200 ft dielectric test stand set in a bowl-shaped excavation;
5) Command, control, and data monitoring center; and administrative and support
facilities (EG&G 1971:2-1 & 2-2).

In September of 1971, the Air Force sought companies with the appropriate research and
development (R&D) experience for the TRESTLE program to: “manage, integrate and fabricate
high voltage pulse generators, large antenna structures, and large dielectric (such as wood)
structures” (AFSWC 1971:1). The Air Force contracted with MDAC, Boeing, and General
Dynamics to “define what such a simulator might look like” (Tate 25 Jan 81:3). None of the
resulting proposals was selected, but ideas from the three contractor’s designs were studied by
scientists at AFWL (Project 1209 1973:2). “The best features of each were incorporated into a
new procurement package that was resubmitted with MDAC the eventual winner in Apr 1973” (Tate
25 Jan 81:3).

The Air Force Program for TRESTLE Construction

From 1968 to 1971 EG&G and AFWL investigated in-flight EMP simulation and conducted
feasibility studies. Once the Air Force considered a trestle EMP simulation facility viable, the
project entered what was later referred to as “Phase O.” This phase consisted of pulser studies
and the conceptual design competition between MDAC, Boeing, and General Dynamics (AFWL
n.d. a). During this phase, Los Alamos Scientific Laboratory (LASL) was also approached to aid
AFWL with general support in mechanical, structural and some theoretical areas, but the
laboratory rejected the idea (Project 1209 1973:1).

In 1970, AFWL developed a series of reports to address the conceptual approach to an in-flight
simulator and began to call the facility TRESTLE. This study used the B-52G as the basis for
the design parameters, including dimensions, loads, and turning radius (AFWL 1970: 1-37-1-39)
(Figure 14).

Table 3 shows some of the characteristics used for the conceptual design.
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Figure 14: Plan 