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ABSTRACT

Ordnance subsystems and components are critical ele-
ments in intercontinental ballistic missile (ICBM) sys-
tems. Since the early 1960s, the U. S. Air Force has suc-
cessfully fielded four ICBM systems, these being the
Minuteman I, II, III and Peacekeeper systems. In addi-
tion, the mobile, high technology Small ICBM system
was successfully demonstrated. Each ICBM system in-
cluded three solid booster stages, an optional liquid pro-
pellant post boost propulsion system, a guidance and con-
trol system, and reentry vehicles (RVs). Ordnance is re-
quired on these systems for stage ignition, stage separa-
tion, thrust vector control system actuation, fluid isola-
tion valve actuation, battery actuation, thrust termination,
and RV release. In addition, an ordnance destruct sub-
system is mandatory for each flight test.

The similarity between these ICBM systems enabled the
development and evolution of ordnance designs; e.g., the
isolation valves, linear shaped charges for destruct sub-
systems, linear explosives for stage separation rings, and
confined detonating cords for explosive train intercon-
nections were used on all five ICBM systems. However,
this approach did not prevent the programs from adopt-
ing new technologies to improve performance. For ex-
ample, high temperature resistant HNS explosive was
adopted and the through-bulkhead initiator and explod-
ing bridgewire initiator replaced the hot bridgewire-based
squibs and detonators. In the Small ICBM, a laser/fiber-
optics based ordnance firing system was developed with
added built-in test capability to completely eliminate the
bridgewire-based devices and their associated electrical
hazards.
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Improved processing technologies were adopted for
achieving a longer service life for explosive devices; a
good example is the hermetic seal. Better methods were
adopted for ordnance testing; examples are the thermal
transient pulse test for hot bridgewire squibs and detona-
tors and the built-in reflectometry for testing of laser ord-
nance. These approaches dramatically improved reliabil-
ity, safety, weight efficiency, service life, and cost effec-
tiveness.

This paper reports the trends and the needs of the evolu-
tion of the ordnance subsystems and components with
the emphasis on technology availability, maturity, and the
payoff. The trends for future design are highlighted, and
long service life and cost effectiveness are addressed.

L_HISTORY

The evolution of Air Force Intercontinental Ballistic Mis-
sile (ICBM) systems has been reported in Reference 1.
Here we briefly narrate the history as pertinent to their
ordnance subsystems and components. Minuteman I (MM
I) was the first significant Air Force solid stage ICBM
deployed. It consisted of three solid propellant booster
stages, a guidance and control (G&C) system, and one
Mark {1 RV. Over a hundred ordnance items were de-
signed and developed for the missile launch and flight
operations. When one looks back it is apparent that very
good guidelines were established early in the missile de-
velopment and were then adhered to by the later ICBM
systems. For example:

1) A commonality of design for all three booster stages
was established. An in-situ Safety and Arm Device
(S&A, KR-80000) was designed by Thiokol and an
Arm/Disarm switch (A-D, 7300-11) was designed by
Hercules (now Alliant TechSystems). A high reliabil-
ity squib (ES-003) was designed by U. S. Flare Co.
(now Tracor Inc.) and an interstage separation mecha-
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3)

4)

5)

6)
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nism was developed by Boeing/Unidynamics (now
Pacific Scientific).

Safety was established as an ordnance desi gn priority.
Motor ignition was considered the most important;
therefore, a redundant rotatable explosive train was
designed for the S&A. The stage separation was the
second most important, so a rotatable electrical switch
design was adopted.

To maximize squib and detonator reliability, a low
bridgewire resistance, high current initiation approach
was adopted. The low resistance is also beneficial for
RF environment survivability. The missile batteries
supply up to 30 A of surge current.

DOE was responsible for the ordnance internal to the
RV. The ordnance for RV release, spin generation,
shroud jettison, and retro motor ignition were appli-
cation-unique and were developed separately.

Existing proven designs were adopted where possible.
Several examples exist. The hot bridgewire (HBW)
based detonators were adopted from Navy aircraft
applications. An array of electrolytic and thermal bat-
teries were initiated with squibs originally developed
for batteries from other space and military programs.

Four thrust termination (TT) ports were attached on
the aft cylinder section of Stage III. The ports were
assembled and held in place by snap rings which con-
tained a “frangible sector.” The sector contained HMX
explosive initiatable by an HBW detonator. The snap
rings would be deactivated by firing the detonators.
The four detonators were controlled by the G&C via
an A-D switch.

Tradeoffs were conducted on ordnance requirements.
At the time MM I was developed, the guideline for
ordnance components and systems had already been
well established. MIL-STD-1512 specified a number
of safety and reliability requirements; e.g., the 5-
minute | Watt-1Amp no-fire test, the 500 picofarad -
25 kV electrostatic discharge (ESD) test, and the her-
metic seal requirement. Under the constraint of min-
iaturization, reliability, and schedule (MM I was a
schedule accelerated program), these requirements
were not implemented fully. However, rigorous envi-
ronmental testing, acceptance, and qualification were
followed for all MM I ordnance components. The
guideline of redundant channels for high reliability was
adopted on a system level.

2

In the later 1960s, Stage IT was redesigned to have a larger
diameter. A single nozzle with a Liquid Injection Thrust
Vector Control (LITVC) and a gas jet roll control (R/C)
replaced the quadruple electrically operated nozzles. The
new MM I ICBM included one Mark 11C RV plus a
number of RV decoys and Penetration Aid Deployment
Systems (PADS). These additions increased the number
of ordnance components required.

In the early 1970s, Stage Il was redesigned to have a
larger diameter, a new Class 1.3 propellant grain design,
and a glass composite motor case. Again, a single nozzle,
LITVC and R/C replaced the quadruple electrically oper-
ated nozzles. The number of TT ports was increased from
four to six and the ports were relocated to the forward
end of the motor. Because the ordnance battery was mar-
ginal to simultaneously initiate 12 HBW detonators (two
per port) and to ensure simultaneity, a detonation harness/
manifold system based on using confined detonating cords
(CDC) was designed to initiate linear shaped charge (LSC)
based port cutting mechanisms. A hybrid A-D/S-A con-
taining a rotatable detonator and electrical switches was
designed specifically to operate the Stage II'TT ordnance
and to arm R/C and LITVC ordnance circuits. The num-
ber of RVs was increased to three (Mark 12) as well as
the necessary decoys and PADS. A liquid bi-propellant
(MMH and N,0,) based Propulsion System Rocket En-
gine (PSRE) module containing four roll, two yaw, four
pitch, and one axial engine was added to MM I1I between
Stage III and the G&C. This implementation required
the addition of a separation ring between Stage III and
PSRE, an explosive cable separation module and five ex-
plosive actuated isolation valves to control the propellants
and the helium gas for propellant tank pressurization.

In the 20 years of evolution from MM I to MM I, the
same design ordnance components were maintained with
new components added as required. This approach had
to be abandoned for the Peacekeeper ICBM design in the
later 1970s. The Strategic Arms Limitation Treaty No. I
requires that the ground based ICBM silo size be limited
to that prior to the treaty, i.e., MM silo size. Carrying out
the objective of delivering of up to 10 Mark 21 RV with
arange comparable to that of MM IIT and a missile length
deployable in the MM silo, the optimized desi gn for three
Kevlar composite case based solid booster stages and a
post boost vehicle (PBV) similar to PSRE required in-
creasing the missile diameter from MM IIT’s 53 inches to
92 inches. This size would just fit into the silo. However,
an unexpected problem due to ordnance was encountered.
Each MM A-D, S&A, and A-D/S-A was equipped with a
manually operated safing pin. The pin can only be reached
by removing a small access cover on the missile. The
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arming of the missile, only allowable under full missile
alert, i.e., prior to the launch, is achieved by inserting a
rod key into the missile and manually turning all the pins.
The projected increase in missile diameter eliminated the
possibility of sending a crew into the silo for this arming
procedure. The Nuclear Weapon System Safety Group
required this positive interruption mechanism. However,
the group did indicate that if a more reliable and safer
ordnance system was designed for Peacekeeper, the safing
pin requirement could be relieved.

Atthat time, two advanced ordnance system designs were

- available. Laser ordnance, which uses a high power laser

pulse as the stimulus and fiber-optic cables as the energy
transfer medium, was attractive because it was intrinsi-
cally immune to RF interference and ESD. The technol-
ogy had been pioneered by NASA for over 10 years after
both components were available. Initiation of a number
of explosive compositions by laser pulses was success-
fully characterized. A preliminary assessment indicated
that a laser/fiber-optics based ordnance system could be
designed for Peacekeeper with weight and cost savings.
However, it was new and had no established reliability
record. The decision was made in favor of the exploding
bridgewire initiator (EBWT) and confined detonatin g cord
(CDC)-based ordnance initiation system.

EBWT s also based on a bridgewire; however, it is loaded
with an insensitive secondary explosive, pentaerythritol
tetranitrate (PETN), which require a shock stimulus for
successful detonation initiation. The shock is achieved
by discharging capacitor charged to thousands of volts
through the bridgewire. The high energy discharge ex-
plodes the wire and the shock initiates the PETN loaded
onit. Because of the high voltage and energy required, it
is intrinsically safer than an HBW-based squib or detona-
tor. Shock is also required for initiation and propagation
in a CDC. Even in a bonfire environment these compo-
nents deflagrate rather than detonate, thereby eliminating
the threat of inadvertent firing of the missile. In 1975,
EBW systems had been successfully used in the Army
Pershing I missile, and the Navy Polaris (A-3) and
Poseidon (C-3) missile systems. A good performance da-
tabase was therefore available.

The adoption of the EBW ordnance design led to an out-
standing feature of the Peacekeeper ordnance, the stan-
dardization of ordnance components. There are essen-
tially only three system components:

1) The high voltage capacitor-based firing unit (FUy
EBWI assembly.
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2) The CDC-based ordnance transmission assembly
(OTA). The end tip of the OTA provides a detonating
output, replacing all detonators.

3) The through-bulkhead initiator (TBI) provides a de-
flagration output upon actuation of OTA end tip, re-
placing all squibs.

This standardization enabled the Air Forrce to take the
cost effective step of making a single prime contractor
responsible for all ordnance for Thiokol was selected for
the development and production of the Peacekeeper Ord-
nance Initiation Subsystem (OIS). In addition to the tra-
ditional initiation function for motors, iso-valves and gas
generators for TVS, and staging ordnance, the OIS also
covers the airbome power supply battery initiation, ini-
tiation of the launch ejection system, the gas generators
for the extendible nozzle exit cones (ENEC) used in Stages
I and MI and the shroud ejection motor.

The Small ICBM was a mobile missile developed under
an Air Force ICBM modemization program. It was de-
signed to faunch a single Mark 21 RV and be carried by a
low profile, diesel powered, nuclear environment hard-
ened, mobile launcher (HML). Both HBW and EBW-
based ordnance systems were determined to be unfavor-
able for this system. Under prolonged low level vehicu-
lar vibration, gaps and voids can form in the squibs and
detonators at the HBW/explosive interface with resulting
failure. A Peacekeeper study on the OTA found that the
vibration can induce fatigue-originated breakages in the
metal sheath around the explosive core in the CDC, again
resulting in failure. In addition, the Peacekeeper OIS re-
quires a very bulky battery-inverter assembly which would
not be weight efficient. Laser ordnance was attractive
because of the high resistance to fatigue breakage of the
quartz optic fibers and because a built-in test (BIT) for
end-to-end checkout of the optical path continuity can be
safely and reliably implemented. In HBW and EBW sys-
tems, no built-in test of the actual bridgewire using elec-
tricity is allowed on an assembled missile.

As a result, laser ordnance was selected for the Small
ICBM. Hercules was selected as the prime contractor for
this Ordnance Firing System (OFS). The development
was highlighted by a compact, central, highpower pulsed-
laser-based firing unit (LFU), a multiple-channel fiber-
optic-cable energy transfer system (ETS), and a laser ini-
tiated detonator (LID). The development was very suc-
cessful considering that the dynamic environments for the
Small ICBM were much more severe than those of either
Minuteman or Peacekeeper. In the two flight tests, the
OFS, including the BIT, performed flawlessly. The func-
tions of the OFS were essentially identical to the Peace-
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keeper OIS with the omission of ENEC gas generator ini-
tiation (not in use in Small ICBM). The success of the
OFS generated broad interest in laser ordnance systems
around the country. Following the termination of the Small
ICBM program in 1991, NASA worked with industry and
successfully demonstrated using of an OFS in other mis-
sile and launch vehicle applications. With the advance-
ment of the state-of-the-art, much easier-to-use laser di-
odes have been adopted to replace the crystal laser rod
and xenon flash lamp based LFU. Additional cost saving
and system simplicity can be achieved. An OFS can be
easily adopted for ICBM and tactical missile applications
as well (however no retrofit of this system for MM III or
Peacekeeper is planned).

II. MM 111 ORDNANCE DESIGN

Except for the All Ordnance Thrust Termination (AOTTD),
MM 1II inherited the early MM ordnance design -with
added components as required.

S&A

Figure 1 shows the exterior configuration of the S&A.
Two squibs are located in a rotor housing sealed by a thin
metal diaphragm. The flange and an O-ring seal the as-
sembly to the motor igniter port as shown in Figure 2.
The igniter is cylindrically shaped (Figure 3). In the safe
position the diaphragm is 90° misaligned with the entrance
hole of the igniter so that, if the squibs are inadvertently
initiated, the B/KNO; pellets in the igniter will not be
initiated. Arming produces a 90° rotation of the rotor so
that the holes and the squib outputs are aligned for flame
propagation. This is a triple redundant safety design as
the squib ignition leadwire connect and disconnect switch
contacts are also controlled by the rotor. A safing pin

-

MUTUAL
SQUIB AXIS

SQUIB AIM AT
ARMED POSITION

Figure 1. Exterior Configuration of S&A
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Figure 2. S&A Installation Configuration

Figure 3. Typical Igniter Design for
Interfacing with S&A

further inhibits the rotor from arming. The pin can only
be deactivated by inserting and manuaily turning a key
through an access cover on the missile. Figure 4 shows
the S&A electrical schematic diagram and interior pro-
file. It has two electrical connectors, one for the DC
motor bidirectional rotation control and monitor circuits
and one for the squib firing lines. The separated circuits
were implemented per MIL-STD-1512. The purpose of
the 39 ohm “stub-stat resistor” was to provide a known
load for firing line continuity checkout when the S&A is
in the safe state. System level checkout of the firing line
in the arm state is prohibited. The S&A uses a minimum
number of O-rings. The safing pin is sealed by a metal
bellows thereby eliminating the need for a “rotary” O-
ring seal. Both features have proven to be superior to the
later models of S& A used in space launch vehicles in terms
of service life and reliability.

ES-003 Squib

Figure 5 shows the design of the ES-003 squib used in
the S&A. Itis derived from a popular commercial squib,
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Figure 4. S&A Profile and Electrical Schematic

WIRING DIAGRAM:
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BOOSTER CHARGE

HARD PAPER SPACER

CASE

0.271"
APPROX

0.283" DIA
APPROX

'

/

MAIN (CASE)
CHARGE

APPROX

BRIDGEWIRE
BEAD CHARGE

SHUNT

LEADWIRES

MOLDED PHENOLIC PLUG

Figure 5. ES-003 Squib Schematic Diagram

U. S. Flare Model 207, with a slightly increased output
pyrotechnic change. It is based on the crimping of an
aluminum can on a molded phenolic plug and is there-
fore not hermetically sealed. The design was necessary
to achieve miniaturization, as the size of squibs using a

glass-to-metal seal design containing two leads is usuaily
much larger. It was also taken into consideration that the
S&A was environmentally sealed and protected by O-
rings.
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The output main charge (90 mg) is made from zirconium-
nickel/KC104 composition. A relatively insensitive py-
rotechnic composition, KC1Oy4/lead thiocyanate with an
inert additive, was used as the initiation charge (~6 mg)
and the booster charge (60 mg). The initiation charge
was applied on the bridgewire by a slurry or beading tech-
nique which forms a high integrity bonding all around
the bridgewire. The resistance of the nickel alloy
bridgewire is approximately 0.2 ohm. The key perfor-
mance parameters of the ES-003 are included in Table 1
along with other key squibs and detonators used on MM
1R

* A-D Switch

The A-D is a bi-directional, DC motor driven, multiple-
contact, electrical switch which controls the firing lines
of the squib detonators. It does not contain an explosive
train. Its electrical function is quite similar to that of the

N WN

* NOTE: SAFING SHAFT REFORMED
PACKING ELIMINATED IN ACCORDANCE
WITH T.O. 11A19-2-5-502.

[ S G QY
DO HWN O ©

S&A shown in Figure 4; however, its electrical contacts
are based on a multiple pin contact design whereas the
S&A uses a printed circuit contact. An A-D switch is
capable to operate four firing circuits as compared to the
two channels only in the S&A. Similarly, it has the same
type monitors for arm and safe, 39 ohm stub-stat resis-
tors, a visual indicator, and a safing pin (called safing
shaft). An exploded view of the A-D is shown in Figure
6. Note that it is also sealed and protected by several O-
rings. There are five A-D switches used on MM I, three
for staging control, one for R/C and LITVC control for
Stage IT and one for isovalve actuation control on the
PSRE.

Arm-Disarm/Safe and Arm Device (A-D/S-A

This device adopted a hybrid design for a Stage Il unique
implementation. It contains a rotary switch similar to the
A-D and arotary explosive train for initiation of the CDC

SAFING SHAFT BEARING

ASSEMBLY 18 INSULATOR
PACKING 19 SCREW
IDENTIFICATION PLATE 20 SCREW
DESIGNATION PLATE 21 ACTUATOR
DESIGNATION PLATE 22 PACKING

SCREW 23 CONTACT ASSEMBLY
SCREW 24 SWITCH SECTION
SAFING SHAFT 25 INDICATOR ASSEMBLY
HOUSING ASSEMBLY 26 SWITCH SECTION
PACKING 27 SET SCREW

SET SCREW 28 INSERT

SPACER 29 CAP

BEARING 30 CAP

SHIM 31 PACKING
RETAINER 32 PACKING

SPRING 33 SWITCH HOUSING
RETAINER MOUNT ASSEMBLY

Figure 6. Exploded View of A-D Switch
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hamness of the AOTT. Both are driven by a single bi-di-
rectional DC motor. It is different from the S&A in that
the output is a redundant detonating stimuli with two
CDCs (on Figure 7, shown as CCMDF for Completely
Confined Mild Detonating Fuse, an alternate acronym for
CDC). It contains two redundant and electrically initi-
ated HBW detonators, D3A2, at fixed positions. The out-
puts of the detonators face two end tips of CDC with a
rotary barrier wheel separating them. The wheel also
contains two RDX filled “lead” explosive capsules. In
the safe state, the barrier interrupts the detonation trans-
fer even in an inadvertent D3A2 initiation. In the arm
_ state, the lead explosive capsules align with the train,

thereby allowing the detonation transfer. The circuit,
safing pin, and visual indicator designs are essentially
similar to the S&A and A-D.

D3A2 Detonator
The D3A2 was adopted from the Navy Mark 70 Mod 0

electrical detonator for aircraft applications. The only
change is the bridgewire resistance, from 3.0 - 7.0 ohm

to 0.05 - 0.1 ohm. In order to achieve miniaturization,
the D3A2, like the ES-003 squib, uses a molded plastic
and crimped stainless steel can design; i.e., it is not her-
metically sealed. The explosive train consists of slurry
beaded lead styphnate on the bridgewire, 40 mg of initia-
tion lead azide, 50 mg of booster lead azide, and 80 mg of
output PETN. Later, silicon sealant was used to seal the
can/plug interface near the crimp line at the bottom of the
detonator. The improved detonator, designated D3A4,
has essentially the same performance characteristics as
the D3A2 (Table 1). Figure 8 shows the design of D3A4.

Interstage Ordnance

The objectives of the interstage ordnance are twofold: to
separate stages, or staging, and to remove the skirt for
payload range efficiency. These two ordnance events arise
from a single initiation event but with a prescribed time
delay between them for the protection of the nozzle exit
cone. The time delay is 16 sec for the I/II interstage and
I sec for the II/III interstage. The sequence of explosive
events, as illustrated in Figure 9, is as follows:

SOLENOID COIL ASSEMBLY
PRINTED LOCK PIN
CIRCUIT
BOARDS

CONTACT
CARRIERS

RESISTOR, SWITCH
ASSEMBLY

ELECTRICAL
CONNECTORS
(4 REQD)

CCMDF ASSEMBLY

MANUAL SAFE PIN ASSEMBLY

BOOSTER
DETONATOR (2 REQ'D)

Figure 7. A-D/S-A Configuration
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5.000 (SD-304)

Figure 8. D3A4 Schedule Diagram

Table 1. Typical Function Characteristics of
MM III Squibs and Detonators

EED BW Firing | Firing | Firing
identifica- Resistance | Current | Time | Energy
tion Usage (ohm) (A) (ms) (mJ)
ES-003 S/A 0.19+0.03 7 1.5 147
D3A2 A-D/S-A, | 0.07 £0.03 7 0.12 0.40
PSSSA
XUD-1094 | Staging | 0.45%0.1 7 1.0 221
UMHM-1051 | Battery 0.13+0.02 7 2.0 12.7
Atlas PS&CD | 022+0.12 9 2.5 44.5
IGN-111 Batteries,
"C" Band
Telemetry
Holex 3675 | PSS 0.22+0.12 9 44 78.4
Battery
AGX-2601 { CD S/A 0.18 £ 0.05 7 0.05 0.44

1) The firing command passes through the A-D switch,
8, fires the redundant detonators, 1, (Figure 10).

2) The detonators fire the circumferential linear explo-
sive, 2, (Figure 11), to effect the stage separation, ac-
tuate the mechanical safe and arm device. 4, (Figure
12), by a lanyard pull, and initiate the delay detona-
tors, 3, (Figure 13).

3) The redundant delay detonators in turn initiate the high
explosive leads (RDX) in the Safe and Arm.

4) The output of the Safe and Arm initiates the RDX based
H-Booster, 5, (Figure 14).

Figure 9. Interstage Ordnance Configuration

5) The H-Booster initiates the linear explosives, 7, to
separate the skirt from the departing stage. The pur-
pose of the H-Booster is to provide a crossover of ex-
plosive trains for additional reliability.

6) The four longitudinal linear explosives, 6, (Figure 15)
sever the simultaneously cutoff interstage into four
equal segments (Figure 16).

The linear explosives are simply a lead sheath, 2.3 grains/
ft of RDX based mild detonation fuse with a thin layer of
fiber glass braid. The input and output ends of the delay
detonator are loaded with lead azide. The delay mix, D-
16, is a manganese type composition per MIL-M-21383.
The A1A mix (formulated per MIL-P-22264) is critical
for the D-16/lead azide propagation interface. The mesh
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CONDUCTOR CABLE

TERMINAL LUG
(SEE NOTE)

Z ELECTRICAL
SHORTING RECEPTACLE

CAP

NOTE:
APPLICABLE ONLY TO

P/N 995-5251-5 OR -6 DETONATOR

Figure 10. Staging Detonator External Configuration

SLEEVE CAP

CEPOX 401
ADHESIVE

BRAID
EXTENSION

CEPOX 401
ADHESIVE

FIBERGLASS BRAID
CHARGE INSULATION

SLEEVE CAP

Figure 11. Linear Explosive Design

COVER SPRING LANYARD
BALL
EXPLOSIVE BEARING

SHEAR PIN
BOOSTERS (2) .

PEIN

~

{ PN

VA

VENT
HOLES

Figure 12. Staging Mechanical S&A Design

BARRIER BODY ASSEMBLY
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baffle for holding the A1A powder at the output end of
the delay detonator has proven to be a marginal design to
prevent the migration of the A1A powder. A low percent-
age of detonator failure-to-propagate was noted-in some
flight tests. Although skirt removal is not a mission criti-
cal event, the delay detonator will be redesigned in the
next round of ordnance refurbishment.

Figure 17 shows the configuration of the separation joint.
The linear explosive is held by a half tube shaped “charge
holderring.” The interstage surface facing the charge ring,
containing the linear explosive, is either thinned down or
provided a stress relief groove to facilitate severance. This
type of design is also selected for use in Peacekeeper and
development of Small ICBM.

The detonator XUD-1094 is fabricated as a part of the
staging cable assembly. It contains 215 mg of polyvinyl
lead azide and is designed to be hermetically sealed. The
maximum helium leak rate requirement is relatively loose,
only 104 cc helium/sec versus 106 cc helium/sec usually
used for detonators per MIL-STD-1512. The entire deto-
nator/cable assembly has a rigorous electrical shield de-
sign for safeguarding against RFL. Other explosive com-
ponents in the interstage ordnance do not have a hermetic
seal requirement.

Initiators for R/C, LITVC, Cable Separation
Cartridge, and Isolation Valves

ES-003 squibs were packaged to provide a deflagration
output to initiate the ammonium nitrite (AN) based gas
generators for the R/C, LITVC, P107 cable separation
module and the booster charge in the isovalves. In these
applications the size of the initiator was not an issue; there-
fore, a larger, hermetically sealed squib body was pos-
sible containing both redundant ES-003 squibs and the
addition of booster charges; e.g. SOS-109 (TiH,/KC10y),
Hercules High-Temp powder, and B/KNO; pellets (Fig-
ures 18 and 19). The inherent high reliability of the ES-
003 minimized the testing scope required. Cost effec-
tiveness was achieved.

All Ordnance Thrust Termination System (AOTT)

The six TT ports equipped with LSCs for cutting of Stage
I forward dome case (~0.100 in. thick) are initiated by a
CDC harness system. The redundant outputs of A-D/S-
A are routed into a CDC junction box and split into twelve
CDC outputs, two per each port (Figure 20). The CDC
routing is secured on the Stage III forward dome as shown
in Figure 21. The CDC consists of seven layers of fiber-
glass shielded lead sheath 2.5 grains/ft RDX based MDF.
Each CDC end is integrated with a 100 mg PETN end tip

9
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Figure 13. Construction of the 1 Second Delay Booster Detonator
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CLOSURE
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Figure 14. "H" Booster Interior Configuration

to initiate the circumferential LSC in the port. The LSC
is lead sheath based and contains 30 grains/ft of RDX.
This amount of charge not only can sever the case but
also the rubber internal insulation inside the case. - This
fundamental CDC design concept was also used in the
Peacekeeper OIS design.

10

Isolation Valve

There are minor differences between the valves for con-
trol of the helium gas and the liquid propellants in the
PSRE and that used on Stage III LITVC helium gas con-
trol (for pressurization of the injection liquid). Basically
the design (Figure 22) originated from the NASA Gemini
spacecraft. The design utilizes a nipple fitting, or a nipple
tube with integral shear cap nipples, to provide a hermetic
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LINEAR CHARGE (RDX)
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Figure 15. The Design of the Longitudinal Linear Explosive

STAGE Il '
Figure 17. Typical MM Separation Joint
| Configuration
STAGE I-1l
SKIRT CONNECTOR PIN
N SQUIB ELECTRIC
‘ MOD ES-003
!
QE—':
'
IGNITER PERFORATED

Figure 16. Completion of Skirt Removal Operation SCREEN

\ﬁ\

Figure 18. R/C Initiator Schematic Diagram
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Figure 20. AOTT Explosive Train Configuration

seal for the normally closed vaive. A booster charge (SOS
109 composition) initiated by the squibs drives a shear
ram to sever the nipples and open the flow path. : This
design was adopted for the Peacekeeper and Small ICBM
liquid propellant-based post boost vehicles.

Figure 21. Stage 3 AOTT Layout
All Ordnance Destruct System (AODS)

Aluminum sheath, RDX based, LSC assemblies were
designed for the AODS. The loading of LSC is 200 grains/
ft for Stages I and IT (metal cases) LSCAs and 100 grains/
ft for Stage M LSCAs and the PSRE (metal tanks) LSCAs.
The LSCAs are redundant and connected in series from
stage to stage via CDCs. The LSCs can be initiated from
a Command Destruct S&A in the PSRE which contains
two AGX-2601 detonators and two explosive leads. Both
sides can be fired by the Command Destruct receiver/con-
trol because the AODS is launched in the armed state.
The design is very similar to later models used for space
launch vehicles, both for normal ordnance and destruct
systems. An example is the Thiokol Model 2134B S&A
used for the Delta and Titan IV launch vehicles. On the
forward end of Stages I, II, and III, a premature stage
separation (PSS) S&A is added. The S&A is actuated by
a lanyard connected between Stages I and II, or Stages II
and 11, and by a mechanical actuator on Stage III. Dur-
ing PSS, the S&A is armed and the two D3A2 detonators
contained in it are connected to the PSS destruct batteries
to effect initiation. In normal staging, the S&A is not
activated, thus destruct does not occur (Figure 23).

G&C Interface

The ordnance events are fired by the selected outputs of
the G&C system. The firing pulse is rated at 30 A and 1
second in duration. With a quadruple simultaneous firing
event, each HBW device thus has an average firing cur-
rent of 7.5 A. The function data in Table 1 and the ap-
proximately 2 A thresholds of these devices assure a large
reliability margin. In a nuclear weapon system a Unique
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Figure 22. Gas Flow Control Isolation Valve

Signal Device (USD), a coded safety device, is required.
MM missiles have a partial USD, named the Command
Signal Decoder (CSD). Itis a 27 code posts, time wheel
system, to accept a preset code (Figure 24). It is located
on Stage I and is commanded by ground control. The full
arming of the device is necessary to fire Stage 1.

S&A., A-D. A-D/S-A CDS&A, PSSS&A Performance
Checkout

Twenty-two performance parameters can be checked for
each device, both at 18 V and 30 V input levels. Because
of the design commonality in these devices, a single test
set can be used for all of them. In 1990, an Intel 8088
microprocessor-based test set (AN/GWN P/N 1000500~
1) was qualified for the automated checkout of all the
devices. The system is capable of comparing the test re-
sult with preset limits and prints out a pass/fail for each
test. Only devices that pass the test are installed. An
example for the S&A 18V test sequence is shown in Table
2.

ESD and 1W-1A Testing

Because of the high degree of miniaturization of the ES-
003 squib, the XUD1094 detonator, and the D3A2 (D3A4)
detonator, two size dependent test requirements per ord-
nance specifications, MIL-STD-1512, MIL-STD-1576
and DoD-E-83578, can not be met. The ESD require-
ment is 3,000V/5,000pf versus the required 25,000V/
500pf. The no-fire test requirement is 1A for 15 sec ver-
sus the required 1A-1W for 5 min per MIL-STD-1512
and MIL-STD-1576. The composited initiators made by
encasing ES-003s may meet both requirements. Because
the ES-003 and D3A4 are mainly for installation inside
S&A and A-D/S-A devices, the risk of ESD due to the
handling is mitigated.

III. PEACEKEEPER ORDNANCE DESIGN

Ordnance Initiation System (OI1S)

The standardization of ordnance components in FU/EBWI
assemblies, OTAs, and TBIs greatly simplified the Peace-
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SAFE-ARM DEVICE (ITEM 46)
(IDENTICAL FOR FIRST
AND SECONG STAGES)

SAFE-ARM DEVICE (ITEM 46)
(IDENTICAL FOR FIRST
AND SECONG STAGES)

SAFETY AND ARMING DEVICE (ITEM 45)
COMMAND DESTRUCT .

GUIDED MISSILE

keeper OIS. The OIS missile function is shown in Figure
25. A localized, distributed FU implementation was
adopted: i.e., FUs are located near the ordnance events,
usually on the same stage. A significant weight efficiency
was achieved with this approach. Simultaneous initiations
are implemented by using OTAs in “Tee” connections.
These interconnected OTA harnesses were assembled at
the factory and delivered to the stage contractors in ord-
nance harness (OH) kits. Twelve types of OH Kkits are
used on the missile. A “cross-over block” design is used
for OTA connections across the staging plane where re-
quired.

P

Figure 23. AODS Components

14

(FIRST STAGE)
DESTRUCT ASSEMBLY
508014-9

508014-11

510006-1

7

(SECOND STAGE)
DESTRUCT ASSEMBLY
504866-13

504866-14

510007-1

(THIRD STAGE)
DESTRUCT ASSEMBLY
504867-13

504867-15

510008-5

510008-7

EBWI, TBI, and OTA are also used on the Peacekeeper
destruct system, the “Flight Termination Ordnance Sys-
tem” (FTOS). The design of the FTOS along with these
components has been reported in Reference 2. Both EBWI
and TBI are hermetically sealed (106 cc helium/sec maxi-
mum leak rate). The CDC used in the OTA design is
significantly improved over that used on MM I1I. It has
two layers of stainless steel braids for better ruggedness,
an aluminum sheath replacing the lead sheath in the MDF,
polyethylene and polyurethane tubes for moisture pro-
tection, and high temperature resistant hexanitrostilbene
(HNS) replacing the RDX for MDF core load.
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Firing Unit

The OIS FU is different from the FU for the FTOS re-
ported in Reference 2. Both FUs are fundamentally high
voltage discharge-based designs for initiation of the same
EBWIs. The FTOS FU high voltage capacitor has a slow
charging current and is continuously powered through
prelaunch and flight phases; It includes a built-in DC-
DC converter. The OIS FU has a fast charging rate and is
charged as part of the ordnance function. Thus a high
current (30 A) 17 kHz central inverter, located in the G&C,
was designed for a better system weight saving. The sche-
matic diagram of OIS FU is shown in Figure 26.

A single FU contains the control and firing circuits for
both redundant EBW channels. In order to minimize the
lead wire impedance load-down effect on EBW firing ef-
ficiency, both EBWIs are directly connected to high volt-
age connectors on the FU. The FU contains two high-
voltage circuits, one for each channel. Each section in-
corporates four relays (used as control and blocking ele-

15

Command Signal Decoder Interior Configuration

ments), a step-up transformer, a full wave bridge recti-
fier, a high-voltage capacitor, a spark gap, and a bleeder/
monitor resistor network. After activating the necessary
relays to connect the respective channel, an AC firepower
signal is applied through the relays to the transformer.
For reliability, the AC signal is turned on after the relay
contacts close and off again before the contacts open. This
signal (200 £ 25 volts, zero to peak square wave at 17
kHz) is stepped up at a 1:21 ratio. The AC signal is full-
wave rectified and begins to charge the high-voltage ca-
pacitor. When the charge on the high-voltage capacitor
reaches 1,700 volts, the overvoltage gap switch breaks
down and the capacitor discharges its energy into the
EBWI. The capacitor and the gap were adopted from
Navy and DOE designs respectively. The EBW firing
threshold is approximately 800V; therefore, an adequate
margin is achieved.

The relay contacts are configured for a series-parallel
operation to achieve maximum reliability. A single con-
tact/relay transfer will not activate the unit and a single
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Table 2. Electrical Checkout Criteria for
Safety and Arming Device Test Set

with TBIs replacing squib cartridges. Of course, all S&As,
A-Ds, and A-D/S-A are eliminated on Peacekeeper.

G&C Interface

The G&C provides DC arm signals and 17 kHz AC power
to each FU viaa G&C cable set. A Unique Signal Device
with 64 stepping motor steps is inserted between the G&C
and the FUs. This USD is a direct adoption of the USD
used in the Mark 21 RV, therefore achieving additional
cost effectiveness and reliability.

IV. SMALL ICBM ORDNANCE

Ordnance Firing System

The successful development of the Small ICBM OFS is
reported in Reference 3. At first glance it appears that the
OFS used totally new technologies; however, its imple-
mentation actually followed very closely the good design
guidelines of previous Air Force ICBM ordnance systems.
As a matter of fact, the OFS is more like the HBW ord-

Step
No. Test Set, Circuit Limits 18V ACT.
1 | Arm motor coil resistance 20 ohms (min)
2 | Safe motor coil leakage current 5 microamps (max)
3 | Arm monitor circuit leakage current 5 microamps (max)
4 | Safe monitor circuit resistance 0.60 ohm (max)
5 | Squib simulator No. 1 resistance 38-40 ohms
6 | Squib simuiator No. 2 resistance 38-40 ohms
7 | Squib simulator No. 3 resistance 38-40 ohms
8 | Squib simulator No. 4 resistance 38-40 ohms
9 | All circuits to case; insulation leakage 5 microamps (max)
current
10 | Control circuits to fire circuits; insulation | 5 microamps (max)
leakage current
11 Arming time 1000 millisec (max)
12 | Arm motor coil leakage current 5 microamps (max)
13 | Safe motor coil resistance 20 ohms (min)
14 Arm monitor circuit resistance 0.60 ohm (max)
15 | Safe monitor circuit leakage current 5 microamps (max)
16 Squib No. 1 resistance 0.60 ohm (max)
17 | Squib No. 2 resistance 0.60 ohm (max)
18 | Squib No. 3 resistance 0.60 ohm (max)
19 | Squib No. 4 resistance 0.60 ohm (max)
20 ! Allcircuits to case; insulation leakage § microamps (max)
current
21 Control circuits to fire circuits; insulation | 5 microamps {max)
leakage current
22 Safing time 1000 millisec (max)

relay failure to transfer will not prevent package opera-
tion. Each FU contains four relays. The DC arm X sig-
nal controls a set of two relays, with each relay pulling in
a contact on the AC high side and the AC return side and
with the two contacts on each side wired in parallel to
each other. The DC arm Y signal operates in an identical
manner. The firing command for the EBW is 14 ms in
duration with a 10 ms separation between the redundant
channels. This implementation conserves electrical power
and provides a better reliability under nuclear radiation
exposure. The nominal function time for an EBW during
the flight is 4-6 ms.,

Other Ordnance Components

There are five separation rings on Peacekeeper (Launch
Eject Gas Generator (LEGG)/Stage 1/Stage II/Stage ITI/
PBV/Shroud). Their designs evolved from MM designs
either using MDF or LSC with HNS core loads (except
for the /I stage separation ring in which RDX is used).
Peacekeeper did not incorporate skirt removal ordnance
because, with the ENEC design, the length to diameter
ratios of interstages are small and it is safe to install a
single separation ring for both skirt removal and stage
separation. The five isolation-valve-based liquid propel-
lant handling system is a direct copy of the MM III PSRE

nance initiation system used in MM III than the EBW
OIS used in Peacekeeper. The OFS adopted a central la-
ser firing unit (LFU) located in the post boost vehicle.
Optical pulses replaced electrical current pulses, fiber-
optic cables replaced electrical cables. The optical fiber
channel had a standard terminal design so that electrical
cable and connector designs were readily adopted for fi-
ber optic cable interconnections. A standard laser initi-
ated detonator (LID) was designed to initiate all ordnance
events in conjunction with the TBI adopted from the
Peacekeeper OIS. This approach simplified interfaces,
achieved cost effectiveness, and enabled a single contrac-
tor, Hercules (now Alliant TechSystems), to be selected
for the OFS development.

Laser Firing Unit

The LFU was designed with emphases on weight, cost,
and safety efficiencies. It consists of two redundant xe-
non flash lamp pumped high power pulsed lasers (wave-
length: 1.06 micron). Each channel has a stepping sole-
noid-based optical distribution mechanism to direct the
laser beam to separate focusing lenses that interface with
separate fiber optic channels to initiate LIDs for different
ordnance events. The mechanism is equipped with a safe
position and position monitors, resembling a sophisticated
S&A. A 16-step dual code-wheel USD used in the
Pershing missile was adopted in the LFU to arm two op-
tical shutters. This mechanically interrupted arm/safe
capability resembles the safing pin and is superior to the
EBW OIS. For electrical power efficiency, in addition to
the central laser implementation, a slower charging rate
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Figure 25. Peacekeeper Ordnance Initiation System

of 1 second (prior to each initiation event) is used for the
converter/high voltage xenon lamp discharge circuit. The
discharge is safeguard by a Sprytron trigger gap devel-
oped by the DOE specifically for the LFU,

LID and Fiber Optic ETS

The LID contains CP explosive, an advanced composi-
tion developed by DOE modified for light absorption ef-
ficiency. One unique design feature of the LID is its op-
tical window, which is coated with a dichroic film. The
film is transparent to the 1.06 micron wavelength firing

laser puise but is totally reflective to the 0.85 micron wave-
length low power diode laser pulse. This enables a diode
laser based BIT (Built-In-Test) to be implemented in the
LFU in parallel with the main laser optical transmission
path with a high degree of safety. At the component level
or for pre-installation checkout at the launch site. a com-
mercial Optical Time Domain Reflectometer (OTDR) was
used to check out the LID and fiber optic cable. The
OTDR inspection determined the optical transmission
characteristics of the channels and the location of any
anomaly should one be encountered.
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Figure 26. Peacekeeper OIS Firing Unit Schematic

The low energy loss in the optic fiber itself is superior to
common copper wire. This loss is only of the order of 10
dB/km. The system loss mainly occurs in the fiber-to-
fiber mating in a connector, resembling the electrical con-
tact resistance. The terminal pairs for fiber mating in the
ETS connectors were fabricated with much higher preci-
sion than their electrical counterparts and were acceptance
tested per the fiber optics military standards. The LID is
hermetically sealed. It has a laser initiation threshold of
approximately 5 mJ. Thus for a minimum LFU output of
300 mJ, ample system reliability is achieved.

Other Ordnance Components

The designs for the five separation rings and the isolation
valves used on Small ICBM are very similar to those used
for Peacekeeper. The Peacekeeper FTOS was adopted
for Small ICBM with the necessary LSCA design changes
to sever the graphite composite based motor cases used
on all three solid booster stages.

Unique System Testing

Highly nuclear radiation resistant optical components were
used for the OFS design; e.g., the GSGG crystal laser rod
and the plastic-clad pure-quartz optic fiber (Reference 3).
The components were evaluated by simulated pulsed ion-
izing radiation tests and a ground nuclear test and per-
formed satisfactorily. An extensive bonfire test series was
performed on the OFS explosive components because a
fire is a credible environment for a mobile missile. The
results indicated that the LIDs are fire safe and superior
to HBW and EBW ordnance components.

Future Aspects

The optical alignment procedure at the factory was criti-
cal for LFU performance. This elaborate alignment was
successfully achieved. Since the termination of Smail
ICBM, laser diode technology has continued to advance.
Diodes with outputs on the order of 10 W at an efficiency
of the order of 1 W per 1 A input current puise have be-
come available. Because of the much smaller size and
lower cost of a single diode system, including the elec-
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tronics, as compared to the crystal laser rod, H.V. pulse
discharge operated xenon lamp laser system used in the
LFU, a dedicated laser per each ordnance event could now
be implemented. A central LFU consisting of multiple
diode laser modules can be fabricated much simpler. In
addition, the high current pulse normally used to initiate
the HBW based squibs and detonators can now be di-
rectly used to pulse the laser diode. Figures 27 and 28
illustrate a conceptual design for applying the system to
MM III ordnance initiation. The work was only an exer-
cise during 2 Small ICBM technology transfer study after
the termination of the program, as no plan has been made
to execute the retrofit due to cost constraint and the fact
~ that current designs work well. However, it does illus-
trate a direction for future applications on new missiles
and space launch vehicles.

V. ORDNANCE SUBSYSTEM AND COMPO-
NENT TESTING

The success of ICBM ordnance subsystems and compo-
nents may be attributed not only to good design but also
to thorough testing programs. Besides the extensive test-
ing during the development, the ordnance productions
were highlighted by formal qualification and acceptance
testing, both of which were performed at the subsystem,
assembly, and component levels. In addition, screening

tests and in-process tests were established for critical parts
and processes. Table 3 briefly summarizes the test re-
quirements and approaches from which the following
comments can be made. .

Large Test Sample Size

The ordnance guideline, MIL-STD-1512, has very strin-
gent sample size requirements for demonstrating high
reliability in ordnance components and systems. Because
of the commonality in design, this extensive testing was
required on fewer components, resulting in significant cost
savings. This is particularly notable in Peacekeeper ord-
nance in which only two initiation components, the EBWT
and the TBI, were used.

Unique Test Methods

The combined temperature cycling and humidity test per
MIL-STD-331 Method 105 was adopted for a thorough
test of all subsystems and components. A combined high
altitude and thermal shock test provided good simulations
for both the vacuum and aerodynamic heating environ-
ments. The transportation vibration environment was
elaborate but successfully tested. These tests exceeded
the scope of current ordnance specifications. e.g., MIL-
STD-1576 and DoD-E-83578A.
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Figure 27. Diode Laser Ordnance Firing System Concept
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Table 3. Test Requirements for MM III, Peacekeeper, and Small ICBM Ordnance Components

Staging
Tests ES-003 D3A4 !Ordnance S&A A-D A-D/S-A AOTT AODS OIS FTOS OFS
Non-Destructive ‘
Inspection Y Y Y Y Y Y Y Y Y Y
Resistance Y Y Y Y Y Y Y Y Y Y
Radiographs [N X-Ray, [X-Ray N N N N N X&N-Rays, X&N-Rays
&T3 T3 T3
Helium Leak [N N N 5x104  |1x105  [1x106 N N 1x10°6 1x106
(cc/sec)
Safety
6&20ftdrop (Y Y Y N/A N/A N/A Y Y Y Y
1WA, DC 15 sec 30sec [15sec 15sec |[N/A N/A N/A N/A N/A N/A
1W/1A, RF Y Y Y N/A N/A N/A N/A N/A Y N/A
ESD 3000V, N 7700V, IN/A N/A N/A N/A N/A 25 kv, N/A
5000 pf 500 pf 500 pf
RFI N/A N/A N/A Y Y Y N/A Y Y Y
Environments
Non-Operational
Temperature ~35° -65° -5° ~35° -35° -35° -35° -35° ~58° =37°
& Humidity, °F [+125° +160° +125° +125° +125° +125° +125° +125° +126° +140°
Transportation {3.5 N 15-3.5 1.5-3.5 1.5-3.5 1.5-3.5 1.5-3.5 1.5-3.5 3.9 2.16
Vibration, grms | 5-300 Hz §-300 Hz |5-300 Hz [5-300 Hz |5-300Hz |5-300Hz | 5-300 Hz
Flight
Acceleration N N 159, 15g, 21g, 15g, 159, 15g, 11g, 15q,
(axial, lateral) 49 39 21g 39 39 3g 11g 2.59
Vibration
Random 20-69grms |0.03in.  |0.69%Hz |0.29%/Hz | 0.3g2/Hz [0.01g2/Hz 0.1g%Hz | 0.1g2/Hz 22 grms 18.7-60 grms
Sinusoid 6-12g - 12grms |0.5grms [0.4-14g |28 gms |35grms [1.0-25grms | - -
Shock, g N N 200 N N 1800-2900 | N N 6,750-13,500 6,750-37,000
Acoustics N N N "IN N N N N 143 dB 154 dB
Vacuum &
Temperature N Y Y Y Y Y Y Y Y Y
Shock, °F 220° 380° °  |450° 350° 250° 250° 250° 280° 280°
Sampling
Qualification 700 700 ~41 Assys |44 44 33 41 Assys | 41 Assys 600" + 18 Assys | N/A#
Acceptance 10-25% 40 units  |25% 10% Elect Only | Elect Only | Elect Only { 10% LSCA 10%" + 1 Assys | 10%
Function Test Ambient 35°,220° {Ambient | Ambient | Ambient |Ambient Ambient | Ambient Ambient 45°, 110°
N = No Requirement Y = Required Elect = Electrical Assys = Assemblies T2 = Thermal transient test

grms = g root mean square

* = For EBWI & TBI

Benign Temperature Requirements

Because all ICBMs are housed in temperature-controlled
silos or launch-eject tubes, and there are minimum
aeroheating effects in the interior of the missile, the oper-
ating temperature range of the ordnance components is
limited to 45 to 110°F, much more benign than in nature.
Therefore component tests could be conducted at ambi-
ent temperature, making tests at stringent temperature
extreme unnecessary. This contributed to more cost sav-
ings. High temperature exposure is possible for a very
limited number of ordnance, e.g., the initiator for the
shroud removal tractor motor and the raceway LSCAs.
Effective thermal insulation was designed to solve any
high temperature exposure problems.

# = Did not accomplishh due to program termination

+ = Plus

Good Prediction of Missile Dynamic Environments

When MM I was designed, very littie was known about
the shock and vibration conditions the missile would ex-
perience. These requirements were specified on a local-
ized basis, i.e., a different level and spectrum for each
location on the missile. The most severe vibration level
was adopted for all ordnance components on Minuteman
missiles. The staging ordnance shock is the strongest, as
indicated in Peacekeeper and Small ICBM requirements
which were universal for ail missile components. A shock
test was not thoroughly evaluated for Minuteman ord-
nance. However, most squibs and detonators were inte-
grated in other assemblies (S&A, A-D/S-A, R/C, etc.),
which were mounted on “secondary structures” rather than
on the “primary structures” of the missile. Therefore the
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shocks reaching these ordnance components are poten-
tially of lower levels. In recent years, S&As and CDCs
of similar designs were shock tested at high levels with-
out failure, indicating that the ordnance component de-
signs used on the Minuteman missile are shock resistant.
This conclusion is also supported by good flight test re-
sults. In the next round of MM III ordnance refurbish-
ment, the shock specification used for the MM III PSRE
and RV components, on the order of 2500 to 4500 g, will
be the guideline for the ordnance components.

Safety Tests

" In 1966, 23 Minuteman ordnance components, including

the S&A, A-D, ES-003, D3A2, and XUD-1094, were thor-
oughly evaluated for 1W-1A RF susceptibility by the
Franklin Institute Research Laboratories. All components
passed the MIL-STD-1512 required tests. The only
electroexplosive device (EED) in the Peacekeeper OIS
and FTOS, the EBWI, was also successfully tested by
Franklin in 1982. All ordnance electrical packages, e.g.,
OIS and FTOS FUs, S&A, A-D, and ordnance cables,
were successfully tested for RFI per MIL-STD-461, MIL-
STD-462, and BSD Exhibit 62-87 (an earlier RFI test re-
quirement document similar to 461 and 462). The only
safety requirement which some Minuteman missile ord-
nance components have difficulty meeting has been the
ESD test as reported earlier in this paper. Because of
their good safety record and to save costs, we intend to
maintain the design with enhanced safety procedures in
the handling and assembly of these components.

V1. FLIGHT AND AGING AND
SURVEILLANCE (A/S) TESTS

The performance of ordnance components and subsystems
is constantly evaluated by four independent means: flight
tests, SELM (Simulated Electronic Launch Minuteman),
A/S static firing tests of stage motors, and ordnance com-
ponents A/S testing. Flight tests are the ultimate mea-
sures of ICBM system and subsystem performance, in-
cluding all ordnance components. These flights are di-
vided into the earlier Development Test and Evaluation
(DT&E) and, for fielded systems, the later Operational
Test and Evaluation (OT&E). Over the years, over 160
OT&E flight tests were conducted on MM I, I, and ITI
systems. For Peacekeeper, 18 DT&E and 22 OT&E flight
tests were conducted. Only two DT&E flight tests were
conducted for Small ICBM.

Because of the redundancy of ordnance components, a
successful flight does not prove that all channels success-
fully functioned. This is especially true for MM systems
in which the HBW channels were fired simultaneously.

22

In Peacekeeper, because there is a time delay in command-
ing the firing of the redundant EBW, the surge current
characteristics of the ordnance batteries are used to evalu-
ate the successful function of the bridgewires of both chan-
nels. However, this still does not provide information on
the explosive train itself. The rather slow nature and vari-
ability of missile events, e.g., stage ignition, stage sepa-
ration, and gas generator ignition, would overshadow the
redundant ordnance event timing information.

Stage motors are static tested to evaluate their performance
under controlled conditions. Examples of evaluated pa-
rameters are internal insulation erosion, nozzle maximum
deflection response, nozzle throat erosion, case tempera-
ture, and vibration due to combustion resonance. Because
a static test is a ground test, instrumentation can be de-
ployed to record component performance including ord-
nance. Each stage is typically static tested every one to
two years. Since the removal of a MM interstage skirt is
a very difficult test, A/S staging tests are not performed
frequently. Also, this ordnance has a demonstrated ser-
vice life of 17 years. Since this ordnance is replaced ev-
ery 17 years due to Stages IT and IIT motor refurbishment,
it has not been necessary to pursue regular A/S testing of
interstage ordnance. In Peacekeeper, the separation rings
and interstages are part of the stage, so interstage sever-
ance tests are performed as a part of stage A/S tests.

The traditional approach on ordnance component A/S test-
ing was adopted for ICBMs. Samples of approximately
10% of each lot were set aside and 5 to 10 units were
non-destructively inspected and static tested (at ambient
temperature only). The successful testing resuits in a ser-
vice life extension (SLE) of one to three years for the
component lot tested if statistical analysis of the data
warrant it. This method was applied to squibs, detona-
tors, and staging ordnance (LSC and MDF) except that
subscale units were used for the latter.

Unlike ammunition ordnance, in which the lot size and
A/S sample numbers are large, missile ordnance A/S as-
sets are limited and are rapidly depleted. MM I was origi-
nally designed for a three year service life, but it has suc-
cessfully completed 25 years of service. The assets are
still in use today for the Rocket Launch System Program
(RLSP).

An alternate A/S approach taken from the rocket motor
AJS program was used in parallel to the lot SLE approach.
In a well designed ordnance component, the lot-to-lot
variability is small. Therefore the A/S inspection focuses
on the design. The successful testing of a component of
known age gives confidence to components of the same
design but of a younger age, independent of the lot his-
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tory. In addition, key performance parameters are evalu-
ated statistically as a function of age to determine the trend
from which the limit of service life is projected based on
the quantitative performance requirements. This is trend
analysis life estimate (TALE). It is very important in
rocket motor A/S prediction.

Because of the commonality of ordnance design described
previously, we have a good record and database on MM
ordnance with 30-year-old ES-003 squibs, linear explo-
sives, and other application-unique squibs and detonators
that have been successfully tested in spite of not being
hermetically sealed. MM AOD components, because of
their high depletion rate, are procured in three-to-four-
year increments with an established eight-year service life,
and no A/S tests are performed based on TALE and con-
tinuing successful flight application. The Peacekeeper
OIS and FTOS components are periodically tested for go/
no-go attribute data and followed by TALE analysis. The
program is efficient in reducing test frequency and sample
size and is so far highly successful. The D3A2 encoun-
tered some problems attributed to moisture absorption in
the ignition lead styphnate charge, aggravated by age.
Therefore, the D3A4 with an improved seal was fielded
as the corrective action as described previously.

Because they can be thoroughly tested by test sets and
have performed successfully in flight, A/S was not imple-
mented for the S&A, A-D, A-D/S-A, PSSSA, CDSA and
FTOS FU. Very low failure rates are encountered. The
S&As and A-Ds used in the RLSP flights are well over
30 years old. A/S tests are conducted on the Peacekeeper
OIS FU because it is less accessible in the fielded mis-
siles. Approximately 10 years of test data have been com-
piled and are being evaluated. One important point has
been that the majority of rejected units were failed based
on their original requirements. A thorough evaluation of
the requirements usually revealed that units which did not
meet the requirement at the component level actually had
minimum or no impact on the system level function, i.e.,
they can be used successfully on the missile. Two good
examples are the arming and safing time of 1 second of
S&A and A-D, which is non-critical, and the 10 Mohm
insulation resistance between pin and case in the FTOS
FUs, which can be much lower with no functional im-
pact.

It is worthwhile to report the successful utilization of the
Thermal Transient Pulse (also call thermal transient test).
A good description of the test principle and applications
can be found in Reference 4. When a bridgewire in an
HBW or EBW unit is subjected to a low current step pulse,
its temperature increases as an inverted exponential func-
tion and can be measured via the temperature coefficient

of resistance effect, i.e., the voltage across the bridgewire
rises accordingly if a constant current is maintained. The
time constant is determined by the heat sinks surround-
ing the bridgewire. The test can determine whether there
is a gap between the wire and the explosive loaded on it
or whether smeared solder is present on the wire if it is
soldered to pins. In addition, a loosely welded or sol-
dered bridgewire can be detected as the response will show
erratic signatures, drastically deviating from the exponen-
tial characteristic. With statistical analysis it also may
detect the presence of moisture in the explosive. Because
of its diversified capability, MIL-STD-1512 adopted this
test as a standard method for testing EEDs. The test has
been used for inspection of the soldering of the bridgewire
in the D3A4, Peacekeeper EBWI A/S inspection, and,
recently, for ES-003 squib A/S diagnostic. It can enhance
both production quality control and the A/S inspection
effectiveness and can lead to significant cost savings.

In order to support the life extension of MM III to the
year 2020, an ordnance refurbishment program has been
initiated with the following focuses: 1) replacement of
all explosive components; 2) study the refurbishment for
S&A, A-D, and A-D/S-A; 3) improve the hermetic seal
capability of all explosive components; and 4) replace
environmentally unacceptable material used in the con-
struction and processing of the components. Based on
the success obtained so far and the good traditional prac-
tices, we anticipate that the MM III ordnance program
will continue to achieve its goals with cost effectiveness.

VII. SUMMARY

* The evolution of the Air Force ICBM ordnance com-
ponents and subsystems has emphasized satety. In the
history of these ICBM programs, not a single accident
has been attributed to an ordnance malfunction.

* The ordnance programs achieved this high degree of
reliability through good design and thorough testing.
In the history of the ICBM flight test program, not a
single mission failure has been attributed to an ordnance
malfunction.

» Cost effectiveness was achieved by following sound
design and fabrication practices. Hardware exceeding
30 years of age is functioning well and still in service
and is subject to a thorough aging and surveillance pro-
gram.

* A pedigree of good design continuity has been main-
tained. Requirements were traded off when necessary
in relation to their reliability and safety impacts.
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*» These programs adopted advanced state-of-the-art tech-
nologies under severe schedule constraint.

* By pioneering new technologies, especially with laser
ordnance, these programs set trends for better ordnance
designs which have been beneficial for other govem-
mental and commercial programs.
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