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FOREWORD

This report was prepared by HTL K WEST, Santa Ana, CA., under USAF
Contract No. F33615-78-C-2030. The contract was initiated under Project
3048, "Fuels, Lubrication and Fire Protection", Task 304807, "Aernspace
Vehicle Hazard Protection". The program was administered under the
direction of the Air Force Aero Propulsion Laboratory, with G. Trask
Beery, AFAPL/SFH as program manager.

This report is a summary of work completed on this contract during
the period May 15, 1978 through August 15, 1978. The report was sub-
mitted in September 1978,

Appreciation is expressed by the authors to Mr. Terry M. Trumble
of the Air Force Aero Propulsion Laboratory's Instrumentation Division,
to the McGraw-Edison Company, and to Curt Deckert and Associates, for
their consultation in the areas of establishing flame detection criteria
and optical systems analysis.
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EXECUTIVE SUMMARY

A review of the state-of-the-art in ultra violet conducting fiber
optics and related system components was conducted with the objective of
evaluating their potential applicability to solar-blind, UV fire detection
systems currently under development by the Air Force (Advanced Development
Plan PE 63246F, Work Unit 23480102). From this basis, conceptual systems
were developed and analyzed to assess the potential payoff of incorporat-
ing optical enhancement to improve the perfcrmance, and reduce the
initial and life cycle cost, size and weight of such systems, and to
effect detector circuit simplification and improvement in system reli-
ability.

Ultraviolet fiber optics technology has advanced considerably since
1967, primarily in the production of high-quality quartz fihers, as well
as in related input/output optics suitable for use in the UV region above
280 nanometers ( i.e. above the "solar blind™ UV region). However, such
advancements have been markedly in the low packing fraction, long wave-
length, low temperature applications areas (suitable for ambient temp-
erature applications below 240°C) due to the lack of demand for higner
temperature applications to date. The primary thermal limitation of such
components is in the area of fiber cladding materials and techniques
(generally plastics), although higher temperature materials for claddings
have been evaluated, but not produced in quantity. The cost of suitable
(but low temperature, low loss) clad fibers of extended lengths for use
below 280 nm and in a variety of diameters suitable for aircraft fire
detection system application has been significantly reduced (to below
$3.00 per meter length). The extension of these technical advancements
to produce suitable high temperature, low loss fibers/bundles is not
Geced to require major advancements in the state-of-the-art, and is more
asso.iited with a demand for such materials on the present manufacturers.

Using existing (or slightly extrapolated) fiber optics technoloqy,
several fire detection system concepts were evaluated and compared with a
“bare (UV) detector tube" baseline system to assess the potential payoffs
of incorporating fiber optics into advanced fire detection system design.
The results of these analyses show that - given the limited advancements
necessary to produce high-temperature, low loss fiber optics and compo-
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nents at reasonable cost - significant improvements could be made in
system performance (better fire detection coverage, higher reliability,
lower false alarm rates) while simultaneously reducing overall system
initial and life cost, weight and space requirements - primarily by in-
creasing the number of fiber optically coupled fire detection sensor heads
while reducing the number of UV detector tube assemblies required per
aircraft installation.

A follow on program is recommended for the necessary developments in
higher temperature, low loss fiber optics technology and their integra-
tion inco high-performance fire detection systems.
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SECTION I
INTRODUCTION

The Air Force first considered the use of ultraviolet trans-
mitting fiber optics in the mid-1960'31/, but has deferred further detailed
considerations of this technology pending the development, demonstration
and testing of suitable "so]ar-b]ind"* ultraviolet detectors and related
electronic sub-systems capable of sensing and reliably alerting aircraft
crews to on-board fires. Subsequent to the recent fire detection tests
of such solar-blind U.S. made UV fire detection systemsz’sl, this study
was undertaken to update the technical data on UV fiber optics and re-
lated components, and to consider the potentials for incorporating fiber
optics into the present Advanced Aircraft Fire Detection Systems develop-
ment program.

Tha incentives leading to the present study have been:

a. The development (and manufacture) of basic UV-capable

fiber optics.

b. The relatively high thermal, weight, volume, and cost
sensitivity of "bare detector"** W fire detection
systems when operated in advanced aircirats environments.

c. A need for more complete fire-sensing area/volume cover-
age in advanced aircraft.

d. The potential payoffs in fire detection systems using
fiber optics, including cost, weight and space reductions.

This study updates the data on the technology of fiber optics,

and its applicability to improved fire detection systems for advanced air-
craft,

1.1 Background

In 1966, the 111inois Institute of Technology Research
Institute (1ITRI}, under the sponsorship of the Air Force Aero
Propulsion Laboratory, first demonstrated the general faasibiiity

UV detectors operating in the range below 280 nanometers wavelength, i.e.
below the range of atmospheric penetrating UV solar radiations.

4 . .
* Any system using UV sensitive sersors alone without optical enhancement.




of using specialized fiber optics in the ultraviolet region for the
detection of f1ames.]/ While the criteria for "solar-blind" UV fire
detection systems had not yet been established, the IITRI program was
able to demonstrate that carefully selected materials could be extruded
and clad into fibers of sufficient length to be of interest in fire
detection systems. While the fibre cladding material selected by IITRI
(magnesium fluoride) for their quartz fibers was compatible with

aircraft environmental conditions, the IITRI-demonstrated

bundles failed to satisfactorily transmit ultraviolet radiation below

250 nar _eters wavelength. Nevertheless, the feasibility of “piping"
ultraviolet radiation from potential fire sources to suitable UV detectors
stirred the interest of aircraft fire detection system designers. But

it has remained on the “back-burner" ever since, awaiting the development
of solar-blind UV detector technology.

Over the decade since the IITRI program was completed, fiber
optics capable of conducting wavelengths shorter than 280 nm have been
developed, but generally for applications (e.g. communications, space,
medical probes, etc. ) other than aircraft 'ire detection
with its attendant severe environmental conditions. During the inter-
vening years, quartz-based fibers employing various c¢ladcing materials
(usually selected to enhance transmittance and reduce the cost of single
fibers, but without stringent envircnmental requirements such as those
found in aircraft, such as elevated temperatures, chemical contamination,
acoustic noise, vibration, shock, aititude and reliabiYitv/maintainability

considerations) have not only been developed but are in general production.

Little or no incentive has been offered to fiber optics deveiopers/manu-
facturers to consider seriously the requirements for their product’s
applicability to more stringent environmants such as those encountered
aboard high-performance aircraft.

The development of solar-blind ultraviolet detectors and suit-
able electronic sub-systems to employ them effectively has been a leng and
technologically taxing process. Alth. gh a basic capability to detect
ultraviolet radiation was demonstrated arly, the ability to desensitize
UV detectors to solar spectral radiation has required both technslogical
and manufacturing advances far beyond original expectations. The present
generation of gas-discharge type solar-blind UV detactors has met the

~
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original criteria established by the Air Force for fire (flame) detection
apparatus - with only two apparert limitations, each of which suggest a
reconsideration of the application of fiber optics to such systems.

The highly sensitive sclar-blind detectors tead to be both
voltage and temperature sensitive, i.e. in order to meet the UV radiation
sensitivity requirements in the "solar-blind" (200 to 280 nm) portion of
the spectrum, the sensors must opa2rate on a near-cascade threshold basis
where thermal, cosmic, and other "ambient" forms of electromagnetic radia-
tion tend to trigger their operation (generating false alarms), or, if
desensitized against such false triggering, lower their sens :ivity to
true UV (flame emitted) radiation. Consequently, it is deemed desirable
to isolate the UV detectors from such undesirable ambient conditions
(while still maintaining their high UV sensitivity). One seemingly-rea-
sonable method of accomplishing this is by "piping" the UV radiation emitted
by flames to thermally and radiation shielded UV detectors.

Another incentive for a re-examination of UV fiber optics is
the fact that the use of “"bare detector" schemes requires the use of a
significant number of relatively expensive, moderately large and weighty,
high voltage supplied detecioss throughout the aircraft fire-potential areas
(e.g. engine nacelles, fuel tszke and feed lines, weapons or cargo compart-
ments, etc.). Each such detector head installation, and 1ts attendant
electrical cables and interconnections must be electrically shielded, therm-
ally protected, and even hydraulicaily insulated {as in the case of firewall
throughputs). As aircraft designs tend to become more and more compiex,
with void spaces becoming further isolated from each other, the need for
larger numbers of small volume scanning, inderendent fire sensor installa-
tions increaces. And so, commensurately, does the cost, weight ard space
penalties associated with such installations if present technology {i.e.
“hare detectors") i3 empliayed.

One method cf reducing such penalties, while achieving more
complete coverage, would be to locate the UV detector elesents in lower
asbient remperature/radiation regions (e.q. in engine pylon or airframe
structures) and “"pipe in" the UV radiation generated by flames fruom a number
of potential fire areas. Such an appreach, in comcept. could cenceivatly
reduce not oniy the false alarm rate, but simultareou-ly increase the number
of areas “viewed" by cach detector (perhaps trading off the number of
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detectors with multiple fiber optic sensor heads), thus reducing size,
weight and cost of the overall fire detection system.

Such concepts, along with the review of the state-of-the-art
of fiber optic system component technology, are evaluated in the present
study and report.

1.2 Scope
This study undertakes to review and evaluate the advancements

in the state-of-the-art of UV fiber optics over the past decade (since the
pioneering IITRI study), and to assess this technology in terms of its
potential applicability to aircraft fire detection systems. Due to the
limited nature of this effort, no attempt could be made to conduct experi-
ments or make empirical measurements on fiber optics or components avail-
able from a variety of potential sources. This study is, therefore,
lTimited to the use of written or verbally communicated data supplied by
such sources or from the generally available literature contained within
the resources at the authors' disposal.

Simitarly, this effort has been necessarily limited in the de-
gree of sophistication of the analyses that could be performed (largely
by the limitations of available, usable data) on conceptual fiber optic-
coupled systems. Thus, no attempt could be made to assess the applic-
ability of fiber optic-coupled fire detection systems to any specific
aircraft; yet the generic treatment used is believed to be a valuable
guide to the future development of such systems.

In this report, the term "“fiber optics" is used to describe
commercially available or in-development, flexible, optical means suit-

able for the transmission of ultraviolet radiation (as from remotely
located fire area) to ultraviolet (solar-blind) sensitive detectors and
their associated electronics.

Similarly, this study was limited to accepting two basic pre-
mises for its evaluation: the input flame source for all fiber optics
systems comparisons was considered to be that of the MIL-D-27729A "5 inch
pan fire", while the fiber optic systems outputs were considered to be
fed into a standard UV detector tube and its related electronics (for comp-
arison purposes, a McGraw-Edison MK II detector system as described in a

recent reporta/). ATthough several suggestions are made on potential ways
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of enhancing the optical coupling betweer the output of suitabje fiber optics
systems and the UV detector system tubes, the scope of this report did not
allow the coordination of these concepts with Mcraw-tdisor. or other UV fire
detection system sources.

Without implying any criticism whatsoever of either the McGraw-
Edison or other UV detection systems presently in existarce or under de-
velopment or evaluation, the authors limited their analysis of potential
cost, weight, and space savings potentially realizanie through the use of
fiber optics coupling techniques to the prototype fire detection systems
recently built by McGraw-Edison3/ and tested for the Air Force4/ and the
Federal Aviation Administrations/.

1.3 Evaluation Criteria
Every attemp® has been made within the scope of this

study to assess the applicability of the broadly-interpreted class of
flame-to-detector optical coupling techniques to the environments associated
with their application to high performance aircraft. While no specific set
of criteria specifications were provided by the sponsors of this effort, a
set of criteria largely based on the current Advanced Aircraft Fire Detec-
tion System AAFDS) request for proposals (RFQ F33615—77-R—2029)6/ was
developed - . s1sud. Table 1 reflects these requirements.

Many of the criteria reflected in the current USAF AAFDS quide-
lines had to be interoreted (or interpolated) for this study since the
current efforts did not incorporate fiber optics concepts. For example,
computational analysis required the use of a photometric equivalent of the
MIL-D-27729A "pan fire" specified for empirical testing of AAFDS hardware
systems. Similarly, we applied the requirements for detector head temper-
ature and flame exposure conditions to the fiber optics "links” while
allowing the removal of the temperature sensitive UV detectors theaselves
to cooler areas. Finally, we interpreted the AAFDS system flame detection
criteria (to “"detect a 5 inch diameter pan fire of JP-4...at & feet distance
...under direct sunlight conditions..") as a definition of the detectivity
of the associated UV detection system (e.g. McGraw-Edison) used as the
output for all fiber optic subsystems considered. In this sense, the out-
put UV flux delivered by the fiber optic subsystem to the UV detector
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? tube(s; must be the same (or greater) as that which the UV detector tube
cystem would have received in viewing the "MIL-STD pan fire" directly
(without the aid of the fiber optics). _

Section II of this report reviews the state-of-the-art of UV
fiber optics technology (including fibers and fiber bundles; input, output
and interconnecting optics including fan-in and fan-out techniques - and
their optical, mechanical, and chemical characteristics relevant to air-
craft fire detection system applications). Section III explores the fire
detection system applications of such fiber optic system elements and
includes comparative analyses of such systems' characteristics and tradeoffs
in terms of performance, reliability, cost, weight and space. Conclusions
drawn from this study, and recommendations based thereon are contained in
Section IV.
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SECTION II

2.1 GENERAL CONSIDERATIONS AND CRITERIA
Based on the foregoing discussion, the concept of UV fiber optics
can be of value to the task of detecting aircraft fires if it can accomplish

the following tasks:
1. Capture an acceptable number of UV photons from a jet-fuel
fire at a reasonable distance; either unaided or with optical
assistance.
2. Transmit these photons to a detector located in a more benign
environment with acceptable attenuation or loss.
3. Endure the specified aircraft environments without failure
or degradation.
4. Provide the foregoing within acceptable limits of cost, size,
weight, logistics maintainability, etc.

In order to evaluate the state-of-the-art in UV fiber optics, it
is necessary to convert these requirements into the applicable parameters
used to describe fiber optics. In this section, a brief summary of the
pertinent parameters will be provided to aid in the comparison of currently
available fiber optics.

Item 1 of our requirements is dependent on two parameters. If
a fiber is to capture the radiation from the fire without optical assistance,
the number of photons captured is simply proportional to the effective area
of the central core of a single fiber, or the sum of the core areas of the
'5f : fibers in a bundle. Since each fiber is surrounded by cladding, the effec-

| tive area of a bundle will be less than the total area by the packing factor.
If optical enhancement is being considered, the effective area
of the lens system now replaces that of the fiber. However, the fiber still
limits the effective area of the lens through a parameter known as the Numer-
jcal Aperture (N.A.). The Numerical Aperture of the fiber is directly re-
latable to the angle of view of the fiber. Surprisingly, the N.A. is not a
function of the fiber geometry, rather it is only dependent on the refractive
index of the core and of the cladding {N.A. = Jﬁlz-nzz }. For most comner-
5 cially available fibers, the acceptance angle (sin“N.A.) runs from 10 to 20
5' degrees. This puts a serious limitation on the design of optical systems.
£ Item 2 is governed by the attenuation of the fiber at the wave-
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lTengths of interest. Since the attenuation losses increase geometrically
with the length of the fiber, this parameter is best referred to in dB per
meter (where dB is 10 ]og]o Pout/Pin). The resultant decrease in intensity at
the detector must be dealt with by improvements in other parts of the system.

Item 3 relates to all of the environments applicable to the pre-
sent "bare detector" gas discharge tube concept. However, the most serious
limitation is operating temperature. This report treats the use of fiber
optics to provide an alternate system to that required by the Air Force's
Program For An Advanced Fire Detection System,G/ so we have adopted the
temperature requirements of that document. Therefore, fibers must be capable
of operating at 260°C for unlimited time, and must be capable of withstanding
a 1093°C flame for five minutes without affecting the operation of other
portions of the system (although, presumedly, that portion of the system ex-
prsed to the fire would, itself, be destroyed or rendered incapable of fur-
ther operation).

Item 4 is dependent on a number of fiber optics parameters.
Cost is most important, but such things as bend radius. available connectors,
automatic self-test, and mounting constraints are necessary considerations.

A review of the report, "Ultraviolet Fiber Optics for Fire and
Explosion Detection"]/ provided a baseline as of 1966 for the present study.
The goal of the IITRI study was to fabricate fibers which transmitted UV in the
range of 2000 to 3000 Angstroms, and which could withstand temperatures of
1000°F. The program determined that the only viable materials for this
application were Suprasil (Quartz) for the core and Magnesium Fluoride (Hng)
for the cladding. The report gives a detailed account of the fabrication
processes required to obtain 12.5 ft lengths of the 3 mil diameter fibers.
The materials chosen resulted in a theoretical N.A. cf .5 to .6 (9~A= 30°-37°),
and a theoretical (bulk) attenuation of -2.1dB/m (equivalent to a transmission
coefficient of .61L where L is in meters) @ 250nm. The bulk attenuation
theoretical values were comparable to the measurements made on the bulk samples
used in the program. However, on the fabricated fiber bundles, the attenua-
tion ranged from -8.3 dB/m (for uncoated fibers) to -18.5 dB/m (for thick
coated fibers) all at 250nm. (As a benchmark, at 550nm the attenuation for
bulk and for uncoated fibers, is -.5dB/m, and for coated fibers the attenua-
tion is -4 to -4.7 dB/m.) No experimental verification of N.A. was cited
in the report.
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The conclusion of the IITRI report was that "...feasibility of
fiber optics for UV fire detection was demonstrated..." although the high
attenuation at wavelengths shorter than 250nm was admittedly a significant
problem. Since no overall system performance fiqures were developed, the
claim of "feasibility demonstration" seems to be mostly conjecture. Rather,
it seems that the effort resulted in several prototypes of one type of UV
optical fiber which, if several problems could be resolved, could provide
a 1000°F UV fiber capability, which would have potential application to
aircraft fire detection systems.

The lITR! effort culminated in the construction of several UV
fiber optics bundles, since there were no available equivalent fibers on
the market at that time. By 1978, however, the use of fiber optics for data
transmission has progressed to the point where availability of commercial
fibers which are reascnably good transmitters of ultraviolet in the 200-280nm
range are generally available. This has come about largely, however, as a
byproduct of the industry's gquest for lower and lower attenuation in the
visible and infrared regions of the spectrum. Almost every manufacturer
of fibers now offers a family of UV transmitting quartz core fibers. They
all seem to be clad with a silicate or fluorocarbon material, which would
indicate an upper temperature limit of approximately 250°C. This particular
choice of core cladding results in a rather low numerical aperture (full
acceptance angle of approximately 16°) which restricts the design of optically
coupled systems to some degree. In addition, discussions with most fiber
manufacturers indicates that they are not too confident of the core to clad-
ding bond at elevated temperatures. This seems to be a process related prob-
lem, and they believe that there is no inherent restriction on the use of
these fibers up to the limit of the fluorocarbon materials used (some 240°C).

The presently available fiber optics fall into two distinct groups.
There is still a great deal of activity in bundles of fine (.003 inch dia-
meter) fibers similar to those produced at [ITRI in the mid 1960's. In add-
ition, there dre now available single fibers which range up to 0.04 inch
diameter. In every case, the outside protective jacket would have to be re-
designed for suitability in an aircraft environment, but this would not affect
the critical core and cladding process which results in relatively high trans-

10




mission coefficients in the ultraviolet region. These processes are contin-
ually being improved due to the high interest in fiber optics for data
transmission, and this can greatly benefit the advanced Aircraft Fire De-
tection Sys.~m application. However, there seem to have been no further
efforts (since 1967) to develop very high temperature fibers, e.g. MgF2 clad
quartz, such as those originally investigated at IITRI.

Currently Available Fibers

The results of our survey of UV fiber optics manufacturers is
summarized in Table 2. The current manufacturers and suppliers of fiber
optics are not aggressively persuing fibers specifically for application in
the ultravioiet spectrum. Thus, the transmi. “on and numerical aperture data
applicable to the UV region may not be as reliabie as is desired. A later
portion of this section deals with the interpretation of that range of data
and how the nominal performance characteristics for Section III of the
report were derived.

An additional complication arises from the fact that some of the
fiber assembly manufacturers obtain their basic clad fibers from sources in
Europe. Schott and Quartz et Silice fibers are sold through American manu-
facturers who simply provide a protective sheathing, but Fort (of France)
is not represented in this country to our knowledge.

Figure 1 depicts the published transmission data for applicable
fibers in the ultraviolet range. There seems to be a fair degree of scatter
in the UV data between vendors. Some of this probably related to the methods
used for testing. The most thorough treatment of published data is given by
Schott7{ Their data lies midway between the extremes of the other manufac-
turers data. Therefore, we have used a nominal attenuation of .81 dB/i at
250nm, miuway between Schott's Jata points for single fibers and tundles.

This equates to the .83L transmission coefficient used in Sect.IIl of this renort.
It should be borne in mind that the steep slones of the attenuation vs wavelength
curves could affect the final outcore of the actual systenm performance viz a viz
calculations male using manufacturers data. For exampie, if the Quartz et

Sitice fiber (Jistributed by Quartz Products Corporaticn in the U.S.) data

is used, the attenuation jumps from 0.31 :B8/m ta 4 dB/m at 250nm. In prac-

tice, this results in a transmission through a § meter lencth of fiber of 36%

for Schott and 1% for Q&S (at 250nm). Further, if the effective mean wave-

N
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length for an operating system 1s closer to 225nm than 250nm, the transmissions
for the same two cases would become, 14% for Schott and .003% for Q&S. How-
ever, the JP-4 flame emission data developed by Linford, Dillow, and Trumble
suggests that the mean spectral frequency of interest is in the 250 nm range.
Such variability in the data strongly suggests the need for precise measure-
ments as a part of any fiber optics development program.

While many manufacturers/distributors 1ist single fiber availabil-
ity (usually in some form of protective sheath), only a few manufacturers
provide fiber bundles - and these are usually of discrete length (whereas
single fibers are generally available in extended lengths, up to one kilometer).
Since most of the available fibers (or bundles) are currently produced for
the communications industry, fibers for use in aircraft fire detection systems
would have to be specifically procured, probably at the bare clad-core stage,
and special sheathing produced which incorporates physical strengthening
(e.g. against rough handiing, vibration, and minimum bending radii). Al-
though the cost of producing such aircraft-qualified fiber "cables" could
not be estimated by manufacturers at this time, it is expected that such cables
(in mass production)could be made available at from $0.80 per meter to just
over $3.00 per meter, depending on manufacturer. Fiber costs are significantly
more dependent on the length of fiber than on the diameter of the fiber.

Also it should be noted that non-UV (i.e. plastic) fibers for visible light
transmission have come down in price over the past few years from several
dollars per meter to just a few cents per meter. Costs as low as $.06 per foot
($.18per meter) are currently being quoted for such fibers and, as usual, are
elastic in price with the demand for quantity productionQ(

No current supplier or manufacturer of optical fibers could present
valid evaluation data on vibration/shock survivability of such fibers: al-
though most indicated a belief that if fiber cables were properly tied down
(not allowed to swing free over long spans) such cables would probably be no
more succeptable to damage than would equivalent sized electrical cables.

This is probably true in view of the low unit-length weight of optical fibers
(approximately 10% of the weight of an equivalent cross-sectional size elec-
trical wire). The minimum bend radius for most fibers is about 10 to 20 times

8/

* A recent Army-sponsored studygl of comunications fibers indicated that
Suprasil 1 and 2 fibers of .085" core diameter met MIL-STD-202 standards for
military conditions without damage.
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. UV ATTENUATION OF COMMERCIAL FIBERS

Figure ]

x=Schott (fiber bundle)
o=Schott (single fiber)

a=DuPont (single fiber)
«=Quartz et Silice (fiber bundle)

+=0.81db/H(tf=0.83L) data point used
in analysis (Section 111)

FIBER
- ATTENUATION Quartz et Silice
{db/meter)
!
? —— DuPont-y, A ' u
0 , T =T T
200 oo ‘ 400 500
_ range :
F(sotar blind) 1 WAVELENGTH (1)

(nanometers)
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the nominal diameter of the clad fiber core; with reconmended bend radius
approaching 40 core diameters if transmission losses are to be minimized.
Manufacturers data (and several recent papers) suggest that losses up to
7dB per bend of less than 20 fiber core diameters can be expected, with
such losses falling off to below 1dB per 40xdiameter bends.

In general, then, UV conducting optical fibers are currently
available in quantity, in useful diameters and extensive lengths, and at
prices reasonable enough to be seriously considered for aircraft fire
detection system applications. While presently available cladding materials
may 1imit their use in aircraft environments below 240°C (unless suitably
sheathed and heat sinked), these fibers should be adequate for concept de-
velopment and system prototyping (if not production) purposes. Further
development of magnesium fluoride and other possible (but unexp]ored)* clad
quartz fibers, if given the proper incentives for their applicability and
use, could conceivably provide a long term solution to very high temperature
aircraft fire detection system needs.

2.3 (QTHER OPTICAL SYSTEM COMPONENTS
Although fibers suitable for optically coupled AAFDS evaluations
were of prime concern in this study, such a study would not be complete
without a review of the other components necessary in making such a sub-
system work. Fortunately, these other components (with one notable exception)
are at an advanced state-of-the-art far beyond those of the UV fibers them-
selves. The following paragraphs review each category of other essential
elements of an optically coupled fire detection system:
1. UV Optics - Since ultraviolet has long been the subject of
both laboratory-level study and, more recently, of space and
scientific and industrial applications (including photography),
optics for UV application in the form of lenses, mirrors, filters,
etc. are readily available from a number of manufacturers (Melles
Griot, Special Optics, Inc., Acton Research Corporation, Ditric
Optics, etc.), although standardly stocked optics tend to be of
slightly larger size than the minimum sizes potentially required

* the possible applicability of sapphire and other "exotic" fibers was briefly
reviewed in the course of this study, but were quickly rejected due to their
general lack of development, potential cost and diameter/length limitations.

15




for aircraft fire detection systems. Several manufacturers of "micro-optics"
were contacted by telephone late in this study (when the size of optics re-
quired became apparent), but were not able to send specific data on UV micro-
optics in time to be included for consideration herein. However, these man-
ufacturers alleged that they saw "..no problem.." in manufacturing non-
precision quartz (probably Suprasil 1 or equivalent quality) optics in the
range of diameters, focal lengths and types required for aircraft fire de-
tection system applications. Their chief concern was in forecasting the
cost of such UV micro-optics since Tittle or no experience has been acquired
to date. While low production volume, ultra-high quality precision macro-
optics for UV tend to cost, at present, in the neighborhood of $50 per lens
element, a general trend toward costs in the $5-to-$10 per element for large
production run, non-precision* Suprasil 1 optics can be envisioned. One
question that might arise in the application of such optics is the dimensional
tolerances that need be held. Although optical imperfections (e.g. bubbles)
are not important, focal lengths are. However, much of any possible dimen-
sional tolerance problems can be compensated for (in system production) by
optical adjustment and by the fact that only paraxial rays will be of interest.
Optical coatings for use in the ultraviolet to reduce lens re-
flections and/or to act as UV band pass filters are widespread in the current
state-of-the-art. Ultraviolet-enhanced aluminum coatings (aluminum clad with
Hng) for mirrors, offering over 88% reflectance in the 180-400nm range are
in standard use and production. Wherever possible, in fact, mirror (reflect-
inq) elements should be used in preference to lenses (refracting elements)
due to both their higher transmission coefficient and lighter weight, as well
as lower costs invo]vedf* Antireflective coatings (the same MgF2 of interest
in fiber cladding) as well as partially reflective coatings (for partial
mirrors and similar beam-coating elements) are also available at nominal cost
in production quantities. Such coatings can also be applied to lenses, mirrors,
and other optical elements to provide band-pass (UV) filtering of undesired

* since UV optics for fire detection systems gre primarily “energy collec-
tors", and not precision imaging elements, the high degree of precision
found in laboratory or photographic UV optics is not required.

**  for example, a 30mm diameter precision concave spherical mirror for UV
costs $17 compared to a Smm lens at $67 - both from the same manufacturer.
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visible wavelengths to prevent these "noise" elements from reaching the UV
detectors.

2. Optical Couplers: While optical couplers for fan-in and fan-
out (single fiber to bundle and bundle to single fiber) are available for
visible wavelengtk applications (from Galileo Electro-Optics Corp: and
others), no reference was found for such items in the manufacturers 1it-
erature - nor, for that matter in our literature search - as being applicable
to UV wavelengths. This is probably due to the extreme difficulty in obtain-
ing the precise alignment of fiber ends at such short wavelengths. The lit-
erature for visible wavelengths notes dimensional tolerances on the order of
+3 micrometer (10_4inch) for such couplers. Although coupling elements would
be of value in designing UV fiber-optically coupled fire detection systems
to reduce multiple sensor fiber runs to a single fiber, they are not deemed
¢ritical elements of such designs. In fact, the desire to run a second
parallel, small diameter fiber to provide a UV test signal to each sensor

head would tend to obviate the desirability for using couplers in AAFDS designs.

3. Connectors, etc: Interconnecting elements for fiber optic

cables are generally available at low cost from such manufacturers as Amphenol,

AMP, Inc., Fibre Link, Beldcn, etc. Many of these products use MIL-C-39012
SMA qualified components meeting all MIL-STD-202 environmental requirements
for shock, vibration, corrosion, etc. While these connectors are rated for
a temperature range of only -35°C to +199°C at the present time, this limit
is believed to be primarily due to the fiber cable-t0-connector tonding
methods used, rather than as an inherent thermal limit of the (metal) con-
nectors themselves. Both single fiber cable and bundle connectors {for up
to 6 or more fibers) are currently in production aun. are available at prices
comparable to eqyuivalent electrical connectors.

Thus, with the possible exception of uptical fiber coupling de-
vices for fan-in/fan-out usage (probably not a required element of aircraft
fire detection systems ysing fiber optics), all of ihe critical elements are
either in widespread production or in an advanced state-of-the-art necessary
to begin serious consideration of designing (and building) an optically
coupled UV AAFDS. Such system considerations are the subject of the next
section of this repert.

17
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SECTION TII
OPTICALLY COUPLED FIRE DETECTION SYSTEMS

GENERAL SYSTEMS CONSTUERATIONS

Two current problems in UV fire detection aboard aircraft make

optically coupled systems particularly attract’ve.

1. The many void spaces in aircraft where fires could occur
necessitates either a large number of UV sensor head locations
or exceptionally sensitive flame detectors which are able to
"see around" the obstacles which normally block UV radiation
transmission in their vicinity {e.g. smoke, fumes, intervening
equipment, etc.). But...

2. "Bare detector" systems are relatively expensive, weighty,
voluminous, and of Tow quantum efficiency to

permit a large number of sensing points. And they are relatively
sensitive to high ambient temperatures encountered in most air-
crarit installations (e.g. around engines).

If optically coupled systems can be designed which overcome either or both
of these problams inherent in present "bare detector" systems, then several
potential advantages car be realized:

1. A greater number of fire surveillance spaces can be monitored
with a very Tittle penalty (relative to "bare detector" systems)
in weight, voiume and - hopefully - cost, thus providing more
efficient, effective, and complete fire surveillance.

2. The self-generated attenuators of fire-radiated UV (smoke,
vapors, etc.) will have less cffect on short-range detection
systems viz a viz long-range detector systems.

3. Optical coupling could permit the removal of UV detectors
themselves to lower ambient temperature regions where increased
sensitivity to fire-generated UV radiation, and lower “false
alam" rates can be attained.

With such goals in mind, several types of optically coupled UV fire detection

18
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systems were conceived and «'alyzed in the course of this study. But
before proceeding to the analysis, let us first review the application
considerations of interest.

Aircraft Fire Detection System Requirements

With a few notable exceptions, the overall problem of fire
detection in aircraft is one of providing surveillance coverage in a large
number of relatively small, isolated volumetric spaces. The opportunity
for "long range" (distance from UV sensor to fire location) surveillance is
limited primarily to a few wing and fuselage areas where fuel and hydraulic
line passages may be better characterized as tubular or conical in shape,
rather than the more prevalent small rectangular or spherical volume.

In a typical engine installation, for example, whether the
engine is housed outboard in an external nacelle (e.g. C-141, KC-135, etc.)
or inboard in the main fuselage or flared housings (e.g. F/B-111, F-104), the
opaces n which fires are most likely to occur are within an annulus sur-
rounding the engine and within the confines of the nacelle or airframe.

While such annular areas are characteristically “long" (compared to the
thickness of the annulus radially), they are quite compartmented or other-
wise broken up by bulkheads and equipments (e.g. fuel pumps, fuel feed lines,
manifolds). As a result, zven such "annular" spaces are (insofar as UV
radiation transmission paths are concerned) relatively small annular segments
approximating "cubes" of finite size (probably averaging 1 to 3 cubic feet

in total volume).

Figures 2 and 3 illustrate a typical jet encine installation in a
nacelle assembly. Note the apparent absence of clear optical paths axially
through the annulus formed by the outside of the engine (and its attached
auxiliary equipments} and the inside of the engine nacelle housing (shown in
Figure 3 removed for exteriur view access, out easily visualized in its in-

place position by noting the adjacent closed nacelle housing areas to the
left and right of the exposed area).

Although the Air Force specification for testing aircraft fire
detection systems (MIL-D-27729A) calls for a fire detectivity '...range of
4 feet from a MIL-STD 5 inch pan fire..." in a free field environment (for
detector qualificatior testing), it is quite obvious that such conditions
are infrequently encountered in real practice in aircraft fire surveillance
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(other than, perhaps, in empty cargo void spaces, etc.). Of course, real
aircraft fires - it may be argued - are not characteristically "...MIL STD
5 inch pan fires..." either. Yet how do "bare detector” UV fire detection
systems which have met the MIL-D-27729A qualification criteria perform in
"real world" aircraft (engine) fire testing?

In 1974, the Federal Aviation Administration reported on a
series of fire detection system tests employing a C-140 powerplant (J-12
engine) installation with two types of "bare bulb" detection systems in-
stalled.” Four "bare bulb" detector heads of each of two manufacturers' types
were installed on oppositely facing bulkheads some 51 inches apart, with the
detector heads arranged to "see" along the long axis of the annulus. Each
"bare detector"” head then could cover (in theory) approximately one quadrant
of the annulus formed between the engine and its surrounding nacelle struc-
ture. Regulated fuel-flow fire injectors were located at points between
the two fire detection systems' mounting bulkheads (thus providing less than
4 foot separation between any given fire injection point and a fire detector
head). Test fires were initiated using JP-4 fuel flow rates of anywhere
from 10 to 32 times the "MIL STD 5 inch pan fire" combustion rates. The
results were interesting.

While both detector systems were able to detect the highest fuel-
feed-rate fires that were within direct view of one or more detector heads
(i.e. illuminated by direct UV radiation on the order of 200 times the lumi-
nous flux intensity, measured at the detector head, of the "MIL STD 5 inch
pan fire"), the nigh level (high fuel rate fed) fires that were obscured
from view by the "bare bulb" UV detector heads were not detected. On the
other hand, the low-level fires (still approximately 80 times the UV lumi-
nous flux intensity measured at the detector heads of the "MIL STD 5 inch
pan fire") went undetected in several cases, even when the fires were within
the direct view of a detector head (but were possibly obscurred by smoke or
fumes).*

This is not to criticize either the Air Force's MIL-D-27729A
qualification criteria for aircraft fire detection systems, nor the two

'in a similar test series conducted for the Air Force in 1971 on a C-140 J-
12 power plant operated at simulated flight conditions, only 3 of 14 fires
{(averaqing from S0 to 150 times the luminous intensity of the "MIL STD 5
inch pan fire) were detected4/.
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manufacturers' UV fire detection systems that were tested., It {s merely to
point out the extreme difficulty of practical YV fire detection which relies

on the detection of UV radiation over long, and obscured distances. What

such test results show is that highly distributed fire detection systems are re-
quired to reliably warn aircrews against fires and, at the same time, reduce

the probability of false alarms resulting from "pressed-to-the-limit-of-
sensitivity", high ambient temperature "bare bulb" detector systems.

In the design of UV fire detection systems for aircraft, then,
one should concern themselves more with "volumetric" coverage (wide angle,
short detection range) systems. How far the UV fire detection sensors can
“see" (i.e. detect a fire) is not nearly so important in such cases as how
much they can “"see" at short range. Fortunately, this characteristic offers
the UV fire detection system designer a convenient tradeoff in his consid-
eration of the UV photometric equivalents. He can give up narrow angles
of detector acceptance necessary to "reach out" great distances, since radiation
attenuatesaccording to the inverse square law (luminosity decreasing with
the inverse square of the distance, 1/d2), for wider angles of surveillance
(a doubling of the view angle obeying a similar squaring law, 1/a2). For
very short distances such as the maximum dimension of the void areas en-
countered in aircraft which require fire surveillance, an essentially hemi-
spherical lens or mirror system can be used to collect UV emissions sufficient
to trigger a UV detector tube.

If one thinks of each fiber optically coupled distributed sensor
head (DSH) as an "eyeball" having a hemispherical field of view, the fire
surveillance system then becomes one of positioning a number of such DSHs
around, say, the annulus of an engine nacelle, in such a manner that each
DSH covers a hemispherical volume that slightly overlaps the adjacent DSH's
field of view (Figure 4). The question then becomes, just how many such
\ wide-angle, short detection range DSH "eyeballs" are necessary to cover the

areas of aircraft fire surveillance interest?

Taking the C-140 powerplant nacelle (housing one J-12 engine)} as
an example, and making a few simplifying assumptions and approximations, we
estimated the total fire surveillance void volume presented inside each such
nacelle/engine annulus as follows:

- assuming the area of fire surveillance to be that region be-

tween station 66 (forward bulkhead) and station 117 (firewall)-
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see Figure 2 - a length of annulus of 117-66 = 51 inches, and
assuming the :diameter of the J-12 engine as ann. oximately 25
inches and that of the nacelle as 36 inches (values scaled from
Figure 2), the total annular "void" volume of interest is

= - = 2- 2: 3
Vo=V -V =l (r S -r ) =156 ft

a n e
Even if the entire annular volume of nearly 16 cubic feet were completely

free space (which it isn't...probably less than 40% of it is not occupied

by major equipments of some considerable volume, judging from Figure 3), a
system of only 7 DSHs, each having a semi-hemispheric volume coverage of

3.5 ft3 (an effective range of only 18 inches per DSH) would provide complete
coverage with an overlap of 50% (each DSH seeing one half the surveillance
volume of the adjacent DSH) placed only at the ends of the annulus.

With such an arrangement, a "MIL STD 5 inch pan fire" could be
detected anywhere within the C-140 engine/nacelle annulus with a significantly
higher probability than that of "bare detector" systems involving from 3 to
8 detector heads.

3.3 CONCEPTUAL FIBER OPTIC COUPLED SYSTEMS

Fiber optic coupled aircraft fire detection systems intrinsically
heve the desired characteristics of being able to both expand the number of
areas monitored by one (or a few) UV detectors and to more efficiently
couple the UV radiation from flames back to radiation detectors located in
lower temperature ambient environments. Since we know that certain (albeit
limited) fiber optics and components for UV exist in the current state-of-
the-art, the question then becomes how (or 1f) they can be used to build a
workable AAFDS; and how effective would such an optically coupled system be?

As previously noted, two basic types of fiber optically coupled
systems appear to be of interest: highly distributed systems (where many
optic.1 sensor heads are distributed throughout the aircraft's small void
spaces, and where each such head needs to "see" only a short distance), and
improved optically coupled "long look" systems (which maintain or increase
the view distance of “bare bulb" detectors by more efficiently coupling
the fire-emitted UV radiation into the UV detector itself).
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Each of these two basic types were investigated and analyzed to
ascertain their payoffs and limitations in terms of performance, reliability,
cost, weight and volume viz a viz the "bare detector" baseline systems pre-
sently under development.

Distributed Systems

Figure 5 depicts a conceptual fiber optic coupled system of the
distributed type. The principle elements of such a system are:

1. A number of sensor heads with input optics to couple UV energy

to the fiber.

2. An optical fiber (or fiber bundle) interconnecting the sensor

head to the detector transfer optics.

3. A set of detector transfer optics coupling a number of fiber

transmission 1ines to the UV detector.

A large number of sensor heads may be employed, each of which has
a wide view angie but a short view range. Each of these sensor heads is con-
nected through an optical fiber (or bundle of fibers) back to the UV detector
(which may now be located in a lower temperature ambient environment for in-
creased sensitivity to UV radiation with a reduced danger i “false alarms"
generated through thermal and other non-flame generated effects). Since
each of the distributed sensor heads optically couples flame-generated UV
radiation from only a limited surveillance volume ( perhaps on the order of
a few cubic feet or less), many such sensor heads would be coupled into a
single detector tube (assuming that precise location of the fire source is
not a desirable additional feature of such systems, but merely that the
presence of a fire in a region 0f many such sensor heads is all the inform-
ation that is required).

While the fire detection range of each sensor head of the dis-
tributed system is low, a fire may be detected through any one or more sen-
sor head/fiber-coupled channels with quite efficient optical coupling at
the detector tube end of the chain. In concept, a fire (equivalent to the NIL
STD 5 iaca oan fire. as a cormarison baseline) within the letection range of
any sensor head would
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provide sufficient UV radiation in the 200-280 nm wavelength region to trig-
ger the UV detector system into an alarm indication. By positioning the
sensor heads in spatial arrays such that the field and range of view of any
one sensor head overlapped those of other sensor heads (Figure 4), fire
coverage redundancy could be achieved. Additionally, a test UV source could
be fiber optically "piped" to each sensor head and used

to periodically test the validity of the system, much as is now done in
existing "bare detector" fire detection system designs.

In concept, such distributive systems have the advantage that
no potential fire of any appreciable magnitude (probably much smaller than the MIL
STD 5 inch pan fire) would go undetected if all fire surveillance volumes
were within range of at least one sensor head. The obvious "penalty" paid by
such distributed systems is that a Targe number of sensor head/transmission
fibers must be employed to cover the total surveillance volume. However,
Since each of the distributed sensor head/connecting fiber units could be
made quite small, inexpensive, and light weight, the tradeoffs with "bare
detector" systems should be of considerable interest.

The primary concern with such distributed systems would then
become those of installation and maintenance. Would independently arrayed
distributed sensor heads (DSH) present a greatly more difficult problem
to install and maintain? If such DSH arrays were "fanned out" from fiber
optic bundles of, say 10 to 20 channels (a channel representing one DSH and
its associated optical fiber) to cover a total volume of, say, 8 to 16
cubic feet (assuming a 50% overlap of DSH view-fields for redundancy), it
is believed that such systems would not be any more difficult to install and
maintain than the "long Took" systems described below. One concept for in-
stalling such distributed systems (in engine nacelle areas, for example)
would be to communicate the fiber optic array bwndle sets along the inner skin
of the nacelle itseif (a surface not presently used due to structural con-
siderations, but little effected by the light weight and volume fiber optic
DSH arrays). Such a configuration would present little impediment to main-
tenance crews, where the nacelle access panels hinge or fold back out of the

way for maintenance access to begin with. Removable nacelle/aircraft skin
panels could be fitted with fiber connectors if sufficiently close alignment
can be achieved (for 1-on-1 fiber coupling, this should not be a significant
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problem). .

Distributad sensor arrays are of particular interesi where the
surveillance volume is characterized by shallow depths, away from the DSH
mounting surface. For large volumes (such as cargo spaces), DSH type
coupling would probable be less desirable than the “long Took", large
volume type systems.

"Long Look" Systems

The second important (albeit Tess frequently encountered) type
UV fire detection system for potential fiber optic consideration is that
type characterized by volumes which can be described as "long" or large in
the dimension along the central viewing axis of the sensor head. Some examples of
such volumes might be in confined areas (such as wings) where fuel Tines run
through confined "tubes", or more prevalantly, in cargo and weapon stores
areas aboard aircraft. The primary characteristic of such volumes is that
there is usually no structural surface available for mounting the sensor that
does not require the sensor to view potential fires at long range. Thus,
"long look" sensors are needed to look across (or through) significantly
long cones or tubes of detection, perhaps up to 8 or 10 feet or more in length, i.e.
must "reach out" in their detectivity patterns. "Long Took" (LL) systems
trade off view angle (small) for detection range {large) compared to the
large view angle and short detection range of DSH systems. The optics of
LL systems, then, are different from DSK optics. To fill a large LL volume,
many sensors (or some means of otherwise covering the entire surveillance
volume of interest) may be required; in other applications, only a few
long-look sensor heads (LLSH) may be needed.
One of the chief problems to be encountered by LL systems (and
hence, a valid reason for applying them only where DSH - "short look" -
sensors cannot be applied) is that of environmental attenuation in an air-
craft fire sensing environment. Fires will usually be accompanied fr preceeded) by
the generation of smoke, vapors or other UV absorptive media which obstruct
or totally obscure the UV radiation generated by the fire itself. Since
such obscuration is a function of the distance through which the UV radia-
tion must penetrate to the sensor head, LL systems require an absolute
maximum sensitivity (i.e. absolutely minimum transmission losses within the
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coupling optics system). With the assumption (for purposes of this study)
of a standard "5 inch JP-4 pan fire" source and the McGraw-Edison MK II UV
detection system as the input/output ends of the fiber optics interfacing
sub-system, the "long look" concept must provide the maximum fire detection
range possible while still compensating for the transmission losses between
the sensor head and the UV detector. Optically, this indicates that each
sensor head array (and its related optics) maximally couple the flame-size
detection threshold (taken as the 5 inch pan fire) to the UV detector, with
very limited losses in the optic system itself and possibly, a considerable
increase in the sensitivity of the UV detector itself. While such detectiv-
ity increases may be achievable with the present family of gas discharge
type detectors (having quantum efficiencies on the order of 10'4 to 10-5
photoelectrons or “"counts" per UV photon), it seems likely that other types
of “solar blind" UV detectors would be required for "long look" fire sur-
veillance systems. While the investigation of such high-efficiency detec-
tors was beyond the scope of the present study, it was noted that several
types of UV detectors that would be compatible with the lower temperature
environments made possible by optical coupling to rem: ely located detectors
operating in a less severe environment do exist within the state of the
art. For example, the RCA types C31005 and 70128 photomultipliers have
“solar blind" spectral responses below 300 nm and offer greatly increased
quantum efficiencies approaching 7% {7 x 10"2H00r nearly 1,000 to 10,000
times as sensitive as the gas-discharge tube). /

In both the "short-range", distributed sensor and "long
look" concepts for optically coupled UV fire detection systems, multiple
optical sensor heads are required. Just how many such optical heads can be
coupled to a UV detector, and the allowable coupling (transmission) losses
of such sensors is analyzed in the following sub-section. The tradeoffs
of such optically coupled systems (cost, weight, volume) is covered in the
last part of this section.
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Optically Coupled Fire Detection Systems

It can be shown (see Appendix B) that the detectivity gain for any
optically coupled detection system, relative to that of an unaided (non-op-
tically coupled) system, can be expressed by the relationship:

2
(1) P() =[As][gb] .
b ]

P(X)y (A dS

where: P(1A)_  1is the power coupled to the detector (at wave-

length ) via the optical system at a distance dg -

P(A)b is the power coupled to a "bare detector" at a
distance db'

S

AS is the effective aperture area of the optics system
Ab is the effective sensitive area of the bare detector
db is the bare detector to flame distance
ds is the optical system head (input optics) to flame
distance
T_is the lumped transmission coefficient of the optical
S
system
(A‘]

That is, the cntical gain over a "bare detector" system [ﬂéj

function of the optics employed, and can be made much greater than one to

is a direct

enhance the detectivity over that of any "bare detector" alone. The net
system gain is then the excess of optical gain over the optical transmission
losses [%sT .

For purposes of our analysis we chose to take a "baseline” system
familiar to those in the UV fire detection field and compare what optically
coupled systems could do to enhance the performance (detectivity) and re-
duce the cost, weight, and size of such "bare detector"-only systems. For
this baseline, we chose the McGraw-Edison fire detection system using the
MK Il {Edison 42743-8SHTL) gas discharge UV detector tube (active area =
0.005 %nchesz) with its associated electronics. The Edison “"bare detector”
system produces approximately 50 “counts" per second in response to a MiL-
G-27729A standard 5 inch JP-4 pan fire at a distance of 4.0 feet {in free
space). Taking this "count rate™ {tube avalanches in response to UV radi-
ation) as the threshold detection level that produces a "FIRE™ indication
response by the Edison system, equation (1} may be rewritten:

(2) G (4 ) HZ a

N




5

or Cs = 1.60 x 10 AsTs counts per second

d 2
s
when AS is in inches2

ds is in feet

Now, for comparative purposes, we can choose to set Cs=50 counts per sec-

ond also (since this is the Edison fire detection system count threshold necessary
and sufficient to give a "FIRE" warning indication), i.e. to select a required
overall system "gain" = 1. We can then obtain a working parametric equation to
explore the optical system tradeoffs and/or to design an optical system. The
parametric optically-coupled system equation then becomes:

(3) ds2 = 3.2 x 10°

AsTs

Next, we can evaluate the Tumped transmission coefficient, Ts, For
a wide range of optical systems that could be employed, each such system can
be considered as composed of three separate sub-system groups:

1. A number of optical sensor "heads" or UV radiation collection

sub-systems.

2. An optical fiber (or fiber bundle) transmission cable sub-

system.

3. An optical coupling system to transfer the UV "information"

from the fiber(s) transmission lines to the UV detector tube.

Such a genevralized sysvem is shown in Figure 5. Note that a
large number of transmission lines (fibers) may be coupled into a single
detector tube, thus providing an "area of coverage" multiplier of considerable
jmportance in aircraft fire detection systems applications. This factor is
not included in the optical sub-system design evaluation equation being ex-
plored in this sub-section, since we will look first at a single channel of
such a system. As such, the parametric design equation (3) need be solved
only for each sensor head/transmission line set to be coupled into the detector
with the detector-coupling optics being the same for all sensor channels
coupled to a single detector tube. Here, the detector coupling optics are
treated as the third lens of a typicai channel,

The Tumped optical system transmission coefficient (TS) consists

of two elements at most (and possibly only one), i.e.:

PR s e e S
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. 5, T = tots

where tn is the lens and/or mirror transmission coefficients

Y T te s the fiber transmission coefficient

i‘é : For a wide variety of UV optical coupling systems, these trans-
. mission coefficients may be evaluated as:

o : t, = .90" where n is the number of lenses or mirrors” employed
'1 te = .87 x .83LPf where L. is the fiber transmission length (in
o meters) and P¢ s the fiber bundie packing fraction (Pf = ]
ke

' for a single fiber)
Thus a generalized equation for optically coupled systems may be

'15 written as:

f; (4) d 2

= 3 N L
s ° 2.784 x 10 AS (.9)7(.83) Pe

If equation (4) is rewritten in terms of the effective (input) optics aper-
A ture diameter (D ¢c) then, L2 /2
‘ D = S Kok 2

. _ ™D
eff |eaemac® (0.9)No.s3)te,|  STNE Aepr T _eff

;Eél (5)

Where dS is in feet

Deff is in inches

T L is in meters
Note that the generalized optical system equation (5) is independent of both

the field of view (Gv) of the sensor head, and the fiber {or fiber bundle)
diameter (DF}. For most practical applications, 1.e. for relatively simple

* for all practical purposes, the reflection coeffinients of ultra-violet-
enhanced aluminum/MgF2 coated mirrors and the transmission coefficients of
Suprasil 1 lenses for“the 200-280nm wavelength region are equal to about 90%.

**  a)though manufacturers data varies widely (probably due to different
methods of measurement or ca1cu1ation),La fairly consistent seti of data shows
a transmission coefficient of about .83~. The insertion/extraction losses
avera: » 13%, providing a one time multiplication factor of 0.87.

***  aYthough circular cross section optics are assumed for simplification, any
shaped ortics, fibers, etc. may be applied by converting applicable areas to
circular equivalent diameters.




optics, these parameters are related to the parameters contained in equation
(5) as follows:

(6) s' = Derr0F

ZtanGNA

D
(7) -1°F
M = Etan ‘2—51

. - AL
..

(8) f

where D¢ is the fiber {or bundle) diameter (in inches)
s' is the fiber-end to back lens distance (in inches)

fT is the aggregate focal length of the sensor head optics

1

8y, s the half angle of acceptance of the fiber(s) = sin ' NA,

where NA = the numerical aperture of the fiber(s)
M is the magnifi:ation of the input (sensor head) optical system

Since the acceptance half-angle (QNA) of optical fibers is a property of the
fibers themselves (ranging from 8° for fluorocarbon resin clad quartz fibers
that are presently available, to 26° [theoretical value] for MgF2 c¢lad quart:z
fibers which could be attainable in the future), and s' and M are optical
system design parameters which can be controlled in the optical (sensor head)
design, it is obvious that the effective aperture (Deff) and field of view (Gv)
can, within reasonable limits, be anything we want to make them in order to
meet the assumed design criterion of the optical ystem's net gain being
equal to unity.
Using equations (5), (6) and (7}, one can "design” optically
coupled fire detection systems using the following generalized procedures:
STEP 1: From general considerations of the aircraft areas to
which fire detection is to be provided, determine the effective
range (ds) and field of view (Qv) of the type of optical sensor
‘ nead required, and the length nf fiber transmission line (L) to
i be used.
STEP 2: Use equation (5) to determine the oeff required, assuming
(for the moment) "nominal™ optics (uvsually 2 or 3 lenses and/or
mirrors), and a single, large diameter fiber, i.e. Pe=l.

U
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STEP 3: Design the input optical system (from requirements

for Defffrom equation (5), determine De>s s', and M from equation
(6) and (7) as required).

STEP 4: If the active fiber diameter (DF) required is greater
than that available in a single fiber (0.040 inch at present),
recompute Deff (using equation 5) for a Pf=.7 (for plastic clad
fibers) or Pe=.85 for MgF, clad fibers (or use other suitable Pe
values as new fibers become available). Repeat steps 2 and 3,

as required, to arrive at the "optimal" design.

Before proceeding with the analysis of several conceptual designs
in the sections below, let us first consider the general effects of the po-
tential improvements in optical fibers as indicated in Section II of this
report.

From equations (5), (6) and (7), it may be seen that the increase
in acceptance angle (QNA) offered by MgF, or other similar thin-clad (and,
fortuitously, high temperature) fibers has a "double" payoff in permitting
both Targer Deff at shorter s' (optics-to-fiber coupling distance and, hence,
reduced physical size, weight and probable cost of sensor head optics) while,
at the same time, permitting the use of smaller fibers (or smaller bundles)
for a given desired field of view (Gv) or for a given optical magnification.

While currently available plastic-clad fibers of low QNA and Dp would tend to
be critical factors in the development of practical optically coupled systems

from the standpoint of attainable optical magnifications (on the order of .01
to .001), fiber bundle diameters, relatively low packing fractions and long
optical coupling dimensions (s'), the primary influence of both existing and
new fiber developments will be in attaining reduced system cost. In today's
state-of-the-art fiber market, fibers tend to cost "by the unit length" rather
than as a function of fiber diameter. Thus, for a given length of transmission
line (per sensor head or, when multiplied by the number of sensor heads per

UV detector and thence per aircraft), the overall cost savings of large DF and
GNA fibers could represent a considerable savings in the system. But many

of the “shortcomings" of present fibers can be compensated by increasing the
sensitivity (detectivity) of the UV detectors themselves or by simply in-
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creasing the optical gain of each sensor head.*

In the sections below, nominal design concepts are presented for
both wide-angle, short-range "distributed" fire detection systems as well as
for surveillance-volume-tailored "long-Took" systems. In each case, the
reader can determine the potential coniributions the development of high-
temperature, wide acceptance angle (high numerical aperture) fibers would
make by so0lving equations (5), (6), and (7) Using the appropriate new-
fiber parameters (DF, tF, GNA).

Conceptual Systems

As previously noted, two basic types of optically coupled UV
fire detection systems are required for aircraft: the “"distributed" or
short-range/wide-view angle type for areas such as engine nacelles where
potential fire-surveillance areas are characterized by numerous sisall volumes;
and “long-lo0k" systems where surveillance volumes are characterized by larger
detection distances (and narrower view angles). While, in principle, both of
these type systems are similar from an optical viewpoint - each requiring a
differently tailored optical sensor head, a fiber transmission line, and
identical UV detector tube coupling elements - the primary difference lies
in the design of the sensor head optics (assuming the same or similar trans-
mission line length to a remote UV detector). The only differences in the
transmission lines and hence in the UV detector coupling optics is the number
of fiber channels that must be carried over the transmission line length
(and hence, the cost of such systems may vary greatly since cost is highly
correlated to fiber lengths). For the purposes of this study, however, we
will assume that transmission line lengths for both type systems are equiv-
alent, and that they will use the minimum numbar of fibers consistent with
optical needs, system reliability, and cost/weight/volume considerations.

R STURSSOSIPA S

Distributed  Systems

Figure 5 depicts a typical {conceptual) distributive system using
a number of remotely located optical sensor heads and their associated opti.al
fiber transmission lines coupled with one (or more) UV detectors of the gas-

* an optimized aircraft fire detection system should take advantage of im-
provements in both optical fibers and UV detectors to provide expanded fire, ,-
detection surveillance and reduce system cost, size and weight.
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discharge tube type. A number of possible sensor head optical systems are
shown {conceptually) in Figure 6. While only one of these optical sensor
head concepts could be analyzed within the scope of this study, each type
offers certain characteristics of potential interest in further development
of optically coupled systems (see Section IV).

Using equations (5), (6) and (7) the following analysis was

made of a "typical" distributed (wide-angle, short-range of detection) sys-
tem concept.

Let the design parameters be:
L = 5 meters

d$= 2.0 feet
9v= 150° (vertical x 360° annular)

Using current state-of-the-art fibers (NA = .139 or QNA = §°, tF = .83L,

DF £ 0.040 inch) and assuming the optical system to consist of 3 lenses and/
*

or mirrors  /N=3), we can find the Deff required from equation (5):

[ 22 1/2

31,93 (.83)°

D

of (for Pf = 1)

[2.187x10
= 0.08 inch
Thus, the actual physical size of the optics (and any apertures internal
thereto) must equal or exceed 0.08 inch in diameter. For lens/mirror avail-
ability (in Suprasil 1 optics or equivalent) we would probably use actual
lens elements/mirrors of 0.25 inch diameter.or larger in order to maintain

the use of paraxial rays only.™  This would also allow longer lengths

of optical fiber transmission lines (greater than 5 meters) to be used,
or greater “gain" safety factor if desired.

From equation (6) we find the lens-fiber coupling distance
(minimum) to be (assuming a D¢ = .040" fiber):

¢ . 0.08-0.04
2 tan 8°
ST

i.e. the fiber end must be at least {(but close to) 0.14" from the rear element
of the optic system to make full use of Deff' Any coupling distance (s')

* 2 lenses/mirrors in the sensor head plus one lens In the detector coupling
optics.

** the use of paraxifal rays requires less in lens precision than does the use
of full lens/mirror diameters.
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greater than 0.14" would provide a greater Deff (and hence greater optical
system "gain") and, since we have 0.25" diameter optics available, we'd
probably use an s' = 0.25" or greater, although this would require longer
focal length optics. Thus, for calculation purposes, we'll use .14"

Tor s'.

ekt e s s 1

Now, using equation (7), we find the optical magnification re-
quired to match the required field-of-view (9v= 150°) to the fiber diameter
and acceptance angle (Df= .04", QNA= 8°) at the fiber-lens separation dis-
tance (s' = 0.14"):

M =2 tan"' (0.04/2x.14)/150 = 0.108

Thus, an optical system with a fractional magnification (M = 0.108), such as
that offered by an "inverted telescope" or "fisheye" lens, is required. The
focal length for such an optical system is given by equation (8) as:

s'd
f = _1__5__._ = _(ﬁ)_‘(ﬁ). = 0.139 ]'nCh (Ol" f = S')
s + dS 24.14

If such a focal length were not available in a single lens for the diameter
of micro-optics needed, we would probably choose composite optics of apppro-
priate "stock" focal lengths to give a composite focal length approaching
0.14" *

Such an optical system sensor head is shown schematically in
Figure 7. The sizes/dimensions noted are the minimums required, and are prob-
ably considerably less than required for ruggedizing the unit to meet mili-
tary application requirements. However, it is estimated that such units -
even when "militarized" - would not exceed 0.5" in diameter x 1.0" length
(for the sensor head) and 0.125" diameter for the fiber transmission line (including

* the focal length of composite optics is given (approximately) by:

%~ = %_ + %- (evaluated at 1)

T 1 2

where each pair of lenses is calculated to give an (interim) equivalent focal
Tength, and then compounded by the above formula to give the overall system
focal length. Note that concave lenses have focal lengths that are negative
(-f), such that short effective lengths can be attained for the overall sys-
tem .
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suitable protective sheathing). The estimated weight of each such sensor
unit is on the order of a few ounces, with the fiber transmission 1ine weigh-
ing on the order of 1 ounce per meter...or a total sensor/cable weight of just
about 1/2  pound per sensor location. A full complement of, say, 10 such
sensors (and cables) would provide complete and effective fire surveillance
in a typical engine nacelle and, with a total optical "system” weight of
only 5 pounds, would weigh far less than the 6 "bare detector" heads now
being considered at a weight of some 18 1bs. If 1 of the 6 "bare detector" (dual
tube) heads are retained for use with the optical sensor system, and this detec-
tor was moved to a cooler operating environment (with an attendant weight
reduction possible in both the detector cases and cables - reducing its
weight to something Tike 1 pound ), the weight saving per engine nacelle
should be something Tike 18 - 5§ = 13 pounds per engine nacelle monitored.

While it is difficult to precisely &valuate the cost tradeoffs
at this preliminary stage, rough costs (per sensor channel) should be on the
order of:

Optics (2* lenses/mirrors @ $5) = $10

Fiber (5 meters @ $2/meter) cable = $10 per sensor head

BASIC PARTS = $20
Housing, connectors, assembly

and test (MIL qualified) x10 factor
$200/sensor channel

10 channels  x10
TOTAL  $2000 per nacelle

fonnared to the 5 “bare Jetector" assenblies that could he elininate: (at a
savings of approximately $1000 each), a net savings of some $3000 per nacelle
should be realizable...and a far greater degree of fire detectivity achieved
along with a greatly reduced "false alarms" rate.

While these values are deemed speculative at this stage, they
are believed to be within 20% of realizable costs/weight/and volume, as well
as performance.

* Note that one more lens is required for each detector-fiber group inter-
face-or a total of 22 lenses for a 10-optical sensor sSystem.
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For such sensor systems, Figure 8 shows the tradeoffs between
a MIL-D-27729A flame detection distance (dg) and fiber cable length (L)
for various sized optics (Deff)’ Since variations in Ov are achieved in
the design of the sensor head optic: only, the values shown in Figure 8
apply to "long look" systems as well.

"Long Look" Systems

The primary, if not only differences between "long Took" systems !
and those "distributed" systems described above, would be in the sensor head
optics (higher optical gain for longer detection range; narrower angles of
view) and, perhaps, in the number of such sensor heads required to fill a
'-f_i given "long look" volume. As may be noted from the parametric treatment
' of dS vs L (as a function of Deff) above and in Figure 8 , detection ranges
of well over 10 feet or more should be achievable with cable Tengths of over
5 meters using relatively small optics (Deff less than 0.5"). Advanced
fibers (GNA= 26°) could provide single lens/mirror systems of slightly
lower cost.

A conceptual drawing of a typical "long look" system is provided
in Figure 9. Note the method by which overlapping conical areas of coverage
could be used to provide large volume area coverage (assuming the intervening
space to be free of obstacles). The optics described in the previous section
for distributive systems are essentially the same for long-look systems
except that the field of view required for "long look" applications may be
less than those for DSH.  Again, Figure < shows the tradeoffs between flame
detection range (ds) and optical fiber transmission line length (L) as a
function of effective aperture (Deff) applicable to long-look as well as
distributive systems. The larger optics diameters are generally more applic-
able to the long-look systems since greater optical gain is required to
overcome the lfdsz flame-to-lens-distance fall off and/or environmental at-
tenuation encountered in aircraft applications.

Weight, size and cost considerations for long-look systems are
essentially the same as those for distributive systems. One possible excep-
tion is that, where the acceptance angle (QNA) of the fibers is suffi-
cient to provide the full angular coverage necessary, then only simple (e.g
one lens or mirror) input optics should suffice. At least one sensor head
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lens or mirror would always be required unless the cross sectional area of
the fiber itself (currently limited to 0.001 inch? for 0.040" diameter
fibers - the largest UV fiber currently marketed) was sufficient to give
the gain required. This would result in a fractional "gain" for the system
since the effective area of the bare detector is 0.005 inch?. Thus the dg .
and fiber leagth (1) for such "bare fiber" systems would have to be kept
very short indeed...murh less than 2 feet and 1 meter, respectively, and :
hence probably would not qualify it in the "long look" category. Under ?
such circumstances, the cost of UV optical elements would probably be about
20-30% less for such long-look systems, although the net overall cost, weight
and size savings would probably be negligible.
Since most "long look" applications reviewed (briefly) in this
study do not require further thermal isolation of the UV detector (as do many
of the distributive system applications), fiber transmission line lengths
could be kept short if it were not for the desire to couple as many opticai
sensor input channels as pussible per detector of the sake of cost/weight/
volume economy. Only a specific application-oriented analysis can determine
such tradenffs. Since both initial and life system costs, weight, and volume
are closely correlated to fiber transmissior line length times the number of
fibers, if bundies are emplcyed,times the number of sensor heads/transmission
lines empioyed, and, to a far lesser extent, to the input optics employed,
suitable tradeoff analyses cannot be performed without knowing 1) specific
applications, and 2) the increases in performance {detectivity, surveillance
area coverage) desired. Howaver, the fact that optical coupling acts to
improve performance in all critical AAFDS system aspects, and to reduce cost,
weight, and volume of aircraft fire detection systems specifically, the
potential payoffs of such concepts using current state-of-the-art technology
seems highly worth while pursuing.

PPN

Other Optical System Considerations

The following considerations are applicable to all types of
optically coupled UV Fire Detection Systems:

1. UV vs. Solar Attenuation - Most opticail systems capadie of

transmitting ultraviolet radiation also transmit radiation of longer wave-

lengths such as those in the solar visible on IR spectrum. In fact, they
do so preferentially {i.e. their atfenuation of UV is higher than for visible




wavelengths). As such, the signal (UV) to noise (visible and IR) ratio
introduced into the UV detector may well be inverted through the optical
system unless proper filtering is employed. This required filtering is
easily obtained in the sensor head optical system via the use of appropriate
Tens coatings or separate UV band-pass filters. All optical designs should

R A vme b o

A include provisions for such filtering in each channel or, at the very least, %
% ‘ in the optics coupling the fiber outputs to the UV detector itself. Such 4
: filtering should not have an appreciable additional attenuation effect on i

7. the desired UV signals, anu can even be made to reduce the "other radiation" %

triggered false alarms induced into "bare detector" systems. Since the UV
detectors with optical coupling can now be isolated in lower temperature
environments and even shieided against ambient radiation, most false alarm
generation should be eliminated other than those false alarms due tn voltage
transients within the detection system's electronics themselves. By only }
slightly "over-designing" the optical gain of each channel, the UV detestor §
4 g bias voltage levels and wave form characteristics (e.g. going to DC biasing :
at lower voltage) can be adjusted to minimize false alarm triggering while
i 3 maintaining optimal sensiftivity to UV reduction.
' 2. Installation/Maintainability - Optical components, including
the fiter transmission lines themselves, are capable of MIL-SPEC ruggedization
Py without too much more difficulty (and in many cases, less) than electrical
components. For example, electromagnetic interference (EMI) shieiding of
cptical elements should not be required. A number of non-metailic
(i.e. electrically non-conducting) sheathing and ruggedizing techniques are
available that can be used to minimize EM! and, at the same time save weight,
volume and cost.

S A o B e

Sensor heads can be made of high-temperature metallic o+ non-
metallic materials of sufficient strength to prevent physical damage during
maintenance and installation. If the sensor head housing (and, for that
matter, the fiber cable sheathing) can be made of a high therual conductivity
material and these components heatsinked to cooler aircraft surfaces such as
the back .ide of subsonic aerodynamic surfaces, much can be accomplished in

)

reducing tne ambient temperatures "seen" by the optie system elements. :
Protective shields can be employed over the sensor optics to protect them

: from physicai demage, scratching, or abrasion just so long as any such

; protective housing is UV transpareant, does not appreciably reduce Deff’ and
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are easily removable for periodic cleaning. Removal of UV absorbing films and
roatings is a "must" in maintaining optical UV sensor heads at peak performance

Tevels. Accessability to such heads for cleaning should be a prime consider-
ation in locating the heads within aircraft structures, second only to their
basic purpose of being able to "see" fires.

Even with MIL-SPEC ruggedization of optical system components, the

weight, volume: 1and cost of such assembiies should still be well below those
for “bare detec*or" systems since 1) no electrical power need be furnished to

the optical sensor heads or cables, and 2) even a doubling of weight and volume
over the minimum necessary to make the sensors optically effective would still

result in much smaller components than those presently associated with "bare
detector" systems.

Probably the primary physical-damage mechanism to be associated
with optical systems is that of the bending of optical fiber cables in radii

smaller than 10 to 20 times the fiber diameter (although for, say, 40mil fibers

this is only .4" to .8" radii). Such bends not only could damage {or break)
the fibers themselves, but provide UV transmission loss areas in excess of
those of straight or long-radius bend runs. The protective sheath for each
fiber or bundle can be designed to prevent inadvertent over-bending during
installation and maintenance. Considerable care must be exercised in laying
out fiber run installations to observe the bend radius restrictions.

3. Optical System Test Provisions - Separate opiical fibers may
also be used to feed UV test signals to each sensor head or group of sensors.
A small {say 4mil) fiber can be run in each fiber transmission cable at
little additional cost, weight or volume to feed a UV test signal to each
sensor head. The UV test source can be co-located with (but optically
isolated from) the UV detector tube. The source can be optically "switched"
to each sensor head ( for one-on-one- testing) by either a motorized shutter

mechanism or by electronic switching techniques (e.g. Kerr cells or crystal
diodes). Since such testing would provide a two-way checkout of not only the
sensor head, but of the transmission fiber and test fiber themselves (with no
electrical “"short circuits" possible*) such test methods should provide an

* although optical "short circuits” are conceivable, they are.near!y
impossible due to the absorption of UV by most materials. Optical isolation
between the test and return channels is simple and effective.
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even greater advantage over electrically connected systems. Any break, over-
crimping, or obscuration in either input or return channel would result in a
fault indication if the system is designed such that the UV test signal is of
equivalent intensity to the sensor threshold detection Tevel. It should be

noted that an additional advantage to optical fiber coupled systems would
accrue in that breaks in fibers (if their alignment is maintained by the
protective sheathing) tend to be self-correcting, unlike electrical cabling,
in that UV transmission across such breaks is still possible.

- bt N b st e

In this and preceeding sections of this report we have szen that:
1. The basic "building blocks" (technology) to build a fiber !
optic coupled aircraft fire detection system exist today and that

2. Using "conventional" UV input optics, more than sufficient

gain can be achieved to overcome the transmission losses of sig-
nificantly long runs of optical fiber cables, and in fact, increase
the detectivity of fire detection systems while obtaining signifi-
cant reductions in cost, weight and volume.

3. Preliminary designs of optically coupled systems strongly in-
dicate that optically coupled fire detection systems can be built
and tested without major additional developments.

A summary cemparison of optically coupled vs "bare detector" systems
is shown in Table 3.
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SECTION TV
CONCLUSIONS AND RECOMMENDATIONS

In this review of the state-of-the-art of fiber optics and related
subsystem components, and in assessing their applicability to aircraft UV
fire detection systems, we have shown that optics can aid the fire detection
system designer in improving his system in many ways:
1. By permitting him to move the UV detector tube to a more
benign environment (especially lower temperature and reduced
ambient radiation outside the UV spectrum), thus permitting greater
detector sensitivity while, at the same time, reducing the "false
alarm" rate.
2. By enabling one UV detector tube to monitor a large number
of fire-potential positions via fiber-coupled optical sensors.
3. By permitting a variety of adaptive sensor head input optics
designs that can be tailored to meet the specialized needs of
aircraft fire detection area surveillance.

4.1 CONCLUSIONS

Although the recent emphasis in optical fiber development has
been in the communications area and not, per se, in the UV region, a number
of fibers and all other required sub-system components suitable for aircraft
fire detection system development responsive to the requirements for an Ad-
vanced Fire Jetection System (AAFDS) are currently available from a number
of manufacturers. Some of these fibers have temperature ratings of up to
250°C while all other components are rated well above this temperature, and
thus are within the range required for AAFDS applications.

Although 1ittle additional work has been done over the past
decade on magnesium fluoride (MgFZ) clad fibers, the great progress in fiber
core development using other cladding methods, and the advancements in the
use of Mng as an optical coating agent in general optics are greatly encour-
aging in that a combination of these technologies (UV fiber core materials
and Mng cladding) could provide a high-temperature (well in excess of 300°C),
low lo0ss (tf3.8 L}, and, most important, high numerical cperature (NA =
0‘44/9Nﬁ 26°) fiber for AAFDS should presently available fibers be limited
in some way not known through analytical means such as those used in this
study.
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Yet the aircraft fire detection system designer need not wait
for the development and production of MgF2 or other similarly clad high-
performance fibers to begin development and testing of fiber-optically
coupled systems. The presently available fibers and other subsystem compo-
nents strongly suggest that the technology is here - now - to begin actual
development and testing of optically coupled systems. Optical systems can
increase both the detection range and view angle of unaided "bare detectors"
while, at the same time, achieving significant reduction in cost, weight,
volume and complexity of aircraft fire detection systems. When (and if)
more advantageous fibers become available, they can be directly "plugged
in" to properly designed optical sensor heads and UV detector tube coupling
optics on a 1-to-1 replacement basis.

4.2 RECOMMENDATIONS

A pilot (prototype) fiber Lptic coupled UV fire detection system
program should be instituted to evaluate the concepts and analytical findings
presented in this report. The objectives of this program should include:

1. The critical design, development and testing of a prototype

fiber optic system using current state-of-the-art technology.

2. Evaluation of the achievable increases in performance, and

reduction of cost, weight and volume of such optically coupled

systems and their related payoffs in terms of reduced false
alarm rates, increased detector sensitivity, and improvements

in associated fire detection system electronics.

3. ldentifying (and, if necessary, promoting) specific sub-
system element developments (e.g. fibers, optics, detectors)
that can be used to further enhance the overall effectiveness
and efficiency of aircraft fire detection systems.

4. Demonstration of the performance of integrated optically-
coupled UV fire detection systems - by actually building and
testing hardware in aircraft operational environments.
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Properties of

Du Pont PFX-§
Silica Core

Fiber Optic Cables

PFX-S120R is a single channel
plastic clad stica fiber optic cable.
its large diometer single fiber is
protected by jackets of Hytref®
polyester elastomer and Keviar®
aromid fiber 1o give this cable
outstanding strength and
uggeanoss.

PFX-S220R is @ dual channel
plastic clad silica fiber optic cable
designed for two-way
communication and protectedin
the same manner as the single
channel cable described above
which provides outstanding
resistance to physically hostile
environments.

The large active diomefer and
large numerical aperture of the
fiber provide easy and etficient
coupling even with inexpensive
connectors. The silica core is well
centered within a tough hard
cladding to which a connector
can be crimped directly. The tiack
pigmented jacket provides UV
rasistance. We believe it is gmong
the most nugged siica fiber cobles
curently availgble. Run lengths up
to one kilomeater are possiie
depending on the source,
connactors, and receiver
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Notes on
Test Methods:

1. Steady state values beyond the
250 metar coupling length.

2.The strength at which the
optical fiber breaks ina one meter
test length. Ends wrapped around
16 cm radius mandrel.

3.Canbe wrapped five fimes
around a 3.0 mm diameter
mandrel with no fiber breakage.

4. Proposed MIL-STD-1678~
Method 2010.

This product is believed to be
suitable for the environment of
typical laboratory apglications
whete fiber ophc materials are
being considered Where severe
industrial or military appitcotions
ate being contemplated. the
designer should consuit Du Pont tor
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QSF-A Series

Low-Loss, Large Diameter Silica Core, Step-Index
Single-Strand Optical Fibers

@ Easy Coupling to LED’s, Datectors

8 Long Lengths to 10 Km

@ High Tensile Strength & Flexibility

@ Large Diameter Single-Strand Fiber
replaces “bundles”, especiaily for ir
and uv applications

N “Best Available” low-loss fiber for
nuclear radiation resisiance

® Excellent lager power handling

@ High Flexibility, High Temperature

Tefzel Coatl
™0 All QSF-A materials exhibit attenuations of

less than 5 db/Km at 0.85 um.
L - """~~~ LS

Starting with large ingots ot extremely pure ultraviolet, visible and infrared regions.
fused silica, Quartz Products is able to of-  Recovary from nuclear radiation is reported
ter a range of large diameter, long length as "equal to tha best” by government
optical fibers with many important advan-  sources. With the high purity of fused
tages. Large ingot size permits drawing 10  silica, both strength and streas-slongation
Km lengths and longer In large diameters.  are extraordinarily high, permitting great
Righ purity keeps attenuation low in the ease in handling and cabling.

LIGHT IN UNE |
SOURGE |-§:1CONNECTOR |

5| oRIVER

thw Flb« Trmmlnlon System. Upon reques! QPG wm provide namas of component
manulacturers, cable producers snd systam assemblers using QSF-A Serles fiber.

688 Somerset St
Plainfield, New Jorsey 07051
{201) 757-4545




QSF-A Series

S

Specifications
Flbet Cors  Standard Standard Maximum  Maximum  Numerical S dbd Tonsie® Minimum
Jlametsr  Shicsne  Tofzel Uncut  Atlenustion  Aperturs Optical  Streagth  Bending
um Cladding Coating  Length 8t 0.85 um Bandwidth  Kpsl Radius
um 0.D. um 0.0. Km ab/Km MHz-Km L ]
QSF-A-200 200 400 600 10 5 0.22 25 500 3
QSF-A-300 300 440 6§50 5 0.22 20 500 10
QSF-A-400 400 550 850 5 0.22 15 500 12 -
QSF-A-600 600 750 1060 3 5 0.22 9 500 15 ;
“on short lengths .
Notes:

1. Both “B" and “HA" series are available with attenuations of <10 dbVKm and <100 dbvKm
respectively, offering high aconomy where the greater aitanuations can be tolerated.

2. Cladding and coating diametars may be reduced for special fibar O.D. requirements.

3. Both 100 um and 1000 um core diamater fibers are aiso available on request.
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Fused silica is an ideal optical material for many
applications. 1t is extremely transparent over a wide
spectral range, has a low coefficient of thermal cxpansion,
and is resistant to scratching and thermal shock.

Synthetic fused silica (amorphous silicon dioxide) is
formed by chemical combination of silicon and oxygen. 1t
is not to be confused with fused quartz which is made by
crushing and melting natural crystals. Synthetic fused
silica is far purer than natural materials. This increased
purity assures higher ultraviolet transmission, better
homogeneity, and freedom from striae or inclusions.

When compared with glass or fused quartz, fused silica
lenses offer a number of advantages:

1. Greater UV and IR transmission.

2. Low cocffictent of thermal expansion, providing

stability and resistance to thermal shock over large

temperature excursions.

Higher thermal operatuing range.

4. Increascd hardness and resistance to scratching.

5. Much higher resistance to radanon darkeng from

UV, x-ravs, gamma rays, and neutrons.

Manufaciure of fused quartz by crushing and melung
natural crvstalline quartz, or by fusing silica sands, results
i a granular mucrostructure snd bubble entrapment
Microstructure and impuntics lead to local index vana-
tions, and contnbute, along wath bubbles and opique
partieles, to reducad trangmisuon throughout the spec:
wrum. The svnthetic fuwd sthea materaly we offer are
manufactured by flame hydrolyis to extremely high
standands. The rcwltant matenal u colorles and non-
crvatatline. Suprasal 1 has an impunty content of about
one part pet midhon Controthng the purty of the
teactants and conditions of reactran (rather than smpty
cemeting natural materials) assures the high quality of the
synthetie fused slics from which we make vue lenses.

Optal Quality Synthetic Fused Sy lenwes are
wdeally sured for apphcatiant in energy gathenng and
iragiag syterm a the mud-UV, viuble and near IR They
wil, 1 all repects. outpesform wmple fused quanz of
glaw lenser with simdar parametens.
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Suprasil 1 is the best grade of synthetic fused silica
commercially available for ultraviolet and visible applica-
tions. It offers both the highest transmission (especially in
the deep ultraviolet), and very low fluorescence levels
(approximately 0.1% that of fused natural quartz excited
at 254mm). Suprasil 1 does not fluoresce in response to
wavelengths longer than 290nm. In imaging systems, and
in deep-UV applications, Suprasil 1 is the ideal choice. 1ts
homogencity, as evidenced by the tight index tolerance,
tesults in improved image quality and highly predictable
lens specifications.

Abbe constant: 67.6 2 .5

Change of refractive index with temperature (0 to 700°C):
1.28x 10-8%/C

Homogeneity (Maximum index varation over 10cm aper-
ture): Suprasit 1 15 6.6 x 108, Opuical Qualuy is
20x 10-8

Obscuration (Maximum average percent from bubbles,
inclusions and strae per em  thickness). Suprasil 1 is
0.001%, Optical Quahizy 15 0.01%

Continuous operating temperature: Maximum 950%C

Coefficient of thermal expansion- 5.5 x 10-7/C

Thermal conductivity (100°C) 0 0035 cal see”t ¢m™3C!

The following table shows the refractive index of Supranl
1 versus wavelength at 20°C To obtain index for
Optical Quahity Synthetic Fused Silica, round the

following values off to the foorth decmal place.
Accursey of index ¢ 3 x 1079

(nm) B tamm) n {nm) n
20254 1547017 (2RO IS 140403 130117 13750}

206 10 1.84266 1259 36 L 4QUOR | 365 45 1 4T448
MIRS 153404 |295.00 [ 4REIT [403.65 146061
21650 152299 | 307 $9 14H8TI [435 R 148069 (ny)
QITEY ISISTRIIIT 1SR4 A6 1) L6214 (ng)
23R 20 1 SOS4Y (3418 1ATOTE 53407 ) 45007 (n,)
25362 150351 [ 34036 14TROUSBT 56 1 4SBT (ng}
26% 16 149004 1240 69 147T4R 105627 1435627 {ng)
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TRANSMISSION FOR SUPRASIL 1, OPTICAL QUALITY SYNTHETIC FUSED SILICA AND OPTICAL CROWN GLASS

vim materal thicknes surtace eetlectoons mcluded
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Append 1028 to product number of object to be ccated,

100

|

Q )
N UV Enhanced Aluminum
g @ 0°* incidence
3
E “©
&L
&

0

0

0 Iy w0 350

WAVELENGTH IN NANOMETERS

ULTRAVIOLET:ENHANCED ALUMINUM

By applving a film of an ultraviolet-transmitting
dielectric (usually MgF;), the reflecrivity of pure, bare
aluminum can be preserved in the ultraviolet. The
diclectric layer prevents oxidation of the aluminum
surface and provides abrasion resistance. While the result-
ing surface is not as abrasion-resistant as our protected
aluminvm, this coating may be cleaned with care.
Reflectance averages over 88% frorn 180nm 1o 400nm,
and over 85% throughout the visible. This coating canbe
applied to 3ll of our mirrors with the exception of the
paraboloidal and cllipsoidal reflectors.

Append 1036 to product number of object to be coated.
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SILVER (for use in internal reflection only)

Through most of © ‘¢ visible and in the near infrared,
siver has higher reflectance than aluminum, at least for a
short time following deposition. Because the advantage is
temporary, siber 8 rarely used in external refloction.
instead, sidver s uwsed almost exchustesly in nternal
refiection. Oxidation und tamish are prevented by over-
caating the extermal surface with 20 addittonat layer of
exther inconel or copper. The inceael ot copper layers are
subsequentdy panted to mngrease abrasion resistanee. In
this wiy the hgh imtal reflectanics of siver 1w ndehinitely
preset soxd,

Siver i frequentdy used in the near wfrace® st
wterval contamning the reodymium and gathum anenide
laser lines), becawse it avouds the wmall dip i refizetance
witich luminum exhiuts © the imtersl. In the noar
altravsolet, nibver has very fow reflectanee, snd 2lununum
18 3 prefenable chowe. Fron the wuble into the meddle
infrared, niver offers the hphest mtermal refiectasee
avatlable from 3 metallic coanag. Stver Aas 3 lesser offect
shan 3 ipum on polansaton state o thest pans of the

$50CH uii
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nglnl:gn A M P H E N O L PRECISION 0O} TICAL CONNECTOR

FOR S:NGLE FIBER CABLE

RF’ PRODUCT NEWS AMPHENOL 9C8 SERIES )
\

AWMPHENOL 906* SERIES
SINGLE FIBER. TERMINATION

The increasing popularity of single fiber
cable in optical data transmission systems
is ana of the primary factors behind the
development of Amphenol's new 906 Series
connactors,

These single fiber connectors are
designed to support improved system per-
formance and specifically offer reduced
signal losses, repeatability and low cost.

Since loss characteristics are directly
related to accurate alignment of the tiber,
particular design cor.sideration was given
to three critical areas yielding a 1.5-2.0 dB

termination.
TYPICAL SPECIFICATIONS

Latoral Displacement: .0002* maximum

Angular Displacement: Less than 1°

End Separation; 0001° minimum {o PINS

.0013° maximum

Qur 906 Serles tarminates several of the ENLAE‘GED VIEW
popular single fibers presently oftered by OF 805 SERIES
manufacturers such as: Galileo: IT7; SIECOR. MATING FACE SHOWING
Timas; Vaitec. POSITIONING PINS

IN PREC:3ION FIBER OPTIC CONNEC- FOR PRECISELY LOCATING
TORS, THE NAME AMPHENOL AND STATE- OPTICAL FIBER

OF THE-ART ARE SYNONYMOUS.

\ *Patent applied for. ]

AMPHENOL RF OPERATIONS, Bunker Ramio Corporation
33 E. Franklin Strest, Danbury, Conn. 06810 | (2;\3) 7430272 @ TWX: 7104560281 8 TELEX: 969813
Y
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PRECISION OPTICAL TERMINATIONS FOR SINGLE FIBER OPTICAL CABLE AMPHENOL 906 SERIES
CABLE DATA, iaches (militmatars)
PRIMARY SECONDARY OUTER CABLE
SINBLE FIBER JACKET JACKET JRCKET AMPHEROL STRIPPING
OPTICAL CABLE 0.0. 0.0. 0.0. 0.0. NUMBER DWG.
COANING/SIECOR 1352 005{.125) | .055(1.400) | .120(3.048) | .197(5.000} | 906-110-5000 b u'4
CORMING/SIECOR 1353 005 (.125) | .555(1.400) .120 (3.048) 197 (5.000) | 906-116-5000 X
TIMES FIBER COMMUNICATIONS
GP1/GA10-90 005 (.126) | .062 (1.575 - A17(2.972) | 906-110-5001 i
GP1/GA15-90 .005 (.125) | .062(1.575) - 117(2.972) | 906-110-5001 I
8P1/SA7-90 .005 (.125) | .062(1.575) - A1742.972) | 906-110-3001 I
GP1/SA10-80 005 {.125) | .062(1.575) - A17({2.972) | 906-110-5001 I
HT1/GA10-90 .005 (.125) | .062 (1.575) - J17(2.872) | 506-110-5001 hi
HT1/6A15-9¢ .005 (.125) | .082(1.575) - JA17(2.972) | $06-110-5001 il
HT1/SAT-90 .005 (.125) | .062(1.575) - .117(2.972) | 906-112-5001 bi
NT1/SA10-60 .005({.125) | .062(1.575! - .H17(2.972) | 906-110-500% I
iy
$6-88-(1] .005(.125) | .020(.500) - .098 (2.500) | $06-110-5001 I
$-10-G6-(1) .005(.125) | .020(.590) - 058 (2.500) | 906-110-5001 I
§-20-G6-(1) .005{.125) 020 (.500) - .098 (2.560) | 906-110-5001 I
§-6-68-(1) .005{.125) | .020(.500) - .098 (2,500} | 905-110-5001 I
$-10-65-{1) 005 (.125) | .B20(.500) - .038 {2.500) | 906-110-5001 I
§-20-88-(1} .005(.125) | .020{.500) - .098 (2.560) | $06-110-5001 X
YALTEC .
HHL-MS505.01 .605 (.125) | .125(3.175) - L210(5.334) | 906-110-5003 o
HRU-MB05-G1 005(.125) | .125(3.175) - .210{5.334) | 905-130-5003 11
GALILED
5000C-18 - 005 (.125) | .08812.235) - .165{4.181) | §06-110-3005 m
% (19 05 -0 ho——— 2(50.8)
@ 53) —-p——o' }
hi OUTER , ,
. JACKEY S rd e
STRENGTH PRIMARY FIQER
MEMYER ) JACKET
CABLE “f‘l ) 9 }0——— 250 8} ——
STRIPPING o MLkl iy
DIMENSIONS j’:’g E’E‘T
DRAWINGS B - . N
inchas {millmeters) STRENGTYH PRIMARY FIBER
MEMBER JACEEY
% (19 05) - — 2508
053 —je—e) '
4 OUTER P, :

JACKET

0

/ \ -
QUTER STRENGTH MEMBER. PRIMARY FIBER
SECONDARY JACKET AND JACKEY
INNER STRERGTH MEMSBER

AMPHENOL RF OPERATIONS, Bunker Ramo Comoration
33 E. Frankiin Street, Danbury, Conn (6510 B (203) 743-9272 8 TWX 710-4560281 8 TELEX 969613
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APPENDIX B
ANALYSIS MODEL

OPTICAL

SYSTEM

////1et...
y

GS and Qg = angles subtended by optical system from fire
(source and fiber (image)

Qv and 9; = field of view angles within object space and image
space such that the ratio 9¢/GV=M is the angular magnification
of the optical system

s = flame to optical system distance
s' = optical system to fiber distance

@ and @' = the flame and image offset angles from the optical
system center line

Deff = the effective diameter (aperture) of the optical system

Op = fiber diameter (i.e. the image space)

T = lumped trar .ission coefficients of the optical system
(including fiber and detector coupling)

P( ) = the power density (UV) at the designated subscript point
(seflame, D=optical system head, F=fiber)

Of the total power radiated from the source (P(A)S) over 4n ster-
idians, subtending the optical system's input optics, in the unit solid angle
subtended by the lens is ngfflﬂsz. or the power delivered by the flame {0
the optical system input is:

. 2 2
P(A)D " p(A)s TrDeff/4s
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If energy is conserved within the optical system (including losses according
to the transmission coefficient, T), then the energy delivered through the
optical system (including fiber and detector coupling optics) may be expressed
as:
_ ol . 2
P( A)S = nDeffT/QSS

By similar analysis, the power delivered by the same flame to a bare detector
filament at a distance s, is proportional to the solid angle subtended by the
filament, Af, at a distance s, or:

P(X)¢ = Af/si

Since the area of the filament is known (Af = (0,01" x 0.5" - 0.005 inz), we
can find the power gain {or loss) offered by the optical system as:

2 2

P(a)e 4 A s

But anffld is the effective area, Aeff of the optical system. Thus, we can
write a generalized expression for the power gain of the optical system re-
lative to that of the bare detector as:

2

T sf

Z
s

P(A)S Aeff

P(A)f Af s

Substituting numerical values and normalizing this relationship from the
standard "bare detector" calibration (test) distance of 4 feet from the 5 inch
JP-4 pan fire flame gives the values shown in equation 5 in the text.

From optics we know, by definition, that the angular magnification
of an optical system may be defined as the angular offset an object (in the
image space) yields to the image offset (in the image space); or, in terms
of object and image size, as a ratio of the size of the image to the object
(taking into consideration the angular magnification); or, by triangle
similarity (for simple lenses) the ratio of the optical system spatial geo-
metry distances of lens to object and image, respectively. Thus, if Mg 3

GQIOV {s the angular magnification, then:
M x'/x where x' and x are the dimensions of the

= Mgs'/s =M
image and object, respectively.

L 8
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From this relationship, we can see that an object of dimension x in the

object space will be magnified (or, as we shall want, demagnified, i.e. M9

and ML << 1) both in size and relative position (viz a viz the optical axis).
Since all of the energy (power) in the system is conserved (exclusive of
transmission losses), the image size-and its position-can be controlled through
optical design to remain in the fiber area through awide range of offset

angles (up to Qv).

By geometry (of the optical system's output) we can see that the
relationship between the fiber diameter (i.e. image space, DF) and the effective
area of the lens (as limited by the fiber's inability to accept radiation at
an incidence angle greater than gNA) may be expressed as:

Desr = OF = tan (95)
2s (2)
But ﬂ;/Z is the angle of incidence of the rays entering the fiber. B8y de-
finition of QNA’ GQ/Z must be less than or equal to the half angle of incidence,
ONA' Thus we can rewrite the above equation as:

Deff= D + 25 tan @

F NA
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