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l INTRODUCTlON

Thrs report documents the results of a one-year program desrgned to investigate the feasrbrlrty of

i _optncal techniques applied to well~loggmg, to extend measurement capabilities in high-temperature
~geothermal bore holes. The basic concept is shown schematically in Figure 1. It makes use of a special -

armored cable containing fiber optic wave guides, connected to passive, downhole optical transducers.

' The latter modulate an optical carrier in response to bore-hole parameters. The optical carrier is 2 beam
of infrared light transmitted from an optical source at the surface over an optical fiber. The modulated .

beam from the transducer is then returned to the surface over a second fiber, where conventronal optical

: commumcatrons techmques are: used to detect and decode«the down-hole rnformatron

Quartz from whrch low-loss optrcal flbers are constructed is vrrtual ly unaffected by temperatures at

: vleast as high as 600°C (the softenmg point of quartz is. 1100°C). The use of optical signal transmission in
S well-l’oggmg offers the possibility of bypassing many problems normally associated with high-temperature

" operation. Since optical fibers are highly efficient communication channels, optical communication also -

offers the capability of measurements which require higher data rates than conventional electrical cables

* - permit. Since neither the optical fiber nor passive optical transducers require electrrcal power, problems
* associated wrth electronic. devrces at hrgh—temperatures will not occur.

However the- rmplementatlon of: such an optrcal system ‘must oyeyrcome formidable obstacles.

lQuartz fibers themselves exhibit inherently high tensile strength, but their relatively low ductility and

susceptability to brittle fracture, require new concepts in cable construction. Quartz also must be pro-

- tected from direct contact with hot steam or water, requrrrng protectrve coatmgs which can tolerate the

hrgh temperatures encountered

Geothermal energy offers one of the most rmmedrately available energy options under current
investigation. A serious limitation in the evaluation of this resource, lies in the inability to reliably make

- adequate geophysical:-measurements at those temperatures of greatest interest to successful geothermal .
explortatron The optical approach offers one step along the path toward solvrng these difficulties.

ll BACKGROUND

"IA Geothermalﬁnergy T e

_ One of the alternate energy sources being serrously pursued in the Umted States and other parts of

" the world is the natural thermal energy in the earth’s crust. The heat associated with increasing penetra-

tion into the earth is accentuated and its exploitation made practical by certain anomalous conditions

. occurting in specific areas of the world. While the sources of heat present complex questions open to con-
. troversy, it is now generally understood that most, if not all, of the areas exhibiting the greatest practical
_geothermal potential overlie intrusive masses which have penetrated strata relatrvely near the surface .

. from deeper regions, during recent geologic time. The common -exploitation concept now being pursued -

in the utilization of geothermal energy includes the dnllmg of wells into suitable rock strata overlying
these intrusive masses. Such strata contain naturally occurnng water which is subsequently produced at’

" the surface as steam or super-heated liquid. Part of the heat contained in the fluid is transferred to a heat .
“engine.or other.system either directly or by means of a heat exchanger The spent thermal flurd is then -
: drsposed of, preferably by rernjectton mto the reservorr rock :

In order to be useful as a reservorr for thermal flurd the rock must have surtable properties, mcludrng» ‘

'~ high temperature, contained water or steam, and sufficient porosity and permeability to permit the pro- =
duction of adequate quantities of fluid. In many cases, the porosity and permeability are provided by the -

complex fracturing of metamorphosed sedimentary rock. Research effort is also being expended on a

: - method of hydraulically or otherwise fracturing nonpermeable rock, with the subsequent development of
. artrfrcral hydrothermal reservorrs by means of water mtroduced into the fractures from the surface.

,1l
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'FIGURE 1. SCHEMATIC OF THE BASIC OPTICAL LOGGING CONCEPT.




B. Limitations of Down-Hole Measurement Systems

‘,Regardles‘s' of the type of geothermal reservoir involved, determination of the exact geological and

‘geophysical parameters within such zones presents serious problems. Direct measurement of acoustical,

electrical, thermal and other properties of such reservoirs in place, accomplished routinely in petroleum

exploration, is generally prevented by the high temperatures encountered. Equipment used in making
“such ‘measurements, normally referred to as “well-logging”, is currently limited in operation to

temperatures below 150° to 200°C, with the vast majority of petroleum exploration work not exceeding
100°C. The main zones of- mterest for the recovery of geothermal energy are at temperatures above

:250°C. These temperatures are generally beyond the operating limits of existing commercial well-logging
systems. Even at 200°C, only limited measurements are possible and these are accomplished with great:
~ difficulty. Without suitable down-hole measurements, the knowledge of geothermal reservoir systems is
‘severely handicapped; conditions must be inferred from cores, surface flow measurements and other

indications which do not permit the establishment of accurate reservoir parameters. The latter are vital to

~ effective exploration and the development of efficient, effective exvploitati‘on‘ practices.

Well-logging, as understood within the petroleum industry, consists of the measurement of down-
hole geologic parameters in which an electrical cable positions an instrument package accurately within

‘a bore-hole and transmits electrical “signals to the surface in response to certain established

measurements. The cable normally also supplies power to the instrument package, although the latter

function is occasionally performed by self-contained batteries. Generally speaking, thermal, electrical,

acoustic or nuclear properties of the rock are measured directly, and from these are inferred the lithology,

‘rock porosity and fluid content. Other functions are frequently served as well, including fluid sampling,

side-wall samplmg, pressure measurement and others

lll SYSTEM CONSIDERATIONS
A. Pnncrples of Fiber Optrcs

An optical fiber is a thin, ﬂexrble wavegurde general ly made of glass or plastlc Lrght which enters the -

fiber at one end follows a grazing path down the fiber, continually reflecting internally off the surface.
The fact that the light fails to pass through the wall of the fiber and escape is due to a phenomenon
known as “total internal reflection”. So long as a light ray strikes the wall of the fiber at an angle less than

- ‘the "critical angl , it cannot pass through but is reflected back rnto the fiber.

N

The cntlcal angle depends on the ratro of the indices of refractlon of the two media at a boundary In
the case of glass and air, this ratio is about 1:1.5 and the critical angle, by Snell‘s Law, is

e ] | | o
B, =cos™! ('i) = c_os"l (0.67) = 48.27 o
n =

Fibers of the type considered in thIS program are "clad" flbers, in whrch the refractive indices of two dif-
ferent kinds of glass make up the mternal reflectron propemes wrth no dependence on the outside

envrronment

For a straight rod, the grazing angle is the same from one reflectlon to the next and depends on the

angle at which the light enters the fiber. If a fiber-is bent, the grazing angle is increased and the light loss.
~will increase.. However low-loss fibers now avarlable permit bend radii as small as a few cm without

srgnlfrcant srgnal loss.

Bundles of optrcal frbers may be used to carry rmages A good example of naturally occurring optical
image transmission is the human retina. The assembly of rods and cones carries the image formed by the

- lensof theeyetoa location where it is converted into the visual stimulus.
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‘Clad quartz fibers (known as “‘glass on glass”’) are drawn in a flame or laser beam from glass rods. The
fibers can have diameters from less than 2 micrometers (about two wavelengths of visible light) to several
hundred mrcrometers Continuous Iengths of clad quartz fibers one km or more in Iength are now rou- .
tinely produced. S :

Fiber optic transmission lines are potentially inexpensive. Current costs, largely dependent upon
demand, are in the range of $1.00 to $6.00 per meter, and are expected to go as low as ten cents per meter
for large quantities. They are not electrrcally conducting so that ground Ioops short circuits, and leakage
problems are not possible.

Electromagnetic interference and susceptibility is not a problem, and glass fibers can exhibit tensile

. strengths as high as 600,000 psi. Optical fibers of the type considered in this program are small (diameters
less than 200 micrometers) and light weight. The bandwidth capacity of an optical fiber transmission line
is several orders of magnitude greater than electrical coaxial conductors, and transmission losses of

optical fibers can be as low as or lower than I’R losses for comparable lengths of wire. Because of the

~ small size of individual optical fibers, a number of them can be built into a cable with a small diameter.
Since the enormous bandwidth of an optical fiber generally eliminates the need for multiple signalpaths,
redundancy and convenience in deployment of optical paths are possible. In fact, even without the
temperature considerations, optical transmission lines have considerable merit for well -logging purposes
in their own right. A typical commercial quartz fiber i is shown in Figure 2.

' B; Status of Fiber Optics Technology

, in 1974, the Naval Electromcs Laboratory Center (NELC) at San Diego, California obtained a 3 km
length of quartz optical wavegulde from the Corning Glass Works, exhibiting attenuation of 2.1 dB/km.
The delivery culminated a long, intense effort to develop a very low-loss optical fiber in relatively long
lengths.:This fiber has been followed in rapid’'succession by others of improved characteristics and by
1977 several manufacturers-have announced productron of fibers in 1km lengths, exhrbitmg attenuation

- of 1 dB/km or less. Losses of this order are low enough to-permit cables of 10 km length or more without

‘_repeaters.

Optical fibers are now routmely mcorporated into transmission cables for various purposes. Under
‘sponsorship of NELC and Army Electronics System Command, both high-pressure underwater cables, and
cables suitable for Army field operation have been developed and are commercrally available. Cables for
B hrgh-temperature operation have not been reported however, and in fact, the subject of temperature
_effects on frbers had only been reported ina cursory fashron pnor to this program

Tensrle strength along with optlcal attenuatron of. optical flbers has been the sub;ect of contmumg
improvement. Clad fibers with tensile strengths as high as 200,000 psi are now commercially available.
This is suffrcrently strong to permrt an optrcal frber to support its own werght over a vertical length of
more than 20 km. : : :

The longest continuous- fiber reported to date is 5 km in length; however, ‘there appears to be no
- fundamental reason why longer fibers cannot be produced. An acceptable alternative to the manufacture
: _of very longfibers‘isspl‘rcing. Lossesl'essthanﬂ'lz dBlspIice have been reported .by fusing quartz fibers. .

Connectlng fibers to each-other and to other components without fusmg, presents drffrcult practical
problems Considerable effort has been devoted to the development of optical connectors for single
fibers, with some success. The subject is by no means closed, however, and it was recognized in the early
stages of this program that the design of a satrsfactory cable-head connector for a fiber optic logging
system would present formidable problems, partrcularly under the conditions of high temperature and
high pressure. Detachable connections for military field equipment have been reported which exhibit
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FIGURE 2. CTLAD Q‘UNR ’I‘Z OPMOAL FIBER ILLUMINATED BY ME[’CIRO‘SOOPE LANP
The fiber is in a very tight bend around the holder's finger.




individual losses of about 1.5 dB/connection; however, in practice it is difficult to achieve repeatable per-
formance of this level. Even then, preparation of the fibers is tedious, and connector assembly
accommodates itself to field operatron with great difficulty. An rdeal solution to the connector problem is
still belng sought. :

- 'C Optrcal Sources

‘Practical frber optlc communication systems consist of other elements in addition to the optical
. transmission line: These include optical sources, modulators, detectors; and the accompanying hardware
to couple:light-into and out of the fiber. Practical sources for those fiberoptic systems now in use or-con- -
“templated can be divided into two groups: (1) semiconductors, lncludmg light emitting diodes and laser
diodes and (2) lasers, generally the neodymlum -doped solid-state variety, but also gas lasers of various
~ types. The wavelengths of these two groups of sources are usually chosen to coincide with the optimum
transmission wavelengths of quartz fibers, between 0.80 and 1.1 um (a narrow band of wavelengths near
~0.95 um should be avoided, as there is a strong absorption in quartz near that wavelength). Neodymlum-
‘doped solid-state lasers normally emitat 1 06 pm, very nearly ideal.

Semiconductor sources are directly modulated via their drive currents. Light emitting diodes are
 ‘operated CW and their modulation is usually analog. Laser diodes, at room temperature, are pulsed in
order to reduce thermal problems. They lend themselves to pulsed modulatron technrques such-as PPM or
PCM.

For higher apphcatsons Nd YAG lasers are used although they cannot be directly modulated. For
well logging these lasers might be advantageously used smce the optical source is expected to be at the
‘ surface and the modulator down—hole :

' Two general classes of modulators may be considered: the first includes mechanical devices such as
choppers, tuning forks, and moving: mirrors, and ‘the second:the electro-optic, magneto- optic, acousto-
optic-and absorptive type devices. Mechanical modulators might operate at temperatures.as_high as 300°
to 400°C, and could be powered from a mechanical storage device such as a spring. The electro-optic and
acousto-optic modulators can achieve much greater bandwidth, at least 1 MHz for 1 to 5 mW/MHz of
- modulating power. Magneto-optic devices at the wavelengths being considered for this application are
not readily available, and absorptive type modulators have not been well investigated. Thus, it appears
“that electro-optic or acousto—optlc modulators are more suitable for down—hole applications. Specific
modulator approaches are discussed in a later section of this report

Specral requrrements generated by one of the down-hole optlcal sensors rnvestrgated in this program,
~ makes mandatory the consideration of a fourth type of optical source. A passive optical temperature
__transducer has been developed in which the absorption edge, or cut-off wavelength, of a semiconductor is
measured as a function of temperature. This requires either-a broad-band, or a tunable optical source.
Broadband sources are not generally required in optical communication systems and the subject is not
~ well covered in the open literature. Ordinary incandescent lamps appear to fill this requirement, although
not ideally. Tunable sources are generally restricted to the “dye lasers”, Unfortunately, dye lasers are not
currently available over the wavelength range of rnterest in this apphcatron

_ A second “tunable” possrbrhty isa semrconductor LED with’ temperature control. A properly doped
semrconductor operated so thatits operating temperature could be carefully controlled could be made
“to produce an output of varlable wavelength

D Optrcal Detectors

‘Detectors for optical well loggmg requrrements may be divided into two groups (1) semiconductor
detectors and (2) photomultipliers. Semiconductor detectors can be further subdivided into avalanche
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_detectors and non-avalanche detectors. Photomultipliers are physically less desirable than semicon-
" -ductors, but can develop greatly improved signal-to-noise performance at high sensitivity. In the system
philosophy developed during this program, the detection operation would be accomplished at the surface
rather than down-hole and, consequently, the difficulty of photomultiplier operation is greatly reduced
and poses only minor problems. The specific choice of a photodetector depends upon the final system
parameters, mcludmg bandwidth, attenuation, and avallable srgnal power.

Coupling into and out of fibers is a critical task. A rather extensive literature search has been devoted
to-the subject of coupling, the main problem being the narrow acceptance angle and small size of optical -
fibers. Because.of the:narrow output beam;, laser sources-are inherently capable-of much higher coupling

‘efficiency than any other sources available. Collection optics and other aids to coupling the output of
“extended sources in the flbers has been the subject of a number of papers. (-4

. CABLE DESIGN AND FABRICATION
Obviously, one of the most significant elements in the optical well-logging system is an optical cable.
Because well-logging is performed in a very severe environment, conventional electrical logging cables
“are typically of a steel-armored type, in which a double layer of steel stress strands overlays a central core
containing several insulated electrical conductors. In the concept explored in this program, the intent is
to replace the electrical conductors with optical fibers. These require no electncal insulation, and are in
; themselves inherently insensitive to temperature effects.

Optical cables of various types, including high-pressure, under-sea cables, have been constructed in
-the recent past but none designed for high-temperature operation. A number of practical problems
associated with combining optical fibers into a well- Ioggmg cable were found to exist. It is believed that
v these have now been identified, and can be attacked in a systematic way

"A Subcontractor Selection-

Early in the program, well- Ioggmg cable manufacturers were sollcrted for proposals to construct a
100M length of optical cable for demonstration purposes, with the following general requirements:

*  Two or more Iobw-loss’ opticlallfibers, armored for weI‘l-Iogging operations.

s  Optical attenuation of 1 S'tiBl'km or tess

. Temperature capability as high as pos‘sible‘, with adesign goal of 300°Cf
. A design capable of eventual extension to Iengths of at Ieast 10,000 ft. ’ |

’ The three manufacturers solicited were the Rochester Corporation, ITT-Electrooptics, and Vector
Cable Company. All of the companies ex’press’ed interest, and two furnished,specific proposals. -

The Rochester Corporation was at that trme working in conjunction with Corning Glass Works, in an

. attempt to armor a Corning low-temperature commercial optical cable known as “Corguide”. Rochester

" furnished a sample of this cable, shown in Figure 3. Their-attempts to produce the cable in useful lengths

were unsucessful, however and the company declmed to make a specific proposal in answer -to our
request. : s :

1TT-Electrooptics Division, in conjunction with ITT Hydrospace Divi’sion,proposed to design and
-fabricate a cable to meet our general specifications, utilizing TFE as the buffer material. Their cost’
estimate for this development was outside the scope of the present project and, as a consequence, the
proposal was forwarded to the ERDA Project Manager with the recommendation that it be funded
separately. :
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FIGURE 3. SAMPLES OF LOW-TEMPERATURE ARMORED FIBER -OPTIC CABLES.
The larger sample contains seven optical waveguides, but manufacture was

not entirely successful. (Rochester Cable Co.)




Vector Cable Company, the largest supplier of well-logging cable, agreed to undertake the develop-
ment and provide a demonstration ‘cable on a procurement basis. This proposal, which was within the
financial capability of the contract, was accepted and all project information concerning optical fibers
and optical cables was furnished to Vector. Consequently, the principal report of cable development con-
cerns the work of Vector and its fiber supplier, Times Fiber Communications, inc.

-B. - Design Considerations

A well-logging cable is primarily for the purpose of transmitting power and signals, but it also must
serve as a strong, precision “measuring tape” and hoisting element-as well. Since well parameter correla-
tion with depth is based on cable measurement, particular stress is placed on the physical stability of the
cable, and on its.behavior under load. Currently, these goals are accomplished by using steel stress
‘ members for which the stress-strain properties are predictable. Stranded copper conductors are typically
used in the electrical circuits, and steel armor strands provide the mechanical strength and load carrying
capability. Copper, with its high ductility, can easily conform to the elongation requirements dictated by
the steel armor. ‘ '

In constructing an armored optical cable, a serious limitation is introduced by the properties of the
quartz fiber. Quartz under normal temperatures is not a ductile material-and while exhibiting great tensile
strength, it is subject to fracture with very low elongation. Moreover, the high sensitivity of optical fibers
to microbend stresses, places severe restrictions on the action of the other cable members. The very small
size of these fibers makes them relatively fraglle in spite of the excellent tensile properties of the
material. :

" An initial design study of the cable requirements, both by Vector and by the SwRI project team,
disclosed three general conceptual approaches to armored cable design with fiber optics.

1. ConventionaIVDoubleAArmor over Optical Core -

In the approach taken by Rochester and Corning in the cable design illustrated previously in Figure 3,
an inner core containing the buffered fibers is armored in conventional fashion. The optical core contains
- two stress strands of aramid yarn. Aramid has elongation properties similar to those of glass, but with high
fracture toughness. The design is based on the idea that tensile forces will be absorbed by the inner stress
strands, protecting the individual optical fibers. Rochester found this approach unsatisfactory.

2. Conventxonal Construchon, wrth Glass Armor ‘

‘ Presumably, a design based on glass yarn strands as the protectlve armor might be feasible. Whlle
such an approach may have long range significance, it is beyond the scope of existing logging cable
technology. Adequate protection of the glass armor from hot well fluids also presents problems.

3.  Fexible Tube -

The optical fibers might be isolated inside a flexible tubular.structure in the cable core the tube pro-
tected by conventional steel armor. While this approach is appeahng, construction of such a tube with
- sufficient ﬂexrblhty, strength and mechanical stability, presents severe manufacturing problems. Con- -
- sideration was given to this concept in the program, but without a promrsmg design approach.

4. Stress Member lnsrde, Non Load Beanng Armor Outside

Vector recommended this _approach with the concurrence of the project design team. The Vector -
cable design based on this concept is shown in Figure 4, in which-a central steel stress member carries the
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' Specificatfons:

ZLECTRICAL PROPERTIES;
DC RESISTANCE;

VOLTAGE RATING:

INSULATION RESISTANCE:

OPTICAL PROPERTIES:
OPTICAL PATH:

ME CHANICAL PROPERTIES:

BREAK STRENGTH:
WEIGHT IN AIR
TEMPERATURE" RATING

STRESS CORE .079" GIPS 0.D.=.079"

OPTICAL FIBERS WITH PFA JACKET
OID‘=.068"

ELECTRICAL CONDUCTORS WITH .015"
PFA  INSULATION 0.D.=.068"

BINDER TFE, GLASS TAPE‘O.D.='.223”

SINGLE ARMOR, 15-.031" GIPS
54° ANGLE 0.D. = .,285"

11.0 OHMS/1000' 220° C,
23.2 OHMS/1000' @300° C.
500 VRMS _ "

2000 MEGOHMS/1000' @20° C.
.1 ‘MEGOHMS/IOOO" @ 300° C.

1.086 3°ANGLEY

12104
105. 4#/1000'

300°C

FICURE 4. TENTA‘I‘IVE ‘HIGH TEMPERATURE CABLE DESIGN,
COMBINING THREE OPTICAL AND THREE ELECTRICAL PATHS.

(Vector Cable Co.)




full cable load. Glass optical fibers, heavily buffered with a resilient buffer material, surround the central
stress core in a loose helix. This core is bound with glass tape, and a single protective non-load bearing
armor wound over it. Under load, the central stress member tends to stretch, and the buffered optical
fibers accommodate by “unwinding” slightly from their no-load posmon The armor strands follow,
tending to unwind also. Thus, under load there is a gentle “spring” action, with a return to the initial posi-
" tion as the load is reduced. The design calls for a 0.079-in. steel core surrounded by three optlcal fibers
and three electrical conductors, all with diameter 0.068-in. (1.71mm) over the buffer. The outside dlameter
of the complete cable is 0.285in. (7. 3mm).

C. Optical FiberConsiderations.
1. - Selection of Opﬁcal Fibers

Because the lengths of cable used in weII logging are relatwely great, the use of low-loss optical
- fibers (less than 15 dB/km) is dictated. Fibers with this capability are constructed of quartz, with either a-
_step or graded-index quartz cladding. Graded index fibers are employed where very high bandwidths are
required, and since bandwidth greater than 5-MHz is easily attainable by lower-cost step-index fibers, the
latter are adequate for any well-logging purpose now envisioned. Graded index fibers can be substituted
in the design at any later time should they appear necessary.

The two development areas presently receavmg the greatest attention in the fiber optics industry,
concern fiber strength and reduced attenuation. Improvements in both these parameters are announced
frequently, and the availability of fibers with tensile strengths greater than 20,000 psi and with attenua-
tion in the range of 1 dB/km or less are assured for the near future. For the purposes of this program, fiber

_strength was determined to be of greatest concern. for the demonstration phase of the program. High
strength fibers with attenuation below 15 dB/km are readily available, and were deemed suitable for use
in the short length demonstration phase of the program. Consequently, the design goal for the prototype

. cable was set at 15 dB/km-or less, with fiber strength the overriding.concern. Substitution of fibers with

lower attenuation can be accomphshed in the cable design at any time, once the feasibility has been
demonstrated ’ :

2. Fiber Buffering

‘While optical fibers need not be electrically insulated, it is essential that they be protected by a
resilient coating called a “buffer coat”, to minimize the effects of microbends. Microbends are uneven
stress distributions in microscopic areas of the cladding. These affect the index of refraction slightly, and
cause localized zones of increased loss. The individual effect of a single microbend is insignificant. Over
‘a long length, however, the cumulative effect can be serious. A relatively soft, resilient coating over the
~fiber tends to equalize externally applied stresses, and protects the fiber from internal stress gradients.

7 A second purpose is served by the vbuffer coat. Super-heated steam or hot water is corrosive to
quartz, and it is important that the fibers be isolated from direct contact with such fluids. The buffer
material then must serve as-an isolation barrier. Consequently, selection of an appropriate buffer material
impermeable to water is an important part of the-cable-design. Typically, buffer coatings of various.
plastics are-applied to the fibers at the time of manufacture The fiber is first lubricated with a silicone oil,
and the plastic extruded directly over it, forming an unbonded, tight-fitting continuous tube. If the buffer

material is directly ‘bonded to the glass, differential temperature expansion coefficients are likely to -

~generate even greater stresses within the fiber. The results of such thermal expans:on dnfferences are
mlcrobends severe losses, and ultimately, breakage of the flber

‘ After extensive investigation of -materials ‘and manUfacturing problems, two candidate buffer
materials were selected as best fulfilling the buffer requirements. These materials are both fluoroplastics
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of the Teflon family, the preferred one of which is a relatively new compound known as PFA
~ (perfluoroalkoxy), and the other TFE (polytetrafluoroethylene). PFA is currently used in the manufacture
of commercial quartz fibers, but in very thin coatings. It adapts readily to standard ram extrusion
machines and has a service temperature near 275°C. TFE, which has a slightly higher temperature
capability, is not directly amenable to extrusion. It is generally- applied in an aqueous dispersion as a
~ paste, which must then be sintered in a separate process. After consultation with various fiber manufac-
turers, Vector recommended PFA as the most practical candidate for the prototype cable.

For eventual extension of the concept to temperatures of 300°C and higher, less certain buffer can-
didates appear. TFE;.if methods for.its application-can be developed, should be useable to 300°C. Higher-
temperature compounds; relatively new in the plastics industry; include the polyimides, paralene (a pro-
prietary conformal coating) and metallic coatings such as electroless nickel. All these materials received
consideration during the program, but the development of methods of applying them satisfactorily to
optical fibers for operation over a wide temperature range will require a considerable research and
development effort. , ‘

3. Stressand Temperature Effects on Optrcal Fibers

Investigation of the optical performance of quartz flbers at high temperatures and under mechanical
stress, are subjects not well reported in the open literature. Consequently, during the program methods of
determining these effects were developed and experiments conducted to assess the effects of stress and
. temperature. ’

‘Increased optical losses under tensile and other loads anticipated in a well-logging cable, are the
result of microbends, or localized stress gradients in the quartz. The seriousness of these effects is
primarily a function of the relatively long: lengths of fiber required. Determining the effects in the
- laboratory, poses serious instrumentation problems. Practicality demands that the measurements be
~made on short lengths of fiber, but the magnitude of-the losses over a short length is likely to:slight. For

example, a quartz fiber with an optical attenuation of 15:dB/km will exhibit attenuation of only 0.15 dB
~over a 10-m length. Sufficient accuracy to-measure, in absolute terms, a 1 dB/km change in attenuation

would require measurement accuracy of 0.001 dB. This is beyond the state-of-the-art of optical capability.

In order to circumvent this difficulty, a -method was selected in which a dlfferentlal measurement
: between two identical fibers of the same length is made.

In this procedure both fibers are lllummated by a common extended light source, and the experimen-
tal stress state is applied to only one of them. Differences in the relative attenuation become readily
apparent, and measurement accuracy of 0.1% can easily be .achieved. This is equivalent to a relative
~ change of 1 dB/km. A schematic representatlon of the apparatus used in this techmque is shown in

: Flgure 5. : .

There are four optical parameters in this measurement system which must be carefully controlled:
a. fiber end preparation, ‘b. source brightness, c. input launching (coupling) conditions, and d. output
receiving conditions. These parameters must be uniform and repeatable from measurement to measure-
ment, and time'invariant if meaningful loss data is to be obtained. '

, Typlcal attenuation effects on a low-loss fiber subjected to pure tensile load are shown in Flgure 6,in
- which the increase in attenuation (%) is plotted as a function of tensile stress and. % elongation. The
results indicate that, at an elongation of approximately 1%, the particular fiber investigated showed an
increase in attenuation of approximately 5%. Thus, if 1 km of this fiber with an initial attenuation of 15 dB
~is subjected to a tensile stress resulting in 1% elongation (approximately 90 ksi), the fiber attenuation
could be expected to increase 5%, or to a total of 15.75 dB, a relatively insignificant increase.
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Temperature effect on attenuation was also investigated in the same manner, with the test fiber sup-
ported in a temperature test chamber. At 500°C no measurable effect on transmission of the heated fiber
- was detected. We conclude, therefore, that direct effects of temperature on attenuation can be expected

‘ to be less than 0 1%.

. Temperature can, however, be expected to affect the mechanical properties of the fiber. While no

experimental determination was attempted in this program, the subject is well covered in the literature.

‘At 400°C, for example, quartz has a tensile strength approximately 70% as great as its room—temperature
ige. :

-

D. Cable Construction
1. Fiber Buffer Operatiorl

The heart of the Vector optical cable design is a step-index, low-loss fiber imbedded in a heavy buffer
coating of PFA. Normally, buffer coatings on.commercial fibers are very thin (on the order of 0.03mm).
The initial approach to the buffering operation was to procure a standard commercial fiber buffered with
PFA, and run it through a second extrusion process, to deposit a heavy layer of PFA over the first. Vector
selected a fiber supplier, Times Fiber Communications, Inc., who agreed to meet the fiber specifications
and to work wrth Vector on the buffermg problem

_ lmtual attempts to produce the heavy PFA buffer coating showed that it would be necessary to make :
at least two additional passes through the extruder in order to maintain the fiber concentric inside the buf-
fer. Difficulties were quickly encountered. The heavy PFA extrusion, with its relatively high mass and heat
content, tended to melt the buffer coating and cause sticking. This introduced stresses into the fiber that
resulted in breakage. The extrusion problem constitutes the basic difficulty of the method for which ade-
quate solutions are still being sought. Vector worked at the problem for a period of several months even

“to the extent of obtaining uncoated fibers and attempting to extrude directly over them. Short-lengths of
apparently successful material were produced in'this manner, but with the mass of PFA and the high
extrusion temperatures, destruction of the silicone coating occurred frequently, with resultant wetting of
the quartz and severe microbends. Finally, Vector called on Times Fiber to produce the complete buf-

~ fered fiber d:rectly, and supply |t to Vector for the cabling operation.

Recognizing the fundamental problem of PFA sticking to the fiber, Times approached it by extruding
‘an intermediate layer of a second material (an elastomeric nitrile rubber) to isolate the PFA from the glass.
This procedure has met with limited success. At the time of this report, work is contlnurng on this
approach. In the near future, it is antacrpated that frbers will be" delivered, and cable construction
‘attempted B : : : :

-2 v‘ Summary of Results of Cable Investrgatlon

The drffrculty experienced in producing a- smooth uniformly. buffered f:ber wrth sufficient buffer
thickness to isolate the glass fiber itself, has constrained a proper evaluation of the cable design. The pro-
“blem is principally associated with the high temperature at which the PFA extrusion is accomplished. In
retrospect; a better-approach to the optical cable evaluation would have started with construction of a
‘low-temperature cable from which structural problems and performance could be assessed, with gradual
" “improvement in the temperature capability sought in a systematic, step-by-step development program.

o
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| V.'CABLE HEAD DESIGN

ln well- loggmg, it is convenient to have the cable terminated in a quick disconnect element known as
a cable head, so that logging instruments can be easily changed. The requirements for such a connector
~on an optical cable include the following: ‘ ‘ oo

‘1. It must transfer the weight of the logging instrument to the cable stress member. v
2. . It must connect individual optical fibers in the cable to corresponding fibersin the instrument:

3. lt should terminate the cable stress member in a “pull-out link”, to permit emergency pull-off
without leavmg cable in the hole.

4. - It must seal the individual frbers and their connections from well bore fluid under high
pressure. : ~

General investigation of cable head designs suitable for interfacing optical well-logging instruments
to optical cable was carried out and a specific design developed for evaluation. Obviously, the failure to
produce an optical cable hampered this evaluation seriously. Vanous aspects of the cable head design
ared rscussed in the following paragraphs

A. Optrcal Connectors \

. The Iarge—scale application of fiberoptics to routine communication appllcatrons has been slowed by
_the lack of a simple, reliable connector concept. The subject is receiving continued intensive effort on
several technical fronts. This difficulty should not be considered surprising, in view of the fact that even
electrical connectors-have been the source of chronic problems in the electronic industry for decades.
Some features-of the electrical connection problem are common-to optical connectors, in addition to
which some new problems are posed. ~

Several manufacturers now commercrally produce ona lrmrted basrs smgle flber connectors. These
have been only marginally successful. The conventional approaches to the connector problem can
generally be catagorized as follows ‘

1.‘ Ferrule Type

: \ : , )

ThlS is the most common approach to smgle-flber connectlon It involves cementmg a flber gen-
erally stripped of its buffer coating, into a precision sleeve. The end of the fiber-ferrule assembly is then
- optically polished, and two similarly: prepared fibers are matched into a'mating sleevein a precrsuon butt

joint. Extremely close drmensronal tolerances are requrred of all connector components '

Opt:cal Lens Couplmg

In this concept each of the two matmg fibers is cemented to a small-lens. The frber—lens assembly is .

~ then' inserted ‘into a precision sleeve, the lens effectively increasing the coupling diameter. The system

does not completely alleviate the alrgnment problem however smce the frber and the lens must be
~ aligned with great accuracy.

3. V-Groove Approach

Precision V‘shaped grooves are mllled into a- plastrc or metal block and fibers cemented mto
individual grooves. Two such assemblies are then mated and aligned with precision pins.
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These three approaches seek to solve the fundamental problem involved in coupling two clad fibers,
. namely excessive optical loss due to misalignment. Losses at such a connection are the result of three
“‘separate positioning problems: lateral displacement, resulting from imperfect flush mating of two fiber

ends; axial misalignment, due to dimensional variations in the fibers and in the ferrule or V-groove; and
..angular misalignment, or lack of parallelism between the two halves of the assembly.

'B. . Investigation of Losses Due to Coupling Etrors

"During this program, an assessment of the various sources of error were -investigated by a computer
model and-by experimental verification: These two approaches are discussed more fully in another sec-
_ tion of this report (Section V1.A.7, “Prototype Temperature Sensor Design and Fabrication”, and in Appen-
dix B, “Program OPDEAN”). In summary, the results indicate that two 5-mil (0.13mm) step-index fibers
joined in an-otherwise perfect butt splice, exhibit a loss of 2. dB with only 1-mil (0.03mm) axial misalign-
‘ment. Since there are inherent errors in both the OD of the fiber and of the position of the core within the
fiber, the dimensional requirements for alignment hardware such as ferrules or sleeves, are extremely
“severe. By comparison, fiber separation along the axis under the same conditions (in air), produces an
equivalent 2 dB error for approximately a 10-mil (0.25mm) separation dtstance representing 200% of the
f:ber diameter.

C. Design Concept
* In view of the importance of accurate axial alignment in coupling optical fibers, a connector design
~was undertaken for the optical cable head, in which alignment accuracy was a paramount consideration.
For well-logging this alignment requirement is made even more stringent by the necessity of connecting

several fibers simultaneously. Based on the combmed problems of optical considerations, high pressure,
and the severity of field operation, a concept was developed with the following principal features:

.f A convehtional bpressure housing and rope socket;
e Pressure seals external'tothe optical connector pr_open '
o An optical connector seoarate from, butr seeured with‘in the pressure housing itself.
e Ver'y accurate individual ftib'er alignment. )
D. Pressure Connector Desrgn

A simplified assembly of the complete optlcal cable head desrgn is shown in Figure 7, in which the
major components of the assembly are shown ~

1. Fiber Optic Connector

~ At the heart of the cable head is the small fiber optic connector, held inside the pressure housing
(shown at A in Figure 7). The basis for this concept is alignment of the fibers by means of an assembly
composed of a series of small chemically milled plates. These serve as alignment fixtures for precision fer-
rules, each of which holds one of the three optical fibers in the cable. A detail of one half of this connec-
tor assembly is shown in Figure 8. The mating assembly is identical except that it contains holes for the
alignment pins. Each connector half holds the three ferrules and individual fibers. The chemically milled
disks can be produced to extremely close tolerances (less than 0.002mm) and consequently are more
: accurate for ahgnment purposes than machmed parts of comparable complexuty

In the assembly, each of the three strlpped fiber ends is mserted into one of the slotted sleeves, and
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FIGURE 8. SCHEMATIC DRAWING OF OPTICAL CONNECTOR HELD'
. ' - INSIDE THE PRESSURE HOUSING. The detail shows a
typical ferrule-fiber assembly held by the photo-etched
precision plates.,
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‘these are pushed through one of the alignment disks. The individual holes in this disk are slightly smailer
- than the OD of the sleeve, causing the slotted sleeve to collapse slightly onto the fiber, holding it in place
without adhesive. The three key elements—slotted sleeve, chemically milled disk, and prepared fiber—
are shown in the photograph in Figure 9.

After the first disk is assernbled onto the three fiber assemblies, additional disks are stacked onto
succeeding ones, each coated with a thin layer of high temperature adhesive. A total of 11 such disks
- complete the assembly, which is then clamped until the cement is cured. Then the alignment pins are
removed, and the entire front surface, including fiber ends,-is optically polished. Both connector halves
; are-prepared ‘in-this way, and the precision alignment pins are re-inserted into the male half ‘of the-

connector

2. . Adhesives

A severe problem unique to high-temperature operation concerns the use of adhesives in assemblies
containing glass fibers. Optic fiber assemblies in communications applications rely heavily on epoxy-type
adhesives to bond the glass to metal, plastic, and ceramic components. Typically, for example, connector
assemblies utilize an epoxy to securely fasten individual fibers in alignment ferrules or V-grooves.
However, the coefficient of ‘expansion of glass differs seriously from that of the epoxies, and at high
temperatures, creates stresses in the glass that both increase losses and eventually result in fracture. An
. exhaustive study of compounds which might serve as adhesives in this application was conducted during
the program. The most favorable solution found is offered by a silicone resin designed as an additive for
paints and enamels. The substance is a slightly viscous liquid which air dries at room temperature; it must
. then be cured at a temperature above the maximum exposure temperature anticipated. In service, it can
survive temperatures as high as 350°C. The cured resin forms a thin, hard but flexible, transparent film

which bonds well to most materials. The inherent flexibility of the film allows its use over a wide
“ temperature range: Although it involves a rather lengthy application; dry, and cure cycle, this material has

been satisfactorily used to secure fibers in high-temperature connections inthis program: The-particular
resin used is made by Dow Corning, and sold under the name /804 Silicone Resin”.

3. . Pressure Seals

Static pressure seals utilizing O-rings can be successfully employed at temperatures as high as
250-300°C, utilizing either fluorocarbon rubber or TFE O-rings, if relatively short exposure cycles (of the
order of a few hours) are involved. Conventional seals utilizing both materials were investigated, and a
pressure housing and connection concept designed. Individual seals were shown at E, F, and G in Figure 7.
The critical element in this concept, is the seal which isolates the individual optical fibers (at E). Pressure
is isolated from the optical connector by a pressure barrier through which individual fibers must be
‘sealed. The pressure barrier is shown at D in Figure 7. It consists of a stainless steel piston sealed into the
“body of the cable head by a conventional O-ring ‘seal. Within this piston are individual seals, called
“strangle seals in which buffered fibers are held in the pressure barner piston by mdrvrdual TFE O-rings.

~Two factors are cntrcal to the success of thls type of seal: ftrst the pressure ‘must develop sufficient
- friction between the buffered fiber and the O-ring. to prevent the fiber from sliding through the pressure

‘barrier; second, the pressure applied to the-pressure plate, which creates 'the sealing force on the O-ring,
~must not exceed the yield strength.of the buffer material. If both these conditions are met, the seal will
function. As the temperature is elevated and the yield strength of the buffer material is reduced, the
danger of pressure simply extruding the plastic through the hole in the pressure barrier increases. Conse-
quently, a seal of this type that functions satisfactorily at low temperature may not be successful at high
temperature. Since both PFA and. TFE can be extruded at suffrcrently high temperature and pressure, the
clearances within the pressure barrier are very critical.
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FIGURE 9, PHOTOGRAPH OF A SLOTTED FERRULE, ONE OF THE PHOTO-ETCHED
PLATES, AND A STRIPPED 0, 068-INCH BUFFERED FIBER




~Static performance of the seal was tested at both room temperature and at elevated temperature in a
special test fixture shown, together with the elements of the seal, in Figure 10. At 7500 psi (maximum
“pressure used in the test) and room temperature, the seal behaved well. The PFA yielded slightly (an initial
- creep of approximately 0.040-in) and then took a fixed set with no leakage. After the pressure stabilized
at 7500 psi, no further creep was observed after two hours. Repressuring cycles produced some hysteresis,
~ but no leakage. This is normal for seals of soft materials on each other, and presents no difficulty as long
- as allowances are made for the slight movement. After a sufficient number of cycles, it can be anticipated
that the seal will fail. Consequently, in service it may be necessary to establish a design life, and then
: replace the seals prior to that time.

In"thelaboratory tests; after several pressure cycles to 7500 psi, the test unit was- dlsassembled and

- the seal examined. In Figure 11 is shown a photomlcrograph of the tested seal. Deformation of the TFE

O-ring caused by the pressure plate can be noted, together with a slight necking down of the PFA buffer-
ing material. This represents satisfactory seal operation at room temperature.

The critical test of the operation of this seal is its performance at high temperature. To test the -
_operating range, a seal was assembled in the test fixture as previously described, and the chamber
installed in a high-temperature oven. With the hydraulic system sealed, increasing temperature also
- resulted in increasing pressure and these two parameters are plotted in Figure 12, which shows the signifi-
~ cant results of the test. Pressure gradually increased in the sealed chamber with temperature, to 4000 psi

~at 269°C. At that point, a slight drop in pressure was noted. Although no significant leakage was detected,
- the result can be interpreted to mean that yield of the PFA buffer material had begun to occur. Finally
after a total of 2 hours and 10 minutes, the seal failed. The indicated temperature at that point was 276°C.

; The results of this series of experiments reflect the fact that at a given terhperature, PFA can be
extruded by some appropriate pressure. At 275°C the extrusion pressure is about 4000 psi and the seal will
fail. The critical temperature for this particular seal under the test conditions can be said to be 265° to
270°C

Tests of the outer pressure barrier seal “at elevated temperature and pressure were conducted
.without incident. An identical but undrilled pressure piston was tested with both TFE and Viton
(fluorocarbon) O-rings. Both operated satnsfactorlly with no leakage at pressures of 12,000 psi and
temperatures of 275°C for 2 hours

4.  Status of Cable,Head Design

During the program, individual components of the cable head have been constructed and tested, but
a complete assembly has not been produced Delays and uncertainties in the cable procurement made it
impossible to fully evaluate the operation of this assembly. Based on tests of the coupling efficiency of
the optical connector, it is antlcipated that optical losses can be held to approxnmately 4dBin each fiber
connection, over the temperature range of the cable and cable seals. .

Vi. OPTICAL SENSOR DEVELOPMENT

‘The principal advantage of a fiber optic approach over the use of electrical cable, is that the pro-
blems associated with the transmission of electrical power and signals at high temperatures can be
avoided. However, to fully realize this advantage the system ‘must be totally optical, that is, sensors are
required that operate without electrical power. To perform a well-logging function, such a sensor must
_ possess an optical property that is influenced by the bore hole parameter of interest in such a way as to

modulate, or to emit, optical radiation. Because the optical signal produced by the sensor is to be carried
.over a'long-distance by an optical fiber, it is also essential that the optical modulation or emission take
place in the spectral band where fiber optic attenuation is minimized, namely, from about 800-nm to
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FIGURE 10.

MINIATURE PRESSURE CHAMBER AND PRESSURE-BARRIER
TEST FIXTURE. (a) seal components; (b) assembled pressure
barrier ready for test. The arrow in upper photo points to
miniature TFE O-ring. ' ‘
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FIGURE 11, PHOTOMIC‘ROGRAPH (45X) of TFE-on-PFA PRESSURE SEAL
AFTER PRESSURE TEST. 7500 psi at 25°C for two hours.
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"1100-nm. Finally, it is also desirable, but perhaps not essential, that the method of measurement be insen-
sitive to signal intensity fluctuations caused by variable stresses in the fiber itself.

* The objectives of the sensor development phase of this program were to identify and assess the
~feasibility of sensor concepts that satisfy these requirements. In the discussion that follows are reported
the findings on promising approaches to the measurement of temperature, neutron flux and pressure.

A. Temperature Logging

Temperature ‘logging .is recogmzed by. most authorrtles(5) as the- highest priority requirement-of
geothermal bore hole measurement. Aside from the obvious interest in reservoir fluid temperature, con-
tinuous temperature logs can provide important information on formation lithology, bed boundaries,
thief zones, and well conditions generally. Temperature surveys in conjunction with flow tests are also
significant in predicting the thermal performance of a reservoir in production. Eventually, properly con-
- ducted temperature tests may prove as basic to geothermal reservoir analysis, as resistivity measurements
have been to petroleum reservoir assessment. Consequently, development of an optical temperature sen-
sor capable of application to continuous well logging, was a fundamental objective of this program.

In view of the general requirements of optical well-loggmg sensors, the search for an approach to
temperature logging by optical means began with a review of the temperature dependent optical proper-
ties of solids. As a result of this review, two general measurement approaches were tentatively identified
as promising. These were the measurement of color center annealing rates and optical absorption spec-

‘troscopy. Parallel studies of both approacheés were undertaken to select a single concept for further
- development. This work is described below in Section A.1.

The next tasks, which are discussed in following paragraphs, involved the selection of a sensor
material and analyses of temperature measurement methods. Once this was complete, an extensive series
of experiments was performed, designed to answer certain fundamental questions and to test the overall
sensor concepts. The design and preliminary testing of a prototype instrument is reported in Section A.7.
Other details of the temperature sensor investigation appear in Appendix A and Appendix B.

1. Preliminary Studies

a. Color Center Annealing. One approach to the optical measurement of temperature involves the
determination‘of color center annealing rates. The transducer in this case is a material that is normally

" transparent in the near infrared but which, for present purposes, is made to absorb infrared radiation at
- certain wavelengths through the introduction of "’color centers”. In this concept, the material, in the form
of a small rod or crystal, would be coupled at each end to a separate optical fiber in the optical cable. An
“optical carrier beam (at the infrared wavelength) would be transmitted from a source at the surface down -
one fiber, through the transducer and backtoa recelver at the surface through the other fiber.

If the wavelength of the mcxdent radlatlon lies within the absorptnon band of the color centers,
- as long as a significant number of centers remain. in the sensing element, the intensity of the signal at the
receiver will be attenuated by absorption in the sensor. For color centers with the desired thermal proper—
ties; this will be the- case at temperatures lower than those of interest.

. However, when the sensor is raised to a sufficiently high temperature, thermal annealing, which
causes destruction of the color centers, will proceed at a rate that depends on temperature. As a result,
the signal intensity at the receiver will increase continuously. at the same rate. Thus, once the temperature
dependence of the annealing rate has been determined, a measurement of the slope of the signal vs. time
curve will determine the temperature of the environment in which the sensor is located at a particular
instant.
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‘ As a specific example of how this idea might be implemented, consider the characteristics of the
so-called “M" center in potassium chloride (K C ). This center, which is thought to consist of a K¥ ion
two negative ion vacancies, two positive ion vacancies and a trapped electron, gives rise to an absorption
band centered at about 820 nm.(®) This wavelength lies near a minimum in the fiber absorption curve and
is, therefore, nearly ideal for the intended application.

The thermal annealing characteristics of the M center in K C are also favorable, at least for the
measurement of temperatures up to about 300°C. This is illustrated in Figure 13 where are shown
calculated rates of decrease in optical absorption at 820 nm as a function of time and temperature. These
calculations are-based on Tomiki’s”) observation that the decay of absorption due to M center annealing -
follows a simple exponential law. Thus; if D(t) is the optical density of a specimen at time t and D(o) is the
density at t =0 (when annealing is initiated), we have

D(t)/D(o) = e~ Y" (1)
| where, according to Tomiki’s experimental data,

1/7 = 2.01 X 1012 ¢=131kT @
with 7in seconds and kT in electron volts (k is the Boitzmann constant and T is the temperature in °K).

The two important points illustrated here are the following: (1) The annealing rate is quite sen-
sitive to temperature and can therefore provide an accurate measure of temperature in the range
indicated; (2) fora limited range of temperatures the times required for an accurate measurement of the
annealing rate are convenient. Thus, at the lowest temperature indicated here (200°C) one would
accumulate optical transmission data for perhaps 20 seconds to determine the relaxation time (which,
according to Eq. (2), determines the temperature), while at 275°C a measurement interval of a few seconds
is required. The method may also be used at lower temperatures, perhaps as low-as 150°C, aithough data
accumulation-times of several minutes may then be required. However, at temperatures much above

- 300°C the M center annealing rate is so rapid that virtually all M centers are destroyed in tlmes that are
, |mpract|cally short for well logging purposes.

_ In addition to being Ilmrted to a rather narrow range of temperatures the M center annealmg
approach suffers from the fact that once the color center population is depleted, the crystal is useless as a
temperature sensor. One might reactivate the sensor by the in-situ production of color centers through
gamma irradiation. However, because a very intense gamma ray source is needed for this purpose, in situ
reactivation is probably impractical. Our study of the M center annealing approach was therefore
terminated wuth the conclusron that its usefulness is too hmnted for well -logging purposes. :

" In our continued search of the hterature on hrgh-temperature color center annealing we

- encountered an experimental study of centers in KBr that seemed promising.® The particular center of
interest in this case is actually a very small potassium particle that premprtates at high temperatures in

~very pure KBr crystals that contain an excess concentration of K* ions. The properties of these particles
that are of mterest in the present context are the followmg. : '

®  The onset of precrpltatlon occurs at about 150°C and is accompamed by a decrease inF
' center densrty, : ‘

The partrcle densrty reaches a maxrmum at about 260°C

© As the temperature is raised above 260°C the potassuum particles begin to decay giving
rise to an increase in the density of F centers;
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o Optlcal absorption by the equclrbnum concentratron of particles. is measurable at
temperatures up to about 350°C; :

(] The optical: absorptlon spectrum peaks at about 790 nm in very pure KBr and at
somewhat shorter wavelengths when impurities are present

e  From the theory of the formation of such particles in alkali halide crystals®, it would
appear that the precipitation process is reversible, i.e., after complete annealing at
temperatures above 350°C, particles are reformed by cooling. ,

) These facts suggested that it may be possible to use measurements of optical absorption by KBr
at- 790 nm (Wthh is an appropriate wavelength for signal propagation in optical fibers) to infer
~ temperatures in the 150°C to 350°C range. This might be done by monitoring equilibrium particle den-
sities, or, given more information on the particle growth and decay rates, by measuring such rates in much
‘>z same way as with the M centerinK C .

However further research led us to conclude that it is not practical to monitor equilibrium
densities because the approach to equilibrium is too slow, typical times to approach equrhbrrum being of
the order of 30 to 60 minutes. (19 The analysis of particle growth or decay rates, on the other hand, con-

" tinued to show promise, mostly because experimental studies of such processes revealed that a change in
_temperature causes a rather rapid transient in particle density for a short time after the change. A study of
the kinetics of these initial transients was then undertaken, following the theoretical model proposed by
Calleja and Agullo-Lopez.V) we soon concluded that, while it is feasible to measure growth and decay
rates, the interpretation of these data in terms of the temperature of the specimen is not straightforward
because the growth and decay rates depend, in a complicated way, on the particle size distribution at the
_time the specimen temperature is changed. This fact, together with continued progress in the parallel
study of absorption spectroscopy methods, led us to abandon the color center approach in favor of a

: spectroscoprc method : :

b. Absorptlon Spectroscopy The general sensor concept in thrs case is similar to that described
above in that one would employ a source and detector outside the hole, connected to a down-hole
passrve transducer by a frber optic cable: : )

e HoWever with the spectroscopic approach, the objective is to sense some temperature depen-

‘dent feature in the absorption spectrum of the transducer material. One therefore requires a broadband
source of near infrared radiation and a wavelength analyzer, such asa monochromator to determme the
spectral content of the radiation transmltted by the sensor. :

The restnctron to wavelengths in the 800-1000nm band means that the spectral features of con-
cern must correspond to electronic transitions because absorption by the crystallme lattice occurs only at
“much longer wavelengths. There are, therefore, two types of transitions of interest — those corresponding
“to defect absorption and those corresponding to some fundamental absorption property of the host
crystal. Defect absorption bands are generally rather broad and featureless, particularly at high
~.temperatures, and, except for thermal broadening, do not exhibit any easily detected change with
temperature. There is, on the other hand, ‘at least one:absorption feature of 'some: crystalline -solids, -
“namely, the position of the so-called fundamental absorption edge in insulators and semiconductors, that
does exhibit an easily detected shift as the temperature is changed. Thus, very early in the program our
study of the spectroscopic approach was narrowed to absorptron edge spectroscopy :

Experrmentally, the fundamental absorptron edge is observedas a sharp ‘increase ‘in- the

transparency of a crystal as the wavelength is increased past some critical value. This is illustrated in
Figure 14, which shows the spectrum transmitted by a thin wafer of gallium arsenide (GaAs) at various
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temperatures. These data were obtained experimentally by a method to be described later. For the pre-
sent, the nmportant point is that the absorption edge spectrum, which is that part the of curve where the
transmission increases rapidly with increasing wavelength, shifts markedly to longer wavelengths at
higher temperatures. This shift of the absorption edge with temperature is the basic phenomenon on
which the temperature sensor concept, which was eventually developed, was founded.

2. . Selection of Sensor Material - GaAs

The: physucal nature. of absorption edge transitions together with the restriction to the 800-1100nm
band; limits the:class of suitable materials to wide band gap:semiconductors. This is because the absorp-
tion edge corresponds-to photon induced electronic excitation across the energy gap. Thus, if the photon-
energy is greater than the band gap energy, such transitions can occur and the probability of photon

“absorption is large. If, on the other hand, the photon energy is too small to cause band gap transitions, the

absorption probability will be small. The absorption edge spectrum therefore occurs in a band centered
near the band gap energy. It follows that if we must work with spectra in the 800-1100nm band, which cor-
‘responds to photon energies from about 1.1ev to 1.5ev, the only materials we need consider are semicon-
ductors with band gap energies in this range.

Another important consideration is the rate at which the absorption edge shifts with increasing
temperature, or, equivalently, the rate of change of the band gap energy with respect to temperature. One
would like to have this parameter as large as possible so that a small change in temperature would pro-
duce a measurable shift in the location of the edge. Fortunately, this parameter has been measured for all
materials of interest.

Other criteria include the steepness of the edge, and thermal properties such as melting point, coeffi-
cient of thermal expansion and specific heat. However, because the vialues of these parameters are nearly
the same for materials with similar band gap energies (with one exception to be noted later), consideration
of these properties did not enter the selection of a sensor material. :

‘Finally, it is evidently quite essential that the material selected be available, at reasonable cost, in a
form suitable for absorption edge measurements This requires very thm ‘highly polished wafers of the
~ sensormaterial.

Data on some of the more important parameters are listed in Table | for several semiconductors with
energy gaps in the appropriate range. From these data it can be seen that neither of the elemental
semiconductors, silicon and selenium; are suitable because the band gap for silicon is too small at 200°C
while selenium melts at too low a temperature. On the other hand, all of the compound semiconductors
" listed here are potentially useful and, in fact, have similar properties as far as the parameters of interest

-are concerned. Our first choice for a sensor material, GaAs, was therefore based primarily on its low cost
" availability in a suitable form. Indium- phosphlde was chosen as‘a backup material because its absorption

edge lies near the minimum |n the fuber optlc absorptuon spectrum at temperatures between 200°C and
300°C :

3. “Maximum Slope” Detection

Although gallium arsenide has one of the steepest absorption edges of all wide band gap semicon-
ductors, the edge spectrum still covers several nanometers, as can be seen from Figure 15. Thus, unless
one can identify and accurately locate some feature of the spectrum at a particular wavelength, the width

-of the absorption edge leads to an uncertainty in its location and this, in turn, leads to an uncertainty in
the temperature measurement. One could improve the situation to-some extent by choosing, as a
reference point, the wavelength ‘at which ‘the transmitted intensity reaches some arbitrary value.
However, this approach, which is used in the {aboratory to measure the temperature dependence of the
band gap energy, requires careful control of the source intensity and losses in the measuring system. As
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Se.
AlSb
GaAs
InP
CﬂSe

CdTe

TABLE 1. ENERGY GAPS, THEIR TEMPERATURE DERIVATIVES, AND MELTING POINTS

OF SELECTED SEMICONDUCTORS (REF. 6)

. Eg
(ev at 20°C)

111
1.74
1.6
1.43
1.28
174

1.50

Eg

(ev at 200°C)

107
149
1.53
1.34
1.20
1.66

143

dEg/dT Melting Pointv
(ev/deg X 10%) (°C)
-2.3 1412
140 221
—4.0 1060
—5.0 1280
—4.6. 1055
—4.6 >1258
—4.1 1098



noted eavrlier, such control ‘onUId‘prove extremely difficult in a well-logging system because losses in the
fiber optic cable are stress dependent. Thus, the first problem faced in deciding how to use the absorption
‘edge method was that of finding some feature in the spectrum that can be used as a reference point

One approach is suggested by a method sometlmes used to measure the band gap energy itself.(12 To
illustrate, Figure 16 shows the absorption coefficient (the probability per unit length that a photon will be
-absorbed) for GaAs at room temperature. This coefficient is easily derived from an experimental transmis-
‘sion spectrum by the method outlined in Appendix A. The data shown here, however, were calculated
" from a:semi-empirical relationship known as. Urbach’s rule; which accurately describes: the energy.
dependence . of- the absorption . coefficient for many - semiconductors: and - insulators. - From . the
mathematical form of Urbach’s rule, which is also discussed in-Appendix A, it can be shown that the
derivative of the absorption coefficient with respect to energy exhibits a sharp peak at the band gap
energy, as shown in Figure 17, Thus, one may use the point of maximum slope in the absorption coeffi-
cient as a temperature dependent reference point in the absorption edge spectrum. As shown in Appen-
dix A, the data processing steps requrred to find this point are rather simple and are easily handled by a .
small computer.

There is, however, a practlcal drffrculty in obtarmng the requrred spectrum As can be seen from
“Figures 16 and 17, determination of the point of maximum slope requires that accurate data be obtained
at photon energies near 1.43ev (at room temperature) where the absorption coefficient has a value of
several thousand reciprocal centimeters. Because the absorption coefficient is so large at this point, one
must work with extremely thin crystals to obtain transmitted intensities large enough for accurate
measurement. This is illustrated in Figure 18 where the calculated percent transmission at the band gap
energy is shown as a function of specimen thickness. From this curve it can be seen that in order to obtain
even 10% transmission, GaAs wafers less than 0.2 mils (~5 microns) thick must be used. While it may be
- feasible to produce such’a specimen (by polishing a thin crystal glued to a transparent substrate, for
example) it presents formidable difficulties at this stage. Thus, a method that involves measurements at
smaller values of the absorption coeffrcrent and ‘can therefore be-applied: to - thicker crystals

preferable. :

From a search of the literature on optical absorption in GaAs, at least one published indication of an
Urbach-type behavior in the weak absorption tail of the edge spectrum at high temperature was found.(13)
‘These data, which are presented in Figure 19, show a definite “knee” in the weak absorption tail, and thus
“indicate that there is a point of maximum slope at a small value of the absorption coefficient. This sug-
gests that it should be possible to apply the maximum slope method to thicker crystals by workrng with
the weak absorptlon tail rather than that part of the spectrum near the band gap
‘There are, on the other hand still other. experlmental studres reported in the hterature in whrch the
" observed absorption spectrum does not contain a point of maximum slope in the weak absorption part of
the spectrum (1415.76) | these studies the addition of impurities produced only a shift in the position and
slope of the edge, thus suggesting that the effect noted above is not caused by impurities alone. All such
experiments were, however, performed at or below room temperature. This may mean that the additional
- knee observed at high temperature is caused, in part, by free carrier or optical phonon absorption, both of
which become more prevalent as the temperature is increased.(17) still, at the time thrs study was under-
--taken, there was no conclusive evrdence to thrs effect. .

The srtuatron therefore was one of some uncertainty There was, on one hand, published experi-
mental data that indicated that we could apply the maximum slope method to the weak absorption tail,
-~ and could therefore use relatively thick crystals in our temperature sensor. On the other hand, there were

also indications that the maximum slope method will work only at band gap wavelengths, which would
“require the use of extremely thin crystals. Because of this uncertainty we undertook an experimental
study intended to first determine the usefulness of the maximum slope method with thicker crystals, and
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FIGURE 19. ABSORPTION SPECTRA OF N-TYPE GaAs (N=7 x 10'7 cm~3)
. OBTAINED AT VARIOUS TEMPERATURES T(°K): 1) 300;
2) 473; 3) 673; 4) 873; 5) 1073

then, if necessary, to investigate the preparation and use of thin specimens in fundamental absorption
edge measurements. The prmc:pal results of these experlments are described below; a more detailed
account is gwen in Appendix A.

4. Expenmental Investigation

The basic experimental apparatus used to evaluate the absorption edge temperature approach is

- shown schematically in Figure 20 and in the photograph in Figure 21. It consists of a gallium arsenide disk,
- with optically polished faces, placed in a specially designed metal holder, mounted accurately in the

high-temperature zone of a commercial diffusion furnace. This furnace is in the form of a cylinder approx-
imately 1nrlong with a continuous through-passage through its length. A-collimated airpath optical beam
from a broad spectrum source (tungsten-halogen lamp) is focused on the crystal from outside one end of
the furnace, with detection apparatus at the other end. This permits thermal isolation of the GaAs wafer,
allowing its temperature properties to be measured. The furnace serves as an accurately controlled

~_temperature chamber. Temperature can be directly incremented and held to close tolerances by control

circuitry integral with the furnace. Temperatures from 200°C to more than 1000°C are easily obtained.
For the purposes of this program, a temperature range from 200°C to 500°C was used.

The detection system at the ‘exit beam consists of a standard laboratory monochromator (for deter-
mining wavelength) and a silicon avalanche detector, with associated electronics. A second detector

- monitors the entrance beam directly from the light source, so that small variations in lamp intensity due
to voltage fluctuations and lamp aging can be accommodated. The monochromator is adjustable in one
nanometer steps, and the photodetector output at each wavelength is recorded. The plot of detector out-

put vs. wavelength, corrected for the silicon detector response ylelds the transmission curve for the
gallium arsemde crystal. . .

' To speed up the process of-experimentally measuring the absorption spectra, a direct interface from -
the-experimental apparatus to a computer via an analog-to-digital converter was constructed. This

‘eliminates the slow task of entering the data by hand. A 0.1% linear potentiometer is attached to the

monochromator via gears and serves as a voltage divider, The voltage from the potentiometer is thus a
direct function of the wavelength. Two channels of an eight-channel analog-to-digital converter are then
fed the wavelength and optical intensity signals via coaxial cable, and the A-to-D output is accepted by an
HP2100 computer system. The results are stored on magnetic tape via a Tektronix 4051 graphic terminal

~system. This procedure permitted an individual absorption curve to be obtained in a matter of a few

minutes, including ail data processing steps.
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“The initial set of experiments was performed with a crystal 15-mm-diameter and 2-mm-thick with an
unknown dopant concentration, The normalized transmission spectra at high temperatures, corrected for
detector response, are those shown in Figure 22. These data were then used to compute absorption coeffi-
cients and their wavelength derivatives by the method outlined in Appendix A. The results are shown in
Figures 23 and 24. '

As is evident from these Figures, the initial experimental results show that the absorption coefficient
does indeed exhibit a well-defined point of maximum slope in the weak absorption tail. Furthermore, if \m
denotes the wavelength at the point of maximum slope-and 1/Am'is plotted as a function of temperature, a
linear relationship-is obtained as illustrated in Figure 25. When this curve is expressed in energy- units;
rather than-reciprocal wavelength units, we find that the slopeis —5.5 X 10%ev/°C, which is slightly
larger, in absolute value, than the value of dEg,p/dT reported in the literature (see Table 1). Also, when a

-similar experiment was performed at room temperature, we found that the photon energy corresponding
to Am is 1.39ev, which is slightly smaller than the band gap energy for pure crystals (1.43ev), as it should
be. Thus, the room temperature value and the temperature dependence of the experimentally measured
‘point of maximum slope 'ar’e consistent with known properties of GaAs.

There are, however, two troublesome points concerning these _absorption coeffrcuent data Flrst as
can be seen in Figure 23, there is a very pronounced flattening of the absorption spectrum.at short
wavelength in marked disagreement with the results shown previously in Figure 19. One might attribute
this to the fact that, with the relatively thick crystal used in our experiments, the transmitted intensity was
extremely weak at short wavelengths, and it was therefore difficult to obtain reliable data. However, if
this were the case, one would expect considerable scatter in the short wavelength data; instead, the flat-
tening is very regular and systematic. This suggests that there may be some systematic error in the
experimental or data processing procedures. If this is the case, and if the curve continues to rise sharply at
short wavelengths, then one must question the data on the point of maximum slope. This is because in
these initial experiments with a thick specimen, the point of maximum slope lies very near the flattened
part-of the spectrum: Its location, and, indeed even its existence, might therefore be determined by
whatever causes the absorption curves to flatten at short wavelengths

" Although pubhshed studies of the effect of impurities on the absorption edge do not indicate that
dopants can produce a point of maximum slope, (18) the fact that impurity effects are not well understood,
and the fact that we were working with a crystal with an unknown dopant concentration, led us to suspect
that we might indeed be observing some previously unreported effect. At this point, therefore, we decided
to obtain additional GaAs wafers with controlled dopant levels for further experimentation. These addi-
tional specimens were 12-mil (0.3mm)-thick crystals of undoped GaAs and crystals of the same thickness

: w:th zinc concentrations of 10'® cm—3and 10'% cm— :

Data on the absorption edge were obtamed at room temperature with the crystal havmg a 1018 cm—3.
acceptor concentration, and at temperatures from room temperature to 400°C with the other crystals.
- The room temperature data are shown in Figures 26 and 27. These results show that there is little dif-
ference between the absorption coefficients for the doped crystals, while the -edge lies at shorter
wavelengths for the pure specnmen Thrs shift with dopant concentration is consrstent with prevuously
published data. :

The disturbing point illustrated in Figure 26 is that even with thinner crystals at different dopant con-
_centrations, we still observe a mysterious flattening of the ‘absorption coefficient curves at short
wavelengths. This time, however, there is considerable scatter in the short wavelength data which one can
attribute to experimental difficulties in obtammg reliable data at low transmitted intensities. Still, the fact
~that the flattening occurs with all three dopant concentrations leads one to suspect that it is not impurity
related. :
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“Ina final attempt to explain these observations we performed still another set of experiments at
room temperature with still thinner crystals. These specimens were prepared by mechanically polishing
“crystals with the three dopant concentrations noted above; thicknesses of about 2, 3, and 6 mils were
obtained. A typical result, presented in Figure 28, again shows a flat absorption coefficient curve at short
wavelengths

At the present time, this short wavelength behavior of the absorption coefficient data is not explain-
ed. This is troublesome ‘because it suggests that the experimentally determined shape of the short
wavelength ‘part of the absorption coefficient curve is somehow influenced by our method of measure-
ment ordata processing. If this is the case, then we cannot be certain that the observed point of maximum

" slope reflects some intrinsic property of gallium arsenide.

On the other hand, we have seen that the point of maximum slope consistently varies in the expected
way with impurity content and, more importantly, with temperature. It is also insensitive to intensity fluc-
tuations because only the slope, and not the magnitude, of the transmitted spectrum enters the
temperature determination. Thus, while certain fundamental questions remain unanswered, we can at
least tentatively conclude that the maximum slope method can be used wnth relatively thick (12 mil)
crystals as-a temperature measurement techmque

5 The Photomultrpher“Threshold" Method

. Late in the program, another approach to lmplementlng the absorptlon edge method was pursued,
which does not depend on the unresolved questions posed by the “maximum slope”” method just discuss-
ed. This approach is based on the response characteristics of photomultiplier tubes at light levels near the
- minimum detectable intensity. As is well known, photomultipliers are designed to provide extremely large

- amplification (typically a factor of 106) of the initial photocurrent produced by light incident on the

. photocathode of the device. Thus, when the intensity of incident illumination is increased from below the
~‘minimum detectable intensity to an-intensity slightly above minimum, the output current increases from
its ‘noise ‘level to a value- orders of magnitude greater than the corresponding change in the initial
photocurrent. There is, therefore, an extremely narrow range of intensities at, and slightly above, the
. ‘minimum detectable (threshold) intensity, within Wthh the output current varies abruptiy from its noise
_level to saturation.

In Fugure 29 thls threshold effect is ||Iustrated The curve at “a” might represent the mtensrty
transmitted by a GaAs wafer. At short wavelengths, the crystal is almost totally opaque, and the transmit-
ted intensity lies below the photomultiplier threshold. In this region the photomultiplier output current is
constant, at a level representing dark current. As the wavelength is increased, a few photons are transmit-
ted through the crystal, increasing rapidly with wavelength until the intensity crosses the threshold level

“of the photomultiplier at some point. Because of the extremely large photomultiplier amplification fac-
tor, and the fact that the transmitted intensity increases rapidly with wavelength, the output current rises
abruptly at this point, almost as a step-function, as illustrated in “b” in the Figure. In fact, under optimum
amplification conditions, the slope of this output curve is greater than the slope of the intensity spectrum
by a factor of about 106, the amplification factor of the photomultiplier. Then the wavelength at
threshold can be determined easily and with great accuracy by simply noting the wavelength at the on-off
transition. Because the temperature dependence of the threshold wavelengthis nearly the same as that of

. the band gap wavelength (this is demonstrated in Appendix A), the threshold can be used as the reference

‘pointfor. temperature sensmg

Although the threshold method does not require a measurement of transmitted intensity, it is clear
from Figure 29 that the location of the threshold is influenced by intensity fluctuations. In a practlcal
well-logging system such fluctuations will occur, and wrll constitute the principal uncertamty in the deter-
mination of temperature.
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To investigate the severity of this problem, both analytical and experimental studies of the influence
~of changes in intensity on the threshold wavelength were performed. Details of the analytical work are
reported in Appendix A and experimental results are reported in the next section. Both the calculations
" and experiments indicate that as long as the threshold is measured near cutoff (where the transmitted
“intensity varies rapidly with wavelength), intensity variations of rather large magnitude cause very small

changes in the threshold wavelength. For example, calculations in Appendix A show that, in a typical
~example in which transmitted intensity is 20% of maximum intensity, an intensity increase by a factor of
.50 will produce an apparent wavelength shift of only 3nm. This is equivalent to an error in temperature
~ measurement of about 7.5°C. i

 It'should-be notedthat if the photomultlplrer threshold- under the same conditions were higher; so
that the threshold intensity occurred at-a point where the slope is less, then poorer accuracy would result.
It is therefore important to accurate temperature sensing by this method that the system be optimized for
maximum transmitted intensity and good low-noise photomultiplier performance. One needs a high inten-
sity source, low—loss frbers efficient fiber.coupling, and, probably, sensor elements as thin as possible.

6. Expenmental Evaluatron of Threshold Method

-The experimental ,apparatus used in testing the threshold approach is illustrated in Figure 30. The

- source for most measurements was an 18 watt tungsten lamp which was coupled to a fiber by simply plac-
ing the end of the fiber against the bulb. The sensor in this series of experiments was the actual prototype
device described in more detail in Section A.7, following. It consists of a 12 mil thick GaAs wafer coupled
. “to two fibers, one of which carries light from the source to the crystal, while the other carries the transmit-
ted srgnal to the detection system.

To remove the extraneous light propagatmg in-so-called claddmg modes in the short fibers (these
modes are attenuated and therefore will not be present in a fong optical cable), about eight inches of the
buffer coating was stripped from each of the two pieces, and the-stripped sections bent-into a “U”,
immersed-into containers of glycerin. The index of refraction of glycerin nearly matches that of the fiber
cladding, and propagation around the bend by muitiple internal reflectlons at the glycerme—claddmg
interface is thus ellmmated : : :

- The detectlon system consisted of a lens to focus the light from the output end of the fiber on the slit
of a monochromator, a filter to block visible radiation, the monochromator itself, and, finally, the
. photomultiplier and associated electronics. The actual output signal was the voltage across a load
resistor in the photomultiplier anode arcurt filtered and drsplayed on an oscilloscope.

- The photomultiplier tube used was an RCA 31004, equipped with an $-1 photocathode for infrared

detection. This tube is generally operated with cooling to liquid nitrogen temperature to reduce noise, -

resulting in" a noise reduction of about a factor of 106 as compared with dark current at room
temperature. In these experiments, however, no satisfactory method for coupling the output of the
monochromator to the photomultiplier in a cooling chamber was available, and the detector was
operated at room temperature. As a result, the detection’ system is far from optlmum and srgmfrcant
_|mprovements in detection sensmvuty are therefore reallzable

The: mmal set of expenments was performed with the GaAs atroom temperature The procedure was
to first set the monochromator at a short wavelength where the crystal is opaque. The monochromator

wavelength was then increased in 1-nm increments, until the first indication of a transmitted signal was
noted on the scope. The correspondmg wavelength was taken to be the threshold wavelength defmed v

-above.

Once these checkout expenments were completed the sensor was placed in-an oven and the pro-
cedure repeated at several temperatures up-to 250°C, which was the highest temperature attainable with
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the temperature chamber available. (The 275°C data were later added from separate, spot
measurements.) To check on the repeatability of the threshold data, experiments were performed over a
two-day period with several heating and cooling cycles. At one point the apparatus was even disas-
sembled and then re—assembled _ .

Theresults of these tests are shown in Figure 31 which is a plot of the observed threshold wavelength
as a function of temperature. The small amount of scatter evident here is thought to be caused by a lack
of thermal equilibrium between the GaAs and the oven thermometer, particularly at high temperature
where- the-stability of the oven-was poor. Overall, however, the results are remarkably consistent,
demonstrating the reliability of the threshold method.

To investi'gate sensitivity to intensity fluctuations, we replaced the 18 watt lamp, and increased the
measured brightness. The threshold determination was then repeated at room temperature. These results
‘are summarized in Figure 32, showing the wavelength shift at several values of input intensity. The values

“agree-closely with the calculated results. Even if no corrections for these large intensity changes are in-
corporated in data processing, the error in temperature measurement corresponding to an 18 dB increase
in attenuation is only 10°C. Practically, this represents a very severe intensity fluctuation, and much bet-
tér accuracy should be realized in practice. ,

As a result of these experiments, we conclude that it is possible to apply the photomultiplier
threshold method to temperature logging with semiconductor temperature sensors. The technique is sim-
ple requires minimal data processing and should, therefore, lend itself well to automatic operation. The
principal difficulty with the approach is that, in order to insure high accuracy and insensitivity to intensity
fluctuations, the transmitted intensity must be as large as possible, and the photomultiplier detection
threshold as low as possible. Whether this will pose serious design problems remams a question for fur-
ther study.

7. Prototype Temperature Sensor Design and Fabrication

Once the basic questions regarding the intrinsic capabilities of an optical temperature sensor were
resolved, the remaining task was the design of a practical assembly including coupling the input and out-
~put fibers to either side of a GaAs wafer. There are two important requirements that the coupler must
meet. It must, first of all, provide very accurate alignment of the fibers, as even a slight misalignment can
produce serious coupling losses. Furthermore, because the coupler must function at high temperatures,
its structural integrity, including fiber alignment, must be maintained throughout the full temperature
range These constrtuted the pnncupal objectives of the prototype desrgn effort.

a. Initial Approach The first design concept is. illustrated in Figure 33. The GaAs active
temperature sensor element was made in the form of a small cylindrical pellet, cored from a polished
. wafer with proper thickness. An individual pellet approximately 0.1mm (0.004-in.}-diameter was cemented

~between the prepared ends of two optical fibers with high-temperature adhesive, assembled inside a
0.15mm 1D stainless steel tube. The complete assembly had the appearance of a short stainless rod, about
the size of a sewing needle a few millimeters in length, from which the two optical fibers emerged.

. Two of these units were constructed. Aside from the d'ifficulty of aligning the fibers inside the
- tube with sufficient accuracy, the high-temperature epoxy used in the assembly was found to fracture at

" elevated te eratures due to differential temperature expansion. After several unsuccessful attempts to
substitute other adhesives, this approach was abandoned; ~

~b. Prototype Design. The second design is based on a precision metal fixture mro which the
individual fibers and a small GaAs wafer are positioned and cemented in place.
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The precision fixture is a milled metal cylinder approximately 1.5-mm-diameter, shown in the
sketch in Figure 34. First the axial slot is cut, and a length of stainless steel tubing cemented through the
length with high-temperature epoxy. After the adhesive is set, a second perpendicular slot is milled across
the fixture, cutting through the cemented tubing: This slot is designed to hold a prepared GaAs sensor
element. :

The assembly is completed by inserting the GaAs wafer into the cross slot, and two optical fibers
into the center tube, one in each end, facing the wafer. The fibers are carefully aligned and the complete
.assembly is given a coat of Dow Corning 804 silicone resin, and air dried. The resin is cured in-a high-
temperature-curing cycle (250°C or higher) after the material has set.

This construction techmque has been successful. The elements have remained intact through
the curing cycle and several oven test cycles at temperatures as high as 300°C. The calibration data
“presented in the previous section of: thrs report (Figure 31) was acquired with the device, shown in
Figure 35. ,

Although the sensor functions well and shows predicted te erature response, the transmission
efficiency is lower than anticipated. The overall attenuation of the sensor compared to an equal length of
_ uncut fiber is approximately 24 dB.

Part of this loss was anticipated from earlier experiments. For-example, in Figure 36 is shown the
~experimentally measured transmitted spectrum for two coupled fibers under various conditions. The
upper curve is the intensity transmitted when the prepared ends of the fibers are in contact (in air) and
after lateral -adjustments to maximize transmission {this represents approximately a 1.0 dB loss compared
to an unbroken fiber). The center curve was obtained when the fiber ends were separated by a distance
equal to the crystal thickness (0.3mm). Comparison of these two curves shows that the loss caused by
beam spreading.in the 0.3mm air gap between the flbers is-about 3.1 dB, compared to.smoothly butted
frbers :

The lower curve results when a GaAs wafer is inserted in the same gap between the fibers. At
wavelengths longer than the absorption edge, the effect of the transparent crystal still shows a substantial
loss (an additional 8.8 dB at 1000nm), which may be attrrbuted to multiple reflections and spreading. This
loss is larger than would be expected from the theoretical expression for multiple reflection loss where, if
one assumes the reflectivity of GaAs is 0.48 as determined by the method outlined in Appendix A, then the
_theory for a plane parallel beam gives 4.5 dB as the multiple reflection loss, compared to the experimen-
tally determined 8.8 dB. Evidently, the plane wave theory is inadequate and one must consider the com-

bined effects of beam spreading during multiple reflections to account for the observed loss. The analysrs '
" of this combined loss mechamsm has not yet been attempted :

: The total loss caused by fiber end se’paration and multiple reflections of the divergent beam
within the GaAs is thus seen to be about 12 dB at wavelengths longer than the absorption edge. To this
“might be added about 3 dB to account for the so-called intrinsic losses (core diameter and index of refrac-
tion mismatch, reflections at the fiber ends and other, less important losses) giving a total of about 15 dB,
compared to the 24 dB total losses observed. This Ieaves about 9 d B that must be attnbuted to ahgnment

" errors. and other causes in the prototype sensor

Although great care was taken to insure proper fiber alignment before the device was cemented
~ with silicone resin, it is possible that the alignment was upset during the drying and curing process. To see
_how this might affect performance, additional experiments were conducted to estimate the losses incur-
red by lateral (radial) alignment errors and by fiber end separation. The results, presented in Figures 37
and 38, show that a very small lateral misalignment could account for the additional 9 dB, while a large
additional axial separation (of the order of 300% of the fiber diameter) must be assumed if the loss is to
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be attnbuted to that mechanism. At present, therefore, the data mdlcate that lateral misalignment s pro-
bably a major contributor. :

It should also be noted that there are other loss mechanisms that have not yet been analyzed.
While limited experimental data on erfors in butt splices of fibers.in air are available, no data exists for
the actual case, in which the system is surrounded by silicone resin. Also, other geometrical errors are
- possible in the more complex glass-GaAs-glass interface in the prototype compared to the fiber splice.

- 8. . Results of Temperature Sensor lnvestigatibn

As a result of the work described here, a prototype sensor-has been-constructed, and two techniques
investigated for measuring temperature by means of the dependence of the fundamental absorption edge
of a semiconductor. Either technique is apparently suitable for application to well-logging. The more pro-

- mising method at this time is the photomultiplier threshold detection method. It is both simpler and more
- direct, i.e., it involves fewer data processing steps, than the maximum slope approach. A second, more
- compelling reason is that the threshold approach works as predicted, while tests of the maximum slope
 method have produced unexpected and as yet unexplained results. Because implementation will present
difficult problems with either method, it is advisable to choose the method that is amenable to analysis
"and can therefore be incorporated with confidence in design predictions.

The next logical step after successful completion of the optical cable, is implementation of a system

- using the threshold method. This involves, first of all, the specification of component requirements for the

complete temperature logging system. Thus, before detailed design can begin one requires data on source
-intensity needs, sensor details and detector sensitivity requirements. This, in turn, requires a systematic
. -study leading to performance predictions for the system as a whole.

Consider; for example, the problem of specufymg the source intensity. From the results reported here,
‘we already know that the source should be as intense as possible. However, we do not yet have sufficient
data to determine the minimum acceptable source intensity, nor can we estimate how much the per-
formance will improve by employing brighter sources. These are questions which must be answered
before the source strength, or even the type of source, can be specified with confidence. '

There are also uncertainties regarding the sensor element itself. All experiments performed to date
have involved either gallium arsenide or indium phosphide, which were selected largely because they are
. readily available in convenient form. It is possible, however, that some other material may offer ad-
vantages. For example, cadmium telluride may prove to be better because its absorption edge occurs at
shorter wavelengths than GaAs, and all available detectors, including photomultiplier tubes, are more
sensitive at shorter wavelengths. Before the final system configuration is established, performance data
should be examined for complete systems employmg other sensor matenals Crystal thnckness is also a
parameter requiring optimization. e

B. Thermal Neutrqn Detector

1. - Neutron Logging

One of the logging techniques expected to be of great usefulness in the evaluation of geothermal
reservoirs, is the “neutron log”. Neutron logging depends upon bombardment of the rock formations with
high-energy neutrons and determining, by one means or another, the rate at which the neutrons are ther-
malized. Under properconditions, the result shows 5|gn|f|cant mformatlon about the rock matrlx in par-
ticular, the rock porosity. . :

A typical technique for neutron logging is the introc_iuvction of a source of fast neutrons, such as
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Californium (Cf32), together with a thermal neutron detector in a fixed physical configuration in the bore
hole. With the proper choice of source-detector spacing, the thermal neutron flux at the detector will be a
function of the thermalization rate, which is in turn strongly dependent upon the water content of the
rock. A low flux of thermal neutrons, for example, can signify low porosity (low water, or hydrogen ion,
content), since many neutrons will escape into the rock before thermalization.

In view of the fact that the neutron log is sensitive to parameters which may reflect formation por-
osity, the development of high-temperature neutron logging equipment should be assigned a high priority
in the list of geothermal exploration tools. If an optical transducer could be developed, sensitive to one of
the several measurement parameters from which a neutron log can be derived, it would form a highly
useful complement to the optical temperature log. Study of such a sensor thus is a natural component of

-the optical logging investigation.

2.  Preliminary Studies

As was the case in the development of a temperature sensor, the first step in the study of neutron
counting methods was the selection of an approach. Initially, two concepts emerged. One was the scin-
tillation approach, in which a neutron, through its interaction with the sensor element, produces a pulse
of infrared radiation which is transmitted via an optical fiber to a counter at the surface. The other idea
was dependent on color center production, and would base a measurement of neutron flux on the steady
state transmission of a radiation-sensitive material. The latter approach was dismissed because it was
found that color center production rates for thermal neutron interactions are much too small to be useful
in the low flux fields of interest here.

‘- Early attempts to find a suitable scintillator material were focused on crystals normally used in or

‘considered for thermoluminescent dosimetry. The requirement that the wavelength of the luminescence

be suitable for fiber optic transmission eliminated most such materials from further consideration. Those

‘that ‘were -not-eliminated, and 'still show some promise, include Ca$, CaSO,:5m and Li,B,0,. The latter

compound is the most attractive, because both Li and B have very Iarge cross sections for thermal
neutron capture with resultant alpha emission. One would expect that as the alpha particles lose energy
through ionization processes in the material, luminescence would occur at wavelengths characteristic of
the material (in the red and near infrared). However, no reports of this expected scintillation effect were

“found in the literature.

~Continuing literature review eventually revealed that a room temperature, visible light scintillator
with high efficiency for thermal neutron detection was designed and fabricated some twenty years ago.(*?

- This scintillator made use of a boron compound and a phosphor. Boron, through the °B (n, ) reaction,

gives rise to a flux of high energy alpha particles, this flux being proportional to the incident thermal

- neutron flux. lonization created by the alpha particles in the phosphor then produces luminous pulses at
“wavelengths characteristic of the phosphor. Thus, at this point, effort was concentrated on finding a
- suitable phosphor or other luminescent device for operation in the infrared at high temperature.

3. - Cadmium ‘Su!phide Scintillator

- Further review of the literature on scintillator materials showed that cadmium sulphide (CdS), doped
with copper and chlorine, emits radiation in two broad bands centered at 820 nm and 1020 nm when sub- -
jected to ionizing radiation at room temperature 29 Although either band would be suitable from a fiber
optic transmission standpoint, it is expected that only the longer wavelength band will be useful at high

‘temperatures. This is because experiments with a similar material (ZnS) show that the luminescent effi-

ciency of the shorter wavelength emission drops off rapidly as the temperature is increased above about
100°C, while the longer wavelength . emission persists at temperatures up to about 300°C.2"
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 However, from data on the temperature dependence of the energy band gap in CdS it is expected
that at temperatures in the 200°C to 300°C range, the band centered at 1020 nm at room temperature will
shift to 1200 nm to 1300 nm, which is slightly too long for efficient transmission in presently available
optical fibers. On the other hand, experiments with alloys of CdS with Zn$22) show that the addition of Zn
shifts the emission to shorter wavelengths, thus suggesting that alloying with ZnS would be helpful. From
such experimental data it was estimated that an alloy containing about 85% CdS by weight and 15% ZnS
by weight should emit radiation in the 1000 nm to 1100 nm optical fiber transmission window at 200°C to
300°C. Thus, the phosphor we proposed to use is a CdS-ZnS alloy doped wnth copper and chlorine.

In choosmg a boron compound to mix wuth the phosphor one needs a -material with high melting
'pomt high-boron content -and minimum optical ‘absorption in the 1000 nm to 1100 nm band. Although
boron nitride is not ideally transparent at these wavelengths it satisfies the other requirements well, and is
readily available in the form of a fine powder. It was therefore expected that a mixture of the CdS-ZnS
- phosphor with boron nitride in a high temperature plastic would serve as an efficient, high temperature
thermal neutron scintillator.

A mixed CdS-ZnS phosphor wnth aCdtoZn ratlo of 4: 1 and containing 2.5 x 10" Cu atoms/cm? and

2.5 x 1020 Cl atoms/cm? was prepared according to our specifications by Cleveland Crystals. Preliminary

“experiments with this material were not promising. When subjected to alpha particle irradiation from a

weak Americium source, no scintillations could be observed. During preparations for further experiments,

a second detector concept was developed, and results of its evaluation were sufficiently successful to
: tecommend it over the CdS-Zn$ approach. Further work on the CdS scintillator was therefore abandoned.

4.  Zinc Sulphide-YAG Scintillator

- a. Analysis.- This approach also makes use of the short wavelength emission from an efficient
boron-phosphor mixture, but the resulting radiation (visible light) is then absorbed in a third medium. This
medium is in the formof a crystal in which are created short-lived, excited electronic states. The photo-

“excited crystal then decays by emission of long wavelength radiation suitable for fiber optic transmission.

" The solid-state laser crystal yttrium aluminum garnet (YAG), with Nd>* doping, is nearly ideal
for this purpose. As is illustrated in Figure 39 it has strong absorption bands centered at about 580 and 740 .
nm, and a very intense emission band at 1060 nm, (23.24) The absorption band at 580 nm lies near the peak
in the room temperature ““green” emission spectrum of copper-activated ZnS which is centered at 523 nm.
- At higher temperatures the peak in the ZnS spectrum shifts to longer wavelengths, which should make the
match between ZnS em:ssnon and YAG absorptlon even better. -

One way this two-step scintillation prmc1ple might be |mplemented is illustrated in Flgure 40. In
this design, ZnS and B'? are applied as coatings on the outside of the YAG crystal. When slow neutrons
strike B10 (with a cross section of 2400 barns), 1.47 MEV alpha particles are emitted. These alpha particles
strike the fluorescent ZnS which in turn “pumps” the YAG crystal, which re-emits strongly at the longer
wavelengths. In this way a neutron captured in the coatmg results in a strong pulse of light of suutable

"wavelength to be transmltted through the flber optics to a remote detector

b. Experimental Investigation. One slow-neutron counter normally used in well- logging is the

boron trifluoride (BF;) detector. Typically, the efficiency of a BF; counter is about 20%, which means that.

'20% of the neutrons: entenng the sensitive volume of the detector result in counts. Thus, if a YAG detec-

tor of comparable size is to perform as well as a BF; counter, it should have a comparable efficiency. The

principal objective of our experimental study of the YAG counter was, therefore, to obtain an estimate of
its counting efficiency. :

: In the preliminary investigation reported here 'we did not obtain a direct measurement of
neutron counting efficiency, which would have required fabrication of a complete system followed by
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calibration tests in a known neutron field. Instead we chose to determine the efficiency for counting
alpha particles, which is the principal unknown, and which can be carried out in the optical laboratory.
No special radiation shielding precautions are required as with neutron experiments, and the efficiency
for converting neutrons to alpha particles by means of the B10 (n,@) reaction is easily estimated. The ex-
perimental determination of alpha counting efficiency is all that is needed for a preliminary estimate.

Before proceeding with experiments on the ZnS-YAG system, certain questions regarding the
properties of the ZnS phosphor itself required investigation. For example, there was some concern regar-
ding the fact that the luminescent.efficiency of ZnS is known to decrease with increasing temperature. To
determine- - whether this: would - cause - a. significant change - in- counting - efficiency, the spectral
luminescence of Zn$S at room temperature and at an elevated temperature was determined.

In this experiment a thin ZnS sample was prepared on a microscope slide and excited with an
ultraviolet lamp. The resulting fluorescence was collimated by a lens into a monochromator, and a silicon
detector-amplifier system used to record intensity as a function of wavelength. These results, shown in
Figure 41, indicate a slight decrease in luminescent efficiency when the temperature is raised from room
temperature to 300°C, but this is more than compensated by a spectral shift such that the emission spec-
trum of ZnS more nearly matches the absorption spectrum of YAG at an elevated temperature. As far as
the ZnS-YAG system is concerned, the net result is that an increase in temperature has little effect on

overall effncnency

Some experimentation' was required to determine how to prepare the ZnS coating used in this
luminescence experiment and in subsequent experiments. The ZnS crystals, as obtained from U. S.
Radium Corporation, ranged in size from about 1 to 10 mils (0.025 to 0.25mm). It was therefore necessary
~ to prepare a finer powder before mixing the coating material. To do this the zinc sulfide was ground with a
‘mortar and pestle and sieved through a 325 mesh screen. Thls screen size eliminates those crystals which

are larger than 1.2 mils (0.03mm).

Dow Corning 804 was found to be a suitable high-temperature adhesive for binding the zinc
sulfide to the glass slides. It was found that a thin film (0.2 mil) of silicone could be uniformly deposited
by dipping a slide in the material and using a motor driver system to withdraw the slide at a rate of 3
inches per minute. The specimen is then placed in a preheated oven set at 120°F for two minutes. This
preheating makes the silicone tacky but still not dry. ZnS powder is then dusted uniformly over the slide.

“Excess material is removed by tapping the slide, which is returned to the oven and allowed to bake for 2
hours. The silicone tends to flow up and around the ZnS, making a good bond between the Zn$S and the
glass. In the final step, acetone is used to remove material from the opposite side of the slide.

The thickness of the Zn$ film can be a critical parameter because the material is not transparent

" to green light. However, if the film thickness does not greatly exceed the range of alpha particles in ZnS

(which is quite small), self-absorption of the light in the coating is low. It has been reported that the
optlmum thlckness for alpha particle detection is 0.02 to 0.05mm. 25) '

To venfy this result, and to determme how sensitive light out'put is to film thickness, specimens
were prepared with coatings of different thickness, by varying the rate of withdrawal from the liquid

silicone. These specimens were then placed next to'an Americium (Am?*) alpha source, and scintillation

rates recorded using a photomultiplier counting system. The results are tabulated below:

ZnS Thickness (mm) - ~ Counts/min. ,
- 0.02 k 193t e v
0.039 e 1954 '

0.05 o ‘ 2053
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Since there is no significant difference in these readings with the Americium source, film thickness in the
range of 0.02 to 0.05 is adequate. However, the alpha particle energy in this case is 5.48MeV, while the
"energy of the particle emitted in the B10 (ns9 reaction is only 1.47MeV. Since the range of an alpha parti-
cle is proportional to its energy, one would expect the optimum thickness for alpha particles from B0

capture to be at the lower end of ,this range. -

To determine the alpha countmg efficiency of the ZnS coated YAG crystal, it was first necessary
to determine the alpha particle flux incident on the crystal. This was done by covering the face of a
photomultiplier tube except for an opening of 2 x 20mm, the approximate cross sectional area of the YAG
crystal. A ZnS-coated slide was then placed between an-alpha source (in this case a uranium source was’
.used) and the masked photomultiplier. Because almost all of the alpha particles striking the ZnS phosphor
- give rise to light pulses, the count rate observed with this setup, which was 600 counts/min., is directly pro-
portional to the alpha particle flux passing through a 2 x 20mm slit. In other words, a count rate of 600
counts/min. corresponds to 100% efficiency for a detector the size of the YAC crystal.

Next,-after coating the YAG crystal thh ZnS, it was mtroduced into the system, together with an
infrared sensitive photomultiplier (Type 31004) and a filter used to block the visible radiation from the
-ZnS, 3ince it is also phosphorescent. The entire assembly, i.e, the alpha source, coated YAG and
photomultiplier, was placed in a chamber at -30°C to reduce dark current noise from the photomultiplier.
~ Figure 42 shows typical signals resulting from the YAG scintillator before and after pulse shaping.

The count rate observed with this arrangement was 60 counts/min. However, because the filter
blocked some of the 1060 nm radiation from the YAG crystal, this is not representative of the actual effi-
ciency of the ZnS-YAG scintillator. To determine the loss caused by the filter, we measured the filter
- attenuation at 1060 nm in a separate experiment. It was found that the attenuation factor is 0.45, which

~means that the actual light from the YAG was roughly double that observed through the filter. If we
assume that doubling the intensity causes the count rate to double, then the corrected YAG count rate is
120 counts/min. Thus, our estimate of the efficiency for alpha particle counting is 20%.

To convert this figure to an expected neutron counting efficiency we can assume that, because

the capture cross section of B10is extremely large, all thermal neutrons incident on the outer layer of .

boron are captured and produce 1.47MeV -alpha particles. However, the directions of these alpha par-

ticles are randomly distributed so that only about half reach the ZnS layer. If 20% of the ZnS scintilla-

tions lead to YAG pulses, as our expenment mdacates then the estimated neutron counting efficiency is
~about10%. , :

Although this is about half the eff:cuency of a typlcal BF3counter, it is stlll large enough, since

 BF3 is affected by volume, while the B10 YAG efficiency is a function of total effective area. The slow
_neutron flux one must measure in a well-logging application is of the order of 100 neutrons/cm?-sec, with
-10% efficiency, a YAG scintillator with 10 c¢m? surface area would produce a count rate of 100

counts/sec. This i is roughly equnvalent toa coated YAG rod 0. 5-cm—d|ameter by 6-cm-long, one of modest -

- size.

5. Coupler Design

o In considering methods for collecting the light from'the thermal neutron detector described in the
- preceding paragraphs and coupling it to a single fiber, a coupler design concept was developed that may
- -also have other important applications. In particular, this design offers promise as a means of efficiently

couplmg light from a relatlvely large source, such as a tungsten filament, into a single flber

The coupler des:gn known as the Schwarzchild system, is based on work by Burch(26 27) and others

who have designed two-mirror microscope objectives. These objectives collect the light emitted by a
source and project it in a narrow, almost parallel beam. The basic concept is to place the source at one
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focal point, “a” in Figure 43, of an elliptical mirror, and a small spherical mirror near the second focal
point, “b” of the ellipse. The positions are adjusted to give a nearly parallel beam of light through the
opening, “c”, in the large mirror. The lens, “d”, is used to focus the beam on the end of a fiber. A
schematic of the complete detector- coupler combination was shown in Figure 38.

" The computer program OPDEAN, discussed more fully in Appendix B, was used to investigate the
parameters of interest in the coupler design. Figure 43 shows a satisfactory configuration for the case in
which light rays striking the large mirror from within a half-cone angle of 58° will exit through the small
hole at ““c”. The ray-trace computer program was used to determine the fraction of rays leaving the object
that would strike-both mirrors and pass through “c”. Several ray-trace simulations, each with a different-
small mirror position, were run using 150 rays in each problem. The configuration shown in Figure 43 pro-
-duced the largest fraction of rays that leave the source within a 58° cone and pass through the aperture to
the focusing lens. In this design, the radius of the small mirror is 2 units, the radius of curvature of the
ellipse is 13.1 units, its eccentricity is 0.11, and the width of the opening “c”, is 2 units.

The computer program was also used to determine the sensitivity of coupling efficiency to the

" physical dimensions of the source. Results of these calculations are summarized in the contour map

shown in Figure 44. This contour map summarizes the effect of a point light source located in an area near

* in Figure 43, but removed from it. For this particular configuration, the total source angle encompass-
ed is 58° each side of the axis. The contour plot shows, for example, that for points along a vertical line at
least 0.1-cm-long, located 2.5-cm behind the rear surface of the spherical mirror (slightly in front of “/a”),
~about 50% of the light emitted within the 58° acceptance angle will be contained in the output beam.
This means that light from a relatively large source, for example the YAG crystal, could be coupled into a
fiber with high efficiency (the model cons:ders only geometric losses and not those incurred by mirror
lmperfectsons, etc.). : :

A laboratory experiment was designed to verify the system, by measuring the coupling improvement
between a fiber and a tungsten lamp. This data will be valuable in designing a system for coupling the
neutron scintillation detector to the cable. In Figure 45 is'shown a photograph of the laboratory setup
with the two mirrors collecting the light, and a microscope objective as a focusing element. This lamp was
used in much of the experimentation done during the project. Ordinarily, coupling is accomplished by
placing the prepared fiber end as close to the lamp envelope as possible, directly in line with the filament.
~ By careful position control, the optimum physical position can be located. This has been found the most
efficient way to couple to a tungsten lamp, without reflection optics. Even so, the coupling efficiency is
very low. With the arrangement illustrated in Figure 45, coupling was improved under the same condi-
tions, a total of 13 dB with the Schwarzchild system, even though the acceptance angle is still very small
.. 'due to the small mirror used. The concave mirror used here was spherical rather than elliptical, and was
only-5-cm in diameter. The smaller mirror was 6-mm in diameter and had a 9-mm radius of curvature.
Because both mirrors were spherical, and their dimensions were far from optumum much better results
can be expected from a properly des:gned system.

6. Results oi Neutron Sensorlnvestigations :

Experlmental studies of the alpha particle. countlng efflCIel‘)CV of the YAG: scmtullator show that the
idea is highly promising. While preliminary estimates indicate that the thermal neutron efficiency is
somewhat lower than that of a BF; counter; the detector size required to produce comparable count rates
under similar flux conditions is reasonable. Thus, at this point, the B19-ZnS coated YAG crystal appears to
have good feasibility as an efficient scmtlllator for thermal. neutron well-logging.
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The two-mirror Schwarzchild method for coupling the radiation from the YAG crystal to an optical
fiber also holds promise. Ray-trace calculations and preliminary experimental data indicate that this
method offers substantial improvement over conventional coupling - techniques, particularly when
applied to large, divergent sources of radiation such as the YAG scintillator,

- C. Hectro-Optic Systems

One of the useful applications of the optical logging system is expected to be the transmission of
signals from temperature-hardened electronic packages. This would eliminate many high temperature
cable problems, and-simplify high data-rate:communication: It requires a down-hole optical -source or
optical modulator capable of interfacing electrical to optical systems, and transmitting data to the sur-

- face. In this Section are discussed the use of light emitting diodes, various types of modulators, and
photoelectric cells for the down-hole generation of electrical power.

1. Light Emitting Diodes

A straightforward approach to optical signal transmission is an optical source down-hole, modulated -

by the well-logging signal. Such a system is potentially capable of interfacing any electrical signal to an
~ optical transmission line. A review of the literature indicates that one of the best prospects for this role is
a GaAs PN junction with a high silicon doping level. For evaluation of the concept, a GaAs LED with
approximately the proper silicon doping level was obtained. The diode was tested in a high-temperature
oven with its optical output monitored by an outside detector and monochromator through an optical
fiber. Temperature of the diode was controlled by the oven, and current supplied to the diode only for
periodic brief intervals. This allowed determination of the actual output of the diode as a functlon of
temperature with insignificant effect from internal power dlss1patlon

The results of these temperature tests are shown in Figure 46. Two effects can.be noted as the
temperature increases: first, the.output declines to approximately 20% of the room temperature value at
200°C; second, the peak-output wavelength of the emitted light increases. At 210°C the melting point of

the solder connecting the internal leads in the diode was reached.

From the literature, it is evident that a properly designed element, which included solderless con-
struction, could be operated to temperatures above 300°C with useful output. This is shown by projecting
‘the intensity data from the test diode, presented in Figure 47. A silicon-doped GaAs diode can doubtless
be constructed to handle the data transmission chore in a hybrid system. Further details on the experi-
ment and on the prospects for improving the high temperature performance of LED’s are reported in
-Appendix C.

-2 Modulators s

odulators to be consndered for use down—hole can be classified in six major categorles 1) elec-
tromechanical, (2) electro-optical, (3). magneto-optical, (4) elasto-optical, (5) semiconductor, and (6)

. miscellaneous. General requirements for down-hole modulators are (1) low driving power, (2) low driving:

’ fvoltage (3) operation at elevated temperatures, (4) good depth of modulation, and (5) Iow insertion loss.

Before dnscussmg modulator types it is desirable to review these reqmrements against which each - ;
_type will be evaluated. The most important factor to be considered is the environment in which the
modulator will operate. The assumption is made that envuonmental protect:on for the modulator can be.

provided by appropriate packaging. Consequently, the modulator will have to survive temperatures up to

300°C, but not direct contact with down-hole materials. In addition, the modulator should operate with
only a few ( <« 100) milliwatts of electrical power at a low voltage (in the range from 3 to 24 volts) and to
provide reasonable modulation depth. It should be capable of coupling with low losses (<« 100 dB total)
to optical fiber transmission lines. Meeting all these condltlons simultaneously may not be practical and
compromises may be necessary.
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Sa Electromechanical Modulators. Several types of electromechanical modulators have been

“proposed. In general, these devices involve the electrically driven displacement of some optical compo-

nent such as a mirror, prism, shutter or aperture wheel. As an example of such devices, we will describe
only one concept, namely, modulation by frustrated total internal reflection.

Frustrated total internal reflection is accomplished by modifying the internal reflection proper-
ties of a totally internally reflecting corner cube as illustrated in Figure 48. In (a) the angle of incidence of
each ray on the back surface of the cube is greater than 0, the critical angle, where 0. = arcs in n,, with
n, the index of refraction of the corner cube material and n, that of the surrounding space. In (b) the prism
with the same index of refraction-as the corner reflector is in contact with the cube-and no reflection
takes place; i.e., the light passes through the cornericube into the prism and on. In this figure the light
' passes completely through the prism because it strikes the prism back surface at an angle much less than

- In(c) the prism is not touching the corner cube but is closer than one wavelength so that some light is
reflected and some passes through, the relative amounts depending on the spacmg If the prism is moved
in accordance with the information to*be impressed, then the reflected light varies in amplitude in a
similar manner, and thus, is modulated.

 The chief advantages of this approach are good modulation depth (nearly 100%) and low power
requirements. While there is, in principle, no temperature effect, the fact that extremely close tolerances
must be maintained over a wide range of temperatures, may pose a difficult design problem.

b. Reactive Modulators. Electro-optic, magneto-optic and' elasto-optic modulators make use of
the change in refractive index of a material induced by the application of electric, magnetic or acoustic
(elastic deformation) fields. Reactive modulators can be bulk, waveguide, or surface devices.

The primary electro-optic effects are the Pockels effect and the Kerr effect which are related to
the electric field dependence of the refractive index. These effects are normally employed in bulk devices
and thus require high voltages to achieve adequate field strength. Optical waveguide-applications, which

~will be discussed later, employ thin film devices that require much lower voltages. For this reason, the
waveguide approach is better suited to the present application.

The only magneto-optic effect used for modulation is the Faraday effect, which is magnetic
field induced change in the relative refractive index for left and right circularly polarized light. It is
thought that this effect will not prove useful because of relatively high power requirements.

Elasto-optic devices employing acoustic surface waves are attractive because they can be used
for frequency and amplitude modulation as well as beam deflection applications: However, because the
electrical energy that drives such a device must be converted to acoustlcal energy in a crystal msertlon
Iosses may lead to hlgher power requirements than are desnrable

¢. Semiconductor Modulators Semnconductor modulators can be W) PIN free-carrier, (2) deple-
tion region window, (3) depletion region fundamental absorption, or (4) depletion region polarization
modulators. The first is a forward biased device requiring less than 2V drive and less than 100mW. power
for modulation depths from 10 dB to 30 dB at 20 kHz. The other devices are reverse biased and require
less power (approaching 1TmV) but much higher voltages (of the- order of 100V) It is thought therefore, -
that the free carrier dewce is better su:ted to the present purpose

The .PIN free-camer modulator is an optlcal absorptlon dewce in whnch the strength of
absorption is modulated by controlling the number of carriers injected into the optical path. Efficient
“operation therefore requires efficient injection which poses a problem at high temperatures. Devices
fabricated with wide band gap materuals such as SiC.may prove suitable, but have yet to be tested as high
te erature modulators.
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d. Waveguide Modulators Waveguide modulators include hybrid techmques such as variation
of evanescent field couplmg by varyihg the effective spacing between two adjacent waveguides. Two
parallel electrodes are deposited on an optically polished X-cut surface of lithium niobate, The voltage
applied between the electrodes produces a high electric field in the crystal in the region just below and
between the electrodes: The index of refraction in this region is increased and forms a multimode optical
waveguide, the size of which varies durectly wrth the applied voltage.

Figure 49 illustrates a modification of this concept Wthh may prove superior in performance.(28)
In thlS device light propagating in the waveguide formed by electrode strip A can be coupled to the
waveguide formed under strip B by making the two induced waveguides overlap. The output from both
channels can be fed to detectors for comparative processing. The voltages required are rather large, but
an improvement in the voltage-coupling characteristic should be possible by using closer electrode spac-
ing. Increasing the interactive length should also reduce the voltage required to achieve a given level of
coupling.

Further improvement of the modulator—swrtch may be possrble by forming permanent
waveguides under the electrodes. One fabrication technique that appears particularly attractive is low-
energy electron' bombardment of the waveguide region. Such an approach has been used successfully by
Houghton and Townsend?? who investigated this technique as a possible extension of waveguide forma-
tion by ion bombardment. Their waveguides were formed in fused silica using electron energies between
11 and 16 keV. These waveguides began annealing at 400°C, and it is possrble that this temperature can be
raised by proper selection of material and dose levels.

, Several electro-optic materials are available for use, but lithium niobate appears to be the best

yet reported. It has a relatively large electro-optic coefficient and dielectric anisotropy (different refrac-
tive indexes for different polarizations). The critical temperature of LiNbO; is 1470°K (1193°C) and the
melting temperature is 1250°C. In general, for-all materials that exhibit a phase transition, the electro-
optic coefficients increase approximately. as (dielectric-constant}1, until the transition temperature is
. reached, so that elevated temperatures down- hole should enhance the modulator operatlon Other possi-
ble materials are lithium tantalate and barium sodium niobate.

3. Optical Power Transmission

Supplying electrical power down-hole via an optical beam and without electrical .cabling may be
feasible. There are two major aspects of this concept to be considered: (1) optical power transmission and
“(2) conversion of optical to electrical power. Crow!3® reported pulsed transmission of power up to 44

MW/ecm? from a Nd glass laser over a 2 km fiber with measured linear (low power) losses of 5 dB/km. The

high power loss was also 5 dB/km mdlcatmg that no nonlinear losses were present. The transmitted peak
- power density of 44 MW/cm2 represents a total peak power in excess of 2100W for the 78 pm core
diameter fiber which wds used. The limiting condition of the experiment was not the power handling
capability of the fiber, but the maximum power output of the laser. The maximum CW power available for
" this experiment was 6W which is far short of the 2100W peak power. Thus, the CW experiment represents

no limit at all since the limiting CW power for low-loss fibers should approach the peak power limit. Crow
“also states that a broad line (i.e., the laser emission is spread out over as broad a spectrum as possible)

.. source mcreases the overall power handlmg capacity of the flber

This ability of low-loss optical fibers to transmit-high power optical beams opens the:possibility of
providing moderate amounts of electrical power through optical detection by semiconductor diodes. In
particular, it has been demonstrated that efficiencies exceeding 18% for silicon solar cells and 22% for
gallium arsenide solar cells can be achieved. For a CW source power of 100W, a 5-km fiber with 10 dB/km
losses, and a detector with a modest 10% efficiency, the available down-hole power would be 0.1mW at
one km, sufficient to power an optical modulator, since low data rates can be used. With a 1000W laser
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‘under more favorable conditions, i.e;, 5 dB/km fibers (a reasonable goal) and 20% conversion efficiency,
~over 60mW would be available to power either a source or a modulator.

D Pressure Sensor Investlgatlon

The literature review conducted during the program included consideratron of techniques applicable
to down-hole pressure measurement by optical means. Several modulation concepts described in Section
C were found to be useful. One of the most promising -of these is the frustrated internal reflection
modulator.

This concept is illustrated in Figure 50, in which a pressure window is constructed in the wall of a
pressure-tight logging housing, covered with a deflecting diaphragm (the deflection dimensions are ex- -
“ tremely small). The djaphragm acts, under pressure, on one of several elements in which total internal
reflection may occur. Inthe figure, a combination of prisms and three optic fibers is shown. The path of a
single ray is shown as it enters the sensor from the central fiber. The solid line represents the situation
when the diaphragm is not depressed, and therefore, there is a ““large” space (a few wavelengths) between
~the corner reflector and a frustrating prism.-The ray is totally internally reflected within the corner reflec-
tor and re-enters the input fiber. The dashed line illustrates the ray entering the prism as the diaphragm is
deflected and the frustrating prism moves very close to the back surface of the corner reflector. Very lit-
tle of the ray is then internally reflected, (dashed line) and most of it passes on into the frustrating prism
where it is reflected by the silvered surfaces into one of two other fibers. The light carried by these addi-
tional collecting fibers can be compared with that returned via the first fiber to give a more accurate
pressure indication and to compensate for variables in the system.

‘The dynamic range of this device can be controlled by several parameters. In particular, the stiffness
-.of the diaphragm controls the overall sensitivity, a stiffer material providing a greater dynamic range. A
less stiff material would provide greater resolution over a limited range. For a given material, and par-
* ticularly for the more flexible ones, the limits of the available dynamic range-can be adjusted by varying
‘the at rest (0 psig) position or by pressurizing the device. The latter may also affect the dynamic range
itself, but may be desirable to provrde approxrmately equal internal and external pressures in the
: operatmg environment. .

Another sensor concept makes use of the coupling, or crosstalk, between two “parallel” fibers via
~ their evanescent fields. If two unclad sections of fiber are placed in close proximity as shown in Figure 51a
~where “d” is the separation and “D" the length of the parallel sections, the intensity profile of the light
entering fiber “A” will be as shown in Figure 51b. As the light travels through fiber “A” some of its is
transferred to fiber “B” because the electromagnetic field of the light wave extends beyond the physical
~limit of the fiber and, in fact, overlaps fiber B.- The result is shown in Figure 51c where both fibers are car-
rying light. The amount of light coupled into fiber “B” depends upon both the coupling length, “D”, and
" the separation, ““d”. For the applications we are considering, the desrred ‘modulation” may be achieved
by usmg a fixed couplmg Iength and varylng the spacmg '

Such a sensor was - devised by Kane3! as early as 1966, but was not suitable for very remote
measurements because suitable low-loss optical fibers were not available to carry the light over extended
distances: Kane took advantage-of beat-modes that are:created by-the-interaction -of the paired modes, -
which are always present with coupled waveguides. He showed that through careful analysis of changes
in these beat- modes caused by changes in the distance d, it is theoretically possible to detect
displacements as small as 0.0003 nm, if one ignores thermal and quantum mechanical constraints.
- Although such constraints will undoubtedly lead to poorer sensitivity even under ideal conditions, Kane’s
prediction suggests that the idea is worthy of further consideration. '
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Vil CONCI.USIONS AND RECOMMENDATIONS

A Summary of Results:

~

The basic corhponents of an optical well-logging system have been investigated, and major problems
associated with the implementation of such a system have been defined.

- 1. Optical Cable

The design of an armored well-logging cable was accomplished; and construction efforts made. Dif-
ficulties associated with the application of high-temperature buffer material of sufficient thickness on

quartz fibers were found to be very severe. The conventional cabling of such fibers for a high pressure

environment makes use of the imbedment of fibers in soft, resilient plastic and plastic foam. No satisfac-
tory substitute for this treatment suitable for high temperatures was found. A reasonably successful ap-
proach involved the isolation of the fibers by a thin layer of nitrile rubber under a heavy buffer layer of
PFA. This technique, however, falls short of the temperature goal of 275°C. Major problems in cable
development remain.

2, Assocuated Optlcal Components

The mvestugatuon of optical waveguades, sources, couplers, modulators, pressure connectors, and
principal associated system hardware items disclosed no serious limitations or constraints. Although
- representing considerable developmental effort, implementation of a successful optical temperature log-
. ging system’ should be straightforward assuming success_in the construction of a satisfactory optical
cable.

3. . Optical Sensors

, ‘ Optical sensor concepts related to temperature, neutron, and pressure logging operations were
investigated, and the temperature and neutron sensors evaluated experimentally,

a. Temperature Sensor. A temperature logging sensor, based on the fundamental optical absorp-
tion edge in semiconductors, was constructed and tested. Two approaches to surface demodulation of
" -the optical signal were explored, and a method based on photomultlpher threshold detection of the

transmission spectrum implemented in the laboratory :

) b. Neutron Logging Sensor. A thermal neutron detector based on optical pumping of a YAG
crystal by an alpha-sensitive ZnS phosphor was experimentally evaluated. Alpha particles, produced by
the B10(n,q) reaction, produce a broad spectrum of radiant energy in ZnS. This energy is largely within the
. ‘absorption bands of Nd:YAG, which strongly re-emits-in a narrow band of wavelengths near 1.06 um,
suitable for direct transmission over quartz fnbers Investigation of an alpha detector based on thls prin-
cipal was conducted in the laboratory. :

B. Conclusions
The following conclusions can reasonably be drawn:. ,
. Devélo_pment of a high-temperature optical cable presents somewhat similar materials
problems to those of high-temperature electrical cable. However, the elimination of electrical
- insulation requirements may present opportunities for other types of optical waveguide pro-

tection. The subject of high-temperature cable construction is far more complex than original-
ly envisioned, and still represents a major developmental effort in an optical well-logging
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system. The promise of non-electronic, passive down-hole systems, however, appears to make
the development well worthwhile. Well-logging requirements at te eratures of 400°-500°C may
offer no reasonable alternative approach.

Passive optical témperature sensors and neutron logging sensors appear entirely feasible, with
ultimate temperature capabilities above 500°C. Limitations are confined to mechanical con-
structional details such as adhesives, optical coupling, and pressure seals.

Extension of optical measurement techniques to" pressure, ‘acoustic. (seismic) and other
non-electric parameters appears to be a reasonable research expectation.

C. Recommendatlons

" The following recommendatlons follow the results of this study

‘ Maidr' effort sh_ould be applied to the 'construction of an optical cable. The problems have

been defined, and research should be devoted to these problem areas, with confidence and full
expectation of eventual success.

Implementation of an optical temperature logging system should be initiated, with the
development of a computer simulation program for the complete system for use as a tool in
the study of component requirements. This program should accept, as input, numerical values
for the power density entering the fiber, cable and coupler losses, crystal absorption coeffi-
cient data, crystal thickness, and each of the other parameters involved. Output should
include the transmitted power - density and photomultiplier response as a function of
wavelength, and the value of the threshold wavelength. In short, the program should provide
the capability to predict system performance for any combination of values of component
data. As a check on the relxablhty of such predictions, laboratory experiments, much like those
recently completed with GaAs, should be performed for comparison with the results of
computations.

Continued research in the optical sensor area should be pursued, with demonstration of the

complete optical neutron logging sensor, development of optlcal pressure sensor concepts,
and contmued evaluatlon of new appllcatlons '
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APPENDIX A
 ANALYSIS OF TEMPERATURE SENSOR EXPERIMENTS — MAXIMUM SLOPE METHOD
A. Data Acquisition

Figure A1 is a block diagram of the data acquisition system, in which the optical equipment was link-
ed to a Hewlett Packard HP2100 computer system. An analog voltage proportional to the wavelength was
produced. by attaching a 1% resistance voltage divider to the monochromator. The analog voltages
representing the wavelength and transmitted intensity were interfacedto the HP2100 via a 10-bit analog-
to-digital converter. A flow chart of the program is shown in Figure A2. When data transfer is complete,
‘data are stored on a magnetic tape cartridge in a Tektronix 4051.graphics terminal

- The data reduction is performed on the Tektronix 4051 via a multiplot program. This program is a
modification of the x-y plot program supplied with the system. A flow chart of this program is given in
Figure A3. The operation centers around a listing of options called the “menu”. These options are:

1. Enter Data 9." Setydatarange ‘
2. Display Data ) S 10. —'Seleet plot mode
3. ListData ’ : 11. Select symbol

4. List Parameters | . 12. Insertdata

5. Set autoscale ' 13 Delete data

6. Setx screert positien 8 14 ' Change data.

7. Sety ‘screen bosition e - 15. Stqre data

8. Setx data range - ~16. Stop

Selection of Optuon 1 allows one to enter data from the keyboard or magnetxc tape. Option 3 lists the data
in a table, etc. Selection of Option 2 leads to the area of main modification. This was the addition of

optional methods of displaying the data. Selection of Option 1 results in a plot of raw data as in Figure A4.
Selection of Option 2 results in Figure A5 in which the calibration response shown in Figure A6 has been
“divided out. Option 3 uses Equations (A3) and (A5) to plot the absorption coefficient as in Figure A7.
“Finally, Option 4 uses Equation (A6) to plot the slopes as in Figure A8. Other slight modifications were also
- made to the original program, e.g. labeling of the plot axes.. However the graphtc part of the program is
. essentually as supplied by Tektronix. : » ; :

B. Data Reductnon

The actual voltage output from the expenmental setup’ mcludes not only the effect of the GaAs, but
~ the effect of the source and all other 'optical components as ‘well, Therefore, a calibration run was made
without the GaAs in place, and the effect of the GaAs could be separated by dividing by this cahbratlon
- Thus the transmission coefﬁcaent is 1 Vactual Ea ‘
A Teme 208 B Al
1oV calibration : " ~
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Ruﬁ '

Initialize

Input of Calibration
- Data @ Tape =/

~ Input of # Plots
emperatures, Wavelength
Range, & Gains @
Keyboard . _ |

‘ Graphxcs Menu:
1, Enter Data
2. - Display Data
3. List Data
4-15, Misc.
~16. Stop

;“'l Input of Menu
Selection @ Keyboard

Input: Data @ List Data &
{eyboard or Tape Copy

- finput 1ype of Plot:
/1. Raw Data 4, Slope
2. 'Reduced Data

3. Abs. Coeff.

nput:

Parameter @

Keyboard

Graphics + Plot &
Copy

FIGURE A3. FLOW CHART FOR MULTIPLOT PROGRAM
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To compare and understand the results of the experiments in the context of information in the
literatue, various optical constants of GaAs were calculated. Assuming a parallel optical interface, the
following equation for transmission of light" applies -

T I (1 —R)? . A2
=T D o2 -aD ; -2
I, ¢ —R2e aD

“where R is the reflectivity, D is the thickness, and & is the absorption coefficient. Solving for the absorp-
tion coefficient one obtains: '

1 (i —R)? 4R2T? .
a=—IN{——— {1\ 1= ' A3
D 2T ‘ (1-Ry* ,

The Tektronix 4051 was programmed to evaluate this expression and display an experimental absorption
coefficient. First however, a value for the reflectivity must be determined. -

The reflectivity was determined by analyzing the transmission data in the region where there was no
absorption, thus '

1+R A4

Figure A9 shows the result of this analysis for temperatures of 23°C to 500°C. Note that the inadvertent
deposition of material (tin) on the surface of the sample during the experiment at high temperature is very
evident in this plot. A fit to the data for temperatures in the 200-400°C range was made and is also plotted
in Figure A9. This equation is ' :

R=0.777—0000297\ A5

where \ is wavelength in nanometers. The curve fit compares favorably with reported values of about 0.3
for electropolished crystals. - o o

. Equations (A3) and (A5) were used to plot the exberimental data as an experimental absorption coef-
ficient (the data plotted in this format was shown in Figure A7). The slope of this experimental absorption
coefficient can be calculated by using the linear approximation from point to point, i.e.

a(n+1)—o(n)

Slope = — ,
P T+ 1) = Nn) ‘ A6

where n is arbitrary point number. This slope is assumed to be the slope at the midpoint, i.e., at
A= Mo+ D+HAm) /2 : AT

The plot of the experimental slopes of the absorption edges was shown in Figu‘re A8.
'C. Data Analysis

In a wide band gap semiconductor such as gallium arsenide, the absorption is cut off above some
definite wavelength since photons of higher wavelength do not have enough energy to excite the carriers
from the valence to the conduction band. The equation for the absorption coefficient around this absorp-

“tion edge, known as Urbach’s rule, is ; o a o

B +exp [v(1/xg — 1/N)]

A-8
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where e is the low wavelength limit, Ag is the cutoff wavelength, and 7 is the ““steepness” of the cutoff.
Thus, the problem was to analyze the experimental data to determine the three unknowns:\g, ,and
(The reflectwnty was prevnously specified in Equation’A5.)

The cutoff wavelength was found by analyzmg the slope of the absorptuon coeffluent leferen-
tiating Equation A8 gives :

de  —ogyexp [v(1/Ag— 1/N] A9
dx a2 {1 +exp [Y(1/Ag— 1]} ?

This slope is a maximum at the cutoff wavelength. The values of the cutoff wavelengths for the various
temperatures are given in Table M A fit was made to this data using the band gap as an adjustable
parameter

‘The low wavelength limit was calculated using the fact that at the cutoff wavelength the absorption
coefficient is one-half of the low wavelength limit. The results of this calculation are given in Table A1. A
discrepancy with reported values-is seen here. The reported values of the low wavelength absorption
coefficient are of the order of 104 cm-1, a factor of 200 higher than our measured values. This discrepancy
is one that requires resolution and effor_t has been directed at that question as discussed in the text.

TABLE A1
Temperature el )\énm).?' : e o(o(cm-‘)’ _ ' | Z (nm) -
23°C 88 . 31 265000
200°C : 946 s 44 190000
250°C 98 4 181000
s0ec %6 48 179000
350°C w2 s 179000
- 400°C % 0 180000
soc 1049 L s 179000
RO0SC o o8 T 0 '1770'004 '

The steepness of the cutoff was also found by analyzmg the slope of the absorptlon coeffuc;ent
Evaluating Equation (AS) at the cutoff wavelength and solving for the steepness FE
" ANg da i o A-10

Y=ETTOS

Cog dA
° Tl
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Thus, one has to use the low wavelength limit of the absorption coefficient from (A10)and cutoff
wavelength from (A8) in order to calculate the steepness. The results of this calculation are given in Table
" A1 and plotted in Figure A . These values are of the same order of magnitude as reported values, but do
not exhibit the usual dependence on temperature, The following equation is the normal means of explain-
ing the exponential tail steepness,

20 Tk ho v A-11
=— ta
T b0 \2KpT

where 7is-a corrstant o is the- optlcal phonon frequency and T is the temperature The curve in Figure .
A10 is a plot of Equation A11, showing that at room temperature the steepness may follow the theoretical
expression, apparently a constant at higher temperatures
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~ APPENDIX B
' OPDEAN, A RAY TRACE COMPUTER PROGRAM

In the analysis of fiber-to-fiber connectors, and source-fiber or sensor-fiber couplers, it is useful to
have available an algorithm for the prediction of coupling efficiencies of proposed designs. For this pur-
pose we have obtained, from McDonnel Douglas. Automation Center, the ray trace computer program
OPDEAN. This program is written in FORTRAN 1V for use on the CDC Series 6600 computers.

The program traces the trajectories of up to 800 rays from an object point through a‘specified system
of lenses and mirrors to a set of image planes, the number-and location of which are also specified by the
user. A simple example is illustrated in Figure B1. The object point in this case is the point O, the point of
origin of each ray. Surfaces 1 and 2, which in this case are planes, define a region. where the index of
refraction differs from that of the surrounding medium. The planes labeled 14, 1,, etc., are the image
planes

In general, surfaces that define regions where the index of refraction changes may be quardic or
deformed quardic surfaces, and can be specified in coordinate systems that are arbitrarily tilted and/or
decentered with respect to a fixed reference system. Input data include values of the parameters needed
to specify the number and location of object points, the number and directions of rays emanating from

" each object point, the locations and shapes of all surfaces, and the number and locations of image planes.

Output includes the coordinates of the point of intersection of each ray at each surface in the system, in-
cluding all image planes, and the direction cosines or each ray at each surface.

To use the program for coupling efficiency calculations, we use an input option in which the program
computer initial ray direction is such that each ray lies at the center of an angular sector of equal solid

* ‘angle within a core of specified half angle. The fraction of the total number of rays that exit at positions

and with directions appropriate to fiber optic propagation is then the efficiency for coupling to an optical
fiber. The output data that determines whether a ray will couple to a fiber that terminates at an image
plane are the off-axis distance of the ray in that plane and the direction cosine of the ray with respect to

- the axis of the fiber. If, for a particular ray, the off-axis distance is less than the fiber core radius and the

direction cosine is greater than the minimum value for fiber propagation, then that ray will propagate. If
one or both of these conditions are not met, then the ray will not propagate. Thus, with reference to Figure
B1, rays 1 through 7 enter the fiber on the nght while rays 8 through 11 do not:

Because several image planes can be specifred ina smgle problem, one can use the output from one
computer run to determine efficiencies as functions of the location of the output fiber. Thus, in the pro-
blem illustrated in Figure B1, data were generated for 7 image planes, corresponding to output fiber
distances from.0 to 300 um from surface 2. The results are given in Table B1, along able for this simple
configuration. As the data show, a 150 ray approximation to the couplmg efficiency is adequate. Inciden-
tally, the computer trme required for this analysrs was about 2 seconds on the Cl BER 74 computer

This .initial test of OPDEAN, as well as other applications discussed elsewhere shows that the pro-
gram is capable of accurate and efficient computations of coupling efficiencies for systems involving
point sources-and-quardic or-deformed quardic surfaces: However, it is not well suited to the accurate
simulation of distributed sources, such as the light emanating from the end of a fiber. With the program in
its. present-form this would require repeated application for a number of off-axis point sources, each of -

~which represents the radiation from an element of area on the distributed source. Analysis discussed in a

preceding section of the report showed that this process is extremely tedious and inefficient. It is
therefore worthwhile to consider modifications of OPDEAN to handle those distributed source problems
that occur most frequently in fiber coupling studies.
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In the applications that we foresee, the prinwigmdi distributed source problem will probably be that of
specifying a representative distribution of ray posityons and directions corresponding to radiation leaving
the end of a fiber. One way that this can be accompdished is to add to OPDEAN a subroutine that uses, as

_input data, the position and direction of each rapftom a point source, and returns, to the main program,

- the new position and direction of the ray after itdissrundergone multiple reflections in propagating down
a long cylinder with reflecting walls. If this subrowtine is inserted after OPDEAN computes the ray posi-
tions and directions in the first (entrance pupil) plarie, but before the program enters the rest of the ray

- trace routine, then the subroutine will, in effect,afipkace the original point source ray distribution with the
“scrambled” distribution caused by multiple refleetiens in an optical fiber.

~ In analyzing this problem of multiple reflectiefiin a cylinder, we have developed an exact solution
for the exit position and direction of a ray in tesmis of the length and diameter of the cylinder, and the
position and direction cosines of the ray as ityensers the fiber. Mathematical details, a listing of the
subroutine, and the results of a few sample computations are given below. Addition of this subroutine to
- OPDEAN has not yet been attempted. '

 The problem of concern is illustréted‘in Figune B2. We are given the coordinates x, y, and direction
cosines q,, Oyor Gz Of @ ray as it enters the end of erxéflecting cylinder of length J{ -and radius a. We wish
~ to calculate the coordinates and direction cosinesofithe ray as it leaves the cylinder in the plane z 41 ﬂ .

From the equation of the line thrdugh the entfance point
‘v X“Xo'x?‘*Yo_ z /

B-1
Uxo qquo Y0

and the equation of the'cylinde; ,
x? +yi3@ #*,

it is easily shown that the coordinates of the first re_ﬂection‘point are
X1V=aCOSd1' .
yir=0sind,

2y =Q,, M0
“where ’
Yo+ gy, N0
dl = tan-l M » ; )

: Xotqmo. - ’ _ . - : S
no=(—ﬁo+\/‘ﬁ<2)+a>\)a‘ o o o S ‘ B-4
ﬁo:?‘quo +Yquo R : - '

9 42 oq 2
v a-(_1xo +qyo = 1 Qo -
A=a? —(x3 +y3)
The angle 8, which is the angle between theimcident ray and the normal to the surface af X1: Y1, 24 is
given by : L ' o

cos 8 =— +an. v
0207 Botany BS.
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TABLE B.1. COUPLING EFFICIENCIES AS PREDICTED BY OPDEAN AND AN EXACT SOLUTION:

Image Plane

1

2

Number of

Rays Coupled

88
70
56
47
39
33

29

105

Predicted

Efficiency (%)

58.7

46.7

373

31.3

26.0

22.0

19.3

Exact

Efficiency (%)

59.9

474

384

31.8

26.7

22.8

19.7



 FIGURE B2. SCHEMATIC OF EXACT SOLUTION TO CASE OF RAYS
L EXITING A CYLINDER FROM POINTS WITHIN THE
CYLINDER ‘ ' |
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The durectlon cosines of the reﬂected ray, R1 are determined by the conditions that R, he in the plane of
i’ j the radius vector a and the mmal ray R, and the reflection angle equal 0.

Analysns of subsequent reﬂectnons shows that at the n’th reflection point the coordinates are

Xqn = 0 cos dn

yn = 0sin dn
n =2 +(m—l)Az : B-6
where ’ oa cos 0
Az =gq,,
dn=d, +(n—1)Ad
S ’ F g p— ) 2'12. B-7
Ad = tan-? Y1 ‘Qyno N1 —yi(emi/ 2) 4,
' X1 ¥ qye m xl(am/a ) -
11 = 2no + foc) ’
The direction cosines of the ray leaving the n’th reflection point are
Q. = ¢os (dn + Ad ¥co§dn
i %xn 2cos0[ ( j) !
@ [sin (dn+ Ad)— sin dn] B8
= sin' (dn + Ad) —sindn]
q?"‘ " 2cos @ : .
qzn = qzo’
The npmber of ieﬂectipns in a cylinder of length is the lérgest integer n such that
n<1'+(2-—zl)/Az - B B9

If X, Yy 2, are the coordmates of the last reﬂectlon point then the coordmates of the ray in the exit plane

are _
' X=xp +-—“(Q-—-z)
k Tolzn
YEYn+—(Q—z4) o B-10
pe A :

=0
and qxn, qvn, Qg are the final direction cosines of the ray-

To apply thls solution in-a ray trace program we have prepared the subroutme Iusted in Figure B3.

o ThIS routine accepts as input data the fiber radius A, length XL, the initial coordinates X! and YI, and the

. initial values of the direction cosines, supphed as a three element array, QTI. Output data are the number

of reflections NR; the final values of X and Y,.and the final values of the direction cosines, QT. Input/Out-
put lists for several sample problems are presented in Figure B4. :
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0001
0002
0003
0004
000S
0004

0007
- 0008

0007

0010
- 0011
0012
0013
0014

0015

0016

0017
0018
0019

0020
0021

0022

0023
0024

0025

0026
0027

0028
0029
0030

0031 -
0032

0033

0034
0035

 SUBROUTINE FIEBER(A, XL, X1, YI,QTI, X, Y, @T, NR)

14 JULY 77

'DIMEN°IDN QTI(3), QAT(3)

QX0=0TI(1)

QYO=aTI(2)

GZ0=QTI(3)

ALP=1. O-GZO*GZO+1, OE-8
EET= XI#Q@X0O+YI#*QYO
GAM= A*A-X[#XI-YI#YI
ETA=(-CET+S R (BET*BET+ALP#GAM) ) /ALP
W=(EET+ALP*ETA) /A
Z1=QZO*ETA

IF(Z1-XL) 10,10,8
QT(1)=0TI(1)
GT(Z)=0TI(2)
QT(Z)=6TI(3)
X=XI+0T(1)#XL/QT(3)
Y=Y I+GT(2) #XL/QT(3)
NR=0 |

GO TO 20

X1=XI+GXO*ETA

Y1=YI+QYO#ETA

ETA=2. O#(ETA+EET/ALP)

| X2=X14OXOXETA-ALP*XIXETAXETA/ (A%A)

0036

0037

0038 -

0039

0040

0041
- 0042
0043 .

0044

0045

0046
0047
0048

0049

A TR

 %%END-OF-TAPE
w L

#END

Y1+QYO*ETA—ALP*YI*ETA*ETA/(A*A)
ANDI‘ATQNZ(YI:Xl)
ANGZ=ATANZ(YZ, X2Z)

- DEL=ANGZ~ANG1 ‘
DZ= Z. O#AXW#QZO/ALP

FNR=1, O+{(XL-Z1)/DZ

 NR=IFIX(FNR)

FNR=FLOAT(NR) . -

ANGZ=ANG1+(FNR-1, 0)*DEL

ZN=71+(FNR~1. 0)%DZ
XN=A#*COS (ANGZ).

- YN=A#SIN{ANGZ)

AX=ALF# (COS ( ANG 32+DEL)-COS(ANGZ) ) /(2. O%W)
oY= ALP*(°IN(ANb2+DEL)-SIN(ANG7))/(2 O*H)
QZ=6Z0
aTi(1)=0aX

QAT(Z) =AY

AT(2)=RZ
~XN+“X*(XL-ZN)/QZ
Y=YN+QY#{XL-ZN) /QZ

- CONTINUE

RETURN-

- END

ENDS -

o

FIGURE B3. LISTING OF SUBROUTINE FIBER.
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A= 50.0 XL=

CRTI()Y= 000000
X= . 0000 Y=

QAT{(1)= . 000000

A= S0.0 XL= .

QTIC(1)= . 000000

X= . 0000 Y=

aQT(1)=_ ., 000000

A= S50.0 XL=
RTI(1)= ., 0DOOOO

X= . 0000 Y=
@T(1)= . 000000

A= 50.0  XL=
QTIC(1)=" . 000000
X= 17,8770 Y=

aT(1)=. 000000

A= 50.0 XL=

@TI{1)= . 000000
~X= =31, 2714 VY= ,
CQT(Z2)= . 0646017 QT{(I)=

QAT(1)= -, 14604607

A= 50.0  XL=

BTI(1)=" . 000000

= 17. 1834 Y=

aT(1)= - 048527

A=- 50.0 XL=

CATI(1)=" . 000000

X=  31.8198 Y=
@T{1)= . 00000

A= 50.0 XL=
OTI¢1)= . 000000

A= 22,7971 Y=

QT {1)= - 173643

A= S0.0  XL=
QTI(1)= . 000000 -

X= 832 5937 Y=

L AT()= . 008661

A= S50.0 XL=

QTIC1)=. . 1734647

X= 3L 6504 Y=

aTil)= .001303

A= S0.0 XL=
CQTI(1)= ., 057153

X= 6. 1613 Y=
aTi1)=

. SO0E+05  XI=

86722

L SOE+0S  XI= - . 0000 YI= . 0000
@TI(Z)= . 000000 QTI(3)= 1.000000 NR=
. 0000 S _ |
@T(2)= . 000000 QT(3)= 1. 000000

. SOE+0S  XI= . 0000 YI= . 0000

QTI(2)= . 173647 QTI(3)= .984308 NR=
16, 2883 ,

QT(2)= . 173647 QT(3)= . 984803

.SO0E+05  XI= . 0000 VYI= . 0000

-25. 6973

AT{Z)=" . 087153 GT(3) . 996195

.SO0E+0S  XI=  17. 4770 YI= 17. 46770

GTI(Z)= . 000000 QTI(3)= 1.000000 NR=
17. 4770 SR

QT{(Z)= . 000000 GT(3)= 1. 000000

.S0E+05  XI=  17.&770 YI= 17. 4770

31. 9464 v

. 934803

.S0E+05 XI=  17.6770 YI= 17. 6770

GTI(2)= . 0S7153 QTI(3)= 996195 NR=
6. 1128 , ,

QT(2)= .072392 .QT(3)= .996195

_SOE+05 XI= 31.8198 YI= 21.8198

QTI(Z)= .000000 @QTI(3)= 1. 000000 NR=
'31. 8198

T@T(Z)= .000000 QT(3)= 1. 000000

.S0E+05  XI= 31,8198 YI= 31, 8198

QTI(2)= . 172647 QTI(2)= .954308 NR=

31. 6500 | s |
QT(2)=, . 001299 QT‘3)= L 984203
_SOE+05  XI=  31.819% YI= 31.6198

6.1613" )
QT(2)= 086722 QT(3)= . 996195

31. 8198 YI= 21.8198

QTI(2)= ., 000000 QTI(3)= ., 9848308 NR=
22. 7980 s R T

QT(2)= = 173641 QT(3)= . 934508

.50E+0S  XI= . 31.8198 YI= 31,8198
QTI(2)= . 000000 QTI(3)= . 996195 NR=
QT(2)= . 008661 QT(3)= . 996195

FIGURE B4. INPUT/OUTPUT DATA FOR SAMPLE PROBLEMS
: USING SUBROUTINE FIBER
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QTI(2)= . 037153 QTI(R)= . 996195 NR="

QTI(Z)= . 173647 QTI(3)= .9848083 NR=

QTI(2)= .087153 QGQTI(3)= .9FP61%5 NR=

o
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APPENDIX C

INVESTIGATION OF THE HIGH TEMPERATURE PERFORMANCE OF GaAs
LIGHT EMITTING DIODES

Because of their low power requirements and small size, solid-state luminescent devices that emit in
- the near infrared offer an attractive possibility for the conversion of electrical signals to optical signals
for transmission over large distances through optical fibers. Whether this concept will prove useful in
geothermal well-logging depends, in part, on the performance of such devices at high temperatures. In.
‘this Appendix-some-of the fundamental physical processes that limit the high temperature efficiency of
‘both solid-state lasers and light emitting diodes (LEDs) are discussed. It should be noted, however, that in
addition to the fundamental limitations discussed here, there are other problems of an engineering nature
that must also be considered in the design of an optical source for down-hole operation. Thus, the
possibilities raised here should be taken as indications of what might be achieved if the mechanical and
‘electrical problems associated with operation in a high temperature, corrosive environment can be solv-
ed.

‘A. Theory

A simple model that illustrates the main features of solid-state luminescence is shown in Figure C1.
Here G represents the generatlon of electron-hole pairs by some excitation process, usually minority car-
rier injection in junction devices. The decay path R represents luminescent recombination of an electron
initially in the conduction band with a hole at level L, while the non-radiative path NR represents recom-
bination via other mechanisms such that no luminescence occurs. If we let P, be the probability of
- luminescent decay, then let Pnr be the non—radlatlve recombmtton probablltty, then the Iumlnescent
efficiency is -

P, !

This quantity is the fraction of electron-‘hbole pairs that recombine via photon emission; it is, therefore,
also a measure of the fraction of input (electrical) energy that is converted to useful radiant energy.

: Consuderatlon of the kinetic equations govermng electron-hole recombmatlon leads to the following
: expressnon for the Iummescent efficiency:(€1) : :

\3/2 ' -1
nel1e (M) NropT _er B ez,

me NL'-"n

Here m, and my, are the effectlve masses of eIectrons and hoIes respectwely, Ny and N are the concen-
 trations of levels of types T and L, o is the hole capture cross section for T centers while o, is the cor-
responding electron cross section for L levels, 8 is 1/kT, where k is the Boltzmann constant and T is the ab-

- solute temperature, and the energies E, and E, are defined in Figure C1. It is evident from this result that

high' efficiency requires Ny <<\, and E, — E, > kT. Thus, for good luminescent efficiency one re-

“-quires (1) a high concentration of- luminescent centers as compared with the concentration of traps
leading to non-radiative recombination, and (2) shallow non-radiative traps and deep radiative acceptor

“levels. A deep luminescent level is also desirable for another reason, namely, that in such a case the
energy of the emitted photon is significantly Iess than the band gap energy, and the probability that the
photon will be absorbed is therefore small.(€2)
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If the radiative and non-radiative levels are deep and shallow, respectively, then E; — Et P 0 and the
exponential term increases as the temperature increases, thus leading to a decrease in efficiency.
Physically, this drop in efficiency is caused to some extent by a decrease in the hole population of
luminescent centers and, to a greater extent; by an increase in the electron population in non-radiative
traps. These population changes tend to make the radiative path less probable and the non-radiative path
more probable as the temperature mcreases

There is little that one can do about this temperature quenching effect except to minimize the con-
centration of non-radiative centers (which is an extremely difficult technological problem) and, perhaps,
‘increase the concentration and level depthof luminescent centers. Unfortunately, increasing the depthof
_the luminescent level E, does not always help because deeper levels usually have smaller capture cross
sections and this tends to decrease, rather than increase the: efficiency. Heavier concentrations of
luminescent centers also lead to complications through the formation of impurity bands (rather than
isolated energy levels) that merge with the conduction and valence bands at very high concentrations.(C3)
Thus, while the simple two-trap model may suffice for-illustrative purposes it is not always reliable as a
‘guide to the design of more effrcrent devices. ,

There is, on the other hand, some experrmental evidence that the introduction of deep luminescent
centers is advantageous to high temperature performance. For example, when GaAs is heavily doped with
" Si,-a quasi-continuous distribution of acceptor and donor levels is produced, with some acceptor levels
- lying deep within the energy gap.(C3) A rather complicated analysisC3 shows that presence of these
deeper acceptor states can account for the fact that GaAs:Si diodes are the most efficient devices yet
realized.(C4 Supporting evidence that the deeper levels are involved is found in the fact that the emission
spectrum shifts to longer wavelengths as the Si concentration is increased.(C5 Also, experimental studies
of the temperature dependence(C5) and time dependence!®® (in the case of pulsed operation) of the

- luminescent spectrum indicate that the deeper levels are less susceptible to thermal quenching than are

S B. Experlmental Investlgatron )

shallow luminescent levels. Unfortunately, we have yet to find any direct experimental evidence that
heavy Si doping is_beneficial to operation’ at temperatures of .interest here This, therefore, -is. one
investigation that should definitely be pursued :

It is also possible that some other semiconductor wrth deep Iummescent levels could prove superior
to GaAs at high temperatures. In particular, luminescence in Cu doped CdS is known to persist at
temperatures as high as 300°C with little loss of efficiency.(”) The main difficulty with CdS, and most
other 11-V1 semiconductors as well, is that it is difficult to fabricate efficient junction devices from such
- materials.(C2 Some success has been achieved with MOS-type structures(©® but the efficiency is con-
siderably lower than it is for GaAs diodes at room temperature. Still, the possibility that a CdS device may
show less temperature degradation suggests that such devices are worthy of further study.

To further explore the possnblhty that the high temperature performance of a GaAs dlode ‘may be
adequate an expenmental mvestlganon of a commercial device was conducted .

A Texas Instrument TIXLIGA PN GaAs LED was selected for the expenment because of its excep-
tionally effective heat sink. The LED was attached to an additional external aluminum heat sink along
with a thermocouple probe. Both the LED and thermocouple were attached with Wakefield Thermal
Compound #120-2 to ensure low thermal resistance between the components. Figure C2 shows the LED
mounted to its aluminum holder, and the ‘LED assembly with thermocouple mounted in posutron in the
temperature chamber . ,

Light from the LED in the oven was ‘coupled to the monochromator and detector Vla a 1.5M length of

-CGW graded index optical fiber. Rigid mechanical supports were used on both ends of the fiber, providing
‘stable coupling conditions throughout the course of the expenment
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(b)

‘ FIGURE C2. EXPERIMENTAL ARRANGEMENT FOR DETERMINING
TEMPERATURE EFFECT ON EMISSION OF GaAs LED;
N\ a) LED and thermocouple mounted on Al heat sink,

b) optic fiber clamped to accept light output




The receiving optics consisted of the fiber mechanical support, a 10 X microscope objective used to
collect and collimate the output of the fiber, a Bausch & Lomb monochromator, and a UDT500 silicon
photodiode and preamplifier. A 20-turn, 0.1% linear ‘potentiometer was mechanically linked to the
- -wavelength select knob on the monochromator to provide an analog signal proportional to wavelength.
The output of the UDT500 was connected to the Y input of an X-Y recorder, and the wiper of the poten-
tiometer was connected to the X input. Voltage across the pot and the sensitivity and centering controls
of the recorder were adjusted so that all the data could be displayed conveniently on an 8-1/2 X 11 sheet
of graph paper by the recorder. - .

Spectral data were taken with the monochromator from 30°C to 210°C in increments of 30°C. This
data is presented in Figure C3. Note that the effects of increasing temperature are twofold: (1) a spectral
shift in the diode output further towards the infrared, and (2) a decrease in total integrated light output.

. )

The data in Figure C3 is the actual output voltage from the silicon detector and preamplifier
assembly. In this region of the spectrum, the response of the silicon detector is declining, which accounts
for part of the apparent output decline with temperature. To compensate for this effect, the data were
normalized to the photodiode response curve, yielding the corrected plot shown in Figure C4. Note that
the peak output at 210°C is down only approximately a factor of 5 from the peak output at 30°C. This
represents about 14 dB loss in optical signal, which is tolerable in most optical communication systems.

To further analyze this data, the curves in Figure C4 were integrated to obtain the total integrated
output from the LED at each of the test temperatures. These values are plotted as a function of absolute
temperature in Figure C5. For illustrative purposes, values for a GaAs:Zn diode reported by Carr{C10) are
included in the plot. The values obtained in this experiment agree closely with those obtained by Carr,
where they overlap in the region from 300°K to 360°K

Finally, in Figure C6, we show the peak position of the spectral output plotted as a function of
absolute temperature. There are two points to be noted here, the first being that the luminescent output
“falls off as exp(-T/6), which does not agree with the theoretical model described earlier. This discrepancy
has been noted before and is apparently caused by increased absorption in the diode itself as the energy
gap becomes smaller with increasing temperature. (C1) This means that the output of any such light emit-
ting device will fall off more rapidly with temperature than would be the case if there were no self-
. absorption of the luminescent emission. However, because this effect occurs for both deep and shallow
" centers, it has no bearing on the relative merits of deep vs. shallow states at high temperature.

The second point to be noted is that at room temperature the diode with unknown dopant emits at a
slightly longer peak wavelength than the Zn doped diode. This indicates that the acceptor level created
by the unknown dopant is slightly deeper than the Zn level. Comparison with experimental data published
by Ladany(€12), who studied the emission spectrum of GaAs:Si as a function of Si concentration, suggests

“that the unknown dopant may be Si, in a concentration between 0.25% and 0.5% by weight Siin Ga in the

melt. This tends to agree with Moruzumi and Takahashi(C5) who found that with low Si concentration the
peak wavelength vanes with temperature in much the same way as is lllustrated here.

- The mterestmg point, however is that if the unknown dopant is indeed Si, it must be present in a
 rather low concentration. According to the published data cited above!C%.C12) diodes with much higher Si
concentrations can be fabricated, and would result in (1) a shift in the peak emission to longer

wavelengths, and (2) a-more: complex dependence of the output of temperature. However, the most

encouraging aspect of this conjecture is that the data of Moruzumi and Takahashi(C5), which was obtained

in the 779K to 300°K range, indicate that the emission from heavily doped diodes changes very little with .

temperature. If, as theory suggests, this trend persists at higher temperatures, then the high temperature
performance of heavily doped GaAs:Si diodes should be significantly better than is indicated in Figure C6.
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