
R. K. Swanson 
R.  E. Anderson 

Final Report 

roject 15-470 

E (40- 1 )  -52 68 

prepared for 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



in high-temperature 

ored cable containing 
latter modulate an op 

infrared light transmitte 

rd solving these difficulties. 

Id is the natural 





b 

itations of Down-Hole Me ystems 

he recovery of geothermal energy are at temperatures above 

ely handicapped; conditions 

function is  occ 
acoustic or nuc asured directly, and from these are inferred the lithology, 

plastic. Light which enters the 

escape is due to a phenomenon 
II of the fiber at an angle less than 

media at a boundary. In 



2 

fibers (known as "glass glass") are drawn in a f l  or laser beam from glass rods. The 
sible light) to several 
length are now rou- 

can have diameters from less than 2 micrometers (about two wavelengths 
s. Continuous lengths of clad quartz fibers one km or mo W hundred microm 

tinely produced. 

Fiber optic transmission are potentially inexpensive. Current costs, ly dependent upon 
demand, are in the range of $1 $6.00 per meter, and are expected to go as low as ten cents per meter 
for large quantities. They are not electrically conducting so that ground loops, short circuits, and leakage 

are not possible. 

ctromagnetic interference an ity 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 

eters) and light weight. The bandwidth capacity of an optical fiber transmission line 
agnitude greater than electrical coaxial conductors, and transmission losses of 

optical fibers can be as low as or I for comparable lengths of wire. Because of the 
small size of individual optical fibe can be built into a cable with a small diameter. 
Since the enormous bandwidth of a enerally 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 commer fiber is  shown in Figure 2. 

atus of fiber 0 

In  1974, the Naval n Diego, California obtained a 3 km 
length of quartz optical waveguide from the Corning Class Works, exhibiting attenuation of 2.1 dB/km. 

mperature oper 
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detectors and non-avalanche detectors. Photomultipliers are physically less desirable than semicon- 
rs, but can develop greatly improved signal-to-noise perfor nce at high sensitivity. In the system 

sophy developed during this program, the detection operation would be accomplished at the surface 
ther than down-hole and, consequently, the difficulty of photomultiplier operation is  greatly reduced 

nd poses only minor problems. The specific choice of a photodetector depends upon the final system 
arameters, including bandwid 
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f much higher coupling 
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subject of coupling, the main problem being the narrow acceptance 
Because of the narrow output beam, laser sources are inherently ca 

efficiency than any other sources available. Collection 
extended sources in the fibers has been the subject of a number of papers.(14) 

IV. CABLE DESIGN AND FABRICATION 

Obviously, one of the most significant elements i i s  an optical cable. 
Because well-logging is performed in a v ectrical logging cables 
are typically of a steel-armored type, in w yer of steel stress strands overlays a central core 
containing several insulated electrical conductors. In the concept explored in this program, the intent is 
to redace the electrical conductors with optical fibers. These require no electrical insulation, and are in 
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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 I s t  supplier of wetl-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 i t s  fiber supplier, Times Fiber Communications, lnc. 

B. Design Considerations 

h-, 

A well-logging cable i s  primaril for the purpose of transmitting power and signals, but it also must 
serve as a strong, precision "measur g 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 i t s  behavior under load. Cu s are accomplished by using steel stress 
members for which the stress-strain properti Stranded copper conductors are typically 
used in the electrical circuits, and steel armor strands provide the mechanical strength and load carrying 
capability. Copper, with i t s  high ductility, can easily conform to the elongation requirements dictated by 
the steel armor. 

In constructing an armored optical cab1 serious limitatio s introduced by the properties of the 
quartz fiber. Quartz under normal temperatures is  not a ductile material and while exhibiting great tensile 
strength, it i s  subject to fracture with very low elongation. Moreover, the high sensitivity of optical fibers 
to microbend stresses, places severe restrictiys on the action of the other cable members. The very small 
size of these fibers makes them relatively fragile in spite of the excellent tensile properties of the 
material. 

An initial design stud s, both by Vector and by the SwRl project team, 
red cable design with fiber optics. disclosed three general conce 

1. Conventional Double-Armor over Optical Core 

stress strands of aramid yarn. Aramid has elongation properties similar to those of glass, but with high 
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ul l  cable load. Glass optical fibers y buffered with a resilient buffer material, surround the central 
tress 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 position. The armor strands follow, 
tending to unwind also. Thus, under loa here i s  a gentle “spring” action, with a return to the initial posi- 
tion as the load i s  reduced. The design 11s for a 0.079-in. steel core surrounded by three optical fibers 
and three electrical conductors, all with diameter 0.068-in. (1.71 mm) over the buffer. The outside d:ameter 
of the complete cable is  

b, 

FiberConsiderations 

tively great, the use of low-loss optical 
fibers (less than 15 dB/km) i s  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 stepindex fibers, the 
atter are adequate for any welldogging purpose now envisioned. Graded index fibers can be substituted 
n the design at any later time shoul , 

The two development areas ently receiving 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 y available, and were deemed suitable for use 
in the short length demonstration phase of the progr nsequently, the design goal for the prototype 
cable was set at 15 dB/km or less, verriding concern. Substitution of fibers with 
lower attenuation can be accomp e, once the feasibility has been 
demonstrated. , 

e design at any t 

2. Fiber Buffering 

While optical fibers ne ot be electrically insulated, it i ssential 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 tan be serious. A relatively soft, resilient coating over the 

sses, and protects iber from internal stress gradients. 

Super-heated steam or hot water is  corrosive to 
quartz, and it i s  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, bu coatings of various 
plastics areapplied to  the fibers atthe time of manufacture. The fiber i s  first lubr d with a silicone oil, 
and the plastic extruded directly over it, forming an unbonded, tight-fitting cont s tube. I f  the buffer 
material i s  directly ansion coefficients are likely to to the glass, differential temperat 

es within the fiber. The results of 
ately, breakage of the fib 

ation of material roblems, two candidate buffer 
were selected as best fulfilling the buffer requirements. These materials are both fluoroplastics 



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 275OC. 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 a5 the most practical candidate for the prototype cable. 

'c, 

For eventual extension of the concept to temperatures of 300OC and higher, less certain buffer can- 
didates appear. TFE, if methods for i t s  application can be developed, should be useabie to 30OOC. Higher 
temperature cumpounds, relatively new in the plastics industry, include the polyimides, paralene (a pro- 
prietary conformal coating) and metallic coatings such a5 electroless nickel. A l l  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. 

Investigation of the optical performance of quartz fibers 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. 

Stress and Temperature Effects on Optical fibers 
1 

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 

unction of the relatively long lengths of fiber required. Determining the effects in the 
oses serious instrumentation problems. Practicality demands that the measurements be 
t 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 acc 001 dB. This is  beyond the state-of-the-art of optical capability. 
In order to circumvent this di method was selected in which a differential measurement 
between two identical fibers o f t  ngth is made. 

In this procedure both fibers are illuminated by a common extended light source, and the experimen- 
stress state is applied to only one of them. Differences in the relative attenuation become readily 

and measurement accuracy of 0.1% can easily be achieved. This is  equivalent to a relative 
on of the apparatus his technique is  shown in km. A schematic represent 

ere are four optical fully control led: 
end preparation, b. source brightness, c. input launching (coupling) conditions, and d. output 

rameters in this measurement 

onditions. These parameters must be uniform and repeatable from measurem 
ment, and time invariant if meaningful loss d 

Typical attenuation effec ected to pure tensile 
function of tensile s 

are shown in Figure 6, in 
hich the increase in attenuation (%) is  plot and, % elongation. The 

results indicate that, at an elongation of ap particular fiber investigated showed an 
crease in attenuation of approximately 5 fiber with an initial attenuation of 15 dB 
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 5.75 dE, a relatively insignificant increase. 



FIGURE 5. SCHEMATIC O F  APPARATUS FOR DETERMINATION OF OPTICAL 
TRANSMISSION PROPERTIES OF SHORT FIBERS 
MEASUREMENT. 
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Temperature effect on attenuati was also investigated in th ame manner, with the test fiber sup 
ted in a temperature test chamber. At 500OC no measurable effect on transmission of the heated fiber 
s detected. We conclude, therefore, that direct effects of temperature on attenuation can be expected 
e less than 0.1 % . 

b/ 

Temperature can, however, be expected to affect the mechanical properties of the fiber. While no 
ntal determination was attempted in this program, the subject is  well covered in the literature. 
, for example, quartz has a tensile strength approximately 70% as great as i ts room-temperature 

., 

D. Cable Construction 

1. Fiber Buffer Operation 

The heart of the Vector optical cable desi loss fiber imbedded in a heavy buffer 
coating of PFA. Normally, buffer coatings on co are very thin (on the order of 0.03mm). 
The initial approach to the buffering operation w andard 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 

tor on the buffering problem. 

at it would be necessary to make 
east two additional passes through the extruder in order to maintain the fiber concentric inside the buf- 

fer. Difficulties were qoickty encountered. The heavy PFA extrusion, with i t s  relatively high mass and heat 
content, tended to melt the buffer coating and cause sticking. introduced stresses into the fiber that 
resulted in breakage. The extrusion problem constitutes the ba ifficulty of the method for which ade 



In well-logging, it is conv n a quick disconnect element known as 
he requirements for such a connector 
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I .  It must transfer th e cable stress member. 

2. 

3. 

It must connect individual optical fibers in the cable to corresponding fibers in the instrument. 

It should terminate the cable stress member in a "pull-out link", to permit emergency pull-off 
without leaving cable in the hole. 

nd their connections from well bore fluid under high 

bte for interfacing optical well-logging instruments 

d in the following paragraphs. 

is, single fiber connectors. These 
to the connector problem can 

alleviate the al 



These three approaches seek to sol the fundamental problem involved in coupling two clad fibers, 
ive optical loss due to misalignment. tosses at such a connection are the result of three 
ioning problems: lateral displacement, resulting from imperfect flush mating of two fiber 

or V-groove; and ial misalignment, due to dimensional variations in the fibers and in the ferru 
isalignment, or lack parallelism between the two halves of the assembly. 

B. Investigation of losses Due to Coupling Etrors 

his program, an assessment of the various sources of error wereinvestigated by a computer 
experimental verification, These two approaches are discussed more fully in another sec- 
ort (Section VI.A.7, “Prototype Temperature Sensor Design and Fabrication”, and in Appen- 

dix 6, “Program OPDEAN”). In summary, the results indicate that two 5-mil (0.13mm) stepindex fibers 
joined in an otherwise perfect butt splice, exhibit a loss of 2 dB with only +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 distance, representing 200% of the 
fiber diameter. 

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 combined problems of optical considerations, high pressure, 

A conventional pres 

nnector proper, 

igure 7, in which the 

t A in Figure 7). The basis for this concept i s  ent of the fibers by means of an assembly 

ate for alignment purpos 
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FIGURE 7 .  SIMPLIFIED ASSEMBLY DRAWING O F  OPTICAL CABLE-HEAD. 
(A) Fiber-optic connector; (B) stress link; (C)  armor clamp assembly; 
(D) pressure barrier; (E, F, G )  pressure seals; (H)  cable stress 
member and pull-out clamp; (J)  make-up collar. 

- 





these are pushed through one of the alignment disks. The individual les in this disk are slightly smaller 
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- 

e shown in the photograph in Figure 9. 

After the first disk is assembled 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 i s  then clamped until the cement i s  cured. Then the alignment pins are 
removed, and the entire front surface, including fiber en i s  optically polished. Both connector halves 
are-prepared in this way, and the precision alignment s are reinserted into the male half of the 

2. Adhesives 

A severe problem unique to high-temperature operatio 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 ceram omponents. Typically, for example, connector 

I fibers in alignment ferrules or V-grooves. 
of glass differs seriously from that of the epoxies, and at high 

peratures, creates stresses in the glass that both increase losses and eventually result in fracture. An 
haustive study of compounds which might serve as adhesives in this application was conducted during 

the program. The most favorab ffered by a silicone resin designed as an additive for 
paints and enamels. The substa s 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 350OC. The cured resin forms a thin, hard but flexible, transparent film 
which bonds well to most materials. The inherent flexibility of the film allows i t s  use over a wide 
temperature range. Although it invol cycle, this material has 
been satisfactorily used to  secure fi rogram. The-particular 
resin used is made by Dow Corning, 

ies utilize an epoxy to 
r, the coefficient of exp 

I 

3. Pressure Seals 

Static pressure s employed at temperatures as high as 
relatively short exposure cycles (of the 

terials were investigated, and a 
E, F, and C in Figure 7. 
I fibers (at E). Pressure 
vidual fibers must be 

t s  of a stainless steel piston sealed into the 
y of the cable head by a conventional O-ring seal. Within this piston are individuaf seals, called 

250-30O0C, utilizing either fluo 
a few hours) are involved. Conventional seals utilizing b 
housing and connecti 

ritical element in this con 
ted from the optical c 
. The pressure barrier i s  shown at D in Figure 

ual TFE O-rings. 

evelop sufficient 
tion between the buffered fiber an ing through the pressure 
rier; second, the pressure applied t ling force on the O-ring, 

ust not exceed the yield strength of ns are met, the seal will 
nction. As the temperature i s  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 
ently, a seal of this type that functions satisfactorily at temperature may not be successful at high 
perature. Since both PFA and TFE can be extruded at iciently high temperature and pressure, the 
rantes within the pressure barrier are very critical. 
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F I G U R E  9. PHOTOGRAPH OF A S L O T T E D  F E R R U L E ,  ONE O F  T H E  P H O T O - E T C H E D  
P L A T E S ,  AND A S T R I P P E D  0 ,068-INCH B U F F E R E D  F I B E R  



Static performance of the seal was tested at both room temperature and at elevated temperature in a 
cia1 test fixture shown, together with the elements of the seal, in Figure IO. 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. 

les to 7500 psi, the test unit was disassembled and 
the seal examined. In Figure 11 i s  shown a p ograph 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- 

h 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 269OC. At that point, a slight drop in pressure was noted. Although no significant leakage was detected, 

interpreted to mean that yield of the PFA buffer material had begun to occur. Finally 
ours and 10 minutes, the seal failed. The indicated temperature at that point was 276OC. 

he fact that at a given temperature, PFA can be 
by some appropriate pressure. At 275OC the extrusion pressure is  about 4000 psi and the seal will 
critical temperature for this particular seal under the test conditions can be said to be 265O to 

ted temperature and pressure were conducted 
piston was tested with both TFE and Viton 

essures of 12,000 psi and 

s of Cable Head 

ble head have been constructed and tested, but 
uncertainties in the cable procurement made it 

eration of this assembly. Based on tests of the coupling efficiency of 
ed that optical losses can be held to approximately4 dB in each fiber 
nge of the cable and cable seals. 

I cable, i s  that the pro- 
high temperatures can be 
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 i s  also essential that the optical modulation or emission take 
place in the spectral band where fiber optic attenuation i s  minimized, namely, from about 800-nm to 

21 W 



FIGUR E 10. MINIATURE PRESSURE CHAMBER AND PRESSURE-BARRIER 
TEST FIXTURE. (a) seal components; (b) assembled pressure 
barrier ready for test ,  
miniature TFE O-ring. 

The arrow in upper photo points to 



FIGURE 1 1 .  PHOTOMICROGRAPH (45X) of TFE-on-PFA PRESSURE SEAL 
AFTER PRESSURE TEST, 7500 ps i  at 25°C for two hours. 





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 appr 

A. Temperature logging 

es to the measurement of temperature, neutron flux and pressure. 

Temperature logging is  recognized by most a~thorit ies(~) as the highest priority requirement of 
mal 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 lo fundamental objective of this program. 

tn view of the general requirements of optical well-logging 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 approaches 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. 

etaits of the temperature sensor investigation appear in Appendix A and Appendix B. 

enter Annealing. pproach to the optical measurement of temperature involves the 
f color center annealing rates, The transducer in this case is  a material that i s  normally 

transparent in the near infrared but which present purposes, is made to absorb infrared radiation at 
certain wavelengths through the introducti f "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 

e fiber, through the tran receiver at the surface thro 

ation lies within the absorp I f  the wavelength o 
as long as a significant number of centers remain in 
receiver will be attenuated by absorption in the sen 
ties, this will be t  

e sensing element, the intensity of the signal at the 
. For color centers with the desired thermal proper- 

d 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 i s  located at a particular 



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 i s  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. is  wavelength lies near a minimum in the fiber absorption curve and 
is, therefore, nearly ideal for the ded application. 

W 

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

D(t)/D(o) = (1 1 

where, according to Tomiki's experimental data, 

I / r  = 2.01 X lo'* (2) 

with 7 in seconds and kT in electron vol ann constant and T is the temperature in OK). 

he following: (1) The annealing rate i s  quite sen- 
sitive to temperature and can therefore provide an accurate measure of temperature in the range 
indicated; (21 for a limited range of temperatures the times required for an accurate measurement of the 
annealing rate are convenient. Thus, at the lowest temperature indicated here (20O0C) one would 
accumulate optical transmission data for perhaps 20 seconds to determine the relaxation time (which, 

q. (2). determines the temperature), white at 2 7 5 O  measurement interval of a few seconds 
e.method may also be used at lower temperatur perbaps as low as 1500 
times of several minutes may then be required. However, at temperatu 

3OOOC the M center annealing rate is  s 
hort for well logging pu 

dition to being limited to a rat nge of temperatures, the M center annealing 
rs from the fact that once the color center population is depleted, the crystal i s  useless as a 

sensor. One might reactivate the sensor by the in-situ production of color centers through 
er, because a very intense gamma ray source i s  needed for this purpose, in situ 

approach was therefore 

The two important points itlustrated 

all M centers are destroyed in times that are 

11-logging purposes. 

r center annealing we 
The particular center of 
at high temperatures in 

anied by a decrease in F 

potassium particles begin to decay giving 
rise to an increase in the density of F centers; 





Optical absorpt 
temperatures up 

The optical abs 

he equilibrium concentration of particles is  measurable at 

spectrum peaks at about 790 nm in very pure KBr and at 
somewhat short 

From the theory of the formation of such parti in alkali halide crystals(g), it would 
appear that the precipitation process i s  reversible, i.e., after complete annealing at 

n impurities are present; 

tures above 35OoC, particles are reformed by cooling. 

These,facts suggested that it may be possible to use measurements of optical absorption by K8r 
at 790 nm (which is an appropriate wavelength for signal propagation in optical fibers) to infer 
temperatures in the 15OOC to 350% 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 
* - e  same way as with the M center in K 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 equilibrium being of 
he order of 30 to 60 minutes.(l0) The analysis of particle growth or decay rates, on the other hand, con- 
inued to show promise, mostly because experimental studies of such processes revealed that a change in 

he kinetics of these initial transients was then undertaken, following the theoretical model proposed by 
Calleja and Agullo-Lopez.(”) 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 wit 
study of absorption spectrosco r center approach in favor of a 
spectroscopic method. 

emperature causes a rather rapid transient in particle density for a short time after the change. A study of ( 

1 

led us to abando 

b. Absorption Spectroscopy. The general sensor concept in this case is similar to that described 
e the hole, connected to a down-hole 

ucer by a fiber optic c 

ive i s  to sense some temperature depen- 
er material. One therefore requires a broadband 

of near infrared radiation and a wavelength analyzer,,such as a monochromator, to determine the 

spectral features of con- 
cern must correspond to electronic transitions because absorption by the crystalline lattice occurs only at 

of transitions of interest - those corresponding 
ndamental absorption property of the host 

ad and featureless, particularly at high 
exhibit any easily detected change with 
rption feature of some crystalline solids, 

tion edge in insulators and semiconductors, that 
s changed. Thus, very early in the program, our 

rease in the 
IS IS illustrated in 

gure 14, which shows the spectrum transmitted by a thin wafer of gallium arsenide (GaAs) at various 





temperatures. These data were obta ally by a method to be described later. For the pre- 
sent, the important point i s  that the edge spectrum, which is that part the of curve where the 
transmission increases rapidly with 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 w,as eventually developed, was founded. 

2. Selection of Sensor Material GaAs 

The-physical nature of absorption edge'transitions together wi the restriction to the 800-1100nm 
, limits the-class e materials to wide band gap semiconductors. This is  because the absorp 

tion edge correspond n induced electronic excitation across the energy gap. Thus, i f  the photon 
nergy i s  greater tha and gap energy, such transitions can occur and the probability of photon 
bsorption is  large. If. on the other hand, the photon energy i s  too small to cause band gap transitions, the 
bsorption probability will be small. The absorption edge spectrum therefore occurs in a band centered 

near the band gap energy. It follows that i f  we must work with spectra in the 80(11100nm band, which cor- 
responds to photon energies from about 1 .lev to 1.5ev. the only materials we need consider are semicon- 
ductors with band gap energies in this range. 

Another important consideratio 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 stee the edge, and thermal properties such as melting point, coeffi- 
cient of thermal expansion and specific heat. However, because the values of these parameters are nearly 

same for materials with similar band gap energies (with oneexception to be noted later), consideration 
hese properties did not enter 

Finally, it i s  evidently quite 

selection of a sensor material. 

I selected be available, at reasonable cost, in a 
thin, highly polished wafers of the 

e I for several semiconductors with 
ergy gaps in the appropriate ra it can be seen that neither of the elemental 

semiconductors, silicon and seleni se the band gap for silicon i s  too small at 2oOoC 
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 i t s  low cost 

bility in a suitable form. Indium phosphide was chosen as a backup material because i t s  absorption 
ratures between 20OoC and 

form suitable for absorption edge 

Data on some of the more import 

. "Maximum Sfope" Detectio 

hough gallium arsenide 
the edge spectrum still 

t i  wide band gap semicon- 
era1 nanometers, as can be seen from Figure I S .  Thus, unless 

one can identify and accurately locate some feature of the spectrum at a particular wavelength, the width 
of the absorption edge Ieads to an uncertain n i t s  location and this, in turn, leads to an uncertainty in 
the temperature measurement. One could prove the situation to some extent by choosing. as a 
reference point, the wavelength at which e transmitted intensity reaches some arbitrary value. 
However, this approach, which i s  used in the laboratory to measure the temperature dependence of the 
band gap energy, requires careful control of the source intensity and losses in the measuring system. As 





TABLE I. ENERGY GAPS, TH PERATURE DERIVATIVES, AND MELTING POINTS 
OF SELECTED SEMICONDUCTORS (REF. 6) 

Eg Eg dEgldT Melting Point 
(ev at 20°C) (ev at 200°C) (ev/deg X lo4) ("C) 

1.1 1 1.07 -2.3 1412 

1.74 1.49 -14.0 22 1 



tremely difficult in a w logging system because losses in the 
, the first problem faced in deciding how to use the absorption 

ure in the spectrum that can be used as a reference point. 

od sometimes used to m the band gap energy itself.(I*)To 
oefficient (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 sh re, however, were calculated 

rbach’s rule, whi rately describes the energy 
many semiconductors and insulators. From the 
discussed in Appendix A, it can be shown that the 

sorption 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- 

t in the absorption edge spectrum. As shown in Appen- 
rather simple and are easily handled by a 

required spectrum. As can be seen from 
int of maximum slope requires that accurate data be obtained 

ar 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 I-5 microns) thick must be used. While it mav be 

to a transparent substrate,‘ for 
method that involves measurements at 

ore be applied to thicker crystals, is  
I ,  

rature was found.(13) 
ch are presented in Figure 19, show a definite “knee“ in the weak absorption tail, and thus 
ere i s  a point of maximum slope at a small value of the absorption coefficient. This sug- 

method to thicker crystals by working with 

s produced only a shift in the position and 
s not caused by impurities alone. Al l  such 

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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account is given in 

bsorption edge temperature approach is  
21. It consists of a gallium arsenide disk, 

ced in a specially designed metal holder, mounted accurately in the 
iffusion furnace, This furnace is  in the form of a cylinder approx- 
hpassage through i t s  length. Axollimated 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 CaAs wafer, 
allowing i t s  temperature properties to be measu . The furnace serves as an accurately controlled 
temperature chamber. Temperature can be direct1 cremented and held to close tolerances by control 

Temperatures from 2OOOC to more than 1000°C are easily obtained. 
emperature range fro 

on system at the 'exit beam consists of a monochromator (for deter- 
gth) and a silicon avalanche detector, with associated electronics. A second detector 

from the light source, so that small variations in lamp intensity due 
ng can be accomm he monochromator is adjustable in one 
tor output at each th is recorded. The plot of detector out- 

yields the transmission curve for the 

O O O C  to 500°C was used. 

he process of experimentall 
apparatus to a computer 
w task of entering the data 

ita1 converter was constructed. This 
ear potentiometer is attached to  the 

ltage from the poteqtiometer is thus a 
el analog-to-digital converter are then 

A-to-D output is  accepted by an 
Tektronix 4051 graphic terminal 

individual absorption curve to be obtained in a matter of a few 

onochromator via gears and serves 
rect function of the wavelength. T 

minutes, including all data processing steps. 
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F I G U R E  21. E X P E R I M E N T A L  A P P A R A T U S  SHOWN SCHEMATICALLY 
IN F I G U R E  20; a) overal l  view, optical source  at right,  
b) monochromator ,  
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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. 

'bd 

As i s  evident from these Figures, the initial experimental result w that the absorption coefficient 
does indeedhxhibit a well-defined point of maximum slope in the weak absorption tail. Furthermore, i f  Xm 
denotes the wavelength at the point of maximum slope and 1/Xm is plotted as a function of temperature, a 
linear relationship i s  obtained as illustrated in Figure 25. When this curve is  expressed in energy units, 
rather than reciprocal wavelength units, we find that the slope is -5.5 X lU4ev/OC, which is  slightly 
larger, in absolute value, than the value of dE,,,/dT reported in the literature (see Table I) .  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 are consistent with known properties of GaAs. 

- -_ . 

There are, however, two troublesome points concerning these absorption coefficient data. First, 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 t ata on the point of maximum slope. This is  because in 

I experiments with a thick specim he point of maximum slope lies very near the flattened 
spectrum. I ts  location, and, ind even i t s  existence, might therefore be determined by 
uses the absorption curve 

Aithough published studies of t 

n at short wavelengths. 

f 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 (0.3rnm)thick crystals of undoped CaAs, and crystals of the same thickness 
with zinc concentrations of l O l s  

Data on the absorption edg ving a 1018 cm-3 
cceptor concentration, and at temperatures from room temperature to 4OOOC with the other crystals. 

The room temperature data are shown in Figures 26 and 27. These results show that there i 
ference between the absorption coefficients for the doped crystals, while the edge lies at shorter 

he pure specimen. This shift with dopant concentration i s  consistent with previously 

trated in Figure 26 is  that even with thinner crystals at different dopant con- 
ntrations, we s t i l l  observe a mysterious flattening of the absorption coefficient curves at short 

wavelengths. This time, however, there i s  considerable scatter in the short wavelength data which one can 
attribute to experimental difficulties in obtaining reliable data at low transmitted intensities. Stil l , the fact 
that the flattening occurs w tions leads one to suspect that it is  not impurity 
related. 

U 
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FIGURE 24. TEMPERATURE VARIATION OF THE ABSORPTION EDGE SLOPE OF THE 
ORIGINAL GALLIUM ARSENIDE CRYSTAL 
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n a final attempt to explain t 
temperature with s t i l l  thinner 

bservations we performed s t i l l  another set of experiments at 
Is. These specimens were prepared by mechanically polishing 

three dopant concentrations noted above; thicknesses of about 2, 3, and 6 mils were 
al result, presented in Figure 28, again shows a flat absorption coefficient curve at short 

the present time, this short wavelength behavior of the absorption coefficient data i s  not explain- 
s i s  troublesome because it suggests that the experimentally determined shape of the short 

art of the absorption coefficient curve i s  somehow influenced by our method of measure- 
rocessing. I f  this is the case, then we cannot be certain that the observed point of maximum 

slope reflects some intrinsic property of galfium arsenide. 

On the other hand. we have seen that the point of maximum slope consistently varies in the expected 
ay with impurity content and, more importantly, with temperature. It is  also insensitive to intensity fluc- 

se 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 with relatively thick (12 mil) 

rement technique. 

reshold” Method 

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

amplification (typically a factor of 1061 of the initial photocurrent produced by light incident on the 
photocathode of the device. Thus, when the intensity of incident illumination i s  increased from below the 
minimum detectable intensity to an intensity slightly above minimum, the output current increases from 
i t s  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 
minimum detectable (threshold 
level to saturation. 

In Figure 29 this threshold effect is  illustrated curve at ”a” might represent the intensity 
transmitted by a CaAs wafer. A t  short wavelengths, th al i s  almost totally opaque, and the transmit- 

intensity lies below the photomultiplier threshold. region the photomultiplier output current is 
stant, at a level representing dark current. As the wavelength is  increased, a few photons are transmit- 

crystal, increasing rapidly with wavelength until the intensity crosses the threshold level 
tiplier at some point. Because of the extremely large photomultiplier amplification fac- 
that the transmitted intensity increases rapidly with wavelength, the output current rises 
oint, almost as a stepfunction. as illustrated in “b” in the Figure. In fact, under optimum 

ter than the slope of the intensity spectrum 
photomultiplier. Then the wavelength at 
simply noting the wavelength at the on-off 

transition. Because the temperature dependence of the threshold wavelength i s  nearly the same as that of 
the threshold can be used as the reference 

plification conditions, the slope of this output curve 
a factor of about 106, the amplification factor o 

determined easily and with great accu 

elength (this is  demonstrated in 

. 

nsmitted intensity, it is clear 
from Figure 29 that the location of the threshold is  influenced by intensity fluctuations. In a practical 
well-logging system such fluctuations will occur, and will stitute the principal uncertainty in the deter- 
mination of temperature. 
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ntal studies of the influence 

tion. Both the calculations 
off (where the transmitted 
agnitude cause very small 
A show that, in a typical 
ity increase by a factor of 
o an error in temperature 

onditions were higher, so 
er accuracy would result. 

It i s  therefore important to accurate temperature sensing by this method that the system be optimized for 

t s  as thin as possible. 

strated in Figure 30. The 
to a fiber by simply plac- 
was the actual prototype 

her carries the transmit- 

: 

the short fibers (these 
out eight inches of the 
ions bent into a "U", 
tches that-of the fiber 
he glycerinecladding 

e detection system consisted of a lens to of the fiber on the slit 
elf, and, finally, the 
ltage across a load 

31004, equipped with 
cooling to liquid nitro 

photocathode for infrared 
rnperature to reduce noise, 

current at room 
the output of the 
the detector was 
m, and significant 

I 
monochromator 

i 
i 
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EXPERIMENTAL ARRANGEMENT FOR MAKING PHOTOMULTIPLIER 
THRESHOLD MEASUREMENTS WITH GaAs TEMPERATURE SENSOR 



temperature chamber available. (The 275OC data were later added from separate, spot 
surements.) To check on the repeatability of the threshold dat 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 reassembled. 

The results of these tests are shown in Figure 31 which is  a p 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 CaAs and the oven thermometer, particularly at high temperature 

here- the stability of the oven was poor. Overall, however, the results are remarkably consistent, 
emonstrating the relia 

To investigate sen s, we reptaced the 18 watt lamp, and increased the 
easured brightness. The threshold determination was then repeated at room temperature. These results 

re 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 sents a very severe intensity fluctuation, and much bet- 
ter accuracy should be realized in pra 

As a result of these experimen 

~ 

I lude that it i s  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 remains a question for fur- 
ther study. 

7. Prototype Temperatur 

Once the basic questions r ities 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, 
i t s  structural integrity, including fiber alignment, must be maintained throughout t 
range. These constituted 

ure 33. The GaAs active 
was made in the form of a small cylindrical pellet, cored from a polished 

wafer with proper thickness. An individual pellet approximately 0.1 mm (0.OOCin.t.diameter was cemented 
between the prepared ends of two optical fibers with high-temperature adhesive, assembled inside a 
0.1 5mm ID stainless steel tube. The complete assembly had the appearance of a short stainless rod, about 
the size of a sewing needle a few milli rs in length, from which the t 

ted. Aside from the difficulty of al 

ptical fibers emerged. 

ing the fibers inside the 
tube with sufficient accuracy, the high-temperature epoxy used in the assembly was found to fracture at 

levated te eratures due to differential temperatur everal unsuccessful attempts to , 

bstitute other adhesives, this a 

b. Prototype Design. T on a precision m 
individual fibers and a small GaAs wafer are positioned and cemented in place. 

p into which the 
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The precision fixture is  a lled 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 i s  milled across 
the fixture, cutting through the cemented tubing. This slot is  designed to hold a prepared GaAs sensor 
element. 

u 

The assembly is  co d 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 i s  given a coat of Dow Corning 804 silicone resin, and air dried. The resin i s  cured in a high- 
temperature curing cycle (250OC higher) after the material has set. 

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

Although the sensor functions w nd 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 2 

Part of this loss was anticipate iments. 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 ission (this represents approximately a 1 .O dB loss compared 
to an unbroken fiber). The center cur obtained when the fiber ends were sepguated by a distance 
equal to the crystal thickness (0.3mml. Comparison of these two curves shows that the loss caused by 
beam spreading in the 0.3mm air gap between the fibers i s  about 3.1 dB, compared to smoothly butted 
fibers: 

er curve results when a GaAs wafer i s  inserted in the same gap between the fibers. At 
ngths longer than the absorption edge, the effect of the transparent crystal s t i l l  shows a substantial 

loss (an additional 8.8 dB at 1000nm), which may be attributed to multiple reflections and spreading. This 
loss i s  larger than would be expected from the theoretical expression for multiple reflection loss where, i f  
one assumes the reflectivity of G is0.48 as determined by the method outlined in Appendix A, then the 
theory for a plane parallel beam s 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 observ 
of this combined loss mechanism has not yet been 

tions of the divergent beam 
ithin 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 de, 
compared to the 24 dB total losses observed. This leaves about 9 dB that must be attri ed to alignment 
errors and other causes i 

roper fiber alignment before the device was cemented 
silicone resin, it i s  possible that the alignment was upset during the drying and curing process. To see 

s 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 i s  to 





FIGURE 35. PROTOTYPE OPTICAL TEMPERATURE SENSOR FROM WHICH REPORTED 
WAVELENGTH-TEMPERATURE DATA WERE OBTAINED. (Approx. 6x) 
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be attributed to that mechanism. At present, therefore, the data indicate that lateral misalignment 1s pro- 
bably a major contributor. 

It should also be noted that there are other loss mechanisms that have not yet been analyzed. 
hile limited experimental data on errors in butt splices of fibers in air are available, no data exists for 
e actual case, in which the system is  surrounded by silicone resin. Also, other geometrical errors are 

. 
possible in the more complex glass-GaAs nterface in the prototype compared to the fiber splice. 

8. Results of Temperature Sensor 

As a result of the work des ibed 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 i s  the photomultiplier threshold detection method. It is  both simpler and more 
direct, Le., it involves fewer data processing steps, than the maximum slope approach. A second, more 
compelling reason i s  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 c n of the optical cable, i s  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 s 

Consider, for example, the problem of specif 

a whole. 

ource intensity. From the results reported here, 
ould be as intense as possible. However, we do not yet have sufficient 
cceptable source intensity, nor can we estimate how much the per- 

se are questions which must be answered 

weaiready know that the source 
data to determine the minimu 
formance will improve by employing brighter 

source strength, or d with confidence. 

so uncertainties regarding the 
involved either gallium arsenide or indium 
ly available in convenient form. It is  pos 

All experiments performed to date 
which were selected largely because they are 
er, 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 com materials. Crystal thickness is  also a 
parameter requirin 

B. ThermalNe 

1. Neutron Loggmg 

the evaluation of geothermal 
nt of the rock formations with 
t which the neutrons are ther- 

the rock matrix, in par- malized. Under properco 
ticular, the rock porosity. 

A typical technique 



Californium (CfZ5'), together with a thermal neutron detector, in a fixed physical configuration in the bore 
hole. With the proper choice of sourcedetector 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. 

W 

In view of the fact that the neutron log i s  sensitive to parameters which may reflect formation por- 
osity, the development of high-temperature neutron logging equipment should be assigned a high priority 
in theJist of geothermal exploration tools, I n optical transducer could be developed, sensitive to one of 
the several measurement parameters from hich 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 i t s  interaction with the sensor element, produces a pulse 
of infrared radiation which is  transmitted n optical fiber to a counter at the surface. The other idea 
was dependent on color center productio 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 rat or thermal neutron interactions are much too small to be useful 
in the low flux fields of interest here. 

Early attempts to find a itable scintillator material were focused on crystals normally used in or 
sidered 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 s t i l l  show some promise, include Cas, CaS04:Sm and LizB40,. The latter 
compound is the most attractive, because both L i  and B have very large 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 eventual1 aled that a room temperature, visible light scintillator 
with high efficiency for thermal neutron detection was designed and fabricated some twenty years 
This scintillator made use of a boron compound and a phosphor. Boron, through the 'OB (n, ) reaction, 
gives rise to a flux of high energy alpha particles, this flux being proportional to the incident thermal 
neutron flux. Ionization created by the alpha particles in the phosphor then produces luminous pulses at 
wgvelengths characteristic of the phosphor. Thus, at this point, effort was concentrated on finding a 
suitable phosphor or cent device for operation in the infrared at high temperature. 

cintillator materials showed that cadmium sulphide (CdS), doped 
in two broad bands centered at 820 nm and 1020 nm when s u b  

jected to ionizing radiation at room temperature.(*')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 i s  increased above about 
100°C, while the longer wavelength. emission persists at temperatures up to about 300°C.(n1 



ture dependence 
temperatures in the 200OC to 300OC range, the band 

energy band gap in CdS it i s  expected 
ed at 1020 nm at room temperature will 

1200 nm to 1300 nm, which i s  slightly too long for efficient transmission in presently available 
optical fibers. On the other hand, experiments with alloys of CdS with ZnS(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 IO00 nm to 1100 nm optical fiber transmission window at 200% to 
300OC. Thus, the phospho 

In choosing a boron 

e is  a CdS-ZnS alloy doped with copper and chlorine. 

with the phosphor, one needs a material with high melting 
point, high- boron content inimum optical absorption in the 1000 nm to 1100 nm band. Although 
boron nitride i s  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. 

and containing 2.5 x IOl9 Cu atoms/cm3 and 
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 obse . During preparations for further experiments, 
a second detector concept was developed, and result ts  evaluation were sufficiently successful to 

ommend it over the Cd approach. Further work on the CdS scintillator was therefore abandoned. 

4. Zinc Sulphide-YAG Santiilat 

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

itable for fiber optic transmission. 

with Nd3+ doping, i s  nearly ideal 
is  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" emiss pectrum of copper-activated ZnS which is  centered at 523 nm. 
At higher temperatures the peak in the spectrum shifts to longer wavelengths, which should make the 
match between ZnS emission and YAG 

be implemented llustrated in Figure 40. In 
ide of the YAG crystal. When slow neutrons 
particles are emitted. These alpha particles 

strike the fluorescent ZnS which in turn "pumps" the YAG crystal, which reemits strongly at the longer 
ating results in a strong pulse of light of suitable 

cays by emission of long wavelength radiatio 

The solid-state laser crystal yttrium aluminum garnet (Y 

One way this two-step scintilla 
s design, ZnS and BIO are applied as 
ike BlO(with a cross section of 2400 

ay a neutron captured in th 
th to be transmitted throug 

b. Experimental In 

a remote detector. 

on counter normally used in well- logging is  the 
detector. Typically, the efficiency of a BF, counter is  about 20% 
ntering the sensitive volume of the d tor result in counts. Th 
s to perform as well as a BF, counte hould have a comparable efficiency. The 

tive of our experimen as, therefore, to obtain an 

tigation 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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LJ 
calibration tests in a known neut 
alpha particles, which is  the princ 
No special radiation shielding precautions 
for converting neutrons to alpha particles 
perimental determination of alpha counting efficiency is all that is  needed for a preliminary estimate. 

eld. Instead we chose to determine the efficiency for counting 
nknown, and which can be carried out in the optical laboratory. 

quired as with neutron experiments, and the efficiency 
ans of the B'O (n,d) reaction is easily estimated. The ex- 

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 efficie of ZnS i s  known to decreasewith increasing temperature. To 
determine whether this would cause significant change in counting efficiency, the spectral 
luminescence of ZnS at room temperature and at an elevated temperature was determined. 

In this experiment a thin ZnS s ple 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 30O0C, 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 ne esult i s  that an increase in temperature has little effect on 
overall efficiency. 

. *  

ntation was required to determine how to prepare the ZnS coating used in this 
luminescence experiment and in subsequent xperiments. The ZnS crystals, as obtained from U. 5. 
Radium Corporation, ranged in size from about to 10 mils (0.025 to 0.25mml. It was therefore necessary 
to prepare a finer powder before mixing the coa g material. To do this the zinc sulfide was ground with a 
mortar and pestle and sieved thr n. This screen size eliminates those crystals which 
are larger than 1.2 mils (0.03mm). 

. 

orning 804 was found to 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 ma nd using a motor driver system to withdraw the slide at a rate of 3 

s per minute. The speci then placed in a preheated oven set at 12OOF for two minutes. This 
eating makes the silicone but st i l l  not dry. ZnS powder is  then dusted uniformly over the slide. 

ng the slide, which i s  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 ZnS and the 

cess material i s  removed 

the opposite side of the slide. 

because the material i s  not transparent 
kness does not greatly exceed the range of alpha particles in ZnS 

been reported that the 

Im thickness, specimens 
drawal from the liquid 
ource, and scintillation 
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nce there is  no significa ference in these readings with the Amer 
nge of 0.02 to 0.05 is adequate. However, the alpha particle energy 

nergy of the particle emitted 
le is proportional to i ts  ener 
apture to be at the lower end 

m source, film thickness in the 
his case i s  5.48MeV. while the 

reaction is  only 1.47MeV. Since the range of an alpha parti- 
Id expect the optimum thickness for alpha particles from B1* 

To determine the alpha coun iciency of the ZnS ted YAG crystal, it was first necessary 
t on the crystal. This was don by covering the face of a 
2 x 20mm, the approximate cross sectional area of the YAG 
etween an alpha source (in this case a uranium source was 

used) and the masked photo e atmost all of the alpha particles striking the ZnS phosphor 
give rise to light pulses, the count rate observed with this setup, which was 600 countslmin., is directly pro- 
portional to the alpha particle flux passing through a 2 slit. In other words, a count rate of 600 
countslmin. corresponds to 100% efficiency for a detect e of the YAG crystal. 

I with ZnS, it was introduced into the system, together with an 
31004) and a filter used to block the visible radiation from the 

ZnS, Since it i s  also phosphorescent. The entire assembly, Le., the alpha source, coated YAG and 
photomultiplier, was placed in a chamber at -3OOC to reduce dark current noise from the photomultiplier. 
Figure 42 shows typical signals resulting from th 

mine the alpha particle flux 
otomultiplier tube except f 

rystal. A ZnS coated slide w 

AG scintillator before and after pulse shaping. 

The count rate observ 
ed some of the 1060 nm r 

this arrangement was 60 countslmin. However, because the filter 
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 
s found that the attenuation factor is  0.45, which 

double that observed through the filter. I f  we 
nt rate to double, then the corrected YAG count rate is  

pha particle counting i s  20%. 

ounting efficiency we can assume that, because 
, all thermal neutrons incident on the outer layer of 
articles. However, the directions of these alpha par- 
alf reach the ZnS layer. I f  20% of the ZnS scintilla- 

ounting efficiency is 

large enough, Zince 
ctive area. The slow 

neutron flux one must measure in a well-logging application is  of the order of 100 neutrons/cm%ec, with 
10% efficiency, a YAG scintillator with 10 cm2 surface area would produce a count rate of 100 

s design offers promise as a 

. These objectives collect the light emitted by a 
. The basic concept is  to place the source at one 
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w that the 
thermal neutron efficiency i s  

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 B’O-ZnS coated YAG crystal appears to 
have good feasibility as an efficient scin ator for thermal neutron well-logging. 

I 
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The twclmirror Schwarrchild 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 L J  

plied to large, divergent sources of radiation such as the YAG scintillator. 

C. Electro-Optic Systems 

One of the useful applications of the optical logging system i s  expected to be the transmission of 
signals from temperaturehardened 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 f he down-hole generation of electrical power. 

1. Light hitting Diodes 

A straightforward approach to optical signal transmission i s  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 i s  
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 i ts 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 function of 
temperature with insignificant effect from internal power dissipation. 

s are shown i n  Figure 46. Two effects can be noted as the 
temperature increases: first, the ou ines to approximately 20% of the room temperature value at 
20OOC; second, the peak-output wavelength of the emitted light inc ses. A t  21OOC the melting point of 
the solder connecting the internal leads in the diode 

From the literature, it i s  evident that a proper gned element, which included solderless con- 
struction, could be operated to temperatures above 300OC with useful output. This is shown by projecting 
the intensity data from the test diode, presented in Figure 47. A silicon-doped CaAs diode can doubtless 
be constructed to handle the data transmission chore in a hybrid system. Further details on the experi- 

h temperature performance of LEDs are reported in and on the prospects for 

Modulators to be consider be classified in six major categories: (I) elec- 
ptical, (4) elasto-optical, (5) semiconductor, and (6) 

equirements for down-hole modulators are (I] low driving power, (2) low driving 

odulator types it is  des 

t elevated temperatures, (4) good depth of modulation, and (5) 

ble to review these requirement 
t factor to be considered is 
ade that environmental p 
ently, the modulator will 

nvironment in which the 
modulator will operate. T for the modulator can be 
provided by appropriate wive temperatures up to 
3 O O O C ,  but not direct contact with down-hole materials. In addition, the modulator should operate with 
only a few ( 4 100) milliwatts of electrical power at a low voltage (in the range from 3 to 24 volts) and to 
provide reasonable modulatio epth. I t  should be capable of coupling with low losses (* 100 dB total) 
to optical fiber transmission li . Meeting all these conditions simultaneously may not be practical and 
compromises may be necessary. 
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FIGURE 46. NORMALIZED OUTPUT O F  GaAs P N  L E D  AS A FUNCTION O F  
WAVELENGTH AND TEMPERATURE. 
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a. Electromechanical Modulators. Several types of electrom hanical 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 a ure wheel. As an example of such devices, we will describe 
only one concept, namely, modulation by trated total internal reflection. 

U 

Frustrated total internal reflec n i s  accomplished by modifying the internal reflection proper- 
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 n2, with 
n1 the indexof refraction of the corner cube material and n2 that of the surrounding space. In(b) the prism 
with the same index of refraction as the corner reflector i s  in contact with the cube and no reflection 
takes place; Le., the light passes through the corner cube into the prism and on. In this figure the light 
passes comptetely through theprism because it strikes the prism back surface at an angle much less than 
0,. 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 spacing. If the prism is  moved 
in accordance with the information t impressed, then the reflected light varies in amplitude in a 
similar manner, and thus, i s  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 

Modulators. Electro-optic, magneto-optic an 
ange in refractive index of a material induced by the application of electric, magnetic or acoustic 

deformation) fields. Re 

The primary electro- 
the electric field dependence of the refractive index. 
and thus require high voltages to  achie 
will be discussed later, employ thin fi l  
waveguide approach is better suited to 

The only magneto-optic effe 

dulators can be bulk wave e. or surface devices. 

e Kerr effect which are related to 
effekts are normally employed in bulk devices 

gth. Optical waveguide-applications, which 
e much lower voltages. For this reason, the 

n is  the Faraday effect, which is magnetic 
d induced change in the relative refractive index for left and right circularly polarized light. It i s  

thought that this effect will not p se of relatively high power requirements. 

Elasteoptic devices e tic surface waves are attractive because they can be used 
for frequency and amplitude modulation as well as beam deflection applications. However, because the 

energy that drives such a device must be converted to acoustical energy in a crystal, insertion 
lead to higher power requirements than ar 

c. Semiconductor Modulators. Semiconduc tors Can be (1) PIN free-ca 
egion window, (3) depletion region fundamen ion, or (4) depletion region polarization 

. The first is  a forward biased device req an 2V drive and less than 1OOmW power 
ion depths from 10 dB to 30 dB at 20 kHz. The other devices are reverse biased and require 

less power (approaching 1mVf but much is  thought, therefore, 
carrier device i s  better suite 

The PIN freecarrier modula 

gher voltages (of the order 
the present purpose. 

bsorption device in which the strength of 
s modulated by controlling the riers injected into the optical path. Efficient 
erefore requires efficient injection which poses a problem at high temperatures. Devices 

uch as SIC may prove suitable, but have yet to be tested as high fabricated with wide band gap materia 
te erature modulators. 
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d. Waveguide Modulators. Waveguide modulators include hybrid techniques such as variation 
of evanescent field coupling by varying 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 i s  increased and forms a multimode optical 
waveguide, the size of which varies directly with the applied voltage. 

Q 

Figure 49 illustrates a modificati ove superior in performance.(28) 
n this device light propagating in the waveguide formed by electrode strip A can be coupled to the 

e formed under strip B by making the two induced waveguides overlap. The output from both 
can be fed to detectors for comparative processing. The voltages required are rather large, but 

an improvement in the voltagecoupling 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. 

f this concept which may 

ement of the m lator-switch may be possible 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 T o ~ n s e n d ( ~ ~ )  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 40O0C, and it is possible 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, i s  1470OK (1193OC) and the 

king temperature is 1250OC. In general, for all materials that exhibit a phase transition, the electro- 
ic coefficients increase approximately as (dielectric constant)-1, until the transition temperature i s  

reached, so that elevated temperatures down- hole should enhance he modulator operation. Other possi- 
ble materials are lithium tantalate an ium sodium niob 

3. Optical Power Transmission 

Supplying electrical p e via an optical m and without electrical cabling may be 
feasible. There are two major aspects of this concept to be considered: (1) optical power transmission and 

rsion of optical to electrical power. CrodN) reported pulsed transmission of power up to 44 
from a Nd glass laser over a 2 km fiber with measured linear (low power) losses of 5 dB/km. The 

oss was also 5 dB/km indicating 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 wifs 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 i s  far short of the 2100W peak power. Thus, the CW experiment represents 
no limit at all since the limiting CW power ach the peak power limit. Crow 

at a broad line (Le., the lase spectrum as possible) 
eases the overall power 

ility of low-loss optica 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 IOOW, a 5-km fiber with 10 dBlkm 
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 1OOOW laser 
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nder more favorable conditions, i.e., 5 dB/km fibers (a reasonable 1) and 20% conversion efficiency, 
over 60mW would be available to PO 

. Pressure Sensor lnvestigatio 

The literature review conducte 

ither a source or a modulator. 

g the program included considera 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 i s  the frustrated internal reflection 
modulator. 

This concept is  illustrated in Figure.50, in which a pressure ow is constructed in the wall of a 
pressure-tight logging housing, covered with a deflecting diaphragm (the deflection dimensions are ex- 
tremely small). The diaphragm acts, under pressure, on one of several elements in which total internal 
reflection may occur. In the figure, a combination of prisms and three optic fibers i s  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 i s  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 reenters the input fiber. The dashed line illustrates the ray entering the prism as the diaphragm i s  
deflected and the frustrating prism moves very close to the back surface of the corner reflector. Very lit- 
t le of the ray i s  then internally reflected, (dashed line) and most of it passes on into the frustrating prism 
where it i s  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 corn for variables in the system. 

an 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 

ly equal internal and external pressures in the may be desirable to provide ap 

Another sensor concept makes use of the coupling, or crosstalk, between two “parallel” fibers via 
ir evanescent fields. If two unclad sections of fiber are placed in close proximity as shown in Figure 51a 

“d” is  the separation and “D‘ the length of the parallel sections, the intensity profile of the light 
n Figure 51b. As the light travels through fiber “A” some of i t s  is 
lectromagnetic field of the light wave extends beyond the physical 

fact, overlaps fiber B. The result i s  shown in Figure 51c where both fibers are car- 
ying light. The amount of light coupled into fiber “B’  depends upon both the coupling length, “D ,  and 

the applications we are considering, the desired “modulation” may be achieved 
length and varying t 

devised by Kane(31 ut was not suitable for very remote 
table low-loss optical fibers were not available to carry the light over extended 
ntage of beat modes that are created by the interaction of the paired modes, 

with coupled waveguides. He showed that through careful analysis of changes 
these beat modes caused by changes in the distance d, it is  theoretically possible to detect 

s 0.0003 nm, if one ignores thermal and quantum mechanical constraints. 
will undoubtedly lead to poorer sensitivity even under ideal conditions, Kane’s 

idea i s  worthy of further considera 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

i 

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

1. Opticalcable 

The design of an armored well-logging cable was accomplishe and construction efforts made. Dif- 
ficulties associated with the application of high-temperature buff 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 treat t suitable for high temperatures was found. A reasonably successful ap- 
proach involved the isolati the fibers by a thin layer of nitrile rubber under a heavy buffer layer of 
PFA. This technique, however, falls mperature goal of 275OC. Major problems in cable 
development remain. 

d Optical Components 

investigation of optical waveguides, sources, co , modulators, pressure connectors, and 
system hardware items disclosed no serious limitations or constraints. Although 

rable developmental effort, implementation of a successful optical temperature log- 
be straightforward assuming success in the construction of a satisfactory optical 

, neutron, and pressure logging operations were 
valuated experimentally. 

sensor, based on the fundamental optical absorp- 
ed. Two approaches to surface demodulation of 

lored, and a method based on photomultiplier threshold detection of the 
ted in the laboratory. 

hermal neutron detector based on optical pumping of a YAG 
or was experimentally evaluated. Alpha particles, produced by 

i 

1 
! 
I 

i 
roblems to those of high-temperature electrical cable. However, the elimination of electrical 

nsulation requirements may present opportunities for other types of optical waveguide pro- 
tection. The subject of high-temperature cable construction i s  far more complex than original- 
ly envisioned, and s t i l l  represents a major developmental effort in an optical well-logging 



system. The promise 
the development we1 

tronic, passive down-hole systems, however, appears to make 
e. Well-logging requirements at te eratures of 4OOo-5OO0C may W offer no reasonable 

Passive optical tem eutron logging sensors appear entirely feasible, with 
ultimate temperature capabilities above 500OC. Limitations are confined to mechanical con- 

uch as adhesives, optical coupling, and pressure seals. 

easurement techniques to pressure, acoustic (seismic) and other 
ppears to be a reasonable research expectation. 

C. Recommendations 

recommendations follow the results of this study: 

Major effort should be applied to the construction n optical cable. The problems have 
been defined, and research should be devoted to these problem areas, with confidence and full 
expectation of eventua 

0 Implementation of an emperature 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 enteri he fiber, cable and coupler losses, crystal absorption coeffi- 
cient data, crystal thicknes nd 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 reliability of such predictions, laboratory experiments, much like those 
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APPENDIX A 

ANALYSIS OF TEMP TURE SENSOR EXPERIMENTS - MAXIMUM SLOPE METHOD W 

A. Data Acquisition 

Figure A1 i s  a block diagram of the data acquisition system, in which the optical equipment was link- 
voltage proportional to the wavelength was 
the monochromator. The analog voltages 

to the H P2100 via a 1 @bit analog- 
. When data transfer i s  complete, 

ed to a Hewlett Packard HP2100 computer system. An a 
produced by attaching a 1% resistance voltage divi 
representing the wavelength and transmitted intensity 
to-digital converter. A flow chart of the program is sh 
data are stored on a magnetic tape cartr e in a Tektronix 4051 ,graphics terminal 

he Tektronix 405 The data reduction is performed ia a multiplet 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. EnterData 9. Set y data range 

2. Display Data 10. Select plot mode 







Graphics Menu: 
1. Enter Data 

W FIGURE A3. FLOW CHART FOR MULTIPLOT PROGRAM 
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FIGURE A4. RAW DATA FOR.TEMPERATURE SENSOR EXPERIMENTS USNG 
THE ORIGINAL GALLIUM ARSENIDE CRYSTAL 
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To compare and understand t suits 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 equationfor transmission of light(') applies 

A-2, I (1 -R)' 
Io eaD - R2e-aD 

T=-= 

where R i s  the reflectivity, D i s  the thickness, and 0~ i s  the absorption coefficient. Solving for the absorp 
tion coefficient one obtains: 

I 

a = - L N  1 p;RY - ( 1 *  ,,,,,l 1-- A-3 
D (1 - R)4 

The Tektronix 4051 was programmed to evaluate this expression and disptay 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 

I (1-R) 
I, l + R  

Figure A9 shows the result of this analysis for temperatures of 23OC to 500OC. Note that the inadvertent 
deposition of material (tin) on the surface of the sample during the experiment at high temperature i s  very 
evident in this plot. A f i t  to the data for temperatures in the 200-40O0C range was made and is  also plotted 
in Figure A9. This equation is  

T=-=- 
A 4  

A-5 

where X i s  wavelength in nanometers. T 
for electropolished crystals. 

Equations (A3) and (A5) were us a1 data as an experimental absorption cod- 
icient (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-6 

A-7 

ption i s  cut off above some 

nt around this absorp 

A-8 





the cutoff wavelength, and T i s  the “steepness”.of the cutoff. 
, and o. Thus, the problem was to analyze the experimental data to determine the three unknowns: Xg, 

U (The reflectivity was previ sly specified in Equation AS.) 

The cutoff wavelength was found by analyzing the slope of the absorption coefficient. Differen- 
ating Equation A8 gives 

A-9 

maximum at the cutoff wavelength. The values of the cutoff wavelengths for the various 
temperatures are given in Table A I .  A f i t was made to this data using the band gap as an adjustable 
parameter. 

The low wavelength limit was calc 
coefficient is one-half of the low wavelength 
discrepancy with reported values is  seen he 
coefficient are of the order of I O 4  cm-’, a fac 
i s  one that requires resolution a 

ted using the fact that at the cutoff wavelength the absorption 
. The results of this calculation are given in Table A l .  A 
he reported values of the low wavelength absorption 
200 higher than our measured values. This discrepancy 

ted at that question as discussed in the text. 

Temperature T(nm) * 

23OC 265000 



use the low wave1 ngth limit of th bsorption coefficient fro 
wavelength from (A8) in order to calculate the steepness. The results of this calculatio 
AI 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 t perature. The following equation is  the normal means of explain- 
ing the exponential tail steepness, 

b., 

2a A-1 1 
= - t a h  (z) 
m0 

’ where 7 i s  a constant, = 

expression, apparently a constant at higher temperatures. 

i s  the optical phonon frequency and T is  the temperature. The curve in Figure 
tion All, showing that at room temperature the steepness may follow the theoretical 





TRACE COMPUTER PROGRAM W 
in the analysis of fiber-to-fiber connector and sourcefiber or ensor-fiber couplers, it i s  useful to 

iction of coupling efficiencies of proposed designs. For this pur- 
I Douglas Automation Center, the ray trace computer program 

have available an algorithm for the 
pose we have obtained, from McD 
OPDEAN. This program is written in FORTRAN IV for use on the CDC Series 6600 computers. 

he program traces the trajectories 
es and mirrors to a set of image 

up to 800 rays from an object point through a specified system 
es, the number and location of which are also specified by the 

user. A simple example i s  illustrated in Figure B1. The object point in this case i s  the point 0, the point of 
origin of each ray. Surfaces I 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 I,, I*, etc., are the image 
planes. 

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

object point, the locations and shapes of all surfaces, and the number and locations of image planes. 
ut includes the coordinates of the point of intersection of each ray at each surface in the system, in- 

cluding all image planes, an he 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 i s  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 distan’ce 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 
81, rays 1 throu 7 enter the fiber on the right rays 8 through 11 do not. 

Because several image planes can be blem, one can use the output from one 
computer run to determine efficiencies as of the location of the output fiber. Thus, in the pro- 
blem illustrated in Figure BI, data were for 7 image planes, corresponding to output fiber 
distances from 0 to 300 pn from surface 2. The results are given in Table BI, along able for this simple 
configuration. As the data show, a 150 ray approximation to the coupling efficiency i s  adequate. Inciden- 

the computer time required for 

This initial test of OPDEAN, as 
i s  capable of accurate and ef 
sources and quardic or def 
ation of distributed sources, 

alysis was about 2 seconds on the CIBER 74 computer. 

s other applications discussed elsewhere, shows that the pro- 
ons of coupling efficiencies for systems involving 
ces: However. it i s  not well suited.to the accurate 
nating from the end of a fiber. With the program in 

Id require repeated application for a number of off-axis point sources, each of 
ation from an element of area on the distributed source. Analysis discussed in a 

preceding section of the report showed that this process i s  extremely tedious and inefficient. It i s  
therefore worthwhile to consider modifications of OP ose distributed source problems 
that occur most frequently in fiber coupling studies. 

presentform this 
ich represents the 

b, 102 . 





In the applications th ,distributed source problem will probably be that of 
specifying a representative distribution of ray posit.cqns and directions corresponding to radiation leaving 
the end of a fiber. One way that this can be accomplished is to add to OPDEAN a subroutine that uses, as 
input data, the position and direction of each raydbm a point source, and returns, to the main program, 
the new position and direction of the ray after itshasundergone multiple reflections in propagating down 

cylinder with reflecting walls. If this subrcsuaide i s  inserted after OPDEAN computes the ray posi- 
nd directions in the first (entrance pupil) plrpre, but before the program enters the rest of the ray 

trace routine, then the subroutine will, in effect,&ptifce the original point source ray distribution with the 
” distribution caused by multiple refta‘etiens in an optical fiber. 

In analyzing this problem of multiple ref1 tin a cylinder, we have developed an exact solution 2 
for the exit position and direction of a ray in f the length and diameter of the cylinder, and the 
position and direction cosines of the ray as ityeasea the fiber. Mathematical details, a listing of the 
subroutine, and the results of a few sample comwetions are given below. Addition of this subroutine to 
OPDEAN has not yet been attempted. 







The direction co nes of the reflected ray, R1, are determined b 
the radius vector a and the i 

, Analysis of subsequent 

conditions that Rl lie in the plane of 
at ray R,, and the reflection angle equal 0. 

lections shows that at the n’th reflection point the coordinates are 

where 

xn = a cos dn 
yn = a sin dn 
zn = z I  +(m- I ) &  

aa cos 8 
A2 = s,, (y 

d n = d l  +(n-1)Ad 

aa cos 8 
A2 = s,, (y 

d n = d l  +(n-1)Ad 

B-6 

B-7 

B- 8 



0002 c 14 JULY 77 
0003 c 
0004 DIMENSI 

Q X O = Q T I ( l )  
QYO=QTI(Z) 
G!ZO=QTI(3) 
FILP= I .  O-G!ZO~QZO+l. OE-8 
BET= XI*QXO+YI*QYO 
GAM= A*A-XI*Xf-Yf*YI 
E T A = ( - ~ E T + S Q R T ( ~ E T ~ B E T + ~ L F ~ ~ A ~ ) ) / A L P  

QT(3)=QTI(31 
X=XI+QT(l)*X 

DEL=ANGZ-ANO 

.' *END 

F I G U R E  B3. TING OF SUBROUTINE F I B E R  
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50E+05 I= 0000 YI= . 0000 
QTI(l)= . 000000 QT1(2)= . 000000 QTI(3)= 1.000000 NR= 0 
X= .a000 ,Y= ,0000 
QT(1)= .000000 QT QT(3)= 1.000000 

W A= 50. 0 X L =  . . 50E .0000 YI= . 0000 
GTI(1)- . 000060 G!TI(Z)= . 173447 QT1(3)= . 984808 NR= 88 
X= .0000 Y= 16% 2888 
QT(lI= . 000000 QT(2)= . 173447 QT(3)=  

50. 0 X L =  . 50E+05 XI= .0000 YI= . 0000 
(l)= .000000 QTI(2)= . 153 QTI(3)= .9941VS NR= 44 

. 0000 Y= -25. 4973 
QT(l)= .00000c) QT(2)=  .08 3 QT(3)= .994195 

A= 50.0 X L =  17.6770 YI= 17.4770 
QTI( l)= . 000000 000000 QTI(3)= 1. 000000 NR= 0 

A= 50. 0 X L =  
QTItl)= . O  

* .  

(2)= . 064017 CZT(3)= . 984803 
A= 50.0 X L =  

X =  17. 1834 Y= 
QT(l)= -. 04 
G!TI(l)= . 0  087153 G!TI(3)= .996195 NR= 47 

I 

X =  31.8195 Y= 31.8198 

198 YI= 31.8198 

198 YI= 31.8198 
TI(3)= .Y9&195 NR= 57 

Q T t l ) =  .00 

A= 50.0 X L =  
. QT-I(l)= .OS715 

QT(1)=  .OS4722 QT(2)= .008  QT(3)= .996195 

FIGURE B4. INPUT/OUTPUT DATA FOR SAMPLE PROBLEMS 
USING SUBROUTINE FIBER 
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INVESTIGATJON OF THE HIGH TEMPERATURE PERK) 
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 
geothermal well-logging depends, in part, on the performance of such devices at hi 
this Appendix some of the fundamental physical processes that timit the high temp 
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 main features of solid-state I escence i s  shown in Figure C1. 
Here G represents the generation 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 

path NR represents recom- 
t P, be the probability of 
ity, then the luminescent 

c- 1 

emission; it is, therefore, 
ful radiant energy. 

on leads to the following 

c-2 

and N, are the concen- 
for T centers while c& is the cor- 
ltzmann constant and T i s  the ab- 
It i s  evident from this result that 
d luminescent efficiency one r e  

concentration of traps 
deep radiative acceptor 

namely, that in such a case the 
ergy, and the probability that the energy of the emitted photon is  significantly less t 

photon will be absorbed i s  therefore small. K2) 



IT 



I f  the radiative and non-radiative levels are deep and shallow, respectively, then E, - Et b 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 increases. 

W 

fhere i s  little that one can do about this temperature quenching effect except to minimize the con- 
centration of non-radiative centers (whic an extremely difficult technological problem) and, perhaps, 
increase the concentration and level dep luminescent centers. Unfortunately, increasing the depth of 
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 i s  not always reliable as a 
guide to the design of more efficient devices. 

There is, on the other hand, some experimental evidence th of deep luminescent 
centers is advantageous to high temperature performance. For example, when CaAs i s  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 analysis(C3) 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 

ectrum shifts to longer wavelengths as the Si concentration is  increa~ed.(~f Also, experimental studies 
the temperature dependence(c5) and time dependence(c6) (in the case of pulsed operation) of the 

uminescent spectrum indicate that the deeper levels are less susceptible to thermal quenching than are 
shallow luminescent levels. Unfortunately, we have yet to find any direct experimental evidence that 
heavy Si doping is beneficial to oper terest here. This, therefore, is one 
investigation that should definitely be p 

It is also possible that some other inescent levels could prove superior 
to  CaAs at high temperatures. In  particular, luminescence in Cu doped CdS is  known to  persist at 
temperatures as high as 300OC with little loss of efficiency.(cn The main difficulty with CdS, and most 
other Il-VI semiconductors as well, i s  that it is  difficult to fabri te efficient junction devices from such 
materials.(c*) Some success has been achieved with MOS-typ tructures(C8) but the efficiency is con- 
siderably lower than it is  for CaAs diodes at room temperature. Stil l , the possibility that a CdS device may 

temperature per of a CaAs diode may be 

Rigid mechanical supports were used on both ends of the fiber, providing 
hout the course of the experiment. 



FIGURE CZ. EXPERIMENTAL ARRANGEMENT FOR DETERMINING 
TEMPERATURE EFFECT ON EMISSION OF GaAs LED; 
a) LED and thermocouple mounted on A1 heat sink, 
b) optic fiber clamped to accept light output 



The receiving optics consisted of the fiber mechanical support, a 1OX microscope objective used to 
collect and collimate the output of the fiber, a Bausch & Lomb monochromator, and a UDT500 silicon 
photodiode and preamplifier. A 2@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. 

bd 

I- 

Spectral data were taken with the monochromator from 3OoC to 21OOC in increments of 3OOC. 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. 

i 

The data in Figure C3 i s  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 3OOC. This 
represents about 14 d 8  loss in opti 

To further analyze this data, 

hich is  tolerable in most optical communication systems. 

es 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 are 
included in the plot. The values obtained in this experi t agree closely with those obtained by Carr, 
where they overlap in the region from 3W°K t 

Finally, in Figure C6, we show the pea n 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/B), 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 temperatureJCl1) 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 o i ts  of deep vs, sh 

room temperature the diode with unknown d 

states at high temperature. 

The second point to be noted is  tha 
slightly longer p wavelength than the Zn doped diode. This indicates that the acceptor level created 
by the unknown ant i s  slightly deeper than the Zn level. Comparison with experimental data published 
by ladany(cl*), yho 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 Si  in Ga in the 
melt. This tends to agree with Morurumi and Takaha~hi(~5) who found that with low S i  concentration the 
peak wavelength varies wi 

The interesting point ust be present in a 
rather low concentration. ding to the published data cited a b o ~ e ( ~ ~ ~ ~ ~ ~ ) d i o d e s  with much higher S i  
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 i s  that the data of Moruzumi and Takaha~hi(~~), which was obtained 
in the 77OK to 300OK 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 des should be significantly better than is  indicated in Figure C6. 



c
 

. 
. 

_-- 

n
 

z c w p: 



900 950 1000 1050 2100 .1150 
WAVELENGTH CNM) 

I 

FIGURE C4. NORMALIZED OUTPUT OF Gaks P N  LED AS A FUNCTION OF 
WAVELENGTH AND TEMPERATURE 
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