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ABSTRACT 

Thick-film resistors are being used in the hybrid micro

electronics industry. One characteristic that has been considered 

for the thick film resistor i s the reproduceability in resistor 

value associated with the production techniques employed in the 

reproduceability in resistor value associated with the production 

techniques employed in the resistor manufactured. 

One parameter that has been associated with reproduceability 

is the yield figure; another parameter is the width of the resist

ance distribution for a given resistor production. These parameters 

can be used to identify the degree of reproduceability for the 

resistor production. A high yield figure or a small spread figure 

indicates a high degree of reproduceability. 

The effect of aspect rat i o and sheet resistivity on the reprod

uceability has been evaluated for paste system A. Aspect ratios of 

10, 5, 2 and 0.7 for a range of sheet resistivities (100, lK, lOK, 

lOOK, and 1M ohms per square) were investigated. Results show that 

for a given aspect ratio the amount of variation in spread for the 

range of sheet resistivities is negligible within the limits of 

error in the experiment. For a given sheet resistivity, the variat

ion in spread for the range of aspect ratios is considerable. The 

spread of an aspect ratio of 10 is 25 + 4%. For an aspect ratio of 

0.7 the spread is 59~ 7%. 

The effect of resistor location on spread for a 2" x 2" sub

strate has been studied. Res ults indicate that a higher degree of 

reproduceability can be associated with resistors located near the 

central (1" x l") region of the substrate than the resistors located 
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near the perimeter. 

The effect of increasing the resistor width on the reproduce

ability has been evaluated for resistors having aspect ratios near 

unity. Results show that as the resistor width is increased the 

spread in resistance decreases. For a width of 30 mil. the spread 

in resistance is 37%. When the width is increased to 100 mil., 

the spread decreases to 21%. 
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1. INTRODUCTION 

The use of thick film devices in the hybrid microelectronics 

industry has been expanding rapidly, and they are now being employed 

in spacecraft memory systems, automotive voltage regulators, television 

and radio circuits, desk calculators, and a wide variety of measuring 

and control systems. 

One of the most common thick film elements in these system is 

the thick film resistor. Consider a basic description of this element. 

1.1 Basic Description of Thick Film 

A simple as-fired film resistor consists of thick film material 

on a substrate as illustrated in FIG. l(a)., The substrate is used 

as the foundation for the thick film. It is usually a ceramic material 

that can withstand temperatures in excess of l000°C. Thick film con-

ductor material is used to make contact with the thick film resistor 

material as well as provide electrical paths required for a complete 

circuit. 

On a microscopic scale the thick film material, after processing, 

basically consists of metal particles in a glass matrix. These part-

icles are usually covered with a layer ~f their particular oxide as 

indicated in FIG. 1. There is a random arrangement of the constituents 

1 

of the material where metal particles may or may not be in contact. 

The conduction process occurs from metal particle to metal particle. 

Glass frit that might be positioned between metal particles would act 

as an electrical isolation and tend to inhibit the conduction process. 

On a macroscopic scale the resistance of the device depends not 

only on the glass content of the thick film material but on the physical 
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geometry shape of the resistor as well. 

The effect of these parameters on the resistance can best be 

illustrated by Ohms Law. Consider an ideal resistor for which Ohms 

Law can be written as: 

(1) 
A W 

where - R is the resistance of the device 

Q is the volume resistivity of the thick film material 

p is the length of the resistor 

w is the width of the resistor 

A is the cross sectional area of the resistor 

and a is the aspect ratio of the resistoro 

The resistance calculated from equation (1) however, is not 

an exact prediction for the resistance of a typical thick film 

res i stor. The final value of the resisto~ is also dependent on 

the processing of the materialo Consider the processing involved 

in t he fabrication of typical thick film resistor material. 

lo2 Process Flow for Thick Film Fabrication 

The processing flow for a typical device is illustrated in FIG. 

2. When the basic circuit design and layout have been completed, the 

screen patterns for the conductor and resistor materials are produced. 

The patterns shown in FIG. 2 are used in the manufacture of a sub-

strate containing some twenty-five individual devices. Each device 

contains four thick film resistors and the associated conductor paths 

required for the circuit. The first stage in making the circuits is 

to print and fire the conductor on a clean substrate. The firing 
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process is usually done with a belt furnace to ensure a proper firing 

profile. The profile would have a firing temperature and firing time. 

The next step is to print the resistor pattern with the resistor mat

erial of the desired sheet resistivity and then fire the substrate 

to the required profile. An overglaze to cover any area of the cir

cuit that has to be protected against environmental hazards is then 

screened on and fired. This completes the fabrication stage of the 

thick film resistor. 

Should the resistor value be outside the tolerance limits set 

by the circuit requirement, an additional step involving a resist

ance trim is required to bring the resistor value into the desired 

range. However, with trimming techniques, only an increase in 

resistance is possible and any resistors that are out of tolerance 

above the required value cannot be recovered without more elaborate 

processing. 

The ability to produce resistors within a specified tolerance 

of a required value without the use of trimming techniques would be 

a de f inite advantage. Apart from the obvious savings in production 

time and costs, performance characteristics such as noise and stabili

ty that can be degraded by the trimming process would not be affected. 

In order to determine tolerance bands that might be feasible 

with thick film production, the inherent variation in resistance 

observed in the production of thick film resistors must be identified. 

1.3 Experimental .Parameters in Thick Film 

The -variation in resistance can be attributed to several factors. 

One factor is the thick film paste from which the resistor is made. 
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Since the paste consists of several powdered materials of different 

densities, it must be mixed thoroughly to ensure a uniform distribut

ion of the paste constituents. Any variation· in the uniformity during 

the production run, there is a change in the amount of paste that is 

tran sferred to the substrate with a corresponding change in resist

ance . The viscosity is very dependent on temperature and humidity 

so that a controlled environment is required to minimize this con

tribution to the resistance variations. 

The printing equipment is another factor that contributes to 

the variation in resistance. Any thick film screen printer has a 

cer t ain degree of reproduceability. The reproduceability depends 

on the repeatability of the squeegie movement across the screen 

pattern and the interaction of the squeegie with the screeno The 

variables associated with the squeegie movment are illustrated in 

Figo 3 and include: 

(1) Squeegie pressure 

(2) Squeegie travel and speed 

(3) Machine rigidity 

(4) Screen tension control 

The squeegie pressure affects the uniformity of the print. A 

variation in pressure will create a variation in the thickness of 

the print and result in a variation in resistor values during a 

production run. The squeegie speed and travel have a similar effect 

on the print in that any vibrations or bounce would produce a variat

ion in the thickness of the print as well. A controlled speed must 

be used in order to obtain a consistent print thickness. Screen wear, 
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especially during a long production run will alter the tension and 

the breakaway distance and degrade the degree of reproduceability 

associated with the equipment. With poor tension the edge of the 

pr int loses its crispness and the thickness cannot be maintained. 

The afore mentioned parameters represent variables that are 

inherent with a specific production facility and paste manufacturer. 

One thick film parameter that is a common feature to every production 

facility is the aspect ratio of the resistor. Consider the effect 

that this parameter has on the as-fired resistance spread for the 

thick film production facility at Garrett Microelectronics. 
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2o THE EXPERIMENT 

Clearly, there are many parameters associated with thick film 

production that can contribute to the spread in resistance. An 

experiment has been designed to investigate the effect of aspect 

ratio and sheet resistivity on the spread of the as-fired thick film 

resistors. 

2.1 Resistor Print and Fire Techniques 

The printer parameters have been kept at as constant a setting 

as possible. Values for the measurable parameters are given in FIG. 

4o The effect of paste viscosity and screen wear have been minimized 

by using only short production runs of twenty-five substrates for 

each investigation. The print and firing order was recorded for 

each run so that any correlation between the printing parameters 

and experimental results could be investigated. Each substrate was 

printed using standard thick film techniques and then passed through 

the dryer. Sample prints were used to set up the firing profile in 

the zone furnace to vary the resistor values to a preselected nominal 

value. The nominal value was chosen so that for a given sheet resist

ance and aspect ratio the fired resistor value would correspond to 

that given by equation (1). The firing order was the same as the 

printing order for the substrates in all cases. 

2.2 Description of Test Pattern 

The test pattern employed in the experiment is shown in FIG. 5. 

It has been designed to contain a wide range of aspect ratios and 

dimensions typical to a production environment. The pattern consists 

of some 576 resistors on a 2" x 2" substrate. Each quadrant of the 
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substrate has an identical resitor array for the aspect ratios 

and geometries to be investigated. The resistors have been 

identified using the formula. 

i-Rj (2) 

where "i" is the quadrant number and "Rj" is the resistor ident

ification in each quadrant as showen in FIG. 5(b). Resistor 

dimensions are given in FIG. 6 for the aspect ratios to be in

vestigated. 

2o3 Scope of the Experiment 

Aspect ratios for a range of values from 0.7 to 10 were 

investigatedo For each aspec t ratio a range of sheet resistivities 

from 100 ohms per square to one megohm per square were evaluated. 

A standard sample of twenty-five substrates was fabricated for 

each sheet resistivity investigated which generated a minimum 

resistor sample size of 200 resistors for any aspect ratio and 

sheet resistivity. 

The various sheet resist i vity pastes were members of a comm

ercially available paste sys t em that will be identified as "Material 

A". The thick film conductor paste is a lso commercially available 

and will be identified as "Mat erial Cl". The same conductor mat

erial was employed throughout the experiment. 

2.4 Resistor Measurements 

The equipment used to measure the as-fired resistance is shown 

in FIG. 6. The substrate under investigation is loaded onto the 

stage of an IPT model MP-4 prober. Probes make contact with the 

conductor pads of the resistors to be measured. Usually eight re

sistors with the same aspect ratio are probed at the same time. The 
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probes are connected to the resistance measuring device through 

a channel selector that permitted measurement of each resistor. 

The schematic diagram for the selector is shown in FIG. 7o A 

DANA (model 533) digital voltmeter is used to measure resistors 

below 10 megohms. For resistances above 10 megohms a bridge 

technique using a Leeds and Northrup Wheatstone Bridge (model 

4735) has been used. 
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3. DATA ANALYSIS 

The as-fired resistor values obtained during the experiment 

have been tabulated in Appendix One. Each table corresponds to a 

specific sheet resistivity and aspect ratio that has been investigated. 

A computer program has been used to assist in the analysis of the results 

and will be described in the next section. 

3.1 The Computer Program 

The computer program has been written to provide a graphical 

display of the resistance values and spreads as well as the statist

ical analysis for each experiment. A copy of the Fortran statements 

of t he program is found in Appendix Two. 

The program calculates the total mean of the resistors under 

investigation for all the substrates in the run as well as the 

standard deviation about the mean for the entire sample. The mean 

res i stance and standard deviation for all the specified resistors on 

one substrate is calculated. The mean resistance and standard devia

tion of the same resistor for all the substrates is also determined. 

A sample output of these statistics is shown in FIG. 8. 

The program then generates a histogram of the resistor values 

to provide a display of the entire sample. A sample histogram is 

shown in FIG. 9. It also plots the resistance values of each resis

tor investigated on each substrate in the order of substrate printing 

as shown in FIG. lOo The plot is centered about the total mean for 

the sample with the x-axis divided in units of percent of the total 

mean . Each number represents a particular resistor on the substrate. 

For example, in FIG. 10 the number "1" represents the resistor 1-Rl 
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and the number "8" represents the resistor 2-R3 using the resistor 

identification given by equat i on (2). 

The final stage in the program is to calculate the yield 

associated with a specified tolerance band for the entire group of 

resistors. 
+ + + + 

Yields associated with bands of - 1%, - 2%, - 5%, - 10%, 

+ + 
- 15%, and - 20% are calculated. 

3ol olo Program Segments 

The program consists of one mainline and seven subroutines. 

The i r purposes are listed below:-

TST mainline to control the program 

IN RES input for the resistor values 

SDMEA calculates the mean and standard deviation of 

the resistors selected by SUMSD and SUMSR 

SUMSD finds the mean and standard deviation for speci-

fied resistors on each substrate 

SUMSR finds the mean and standard deviation for same 

resistor on all the substrates 

HIS TO plots the histogram 

SPLOT plots resistor value against substrate number 

YIElD calculates the yield to tolerance bands for the 

entire sample 

The data for the program has the following format. The informa-

tion on the first eight cards is used as a title and is copied directly 

from the input to the output . The next card contains two integers 

that indicate the number of resistors per substrate to be investigated 

and the number of substrates in the sample respectively. They must 
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be coded in "110" format. The program also has the restriction that 

the maximum number of resistors per substrate is 8 and the maximum 

number of substrate is 250. The as-fired resistor values are 

inputted in the next section of cards. They are coded in "Free Format"o 

The last data card contains four numbers that are used as scaling 

factors for the histogram and substrate plot and are summarized 

below:-

1 The histogram full scale in percent of the total number (25%) 

+ 
2 = The substrate plot full scale as a percent of the total mean 25% 

3 = The histogram interval in units of resistance (1% of the mean) 

4 The histogram central val ue in resistance units (Total Mean) 

When any of these numbers are unspecified or zero the program assigns 

the values in brackets to the scaling factors. The numbers are coded in 

4FlO.O formato 

3o2 o Definition of Distribution Characteristics 

It is important to standardize the technique for analyzing the 

his t ogram results. The envelope of the histogram is an experimental 

representation of the actual distribution function for the results. The 

anal ysis would be simplified if a single number could be used to char-

acterize the distribution curve. One number that has been implemented 

to evaluate results is the yield figure. The yield to a given tolerance 

band can be quoted in an analysis; however, this number would not be 

enough to adequately describe the distribution curve associated with 

the histogram. 

The first step is to identify a standard technique for obtaining 

the histogram curve. Consider the histogram results illustrated in 
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FIG. 90 This histogram is the distribution of as-fired resistor 

values for a typical thick film resistor. The cell width used in 

the histogram represents one percent of the statistical mean for 

the sample. The cell width determines the scale of the relative 

frequency axis of the histogram. When histograms with different 

cel l widths are to be compared a "normalized" frequency can be 

used. The normalized frequency is defined as;-

Normalized Frequency (%) = NF 
X 100 ( 3) 

whe r e N. is the number of resistors in the sample and W is the width 1 . 

of the statistical cell in percent. 

Now that a standard approach for generating the histogram has 

been adopted the technique for obtaining the distribution curve can 

be defined. 

The method that has been found to be most useful in evaluating 

a distribution is the symmetry approacho The method consists of 

identifying the mean value of the distribution and then fit the best 

symmetric curve about the mean on a visual basis. In most cases th i s 

technique works very well. However, in the case of skewed distribu-

tions, another technique can be used. This technique relies on 

only a best visual fit of the histogram results as illustrated in 

FIG. 11. 

Both techniques offer advantages and disadvantages. By applying 

a best visual fit alone, any deviation from a typical distribution 
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can be easily identified. When the curve fit is applied using the 

symmetry approach these deviations would be masked to some extent 

but a more systematic approach to the analysis can be obtained. 

In cases where the histogram results indicate a deviation from 

normal, both techniques would be applied to ensure a proper eval

uation. 

When a distribution curve has been generated, a spread analysis 

can be performed. The term "total-spread" refers to the width of 

the base of the distrlbution curve as illustrated in FIG. 12 and is 

used as a characteristic for the distribution. Another character

ist i c that can be considered for the distribution is the "tangent

spread". This characteristic is defined as the spread of the distr

ibution derived using tangents to the curve as illustrated in FIG. 

12. This parameter represents a more realistic approach than a 

total-spread value for distributions with extended tails. Although 

the choice of tangent point is arbitrary, the tangent to the curve 

at the half-maximum normalized frequency has been used in evaluating 

the tangent-spread wherever possible. 
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4. RESULTS 

4.1. Effect of Aspect Ratio on Spread 

Now that the parameters associated with the as-fired resistance 

distributions have been defined, they can be applied to the experime

ntal results. The as-fired resistance distributions for the 100 ohms 

per square resistor paste are given in FIG. 13 to FIGo 16 for the 

aspect ratios of 10, 5, 2 and Oo7 respectively. 

The resistors associated with these aspect ratios that _were inves

tigated are listed in FIG. 17. In each case a total of 200 resistors 

on 25 substrates contributed to the distribution. 

Results for the lK ohms per square material are found in FIG. 

18 to FIGo 21 for the range of aspect ratios of interest and the lOK 

ohms per square results are in FIG. 26 to FIG. 29 and the 1 megohm 

per square results are in FIGo 30 to FIG. 33 for the range of aspect 

ratios investigated. The resistors that were investigated for each 

aspect ratio correspond to those given in FIG. 17 for all the above 

cases except for the lOOK ohm paste and the 1M ohm material with 

aspect ratio of 10. In the 1M ohm case the resistors: 3-Rl, 3-R2, 

4-Rl, 4-R2, 3-R3, 3-R4, 4-R3 and 4-R4 were used for the investigation. 

For the lOOK paste only the last four resistors in each group for 

each aspect ratio were investigated. 

The total-spreads and tangent-spreads associated with these 

distributions have been tabulated in FIG. 34. A feature common to 

all the sheet resistivities is the increase in resistance spread with 

decreasing aspect ratioo A plot of the total-spread in resistance 

as a function of aspect ratio for the results is given in FIG. 35. 

The resistance spread increases dramatically for aspect ratios 
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below 2o The variation in spread with paste sheet resistivity for 

a constant aspect ratio is minimal as indicated in FIG. 35 by the 

close packing of the experimental results for the range of pastes 

investigated. 

4.2. Effect of Resistor Location on Spread 

The effect of the resistor location on the substrate relative 

to the as-fired resistance spread has been investigated. Resistors 

having an aspect ratio of 10 in the four quadrants of the test pat-

tern were analyzed for the lOO . ohm per square paste. The resistors 

contributing to the investigation are given by:-

i Rl, i - R2 

i R3, i - R4 

where i = 1, 2, 3, 4. Each resistor represents a particular position 

on the substrateo The statistical variation in resistance for this 

study has been calculated using the formula:-

Statistical 
Variation (%) 3 x Standard Deviation 

Resistor Mean Value 
X 100 (4) 

where the mean and standard deviation have been calculated for the 

same resistor on 25 substrates. The results are shown in FIG. 36 

with the spread values positioned schematically on a 2" x 2"~ substrate 

to i l lustrate the spread associated with substrate location. 

The spread in resistance for the resistors on the perimeter of 

the .substrate tends to be larger than for the resistors located near 

the central region of the substrate. This can be attributed to less 

control of squeegie - screen interaction at the outer edges of the 

substrate. With the squeegie motion as indicated in FIG. 36 the 
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left edge resistors are affected by the squeegie snap-down onto 

the screen. The position where the squeegie first touches the 

screen can vary and this will alter the paste transfer process 

creating a variation in resistance. A similar problem occurs at 

the end of the squeegie travel creating a variation in resistance 

at the right edge of the substrate. The variation at the top and 

bottom edges is attributed to the disign of the printer and the 

lack of control of squeegie pressure at the extremes of the squee

gie bladeo 

4.3. Effect of Resistor Width on Spread 

The effect of increasing the resistor width on the resistance 

sprea d has been investigated for resistors with similar aspect ratioso 

The smallest width resistors on the test pattern are the i-R43 and 

i-R44 geometries. They have an aspect ratio of 0.7 with a resistor 

width of 30 mil. The as-fired resistance distribution for these 

resi s tors for all four quadrants is given in FIG. 37. 

Resistors with an intermediate width and aspect ratio near 

unity on the test pattern are associated with the i - R31 and 

i - R32 geometry. This geometry has a resistor width of 65 mi l 

and an aspect ratio of 1. The distribution associated with these 

resistors are given in FIG. 38. 

The largest width for a resistor available on the test pattern 

can be obtained by using the resistors i - R37, i - R38, i - R39, 

and i - R40 in series. The combined resistor has an aspect ratio 

of 0.8 and a width of 100 mil. The distribution for this configur

ation is given in FIG. 39. 
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The total-spread values for these distributions have been 

plotted in FIG. 40. Although it is difficult to estimate the 

true dependence of spread on resistor width from the limited 

experimental data but the results indicate that there is a 

decrease in total spread for an increase in resistor area with-

in t he range of widths investigated. 

4.4. Yield Analysis 

Results for a yield analysis of the as-fired resistors for 

the r ange of sheet resistivities and aspect ratios investigated 

are found in FIG. 41. 
+ + .t 

Tolerance bands of - 1%, - ZYo, 
+ 

5%, - 10%, 

+ + 
- 15% and 20% were chosen for an evaluation of the distributions. 

The effect of aspect ratio on yield is illustrated in FIG. 42 for 

the 100 ohms per square paste. There is some degradation in yield 

for t he lower aspect ratios. This is consistent with the total-

spread results that indicate an increased spread for the lower 

aspect ratios. A more dramatic comparison of the tolerances 

associated with aspect ratio can be seen in FIG. 43. This is a 

plot of resistor value relative to the mean of the sample for each 

subs t rate investigated. Each resistor is identified by a singl e 

digi t. The results in FIG. 43 (a) are for the resistors with an 

aspect ratio of 10 and the FIG. 43 (b) results are for an aspect 

ratio of 0.7 • 

The effect of sheet resistivity on yield is illustrated in 

FIG. 44 for resistors with an aspect ratio of 2. The curve for 

the 100 ohms per square material gives the highest yield figures 

and the 1M ohm per square material has the poorest yield figures. 
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The substrate plots for these sheet resistivities given in FIG. 

45 confirm these findings. The plot for the 100 ohm material 

indicates a close-packing of the resistor values about the 

sample mean which results in a higher yield figure for each 

tolerance band. The lM ohm material exhibits close packing to 

a less degree and as a consequence the yield figure is worse. 
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5. CONCLUSIONS 

The effect of aspect ratio on the as-fired resistance spread 

has been investigated for the material "A" paste system. It has 

been found that the aspect ratio plays a major role in determining 

the resistance spread. For aspect ratios less than 2 the spread 

increases dramatically. 

The effect of sheet resistivity on the as-fired spread has 

been evaluated for paste system "A". The variations in spread 

that have been observed for the range of sheet resistivities inv

estigated approaches the error limits in the experiment and cannot 

be considered significant. 

The investigation of resistor placement on a 2" x 2" sub

strate indicates that the spread in resistance for resistors in 

the central region of the substrate is less than the spread assoc

iated with resistors near the perimeter. For close tolerance res

istors, only the central (1" x 1") region should. be used. 

Results for the effect of resistor width on the resistance 

spread indicate that the spread can be improved by employing a 

larger width in the resistor design. 
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Sheet Aspect Total- Tangent-
Resistivity Ratio Spread Spread 

( ohm per square) (% of mean) (% of mean) 

100 10 24 15 
5 26 15o5 
2 31 20o5 
Oo7 52 32.5 

lK 10 23 14 
5 2'7. 5 16o5 
2 33 24 
0.7 64 44 

lOK 10 26 l5o5 
5 27 16 
2 30 20 
0.7 64 46 

lOOK 10 30.5 19.5 
5 31 24.5 
2 36 31.5 
0.7 70 58 

1M 10 38 28 
5 27 17 
2 36 28 
0.7 57 35 

TOTAL-SPREADS AND TANGENT-SPREADS FOR THE 
AS-FIRED RESISTANCE DISTRIBUTION 

FIGURE 34 
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10o~o 9.3% 6.9% 10.5% 

12.3% 9.6% 9.3% 9.9% 

18.6% 15o6% 15.9% 18.9% 

·---•)C> 

EFFECT OF RESISTOR POSITION ON RESISTANCE STATISTICAL VARIATION 
FOR A RESISTOR WITH ASPECT RATIO OF 10 

AND 100 OHM PER SQUARE PASTE 

FIGURE 36 
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Sheet Yield to Tolerance about Mean (%) 
Aspect Resistivity 
Ratio (ohm/sq.) ~1% ~2% ~5% ~10% ~15% ~20% 

10 100 9.5 19.0 59.0 90.5 96.0 98.0 
lK 10.0 21.5 53.0 86.0 97.0 98.5 
lOK 14.0 29.5 64.5 97.0 100. 100. 
lOOK 6.5 15.0 36.5 71.5 90.5 97.0 
lOOOK 5.0 12.5 29.0 55.5 79.0 90.0 

5 100 14.0 27.0 62.5 86.0 93.0 96.0 
lK 16.5 26.5 64.0 89.5 96.5 99.5 
lOK 17.0 •33.0 66.5 92.5 99.5 100.0 
lOOK 3.5 8.5 22.0 47~0 73.5 89.0 
lOOOK 11.0 22.0 48.5 86.5 93.5 96.5 

2 100 12.0 22.0 44.5 81.5 92.5 99.5 
lK 9.0 21.0 47.5 71.5 90.0 95.0 
lOK 11.5 20.0 44.0 75.0 85.0 92.0 
lOOK 9.0 17.0 39.5 73.0 89.0 95.5 
lOOOK 6.0 14.0 28.5 61.5 82.5 89.5 

0.7 100 6.5 13.0 31.0 60.0 77.0 89.0 
lK 4.5 10.5 26.5 52.0 70.0 80.0 
lOK 3.0 ' 9 .o 19.0 45.0 66.5 83.0 
lOOK 4.6 7.8 17.7 32.8 47.3 58.3 
lOOOK 3.0 6.5 29.5 57.0 74.5 85.0 

RESULTS FOR YIELD ANALYSIS OF RESISTOR DISTRIBUTIONS 

FIGURE 41 
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(A) Case One - Aspect Ratio = 10 
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(B) Case Two -Aspect Ratio= 0.7 
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(A) CASE ONE - SHEET RESISTANCE = 100 OHMS PER SQUARE 
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(B) CASE TWO - SHEET RESISTANCE = 1M OHMS PER SQUARE 
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APPENDIX A 

AS-FIRED RESISTOR VALUES 

FOR 

TEST PATTERN RKllOl 



LIST OF FIGURES FOR APPENDIX A 

Table Sheet Aspect Resistors 
Resistivity Ratio Investigated For 

(ohm per square) Each Aspect Ratio 

1 100 10 1-Rl l-R2 
2 lOOK 10 2-Rl 2-R2 
3 lK 10 l-R4 l-R3 
4 lOK 10 2-R4 2-R3 

5 100 5 l-R5 l-R6 
6 lK 5 2-R5 2-R6 
7 lOK 5 l-R8 l-R7 
8 lOOK 5 2-R8 2-R7 
9 lOOOK 5 

10 100 2 l-Rl7 l-R21 
11 lK 2 l-Rl8 l-R22 
12 lOK 2 2-Rl7 2-R21 
13 lOOK 2 2-Rl8 2-R22 
14 lOOOK 2 

15 100 0.67 l-R41 l-R42 
16 lK 0.67 2-R41 2-R42 
17 lOK 0.67 4-R41 4-R42 
18 lOOK 0.67 3-R41 3-R42 
19 lOOOK 0.67 

20 100 10 3-R2 3-Rl 
21 lK 10 4-R2 4-Rl 
22 lOK 10 3-R3 3-R4 
23 lOOK 10 4-R3 4-R4 
24 lOOOK 10 

25 100 0.2 l-R40 l-R37 
26 lK 0.2 l-R33 l-R36 
27 lOK 0.2 2-R40 2-R37 
28 lOOK 0.2 2-R33 2-R36 

continuedoooo 



LIST OF FIGURES FOR APPENDIX A (continued) 

Tab l e Sheet length Resistors 
Resistivity x width Investigated For 

(ohm per square) (mil.) Each Aspect Ratio 

30 100 20 X 30 l-R44 l-R43 
2-R44 2-R43 
4-R44 4-R43 
3-R44 3-R43 

31 100 65 X 65 l-R3l l-R32 · 
2-R3l 2-R32 
3-R3l 3-R32 
4-R3l 4-R32 

32 100 80 X 100 l-R39 to l-R38 
2-R39 to 2-R38 
3-R39 to 3-R38 
4-R39 to 4-R38 
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3 11nq. 114~. 1134. 1144. q~ u . 103°. g~g. 1n2?. 
4 784. 1 052. 10~1. q4n. 1J8~. 1077. 10 7 2. 1111. 
5 q~n. 1 ~ 7~. 1 0 ~5. 1r.J~. !Otq. 1f74. 10?~. 1n34. 
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7 114 0 . 1?17. 1145. 11JA. qat. 1 " 22. 1J5q. 1133. 
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10 1r~2. 1017. 1n15. a~4. 1n12. 1055. 1u~a. 1111. 
11 81S. 1 " ~8. 1ngo. 1r 1s. t1S6. 1~~3. 1"'~4. 11sg. 
12 734. 942. 1~52. t osg. 1"27. 1r31. 1~~~. 1117. 
13 Bn?. as6. 934. ~&5. 1~1~. 1rgq. 1041. 1"72. 
14 1C63. 1165. 11J7. 1"3"'• 1097. 112~. t04Q. 1115. 
15 R9B. 111~. 1 0 ~4. 112S. tn4~. 1G7q. 1~~?. 1104. 
16 1f3?. 1131. 1 C36. 1111. tnqg. 110~. 1~55. 1°9S. 

- 1 7 _ _g_p • 1 g ~ 4 • 1 n 1 e • 1 o 11 • 1 "' ~ 1 • 111 2 • 11 o 6 • 1 t 2 A • 
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?0 1f1A. 1n74. tr?.3. qn~. 1~S4. 1ro7. 104S. 1~~1. 
21 114~. 1215. 1 01 s . qs1. 1 ry 54. 115?. 1u58. 1111. 
?? 11SF. 11S5. 1 0 7 ~ . Q5~. 1 J ~~. t(S,. tr4~. 11~3. 
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WIDTH = 3" ~TL 
R~SI~TORS 1-~1 T0 ?-o~ 
PESI~Tno onSTF = 10"K nH~S pco S~UftDF 

AS-FIRED RESISTANCE xl0
2 

1-Rl l-R2 2-Rl 2-R2 l-R4 
---

4°3S. 48qt:,. 5206. 541r~. 76?1. 
5r~7. '357?. ~F-77. '3F>17. 715 B. 
4Ptl9. 4 73S. 4~'17. 4 7 4q. ~49r'l. 
S171. 49~?. t;2t;q. S O ~t. 7!)63. 
52 Sq. 5516. 5~?.R. S~8 7. 6j:)4"· 
t:;~32. t)77g. S43~. 623~. ?~qq. 

628[1. 6663. 639?. ~ ,, 0 g. A6F,t:;. 
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l14'3"3. t:)fl87. 547q. sgs2. 8~"'1"3. 
61'J .~. t:;~?S. F)/ .. 1)7. 6~7~. 13 77~. 
SS41. 51g3. 4634. S4 79. 7"f=>1. 
52'\q. S?n~. '362'5. C)[Q~. ~ ~1. r,. 
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(ohm) 

l-R3 

77P,7. 
f-4q5. 
6 714. 
n?P,F,. 
,~38~. 
6~91. 
~ "73?. 
~f'!l-0, 
77~7. 
7415. 
~S5P,. 
Rt;Sq. 
~137. 
8019. 
7~. ') 1. 

--- 16--·------ -~ 1 q f! • 9'3~q. 9ld~ z. 38:!~. 8q~~. ~~ 
17 4oc:;,. t:;6~1. 55S6. r;,n74. ~tn3. ~13t:;. 
1~ 4P24. 51'152. 4717. r,536. 774q. 7~67. 
19 S2R3. SSIJ4. sr;,z;. r:;o ~s. 7Q02. ?gs~. 
2n S10 7 • 4gq5. 5101. s 1 77. &949. 70?9. 
?1 S4r)q. s~r=,?. 5"'1~. ~1')5. ~nc;"l. 7946. 
22 '3t;68. 5742. 5~47. 5S84. 7t)q7. 7S"S• 
?3 S6~D. 61??. 5716. r;,ztt. 741 .. ~. 7F"5. 
24 - ~77.o...- - ~---~:z~---- s~ -----1-2-4-7-..----- ---2~.- . __ 
?S s~1a. f&g"lr.:;. 534~. '3"6~. 7 :J8S. 7511. 

2-R4 2-R3 

81'J4.Q. 7R7~. 
7 g 2 5 • 71 I) '+ • 
7n~'3. 7~57. 
E,qtq. 7rJ15. 
aq?8. q,3n. 
81JR4. 8!:1")~. 
At;39. RR91. 
81~c;. go11. 
1~nc;. 77~~. 
7167. Rf"S• 
87t;7. R8~t. 
~~94. q~7c;. 
811 4 • 84 P, g • 
~ 7 31. qn,.4. 
85t<J. Rt47. 
861 7 • ~ 
~c,~g. 

~ ?3 4. 
~ 37 '3. 
743.li. 
R116. 
A1r'17w 
7g(J~. 

-----'Ll-€rt- .-
~~?g. 

R944. 
R?4?. 
~s~c;. 
'"'7t)~. 
~1:)"1. 
R1 33 • 
81 q&;. 

-- ~12 .. -----
847~. 



Substrate 

1 
? 

- ~ 

4 
s 
6 
7 
8 
q 

1 0_ 
11 
12 
1~ 
14 
15 
j ~ 
j 7 
18 

T W I" 

.'\S FTPFn pr.SISTANr.r= STIJOY 
T~~T 0 ATTCQN DK 11"1 
As~rrr RAT!O = 1P 
W!'lTH = 3n MTL 

(A) 

RESISIO~S 1-R4 T, ?-Q 7 . 

~~~!'TOR PASTF = 10~K 0H~S 2PE~ 
AS-FIRED RESISTANCE x 10 

l-R4 l-R3 

77P.7. 
6495 •. 
n714. 
F)'?~6. 
~~~8. 
6~91. 
8~~2. 
~0 70. 
7787. 
7495. 
AS?R. 
~5'39. 
8137. 
sn1g. 

2-R4 

f q --· --·- ·-- -

7601. 
8314. 
R135. 
7r:.67. 
79ii3~ 
702q. 
7946. 
7'3~5. 
76ns. 
74!J6. 
7S93. 

?r. 
21 
22 
?3 
24 . 
2r) 

~aun~c 

(ohm) 

2-R3 

A-4 



::r> 
I 

Ul 

Substrate 

T ~ ~ L ~ T Y o ~ ~ 
AS FIDEl) R~SI~TdNCI? <::TIJnv 
TfST onTTE~N R~ 11~1 
DASTE SYST':t-.1 - ~-
ASD~CT P~Tin = 1r 
HICJTf-1 - 7

" "4IL 
~ESIST0°S 1-o1 TO ~-P 7 

~r.sT~TnP PASTE = 1 !< f"lH"-1S PFR S~"''J~or. 

AS-FIRED RESISTANCE 

1-R1 1-R2 2-R1 2-R2 

0 
xlO 

l-R4 

(ohm) 

l-R3 2-R4 2-R3 
1 a<77 n?-1n or:7o or.?/. o7t:::c.. ol.t:::ll a7C:ll nee..~ 
.1- 7~~-- r--- · -., - -. ~:I W 1 • ; f ·J. · __,.......--.- ~- - - V J :.:r-. ~\IW ~:..7 .J W --,- - --~ 

2 1~68j. qA?n. 1C?Oq. 1J~46. Q4"~• 976S. 9565. g~~q. 
~ gs~6. 1~~17. 9?5 J . q~3~. ~146. 7Q7S. gs4o. g~~t. 
4 97gq. q51?. R19~. 9~11. 9S4n. g431 • OS47. qt;BS. 
5 ~R62. 31"7• 9212. 8Q77. 8Q51. ~74q. 9172. g~~q. 
6 qs19. 9059. 9~11. q"34. Aq?4. 0978. g~no. 101ory. 
1 q540. ~~1R. 9~71. g29~. g~Rq. q4on. g~4.,. Q?6~. 
~ q~o2. qa24. Bt7~. g361. q1st. qcs~. 9191. q~11. 
g Q1g8. 9387. ozg~. 1101. g~qg. q112. qQ 7 1. 10051. 

10 101SQ. q6~5. 902R. q68S. g491. 96~9. q1~7. q537. 
11 1~cq~. 9~?n. q4ss. g~a?. A717. ~5~1. 93n4. 9~1~. 
12 99~~. q~g?. 9~37. qo41. 8788. 843n. q?31. gq~~. 
13 qs1~. Q454. 8724. g4a5. R749. sga 7 • gq~2. gq74. 
14 g51~. go&z. 904~. g 7 4t~. s~'H~. q(l2$}. 93~a. q~st. 
15 9P56. 10113. 9~1~. q~75. g~~R. A96t. gss~. qs17. 
16 10211. 8h45. 8S0 7 • ~g 7?. 861n. 8?J5. 8931. g~~4. 

- - - - -!-+-- q 8 1 7 • g 3 7 A • g '• ~ 11 • 1 Q ? 4 8 • 'J SJ a .r;,- 8 B ~ 1 • q n 7 q • g 8 1: 7 • 
18 ~gn9. q?7?. eqzs. ~g22. qzgu. 88~3. 9843. 1n12~. 
19 9~13. g7q3. 8Q9?. 1Q 1 3R. 85~1. 9341. 8nOS. q~n~. 
20 a?tR. 92~6. g?~?. g8?4. qs?3. q2g6. 8911. QS4t. 
21 qf14. q47~. 9S73. 05~4. A755. OQ?4. q?~7. 9~8~. 
?.2 q:-~3. q4~9. P~45. q~59. q127. 8q8R. 918!. g473• 
?3 94~4. g]g?. O?S8. 9q67. 874S. 7 P.'32. '1318. 91.1l4. 
24 ~83q. 8R7R. ~~35. ~617. q1?g. q45n. 9519. q7?3. 
?):) -- ~ q3 ""?; W 8 ~?it¥ ~4-.--- -- -~['------- ~-6-t;.+. -T - - Q 83 4 W -- 1 qs 4'1 W 1 0 Q 0 n W 



~ 
I 

0" 

Substrate 

-------·- --·------·----- ---·- -- ---

Tf\qlr- ~ '1 IJ R 

as FI~~o ~ESTSTANrc STUDY 
TFST 0 ~TTrR~ OK 11n1 
ASP~GT PATTq 1r 
'·!I!lrH =3'1 ~IL 
0 ~STF = 1~~ 0H~S pr.R snuAo~ 

AS-FIRED RESISTANCE 

1-Rl l-R2 2-Rl 2-R2 

-·----·- --- --- -

1 
xlO 

l-R4 

(ohm) 

l-R3 2-R4 2-R3 

1 grst. 862~. Rg11. 7q3~. q~n~. q7~3. qsry1. 1030~. 
? gga~. gp~3. q75~. to3ns. q~13. qg?g. 10167. 9~~1. 
3 REo1. 10052. 9S46. 9~?.3. Q751. 1Q0~1. 1nnu,. tnano. 
4 g472. 1C1q~. 0846. 8~SC. 100St. 1"44~. 10254. 10541.. 
S q279. 941g. g47 7 • q2Qn. 10465. 1~4~7. 1C210. 1QSq1. 
~ q?i~. tooqs~ osos. qrg4. q71C. 97~?. Q7S6. tn4~q. 
7 qL47. g? 7 s. 8~54. g~gg. q~~s. 102s~. 10~qz. 1126~. 
Sin ___ .. a f1 ~ 1 _ 1 n fi ~ Q a a 7 n o <: c:::: i q C) q g • -t n t'l c:: n 1 n ? 1 "t 1 n c. a 7 

9 g§t;g: ~g514: o~i8: 8~5?: ggq4. 1.014". 10534. 1n795. 
1n 143n. 1r~~o. 9494. 97n2. q~74. q5q3. 9~77. 9q31. 
11 q7sr. 10615. 11~l~. 1J2R4. 918n. 9~?2. 10?S2. 101~2. 
12 q~88. 9f33-z. g41J~. qs39. one:,7. 1!1221. 1""34. tn3~S. 
1 ~ 9 2 o 4. 8 g 2 2. 8 9 8?. ~58 6. 9 q7 7 • 9 o 4 n. 1 0 4 5 f~. 1 0 2 54. 
14 1"171. gA"tS. qo53. 9~57. 102&2. 104~9. 10317. 1"~7?. 
15 10P~4. gs?~. g5no. 8A16. gqs&. 9071. 9~3?. 10015. 
~e - 97~q. qg31. g831. 9~08. qQ1q. 10?~1. 1Q 0 63. 1Qnq~. 
17 g~z~~ ~4?6. 8qg3. gD?.?. 9qsa. 90~2. 10175. 1"~~?. 
18 1212. g1q1. Q"66. 8R6~. q~ns. 9797. q6~s. o&2?. 
1q ga3q. 912A. gn5g. 957S. q7n~. 97~3. q~~?. jQ11~. 
cr. ~g74. Rq~A. ~712. 810~. g540. t~32~. gqna. 10~~q. 
21 9747. oc~ 3 . ~8~7. ~ 0 54. 94~g. 96ry~. Q~9s. 94~~. 
?? qj~Q. qns~. 8475. ~449. 9~7~. gsg~. 9674. o&t?. 
?.3 _154q. o 7 st. q?s~. 9?77. g764. 100 7 4. 9847. 9q52. 

- 2-4-- -- ---!-fJ -.C...1-tL.---- q_t;-..7-f.--.- Q~.-- · 8'o~f," -.------~.--- Q463 g<;?o. #~-.-----
2S 19?R. g1~S. 874 ~ . 8 7 6~. g4~7. 10D26. g7s~. g~nq. 



~ 
I 

-...) 

Substrate 

1 ----

2 
3 
4 
5 
6 
7 

R 
q --

1G 
11 
12 
13 
14 
15 
15 
17 --
1P 
19 
20 
21 
2? 
2~ 
24 
2t; 

-- -- -- -· --- ---· -·- ----- -~----- - -- ··----- -

T f1 q L '= ~ T V r 

TOL~t<llNCC STU'1Y -- "' rrt{~D DE~!SToqs 
T~ST DOfTLoN RK11n1 
nsnc:-cr OATTf) = !': 

14 !-!l T H- ~3'-'-"'--'"'-+T t::-L-.-,-------· 
~F~IST0~ ~~sT~ ~ 1 0 ~ 0HM/ SQUA~E 

0 
(ohm) AS-FIRED RESISTANCE xlO 

1-RS l-R6 2-RS 2-R6 l-R8 l-R7 2-R8 2-R7 

n~----· e ~.a. ~94. --~~...--------J;4~--~~-- lie~. --3-4-Q. 
5<'~. 56t:;. 511. t:)~ J . S?4. c:;~ q. c;4n. sr.t. 
43G. 5 r·~ • t:) 4~. C:.Q?. S'J7. 529. 5 , . ., • e'i07. 
~4?. t::gj. c;~g. S'}O. 5r:;r.. sc;q. 544. 5tR. 
47~. 57~. S27. Si+S. S31. 5~ 7. S4q. 5 nq. 
~n4. t;Qn. 5 ?h. 57Ci. S4". 5~1.. 56?. t;64. 
c;g(l. s (}?. 543. ssq. 51J7. ~15. 551 • t)"7· 

431. 52h. s ?1. 528. c:;o 8. 5S~. t:;61. 521. 
~ ~ ~. ~~§. 9 ~r;;. -- ~~. G • ~21:. 9eQ. 9Lilf • ~ 
4Q2. S73. 5 ~.,. 5"~· 51~. 551. 566. c:; ·6~. 

4511. t::7g. S37. sgo. 5~~. 5~~. 57"· 5~6. 
~5<'. 515. S1Q. 48q. 5~1. 5?1. ss 4. c:; 31. 
5t:;6. S7~. S~A. S63. 52n. 51.Q. ti6?. c:; ~ ~. 
51R. t:;4~. 5 3g. StS. s2a. sr.7. sc:;q. 524. 
S?3. 'h.77. S36. 557. 54~. t:;?O. 55,. S"?. 
5..,2. S87. szq. t;n?. 5 F) 1 • 57~. S6 .7. t;45. 
J~1. 99~. ~~~. !;} g l •• 3~!3. 1;~!!. ~~. 4-7-1} 
35q. C'\6~. 5?5. 50~. 55~. 5 72. 542. C'\ft~. 
45 7 • S?.?. 514. 49q. s~q. t;6q. 545. c:;~q. 

S7S. t:io~. 51~. s 41 • 534. 5c:;o. ? 1 ~. 52~. 
5S 1 • c:; qr; • S?.4. s2g. h59. 57~. 5~1. 5~~. 
[:,q?. 5t:;2. 5~~. [:,?3. 53n. t:;14. t) 4~. 52.,. 
F~?. hi<'. 57R. 5 35. t)7q. t:i64. 5 r, ~. 5 '?6. 
4"5. '.)t:;~. 46S. 44 7

• ~., 1 • s sf). S .31. 5~~. 
f. ~t; ... - '-.t:}~ ..- - - -~~2..--- -·-· _{",.~.Q.. .... -·--- -&-5-4-.- ·-··---~ 1-h- --------f,-1..D ______ ~--··-· 



~ 
I 

00 

Substrate 

1 
2 
3 
4 
C) 

F) 
7 

--~ --- - _g__ 
g 

10 
11 
1? 
13 
14 
15 
~ 
17 
1'3 
19 
20 
21 
22 
?3 
24-
25 

T A q L : S T X 
ns ~TR~l Qrsr~TANr~ ~For~n 
L Ill\ t T () N 1-1 0 l 5 0 N 
PASTE SV'Tr:M tAt 
A£U~~-O~~~~~----------------------------------
D ~ S T F S HE E T o ~=" S I S T I 1/ I T Y = 1 K r) H ~_, S P ~ R <; n 1J A o E 

AS-FIRED RESISTANCE xlO 
0 

1-RS l-R6 2-RS 2-R6 1-RS 

(ohm) 

l-R7 2-RS 2-R7 

4146. 4~gc. 4591. 4"70. 45no. 3922. 40"1· 43"S. 
srs~. 506 ~ . 51~1. sr4q. 5166. 4a7s. 484c;. 45q5. 
497R. 45g5. 4~9S. 6?27. 443~. 4C6q. 4~2~. S152. 
4~?1. 4~2h• 475S. 475c;. 441~. 48?6. ~~S5. 411?. 
38S". 47~0. SO~). 4857. 4611. 4461. 4~27. 46q4. 
44~7. 434~. 47~?. 466C). 49?1. 4617. 5?~2. 475?. 
421r. 4S~7. 4~13. 4A6~. S~21. 4q5R. 5~97. 4q05. 
4-J-~ 1--.--- s '3 1 2 • '• e '+ q • ~ 7 ~ 1 • ~t c; 4 4 • '• e ; ~ • 4 o c; G • '• 7 c; 1 • 
4545. 4784. 4qzg. 5"Jo. 4oos. 4~47. 457). 486q. 
sc~n. 47SR. 4724. ?7,~4. 4~25. 4734. 46q3. 46Qt. 
sun?. 4864. 43c;1. 51~?. 4674. 437q. 471q. 4491. 
4<3~6. t;446. l.t757. 5585. 46~1. 449~. 4~7t. 4~~4. 
42)3. 431~. 42t;". 47?3. 44~?.. lf514. '+997. 4~94. 
4568. 449?. 4S57. 4P.27. 4'71t). 457'1. 4,2q. 4e;&q. 
4870. 4697. 461~. 5129. 45q7. 4420. 4~51. ~691. 

----4-~-- 4 7 0 C) w 11 A '"J ? w 4 ry ?\ Q w ,. ~ e 9 w l4 e 'J 5 w 5 1 ~ '? • 5 0 ~ 2 w 

4P~r;. 459q. 4hG1. 5211. 4&14. 45)0. 483~. 4q1q. 
4321. 4514. ~~17. 4Cfi4e 4937. 4506. 4~42e 4~4~. 
49Q~. 4~54. 4 2 4S. ~626. 436g. 426g. 4A45. 4515. 
4797. 4~~1. 4n9q. 4qsq. ~sq~. 4~95. ~8??. 4~nq. 
4625. 47tq. 4474. 4qs~. 4S91. 4855. so4~. 4584. 
47~ 0 • 485~. 473~. 4~47. 4538. 4518. 45q~. 4~n~. 
4hq1. 4R~1. 4S35. S1~2. 4S72. 4h61. 488~. 457 2 • 
4?12.- --- 454-2. - -- 4..-~~.0-.---- - - 4-?-2-fl. -·l.t-~ '+'+q6. ';13~ '+5'32. 
4461. 44~7. 47 2 ;. ~A~~. 4924. 4~q~. 513"• 484~. 



~ 
I 

--.o 

T A !3 l E <; f. \1 c "' 

1\ S F I~ En °~ SIS T A ~.!r ~ S T' Jf"J 'f 
o~sTL sv~TE~ tot 

--- n ~lt-- ~ ~ E E T RES T ~ T T \! T T Y - 1 "l K n 1-4 uS P c R S q lJ A 0 ;:

ASP):"(T ~ATI11 = C) 

Substrate 

1 
2 
~ 

4 
5 
6 
7 

---- -a--. 
g 

10 
11 
12 
13 
1.4 
it; 

- 16 
17 
18 
1q 
20 
?1 
22 
2~ 
24 
25 

1-RS 

47S~. 
SC1n. 
44R~. 
504 ~. 
49~n. 
4025. 
t:::G4U. 
t:::f· QQ 

t;?2~. 
4°21. 
5155. 
471\7. 
4Ai5. 
ss5g. 
t:;?34. 
t:)_lf-~
S114. 
scgo. 
S502. 
(. ~ 94. 
S435. 
4717. 
t:;jSfl. 
c; ( Q-fl .. 
'~f-?3. 

AS-FIRED RESISTANCE x10
1 

(ohm) 

l-R6 2-RS 2-R6 l-R8 l-R7 2-R8 2-R7 

4A28. 51~2. 44~~. 4675. ~356. s120. sn79. 
5??2. 531~. 4R~3. 5236. 4R9s. soqn. 4868. 
S4~6. 51g?. 44~5. 51h5. 5281. 4R04. 499?. 
s~sg. 5076. 4 7 ~A. saRi. ~3R1. 524n. s12n. 
4q5s. 4q3~. 4515. s141. ~1sq. 5074. ~"~9. 
CJ7.R7. sryoo. 4802. S197. 485". S04n. 49q?. 
5472. 4q7R. 5071. S1~q. 4q7h. 5378. 534?.. 
~7,~i _ ~n~A ~~7~- ~a~7 ~~a~- Lao~ ~nh• 

s3g3: -5184: 47 74: 514~:------ s4q~: ;;455: - ~;3.;: 
5466. 4Q61. 4q34. so~5. 517~. 521q. ~in~. 
S77S. S~on. 5~~1. 44~9. 47t:;q. S323. 5234. 
5?7,5. 4RR1. s osg. 4q7~. ~21s. t;tA1. ti1q4. 
5131. 4488. 47qs. 5107. c;2a4. s12ry. s~12. 
54 7 7. 512?. ssqn. ~405. 5450. 5177. ~0~5. 
5~ 7 n. 4873. 4517. 5172. 5055. 5~2~. 5001. 
S 1'• 1 • '• 7 61 • · '• O 1 '• • 5 1 ° 7 • '> 2 q ~ • 5 '•l " • 511 7 

• 
t12??. 4~3~. 4qs&. s~so. 4q57. 5t26. 4815. 
S154. 4 7 5~. 47 39. ~q14. sn44. 4q13. 4esn. 
st~t. ~r1~. S?1S. 5~34. so~;. 5?0~. c;~2,. 
50Q4. 4745. 454~. ~t02. ;27D. ~187. 4q?3. 
5 t S R • 4 n? 0 • lf. 6 7 ~ • 4 71 7 • 4 f;., C • 4 94 8 • 4 7 13 • 
472S. 44Br. 4~gg. 5~~9. 4~13. ~J3,. 479~. 
~12g. S05h. SJO J . 4qs1. S217. S100. 49~~. 
~~-4-& .. - -- ~A-4--- .- - ---· 4·h-8-.Q. --- - 4-J)-9-4-.-----47 g~. ~ q8 c.. - -4-0-.2-! .-
47,64. 41n~. 4~1~. 4767.. 4~41. ~0.,8. 4~9~. 



~ 
I 

t--' 

0 

T A ~ l E f T G H T 
TOLFRANCE STUDY -- AS FIRE~ R~StSrnos 
TEST 0 ~TT~R~ OK 11~1 
ASDC"CT Dt\TIO = c; 

-- ----- 1..1 I 0 T H - 3, ~ T l 
RFSISTO~S 1-~5 Tn ?-07 

Substrate 

1 ., 
~ 
4 
5 
6 -., 
a 
9 

10 
11 
1? 
13 
14 
15 
1~ 
17 
18 
19 
20 
21 
2? 
2~ 
?4 
?5 

pc-stsroo D~STF = tonK Ol-!t1S PC"R S')UA!:)E 

1-RS 

3225. 
?P.03 • 
"9q8. 
32r,2. 
1155. 
~648. 
~?64. 
~?n7 

~561. 
335~. 
7 S78. 
3245. 
~760. 
3414. 
~25?. 
~ ~ 3 0 . 

.""Sr18. 
3262. 
11q1. 
33n7. 
~t:61. 
3t~D. 
37~'1. 

--1~-2 ~. 
3427. 

AS-FIRED RESISTANCE 

l-R6 2-RS 2-R6 

2 
xlO 

l-R8 

(ohm) 

l-R7 2-R8 2-R7 

~43A. 333R. "?~09. 3~Q6. ~622. 4675. ~709. 
2~12. 271~. ?.~02. 3449. ~473. ~70~. 372?. 
2797. 300g. 2~3~. 3783. 33~0. ~744. 347"· 
~601. 3330. 3331. 4o4n. 4419. 46nq. 452~. 
33q4. ~a?~. 3424. 4QOR. ~5sa. 4386. ~~qs. 
389q. 3577. ~~24. 4372. 4154. 4536. 4491. 
~514. 3~0~. ~126. ~?47. ?9~8. 19q6. 4311. 
~~.,t ~n1o "?~nc ~4~~ 7n~n 77~? 7~77 

3418: 3181: - ----~~6~:-u--u 38-81: 376~:---~;,-q~: 4~57: 
3787. 3458. 3467. 4S2c;. 4315. 41~3. 4"1186. 
37~9. ~P14. 3704. 45&7. 4~oc;. 4~4?. 46"3. 
~?S?. 2q1n. 13~?. 4161. 401~. 4246. 412t;. 
34~4. 3325. 385~. 4ryoa. 3q2s. ~~52. 456~. 
~2~4. ~"45. ~2~~. 3~12. 3787. ~uA2. 4nos. 
~51~. 343S. 3S71. 4~17. 40~"• 4565. 4457. 
~155. 3~02. 149q. ~1 7 7. 4155. 4444. 410;. 
~260. 2~ 7 1. ~?5S. 4023. ~832. 427~. 4t4~. 
~~67. ~~39. ~57~. 40"3· ~221. 4~22. 4~8~. 
~Q62. ~OS~. 310~. 3642. 36~6. ~~04. ~764. 
3~53. 3173. 3450. 414n.. 4"7~. 4213. ~251. 
~43P. 32S8. )G~0. 4~27. 3962. ~?17. 42?6. 
3S64. 33R7. 3?1g. 4?12. 414~. 4~Sn. 4476. 
~44~. ~264. 141q. ~881. 3q2~. 4QOc;. 4128. 
J-:?- 7 J; .-- 3252---------+~%-.----- 3~4-2-.- 3~7- 2----w- 414?. 4~'?7. 
1?4~. 3?9~. ~rt~. 117~. 4~07. 4~21. 4~1q. 



Substrate 
1 
2 
3 
4 
5 
6 
7 
~ 
g 

10 
1 1 
] 2 
13 
]4 
15 
16 
17 
18 
19 
?0 
?1 
22 
23 
?4 
25 

T A R ·b F E I G H T A 
T 0 L E R A~~ C E S T D Y AS F I ~ED PES I S T 0 R ~ 
TEST PATTERN PK 1101 
ASPF.CT RATIO = 5 
WIDTH = 30 MIL 
RESISToRS 1-RA TO 2-R7 
RESISToR PASTE = lOVK OHMS .P£R 5flUARE 

AS_:FIRED RESISTANCE x 10
2 

(ohm) 

2-R7 1-RS 1-R7 2-RS 
3A06. 3622. 4675. 3709. 
344<;). 3473. 
3783. 3380. 
4640. 4419. 
40QA. 35'58. 
4."372. 4~54. 
4247. 3 88 
4113. 3C16Q: 
38Bt. 3763. 
4525. 4315. 
4567. 4505. 
416] • 4016. 
40QA. 3<125. 
3Bl2. 3787. 
4317. 4030. 
4177. 4155. 
4023. 3832. 
4003. 4221 ... 
3f,42. 3636. 
414(). 4078. 
4027. 3Q62. 
421?. 4~48. 
3A8 1 • 3 23. 
3H4?. 3872. 
3973. 4007. 

370A _ _j}22 • 
3744. 3470. 
480Q. 452A. 
4386. 3A95. 
4536. 4491. 
3996. 4311. 
3752. 3673. 
4098. 4057. 

-4t~:------4~-~~: 
4246. 41?.5. 
4352. 456R. 
4082. 4065. 
4565. 4457. 
4444. 4305. 
4274. 414A. 

______ 4 3 2 2 • _4 ? B 8 • 
3804. 3764. 
4213. 425]. 
4217. 4?.26. 
43So. 4476. 
4005. 412A. 
4142. 4.107. 
432q. 431Q. 

A- ll 



~ 
I 

1-" 

N 

Sub::..;trate 

1 
2 
~ 

4 
s 
6 
7 
a. 
g 

1C 
11 
12 
13 
14 
15 
-16 
17 
1R 
1g 
20 
21 
?? 
?3 
24 
?~ 

T A A L F. N 1 ~~ :::-

TEST D~TTFON 0~ 11~1 
ASo':rT ~~TI'1 = c:: 
~4IqTH- -~n "4TL -- -------
RE~ISTnRS 1-R5 T~ 2-07 
DESI~TnO PASTF = 17 OHMS P~R souno[ 

AS-FIRED RESISTANCE 

l-R5 l-R6 2-R5 2-R6 
/ 

--·--·-·-· - ·-- --------··---· ---------·--- ------------

3 
xlO 

l-R8 
(ohm) 

1-R? 2-R8 2-R? 

----· - -------------- ---- -- -·-·--·--
6131. ~n3~. ~7Q1. 7u57. 61~1. ~qot. 144s. 7~31. 
621~. 67q3. 6~91. 7 76~. srng. 67?1. ~541. 72q~. 
7P41. 6S62. 6767. ~~77. 67~Q. 73~1. 7567. 75~~. 
7140. f)q2~. 695~". .7790. ngs7. ~96~. 7~51. 77?R. 
s???. 7?~~. ~q?4. ~1a~. 717 7 • 7270. 7520. 7q4~. 
5R1S. 68~5. ~~3J. 672S. 75t;Q. 7797. 7312. 744~. 
7976. 7074. 71~g. 67g4. 64'+7. 661. ~. 7~S~. 74?R. 
2--f 9--5---- --- 7 27'• • f-7 "3. - 7? 11. -- -7~-9-~--~A-7-h- -- --....:,--4-::LIL-- 6 R 7S • 
7(~S. 7517. 716q, 7~0~. 7 77 !1 • .., f) ) 0 • 7 0 3 6 • 7 6 g 7 • 
7?15. 7~S5. 652~. 6R47. 7413. 8119. 76~9. 73?R. 
7~~s. 7~~1. 7~64. 8777. 762?. 7~o~. 7q94. 7~~9. 
7~74. 765~. 7~22. 1045~. 6067. 75~7. 7491. 7324. 
7674. 7S17. 7836. ~12~. 
736?.. ~~~1. 6h~R. 711~. 

7 7 07. 755?. 700~. 80~7. 
7146. "'9"8· 7t=;?~. 717?. 

~OQ6. 757q. ?ogg. 609 7 • qJ51. ~2~4. 7?50. 7061. 
- - l G J-fr..----- -G-34 n • ~ '• !} 7 • 6 '• 6 ? • ~-4-.-----1-~- ---'Z!f,li-..-----7~5S. 

~014. 6597. 654~. 7467. 7C89. 73?q. 7r=.79. 7q32. 
7477, 6~n3. 61~S. 5670, 7~25. 7371. 7565. 7R61. • 
?C7Q, 747~, 7~78e ~12?, 76Rn. 7741. 7~4q. 7qory, 
6~~~. 7461. 685q. ~~g&. 74Q3. 795q. 76~4. 745n. 
6Rg?, ~R11. 607!. ~??g, 7~sq. ..,5~?.. ?~Qq. 77Qn. 
~51S. 71~?. ~~65. 7 17?, ryq84. 72~1. 7~5r). 7?e;4. 
7~~1. ~7c 7 • ~sJg. 6~ts. 73S~. 8116. 79~S. 76"4• 
9319.- "711:)~~ -- ~_g,18--.- - -· 7.7-1:-q. .. - "Z.Q-?-0--. --- . ----Ptfl7--8-.-- - -~---- ~1- . -
714~. 7 c::11. SQ43. 1~ 0 7~. ?;ts. 741~. 84q6. 7q~q. 



~ 
I 
~ 

w 

1 A H L F T E N 

AS FIREU RESISTANCE STUDy 
ASPF.CT PATIO = ?. 

-- - P-A-S-t--E-=--+ e-o-Bt+M-S- "r u s Q tl A c r-· ----- -· ---·-··----
WIUTH = 30 MIL 
T f.. S T P A T l f R "·' = R K 1 1 0 1 

AS-FIRED RESISTANCE 

Substrate 1 - R17 1-R21 1-R18 1-RZZ 

xlO -l 

2-Rl7 

(ohm) 

2-R2l 2-Rl8 2-R22 
------ -·- -·--- --- - --

1 
2 
3 
4 
5 
6 
7 
B 
9 

] 0 

}~ 
] 3 
}4 
]5 
)~ 
1.7 
]8 
]9 
?0 
?l 
22 
?3 
?4 
?:, 

?4Q?. 2502. 
2 2 1 5 • 2 , .. 4 9 • 
?i?39· 2395. 
?224. 2335. 
20'?0· 2228. 
?035· 1983. 
2278. 2236. 

. -2~------2-t-&&. 

2304· 2320· 
21?3· 2435. 
236<1. ?.411. 
1988· ?105. 
21Q7. 2257. 
2324· 2264. 
2222· ?.344. 
}--91-3 • ----7:?41--.-
?170. 2?23. 
?25}. ?373. 
2279. 2376. 
?220• 2101· 
20 c;q.. 2173. 
195?· 2~-ro. 
?_ ?.~.J. c3qB. 
21?.4· ??.h2-.-
?. f-> ·1? • 3 I) 1 H • 

2438. 2391. 2754. 2723. 2A42. 2796. 
2219. 2422. 
c3Bo. 221s. 
238A. 2279. 
2405. 227A. 
2295. 2393. 
2242. 2314· 

- 22Q4. 2293 .-
235Q. 22 q. 
2413. 2406. 
C:431. 2502. 
2421. 2134, 
2195. 2016. 
25SA. 2t;67, 
212~. 2477. 
218 ·'. -- ---- -2--l-94.---
238}. 2203. 
2405. 2456. 
2317. 23?2. 
2193. 2227· 
23Bq. 2361• 
217f-.. 203?.· 
2564. 24Ao. 

- 22-oc• 2-?12-. 
259n. 2S~o. 

2375. 2389. ?497. 2560. 
245A. 2447. 2470, 2590. 
2538. 2569. 2467. 2514· 
2543. 2sqa. 236?. 2592, 
2579, 2717. 2371. 2767. 
2469. 2474. 253~. 2~26· 
244A • 25}4, - --2-4-2t·-.-- -- 2527.--
2327. 2545. 25An. 2~33. 
2335. 2574. 2606. 2572. 
2685. 27}1. 2663. 2829. 
2519. 2407• 2SlAe 2518• 
2474. 24q7. ?.559, 2722. 
2734. 26o7. 2~6P, 2so1. 
2175. 2370. 2404. 2637. 
-2-5-S::r-.-----2-3-4-);-.-----·-- -~n-.-------- -r~.----
2600. 2680. 2~62. 2317. 
?.49Q, 2418• 2S7Q. 2465. 
2654. 2365. 2574, 24q2. 
2420. 23?3. 244Q, ?.394. 
2463. 2475, 2475. 2291. 
?217, 22A5. 2296, 2261. 
2383. 2481· 276~. 2557. 

- -?-4-~2 t --- -- --2 2-4-5-.- ---- - -~. - .. - 2-4: i l-..--
2767, 2A33e 2B26. 2A73, 



>-
I 

I--' 

~ 

TAHLF f_LEVEN 

Tr· LfRA ~JCE STIJDY- TH!Ct<. FILM 
TEST PATTERN R~ 1101 

- --A -5-F-E €-T f~ A T -J-{}- --e- -9-- -----
W I r. T H = 3 0 f'-1 I l., 
PASTE = lK OHMS PER SQUARE 

-- -- --·- -·-- ----· ~------------

AS-FIRED RESISTANCE x 10° (ohm) 

Subs~r_a!_e _____ _2 -R17_ 1-R21 l_: Rl8 __ l-R22 2-Rl7 _ _ 2-R21 _______ 2 : R!~-- ____ 2-RZZ _ _ 
1 157]. 1542. 1Y09. 1hA1. l60A. 1773. 1~2?. l~A2e 
2 ]976. ??.05. 25~6. l76A. 1A23. 2108e 1Q94. 2538. 
3 ]8A). 1880. 1612. 2053. lA60. lA57. 1~7o. 1906• 
4 1933. 2085. 201A. lR89. 190Be 1881• ?.14~. 1957. 
~ 1698. 1745. 197~. 1n6S. 1~ss. 18A9. 206?. 2o9B. 
6 201~• 1905. 195A. 1804. 1A47. 2112• }Q86. 2}97. 
7 1Bo6. 1827. 184o. 1756. 1548. 1911· 196~. 1981. 
H- ---- ·---- 1-6-A-5-.- 1 7 95 • 1556 • 1387 .--------1--43--?--.----- l-6-fl-1- .---- ---- -l A-9 7--.---- - 1 q 76 • 
9 1880• 1Q48e 2287. 1734. 1940. 1891. 1A57. 1956e 

10 !9Al• 2}07. 2081. 1859. }957. 1947. 1934. l~lOe 
11 ]634. 2016. 1932. 1643. 1A19. 22)7. 1A91• 1R49. 
12 1851· 2o6s. 1774. 1759. 1799. 1969. 1A.3l• l93B. 
13 I6so. 1735. 1606. l45A. 1768. 20o4. 2099. 2oe1. 
14 1A51· 2048. 1733. 1670. 1827. 1820• 2031. 2118, 
1~ 199?· 2008. 1755. 1720. }q64. 19l4· 190~. lq53. 
l b - -- - - - } -Q~ R • - - - -- -2-t--5-e--.---- 18 2--4- .- 18 57 • l 9 0 9 • - 18 53-.--- --- ---2--}-4-7- • ---- - - -2-?44-.---
}7 1897. 2150, 202A. 1480. 1A4A. 22~1. 1934. 1~74, 
18 1~49, lR42. 1641. 1~16. 1942. 2465, 1A81, 1A75. 
19 ]807· 1996. 1932. 1794. 1769, 2358. 1795. 1821. 
?0 2074. 2027. 1840. 1A28. 1693. l9~A. 179A. 1~83. 
?l lHA~. 1845. 1557. 1543. 1553. 1775. 1A3~. 1A65, 
?2 214R. 2034. 1894. lf>2Q. l81A, 1943. 203q. 1743. 
?3 18n?. 1qg6. 174A. 1863. 1760. 187~. 180~. 1967. 
?.'t 1 799. }1-91---.-- - - 16-{)-ft.-- -- - 1~2-3.--- ------);-6-57. -- - -l--~8. - - -1-9-St.. --- --2ft-1~. 
?~ 1AS3. 1994. l82n. 1~9~. 1931. lA42. 1111. 1791. 



:;t> 
I 
~ 

l1l 

---- -----· --

Substrate 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
]4 
}5 
16 -
17 
]8 
19 
?0 
?1 
?2 
?3 
24 
?5 

T ~ R L F T W E L \1 E 
TOt_ERAf'\CE STUDY- THICK FILM 
TEST PATTFR~ RK 1101 
A-5PF.€-T -~-r- -- ---- --·------------· -·--·-- -" --·---------- --------------- . ---··-· -- ---
Wl0TH : 30 M~L 
PASTE = lOK HMS PER SQUARf 

AS-FIRED RESISTANCE xl01 (ohm) 

l-Rl7 l-R21 l-Rl8 l-R22 2-Rl7 2-R21 2-Rl8 2-R22 
- ---- ---- -- ~------------ ---- ----- --- ----- -- --- --------

18?6. 2257. 172q. l67F,, 1786. 1776, l63q. 1712. 
}8?~. 2449. 1898. 1763. 2019. 1873. 202?. 1A08, 
171?· 2046, 1713. 1557. 1774. lA.14. 1774. 1~98. 
]735. 2]~7. 1897, 1902. 2024. 1937. 1 AA 1 • l9A1, 
17()4. 2()53. 1701. 18~~· 213q. 1970. 1A24. 1794. 
1817. 2320. 1aao. 17 2· 1924. 1994. 194t;. 1930. 
1793· 2308. 1864. 1894. 2076. i2~~= -- - - - - -tU~~---- 1925. 

- l--1-9-f,-. ?.246. l ~ ~ ~ :--------- 1 ~ ~ ~ : -- · -1 ~ tt: 1902. 
1846· 2379. 1779. 252~. 1792. 
lb03· 232Ae 1779. 1806. }Q}7. 1954. 188?. 1905. 
J65('). 21?.2. 1798. 187] • 2049. 2o,s. c40?. 2157. 
1631· 20'33, 1A47, 1934. 1A52, 1887. ?57o. 1A84. 
1R41• 2l38. 18+2· }79}. lAql• 20~2. 194«5. 1925· 
lRFil• 2 . so. 19 6. 852. 1928. 2o: 2. 2096. nl9. 
lY?.q• ?S82. 2579. 1759. lq4}. 19~1. 213?. 1965. 

---·-- 1 ~ ~ 0 -. - - - --2-~------- -2-9-1-&-.·-· 1A31. -l-'+-1-2...- --- ·-- ·--2-1-3-1-.-- --- --2 o-s ~. --- 2J94. 
JA9?.. 2670. 1924. 1A37. 1951. 1952. 216Re 1970. 
2057 .. ?.302. 1824. 1911· 1Q~3. 2114. 192Q. 1q}5. 
197'5. 2343. 1777. 176?. 19 q. 2013. ?05R, 2}30. 
192?· 2488. 1876. lAor:;. 2032. 1973. 193?. 1976. 
}958. 2457. 17'-J3. 1731. }Q47, 1925. ].Q4c;. 1QS4, 
] 77 f-. • ?347. 1771 • )A6S. 1833. 1767, }q51. 1Rl7. 
}903. ?.A07. 2015. 179A, 2S97. i&!~~-- -··-·· _.}4U: - - 2}47, 
36A- ~~. ?351. - 17-9 :~. 1 A-4-&. 1 84. -l-Q-2th--
lR~c.;. Jq6S. 17JA. tt-,7o, lF\53. 1865. 171~. 1~35. 
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I 

1--' 

0' 

T A 1--<1 l I-" 1 H I R T E E N 

ro, fr(ANCE: s ruov 
-· ·l-E--5A' P 4 t -l F f+t\1 PK- - ll-+t l ·-·--- -- - -·-- -- -

A S P E C T ~ J\ T J o = ?. 
Wl n T~ :: 3n !V; Il 
PA~TE ~HlET RESISliVITY = lOOK OHMS PEQ SQ~ARf 

AS-FIRED RESISTANCE xl0
2 

(ohm) 
Substrate l-Rl7 1-RZl l-Rl8 l-R22 2-Rl7 2-RZl 2-Rl8 2-R22 

----~ -- --------------- ---- -- --- - ---------- ----------· --- ------ -- -~ -- ----- -----
1 lSoo. lS4b. 1481. 1627. 1956, 1744. )f-,0~. 1762. 
2 1149· 13S7. 1539. lt;8c;. 1qo2. 1970, l4AA, 15~7. 
3 1474. 1555. 144q. 1190. l~A4. 1602. lflSS, 1658. 
4 lq73· 2400. 1499. 1647. 16Al. 17~9. ]887. 1A83. 
5 l63A· lf-96. 1625. l6f)(,. 1797. 1A77. lAlfi. }Q36. 
6 ]"745. 1P.45. 1503. 1573. 1717. 2117. 2060. 1932. 
1 1533· l!-,Sl. 159/?. 1607. lR05. 1672. l47R, 1731. 
6 1 s 6-0-.- . . - .. . ~J-. - . --- 1.§..84 ... - - - --- 1-Gfl~ ... 1~.8-4. ------- -~~ .. ---- 171-.a. . -- 1-~------
9 1~42. 1~75. 1615. 1614. 1661. 17t-,4. lq1~. 1952. 

10 15}q. lt:;07. 1710. 1877. 1706. 1961. ] 7 1 1 • 1A51, 
1 1 136?· 17~0. l9lf,, }f,?l.. 1~62. 2319. ]A4A, 1A97, 
12 1587. 1AJ8, 1607. 1445. 1781. 1670. 1~54. lFo!l6. 
13 143~· 1769. l6AO. 1595. 1779. l6S5, ??A?. 2n13. 
14 14AR. lt.S82. l66R. 1513. 1777. 1A6le 1740. 1723, 
]5 1531· lS46, -. ---itM:----- L~ ~ ~ : -------- 1748. l~A7, 18A1. 1~73. 
16 -- - -- -l-412-. l~ l-Q~7 -.- ·-- -1 1-.c;.A • . - - - - --· l"M A-. ··--- --- --1-f,.6-J...--
}7 ]564· 1401· 1 '72n, 1581. 17~4. 1743. 1750. 1Al2• 
]8 15A4• lA04. 1649. 1')65. }f., o. 1674. 1q2n. l~A8. 
] 9 ]604• 1613· 1')34. l4A6. 183'5. 1743. 1729. 1~58, 
20 }4 ~R. 1618. 179}. 1Al5• lA4A. }qll· 1~7?. 1713. 
21 lh09. l f , ~5. l66A. 159A. 1823. l8n7. ?~07. 2111. 
22 lt;97. )794. 1690. 1S33. 1759. }qnA, 1 4?. 1788. 
?3 lf-07· 1.~30. 1714. 1569. 173Q. 1799. 178~. 17Q5, 
?4 li)R'3· 1 h 01 -. 164-9. 1 .1~~-- 1914, 1 71 ~ • --l-A J4 • 179 4. • 
?5 1 7 0 3. 1714. 159 .1. 1514. lAO}, 1A?7, ?.007. tqo3. 



~ 
I 

t--' 
-..) 

Substrate 
1 
2 
3 
4 
5 
6 
7 
8--
9 

1 0 
1 1 
12 
1_3 
14 
15 

l~ 
]8 
] 9 
20 
21 
?2 
?3 
?4 
?5 

T A H L E F 0 U R T E E N 

TOLf~ANCE STUDY 
TEST PATT~RN RK 1101 
~GT Rl\ IO - 2 
WIOTH = 30 MIL 
PASTE s ~ EET REsiSTIVITY = lMEG OHMS PEP SQUARE 
RESISTO~S l-Rl7 TO 2-R~2 

AS-FIRED RESISTANCE xl03 

l-Rl7 l-R21 l-Rl8 l-R22 2-Rl7 
1693. 1594. 1873. 2072. 1783. 
1950· 2154. 1957. 19oe. 1870. 
?09A. 2?27. 2236. 2099. 2380. 
1870· 2145, 1951. 2034. 2432. 
1986. ?()43. 1854. 2263, 2335. 
2034. ?054. 2097, }C)64. 2050. 
1910· 2():,8, 2ao9, lHOO, 2338. 

---1826. }Q~8. l J$3 200A. 2351. 3 • 2090· 2241. 2 2S, 2121. 2425. 
?493· 2'108. 225fl. 2240. 2280. 
2826· 2770. 4642. 2062. 2367, 
2202· 2761. 2494. 1945. 2413. 
2246· 2260, 2126. 2279, 2270. 
?.300· ?.393. 2016. 1816- 2134. 
22AO· 24g7, 2318. 2069. 2159. 

- --- (L(j_::f 1 -- ~~06. ~J~1. 2lg~. 2~5§, 
?201· 2437. 1973. 2077. 2140. 
?545· 2791. 2057, 2346. 2126. 
2534· 3070. 2488. 2324. 2563. 
?550· 2677. 20 .74, 2065. 2qS4. 
?.12R• 24A5. 2095, 2 011 • 2316. 
~050· 22A6. 231H, 222?. 2206. 
?517· 2555. 2141· 2275. 3A94. 

(ohm) 

2-R21 2-Rl8 

21?9. 216c;, 
2137. 2119. 
2292. 205?. 
21}6. 3627. 
2}f,9, 2~4~. 
2152, 1 en. 
30t5. 206'i, 
24?7. 2022. 
2155, 2053. 
2IA6. 2499. 
2276. 2647. 
65?7. 217C,. 
20?8. 235?. 
1965, 1A66, 
2401. 247q, 
2248. ~Jl~. 
2204. 216~. 
20R5, 2414. 
2530. ?464. 
2146· 208Q, 
2298. 2204. 
23A9. 528c:;. 
23AA. 2076. 

2 5-4-l • -2-Jl--b 7-. - -2 15 §--.---- - - . -- 2--7---S {} · - -- ~ 0-1---. u -·- -21-§4 · ------- 2 0 7t;. 
? --31). ?.3M7. 2387, 207}. 2093. 2053. 194~. 

2-R22 
1943. 
2129. 
2230, 
2879. 
2166, 
2()A4, 
~975. 
0~9-. 21 o. 

2601. 
25~0. 
22 .9. 
2?30, 
1982. 
2323. 
1912. 
2o32. 
2348. 
2317. 
23}3. 
2}01. 
2542. 
24A6. 

--- 2A41, 
}Q71. 
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Substrate 

1 
2 
3 
4 
l 
_) 

6 

' ~ 9 
1 0 
1 1 
J 2 
13 
14 
15 
]-~ 
17 
18 
1 ':1 
20 
?1 
?.~ 
?3 
?4 
?5 

T A H l f F I F T E E N 

RESISTOR SPKEAD STUDY 
ASPECT RAT!U = 0.6~7 
w-f-B-T-H - 3 0 M~ l 
PASTE SHEET E~ISTIVITY = 100 OHMS PFR SPUARE 
RESISToRS l-R41 TO 4-R42 
TEST PATTERN RK 1101 

l-R41 

A65A. 
767A. 
6Rl4• 
7"3Sh. 
7(J4f.. 
71A4· 
74()1. 
69~}-. 
Rl40• 
A27o. 
A 1 1 ~ • 
f,881· 
A444. 
ROA2· 
764~· 

- 84-fll• 
f~5SJ • 
'196q· 
7774. 
7fl64. 
7A3H· 
70)7. 
RO?c• 
7~~1. 
<.)8]?. 

AS-FIRED RESISTANCE xl0- 2 

4-R41 

(ohm) 
4-R42 l-R42 2 -R41 2 -R42 3-R41 3-R42 

-- -
11240. 

H3}5. 
7r:..9A. 
A?27. 
400H. 
9187. 
H276. 

--- ~_Q_§.-
Hnso. 
H44H. 
H442. 
ql33. 
7280. 
q740. 
H t• 58. 
8750. 
Ro4o. 
A6Y8. 
HR65. 
8] 14. 
93()0. 
7';31. 
BS4h. 
~27~. -
~g};?.. 

936]. 
f-369q. 
H527. 
d317. 
866n. 
'18Ci~. 
H233. 

--- - J-~__.....q~, -

B669. 
lOOoo. 

90'16. 
8643. 
7474. 
8929. 
897A. 

10~10. 9~40. 11310. l079n. lO~ao. 
8806. 9161. 9097. 1011n. 10590. 
H071. 9203. 8A79. 945?. 9752. 
999A. 10130. 9099. 9~14. 9393. 
7714. 10550. 9153. 11380. 11170. 

10480. 10290. 8973. 949~. 104}0. 
9492. 900S. 9131. 977o. 10160. 
9 3 3 7 • ---9-1-%-.--- -- 9 3} 6 -.-----~4 8 • -+-¢-3-9-0--.-----
9h68. 10260. 12670. 9777. ~987. 

10880. 10130. 9674. 9960. 9n59. 
9796. 10020. 92}9. 7314. 9~}6. 
9}82. 8864. 8379, ASSO, 8731, 
7856. A376. 7Al8• 8818. 9738• 
9799. 9723. 9A49• 10270. 12480. 

----S '} -1---<h
"j261. 
8234. 
8367. 
b58 ., • 

979A, A748. 91Q8, 964A, 10630, 
---l--G--1-e ft-T ----8-8--1-f,- .- -- 1 2 1 7-G- .----- 9 3 3 B , 9 3 2 3 • 

9571. 9772. 8612• 1oo2o, 11190, 

~1957. 
1513. 
HSY~. 
411-7. 
'109?. 

8767. 12?70. 84QO. R9ll• 11530, 
9h27. 9443. 9~70. 964~. 11520, 

10180. so9o. 96?9• l024o. 9954, 
8A87. l060o. 9496. l099n. 10450, 
7568. ~425. 8833. 9544. 8942. 

10080. 10040. 9~19. 10670. 119~0. 
S-~3 · -- - 8~().4-. g 279. - -- P..?-4~ -- --- -+.(}-4--3 0---. 
to~4o. ~~41. 11210. ll92o. 10ooo. 



~ 
I 

t--

.....0 

T A R L F. S I XTEE~'J 

ASPECT uATIU = n.6h7 
W I f ' T H = 3 0 rv1 I l • 
PA-STE SI-1E[l-k~!Sl IVITY = iK- Ott~4<; PER- -~--9-HA-Rt ----- ---- -------
TE~T PATTERN RK 1101 
REc.;JSTnRS l-R41 Tn 4-R42 

AS-FIRED RESISTANCE xlO -l ( ohr.o) 

Substrate l-R41 ~-R42 _____ ~-R1:_!_ ______ 2-13_42 ____ j;-F4L ___ 4::_R42 3::R41 
1 
2 
3 
4 
5 
6 
7 
8---
9 

1 0 
1 1 
12 
1 3 
}4 
1 5 
l(} 
1., 
, 8 
, Cj 

;?U 
?1 
?2 
?3 
?4 
;;5 

296n. 4?05. 396?. 3526. 451Q. 43]4. JQS?. 
4 7 9 R • 4 : ~ Y 6 • 4 8 6 5 • 4 2 9} • 4 P 15 • 4 58 A • 4 3 8 ~ • 
1171• 41UA. 5515. 4881• 6077. 5}49e 5}6A. 
3905· 4nu4. 5124. 4545. 508M. 435f>. 6?60. 
3693. 4464. 420o. 4869. 5o9s. 44Q9. 4214. 
1496. 49~8. 4~00. 4453• 505). 463A• 433~. 
4466. 4~25. 4265. 4425. 5700. 5473. 434~. 
3~---- 3-':iQ8 • -3--1---?-2--. 4 .,-l-~ -----5-l7--fr.-- ----4tt-5-.- -·- ---4-b--l- 7-~ 
1A32· 5?2~. 4635. 3 74. 5485. 4 _ ~5. 43SQ. 
4A}O• 4A74. 4615. 3932• 5885. 5131• 4732. 
4326· ~112. 4956. 411A. 5145. 5196. so5~. 
474?· 4741. 3591. 48o6. 672o. 5748. 5143. 
4014• 4275. 4952. 4604. 5Al3. 4282. 4,2?. 
3Y73. 4579. 5328. 402Q. 5490. 51~1. 4A33. 
4~46· 7370. 5435. 445~. 5791. 3974. 5267. 
:311 ~ ~""- -·- -3--7--4-2--t--- - ------3--9-4-i ~-----------4-tt-eA----.-- SQ25 • 39?3--.- · · ----- 425? • 
5473. 5733. 4901. 5oso. 5661. 4952. 4?8A. 
1658. ~}73. 4979. 454Q. ssoo. 4526. 4?1~. 
36so. 4h79. 4017. 4167. 6430. 5o~I. soo~. 
4251. 5443. 4882. 6o32. 6260. 4975. 4943. 
4R54. 4q5o. 48Bq. 4646. 6192. 4932. 447?. 
4675. ~165. 452o. 4734. 667~. 50A6. 4977. 
49B7, ~?Og. 4491. 4~40. 6467. 4958. 4865. 
12~4• 4 :~3].- -- -----43--55. --- -3-77ft. ---- 5272. <449-6--. --4---l~ 
4g22. 4165. ~62n. 219~. 7o~6. 6qoo. soon, 

3-R42 
5A79. 
5468. 
6227. 
4414. 
5?.52. 
4512. 
5?89. 
J. "9..,0 
'"T I f '" • 

Soll• 
5l67. 
4274. 
6251. 
4986. 

.546 7. 
5698· 
55 4. 
5228. 
4A3le 
5493. 
6~oo. 
5799. 
5861. 
So67. 
44-9-8--.
So?.S. 



~ 
I 

N 
0 

1 A R L f S f V E N T E F N 

ASPtCT ~ATIU = 0.667 
vJlnTH = 30 M~L. 
P-A-5--+-f -~-ETE:c:;IS-l-IVITY - lOK OH~tS PER 
TEST p~TTFRN HK llCl 
RE~TSToRS l-R41 T~ 4-R42 

SQUARE 

AS-FIRED RESISTANCE xlOO (ohm) 

Substrate l-R4l l-R42 2-R4l 2-R42 4-R41 4-R42 3-R41 
- ------ ----------- - ---
1 3093. 3772. 3655. 3512. 4061. 
2 421?.· 4611. ~788. 4935. 3488. 
3 ~29~. 3Q~4. 4159, 3Q54. 4179, 
4 3369. 3R47. 4195, 377o. 4410. 
5 )85)• 4074, 403A. 4068. 4989, 
6 ~4SA. 3qu3. 4170, 429~. 4220. 
7 l685. 4205. 3876. 3913. 4502. 
8 - 3-5-4---?.---.----- ------J-1- 4 8 • 3Q 57. 3() 13. -. 4, 6Q. 
q 1673• 3661. 4166. 3A54e 3508. 

lU ?qR4. 3n35. 3545. 3?20• 3773. 
11 2~60· 3122. 42~5. 4002. 4240. 
12 154S· 4o6Q, 46Bo. 313A. 4~41. 
13 1560· 3443. 4994. 46}5. 5914. 
14 369]. 4346. 4864. 3Ql4. 5800. 
15 ?879. 3799, 4438, 4~1A. 5323. 
16 ---- :-H~~4-B--.- 3R6lw 4731, 5u6o. 4783~ 
11 ~H04• 3q94, 470~. 4343. 5841, 
18 1773· 4678. 4728. 4A65, 3036, 
lg 3258. 3979. 4574. 466?. 5172. 
?O 1615· 3A~n. 39B2. 3764. 3721. 
?l 4~7?· 3785. 43~8. 4094. 6260. 
?2 3322· 4007. 4650. 4663. 4974. 
?3 1599. 5649. 4582. 434}. 6432. 
?4 3~94. - 3~31 r- - - ~~. --- -- 3~3-. - -- ---S--3-l-e-~---.-
?5 ~7sq. 1776. 3Rl4. 39B7. 4513. 

3Qo3. 1A6r:;, 
2098. 5030. 
4211. 4904. 
4246. 4722. 
4339. 4457. 
4064. 437~. 
49Q4, 4825. 
h.'-.C~- ~oc:;.7c._ 

.,. """' ., ..... -. -rv ... .. ,. • 

34Qf>, 4021. 
36}9. 3534. 
44A6e 4289, 
5423· 5067. 
4690. 4837. 
47~1. 6}71. 
4852. 41i07. 
4-9-8-9 -.----- 4 q 7 5 I 

4244. 4047. 
49]1. 4652. 
51?0• 4A63, 
3394. 3924. 
44}6. 472Q, 
4441· 487fol. 
4623. 5082. 
461-h 4654. 
4703. 4461. 

3-R42 
5047. 
5777. 
4159. 
4667. 
4406. 
4747. 
4353. 
.t...r::c.n_ 

47oi; 
4757. 
5372. 
Jf,Q5. 
4?70. 
5407. 
so64. 
4666. 
5o49. 
4n22. 
4657. 
4736. 
4592. 
5}50. 
5?..53, 

----44-1-3-.
. 5A50. 



~-----------------T~A~1~L~F--~F __ T~--G~H ___ r __ r~E __ N __________ ~ 

Substrate 

1 
2 
3 
4 
5 
6 
7 
'8 
q 

10 
11 
12 
13 
14 
15 
16 
17 
1R 
19 
20 
21 
?2 
23 
?4 

ASPFrT R~TTO = ~.5~ 7 
WIT'lTH : 3n MTL. 
PASTE SHf,:'f ~ESISTI VTTY = tOni( ()H~~ PED Sf')IJ!\OC" 
TEST Q4TTFRN PK 11" 1 
~ESI~TORS 1-Q4t T0 2-D4? 

AS FIRED RESISTANCE X 10
1 

(ohm) 
l-R41 l-R42 2-R41 2-R42 

3?3". 29~4. 47"77. ~4?4. 
3~92. 4(H)q. 375 7 . 3416. 
5375. 3E)8q. 41q fl . 1qq!'). 
27q1. 3 7 1.1. 3"1~. 4q9~. 
4f!42. "7t)~6. 432 n . 44'?". 
'?838. 3"7'lR. 4~18. 45~~. 
2f-.47. 4822 . ft15q. '3?67. 
332?. 52?1. 4573. r,~tto. 
3982. 43nq • 5132. 5? -~n. 
4221'. 746?. 68~~. 4744. 
~54~. 450~. 4 013. ~~IJ3. 
7959. t;847. S19q. 7 ~ "3· 
5461. t;7]q. 4q4 1 . 446R. 
4960. ~6R7. ~~R?. 447'1. 
30&3. 4284 . 4:J79. 4291J. 
575~. 4834. 8 069. 3112. 
3695. 35lt4. 4411. 47 8A • 
3157. 4~06. 4S11. f+q?c;. 
41q8. 6522. 4'-' gq. 3212. 
4151. 4F- q R. 3g2s. ~436. 
306t;. 3q~c. 3 '~ 17. 4771. 
3674. 3'l'~t::. 4 0 64. ~745. 
3266. 369~. 4 7 ~1. 41~". 
37 S7. 3e;48. 304 2 . 4671. 

A-21 



~ 
I 

N 
N 

T A 8 L F E I G H T E E N 

ASPECT HATIO = 0.667 
W I [1 T H = 3 n M I L • 
PA--s-TE 5 rtf: E-T--~ t-5--l-i \f-~---=--t-e--e-*--oo-M-5 --p-f ~--5-Gt+-A-R-E-----------
T~ST PA!TfRN RK 1101 
R~SJSToPS 1-R41 TO 4-R42 

1 
AS-FIRED RESISTANCE xlO (ohm) 

Substrate l-R41 l-R42 2-R41 2-R42 4-R41 4-R42 3-R41 3-R42 -- - -- -------- ---- -- ---------- -- -- -------· . - --------
1 123n. ?q84. 4737. 3424. 5105. 5225. 5A64. 4740. 
2 339~. 406Q. 3757. 3416. 5034. 8186, 611Q. 5799. 
3 537~. 3~A9. 419o. 399o. 6535. S?;o. 512~. 4797, 
4 2791. 3311. 321A. 4Q9s. 515~. 43oQ. 666~. 3~23. 
5 4042• 3~86. 4320. 4420. 5525. 4117• 4~21• 3A29• 
6 283H. 330R. 4218. 458~. 3~09. 56t7, 5A34e 6A44e 
7 ?647. 4P?2. 4~Sq. 3?67. 4049. 4747• SR98. 4050. 
H - ~3-?r• 5--?-2-l-.-- - ~ 73 .----~fr.--- -3~ --- -~.--- 7--5-5-ft.----- -- 5-6-1-G-.--
9 198?· 4309. 5132. s2ao. 7104. soao. 54BQ. 4os9. 

)0 42?0• 746~. 683A. 4744. 9660. 53~3. 473B. 9o82e 
11 1546. 4SoB. 4013. 3603. 6763. 47]0. 430'• 3t28. 
12 795q. 5R47. 519Q, 7003e 4170. 4357, 670Re 6302• 
]3 54~3. s -739. 4941• 4468. 7042. 36A9, 6555. 4558, 
14 49nr. 3AB7. 3382. 447o. 4Al3. 4595. 314Q. 672A• 
~~ 3061. 4;>84. 4U79. 429o. ~1;~· Slt'}• ~~B~· 3398. 
1 6 fi 1 s 3. --4-A.-J-4-. - 8-a--6-Q-.-- ----~ l-2 .- --- • -- --42-f'- • ------·- . ------ -4 ~,98 -.- -
17 169~. 3~44. 4431. 418A. ~2 3. 53~2. 5}6A. 44}2. 
1H 1167. 4P06. 4511. 4q26. 3231. StQA. 4131. 5?48, 
1~ 4!9A. hS22. 489A. 3212. 4421. 4q56. 44lq. 3364. 
?0 4}t;]. 4A<1A., 39~5. 34A~. 1498. 5632. 7277. 5724• 
? 1 lU hr.:; • 3 q :~ I) • J A 1 7 • 4 2 7 1 • 7 0 4 6 • S_ 0 1 0 • 5 fol 4 ~ • 4 Q 2 4 • 
?2 1674. 11H5. 4064. 374~. 2997. )RnA. 407). 4~56, 
?3 1?~6. )AY3. 47Bl. 4182. 4534. 411R. 925~. 4R95, 
?4 :13-5 7. 1h48 • 3942 • 46 7l • 5-'535 t 46801 - - 1-92-f} • - --- --4:3-63T-



~ 
I 

N 
VJ 

Substrate 

T A R L F 1\J I N T E E N 

ASpFCT ~ATJU = 0.667 
WirTH : 30 MIL. 
P-A--'rtE 5HEfT - ~"iiSTIVITY - P11=(:; AIH4 PJ:"P 
T~ST PATTERN ~K 1101 
RE~ISToPS l-R4l TO 4-R42 

S~UARE 

AS-FIRED RESISTANCE xl0
2 

l-R41 l-R42 2-R41 2-R42 4-R41 

(ohm) 

4-R42 
- ---·-----· 

1 1fl39. 2415. 3121. 2356. 2256. 2f>Al. 
2 ?OSQ. ['492. 2751. 2504. 2174. 2572. 
3 ?'+5}. 3'130. 293Q. 2874. 2471. 305~. 
4 2 ,>40· ?.725. 26A"· 2223. 2232. 265 • 
~ 1 72· 2484. 29 6. 2?07. 1886, 2471. 
6 ?.253. :?367. 2850. 2477. 2188. 2768. 
7 1934. ?.475. 2652. 2530. 1q69. 2293. 

- B - --- -?--4-1-& .- 24hq, 2759, 2307. - -!820. 2A29, 
9 1:,04· ?.qH3. 2sgs. 2288. 1557. 21o1. 

1 0 2220· ?643. 26 1. 2488. 2534. 2q44. 
11 21 1 0. 2A7o. 2579. 2632. 2580. 2967. 
12 ?5?.'i. 23H6. 497A, 2247. 2261. 33o6. 
l 3 1910· 2q~6. 3005. 2363. 2568. 3237. 
]4 1847· 2111. 29~8. 2022. 1933. 2320. 
15 IAA4. 2345. 26 a. 2270. lc;99. 2273. 
16 -·- - - 1-43-o . --·· ?Q}h-- 3208. 2354. 2A06. 241-a--.---
t7 17?_g, 2?44. 2705. 2237. 2372. 2315· 
1 8 ?483. ?500. 2842. 247A. 2489. 25;7· 1 y ?gso, 3?74. 3792. 265o. 2319. 33 4. 
?0 ?2qo, 2h46. 2610. 2328. 2421. 26q4. 
?l 201!1. 2797. 2822. 2459. 2548. 2506. 
??. ?.46(). 3?21. 2694. 2259. 2650. 28A7. 
?] "'O'~• 2713. I. 86'•. 2797. 2A31. 2764, 
::>4 ? 13&-.· n-e--1--.----- B<H- • -- -- ~~~!-- ---~~92! ----~~~2: ?5 ? ~3 R6. ?.496. 270Q. 

3-R4l 3-R42 

225A. 2o24. 
?685. 2396. 
2793. 3o37. 
2504. 270;· 
262q. 242 • 
249A, 2341. 
2486. 2624. 
2657. 2396, 
2511· 2}66, 
262q. 2433. 
299~. 3280. 
2441. 2414· 
3473. Jos3. 
2347. 2109, 
243}. 2199. 
?.'59n. 2}08. 
2084. 2400. 
2B2?. 2A90• 
3083. 27 o. 
2791. 2670. 
272Q. 2365, 
?900. 2A43, 
2A2f,. 3o27. 
295A . - 2~88-, -
272'?. 2433. 



~ 
I 

N 
~ 

Substrate 
1 
2 
~ 
4 
5 
0 
7 
8 
q 

10 
11 
12 
13 
1lt 
15 
16 
17 
18 
19 
20 
21 
2? 
23 
24 
25 

T A q l t T W £ N T Y 

TEST PftTTE~N PK 11n1 
~ESIST~RS ~-R? TO 4-q4 
ASP~CT PATTO = 1n 
WillTf-1 = 3f1 ~Tl. 
SHFET RFSISTIVITY = 10'1 OHMS OfR SntJt\QF 

AS-FIRED RESISTANCE 

3-R2. 3-Rl 4-RZ 4-Rl 
1105. 11')5. 1142. 1 f)g~. 
1(49. tnn7. 11n3. 1064. 
1C 11. 1016. 10 54. qgR. 
11:'39. 1fJ~6. 1r:t9&. 1040. 
1044. 1'J14. 1071. 1"37. 
tr55. 1"32. 10~3. 1 oat. 
1(9~. 1r'117. 10 32. CHS1. 
1CIJg. 1031. 10 09. q66. 
1C4?. qgs. 1D4~. gsr;. 
9~6. ~qq. 1005. 974. 

tG6o. 1018. 1 r' 8o. 1f'?J;. 
1r~o. 1047. 11 0 3. gsq. 
1067. 105 7. 10 8 7. 1"42. 
1C7lt. 1fl1R. 1130. 106'3. 
to&G. 1Dlt4. 1rl7t]. 11)57. 
11:'86. 1037. 1113. 108S. 
1('8"7. 10~7. 1142. trqo. 
tr3q. 1018. 1091. 1C5?. 
1Lf>5. 106~. 10$\9. 1018. 
1C64. 1013. 1~64. 1"62. 
1(7q. 1Q91. 11oq. 105t:;. 
1f'4n. 1014. 10 86. 1031. 
1Cfi0. 1nsg. 1076. 1121. 
g~2. 1004. 10 72. 1~1q. 

1136. 1112. 112~. 1J76. 

--

x10° (ohm) 

3-R3 3-R4 4-R3 4-R4 
1?0"· 119~. 1219. 1217. 
115'5. 11?1. "1141. 1 t. 44. 
1167. 1151. 116Ll. 112g. 
11)76. 1(159. 111~. 1147. 
115 3. 112 7. 11"4· 11 n6. 
1147. 1169. 1124. 11"4. 
1t5n. 118"· 114~. 110~. 
11'+ 7 • 1147. 114 8. 11ft5. 
1tt;8. 11'3q. 1184. 1163. 
1129. 1120. 1.14~. 116?. 
1158. 11~1. 11q4. 1143. 

991. 1156. 970. 91q. 
1'170. 1070. 11J70. 1056. 
11~8. 1150. 11o1. 1 f}g3. 
11lt6. 11~4. 1172. 1127. 
11J~2. 1085. 1068. 1077. 
1093. 10 82. 112R. 1103. 
112(}. 11~n. 1127. 11162. 
1162. 1135. 1146. 1153. 
1161. 1178. 11S2. 11,0. 
1~32. 126q. 116?. 11.25. 
1254. 1311. 114?. 1132. 
11q7. 117B. 1176. 11S1. 
1112. 1121. 11 n ~. 1"54. 
1134. 1~14. 13?1. 1"7,37. 



~ 
I 

N 
\J1 

Substrate 

1 
2 
3 
4 
5 
s 
7 
8 
9 

10 
11 
12 
1~ 
14 
1? 
1& 
17 
18 
19 
21J 
21 
22 
23 
24 
25 

T ~ !3 L c- T W f N T Y - 0 ~ c-

KESISTOo PATTt:""RN PK 11':'1 
PE5ISTI')f?<::) ~-R2 Tn 4-P4 
ASPfCT R~TIO = 10 
WIDTH = 3n "-'TL. 
PASTE <:;H~ET QFSISTIJTTV = 10[;~ fP-H-1S PfP <)QilAR~ 

AS-FIRED RESISTANCE xl0° 

3-RZ 3-Rl 4-RZ 4-Rl 3-R3 

qr13. 9l'l1~. PR5t=-. 97Qg. 9550. 
8973. g485. 93_1:\1. 11110. 934r. 
8154. 10')70. A~ gn. 9156. 10 2f'l u. 
o4q?. 10f'7(1. 0565. 10910. 9134-. 
gc;1s. 9671. 1~16 0 . g?7"3. 9327. 
g2lf2. 102'?"· 1C310. 1"380. q3~?. 
q125. g340. 10564. 10141J. 94?.9. 
9154. 9?11. 10?~1". 10~~,. "253. 
94013. 9348. qf>Q7. 107'+"· 946n. 
'\737. q253. 1"42f'l. 11)73'1. qr94. 
.13879. qt ~8. g~1u. 9A.45. 101f:d1. 
9521. 89JO. 8630. 10060. 1069rt. 
g240. go ~s. Q3tl3. 10231. 6184. 
9434. qJ~3. 9759. 9973. q317. 
9~1'1. 9406. 9861:.). 1~c=.9o. 10tJon. 
86~~. 8~37. 947g. qt=-81. 9305. 
94R6. ~788. q772. 9q97. 1,440. 
g;:>36. 8912. 9581. 1~07. aq2s. 
-~ 75~. 847A. qBi~. g~os. 9520. 
~8 -~n. ~6~5. q( 94. 10'7)9". 14340. 
-~7 8 q. $\~2:::;. 9~29. 95&7. 9~2R. 
'l74R. 8R~5. q694. tote;o. qt;4~. 
S3("32. 90~R. 9141. ton~o. 9726. 
orn?. 9402. gg34. 9R~9. 8 7 "3. 
8€-71. 8~4~. Of)q~ • 11540. 5237 • 

(ohm) 

3-R4 4-R3 4-R4 

q~o4. q412. 1 tt? '5-fl. 
1.0D10. gF)~7. 9q6~. 
1"84t'. Olt;6. 10250. 

9307. 9774. 1012". 
85ry4. qc:;23. 9?~9. 
R56R. q771. 1019'). 
8956. 1031.0. ga?o. 
6A43. 9869. q?s~. 

9161'. 93?1. qg¥;q. 
torqn. 1059rl. 10750. 
10160. 1011r'1. 1041'1. 
101qn. 1060fl. 10511). 

9319. 9637. 11J36r1. 
8624. 105?~. 100?0. 
93~5. q86S. 10S3n. 
8397. qf)21. 102011. 
qR87. 11)5~0. 112 70. 
~96~. q22~. 98J;q. 
9RC::,O. 1!)0~0. 1026ry. 
q461. 1ossu. 1fJ5~1J. 
9412. gq14. 1 (l36fJ. 
9286. 96R1. 1044'J. 
g~ss. 1~471). 1.088'1. 
Q27F;. 9745. 9q24. 
qs97. 027~. qr.,~g. 



T A q L ~ T W c N T Y - T W ~ 

?ESTST'1° PATTt:Rt-t RK 11':11 
PESTST0~S )-R2 TO 4-04 
ns~r=rr ~ATT£1 = 1" 
WTOT~ = 3!) MTL 
PASTF SHE~T Of~T~TTVTTY = 10K OHMS DCR S1U~Q~ 

AS-FIRED RESISTANCE x101 (ohm) 

Substrate 3-RZ 3-Rl 4-RZ 4-Rl 3-R3 3-R4 4-R3 4-R4 

1 q211. gr; 4). ggq o . 98~ 1 . 10~1)0. tn?7f'l. 111&'1. 108~f). 
2 q31 J:\. g45 0 . 10"1Jn. 99?4. 91'5 0 . 1 0 710 • 94"'2· 1010rt. 
3 g(,3R. q3J1. 0731. gg4e;. 10:Jq6. 101SIJ. 1~S7'J. 10'551). 
4 qC::9('. 1(!12n. 1"43 '1. 11)~4 l) . 9 3t:; 1 • qq79. tosq~. 1Q17'l. 
t; g?s&. 96t;7. 1 0 3 gn. 11J77 G. 04 7 6. 9~55. tnF;40. 100 ~ IJ. 
f) 94R1. 9S ~ ~. q?37. 1n32n. qgE)~. gss~. tf)r.qo. 10270. 
7 q?Bt. 1011 0 . 10~1 0 . 1f:I4Lt1. 10~S D . 9827. 10490. 1f)~60. 
R 10CC1". 11}1t1 t:! . 994 ·1. 1051 0 . 1052"· 10510. 1"57,. 1 ':'69'1. q ggsr. 1D~n". 10251). 10S8 0 . 1n11gn. a770. 11"35". 1041". 

10 g197. gg~g. 0621. gq~4. gqg?. 1ll39"· 10231. 102RO. 
11 9522. 0637. 0~57. 90;)1. 117:7 D. 1G560. 1"1~'1. toqoo. 
12 g?,S. 99S1. 1C:S8 J . 1)620. gg8?. 939~. 1"52J. 10?1'1. 
13 g2go. g8~5. 983 Q. 1'J !j3'J. 9559. 9597. 94R". 99~3. 
14 gq2h. 1 n 2 4G. 10"~ '] . 1D77rt. 11~41). 1nt;70. 11041). 1121". 
1'5 g~ ·~g. 1fJ21D. 1017J. 1J?.9Q. 1012~. 94~A. 10t;~O. 1081'l. 
15 gr-79. g~1.2. 1G1~(l. 1013J. 95~1. 945f1. qg·7 s. 98'+q. 
17 g3gg. g?Sq. g7~3. 11)~4". 104&t". t"~r.~. 1n2~11. 101;'3'l. 
18 g:3?8. q14 7. 9617. q73t;. q~9Cl. 9? 7 2. g1fl ~. q667. 
19 '1S42. 9~~ Q . gA4t:i. 1"'?70. qr;7?. g3CS3. qgnJ. g7r;n. 
2(1 92"~· 9941. 1r'l155. 11)341. 9 7'?6. q2 "'3. 1031". tr,47,. 
21 J\~5t;. q1) 7. g~7~. 110~£'. 9492. qc;~?. 9861. 9~7 5. 
22 8651. 9[11 ~. 95?.7. gs3s. qss4. q4nR. qg~c;. 99lt?. 
23 g~o3. <??~ r . 1 0 11 1". 10"tu. 1 0 2"7: 0 • 1 00 30. 1f"12!J. 1t'12~. 
24 '14?7. 9414. 932""';. q72 u . 911Q. 9 2 7 "· 1'J27u. 10~0':'. 
25 CJ271. n7g3. 9~55. 9791). 9h05. qs6~. 10310. .. 02 5~. 



~ 
I 

N 
-..J 

T A J L :-: T W ~ ~ T Y - T ~ ~ ~ E 

~E~ISTO~ PATTERN ~~ 1101 
~ESIST0~5 3-~2 TJ 4-P4 
AS~~CT RATIO = tO 

-- --'11-rJ I R - j 0 9 1 L • 
~E3ISTO~ PASTE = tOOK Jrl~S P~~ S1UBR~ 

Substrate 
1 z --
3 
4 
5 
6 
7 
8 
g 

10 
11 
12 
13 
14 
15 
16 
17 
18" 
19 
20 
21 
?? 
23 
24 
25 

AS-FIRED RESISTANCE x10
2 (ohm) 

3-R2 4-Rl 
). 7923. 7213. 7605. 

3-Rl 
79; 

4-R2 
7213. 

3-R3 
6785. 

3-R4 
6721. 

4-R3 
5356. 

4-R4 
7251. 

b':f2 2 • 7 ? 6 tS • r 1 b 7 • ") rl 6 :J • 5 J 6 8 • 5 8 7 -~ • 5 4 5 7 • 5 2 3 4 • 
G9~7. 7002. 637~. 7~39. 6180. 5400. 5806. 5~00. 
8741. BY~~. 874~. 3g6z. 7498. 7044. 7283. 704o. 
7799. 8114. 741~. 8028. 6~45. 5674. 5751. 6315. 
R232. 85R&. 8S92. 8R81. 6988. 6809. 7215. 7144. 
~19&. 8249. 7g1~. 3335. 5392. 6371. &311. 7093. 
7411. 740~. 7860. 8052. 6509. 6415. 5425. 6582. 
8068. 783b. 7905. 8282. 6S51. 6412. 6656. 6855. 
a-z o-n-. g 1 4 4. 8 3 7 2. 8 ~ 0 7. 
R690. 9195. 9065. 9034. 
81S7. 8300. 8120. 3489. 
~299. 8427. 8250. ~S22. 
7759. 8307. 8053. 7g31. 
8303. 85g3. 8462. 8206. 
353S. 8582. 8293. 3?47. 
7761. 7960. 811~. 3077. 
~-un--L. - - a-m-;--- a 4 6 8 • n-a-r; 
7123. 7418. 7188. 7224. 
7914. 8218. 8S23. 737 2 . 
7893. 7864. 7617. 7760. 
8417. ~349. 8291. 8216. 
7G15. 770&. 762&. 7730. 
8035. 8040. 7?60. 7724. 
319S. 8245. 8013. 3093. 

r jl 5. 
7333. 
7000. 
6~90. 
6578. 
5~40. 
7)06. 
5438. 

n~~~. r11~. ru?r. 
6&7~. 5321. 679G. 
6256. 5577. 7000. 
6711. 6528. 6421. 
6562. 648g. 6470. 
~822. 6731. 655?. 
6~36. 5361. 6~84. 
6?31. 6050. 6602. 

I) ~ tt ·~ • b ? b 7 • b ~ 4 o ;.--- bo u 7 • 
6338. 6041. 5~76. 635g. 
6341. 6584. 6321. 6441. 
7~3~. 6&17. 6518. 6~68. 
7398. 6950. 7233. 7191. 
6655. 6407. 6572. 6226. 
6358. 5973. ~730. &g71. 
6523. 6914. 6621. 6~03. -------



~ 
I 

N 
00 

T n J L E T ~ E ~ T Y - ~ 8 J ~ 

~ESISTO~ PATTE QN RK 1101 
~E3ISTO~; ~-R2 TO 4- R~ 
l\ s os:T ~-n-Tra-= rr----- ---
r1IJTrl = ~0 MIL. 
~AsTE tM:~J~~ P~Q s~~A~f 

AS-FIRED RESISTANCE 
3 

xlO 
Substrate 3-RZ 3-Rl 4-RZ 4-Rl 3 -R3 

1 
2 
3 
4 
s 
6 
7 
8 
1 

1 0 
11 
12 
13 
14 
15 
16 
17 
·18 
lg 
?0 
21 
22 
23 
24 
?5 

131g. 
1364. 
13Rg. 
1362. 
1402. 
1444. 
13?1 .. 
1507. 
1~7 3'. 
1:~g5. 
117?. 
131R. 
141~. 
1547. 
1 5 ~9. 
1310. 
13'71+. 
1408. 
14g 7. 
159 7. 
t?og. 
1S3 S . 
tb?6. 
15~9. 
1424. 

~---- --ITO~ .----1"1tT'J. ---- - -r'JF-; - -- -n-go. 
1420. 1433. 
1375. 1407. 
1470. 1S21. 
14S1. 1!+7!t. 
1433. 1S02. 
1430. 142S. 
14 0 0. 131 q. 
15 t 1Y ;- ---rrta?. -----
1432. 1SOJ. 
1427. 1501. 
1518. 141?.. 
1519. 154 '1. 
1::>17. 154-J. 
1607. 1553. 
15$34. 1::>4.3. 
t? 7-z-.- -- -r5'73. - ---
1547. 1~5~. 
1 654 . 2513. 
1S'3&. 1612. 
1663. 1S21. 
2117. 1S5'j. 
18.?8. 165-1. 
1S3?. 155:3. 

- 1:; ? 3 • -1 3'1? • 

141 5 . 1430. 
1 r:;3o. 1431. 
1 ~ l ; • 1'• g ~ • 
1 '+ ;, J • 1 4 6 J • 
1 -) ) 7 • 1 ~ 6 s • 
1 .355. 1344. 
1 ::> '30. 140J. 
1 !+'17. -- -~"1T?.. 
1 -}oo . 1 ... g~. 
1)40. 1744. 
1426. 1~? 2 . 
1 ? 1 c:) • 1 , 3 2 • 
1 5 2n. 1:.oz. 
1::>33. 1::>82. 
1 ~)28. 1341. 
t"f· 73; ---- -- r4 "Jn • ---
1745. 130t\. 
1S37. 1-=>62. 
1 6 70. 1512. 
1::>53. 1!.+92. 
1743. 1SO?. 
1 ~ 14. 1-j34. 
111=3. 1734. 
t ~,q--g . - 1141. 

( ohrr) 
3-R4 4-R3 

1 z 'J u-; ---n-•- 1 5 7 0 • 
1453. 1~45. 
1402. 163S. 
1514. 1704. 
1328. 1730. 
1358 . 1775. 
1406. 1760. 
1450. 1S 78. 

- 13---:~z. ro-uu • 
13!t1. 1314. 
2024. 2084. 
1556. 1820. 
1647. ?OO>l. 
1428. 1748. 
1749. 1652. 
1378. 1727. 

---r-s-72; --- ---rr-ur. 
1583. 2071 . 
1~>38. 2015. 
1545. 2045. 
1&28. 1 -~3~. 
1szg. 13'11. 
26 78. zoog. 
1632. ?.:J1g. 
I 4'19. - - - -! R"5Z+;-

4-R4 

raT?. 
1g4~. 
1327. 
173~. 
173R. 
1~25. 
1F>33. 
1753. 
1 ·'Sb~. 
17 70. 
20Bq. 
1363. 
1763. 
113 ~. 
1717. 
1go1. 

-- t>rrt+--;--·------
2010. 
1~74. 
1835. 
1821. 
1~1a. 
20 9 .S. 
z :~1J. 
~- .,.. - -- -- -c. ') "f <+ • 



:;t> 
I 

N 
'-.() 

T ~ J L E T ti E N T Y - F I V E 

~f3IST0{ PATTERN ~< 1101 
~ESISTJ~S 1-P40 TO 2-R~6 

- -zt S'=' =-rr ~nrJ =-· ....,a,.:. • ....;;.zr---==--------------
tJ I J f h = 1 fJ J t-1 I L • 
SHC~T ~~SISTIVITY = 100 Orl1S PE~ S J J4~C 

. AS-FIRED RESISTANCE xlO-Z (ohm) 

Substrate 
1 

1-R40 
~14 g-. 
2 6 7lt:. 
2874. 
281~. 
2915. 
)065. 
2880. 
3321. 
3IT'?"T. 
~886. 
281S. 
27gg. 

1-R37 l-R33 1-R36 2-R40 2-R37 2-R33 2-R36 
- 3?73" ;--73-sr; -- -zr-.1rr. 3 ·?"'rr • -.)r!+:, • - ----:su B ':>-It -- z? 4 o • 

2 
3 
4 
5 
0 
7 
8 
g 

10 
11 
12 
13 
14 
15 
16 
17 
1~ 
19 
20 
21 
2? 
23 
24 
?5 

2663. 
30-31. 
2 8 ~g. 
--~013. 
-~ ?21. 
?905. 
2e.no. 
zggf1. 
zg5?. 
267g. 
~948. 
ZbSR. 
)1gg. 

2708. 2531. 2S31. 21Qg. 2858. 2711. 2525. 
293j. 270~. 24~6. 3113. 3216. 2804. 2458. 
2~8S. 2~1~. 23~~. 3101. 3356. 2103. 2S23. 
2370. 2625. 2S24. 3J1g. 29~0. 260~. 2456. 
294~. 2B4}. 2761. ~192. 32~1. 3U76. 2789. 
zgs3. 24g1. 2423. 3053. z~g4. 2111. 25Js. 
zg1J. 2575. z;o?. 3343. 3248. z;oa. 2730. 
3" n-q?. -- -z-05T. - · -- --z3 r:r; - - 3 r-g-g-;- 3 o 3 8 • 2 7 5 g • 3 o 1 a • 
zg~1. 2732. 2451. 3117. 3010. 2512. 2848. 
2791. 212z. ztg4. JJ96. 3055. 25g3. 2575. 
3233. 3047. 2~32. 2797. 2~86. 281~. 2&2g. 
2735. ?653. 2253. zgz6. 2g41. 2657. 2375. 
3010. 2140. 270~. 3t18. 1030. 2806. 2700. 
2~7S. 2761. 2S32. 3123. 31J7. 3131. 2566. 
z~4J. 2g6~. 2~1~. JJ87. Jtzg. 2~14. JooJ. 
21 TI • --- 2 ~ 7 3 • --. z-srr-.- - --- TIBlT. 111 g • 2 8 2 ·3 • 2 8 5 a • 
Jogz. zs3g. z;os. 3J55. 3075. 2784. zgz&. 
zgaz. 276~. zs~~. 3162. 298&. 2~10. 2803. 
zgs~. zsz~. 25~7. 1210. 31J8. 3023. 2556. 
2Bgt. 2723. 2s11. 2~8o. Jog?. zgga. 2846. 
24g4. 2153. 2?54. 2sg6. 27g1. 2513. 2413. 
zq~o. 2Boo. 2SJ4. 3Qgd. 2956. 2749. z5ga. 
2~n4. ZR7a. 2444. 3034. 253&. zsos. 2427. 
-"31~5. ----- 1711. -- 27ft~. 3:Jq'->• - 3271. J011. 3J61. 



~ 
I 

VJ 
0 

H 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
)2 
13 
}4 
15 
t6 
17 
lA 
19 
20 
?1 
22 
~3 
?4 
'5 

T A B L F T W E N T Y - S I X 

RESTSToR pATTFRN RKllQl 
RtSTSToPS l-R40 Tn 2-R36 
ASpfCT nATIO = 0.2 
W I I"' T H = l U 0 M I L • - - - --- ---
SHEET RESISTIVyTY = lK OHMS PER SQUARE 

9707• 
14120• 
11~20• 
11...,50• 
1369o· 
11A9o• 
q32o• 

1164o• 
1AI6o• 
1367o• 
l23Ao• 
ql4~· 

1364o• 
1424o .. 
1917 0 • 
I678n. 
I957o· 
1684 0 • 
19qSn· 
176s 0 • 
1677o• 
]786o· 
1527o• 
17910• 
18030• 

25 

7Rl3. o122. S9oo. 
1 4 7 6 Q ~ - _ l_.4A_8__{ll ____ - 117 ~ 6 ~ --
104~0· 13SBo. 1 4• 

667A. 1182o. 11860• 
9691• 9703• 7491• 

1197o• 1o7Bo. 1soso. 
lo36o· 1o12o. 997o• 
]0530• 8447. 9484• 
A7~6. 11~0• 8495• 
85 9. ]] -- -10330· 

140¥o. lo7 O• to22o• 
l4Slo• 1I77o. 9311· · 
R161• 8527. 740A• 

122so. lo98o. 675A. 
l276o. 13o7o. 1264o. 
toAno• ABlo. 7124• 
14A7o. 1333g• B423· 
1o~L_ 768 • 92os. 
121so. lo66o. 9218. 

l osJo. 144lo. 8794. 
oR9o. 13loo. lloSo. 

11?20· 121so. llo3o. 

1 1~40• lb420· 11220• oqBo. 7A4o. 7o56. 
10q4o. 1287o. 13110• 

828A. 
_ L37So. 

11720• 
15200· 
1179Q. 
10420• 
1252o• 
to39o. 
11710· 

_ L3ofio. 
16220• 
11I9o. 
13160• 
1117o. 
13120· 
1oo6o. 
11~20· 

--1 754()_._ __ 
1556o. 
18400· 
]3420· 
I78Ao. 
15Q6o. 
11?7o. 
14A4o. 

7soa. l043o. 6~79. 
1 O___Q6D t 7112-. - 1ZL9 0 ' 
lOAlO• 13020• 12590• 
15120• 13140• AA64. 
102~0· 11640• 11350. 
11540• 131So. 9s2A• 
10640• A}47. 11170• 
84~1· 1249o. llt9o. 

11200• 13520• 10}40· 
- l1.5_6Q_ • -1 2 8_2£l___. _ - --1---1-2-5-0 • -

17370• 12420• 11500• 
11650• 1116o. 14sAo. 
l07Ao. lo89o. 9t93. 
11000• 18850• lOAAOe 
12210• 20110· 12980. 
21540· 12790• 11420· 
1 a~ijg: _ l~li2:_ -~g_a~2: 
1591QQ. 12460. 11120· 

A]9• 1157o. t4420· 
12oqo. 129on. t2QBO. 
lOS4o. 15o3o. t6tSO. 
127Ao. l322n. 13120· 

88A2e 11460• A9b4e 
11140· lo~4n. 9~ol. 



~ 
I 
w ....... 

Substrate 

1 --
2 
~ 

4 
5 
6 
7 
~ 
q 

1 0 
11 
12 
1) 
14 
1S 
15 
17 
1~ 
1g 
?C 
21 
?2 
?3 
24 
25 

T ~ ~ L ~ T W F N T Y - S E J ~ ~ 

ASPCCT 9~TTn = n.z 
t~ I 0 T H ::: 11J '1 '1 T l • 
~ E S I. S T n R s- 1- t~ 4 0 ~ Z- P 7 6 
PASTE = 1~ ~ OH~~ PER S0U4~E 

l-R40 

-- ttfqg. 
18'+2. 
1724. 
176~. 
1'::~1. 
173~. 
1P27. 
14S8. 
!l+~. 
133S. 
15S7. 
1f.36. 
18?q. 
17~G. 
tt;qc;. 

AS-FIRED RESISTANCE 
l-R37 l-R33 l-R36 2-R40 

--r-z--RB. 1~62. -- -- ~. 1?1?. 
1538. 1Q~ ~ . 14)g. 1771. 
157D. tg27. 1178. 1205. 
1474. 1~g). 1137. 1747. 
1?8'• 1934. 11S~. 141J. 
1S16. 18~1. 1n~4. 1714. 
1616. 1g~?. 117g. 159S. 
136~. 2n17. 112c;. 1??q. 
r~Z+Z+. !7V~ ----rprlf; ____ --rzrrr. 
11qa. 1647. 8~7. 1~63. 
14SQ. 1 7 18. ~~5. 1583. 
1440. 1g12. 1124. t67q. 
1561. 1925. 1153. 15g?. 
1S~O. 2~3~. 12~1. 1754. 
117~. 1809. 0'17. 1751. 
13g~. 2,1~. 1130. 17~4. 

0 
xlO (ohm) 

2-R37 2-R33 

---r~----

1 7g1. 
14~?. 
1672. 
11lJQ. 
1448. 
1Sf)q. 
1431. . . -- l:4~1f ~-- -- --
1223. 
1?7CJ. 
1720. 
1 4f+ 1.. 
1654. 
1417. 

1434. 
2"1q. 
1 sg~. 

14Sf'. 
17~-f). 

?l?.8. 
14"8. 
1S57. 
tF-g2. 
171~. 
1t;?Q. 

t-s-T5-;- - -y-q-g-)-; --- rr-n-; ---rrnr; -- 1C:::55. ror;-q-;- --·-

184g. 
1~64. 
1Sq6. 
1542. 
1527. 
1 CJ4 7. 
1S~~. 
1425. 
1~50. 
tf:l~6. 
1604. 
1647. 
1521. 
17"3lt. 
1F;9g. 
1275. 
1F)'2• 
161~. 
134~. 
1 qQ 4. 

14~7. 
17 42. 

j~~s. 2~Dg. 1 7 29. 16gR. 
1303. 186S. 11~7. t47g. 
1 7 ~~. 18~9. 1103. 14~4. 
14?n. tg?s. tr1o. 1561. 
146~. 1~?8. 1 CS2. 14~ 7 • 
142g. 1041. 1164. 1545. 
12 7 4. 17"6. 87S. 1o34. 
1 4 ~ ~ • '2 IT 1 ~ • -- 11 IJ"' .- t ;::;7 i1 • 

17""'t· 
1427. 
1714. 
1414. 
1?1e:.. 
1F-9q. 
14~3. 
!4~4. 

1445. 
1S07. 

2-R36 

t2~r... 
1644. 
1234. 
135t. 
1261. 
1~?q. 

148$3. 
1 ~ B~. 
1~ £+?. 
106~. 
126S. 
1341. 
1~03. 
1t;q'?. 
1~13. 
1657. 
13 0'". 
1555. 
1534. 
13 ~1. 
148C:. 
14~9. 
1t;18. 
1245. 
1277. 



::z> 
I 

VJ 
N 

Substrate 

1 
2 
~ 
4 
5 
6 
7 
8 
g 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 zn 
21 
22 
23 
24 
25 

T A ~ L E T W F N T v - ~ I G H T 

ASPFr.T RATTO = ,.2 
WTOTFf =- mn--"!""'1 ll • -- --- - -------
PESISTnos 1-~40 Tn 2-P 7 f 
DA~TF = 11JK OH~<:." OfQ <::;QUAPE 

xlOO 

l-R40 

7875. 
653""~;. 
76SQ. 
?f,q~. 

6~96. 
751C. 
7139. 
787'1. 
7S1G. 
7g1g. 
7"!74. 
710~. 
745r.. 
~3~9. 
7€-6~. 

77f; '· r;Bzn. 
"~n1. 
o12n. 
652S. 
98?3. 
R480. 
7451. 
8?.49. 
~f;55. 

AS-FIRED RESISTANCE 

l-R37 l-R33 l-R36 2-R40 

72 7 0. 1Gg~u. 4~R6. 5696. 
3~59. 8712. 77 7~. 6r'l72. 
h104. 1~5~J. 556 C. 667q. 
h8~~. 11o?.n. 4°11. 11qs. 
5n18. ~44~. 484 r. szgs. 
76Q4. 11400. 4~76. 6~~2. 
&4 7 2. 11n3n. 1Ql4. 8 7 8 7 • 
STITT'; - - ru~T. -~-;-- -- -gz-nu~ 

~552. 1135~. SS32. 5g~8. 
754R. 1?17J. 8~~1. ~567. 
6~43. 1~17~. S8?3. g7h1e 
5h67. 11~S J . 5147. 65?7. 
n?S6. j348~. 554n. 7~58. 
7702. 12~9J. r;~52. ~~40. 
6r;gs. 1194C. ~77?. B~~?. 
6 4? 8 • - - I~~-,- • - --- ?-;t;l!; Fi 1 4 1 • 
6261. 1158Q. 6~54. ~44?. 
7~ 7 ~. 12 7 ?0. 7R19. 7~~t:;. 
R0~9. 12290. 6023. qQ41. 
77~D. tr.?J,. 5g11. 8148. 
81no. 164~n. 6001. ~~67. 
102q. 1rq7J. 5~95. AJ~1. 
691~. 1244r. 7025. 750n. 

- 65 Ts-. --r r g-gu ; --- ---r;-n-n-;- ----m rlffi • 
5074. R74S. 6~12. n3o6. 

(ohm) 

2-R37 

62~0. 
518?. 
59~2. 
7?9~. 
tj ':' -'\5. 
6~40. 
6611. 
70J\3. - -
'3251. 
8362. 
8706. 
5no3. 
64q1J. 
~232. 
F-lt9~. 

- 077'. ·--
717?. 
73~1. 
R7t ~. 
7~15. 
745?. 
759?. 
7770. 

1 (1"4~"'. 
6~g7. 

2-R33 

7t; 77. 
q512. 
7468. 
61~9. 
7484. 
7747. 
6~~~. 

lU45U. 
7989. 

119611. 
1110~n. 

q276. 
98~fi. 

1"670. 
102QO. 
'3"lJ17. 
1Qf\7f'. 
1046lJ. 

qs5q. 
q~9s. 

1~7~'1. 

6554. 
10q41J. 
7~R~. 
qt)60. 

2-R36 

1?~7?. 
6~'35. 
642R. 
7892. 
72 86. 
876'1. 
6~7 11. 

· t~fZTT. 
1017rt. 

694"'· 
7241. 
7116. 
9?3 '~. 
~125. 
7546. 
7r; I 1. 
563~. 
qt 94. 
~"'14. 
6217. 
786'\'. 
R1 76. 
7~6Q. 
9110'}. 
CJQ 31. 



~ 
I 

(jJ 

(jJ 

Substrate 

1 
2 
3 
4 
5 
f, 
7 

8 
9 

10 
11 
1? 
1 ~ 
14 
15 
1n 
17 
18 
j_q 

20 
21 
?? 
23 
24 
?5 

T ft 8 L F T W f N T Y - ~ t N ~ 

ASPFCT R~TTO = ~.2 
w lt_1T.-r- - 10 1t •qr;-·--
DASTf : 1M. OHMS OED SQUA~r 
~ESISTOQS 1-R4~ T/ 2-P 7 ~ 

AS-FIRED RESISTANCE x10
1 

(ohm) 

l-R40 l-R37 1-R33 

7~23. 64~R. ~?3S. 
7646. 6937. 744R. 
79~S. 69 7 ~. 71~6. 
73~3. 65~2. ~~4r. 
733~. 67~F-. 7?q4. 
?g3o. 7?~B. P13J. 
741S. f-747. 7404. 
744U. --- 774~--- 8SY4. 
7f~7. 6SAC. 7?67. 
7~1g. f,394. 1C~~D. 
?gno. 6S24. 7502. 
~[in. 67~7. 7 ~84. 
~398. 7427. 6~31. 
693f,. 6312. 84q4. 
n6~1. 6325. q114. 
q;JJTI-; - -- - ---gv.l)Tl • --r '-' H .~ ! t • 
sa~6. s~sq. 1sso. 
~110. 587n. R~4R. 
~~45. 8zsq. t042~. 
7157. 5qn7. f3775. 
~(60. 6705. ~452. 
7711. 7121. q177. 
7g1z. 113s. gn1s. 
73 ~ r. 6~ t 4. ---g--rp. 
?r~s. 7414. gc6?. 

1-R36 2-R40 2-R37 

~4R2. q38?. 11430. 
n74r. ~zoq. 833~. 
6S9~. ~6~~. 814~. 
6??7. ~851. 79~1. 
S~3~. ~408. 74~2. 
SP20. ~?10. 9032. 
5712. 8113. R131. 
?f>?"~- -- -R"trs • - -ro-~r~. 

5372. 9~58. 9P.48. 
5f?2. 846?. 8Lq,. 
at1G. 9?4?. 8R6~. 
5~74. 10~40. Q213. 
7506. 9964. 8364. 
?~77. 8So6. 7nq2. 
5S81. 7q42. 8~~5. 
r6 ot:~. TTl+?. 6h6cr.--
5?57. 70~0. 66q4. 
6~02. 9~51. 911~. 
7012. 10~30. 10190. 
~12~. ~104. 76&~. 
5467. 7407. 7603. 
6h0?. 8107. A?41. 
57~?. 819~. 7F?2. 
l547!1~ --- 81+84. - 8" R7. 
5n55. A~81. ~402. 

2-R33 

7821. 
961'15. 
8~9~. 
876~. 
756J. 
8190. 
7'?3'1. 
71+5'~. 
51 R~ • 
7514. 
101~0. 

fl644. 
9084. 
7))"'7. 
7676. 

-- -q-1-:r-?. -
8 "7132. 
826~. 
q27o. 
gt;c;7. 

1f"6~0. 
1f'1J3'1. 

777?. 
9"756. 
73S5. 

2-R36 

f>? 85. 
648~. 
6 7 '3q. 
~qgR • 
C:,f'l q3. 
6145. 
1)761. r.s-o JJ .• 
5171. 
6427. 
6~59. 
S24?. 
6188. 
44?4. 
5?6S. 
t:14ffl. 
4912. sqoo. 
669r". 
t;~?7. 
5t:;7~. 
~'16ti. 
6319. 
54~4. 
617'1. 



~ 
I 

<..N 
~ 

Substrate 

T A R L F T H I R T Y 
R£SISTnRS l-R44 TO 3-R43 
PA~TE = 100 O~~S ~ER S~UARE 
ASPECT qATIO = 0•667 
wlnTH = 3V MIL. 

AS-FIRED RESISTANCE 

l-R44 l-R43 2-R44 2-R43 

xlO +l (ohm) 

4-R44 4-R43 

1 1207. 1134, 1103, 1204. 1070, 946, 
2 .. 8A4 .t__ A94, 96B, qAA, Q34, 9~R, 
3 --- '12-4. q58, 11U7, Y02. 803, 91, 
4 10A7. ~55, 989, RA2, 1025, 994, 
s 96s. QOl, 912, q11. 977, 9~7. 
6 91?. R64, 1133, 1n1o, 978, 944, 
7 9?4. 881. 911. 97'7. 806, 8?3, 
8 AS?, ~59, 894, 119~, 858, 1134, 
9 q6?. 967, 903, 1024. A6n, 942, 

1 0 -- - - --~ 9 26_ .. ~- - 9 3 7 • 1 0 1 3 • q 6 0 • 1 0 1 3 • 8 q 2 • 
11 B9?, R44, 947, ~16, 978, 879, 
12 96~. Q}8, 902, lOOA, 972, 1048, 
13 77~. 720, 8~2, Rl?, 972, 936, 
1 4 g 5 ~ • 1 0 0 8 • 1 0 j r:; t 1 :) 7 4 • 1 0 4 s t 9 F., 2 t 

15 10A4. Q95, 984, q40, 1048, 843, 

l 6 9qg, goo, 982, ~9n, 1059, R72, 
7 q Q ? , R h 7 , 1 0 0 8 , 1 :·J 1 q , l n 4 8 , 9 A 3 , 

1 8 -· ·----~ 93...._ t} 9 7 • 8 1 ~ • 1 u 1 3 • 1 0 7 1 • q 4 5 • 
19 77t• R1Q, 9So. looo. 96S. Ioo9. 
20 9SA· 992· 885, 1JS9. A4A. ens. 
?1 1009• 9~4. 1040• 1145• 05A, 103A• 
22 9SA• A28• 744, AHA. 767. R~9, 
~3 Qlq• R32• 1002• 99?. q98, 8?7• 
~4 9An• R75. ~12• 18~. Q84, A4R. 
2s 11?3• 990• 1057. 1 ·1??• 1?24· qnR. 

3-R44 3-R43 

Q3n, R64. 
q?~· 7R7. 

• 7R8. 
Ql7. R07, 
R2Q. 865. 
R9R, ql7, 
A33. 761. 
R37, R~9. 
7SR. R1~. 
A~ R24.._ 

-----q ~ 4 , 'p. A l• 
934, R4 • 
83F-,. f,73, 
Q86, A90, 
945, 896. 
Q8?. 775. 
970, qQ4, 
qf>n A42....___ 
B6R, P26, 
QlA, Rf-13, 
q7'). q()A. 
74"?. 746• 

ll6c;. 764. 
q34, R21• 
<164. R?4• 

- · ---- ·------ --- --- --··-- ------- ·-



::r> 
I 
w 
U1 

Substrate 

T A 8 L F T H I R T Y - 0 N E 

RESISTnRS l-R32 To 3-R3} 
WIDTH = 65 M!L.. 
L E f\ i G T H = 6 5 M I L. • 
PAST£ = ~~M~S~P~E~P~S~Q~U~A~R~E~-------------------· 

xlO +l AS-FIRED RESISTANCE 

l-R32 l-R31 2-R32 2-R31 4-R32 

-----------·---·--------------

(ohm) 

4-R31 3-R32 3-R31 

1 13}~. 1330. 1237. 1?7n. 119S. 1211. J2lq. 1]94. 
2 ~ _ 1Z 3 A .._ ____ 1 2 ~a • 11 1 1 • 1 ? 3 q • 1 2 s 7 • 1 1 An_._ 1 ? 4 1 1 ? 3 o • 
3 1165. 11 7. . 1257. llB~. llYO. 1170. 1124. llQH. 
4 lOS~. 1110. 1248. 122S. 1207. 11~6. 114~. 117~. 
s l05o. 11Bl. loBo. 111~. 123o. 11~2. 1105. 116 - . 
6 1269. 1?05. 1265. 1227. 1117. 11R1. lOA~. lnR9. 
7 ]227. 12. 77. 1174. llA3. 1153. 11A9. llln. 1176. 
a 1264. l~Ao. 126s. 1?1?. 1153. 11qo. Io98. 1194. 
9 ]255. 1?81. 1172. 1245. 1174. llA3. 110~. 117A. 

10 124~ 1278. i294. 1~3?. 1}68. 1203. JllS. }]53. 
11 - 122o. --- 1181.243. I?oo. ll4n. 11?8. 1o6g. 1107. 
12 1?2?. 1269. 1358. 1164. 1289. 1~97. 1?51. 1?18. 
}3 1134. 1126. 116?. 1180. 1214. 1173. 109?. 1114. 
}4 1168. }}94. 1324. 1?32. 1356. 1364. 1?.8?. 1?49. 
IS 1116. 1123. 112S. 1157. l304. 12n2. l~Oq. ltAl. 
16 1201. II4o. !25o. l?n7. l?lo. 1253. l2~h. 1185. 
11 125?. 1251. 133A. 1?64. 1309. 1243. 1221. 1243. 
18 1224~ 1226. 1203. 1227. 1?74. 1278. l?Jq. 1?7~ 
1 9 -- 1 "2 2?.. ---· 1? 51 • 131 l • 1? 7 6. 1 10 5. 13 7 B. l 2 4 A. 1 2 3 ~ • -
20 1154. 1222. 116R. 1?51. 1?7A. 1?81. 121~. 1??~. 
21 12SA. 1~?9. llbg. 1?)1. 122~. lcSO. 1191. l?R~. 
22 1213. 1134. 1118. llS?. 1?31. 11~7. 111?. 1]87. 
23 121~. 1?~4. 121G. 1219. 1?9n. 1?.~1. 1221. 1??4. 
?4 1157. 1?15. 1147. 1134. l?JQ. llRO. 11~4. ll9H. 
?5 ]327. 11~1. 1320. 11?4. 1~54. 1470. 1167. 1111. 



Substrate 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2 
}3 
14 
15 

l~ 
18 
19 
20 
?1 
22 
?3 
?.~ 2 

T A 8 L F T H I k T Y - T tJ n 

ASPECT RATTO = u.s 
WIPTH = 100 MIL 
LENGTH: 4 - D 20 MIL. 
P A S_ T E = l 0 Q__ Q_ ~ M S P E R S C~ U A R f 
REsrs-TnRS 1-R3q •<~3 TO )-hl3'1tR]H ___ __ _ 

AS-FIRED FESISTANCE xlO+l (ohm) 

l-R39 2-R39 4-R39 3-R39 
~97· R8 4 . A5g. s..; --i r; • 
'775• fj_ Q 7 _L R62• ;-: '; 8 • 
Ho4· R5g• R~R. . ~ ~.., - 1. 

824· A. 7 - • 8 _y. ·"'~ ~?. 
83t;. 807. 85~. 11?1. 
R4n. ql6. 837. q44. 
A24. R?.S. 837. 4~0. 

H71 • ~59. A5R. .-'. '() . 
86q. 11?4. 84?. ).J4g. 
8M - 828--. BJg. P~o. 
7AR. q33. 80A. ~.:; l • 
A)(,. R?H. R77. :-14R • 
7€-,q. 7Y4. A2"1. ·~ ~4. 
r18?. 8AO. 94C,. ' ) :_) q. 
833. '13 0. AS'-1. ~'t t..; 7. H . A76. 8~6. ·.:) ? '• • 8~~= ~r-.3. 9 4. LI()Q• 

8SR 837 
- 890. c.~ l c:; 

-;gl-,:;. -----~ q4 1 : R4 • R77. 
Ale;. A54. RH4. -14S. 
83t;. R72. 83'-1. 1??. 
73q. 756. 7911. 7H7. 
R21•. q63. R5F,. )~s:q 

7~7. 75~. 826. 7 () • 1 • 
971. Q?7. 989. '-1f"l ~. 

-- .... - --- - - - - -

A-36 
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i-'U 
jU 

40 
l 0 

1U3 

104 
1 

c 
r. 
c 
c 
c 
(' 

c 

1 1 
1 2 
) 3 
14 

1::, 
) b 

1 ' lH 

100 

PROGRAM TST ClNPUTtOUTPUTtTAPE5=INPUTtTAPE6=0UTPUT) 
R~AL VALUECBt~Sn)tTOTAI C2000)tSME ANC2~0)tSSDC25o) 
REAL MEANRC2~U)• SOR(2~0) 
E Q l J I YAk£.~(; t~_1 '{_WJEJ-1--'-i l ~ .l.Q 1 AL ( 1} ) 
OATA INOEV/~ItLP/6/ 
fO~MAT<lHOIIH •l~HTOTAL_ MEAN =·FB.o•9X,,6HTOTAL STAN.OFV.= IFln.o> 
FORMAT(}Hl•JOX, . 7H~UAe~O.tl3Xl~- ,F~~Otl8XlH•,F3eOtlH t~ Xt2HO 

121XlH+tF]•O•lH •18XlH+tF3eOtlH ) - ~ 
F O•~ MAT ( 1 H l ) 
FORf\1AT (4flO.O) 
DO 102 IR=1•8 
Do 2 y,.._ 5 
VA I~ 0 ~ (I R;ltf~ --- ---- -- --- - -··- -
on lo3 IR=J•2So 
SMEANCI~)=o• 
SSD(IR)=U• 
~I.EANRCir~)=o. 
SDRCIR)=O. 
COf\TINU£ 
~ 8-rk E t--IfT~ 1 : 2 0 0 0 ---- ---
CALL INRts7VALUttNtLt lNOEVtLP) 
REAO ClNOEVtlU) HFStPMFSt HlNTt HCV 

HFS - HISTOGRAM FULl SCALE AS OF TnTAL MEAN (~S) 
PMFS - SPLUT FULL SCALE A~ OF TOTAL MEAN +/• 125) 
HINT- HISTOGPA~ INTERVAL IN RESISTANCE UNITS C-1 TOTAL ~EAN 
HCV - HISTOGRAM CFNTER VALUE IN RES!~TANCE UNyTS l TOTAt MEAN 

J{_OTE VAL UE S I t-.1 RR ACt(EI.S. _ I A_ KEN l f _ READ _IN N_E § .o_FL Z.ERO _ VAL liE • 

,J:I\dtL 
IFcHFS> 11,11•12 
HFS=25e 
IF(pMFS.>l3tl3•14 
P~'1FS=25 • 

_ CAt L SDMEA c roT AL, J, Tso, TMEAN > --------------·----- _ _______ _ _ 
IF (HINT) 1Stl5•1~ 
H I 1\i T = T t--1 t. A N /1 0 J 

IF C HC V) 1 7 t l 7' l A 
HCV=TMEAN 
WR!TE(LPt20)TMEANtTSD 
CALL SUMSD(VALUftNtLtSMEANtS~DtLP) 

2 ~ l ~ i ~ 6 fi 55~~~ lJ F ' N t L , M f ~ ~~~ ~ S ~ R ' L P )- __ . 
C A l L H I S T 0 ( T 0 T A L ' J t H C V , H I NT t 6 0 , N P T S • L P ) --- ------ -
RMFS=PMFS~TME~N/100 
R f\;1/~ X = T ~_, E A N + P. M F S 
!=< ~1 I t·4 = T M f_ A N- R M F S 
F 1.1 F S H = P f'-1 F 5 n n • 5 
WRJTE(LPt3A)PMFStPMFSH,PMF~HtPMFS 
CALL SPLOT(VALIJEtNtLtSME."ANtRMAX,RMIN•LP) 
~ R l IL.lL P , 4 u t __ 
C A L L V I E L D ( 0 T A L • J • T ME A N t L P ) -- - - -- -----~-
COI'.J T I NUE 
STop 
E f\11'' 

B-1 



J 
~ 

J 

1 0 
z t1 
~ 1 
! '] 
'+ D 
:)0 

SUj~1UTINE ~~ESCVALUE 1 N 1 L~I~QEV,L?) f HI .) .F~ ~ 0 J f I N ,_ J J • I ~- S E I G rl T C A~ 0 S T r:J T 4 >: 0 U T PUT 
:; H A N : ~ E _ L P < 0 '1 I 'I=> J T ::>-i A N 'J E L I N 0 E \1 • I T THEN R r A iJ S T r'l J I '~ T: ,; ::= ~ S 

. \1 --~ 1 L I N 1 Q FoRM A T A~ R t= 4 L '~ 0 M B :__ ~ ~ ( VAlUE ) TfrTU.Ir TlJ,:f1Z\T- -
~ t 1\ L V !\ L J E ( 8 , 2 S 0 ) , C 0 M M f < g '1 ) 
F 0 ~ '1 t'\ T ( 2 I 1 0 > 
FO~t-1 <~T(f\F5.0) 
~o'<~!\T(7(1Jl\B/) ,10A3) 
~c ·~:--11T(1--i ,I5,4X,10(F8.0,2X>> 
FO~M~T<1~1,////////, R(1H ,10l8/)) 
~o~M~l(1~0,I~f10X~I5/1HO> 

-· ---- -("LA 1.1 ( ] 'l ' J ~ 'V' 3 !) ~ I) 11 ! -
:~~An ( I r~ J: V, 10 ) N, L 
~O~M~T<t-11, 

12X,1~HPE~ ~U~Sf~AT : 
i"'RITECLP,40) C0~"1T 
..JRITE (L=>,50> \J,L 
~o~~~T<1--i1,11111111> 
lO 12 .J=1,L 

---J-u·-rz-·-r=r;~ -- ---------
CALL R~AJX<VALJECI,J>> 
:;:J~TINJF 
DO .11 J=1 L 

. rJ RITE C L P, ~ J) J, (VALUE C I, J) , I: 1, N) 
:ONTINJE 
tlRi fF (LP,61) 

, 1 H , 

WRI TC ( l_ P, 40) :;)MMT - v-TRTTCrrP,-r.urc...oMIYif ---- -------------------------- ------ ----· 
..JRI TE C1_P, 40) COM~T 
~CTURN 
:No 

B-2 



u 
v 
,_, 
: .~ 
..... 

' I 

·,.J 

J 

J 

" . .J 

·'"' ,_.J 

17 

13 
?1 
?') 

?4 
12 
1 -~ 1 

14 

t 3 !1 
-~ t ll 
~2 il 

-~ 4 0 
l~IJ 

lS 

1S 

11 

?.0 
11 

~fAL VlLJE<N,L), ~ ~ A~CL> 
I N T E G E --~ -:: L i\ N < 
INT~CE< LI~;:C100) ,SYMBOL(!?) 
JATA SiM 30L /1rl1,1~2,1H3 9 1H4,t~5,1Hb,1H7,1H8,1H.,1H 0 ,1rl•,1H./ 
JATA f<LA\Jr( It~ I 
~PC=<R~A~-~~I~>/100 

-:TD-·l.T .. _, = 1 , 1 rru-·_:___::::_-'----- ---
LI~~(J)=~LA'J<. 
,...jRI ft ( LP, ~0) 
JO 11 IL=i,L 
J=-2 
J O 12 IN=t,N 
I=<V~LJE<I~,IL)- RMI~)/RPC 
IF<I-1) ?.1,?2,22 r= r- -----
IF<I-tJO> 12,24,24 
1=100 
LIN-( I) =3Y'1 ~0 L<IN> 
:1NTINU :=-
J=J +1 
IF<J> 15,14,15 
I=<M~A~<IL>-~MI~)/~DG - rn = r.r -- -- ---- - - - - -
IF<I-1> 210,220,220 
r~t 
IF(I-1 J 0) 120,240,24 0 
I= 10 0 
LINE< I) =SY'13JL(IN) 
:;o rJ 1~1 
I:;SO 
:;o· m~:lrr - ---- ---
vl ~ ~I f t: ( L P , 1 0 ) I L , L f N =-
JO 11 .J=1 ,100 
LI~E(J>=JLAN<. 
tJ~ITE<LP,20) 
FJR.~AT(1H0) 
FOR~AT<1rlO,I15,1SX,100A1> 

---- --·--- -- -- -· ---· 

---------- -- - - -

~[flJ~N 
=Nn -- -- -- --- ------ - -----

B-3 



..., 
v .... 
J 

SUdROUTINE iiSTOC VAL UE, N,RMEAN ,~I~T,NINT,NPTS,L P) 

- -:------------~,~R~r~s~,~~a~a~l~rr~.:E~~p~c~a~t~s~~~A~r~~~~ -~a~.~~~~~~~~J~F~I~A~t~N~N~u~r~1s~~~-- R~~~t~.~a~~~~~~~r~N~cu 

10 
") r.: 
~- ) 

201 

20 

30 

IN VALJF. fi~ iiSTJG~A~ IS CENTE~EJ AaOJT RMAEN 4NO ~AS ~I~T 
INTERVQL3 ~~~H OF SIZE RINT. TrlE NU~3ER FO S1UARES 
<OR CHARACTERS ) UNDER T~E HIST03R4M ARE NPTS AND THE 
LINFPRTNTEl JSEO IS OUTPUT NUMdE~ Lo. NOTE IF 1000 SlJA~E3 A~F 
JNQER THE ~JRVE ( ~PTS=1000 ) TH~N A~ INTERVA L 75 CHARA~TE~S HI~Y 
~f4~S ( 76•N ) I 1000 OF OF THE VALUCS ARE WITHI~ TH~T I~TrRVAL. 

---------- -------- --

RFAL VI\LUECN> 
INTE;E{ LI~E<100l 1 LAN<,3Y~30L,H=S DATA BLANK/1~ 1, ~YM80Litrl•l 
~oR~AT<lrl lF8.0,3~ I ,F8.0,14 ,100A1 
JO 2? J=l, 00 
LINECJ)=9LI\N< 
~INTI-i = NI~T•0.5 
lltSS-0 
~FS=100001'4PTS 
r'IRITE (LD, 201) 
F 0 ~ ~1 A T < 1 -t 1 , II II ) 
.-Jt<ITE<LP,20) YFS 
FO~MAT<1~0,21rlFULL s:ALE REP~E3EN T3,I5,39H 

1~ THAT INT=~vAL ) 
FOt~M.~ T C 1H1) 

PERC~NT JF R~SISTO RS I 

-- ·--- DO 24 I =It 'Jl'41 
JLCSS=fLE'.:i~ 
AINT=<I-~I~T~l~~I~T+RMEA~ 
JINT=AINT+~INT 

21 
72 

24 

IL~SS=il 
QO 22 J=l,-...J 
IF<V~LJE(J)-JINT) 21,22,22 
ILFSS=IL~S ::i+-1 
vONJI NU~ 
IVAL= CILcSi-JLESS)•~PTSI~ 
IF<IvAL-100) 27,27,26 
IVAL= 100 
IF<IV AL) 2~ 1 2a,zg 
JO z:s J=1,IVAL 
LT~c(J)=SY~90L 
::;ot~fiNJE 
ffR:Ti£\l .. --p , !lJT -n-r 1\fT , - 3TNT , L I N r:. 
00 24 J=1,100 
LINECJl=3LANI( 
t~RITE <LP, 30) 
~ETUR N 
::NO 

B-4 



J ---.--

12 

11 
20 
10 

SUHROUTINE SJ~SQ CVALUE,N,L,MEA~,SJ,LP) 

THIS ROUTI~E FINDS T~E MEAN ANJ STANDARD DEVIATIJN OF 
~FSISTJRSO~ :AC~ SUBST~ATE LISTS T~EM 0~ T~E LI~EPRI~TE~ 
< 0 0 T P 0 T L P ) 4 N ;] ~ E T 0 R N s T H ~ M I N A E AN AN D S 0 ( 8 o T 1 R E A L A ~ Rl\ Y 5T-
VALUECN,L>;o~T~INS T~E RESISTO~ VALUES. l SU8STRAT~S N R~SISTO~S 
::· A C ·i T -i F S J 3 ~ J J T I ~ ;:- S 0 -1 E A I S U S :: J 3 V T ii I S S U · J R 0 U T I N E 

~.EAL VALUEC'J,L} ,MEANCL) ,SOCL) ,SU3(1Q) 
~RITF CLP,20) 
JO 11 I=t,L 
DO 12 J=I,'J 
SUJ(J)=VALJE(J I) 
C A L l S ') ME A C S U ~ 1. ~ , S 0 < I > , ME A N C I ) ) 
fiRITE CLP 10)! MEAN(!) SiJ(!) 
FOR~4T<1~~,13~§U3STRAT~ ~0.,5X{4iHEAN,10X,10~STA · . D~V.) 
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ABSTRACT 

The possibility of radiation conversion enhancement 

with inhomogeneous converters has been investigated. Of 

particular interest is the radiation conversion in the 

neutron radiographic process. The investigation has 

centered on two techniques for enhancement. 

One approach relies on isotopic and density variations 

in the converter. An analytical inv~stigation has 

indicated that si~nificant ~nhancement can be achieved 

for gadolinium converters that are isotopically enriched 

with gadolinium - 157. Further investigation using 

linear spatial variations of both the thermal neutron 

cross-sections, I(x), and the electron attenuation 

coefficients, a{x), for a converter has produced 

enhancement as well. Enhancement values calculated with 

reference to a natural gadolinium converter foil 25 ~m 

thick were found to be in excess of 2 for some inhomogeneous 

converter confif.urations. 

A second a pproach to i~nhanced radiation conversion has 

been based on the field-enhanced secondary emission mechanisms. 

A natural gadolinium converter was used as a substrate for 

a low density granular insulator coating to produce a 

composite converter. Enhancement is obtained when primary 

internal conversion electrons produced in the (n,e-) reaction 

create secondary emission in the insulator. Insulators of MgO 

and KCl were investigated. The degree of enhancement 



was based on the amount of optical density observed in 

the exposed neutron radiographs. The MgO-Gd converters 

were found to have a positive optical density enhancement 

for increasing field values. However, a negative 

enhancement was observed for increasing, MgO thicknesses 

for thicknesses in the ran~e of 5 ~m to 15 pm. The 

KCl-Gd converters showed a positive enhancement for 

increasing values of KCl thickness. Optical enhancements 

of 0.5% per pm were observed for KCl thicknesses in the 

range 5 ~m to 30 MID• The effect of an applied electric 

field on the Gd-KCl converter was to produce enhancement 

at two potentials. A peak in the optical density was 

observed at 150 volts and another was observed at 600 volts. 

An i ncrease in optical density .of 18% was observed for 

the peaks. The effect of placing a thick protective 

layer of aluminum on the KCl coating proved to be 

disasterous for optical density enhancement. The ratio 

of optical densities for no coating to coating of 

alum i num was 2.2 for the 600 volt peak in the density 

curves. This effect indicates that the secondary electrons 

emit t ed from the KCl coating could be of very low en~rgy, 

poss i bly in the electron volt range. 
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1. INTRODUCTION 

Neutron radiography has been found to be a valuable 

tool in many areas of research and development. (l-3) 

The nuclear industry now employs neutron radiography 

for inspection and non-destructive testing of items such 

as reactor fuel material that could not be evaluated by 

convential techniques. The aerospace industry is rapidly 

increasing its use of neutron radiography, Poor resin

bondin~ in the aluminum honeycomb structures for aircraft 

can be detected using this technique. Neutron radiography 

can, in general, be applied as a nondestructive test method 

in many areas involving brazings, adhesives, gasket 

locations and electronic components to mention a few. 

Reasons for the advantages that neutrons exhibit in 

radiographic inspection are discussed in the next section. 

1.1. Principles in Neutron Radiography 

Neutron radiography can be applied to situations where 

the more conventional x-radiation radiography is inapplicable. 

The ability for neutrons to work where x-rays fail is 

based on the fact that neutron interaction with materials 

is considerably di£ferent from x-ray interaction. X-rays 

interact with the clouds of electrons surrounding the 

atomic nucleus. As the cloud increases in density it has 

a greater absorbing effect on the x-radiation. The density 

of the electron cloud is determined by the atomic number 



- 2 -

of the element; an increase in atomic number implies 

an increase in the electron density and a corresponding 

increase in the absorption of x-radiation. This effect 

is shown for 130 keV x-rays in Fig. 1 where the mass 

absorption coefficient is shown to be a smooth continuous 

function of the atomic number of the elements. 

The neutrons, however, interact with the nuclei 

and are relatively unaffected by the electron clouds. 

The interaction depends on the exact makeup of each 

individual nucleus and is independent of the atomic 

number as illustrated in Fig. 1. The extent of neutron 

absorption depends on the neutron cross-section for the 

material. This property of "random'' absorption can be 

used to identify elements that have a differing neutron 

cross-section but may be very similar in atomic number. 

It would be difficult to differentiate these elements 

using x-ray radiography. Neutron radiography can even 

be used to identify different isotopes of the same 

element that differ in neutron cross-sections. 

1.2. Imaging Technique 

In order to obtain a neutron radiograph of an object, 

a source of neutrons and a neutron detection system are 

required. First consider the source of neutrons. 



1-rj 
H 
Q 

§3 
tr:1 

I-' 

46-S ~4' It 2~ 04 

,...... 
s 
bD 

~ 
s (.) 5.0 I 0 WEVT;tOWS ([ I 

'-J X • .OStvl 
E-< . I I - \"Y> ( [ . llO ... I . u ~ I 9 I I •o.o 

u I L~ I I 
<;: I I I I 
'"' I I [§ I I I I 'I 

I 

~0 

u I I I I I ()-, .....-1'fl11 I ... 

z · ' 1 1 1 .:frn:•!tlt'H''''' 

0 

o.o I I · I rrf17,~:11 1 1d 11 1 1 1 1t 1 dl 
"" 1 I :r:r 1 I I I I IJ !;; I I I !11111 I lllllllltllllttll 
15 I I I 4rft tlttllll I ,, ltllitl'•· I Itt" ~ ·'

0 

1 yl f ,.(fl i It~ 11 111tllllt I q 
1
t
1

1111

1

tll"'i II 
' I 11 I i I .AI i I 1'"·11 ! I 11 tilt! I II I 

1
r 

1
1
1 1

1 tl I b I tl I II ~ I tD•I ,. c• A IIIII 1!11 11111111111 1 1,1
1
11ttll II! tl' 

;s 

1 

I tl I 

1 

A'ffi ! ll 1 lit I 1 I til I 1 1 I It I I lr, I I It I I II I I 
"'il I 

9 

eo p 1 t1li'i''1 1 1 ~ I l' itttttt'''' 1 tlJ 1
1

tldtl 11 ,

1
1
1
1 

ttlcl 1 « 
1
tfflt Itt lt 1 I~· lltlttlltl I I II II 11 I 

I ! : Uz..._, . . J.. 11 1,
1
, t;tl: 111 ~ 1tt 11tl I :A lq tlttlll"' I I t~L" till II II 1

11 

.,.....-- ; ;-r:rrrff ill ,
1 
tl I 1 1 I I ~ Ill I Itt I 1 11 1 llltlll 

1 

I I ! 11"
1
1 

l11 1"" til ~ ! ,);j~ : tl til i d 
1 
,; I I ~ II' 1 II I I II I I I lit Ill 1 I I I ! I I j).,l b, 1 II I I I 

I b! 1

1 

I I til If 1 cui loll ~ 1 I 1 I lit I I 1 I II 1 1,
1
,1 It I I I 1 

6

1 II 1 I ~ 1 I I 
I lt ~ I til !. I ! I I t1, d I I 'It 1 I I IIIII 1 I I I I I I 1 I Ill I I I I 

. ~ I~ d W1' ~ lt b! "i: :1: t'"' l l II I I;} tJ 'l '1' I I 11 I 1 til 
I 1d I ll.l ~ I I I b ti,: 'i"' I .. : :II I b ~.0 : I !. I Ylb T ~ : I I ,

1 

~ : 
I 16 I I I I"' I• I! I I I 1611 ~ w I I I 
I !. f I 61 tl !!.! I ~ ~~~ i I t~' : ! ! ·I •,• : d 
I b I I I I I II'' I I I! I I I ,.

1

. I 
I I I I I I . Sn 0 I ~ I I I I I> ("I 
I I I I : I !. J I I I OJ "'·· 

I I Co I I I eo I I l I J I ~· • l I 1 I I 1 I !, .! ~ •• T I b c. u. 
I 1 •• I I 

I 'H . ~ b 

.OOG 30 3; 'o 
.0002 .006 

ATOMIC NUMBERS 

I I 
I I 
l I 
I I 
I I 
I l 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I l 
I I 
I J 

n.l 
I u 
6 I 

b 

LO · 

.50 

.10 

.05 

Mass Absorption Coefficients of the Elements For Thermal Neutrons and 130 kev X-rays. 

I 
w 

I 



- 4 -

1.2.1. Neutron Sources 

Accelerator sources or isotopic neutron sources 

could be used for radiography. However, the neutrons 

obtained from these sources are primarily high energy 

and must be collimated and thermalized before they become 

useful. Thermal neutrons (0.01 to 0.3 ev) are more 

practical to use in radiography due to the fact that, 

although the cross-sections vary randomly with neutron 

energy, on the average fast neutrons have a lower cross-

section than thermal neutrons. 

The beam shaping in direction and energy that is 

required by the fast neutrons has a detrimental effect 

on the neutron flux. Accelerators have been able to 

produce fast neutron fluxes of the order 106 to 1012 

neutrons per cm2 per sec. but after collimation and 

thermalization the useable flux is reduced to typically 

105 neutrons per cm2 per second. 

A similar problem exists for isotope sources. Good 

isotopic neutron sources can yield of the order of 107 

fast neutrons per second for every curie of activity. 

This figure, however, is reduced by collimation and 

thermalization to produce a beam of thermal neutrons 

with a flux of the order of 102 to 103 neutrons per cm2 

per sec. for every curie of activity. 
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Nuclear reactors have been found to produce a very 

high thermal neutron flux and many reactors are capable 

of yielding a collimated thermal neutron beam with a 

flux of the order of 106 to 108 neutrons per cm2 per sec. 

These beams can be used to produce high quality neutron 

radiographs with good resolution capabilities. 

1.2.2. Neutron Detection System 

When the thermal beam of neutrons has passed through 

the object to be radiographed, the remaining neutrons in 

the beam determine the neutron image. One of the standard 

techniques for obtaining the neutron image is to employ 

a neutron converter and a photographic film. 

A neutron converter is required since the neutrons 

have little effect on the film emulsion. The thermal 

neutron beam passes through the object to be radiographed 

and is attenuated according to 

di (x) =-L I (x) 
dx t 

where I(x) is the neutron beam intensity and ~t is the 

macroscopic neutron cross section. The transmitted beam 

of neutrons then interacts with the converter screen. 

There are two converter techniques that can be used 

to obtain the radiograph. One technique is the transfer 

exposure method as illustrated in Fig. 2(A). In this case 

the screen is made of material such as silver or gold 
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that can be activated by the neutrons. The screen is 

activated to an amount corresponding to the neutron flux 

at each position on the converter. The activated 

converter is then removed from the neutron beam and 

placed in a cassette containing photographic film. 

The radiation emitted by the converter then produces 

an image on the film. 

Another technique for obtaining the radiograph is 

the direct exposure method as illustrated in Fig. 2(B). 

Instead of using a converter that is activated by the 

neutron beam, one uses a converter which emits prompt 

radiation and is not activated to any significant degree. 

Materials that can be used for this type of converter 

include lithium, cadmium and gadolinium. The prompt 

radiation is usually in the form of gamma radiation or 

electron emission. The neutron beam, after passing 

through the object to be radiographed, is incident on 

the cassette. The beam passes through the film with 

only a small amount of attenuation and then interacts 

with the converter to produce the prompt radiation. 

This radiation is detected by the photographic film 

to produce the neutron radiograph. 

The high resolution capabilities associated with 

the prompt converters has been established. (4 ,5) 
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However, the associated conversion efficiency presents 

some limitations on the degree of versatility that could 

be achieved in neutron radiographic investigations. A 

low conversion efficiency requires either an increased neutron 

flux or an increase in the exposure time or both to 

produce satisfactory radiographs. 

The possibility of increasing the efficiency of the 

radiatior1 converter must be considered a highly desirable 

alternative to either of these possibil1ties, First consider 

the conversion process in the converter. 

1.3. Gadolinium Converter Process 

Of specific interest is the conversion of the neutron 

image for the gadolinium (Gd) foil converters. The 

conversion process in Gd is illustrated in Fig. J. for 

a standard "backscreen" configuration. There are 

essentially two transport processes that must be considered 

for the converter. One involves the transport of the 

incident neutron to the point of absorption. At this 

point, the neutron is absorbed by the Gd nucleus and 

conversion radiation in the form of internal-conversion 

electrons is emitted. The second process involves the 

transport of this conversion radiation out of the Gd foil. 

The radiation is then free to interact with the film 

emulsion and produce the radiographic image. 
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2. CONVERSION ENHM~CEMENT FOR A VARIABLE DENSITY CONVERTER 

2.1. The Transport Model for the Converter 

The transport of neutrons and electrons in the Gd 

converter play an important role in determining the 

conversion efficiency of the radiographic process. Each 

transport phenomenon can be considered independently since 

the interaction of neutrons with matter differs dramatically 

from the interaction of electrons with matter. 

2.1.1. Neutron Transport Process 

The neutron beam is attenuated as it passes through 

the converter. The fractional attenuation per unit distance 

is given by 

d cpn ( X ) = - l: ( X ) cp ( X ) 
dx n 

(1) 

where tPn(x) is the space dependent neutron flux and L:(x) 

is the energy-averaged space dependent macroscopic 

absorption cross section for the neutron absorption process. 

The quantity dcp (x)/¢ (x) from equation (1) represents the n n 

fraction of neutrons that have penetrated the distance x 

into the converter without interacting and then interact 

in the distance dx. Clearly then the quantity L:(x)dx is 

the probability that a neutron interacts in dx and therefore 

can be considered as a probability per unit length for 

neutron interaction. Equation (1) can be intergrated 

directly to obtain an expression for the neutron flux 

X 

cp ( x) = ¢ exp (- J n no 
I I 

L: (X ) dx ) (2) 

0 
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where ¢ (x) is the flux of neutrons incident on the no 

converter. Then the probability that a neutron can move 

through a distance x without interacting is given by 

X 

J 1 I 
exp (- L(X )dx ) ( 3) 

0 

The probability that a neutron will move through the 

distance x and then have its first interaction in dx of x is 

then 
X 

f 
t 1 

p (x)dx = L(x) exp(- L(x )dx )dx 
n 

0 

(4) 

In the interaction of the neutron and the nucleus of 

the Gd atom, the neutron is absorbed and conversion 

electrons are emitted. If y represents the number of 

conversion electrons that are emitted for every neutron 

absorbed, then the probability that y electrons are 

produced in dx of x is just 

p (x) dx = yp (x) dx ne n 
X 

= y L ( x) exp (- J L ( x 1 
) dx 1 

) dx ( 5) 

0 

Equation (5) represents the transport of neutrons incident 

on the converter to the point of absorption and the 

subsequent production of conversion electrons. Now 

consider the transport of these electrons out of the 

converter. 
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2.1.2. Electron Transport Process 

'Phe transport of the electrons in the converter is 

characterized by an attenuation constant. The fractional 

attenuation per unit distance that the electrons travel 

in the converter is given by 

(6) 

where¢e(x) is the electron flux at the point x in the 

converter and a(x) is the space-dependent linear attenuation 

coefficient of the emitted internal-conversion electrons. 

Equation (6) can be integrated directly to yield the 

electron flux that reaches the x = o edge of the converter. 

0 

¢e(O) = ¢e(x) exp ( Ja(x')dx') 

X 

X 

= ¢ e ( x) exp (- [ a ( x ' ) dx ' ) 
0 

(?) 

Then the probability that the electron formed at dx of x 

will reach the edge of the converter is 

p (x) 
e 

¢ ( 0) 
e 

(j){X) 
e 

X 

= exp (- J a (x') dx' ) 

0 

(8) 

Equation (8) represents the transport of the internal 

conversion electrons from the point of neutron absorption 

to the edge of the converter foil as indicated in Fig. 3. 
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The two transport phAnomenon can be combined so that 

the probability that a neutron is absorbed in dx of x, 

produces internal conversion electrons, and the electrons 

ar1~ transported to the film ernul sion edge of the converter 

is given by 

p(x)dx = p (x) 
e • p (x) dx 

ne ( 9) 

X X 
= exp (- j a ( x 1 

) dx 1 
) y 2: ( x) exp (- j 2: ( x 1 

) dx ' ) dx 

0 0 

X 

= y 2: ( x) exp (- 1 [ 2: ( x' ) + a ( x 1 
) ] dx' ) dx 

0 

The total probability for the neutron-electron transport 

is a converter of thickness L is 
L 

P(O,L) = jp(x)dx 
0 

then given by 

L X 

(10) 

= y £ 2: ( x) exp (- / [ 2: ( x ' ) + a ( x 1 
) ] dx ' ) dx 

0 0 

Let the flux of incident neutrons onto the converter be 

<Pno· Then the electron flux reaching the film emulsion 

side of the converter is 

¢e(O) =¢no P(O,L) 

L x ( 11) 
= ¢no Y J 'L (x) exp (-1 [ L (x 1

) + a (x 1
) ] dx') dx 

0 0 

Equation (11) represents the conversion-transport phenomenon 

for a converter with a space-dependent neutron cross-

section and electron attenuation coefficient. 
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2 . 1.3. Conversion EQhancement Ratio 

Consider the possibility of increasing the efficiency 

o f the conversion-transport process by means of variations 

in the neutron cross section and electron attenuation 

coefficient. It is convenient to compare the spatially 

dependent composition converter with a reference converter. 

The reference converter, in this case, is one which has 

spatially independent attenuation parameters, i.e. 

and 

E(x) = 2: (12) 
r 

a(x) = a 
r ( 1 J) 

The electron flux for the reference converter is then 

detennined from equation (11) as 

X 

L:r exp(-J [l:r + ar]dx')dx 

0 (14) 

2: 
r 

= ¢no y (E + a ) (l - exp 
r r 

-[2: + a ]L ) 
r r 

This reference electron flux can be compared with the 

el ectron f l ux for the variable composition converter 

to evaluate the conversion enhancement attained. For 

this purpose, a conversion enhancement ratio, ~ 

can be defined. The enhancement ratio is given as 
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~ = 
¢ (o) 

e 

L X 

= <Pno y.J:l:(x) exp(-z[ l:(x')+ o.(x')]dx')dx 

<Pno Y (l:l:~o.) (1- exp[-[L +a ]L} ) 
r r r r -

L X 

/ L ( x) exp (- / [ L ( x ' ) + a ( x ' ) ] dx • ) dx 
(15) 

0 0 

Equation (15) represents the enhancement that can be 

obtained by employing a variable density converter; a ~ 

value greater than unity represents an increase in the 

conversion efficiency. 

2. 2. Nlodt~l Analysis 

The conversion enhancement ratio can be evaluated 

for converters with space dependent neutron cross-sections 

and electron linear attenuation coefficients. 

2.2.1. Unifonn Isotonic Enrichment 

First consider a converter with a uniform isotopic 

enrichment. This affects· the neutron cross-section of 

the converter but not the electron attenuation coefficent 

since the density of the converter foil is unchanged. 

Therefore for this case we have 

and 

L ( x) = L 

a(x) = a 
r 

(16) 

( 17) 
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The conversion enhancement is thus given by 

L: + a L: (1 - exp {- [ L: + ar]LJ) r r 1jJ ( ) ( L: = 
L: + a ) 1 - exp [-[L:r + ar]L}) r r 

(18) 

A standard gadolinium converter foil possessing the 

various gadolinium isotopes in their natural abundances 

is used as the reference converter. For such a converter 

it has been found that(J, 4) 

( 19) 

and 

ar = 0. 20 J.Un -l (20) 

yields generally v,ood agreement with experimental results 

if a thermal neutron source is used. 

Th~ conversion enhancement ratio as given by 

equation (1.8) has been evaluated for a rang·e of I. and a 

serjes of converter thicknesses. Hesults are shown 

graphically in Fig . 4. It is of interest to note that a 

significant conversion enhancement is possible with 

decreasing converter thickness. This does not imply that 

a decreasin~ converter thickness possessin~~ higher 

enrichment will contribute to an increased conversion 

enhancement when compar~d to some ~tandard natural 

gadolinium converter with a standard refer~nce 
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thickness, Lr• When the reference converter has a 

constant thicl~ness associated with it, the conversion 

~nhancem~nt ratio as given by equation (18) then becomes 

1/J = 
(L: +a ) 

r r (1-exp£-[L:+ar]L}) 

L:,. ( L: +a ) ( 1 - exp [- [ L: +a ] L } ) 
r r r r (21) 

The reference gadolinium converter fojl to be used in 

this analysis has a thickness of 

L = 25.4 ~m r 
(22) 

Results for the conversion enhancement ratio as defined 

by equation (21) for a range of I. are shovvn graphically 

in Fig. 5. An enhancement in ~xcess of ~ = 2.0 is not 

possible. However, the break-even point, ~ = 1, is possible 

for very thin and enriched converters. This clearly 

sur;gests that some gain in both conversion enhancement 

and resolution(5) are possible for thin but highly enriched 

converter foils. 

2.2.2. Linear Variations in Sigma and Alph~ 

In the preceding section the effect of uniform 

isotopic enrichment on the conversion enhancement has 

been evaluated. Consider, how, the effect of chanees 
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in material density as well. 

As a first approximation, consider linear variations 

in neutron absorption and electron attenuation with 

respect to position in the converter. Then 

and 

a(x) = a + a1x 
0 

(24) 

The conversion enhancement ratio can then be written as 

L 

f [ E + 2: 1 x) exp- [r I: + a ] x + [ L: 1 +a 1 ] x 2] dx 
( L: +a ) o . o o 2 

ljJ = r r ~0--------------------------------------
E 

r 
(25) 

Before this function can be evaluated, some realistic 

ranges for the variables must be defined. 

Consider the neutron cross-section. The largest 

value that this parameter can physically attain is 

associated with the isotope of gadolinium, Gd - 157, 

which has a cross-section of 

-1 
= 0.77 llffi (26) 

Then the range of values that L:(x) can have is given by 

0 < E(x) 
-1 

< 0.77 llffi (27) 
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The electron attenuation coefficient for natural 

gadolinium is given in equation (20) as ar = 0.2 ~m-l 

Ba~ed on this value the maximum a has been set to 

a max 

and a realistic range for a(x) is then 

0 < a (x) 
-1 

< 0.3 ~m 

(28) 

(29) 

Although the reference converter thickness has been 

maintained at L = 25.4 ~m, the conversion enhancement r 

ratios associated with converters having thicknesses in 

the range 

1 • 59 < L ( ~m) < 2 5 • 4 (JO) 

have been evaluated for the various converter parameter 

configurations as defined by equations (2J) and (24). 

Consider these configurations. 

Case Onez 

2: = a = 0 
0 0 

First consider a converter with a space dependent 

neutron absorption cross-section given by 

with 

2:(x) = 2:1 x 0 < X < L 

0 < 2: (L) < 2: 
max 

( Jl) 

( J2) 
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and an electron attenuation coefficient given by 

0 s X < L ( 33) 

with 
0 < a(L) < (J4) 

Physically this represents a converter with an increasing 

neutron absorption cross-section and an electron 

attenuation coefficient with penetration into the 

converter. 

The conversion enhancement ratio associated with 

this converter has been evaluated for the ranee of 

converter thickness of interest. The results for 

L = 25.4 ~m are given in Fig. 6. It has been found 

convenient to display the results in terms of the parameters 

LT and aT. They are defined as 

(35) 

and 

( 36) 

Results of the conversion enhancement evaluation for 

L = 12.7, 6.35, 1.59 Mm are found in Fig. 7, Fig. 8 and 

Fig. 9 respectively. 

For alJ converter thicknesses, the largest conversion 

enhancement has been obtained for large values of LT 

and small values of aT. 
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Case Twoa 
-1 

L: = 1.011 · a = 0 
0 ~ 1 0 

Now consider a converter with the following neutron 

absorption characteristic 

l: ( x) 0 < X < L (37) 

= 1.0 + LI X 

with L:(L) having the range of values given by equation 32. 

The electron attenuation is the same as defined for case 

one. 

The results for L = 25.4 ~m have been plotted in 

Fig. 10 for aT= O.J Mm-l and 0 ~m-1 • The conversion 

enhancement ratio reaches a maximum value of ~ = 2.42 

when a = T 
-1 

0 MID • Since with - 1 aT = 0.3 ~m the 

conversion enhancement reaches a value of ~ = 2.40, 

enhancement is relatively independent of the electron 

attenuation coefficient for this converter configuration. 

The effect of varying the converter thickness is 

il l ustrated in Fig. 11 for = 0 3 -l • urn As the 

converter thickness is decreased the conversion enhancement 

de t eriorates as well. However, the enhancement only 
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only decreases by 5% when the converter thickness is 

decreased from 25.4 ~m to 6.35 ~m. This indicates 

that for this converter configuration most of the 

conversion takes place in the initial 6 pm of the 

converter. 

Case Threez 

Consider now a converter that has a space-dependent 

neutron absorption cross-section given by equation (Jl) 

and equation (32) but with an electron attenuation 

given by 

-1 a. (x) = O.J Jlill + a. 1 X ( 38) 

with a(L) in the range given by equation (J4). Physically 

this represents a converter with an increasing neutron 

absorption cross-section with a decreasing electron 

attenuation coefficient with penetration into the converter. 

The conversion enhancement ratios associated with 

this converter configuration have been calculated for 

the range of LT and a T of interest. 

The results for L = 25.4 ~m and L = J.l? ~m are 

shown in Fig. 12. The shaded areas represent the family 

of curves for the conversion enhancement for the range 
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-1 -1 of oe. T from 0 1 3 J,tm to 0 pm The enhancement for 

this converter increases as aT decreases but never 

achieves an enhancement ratio in excess of ~ = 1.4. 

The effect of converter thiclmess on conversion 

enhancement is illustrated in Fig. 13 for -1 aT = 0 pm 1 

The best enhancement is obtained for converter thicknesses 

from 3 Jlrn to 6 Jlm. 

Case Fourz 

a = 0. 3wm -I 
0 

Next consider a converter with the space dependent 

neutron absorption cross-section given by equation (37) 

and an electron absorption coefficient given by 

equation (38). This physically represents a converter 

that has large neutron absorption as well as electron 

absorption on the incident neutron (x = 0) edge of the 

converter. The neutron absorption as well as the electron 

absorption then decreases with penetration into the 

converter. 

The results for L = 25.4 pm are plotted ~n Fig. 14. 

The shaded area represents the family of curves for the 

conversion enhancement for values of aT between 

The enhancement 
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ratio increases as aT decreases. The enhancement for 

this converter configuration is in the range from 

t/1 = 1.86 to t/1 = 1.88 for the values of IT and aT 

of interest. 

The conversion enhancement associated with converter 

thicknesses of L = 25.4, 12.7 and 6.35 ~m are illustrated 
-1 in Fig. 15 , for the case when aT = C ~m • This 

converter configuration is relatively independent of 

converter thickness for the values of thickness investigated, 

t he enhancement changes only by 

change from 25.4 p.m to 6.35 p.m. 

- 5% for a thickness 

2.2.). Effect of Converter Thickness on Conversion 

Enhancement 

The effect of varying the converter thickness has 

been evaluated for the various converter configurations. 

The results are summarized in Fig. 16. The space 

dependent neutron absorption cross-section and electron 

attenuation that is used to generate each curve is 

indicated in the figure. For all the curves the extreme 

variations in both these parameters were used to emphasize 

the effect of varying the thickness. For example, the 

converter in case one is identified by I 0 = a 0 = o. 

The extreme variation occurs when IT = 0. 7 ~m - 1 and 

aT = 0. 3 m -l The value of IT = 0. 7 I-'m -l was used to 

comply with the maximum value of the neutron absorption 



- :37 -
------------r---~~--~.---~--.---,---,---,---,----r---, ~ -

E cJ:) 
::l • 0 

"' • E N -::l 
L() 
("t') 

• 
l.O 

II 
...J w 

E • 0 
:J ~ 

...:t ..... 

~ 

L1J 
(/) 
<( 
u 

0 
0 • N 

F[G. 15. 

X 

0 
m . ....-

• LO 
N 
II 

...J 

..... -J IE E 
:::J J 

0 ("'") 

• • - 0 0 
II II II 

0 0 L-

W'6y;-

0 
cO 

• ....-

~. 
0 

N 
• 

0 

Case 4a Variation in conversion enhancement for 
various converter thicknesses for o{r = 0 Jlm -1 

I 

E 
:::J 
~ 

1-
~ 



- 38 -

-~X 
~__SJ <! X u 

~ 

jx 
(Y) (S 

~~X 
~~ 
·~··~ wEE \ 

2 ~ ::1. :J.. \ 
O:Ic-....N 0 u .. 
LL ...... oo 
...... 0::: II II 
zz~~ 
:::>W 

o. 0 
N • 

ril ' 011\ftf 1N3~3JN~HN3 

~ 

0 
N 

0 

,......, 

E 
:J.. 

........., 

.--(/) 
(/) 
w 
z 
X 
u ...... 
::r: 
t-

tno:: 
· W 
t-
0: 
w 
> z 
0 
u 

N . 

FIG. 16. Effect of converter thickness on conversion 
enhancement for the various converter 
configurations. 



- 39 -

cross-section for the gadolinium - 157 isotope. 

All curves of enhancement ratio versus converter 

thickness except for case three with I 0 = 0 and 

a 0 = 0.3 ~m-1 exhibited a positive slope. These curves 

tend to reach an asymptote for thicknesses less than 

or equal to 25.4 ~m. The curve case three reaches a 

maximum for a converter thickness near 4.5 ~m and the 

enhancement decreases for larger values of thickness. 

The curve for the uniform isotopically enriched converter 

is also given. This curve becomes asymptotic to 

w = 1.88 for thicknesses greater than 6 ~m. 

2.). Discussion of Results 

The conversion enhancement ratios for several 

converter configurations have been evaluated. Significant 

improvement in the conversion proc~ss is possible by 

increasing the neutron absorption cross-section for the 

converter material. Natural gadolinium is used for the 

converter at present. If the concentration of the 

gadolinium - 157 isotope is increased in the converter, 

an increase in the neutron absorption cross-section from 

~ = 0 . 14 J.L m -l to I = 0 • 7 7 ~ m -l is po s sib 1 e • 

The radiographic conversion process using a gadolinium -

157 converter has an associated conversion efficiency 

that is almost a factor of two better than a natural 

gadolinium converter. 
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For all the converter configurations investigated 

the enhancement ratio was improved by decreasing the 

value for the electron attenuation coefficient, a • 

This result coincides with anticipated results since 

this parameter re~resents a deterrant in the conversion 

process. It must be noted, however, that for case two 

and case four converter configurations, the effect of 

t his parameter is minimal. The feature common to both 

these configurations is ttte space dependent neutron 

absorption cross-section. On the neutron incident 

edge of the converter (x = 0) it has a very large 

cross-section ( I(O) = Imax). The fact that the 

electron att~nuation coeff icient is relatively 

insignificant for these configurations can be 

reasoned as follows. As the neutron beam in the 

radiographic process enters the converter, it encounters 

the very large neutron absorption material. The beam 

is attenuated significantly in the first few micrometers 

with very few neutrons able to penetrate to any depth 

into the converter. Hence, most of the conversion 

electrons that ar~ produced in the interaction do not 

have to travel far in the converter to escape and then 

are not affected to a large d~Free by the electron 

attenuation coefficient. 

Thi s poi nt is fur t her empha sized by the fact that 
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for both these converter configurations a decrease in 

the converter thickness from 25.4 ~m to 6.35 ~ has 

l i ttle effect on the enhancement ratio. 

Special mention should be given to the uniform 

isotopically enriched converter configuration. The 

enhancement ratio of 1.88 for a neutron absorption 

cross-section of 0.7 ~m-l represents a significant 

improvement over the standard natural gadolinium 

converter. The attractive element for this configuration 

is the availability of isot6pically enriched gadolinium. 

Such a converter can be readily fabricated and used to 

verify the enhancement ratios obtained with the model 

analysis. 
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). CONVERSION ENHANCEMENT BY El,ECTRON MULTIPLICATION 

J.l. Introduction 

The formation of a neutron radiographic image using 

a gadolinium converter is based on the emission of internal 

conversion electrons. The possibility of using these 

electrons to create showers of secondary electrons is 

a very appealing approach to the problem of conversion 

enhancement. 

The techniques and mechanisms for obtaining secondary 

emission using low density films of some insulators has 

already been investigated in reference to transmission 

dynodes and electron multiplication devices.(9)(lO) (11)(12)(13) 

Garwin and Llacer( 12~iscuss the mechanism for low density · 

films of Csi and KCl in which excited electrons produced 

in the KCl grains by the primary electrons diffuse 

through the film and are emitted as secondary electrons. 

Garwin and Llacer also found that there is a unique 

relationship between yield of secondary electrons and 

the surface potential of the KCl dynode as indicated in 

Fig. 17. This relationship is independent of the 

primary electron energy.and can be divided into two 

basic regions, region I and region II. The secondary 

yield in region one is determined by several phenomenon 

including mechanisms involving hole trapping, the drift 

of the electrons under the action of the electric field 
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produced by an applied surface potential and recombination 

of electron-hole pairs. It is anticipated that the primary 

ef fect that these mechanisms have is to enhance the depth 

f r om which electrons can escape thereby increasing the 

y i eld for secondary emission. 

In region two the slope of the yield versus surface 

potential curve is twice that of region one. This increase 

can be attributed to the continuing yield enhancement 

mechanism of region one but with an increasing fraction 

of the secondary electrons undergoing multiplication by 

a factor of two. 

Jacobs et al(~ have found that magnesium oxide 

secondary emission layers exhibit simiiar field enhanced 

secondary emission yields. Their results indicate that 

yields as large as 10,000 to 1 are possible with MgO. 

The mechanism responsible has been attributed to an 

avalanche type process. As the surface of the dielectric 

film is bombarded with primary electrons the surface is 

charged to a high potential. This produces a high field 

within the dielectric and electrons released within the 

material can then gain enough energy to liberate 

additional electrons. 

Experimentation using KCl and MgO secondary emission 

film has been i nitiated to investigate the possibility of 

employing these secondary emission electrons to increase 

the neutron i mage intensity in a radiograph. 

Consider t he experimental conditions for evaluation of 

this phenomenon as it is applied to the neutron radiographic 

process. 
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3.2. Experimental Conditions 

The Radiography Apparatus 

The two essential items required to obtain a neutron 

image are a source of neutrons and a detector to translate 

the transmitted neutron beam into an observable image. 

Neutron Source 

The reactor facility at McMaster University has been 

found to be a good source of neutrons for radiographic 

work. A vertical through-tube of cadmium having a length 

ol approximately 25 feet is used to transport thermal 

neutrons near the reactor core to the experimental area. 

The resulting neutron beam is well collimated and has a 

useful beam diameter of approximately 2.5 inches. 

The neutron beam intensity can be varied by raising 

or lowering the water level in the vertical through-tube 

as indicated in Fig. 18. The beam intensity is measured 

in terms of the level of radiation as observed using a 

SNOOPY neutron detector. The detector is placed on the 

floor of the experimental deck with its active surface 

in contact with the wall of the vertical through-tube. 

The radiation level at this surface increased as the 

water level in the vertical through-tube is lowered. 

Typical operating radiation levels for neutron radiography 

experiments are in the range 20 to 25 mR/hr. These levels 

have been found adequate for this investigation and 

exposures of approximately two minutes yields radiographs 
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FIG. 18. Schematic of the neutron vertical through-
tube radiography facility at the McMaster reactor. 
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with adequate film blackening. 

Imaging Apparatus 

The actual radiographs are obtained using a vacuum 

type x-ray film cassette. This cassette is commercially 

available by the name VAC-K-Set and can be evacuated to 

jO mm of Hg. 

The Cassette is loaded with x-ray film suitable for 

neutron radiographic applications, Kodac type AA double 

sided· film has been used for these experiments. The 

cassette is also fitted with the gadolinium converter screen 

containing the appropriate secondary emission layer. Field 

plates of aluminum are also placed inside the cassette. 

These plates are used as electrodes to create surface 

charges appropriate for the secondary emission layers. 

· . - . An illustration of the cross~seetional view for a loaded 

cassette is shown in Fig. 19. The field plates are 

connected to a power supply (JKV range) to create a static 

electric field. A cardboard mask is placed between the 

x-ray film and the field plate as illustrated for two 

reasons. The mask protects the secondary emission layer 

from the x-ray film when a vacuum is introduced into the 

cassette. It also serves to decrease the applied electric 

field in the volume between the plates except in the region 

cont aining the converter and secondary emission layer. 
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The SecondarY Emission Converter 

The converter for these experiements consists of a 

substrate of natural gadolinium metal and a secondary emission 

layer of either magnesium oxide (MgO) or potassium chloride 

(KCl). The gadolinium substrat~ is a foil having 

dimensions of 2.5 centimeters square and a thickness of 

approximately 25 microns. 

The secondary emission layer is vacuum deposited onto 

the substrate. The surface of the gadolinium is first 

prepared by depositing a thin layer of aluminum less than 

100 angstroms thick. This layer is then oxidized to provide 

a layer of aluminum oxide that is to increase the adhesion 

of the secondary emission layer to the gadolinium substrate. 

The secondary emission layer is deposited to have a deposited 

density in the range 0.10 to 0,25 per cent of the normal 

material density. 

Various thicknesses of the secondary emission layer 

can be achieved on a single gadolinium substrate. This 

is done by first depositing a layer of the material over 

most of the substrate surface, and then masking off 

a band of substrate so that any subsequent depositions 

do not occur in that band. In this way several bands 

of different thicknesses for the secondary emission layer 

can be achieved. An example of the secondary emission 

converter produced using this technique is illustrated 

in Fi g. 20, In this converter there are three different 

thicknesses of magnesium oxide material. One band consists 
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of a single deposited thickness of the magnesium oxide 

while a second band consists of double the thickness 

and the third band is three thicknesses of deposited 

magnesium oxide. Such a converter can be used to 

evaluate the effect of thickness of the secondary 

emission layer independent of experimental variables 

such as exposure time and neutron flux. 

Now consider the techniques that have been used 

in evaluating the conversion enhancement obtained with 

the secondary emission converter. 
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).). Enhancement Evaluation Techniques 

j.j.l. Process for Obtaining a Radiograph 

A standardized approach for obtaining the radiograph 

was developed to minimize the effects of variation in 

experimental parameters that can be introduced from one 

exposure to the next. One of the most critical parameters 

that should be kept constant when a comparison of exJosures 

is required is the exposure time. 

A routine for placing the cassette onto the holder in 

the neutron beam, turning on the high voltage for the static 

field, exposing under high voltage, turning the applied 

voltage off and removing the cassette from the beam was 

determined. An evaluation of exposure times with a 

~sNOOPY" radiation level of 20-25 mR/hr on contact with 

the vertical through-tube wall revealed that a total 

exposure of 2.0 minutes was adequate for converter 

enhancement evaluation. It was also found that 15 seconds 

was required for incrementing the high voltage power ~upply 

to the maximum required value. Injection and removal time · 

of the cassette to and from the neutron beam was neglible 

compared to the total exposure time. This left 1.5 minutes 

for exposure at the designated field conditions. 

The x-ray film was loaded and unloaded in dark room 

faci l ities in the reactor hall. Facilities for producing 
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a vacuum of 29-JO millimeters of mercury were also 

installed in this dark room so that the entire loading 

process could be achieved in a minimum of time. The 

exposures for each experiment were processed as a batch 

to minimize variations introduced by different developer 

conditions. 

The resulting radiographs had light areas and dark 

areas depending on the neutron-electron interactions in 

the gadolinium substrate and t~e electron-electron 

interactions in the secondary emission layers. These 

radiographs must be evaluated to determine the enhancement 

obtained. 
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).).2. Radiograph Evaluation Technique 

A typical radiograph is illustrated in Fig. 21. 

Without the converter a background beam shape as indicated 

in Fig. 2l(a) is obtained. This shape is determined by 

the cadmium vertical through-tube. The image is produced 

by interaction of neutrons with the film and through 

(~,¥) reactions that occur when neutrons pass through 

the x-ray cassette. When the converter screen is used 

additional film blackening is produced. 

Some care must be taken· in evaluating the degree of 

film blackening that is caused by a differ~nce in the 

converter composition. It has been observed that the 

background beam does not produce a uniform blackening · 

over the entire shape of the beam. A way to overcome 

th i s problem when comparing the same area of different 

radiographs is i l lustrated in Fig. 2l(b). 

The process is based on the fact that once the beam 

shape has been defined, it remains relatively constant. 

The beam changes shape only if the position of the vertical 

through-tube is altered; this position is not altered for 

normal operating conditions. 

Reference points or areas can be defined on the 

rad i ograph to be inve8tigated relative to the beam shape. 

The intensity of a transmitted light beam at these reference 

points or areas can then be compared from one radiograph 

to the next. 
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Transmission intensities can be measured quickly by 

using a portable densitometer on a light box. The position 

"A" in Fig. 2l(b) is used as the unity transmission 

reference point. 

A more accurate way of measuring the intensity of a 

transmitted light beam is to employ a scanning microscope 

densitometer with a strip chart recorder. Two techniques 

for comparing radiographic results on the scanning 

densitometer have been developed. They area 

(1) Reference Intensity Technique 

(2) Scan Comparison Technique 

Both techniques have some common features. If care is 

taken so that the film in the cassette is essentially in 

a constant position for all exposures and the cassette is 

in a fixed position relative to the neutron beam, then 

reference points such as Al, A2, Bl, B2, Cl and C2 in 

Fig. 2l(b) can be determined for each radiograph. 

Scans between reference points Al and A2, Bl and B2 and 

Cl and C2 can be recorded and evaluated according to one 

or both of the techniques listed above. Consider now, 

the reference intensity technique. 

Reference Intensity Technique 

The microscope densitometer is set up to scan 

between the reference points. The gain of the densi

tometer is set at a constant value. The only adjustment 
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made in the densitometer system is the zero adjust on 

the strip chart recorder. The process for taking results 

then is 

(1) Define reference points on radiograph. 

(2) A reference density plate is positioned in the 

beam of the densitometer to indicate a relative 

zero position. The reference plate is then removed. 

{J) The radiograph to be analyzed is placed in the 

densitometer beam and lined up for a scan from 

one reference poirit to the next. The radiograph · 

is scanned. 

(4) Should the strip chart recorder go off scale, 

an estimate of the compensation required to 

bring the pen back on scale is obtained. The 

reference density plate is put into the densito

meter beam and the zero is adjusted. The new 

zero position is noted and the scan is repeated. 

In this way a different technique can be employed to 

obtain relative density values for radiographs. This 

technique also enables comparison of densities in specific 

areas of the radiograph with more accuracy than using 

a portable densitometer. 

Scan Comparison Technique 

This method makes use of the reference points on the 

radiograph as well as the profile of the scan obtained 

us i ng the reference intensity technique to obtain 
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data on densities of a particular radiograph referenced 

to another scan. The comparison is usually made between 

a background scan taken from a radiograph made without 

a converter in the cassette and the radiograph under 

investigation. When comparing .scans, the most important 

features to be considered area 

{1) Area of the scan representing the background

converter interface {i.e. the rise and fall 

edges of the scan). 

(2) Peaks of the scan associated with the reference 

points. 

{j) Background in the scan. 

Once these items have been matched for each scan, then a 

comparison of the amplitudes of the density can be 

obtained for any region across the scan. Fig. 22 

illustrates the application of this approach to comparing 

results. Two peaks on the scan are obtained for the 

reference points placed on the radiograph. The remaining 

contribution on the scan is due to the converter. The 

two reference peaks and the rise and fall edges of the 

converter contribution are matched for the traces to be 

compared. Then a comparison of the scan amplitudes for the . 

different areas of the converter can be directly determined. 
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j.4. Results 

j.4.1. Magnesium Oxide Coated Converters 

The gadolinium magnesium oxide converter was 

investigated with reference to thickness of MgO coating 

and applied electric field. The MgO coating had three 

areas of different thicknesses similar to the converte~ 

illustrated in Fig. 20. The exact thickness of each 

layer was not known but the ratio of layer thickness was 

approximately 1 a 2 a ). A comparison of this coating 

wi th subsequent MgO converters indicated an approximate 

thickness of the layers to be 5 a 10 1 15 ~rn. 

j.4.l.{a) Positive Applied Potentials 

A series of exposures were taken with a positive 

potential applied to the field plate containing the 

Gd MgO converter as indicated in Fig. 19. A plot of 

the optical density for the MgO layers as measured with 

the portable densitometer versus the applied potential 

is found in Fig. 23. The density recorded for region 

one corresponds to an area of the converter where the 

MgO layer had fallen off and the Gd substrate was 

exposed. Region two was an area in th.e band containing 

three thicknesses of MgO and region three was in the 

band containing one thickness of Mgo. 

All curves of density versus positive applied 

potential produced negative sloping results. The 
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density as a function of MgO thickness also produced 

a negative sloped curve. However, the density using 

the portable densitometer contains background contributions 

as well. If this contribution is not uniform over the 

entire converter, then a comparison of the density 

associated with the various MgO thicknesses can be 

misleading. 

Density values were obtained using the reference 

point technique for the same series of radiographs. 

The results are shown in Fig. 24 for the range of _ 

applied potential of interest. The density is recorded 

in arbitrary units. In this case region one, two and 

three correspond to one, two and three thicknesses of 

MgO. The optical density depreciates with increasing 

converter thickness in these results as well. In the 

range 0 to 400 volts applied potential a small 

enhancement of the density is observed. However, for 

applied potentials greater than 600 volts a negative 

slope is again observed. 

The same scans used in evaluating the radiographs using 

the reference point technique were subjected to the scan 

comparison technique. The results are shown in Fig. 25. 

Negative effects on the density are again observed when 

either the converter thickness or the applied potential 

is increased. 
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).4.l.(b) Negative Applied Potential 

The potential applied to the field plates was 

reserved and a second series of exposures were taken 

using the same Gd MgO converter. A plot of optical 

density as measured with the portable densitometer 

versus applied negative potential for the results is 

found in Fig. 26. Negative effects on the density 

with increasing MgO thickness and applied potential 

were observed. 

The radiographs were also subjected to the 

reference point and scan comparison techniques. 

Results for the reference point approach (Fig. 27) 

indicates a peak in the optical density for all three 

MgO thicknesses in the 800 to 900 volt region of the 

applied potential. There is also a decrease in density 

with increasing converter thickness for these results. 

Results for the scan comparison technique (Fig. 28) 

indicates a positive contribution to the effective 

opt ical density by the applied potential. The effective 

density at a potential of 1400 volts is nearly 10% better 

than for the zero voltage case. Better optical density 

is still obtained, however, with the thinner MgO coatings. 
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J.4.2. Potassium Chloride Coated Converter 

A piece of gadolinium about one square inch in 

area and an approximate thickness of 25 microns was 

used as the substrate for the KCl converter. Layers of 

KCl were deposited onto the gadolinium surface with a 

0.1 - 0.25% of nominal density to produce a composite 

converter as shown in Fig. 29. Part of the converter 

was covered with a thin (0.5 to 2 lliD) layer of 

aluminum to protect the KCl layer and retard the 

hygroscopic process that the salt coating is subject to. 

The converter was installed in the vacuum cassette 

and neutron radiographs were taken for a series of 

applied field potentials. Both positive and negative 

voltages were applied to the field plate on which the 

Gd-KCl converter was mounted. 

Readings of the density were obtained for four 

areas of the exposed radiographs using the portable 

densitometer. These areas are indicated in Fig. 29 

and the results are shown in Fig. 30 for areas (1) and (2). 

The results indicate that there is no apparent consistency 

between applied voltage and radiographic .density. Howev~r, 

when these results are plotted as a function of the 

number of exposures to the neutron beam (Fig. Jl) a 

trend is observed. The density decreases linearly with 

exposure to the neutron beam. A possible reason for 

this effect is radiation damage in the KCl but only 
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experimentation outside the scope of this paper can 

confirm this assumption. 

Further evaluations were considered with this radiation 

effect noted. The scan comparison technique was used to 

evaluate the effect of the aluminum protective coating 

on the density. Results for a scan across the middle 

region of each radiograph that corresponds to hscan A" 

indicated in Fig. 29 are shown in Fig. )2. The ratio 

of densities for no coating/coating was used to compensate 

for the effect of neutron exposure. There is a peak in 

the density ratio for an applied voltage near 600 volts. 

The ratio is greater than unity indicating that the 

extra aluminum coating has a detramental effect on the 

optical density. 

Further scans on the radiographs were done to 

investigate the effect of KCl thickness on the optical 

density. A scan across the three KCl thicknesses in 

t he region of the converter with no protective aluminum 

coating (scan B in Fig. 29) revealed a positive 

contribution to optical density with increasing KCl 
f 

thickness. As indicated by the results (Fig. 33) there 

is also a positive contribution to the optical density 

due to the applied potential. A peak in the density 

ratio was observed with a negative applied potential of 

600 volts. 
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FIG. JJ. Effect of KCl thickness on Optical Density 
for a Gd-KCl converter with no protective 
Al coating. 
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Similar calculations were done for a scan across 

t he three KCl thicknesses in the region of the converter 

with the protective aluminum coating. These results 

also indicate a positive contribution to the optical 

density with increasing KCl thickness. However, results 

for the effect of the applied . potential on the optical 

density (Fig. J4) are scattered to the point where any 

correlation between applied potential and optical density 

is minimal. This can be eliminated in future experimenta

tion by omitting the protective aluminum coating on the 

KCl layers. 
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FIG. )4. Optical density of region with J layers of KCl 
relative to the density in the one layer region for 
a range of converter potentials and Al protective 
coating. 
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4. SUMMARY AND CONCLUSIONS 

The possibility of enhancement in radiation 

conversion has been investigated for two approaches. 

One approach deals with a theoretical evaluation of 

enhancement for a converter with isotopic and density 

variations. 

A model for the radiation conversion was generated 

and the model was used to evaluate the enhancement for 

linear variations in electron linear attenuatlon 

coefficients and neutron cross-sections with respect 

to position in the converter. The results for several 

different converter configurations revealed that 

enhancements in excess of 100 per cent were theoretically 

possible. The largest enhancements were predicted for · 

converters with high neutron cross-sections and lGW 

electron attenuation coefficients. A positive 

contribution to enhancement was also observed when the 

converter .thickness was increased from 6 to 25 pm for 

all configurations except the converter with increasing 

neutron cross-section and decreasing electron linear 

attenuation coefficient with penetration into the 

converter (Case 3). Enhancement for this configuration 

had a maximum value of 1.19 for a converter 5 ~m thick. 
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The remaining configurations reach their asymptotic 

(maximum) enhancement for converters near 15 pm in 

thickness. The model predicts that converters of 15 pm 

thickness should have the same enhancement as thicker 

converters. 

These results can be used to optimize a converter 

for enhancement. The converter should have as large 

a neutron cross-section as possible on the incident 

edge of the converter. The converter should have 

a minimum electron attenuation and a thickness of 

15 to 20 pm. Then , depending on the space dependence 

of the various parameters, the converter should be 

capable of enhancements from 60 to 100 per cent over 

the present state-of-the-art converter. 

A second approach to enhancement in radiation 

conversion has been based on the field-enhanced secon

dary emission mechanisms. Low density MgO and KCl 

layers on a natural gadolinium substrate were evaluated 

experimentally for enhancement. The degree of 

enhancement was based on the amount of optical density 

observed in the exposed neutron radiographs. The 

MgO-Gd converters were found to have a positive optical 
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density enhancement for increasing field values. 

However, a negative effect on enhancement was observed 

for increasing MgO thicknesses in the range 5 pm to 15 pm. 

The KCl-Gd converters showed a positive enhancement for 

increasing values of KCl thickness. Optical enhancements 

of 0.5% per pm were observed for KCl thicknesses in the 

5 pro to 30 ~m range. The effect of an applied electric 

field on the KCl-Gd converter was to produce enhancement 

at two potentials. A peak in the optical density was ob

served at 150 volts and another was observed at 600 volts. 

An increase in optical density of 18% was observed for 

the peaks. The effect of placing a thin protective 

layer of aluminum on the KCl coating proved to be 

di sastrous for optical density enhancement. The ratio 

of optical densities for no coating to coating of ' 

a l uminum was 2.2 for the 600 volt peak in the density 

curves. This effect indicates that the secondary 

electrons emitted from the KCl coating could be of 

very low energy, possibly in the electron volt range. 



REFERENCES ' 



1. 

2. 

4. 

6. 

a. 

10. 

11. 

12. 

- 81 -

H. Berger, "The Present State of Neutron 
Radiography and Its Potential", The President's 
Honour Lecture, Non-destructive Testing Society 
of Great Britain, Sept. 9, 1971. 

L. w. Dalke, "Neutron Radiography - Its 
Capabilities, Limitations and Applications•, 
N.E. 599, December 6, 1967. · 

H. Berger, "Now N-Rays Show What X-Rays Can't", 
Popular Science, June 1971. 

M. Mullner and H. jex, "Converter Thickness 
for Optimum Intensity in Neutron Radiography", 
Nucl. Inst. Meth., !QJ, 229 (1972). 

A.A. Harms and G.R. Nonnan, ••The Role of 
Internal Conversion Electrons in Gadolinium
Exposure Neutron Imaging'', J. Appl. Phys. , 
~. 3209 (1972). 

B.K. Garside and A.A. ~arms, "Detection 
Process in Neutron Radiography", J. Appl. 
Phys., !±£, 5161, ( 1971). 

J.R. Lamarsh, Introduction to Nuclear Reactor 
Theory. New Yorka Addison-Whesley, 1966. 

A.A. Harms,B.K. Garside and P.s.w. Chan, 
"Edge-Spread Function in Neutron Radiography", 
J, Appl. Phys., ~' )86) (1972). 

H. Jacobs, J. Freely and F. Brand, "The 
Mechanism of Field Dependent Secondary Emission", 
Phys. Rev., ~. 492 (1952), 

D. Dobischek, H. Jacobs and J, Freely, ''The 
Mechanism of Self-Sustained Electron Emission 
from Magnesium Oxide", Phys. · Rev., ]1, 804 (1953). 

J, Johnson and K. McKay, "Secondary Electron 
Emission of Crystalline MgO .. , Phys. Rev., .21 
582 ( 1953). 

E. Garwin and J. Llacer, "Mechanism of Secondary 
Emission and Single-Particle Statistics from 
Low-Density Films of Alkali-Halides", 
J. Appl. Phys., ~' 1489 (1970). 



- 82 -

References (continued) 

13. Hideo Ito and Shigetomo Yoshida, "Energy 
Distribution of Transmitted Secondary Electrons 
from Porous KCl Films••, Japanese J.Appl. Phys., 
11· 1454 (1972). 



APPENDIX A 

FORTRAN STATEMENTS 

for 
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PROG~AM TST CINPUT,OUTPUT,TAPE5=INPUT,TAPE&=OUTPUT) 
---~CDMli.oN --- S-IGO,-SIG1, --ALPHA1.ALPHAO ------------------------

EXTERNAL FJN 
c C------------------ VARIABLE COHPOSITION CONVERTER -----------------
C 

802 

100 
102 
c 

SIG0=1. 
ALPHA0=0.3 
CONTINUE 
~ § k ~~fit*~; lsx- ._---N E U TR 0 N P~ A 0-:-I 0 G R __ A_P_H_Y ___ _ O_A_L_T:--0-N_H_O_L_S_O_N __ "_l __ _ 
FORHAT<1HO,I// ) 

c------------------ ALL LINEAR UNITS AR~ IN MICRONS 
c 
c ------------ ZR IS THE REFERENCE CONVERTER LENGHT 

800 
c 
c 

ZR=25.4 
S I G C =_D .._1_'+ 
ALPHAC=0.2[) 
Z=6.35 
SIGMAX=1. 
ALMAX=0.30 
CONTINUE 

-- ·------------

__HRLIE_ CfL,__3_0_1J___ _ __________________________ .. _______ . 

soo 
WRITEt6,302> ALPHAC, SIGG, ALPHAO, SIGO ,z 
WRIT£U),500) 
FORHATC1H0,6XtALP~A1t3XtSIG1t&XtFIFTHtqxtRUHt7XtNOt4XtYt4X 

1 tALPHATtJXtSI~Tt 5XtPSI~ II ) . 
SIGMIN=-SI:;Ot!.. 
Alt1IN=-ALP:-iAOIZ 
OALPHA=ALM~X/C 5.•z> 

___ --4J-D.._.._S~I_,.,._G MlLc.=__5_I_G_'iAX I ( 2Jl.__¥: ZJ 

3 

A=O. 
BIG=Z 
FRROR=0.1E-06 
ALPHA1=CAL~AX-ALPHAO>IZ 
CONTINUE 
ALPHAT=ALP~AO+ ALPrlAt•z 
SIG1=<SIGM~X-SIG0)/Z 

C ----------------- CALCULATE CONSTANT C1 ANO C2 -------------------
C 

C1A=SIGC+ALPHAG 
C1u=(1.-EXPC-C1A•ZR>)•SIGC 
C2=C1AIC1d 

1 COt\tTINUE 
IF<<SIGl+ALPrlAt>.EQ.O.) GO TO 400 

---U----- - ------ ----------
c ----------------- C4LL INTFG~ATION FUNCTION c 

Y=SQUANKCA,3IG,ERROR,FIFT~, ~UM,NO,FUN> 
c 
G ----------------- CALCULATE THE VALUE FOR PSI --------------------
C 



200 
400 

2 
30 0 
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S I G f := S I G 0 + S I G 1'" Z 
li RI T E--C & , 2 0 0 ) -- A l P H A~ , S- I G 1 , f I-F! H t R U M , N Q , Y --tA-b-P-H l\ T , S I G T , P S I 
FORMAT<1HO,F12.5,F8.5,2E13.4,I~,3F8.?,F~.5 ) 
SIG1=SIG1- D SIG~A 
IFCSIGl.LT.SIGMIN) ;o TO 2 
GO TO 1 
WRITEC~,30D) 
FOR.MAT<1H1) 
WRITEC G,102) 

·---·.W-RIT£lfl__, .3. U 1 l -------- - - __ ---
30 1 

302 

FORMAT<1rl0, II,SXtALPHAGt10XtSIGCt1tXtALPHAOt10XtSIGOt10X 
1 tLENGTHt) 

WRITf:Cf>,J02) ALPHAC, SIGC, ALPHAO, SIGO ,z 
FORMATC1rlO,F10.2, F15.2, F16.3, F15.3,F15.2// ) 
WRITE(f,,5Q0) 
ALPHA1=ALP1A1-0ALPHA 
IFCALP HA1.LT.ALMIN) GO TO 4 

_ _ -'-J-r Q_LO __ 3 ______________________ _ 
4 CONTINUE 

WRITEC6,300) 
Z=Z/2. 
IFCZ.LT.0.3) STOP 
GO TO ~00 
END 
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CASE ONE RESULTS : o< =~ = 0 
0 0 

o( 

0 X L 0 X L 



NEUTRON RAOIOGRA?H¥ DALTON MOLSON 

~A-e--------- S·Ii;P. 8i ~~-tAn ~TF.A I I="Mt·T~ 

.20 .14 a.uoo o.ooo 25.lt0 

ALPHA1 SIG1 F I FT rl RUM NO '( ALPHAT SIGT PSI 

.G1181 .C-3937 -.1744::-J? .iOOCE- ;)6 161 • 76 92 3 .30000 1.00000 1. 86 .845 

.J1191 .03740 -.197uE-u7 .lDOOE-06 161 .76000 .3oouu .-j5000 1.84o04 

• 01181 .03543 -.2:J44.C::-Q7 .1000E-J6 157 .75000 .Jooou .goooo 1.82175 

--· .. -9-1-1~-l---.-ff-J-J-4-o------.--1-fr2--1-€-----G-l---y-i--€HHJ-€---t:-&- --1~---+-3--913 • J~~S-U-ti0-----1-.. 1-9-9 3~--

.01181 .u3150 - • 3 tD 64- c:- 0 8 .1uOuE-ub l. 57 • 72727 .30000 .aouoo t • .76o55 

• 011t:i1 .02953 -.7191E-08 .1000£-06 157 .71428 .30000 .15000 l. 7-i500 

.01181 .02756 -.52·07C:-08 .1000£-0b 153 • 700()0 .30000 .70000 1. 70 030 
I 

----~--1--1--6-·1-- ----~q -. 1 d~j iJ?E-~ .10~-41 .o/3'•21 .~ocoo .~4- 1.b5191t ():) 

• 01181 .02362 -.3019~-0d .1000£-06 133 • 6666& .300JO · .oOOuO 1.61932 
\J\ 

I 
.01181 .021b5 -.12 3-JE-09 .tOOOE-86 133 • 64705 . • 30000 • 55000 1.57168 

• 01181 .01969 -.1031C:-07 .1oooE-u6 133 .62498 .30000 .50JOO 1.'31807 

--·..-fJ-1+~1--4l-l-l+-2---~-..4.-g.J.O..:: - 0 7 • 1 G 0 0 ~ 1 • 5 g g 9 6 • 3 0 Q Q IJ • 4-S-0-~l • ~ 5 7-3-0--

.01181 .01575 -.26S4t:-J7 .lOJJE-06 105 • 57135 .30000 .~00()0 .1..38781 

.01181 • 0 13 7 8 -.1374E-07 .lOOOE-06 101 .5.3832 .3ooao • 3 5 00 0 1.30758 

.01181 .D11J31 -.1738£-07 .1000£-06 105 .'+9975 .30000 .30000 1. 21 3<31 

--.-G1181 .• 00984 - -~-----94-- .1000~-06 105 .La5412 • 3Q D 0 C .2~0Q 1 • .liJ 307 

.01131 • 0 07 B 7 - • 13:9 9 E- 0 7 ·1000£-06 9 /7 •. 39930 • 30 0 0 u .200u0 • 96 990 

• 01181 .OG591 .11·96£-08 .1000£-06 89 .• 33 22J ., .. , ..• ! o oa o . • 15000 . • au 70 0 

.01181 .iJ0394 -.1079E-08 .1000£-06 77 • 248lt5 .30000 .10000 • 60 34f 

.01181 . • -&H-9-7- ~-7-gJF-07 -1uOOE-06 ~7 .1~41A .~Aonn .nsnnJ .]~29~-

.01181 U.GJOOO 0 • .toaoE-06 9 u.ooooo .30000 o.ooooo o.ooooo ' 
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CASE TWO RESULTS : ~0=1.0 r:A
0
= 0 

o( 

0 X L 0 :x. L 



L' " '- I u : •J l\11 t) L . .J 0 N 

A l P i~ A C S T r: C A L PH A 0 S I G 0 L E N G T H 

.2o .J4 o.ouo 1.ooo 25.40 
---- ------- ---·------- - ----- ---- ----·- - -

A L :.J H A J S T G 1 F I F ·p-1 ~H H-1 N 0 Y A I_ P 1-1 1\ T S I G T P ~ I 

. :. l_l H l u .D CGOO -.1 9571:·. - ! 7 .l o 0f1 E-Of-l 197 .9AH5A .3()1')00 1.00000 2.40127 
~ -------- ----- --------·- --- ---- -- - --------------------------------------------------------- ------- --------- --------- -----------

. ; 1 :1 1~1 :- . n• 1 J9l -.4;..> ·, /1-_- u l .1nor1 E-ot-. 1q7 .qR85? .3oooo .gsnoo 2.4011? 

• ~· ., , , - • r1 : ~ 3 9 4 - • ? 2 ·-~ ( 1 r·. - ! -~ l • 1 n o o E - D A ? n 1 • q 8 8 4 6 • ] 0 n o o • 9 o 0 o o ? • 4 o r. 9 1 

1 1 H .1 - ! () ( (,) 9 1 - • t 7 1 ~~ c - ; : 1 • 1 n n o F. - o r. 2 o ~ • 9 P n 3 9 • 3 n n o o • 8 s o o o 2 • 4 o n a 1 

--~ -t~ _!_~~~ . --~ -~ - :j ._; ~~~~!- ___ _:_:_~ 1 ~) -~-c --~-- - -----~-~c r, oE: o ~-l n5 __ • ?8~~!_·_:~ on o o --~-~~o o o 2. 4 o o 6c; 
• \--, I l d ) - • n . , q n t• - • l l ~, S t. - , ) f • 1 0 0 0 E - 0 fl 2 0 5 • 9 R 8 2 6 • 3 n 0 0 0 • 1 5 0 0 0 2 • 4 0 0 4 R 

• ·: 1 1 ~.~ 1 .... n 1 1 R 1 - • 1 H ~ ') l- !J 1 • 1 on n E-o,.., ? o s • 9 8 8 1 9 • 3 on o o • 7 o o o o 2 • 4 on 31 

• \J 1 1 ~' ] - • n 1. J 7 A - • 1 ~ ~~ S L - :.l 7 • 1 0 0 0 E - 0 6 2 () 5 • 9 R H 1 ? • 3 0 n 0 0 • 6 S () 0 0 2 • 4 0 0 1 4 

• , . 1 1 H 1 - • 1 l 1 S 7 S - • 1 Y -, 3 t. - \1 7 • 1 0 0 0 E - 0 I, c 0 ~ • 9 R H 0 5 • 3 0 0 0 0 • 6 0 0 0 0 2 • :~ 9 q q 7 ():) 
- - -- ----.. -- ---- --------------------- ------------·- ----------.. --- ·- - ----------- - ---- - - - ---- --- "' 

• i.· 1 1 H .1. - • :1 1 7 7? - • 1 9 r~ 4 E- :) ·1 • l () 0 n E- 0 A 2 0 5 • 9 .~ 7 9 7 • 3 0 n 0 0 • 55 0 0 0 2 • 3 q Q 7 Q 

•1 · LlM1 -. n 1Y69 -.2 oJ 1 L- u 7 ·loo aE -oA 2os .9A79o .3nooo .soooo 2.~9Q61 

• ~ i 1 1 u 1 - • {i r.: 1 6 s - • 2 d q ~1 E - 1; 7 • 1 n o o E - o A 2 o 5 • 9 R 1 B 2 • 3 n o o o • 4 s o o o 2 • ~ 9 o 4 ? 

• ( ~ 1 1 ~ 1 - • o ; ] ~ ? - • ? 1 S 1 L - :1 7 • J 0 0 .J E - 0 6 2 0 S • 9 A 7 7 4 • 3 0 0 0 0 • 4 0 n 0 0 2 • 1 q q 2 3 
----- ---·- ·------·-·---·-------- --------·-··--- ---·--·- --·-------- - -

. ti llhl -. ~l? ~s<-1 -.22J 2t: - ·1 1 .lqonE-OA 2os .9B766 ,3oooo .35ooo 2.39004 

•') J 181 -. o? 75A -.227ht- o 'l .loooE-o6 2os .'H1758 .3oooo .3oooo 2.39AB4 

. OJ.l81 -. o? Y51 .... 234?E- o r .loooE-06 20s .9B75o .3oooo .25ooo 2.~9~63 

• G 1 l H l - • () J 1 50 - • ;? 4 1 ?. E- '} 7 • 1 0 0 0 E- 0 6 2 0 5 • 9 A 7 41 • 3 0 n 0 0 • 2 0 0 0 0 2. 19 8 4? 

. u1 18 1 -. o3 346 -.?4 24E- 07 .loooE-06 2os .98732 ,3onoo .1sooo 2.39~21 

• OllHl -.n 3543 -.2Shol- o7 .loooE-o6 2os .QA723 .3oooo .1oooo 2.3979q 

. n1 1B1 -.o ~ 74o -.263RE- o7 .1oooE-o~ 2os .9R714 .3oooo .osooo 2.39776 

• I) 1 l 8 1 - • 0 3 ~ 3 7 - • 2 1 2 0 E - 0 7 • 1 0 0 0 E - 0 fl 2 0 5 • 9 8 7 0 4 • 3 () 0 0 0 0 • 0 0 0 0 0 2 • 3 9 7 53 
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CASE THREE RESULTS: ~0=0, o<
0
=0.3 
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t\Lf-' HAC Slr";C ALPi~ A 0 SIGO LENGTH 
.?0 • 14 .3oo o.ooo 25.40 

i\ l_ i->HA 1 SJG] FI~="TH ;~LJM NO y ALPHAT SIGT PSI 

( I • ( ' 0 (J L) {) .~l~q37 -.4];..•S [-( , 1i .loo0E-on 1?5 .??418 .3Qr)00 1.ooono .c;4454 
-- -- -----------·-- --------- - ------ --------· ---- -----------~-----·-------------

() • I ; (I {) U (I . n·1 14u - • 1 t~ I ( ~ L- ,·, 7 .l o0 !1E- oA 125 .2l74A .3nl'lOO .'1~()()0 .S2P2~ 
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CASE FOUR RESULTS: ~0=1.0, o<0=0.3 

o( 

0 L 0 L 
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AL~HA1 SIG1 FIFTH RUM NO y ~L PH H f SIGf PSI 
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