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THFE ANALYSIZ OF REFLECTION T¥PE COILD FOR FDDY~CURRENT TESTING

C. V. Dodd, C. C. 7heng,1 W. A, Simpson, D. A. Deeds,z and J. H. Smith

ABSTRACT

This report contains Tthe theoretical analysis and
computer programs for reflection type coils above multiple
layered conducteors. The operformance of the coils when
connected to phase-sensitive eddy-current instrumentation
can be evaluated, The programs are written in both BASIC
and FORTRAN for timesharing on the PDP~10 to calculate the
effects of defects or variastions in either conductivity or
thickness for multiple conductors, all in the presence of
lift=off variations. To addition, program options are
included that allow the study of the design of the coil,
the effects of small variations or drifts of all the coil,
conductor and instrument parameters, and the effects of
the instrument output and input impedance on the probvlem.
Examples are given of the use of the programs for the design
of eddy-current tests with reflection type coils. Applica-
tion of these techniques =zilow optimum design of eddy-
current tests using probe coils without the necessity of
expensive trial and error experiments asnd fabrication.
These prograns can be applied to the solution of many
inspection problems ilnvolving reactor fuels and materials.

JRTRODUCTION

Eddy~-current tests have been successfully used for many years in
industry to measure the thickness of conductors, to measure the electri-
cal conductivity or magnetic permeabllity of metals, to detect defects
in metals and to measure the distance between conducting components.
Early eddy-current instruments used simple bridge circults coperated in
a balanced mode and measured the magnitude of the signal as the balance
changed. Later instruments used bridges with a test colil and a refer-
ence coll operated in an unbalanced mode to measure the effect of one
variable and eliminate the effects of zll the other variables. These

ingtruments may measure elther magnitude or phase of the bridge unbalanece
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'\rol‘t,zatga?z.3alP 5till later instruments use bridges with transformer cou-
pling from a primary into a secondary which is connected to the test
and reference coils. Instruments developed at Oak Ridge National

Laboratory5>6

utilize a reflection type probe, as shown in Fig. 1.
This probe consists of a large driver coil to generate the electro-
magnetic field and two pickup coils, connected in a differential arrange~
nent to measure differences in this field. In air, the signals devel-
oped across the pickup coils cancel due to the symmetry of the field,
but when a conductor is present the field is unbalanced and a signal
results. The total field in the presence of a metal can be considered
as the sum of the original field of the coil in air, plus a reflected
field. The original field of the coil in air is still symmetrical with
respect Lo the pickups and cancels, but the reflected field is much
larger at the front pickup (nearest the metal) than at the rear pickup
coil and does not cancel. Thus, the signal produced by the pickup
coils is approximately equal to the reflected field. This arrangement
is spproximately eguivalent to a bridge circuit with a test and refer-
ence coil having transformer coupling directly from the primary (driver)
coil to the test and reference (front and rear pickup) coils.

The magnitude of the reflected signal is a function of lift-off
(coil to conductor spacing), electrical conductivity, magnetic perme-
ability, the thickness of the conductor and the presence of disconti-
nuities in the conductor. The phase of the reflected sigral is also
a function of the same parameters but does not vary uearly as much with
lift-cff as the magnitude.

This report is devoted to the analysis, computer calculation and

design of reflection coils and their associated circuitry. The programs

*R. Hoehschild, "Electromegnetic Methods of Testing Metals,"
Progress in Nondestructive Testing, Vol. I, The Macmillan Company,
New York, 1959.

*R. C. McMaster, Nondestructive Testing Handbook, Vol. II, The
Ronald Press Co., 19590.

>C. V. Dodd, "Applications of a Phase~Sensitive Eddy~-Current
Instrument," Mater. Zval. 22(6): 26063 (Juns 196k4).

6C. V. Dodd, "A Portable Phase-Sensitive Eddy-Current Instrument,"
Mater. Eval. 26(3): 33-36 (March 1968).
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Fig. 1. A Reflection~Type Probe in the Presence of a Conductor.

will ealculate the actual phase and magnitude of the reflected signals

when the probes are connected to phase-sensitive eddy~current instru-

mentation developed at Oak Ridge National Laboratory. Each program is

self-contained and will allow the complete design of an entire system

for conductivity measurements, thickness measurements etc., includin
® > )

the coil, attenuation, and operating parameters.

THEORETICAL ANALYSIS

The equivalent circuit of a reflection type probe iz shown in

Fig. 2. We can write the following set of equations for the drops in
voltage around each of the loops in the circuit:
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Vg DRIVING VOLTAGE

R; SERIES RESISTANCE IN THE DRIVING CIRCUIT

Cg SHUNT CAPACITANCE OF THE DRIVING CIRCUIT
Re 0.C. RESISTANCE OF THE DRIVER COIL

Zp IMPEDANCE OF THE DRIVER COIL

M~ MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COILS
Zpy IMPEDANCE OF THE PICK-UP COILS

R; D.C. RESISTANCE OF THE PICK-UP COILS

C; SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT
Rg AMPLIFIER INPUT IMPEDANCE

I LOOP CURRENT

Fig. 2. Simplified Circuit Diagram for an BEddy-Current Reflec-
tion Type Probe.

Il{Ro - Tu%;] - 12[— wgs} = vy (1)
—{1[—-5%;} + Iz[v»$%€-+ Rg + ZDJ — Ta(juM) =0 (2)
~To( JuM) + Ig[ZPU + Ry "Ké?] - q[m 5*3;7] =0 (3

__Ia(_.a£;J + I“{w~$%7 + Rg] =0 (W)

where J is the square root of —1 and w is the angular operating frequency.
We can use determinants and solve for the current in the final

loop, I, produced by an applied voltage Vy:



- o 0 v
R~ s wCe 0
.- T4 Rg 7. —juM 0
wleg W g
0 —jwit Zoy + BT = 5%7 0
0 0 . 0
wCq
Iq = (5)
—d o o
RO (J.)Cr, U)Cs O
" wors I8 + 7 —
WCe ooe Y Re 2 Judt 0
0 ~JuM ZPU + Ry -a%;' aé;
o uors
‘ ° 0 wCy wC 7 Ry

We shall solve for the current, Iy, multiply it by the resistance Rq
to determine the input voltage to the amplifier and then multiply by

the amplifier gain G to determine the wvoltage output.

_ _. MVgReG N IR PR 4
Vout - wCgCy 3[30 wcs}“ M [R9 wCr

(6)
[t et ] [ o+ -8 < )

From Eq. (6) we can calculate the phase shift between the voltage
driving the eddy~current probe and the amplified voltage received at
the phase shift detector. All the terms in Eq. (6) can easily be deter-
mined except for the mutual impedance between the driver and pickup
coils, M, the driver coil impedance, ZD’ and the pickup coil impedance,

rd
2]

rU”



We can derive the following expression7

for the voltage induced in
a pickup coil by a current I, flowing in a driver coil, as shown in

Fig. 3.

. (T2 .
V = jwIiman Yo I ar-J(rz,rl)J(rH,r3)32a(lz — 1) +
o
(1)

[1 - )], [ {n~a(zl+z;> ~“e—a(22+2f)]

a OO

eﬂﬂ2r45)~e%ﬂﬂﬁ&ﬂj}da

The driver coil has n turns per unit cross-sectional area; the pickup
coil has n” turns per unit cross-sectional area and must not extend
beyond the driver in the axial direction (£; must not be greater than
22 and &7 must not be less than £,). The Y factor is a function of the
metal alone and is more fully explained in ref. 7. The function

J{rs,ry) is

ars
J x J1(x) dx ,

ar,

where J1(x) is a first order Bessel function.

We shall now add a second pickup coil to the probhe in Fig. 3, but
with the turns reversed, as shown in Fig. L. The equation for the
second pickup will be the same as Eq. (7), except the sign will be
reversed. This is equivalent to integrating the vector potential in
the positive O direction for one coil and the negative © direction for
the other coil. We shall take the direction of the turns in the front
pickup coil (nearest the metal) to be the same as the driver, and the
turns of the rear pickup coil to be in a direction opposite the driver.
This reversal of turns in the rear pickup will give a negative sign
when the integration around the coil 1is performed. We will then have

for the total mutual coupling between the driver and both pickups

7C. C. Cheng, C. V. Dodd, and W. E. Deeds, "Ceneral Analysis of
Probe Coils Near Stratified Conductors," Int. J. Nondestruct. Test.
3: 109-30 (1971).
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Fig. 3. Driver Coil Encirecling & Pickup Coil. Fig. 4. Reflection Probe Above Multiple
Conductors.



1 . .
M = Tat V(driver, front pickup) + V(driver, rear pickup)
where V is given by substituting the proper dimensions in Fig. 4 into

Eq. (7), with a negative sign for the rear pickup. The results are

[e+]

- N3Nyl Rs 1 - ~0Ls ~2aL, ~20Lg
Ta (RoBy VT (Rasis) J o8 J(R2,R1)J(Ry,R3) e e e
@]

[]_ - e’-an] [l . e*ocLa} [l . ema(L3-L4——2L5)J Yo

where

Le = the minimum amount of 1lift-off of the driver coil,

Lo = the increase in lift-off,

L3 = the length of the driver coil,

Ly = the length of each pickup coil,

Ls = the distance each pickup is recessed from each end of the

driver coil,

N3 = the number of turns on the driver coill,

Ny = the number of turns on each pickup coil,

Ri = the driver coil inner radius,

R2 = the driver coil outer radius,

Rz = the pickup coil inner radius,

Ry = the pickup coil outer radius, and

Rs = the mean radius of the driver coil.

A1l dimensions have been normalized in Eq. (8) by dividing by the
mean radius of the driver coil, and all the a's have been multiplied
by the same mean radius.

The impedance of the driver coil, Z can be calculated from

DS
Rg. {(7) by making both coils the same and dividing by I;. The results

are



0

. 2 .
g = JWTHoN3 Rs J %g-Jz(Rz,Rl) %z[aLs s o0 «-1}

D KRZ*Rlsngﬁ o

2 5 ",
+ [1 __e~uL3] e ange LaLeyg_da .
We shall now calculate the total coil impedance of the two pickup
ecoils. The total vector potential produced by a current flowing in the

pickup coils is

-

& >
_ - 10
Ay APUI Apy, - (10)

We have made the vector potential from the front pickup coil (PUL )
in Fig. 4 positive and therefore the second pickup (PU2) negative due
to its current flowing in the opposite direction. TIf we open the driver
circuit (make Ro infinite and Vo and Cg zero), we will have no current
flow in the driver coil and no contribution to the vector poteatial from
the driver coil. In the actual circuit, the entire interaction between
the driver and pickup coils is contained in the mutuzal impedance term.

The total self-induced voltage in the pickups is

. A > . > . 7 .
Vo = JM§APU Cdly = Jm§ 3APU1 at, Ry, at,

(11)
+ . al. . a7
KPUl at, AP02 dlz; .
-3
However %; is in the opposite direction from our normal direction of
integration. Performing the dot product and integrating in the +0
direction gives:
= i + A dl, — A - A .
VPU J '; gAPUldQ‘I APUQ_ 2 PUZdSLl ;APUICULZ % (12)

Calculating the impedance of both coils gives



v
PU Jw § l%.é Jw %
A s T M + s L vy
g < T T 1 Apy, @ T T Apy, 3R T T Apy d
wf
T APUldJLz .
This equation is the same as

oy = Loy -
Zoy Zog, * Zpy, ~ 2duMi (13)

which can be obtained by considering the coils separately. From ref. 7,

Eq. (57), we can write the following relationship for the voltage induced

in the upper pickup coil by a current in the lower pickup coil,

o0
. jwnNy 2Rs 1 —0 (2L +2Lg+L3—Ty )
M = JWITNY “Is e [: 2 stLg—Ly
JwiMy 5 (Rs Ra) T . a® J*(Ry ,R3) yYe

(1h)

2
N e—-a(Lg-—-QLq-ELs)j [1 _ e—-aLk] o .

¥From ref. 7, Eq. (58), we can write the same expression for the voltage

induced in the lower pickup coil by a unit current in the upper pickup
coil.

Using Eq. (7) for the impedance of the front pickup coil gives

o0
_ 2 .
_ JomNy “UoRs 1 T2(Ru.R oloTe + ~oLy 1
ZPUl - ZRq—joquz o a® ( s 3) 4 €
(15)

2 .
+ [l -e~aL”] Yeua(2L5+2L6+2L2)f do. .

For the rear pickup we have



11

[ea]
. 2
_ JwmN4 “UeRs 4 2 ) oLy
bpu, T (Ry—Rgs)?Ly2 Jo N J°(Ry,Ry) ¢ 2jaly + e 1
(16)
2 , .
' [1 _ e""‘L“J e (2Le* 2Lo+ 2La=Ls=eL){
From Eq. (13) the total pickup coil impedance is the sum of Egs. (15)
and (16) minus twice Eq. (14). The result is
_ JunNu®uoRs J L c2(g. R u[ Lo+ 0L -1]
2oy = i) Ter | b 0 (RueRa)qbjaly ve an

2 2 L
. [1 __e-an] [%ma(2L2+2L5+2Ls)[l __e~a(L3—Lg~QL5)] Y — 2 3“QLq—2L5):] s

We have now derived equations for the mutual impedance between the

driver and pickup coils, M, the‘driver coil impedance, Z_, and the

pickup coil impedance, ZPU’ and only thege factors are nzeded for thick-
ness, cladding thickness, and conductivity calculations. However, if
we wish to calculate the effect of discontinuities, we must go still
further. The quantities that we have already calculated will be modi-
fied slightly due to the presence of a flaw in the material.

The voltage change in the driver coil® per unit current in a

pickup coil due to the presence of a flaw is:

v A
1
d . 2 ow? ) fQ_ x Vol apz | = juM”™ (18)

ID 2 IPUk ID
where APU and AD are the vector potentials of the driver and pickup

coils, respectively. 'The factor [Vol az2] is a size, shape, and

8. V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some
Eddy-Current Problems and Theiyr Integral Solutions, ORNL-438L
(April 1969).
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orientation factor and will be discussed later. The vector potential

for any region, n, below the coil, from ref. 7, Eq. (55) is

® '*-'01,52,1 _
A(n)(r,z) - %'(rz"r?§?;2“£1) Jo : o3 J(rz,r1) [; *_e~a(22 21?]

(19)
Vip(n,l) ~-opz + Vz2(n,1) on?

Voo (k1) © Voo (K1) da .

x Jy(ar)

Bubstituting for the vector potential of the driver and pickup
coils in Eq. (18) gives

[o o]

Vd G w N4N3UO J e"‘fx(L.?_'i'Ls) [l . 3)

1 = Vol azz 8 (Rz“ﬁl)(Ru*ﬁgjLuLa o J(R2,Ry)

Viz(n,1) —ouz sz n,l) On?
< Talee) | PEEST T fznd o |

o ( ) (20)
~0L IJ2+L6+L5
L
x L < =3 {1 ~ ol 3—{'““2L5)}J(Rk,R3)[l - e"o‘L‘*}
Viza(n,1) ~0,% | Vyo(n,1)
X J ———Tmi—j- nr o "__7——“~Y
1 {ar) [&22 o1 e Toolid da .
We shall now normalize all dimensions by the mean radius of the
coil and separate the terms.
v ® —a(Ly+Ls)
_d..— 2 _?L Nj € . ~0L3
T = Vol azz(wUOnRs ) 8 WUeR s (Rz""Rl )La j 0,3 J(Rz,Rl)[l e
(e1)
-7 0z
Viz2(n,l) n Voz(n,l1) "mn
x | J(o > e o G do.
o) g ey © Vo (k,1) ©

(continued on next page)
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[e o]

~{Lo+Lg+L
Ny e (Lp+Lg+Ls) N “_e~ﬂ(L3‘Lu“QL5) J(Ry.Ra) (1 __e~an
X (Ry—R3)Ls ? 4o3

o

b 4 (e -4
% Jl(ar)[YIZ(nal) e By Vo2(n,1) o B ] a0 = JuM” ’

szzk,lj sz(k,ls

Equation (21) represents the change in the mutual coupling due to
the presence of the discontinuity. If we wish to calculate the change
in impedance of the driver coil, ZS, due to the flaw, we simply square
the term in the first set of curly brackets and omit the term in the
second set of curly brackets. Likewise, the change in impedance of the
pickup coil is the square of the term in the second set of curly brackets
with the first set omitted. Also the term in the square brackets is
identical in both sets of curly brackets and needs to be calculated for
only one.

We shall now discuss the calculation of the terms Vlz(n,l) and
Vz2(n,1). In our actual computer programs we will be concerned only
with the quotient of these terms, and we shall use a simple iterative

method described in ref. 7. We shall redefine the terms as

—'(‘-—l )ROL 7

Vya(n,1) _ .k n n—l Vio(n,l)
= D CARE)
Vaolk,1) ¢ 7, (k,1) {Bn+l Brap = v o B - (22)

The letter n represents any arbitrary region under the coil and the
letter k that of the region directly under the coil.

For the special case of n equal to one, we have

0if £ =1
Vo2(1,1) = Vpo(1,1) =
14if =2
Therefore,
Voo(1,1) 25T O1%1

Tty T vty (B2 B e o B (23)



1k

(1) We calculate the numerical value of the first transformation matrix

as
v, (e,1) = [?2 + (mi)lelilz ti,(2,1) for i = 1,2 , (2k)
where
B = /a? T Jon i G He= “n
ooy JWHgH, O Rs™= u

and is dimensionless. The un is the relative permeability of the layer
with index n. {2) Then we determine the numerical value for the four

elements of the transformation to the next layer. They are

( ,a-1) = L? (-1) l JB :]exp bﬂjjanﬁLrn—iananQJ . (25)
(3) From this we shall numerically calculate:

Via(n,1) = t11(n,n=1)Vi2(n-1,1) + t12(n,n1)V5,(n-1,1) . (26)

Vaa(n,1) = t23(n,0-1)Vi2(n-1,1) + tao(n,n~1)V52(n-1,1) . (27)

Step 1 1s performed for the first region. Steps 2 and 3 are repeated
for m = 3, b . . ., k.
The gamma factor, Yy, used for all cases except defect calculations,

is

Via(d) | VE2(,1)
Tl T TR (28)

’Y:

For the case of defects the term in the squarve brackets in Eq. (21)

becomes
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) +omlz=—2_ YR .. B ...B
- n—1 n+l n+2 K[, (o
+ Viz(n,l)e TR (29)

and for the special case of defects in region 1 it becomes

B2 Bj ...Bk

J1(ar)2k_i[e_a1(zla%)] “§327Eji7—_ (30)

We shall now consider a few examples. The Yy Tactor fer a single,

semi~-infinite conductor is:

Vi2(2,1) _ B2 —B1 _ a—B1
Vz2(2,1) B2 + 81 a+ By (31)

The term in square brackets in Eq. (20) for a defect in region 1 is:

pae1%e M1 (30)
@+ B1) 5%

If we have two conductors, the y factor becomes:

Vi2(3,1) _ t11(3,2)Viz(2,1) + £,2(3,2)V7,(2,1)
V22(3,1)  t21(3,2)Vi2(2,1) + t22(3,2)V32(2,1)

(33)

- (Ba * B)(B2 "'Bl)e*QZ(ZZ —E) (Bs — B2)(By + Bl)e+u2(z2 — %)
(83 — B2)(B2 “‘Bl)e‘QZ(ZZ — ) + (B + Bo) (B, + Bl)e+@2(Z2 —z1) °

The term in square brackets in Eq. (20) for a defect in region 2 is

O2Z 1 — Q022 , —62721 + Q2%
20(By — By )e 2! 2% 4 DBy + By)e 20! 2

(Bs — B2)(B2 “'Bl)e—a2(22 — 1) + (B3 + By ) (B + 51)e+a2(22 ~ =)

(34)
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The term in square brackets in Eq. (20) for a defect in region 1 is

0z — 02 -
4B2B3e ! 171

(B — 82)(Bs — B1)e @22 T 21) gy p)(p, + By )el2 (P2~ 21)

. (35)

Thus, in principle, we can analyze the response of a reflection coil

above any number of layers.

CONSIDERATTIONS FOR TEST DESIGN

We shall now consider some practical aspects in the design of eddy-~
current tests using reflection type coils.

The design of the eddy-current test is not automatic. The user
must take the conductor pasrameters given in the problem, choose the coil
and operating parameters, and run these in the computer program. The
computer program will calculate the output of the coil and eircuit which
shows how well the measurements can be made using the selected parameters.
Other parameters must be selected and run to determine which choice is
optimuw. The choice of the parameters used in the examples in each
section is near optimum. Other reports referenced in the individual
sections may be used to ensure that the initial trial is near optimum.
Reference 9 gives a good overall description of the lift-off inter—
actions in design.

We shall attempt to present an outline to follow in optimizing
these tests, although due to the complex interactions between the many
test variables it will become apparent that the outline cannot be
followed exactly in every situation. Because of the interactions among
the various parameters, this entire section on considerations for test

design should be read before starting a design.

°. V. Dodd and W. A. Simpson, Jr., Thickness Measurements Using
Eddy~Current Techniques, ORNL-TM-3712 (March 1972).
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Maximize Sensitivity

The sensitivity to the desired test variable should be maximized.
This is usually done with very large impedances of the driving and pickup
circuits. Under these conditions, only the mutual coupling between the
driver and pickup coils is affecting the tests. The sensitivity curves
usually have very broad peaks so that it is not really necessary to

operate at conditions necessary for the absolute maximum sensitivity.

Minimize the Undesired HEffects

The sensitivity to variations in variables that we do not wish to
measure should be minimized while keeping the sensitivity to the vari-
ables of interest as high as possible. We shall discuss these undesired

variables in their general order of consideration in coil design problems.

Lift-0ff Variations

Lift-off, or variations in the distance between the coil and con-
ductor, i1s the largest source of error in most eddy~current tests.
However, in many tests using phase sensing, the lift-off error can be
reduced to insignificant proportions. The controllable factors influ-
encing the phase variation due to lift-off are as follows.

Coil Geometry. — The shorter the driver coil, the smaller is the

value of ?Qwua at which the minimum lift-off effect occurs. In general,
in order to make the value of ;?wuﬁ for minimum lift-off effect be the
same as that for maximm sensitivity, the normalized length of the
driver coil must be from 0.4 to 0.6. Most other effects tend to increase
the value of zzwud for minimum lift-off, and usually there is a problem
getting this value low enough (or the coils short encugh).

By "zero 1lift-off" we really mean the minimum value of lift-off,
which is not actually zero, but some finite value of 1ift-off because
of the thickness of the insulation and the bearing surface on the face
of the probe. The "zero lift-off" is a normalized thickness, and should

not be confused with the minimum 1lift-off effect, which is a phase shift
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due to a lift-off variation. The larger the "zero 1lift~off," the larger
is the value of ;YMUO at which the minimum lift-off effect occurs.
Therefore, we try to make the "zero lift-off" as small as practical.
For a coil with Teflon tape over the face, the normalized "gzero 1ift-
off" ranges from about 0.3 for a mean radius of 0.020 in. to about 0.025
for a mean radius of 0.40 in. TFor the same coils without the Teflon
tape over the face, the normalized "zero 1lift-~off" would range from
about 0.1 to 0.015, respectively.

The normalized values of the inner and outer radii of the driver
coil and pickup coils have only a small effect on the value of ;prO
at which the minimum lift-off effect occurs. The values of Rl, R2, R3,
and Rh used in this report (0.75, 1.25, 0.35, and 0.7, respectively)
represent a compromise between those producing a minimum value of §Ewu0
for the minimum lift-off effect and those producing maximum voltage
from a reflection-type coil system.

Lift-0ff Range. — This 1s the range of wvariation of the lift-off,

or coil to conductor spacing and usually represents & compromise between
what is easily obtainable and the amount of error introduced. If the
lift-off is increased from "zero lift-off" (the minimum) to a maximum
value, this produces a phase shift known as the lift-off effect. The
smaller the lift-off range, the smaller is the lift—off effect and the
value of FQqu at which the minimum 1lift-off effect occurs.

Range of Measurements. — The range of measurements is the range of

the variable such as thickness, cladding thickness, or conductivity

that we desire to measure. The smaller the range of measurements, the
smaller is the lift-off effect. In most cases the value of FQwUU for
minimum lift-off effect tends to increase slightly as the range increases.

Attenuator Parameters and Number of Turns. — The attenuator param-

eters, unlike the previous parameters, do not require any additional
numerical integrations and, therefore, require very little additional
computation time. Since these parameters will tend to increass the

value of ¥2wu0 for minimum lift-off effect, the coil must be made shorter
than the optimum indicated in the previous paragraphs. The attenuator

parameters consist of the resistance and capacitance in the instrument
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driving and pickup circuits. The attenuator parameters, together with
the turns on the coil, play an important part in the total instrument
response. Selection of the values of these parameters should proceed
with the following steps.

1. Determine the desired ratic »f w to wy {the resonant frequency)ﬁ
The coil inductance and the shunt capacitance (including caeble, coil
interwinding, and amplifier input capacitance) in both the driving and
pickup circuits form a resonant circuit that limits the high fresquency
response of the probe and, therefore, the ncoise. With no capacitance
in the circuit, the signal with the probe on a conductor will increase
continucusly with frequency, at a rate somewhat greater than w to the
first power. The ratic of the resonant frequency to the operating

frequency is given by

Yoo L , (36)
w w/C L Im

where C is the shunt capacitance, L is the coll inductance, and Im
represents the normalized imaginary part of the coil impedance. BRoth
the ratio Wwp/w and Im are calculated in the programs. The normal value
of the ratio ranges from 2 to 20, with 10 being the most used. TFor a
ratio greater than 20, the noise becomes troublesome. With smaller
ratios, the coils cannot be made short enough to achieve good lift-off
compensation, and component wvariation causes larger phase shifts.

2. Determine approximate coil inductance. The minimum coil
inductance, determined by the system's low frequency operation and the
minimum output resistance, Ry, can be approximated hy:

RC

)min
Min Inductance = (37)

1.5 Tm Jw | |~20
mr (.dlnln

Substituting approximate vaelues for the minimum driving resistance and

the normalized imaginary part of the impedance gives
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h2 (henries)
Min Inductance » ="~~~ >3

Wo ) (38)

where w is the minimum operating frequency under consideration and
wo/wmin is the ratio of the resonance frequency to the minimium
frequency.

The maximum inductance will be limited by the high frequency

regponse of the system and 1s approximated by:

Msax Inductance =z

1
2’ (39)
I U)o 39
¢ Im @mm‘u ]
max

The minimum capacitance in the leads, coils, and amplifiers will usually

be approximately 100 pF. Thus, we have

1
SX1F“E wfr (%0)
max ),

nax

Max Inductance =z

The probe may be designed to operate over a very wide frequency range or

for a single frequency, where Weospy = W A wire gage must be chosen

in max ”

(using the coil design option) to give an inductance somewhere between
the maximum and minimum values. For coils with the greatest range of
operating frequency, the inductance of the driver and pickup coils
should be approximately the same, since the lead capacitances will
usually be similar.

3. Once the exact inductance has been determined, the capacitance
necessary to give the desired ratio of wp/w must be selected (for each

value of operating frequency). This is given by

. [9(%51]2 i (k1)




21

and the ratio wg/w is calculated by the attenuator design option in the
prograns.

h. Next, the value of driver series or pickup shunt resistance
needed to give a minimum temperature drift (due to variations in the
coil dec resistance) must be determined. A rough approximation for this

resistance is

1. o Wo ,
RO = 1.25 mLD {ET] (42)

for the driver series resistance (RO), and

RO = 1.75 wly, (%’—} (43)
for the pickup shunt resistance (R9). It should be emphasized here
that these values may be in error by a factor of 2. The only way to
get an accurate value of the resistance for minimmm drift will be to
vary RO and R9 and calculate the drift. Positive values of the drift
indicate that the resistance should be increased, negative values of
the drift indicate the resistance should be decreased. The drifis will
not become exactly zero, and there iz an interaction between RD and
R9 so that several calculations on each may be necessary. Drifts on the
order of 0.005°/°C are practical, both analytically and experimentally.
5. Once the proper attenuator has been obtained, it is necessary
to reexamine the lift-off error since this is affected by the attenuator
parameters. It may be necessary to vary the coll length, the zero
1lift~off, and the lift-off range in order to minimize the 1ift-off
error. This unfortunately requires that the coil and attenuator be
redesigned. Therefore, since it is known that the addition of the
sttenuator will increase the value of F2wuo at which the minimum 1ift-
off error occurs, it is desirable to design the coil without an attenu-
ator so that the value of Fiwuo for minimm 1lift-off error is less than
that for maximum sensitivity. In Fig. 5 we show how the fractional
increase in the value of Eﬂumo for minimum lift-off error increases as

the ratio wp/w decreases for a particular coil. The value of ?Qmuc



22

ORNL-DWG 72-13763

x> R R
x £ 40
C e CoiL 83 B
gW
~—~ . 3.0
o~ L
% S 25 -
.
3".': L
4 2.0 v
L o
NOE T
g
:3,-% 14 . ~17]
< ] [y .
z 1.2 - 1
1.0
! 2 3 4 5 7 10 15 20 25 30 50 100
mo/m

Fig. 5. Ratio of the Value of F wW0 for Minimum Lift-Off Error
for an Attenuator Having a Regonant to Operating Frequency of wo/w
to the value of ?Qqum for Minimum Lift-Off Error with an Infinite Ratio
of wo/w, Plotted Against wgy/w.

for minimum 1ift-off error with an infinite ratio of wg/w has been
taken as unity. This should give at least an estimate of how much the
value of ?Qwuﬁ will be increased and should be taken into account in
the original selection of the coil parameters.

The series of steps outlined in this section should serve as a

rough guide to good coll design.

REFLECTION COIL ABOVE A SINGLE CONDUCTING PLANE

We shall now consider the case of a reflection coil above a single
conductor. This computer program calculates the magnitude and phase of
the voltage that is fed to the phase measuring circuits of the phase-
sensitive eddy~current instruments and is designed to help analyze
eddy-current measurements of conductivity.

The program calculates the magnitude and phase of the induced
voltage at 5 different values of lift-off for each of 3 different con-
ductivity values, making a total of 15 calculations. This allows one
to examine the sensitivity to lift~off variations as well as conduc-
tivity variations. In additionm, the program also calculates the phase
shift with the discriminator adjusted to give the same phase on the

nominal conductivity sample with maximum and minimum lift-off. The



phase on the nominal conductivity sample with minimum 1ift-off is taken
as zero, and all other phase shifts are measured relative to it.

The equations that are evaluated are Bq. (8) for the mutual cou-
pling, Eq. (9) for the driver coil impedance, and Eq. (17) for the
pickup coil impedance. The gamma factor for the single, semi-infinite
conductor is given in Eq. (31).

The programs are written in both BASIC and FORTRAN for use on
the PDP~10. The BASIC program follows.

To use this program, one must first divide all dimensions by the
mean radius of the driver coil. Then the following lines must be typed

into the program.

250 R5 = (numerical value of driver coil mean radius in inches)
260 Rl = (numerical value of normalized driver coil inner radius)
270 R2 = {(numerical value of normalized driver coil outer radius) .
280 L3 = (numerical value of normalized driver coil length)

290 R3 = (pumerical value of normalized pickup coil inmer radius)
300 R4 = (numerical value of normalized pickup coil cuter radius)
310 LY = (numerical value of normalized pickup coil length)

320 LS = (mumerical value of normalized pickup coil recess from

face of driver)

330 L6 = (mumerical value of normalized driver coil minimum 1ift-off)

340 R6 = (numerical value of resistance of driver coil in ohms)

350 R7 = (numerical value of total resistance of both pickup coils
in ohms)

360 N3 = (number of turns on driver coil)

370 Nt = (number of turns on each pickup coil)

380 RO = (output series resistance of driving amplifier in ohms)

390 RO = (input shunt resistance of pickup amplifier in ohms )

koo 6 = (total shunt capacitance in driving circuil in farads)

410 7 = (total shunt capacitance in pickup circuit in farads)

L2o VO = (output voltage of driving amplifier in volts)

430 G5 = (gain of pickup amplifier)

Lko F = (operating frequency in Hertz)
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450 L2 = (numerical value of normalized driver coil lift-off
increment)

510 K1 = (numerical value of resistivity of conductor in microhm
centimeter)

515 U1l = {nmumerical value of relative permeability of conductor)

750 MO = (numerical value of fractional conductivity change)

The program may now be run. The print-out by the computer will

have the following format.

Rl= (R1) R2= (R2) DRIVER LENGTH IS (L3)

R3= (R3) Rh= (RY) PICK UP LENGTH IS (Lh)

COIL MEAN RADIUS (R5) INCHES OPERATING FREQUENCY (F)

I

MINIMUM LIFT-OFF (L

LIFT-OFF INCREMENT (L2)

Ul= (Ul) ML= .iuvnnn RESISTIVITY= (K1) MICROHM CM
TOTAL CONDUCTIVITY VARIATION ABS (200.M0)%

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(R6) ... (N3) (c6) e
PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(R7T) ..., (1) {c e

DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
(vo) (RO) (G5) (R9)
DISCRIMINATOR VOLTAGE IS .....
(L6) (L6+1.2) (L6+212) (L6+312) (L6+LL2)
0 aeee i e -
PHASE SHIFT ..... LIFT-OFF ..... y S
DEGREE ..... Lo
1 COIL, DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL

?

The various symbols enclosed in parentheses are used to indicate

that the numerical value of the symbol will be printed.

There are five columns of data, one under egch value of lift-cff.

Fach column is divided into three

sections of three lines each. These
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sections correspond, from top to bottom, to the three wvalues (—100#¥MO,
0, and +100*MO %) of veriations from the nominal conductivity. The
three lines in esch section are, from top to bottom, the magnitude of
the voltage out of the pickup amplifier, the phase shift between the
voltage out of the pickup amplifier and the driving voltage, and the
phase shift btetween the voltage out of the pickup amplifier with the
discriminator set to give the same phase shift with minioum I1ift~off
and maximum lift-off on the nominal conductivity sample. The phase
shift in the third line is always measured from the nominal conductivity
sample'wiﬁh minimum 1ift~off. The voltage out of the pickup amplifier
will be in volts and be either peak-to-peak or REM3, whichaver is used
for VO, the output voltage of the driving amplifier., The wvalue of the
dimensionless product Rszwulol is also calculated and printed cut as
ML = (Rs?wp,0;). The inductance in henries of the driving coil in air
and the normalized imaginary part of the driving coil impedance, with
nominal conductivity and neminal lift-off (L6+212), is also printed.
Likewise the inductance in henries of both pickup coils in air and the
normalized imaginary part of the pickup coils’ impedance with nominal
conductivity and lift-off is alsco printed. The total phase shift for
the 200%MO % conductivity variation, the maximum phase shift due to
liftwdff, and the maximum percent of range error in conductivity messure-
ments due to lift-off are given, The phase shifts are given first in
radians and then in degrees.

The program then enters a branching loop that allows the following
options, depending on which of 1, 2, 3, or 4 is typed as input after

the question mark.

1, Coll Design

If a1 is typed by the operator after the gquestion mark, the program
will enter the Coil Design Loop. This loop will allow the number of
turns on the driver and pickup coils to be varied. The loop will allow
the wire gage to be given and then calculate the number of turns and
coil resistance, or it will allow the number of turns to be entered

and calculate the gage and coil resistance, or both turns and gage can
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be entered. If zeros are entered for both the gage and turns of either
the driver or pickup coils, the present value of these will be retained.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
and the remainder of the program is recalculated and printed, with the
"new" coil in the circuit. However, the numerical integrations to

calculate M, ZDR’ and 7 do not have to be repeated.

PU
2. Attenuator Design

This loop will allow the driver series resistance, RO, the driver
shunt capacitance, C6, the amplifier input impedance, R9, and the shunt
capacitance in the pickup circuit, C7, to be varied. TIf a 2 is typed
after the question mark, the computer will respond with

DRIVER SERIES RES, SHUNT CAP, PICK-UP SHUNT RES, SHUNT CAP
The resistance is to be given in ohms, and the capacitance in farads.
If zero is typed in for any value, the present value in the computer
will be retained. After the input data and a carriage return are typed,
the computer will calculate the ratio of resonant frequency to operating
frequency for the particular IL-C circuit, a very rough value of resist-
ance for minimum temperature drift, and the ratioc between the resistance
and reactance in the circuit for both the driver and pickup circuits.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed with the
"new" attenuator in the circuit. Again, the numerical integrations to

calculate M, ZDR’ and ZP do not have to he repeated,

U
3. Drift Check

This loop calculates the effect of the drift of any of the circuit
or sample parameters after the instrument has been calibrated and
adjusted. If a 3 is typed as input, the program will respond with the
percent varistion, the parameter varied, the maximum change in phase
(both radisns and degrees) of any of the 15 different phases calculated
(5 lift~-off values for each of 3 different conductivity values) and the

percent of the range the drift represents. The percent variation of
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each parameter may be varied independently. The following table gives

the parameter, the line number, and the constant to be varied:

Parameter Line Number Constant
Driver Resistance 8610 El
Pickup Resistance 8620 B2
Driver Shunt Cap. 8630 E3
Pickup Shunt Cap. 8640 B4
Series Resistance 8650 E7
Amplifier Input Resistance 8660 E8
Applied Voltage 8670 B9
Frequency 8680 Al
Mean Radius 8690 a2
Resistivity 8700 A8

For example, to put in a 2% variation in the driver coil resistance, one
would type:
8610 E1 = .02
The amount that each parameter is varied must be set before the progranm
is run. All of the variations are 0.0l or 1% in the current version of
the program. Since the phase shift produced by the parameter variation
is quite linear over a range of about 10%, a linear interpolation or
extrapolation may be used from the 1% parameter variation. If zero is
typed in for any parameter varistion, that parameter will not be varied
nor will it be typed out in the list of parameter variations. When the
calculation is completed and the drifts printed, the program returns to
the branch point and repeats the question
1 Coil Design 2 Atten. Design 3 Drift Check L Con Cal
The first seven drifts do not require that the numerical integra-

tions to calculate M, ZDR’ and ZPI be repeated, but they must be repeated

J
to calculate the drifts due to frequency, mean radius, and resistivity
changes. Therefore, the calculation of these last three drifts requires

8 considerable amount of computer time.
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4. Con Cal

This loop is to continue caleculations. If a series of calculations
is to be made., a loop may be established at this point. However, in
the present version of the program, if a 4 is typed as input, the program

will end.

Sample Calculation of RFCON

Let us suppose we wish to design a reflection~type coil to measure
electrical conductivity of a thick metal plate. The coil values below
were chosen by trial and error to give good results. The driver coil
has a mean radius of 0.300 in., inner and outer radii of 0.225 in.
and 0.375 in., and a length of 0.180 in. The pickup coils have inner
and outer radii of 0.10% and 0.210 in., a length of 0.060 in., and are
mounted flush with the ends of the driver coil. The driver coll has
810 turns of No. 36 wire with a resistance of 57.555 {1, and the pickup
coils have 2925 turns each of No. 48 wire, with a resistance of
343,01 Q for both coils. The input resistances of both the driver
series and the pickup amplifier are chosen to be 1 M. The shunt
capacitances in both circuits are chosed to be 1 pF. This corrssponds
to practically infinite source and detector impedances, so that only
the mutual coupling, M, affects the phases. The minimum lift-off is
taken to be 0.030 in. with a lift~off increment of 0.0075 in. The
nominal resistivity of the material is 2.95 u? cm, the variation in
conductivity is #5%, and the relative magnetic permeability is 1. The
frequency is 500 Hz; the output voltage of the driving amplifier is
10 V, and the gain of the pickup amplifier is unity (a unity gain allows
the actual gain needed in the amplifier to be calculated by dividing
the maximum output voltage with unity gain into 10).

The program RFCON is assumed to be in the active core, and the
following informaticon is typed into the computer. All linear dimensions
are normalized by dividing by the coil mean radius, except for the

coil mean radius, which is in inches.



250
260
270
280

300
310
320
330
340
350G
360
370
380
390
400
k10
L2o
430
Lho
450

data inputed from the terminal by the user are underlined.

R5
R1
R2
L3
R3
Rk
Lh
L5
L6
R6
RT
N3
nl
RO
R9
o]
CT
VO

G5 =

F

Le
K1
Ul
MO
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1
57.555
3%43.01
810
2925
1E6

1E6
1E-12
1E-12
10

The program may now be run with the following results. The

A carriage

return must be typed by the user at the end of each input line.



RFCON(BASIC)

Rl1= 0.75
R3= 0.35
CoilL

R2=
R4=

1.25
O.7

MEANM RADIUS 0.3 INCHES

30

DRIVER LENGTH IS 0.6
PICK UP LENGTH IS 0.2

GPERATING FREQUENCY 500

N@ TURNS

810

NG TURNS

2925

AMP GAIN

1

VOLTAGE 1S=2.34257E-6

0.15

2493786E-5
-0.797096
1.48557E-~2

3.01235E-5
~0.81042
~4.,46215E~4

3.08349E~5
~-0.823092

PICK UP RECESSED O
MIN LIFT=@FF= 0.1l
Ul= 1 Ml= 7.77051
TATAL CEGNDUCTIVITY VARIATION 10 %
DRIVER RES INDUCTANCE
57555 9601 45E~3
P ICKUFP RES INDUCTANCE
3443.01 B.B831T74E-2
DRIVING V@LT SERIES RES
10 1000000C
DISCRIMINATEGR
0.1 0.125
3.46578E-5 3+18994E-5
~0.T84464 ~0.790631
153083E-2 1.50008E-2
3555485 3e27167TE-S
~0.798064 ~0.804088
0 ~2+95155E~-4
354118E~5 334975E-5
-0.8611008 ~0.816891
= 144989 -2 ~1¢477T15E~-2

~1+49175E~-2

LIFT-@FF INCREMENT= 0.025
RESISTIVITY= 2.95 MICROHM CM

SHUNT CAP
1.000Q0E-12

SHUNT CAP
1.00000E~-12
INPUT 1IMP
1000000

0.175

2.70755E-5
~0.803805
1.49523E-2

2.T7T546E~5
-~0.817005
"3-72447E'4

2+84030E~5
~0.429554
~1+48548E~2

PHASE SHIFT 2.98064E-2 LIFT-QFF 5.08092E~4 Z 1.70464

DEGREE 1.70778
1 C@ll. DESIGN

71

DRIVER WIRE GA
7362024850
DRIVER 924 TUR

DRIVER RES
60.2723

PICKUP RES
3569+24

DRIVING VOLT
10

2 ATTEN.

GEs» TURNSS

NS oF &

INDUCTANCE
1.24943E-2
INDUCTANCE
0.107363
SERIES RES
1000000

DESIGN

2.91116E~2

PICK-UP WIRE GAGE.,

36 WIRE 33 /LAYER

N@ TURNS
924

NG TURNS
3225

AMP GAIN

1

3 DRIFT CHECK

TURNS

SHUNT CapP
1.00000E~12

SHUNT CAP
1.00000E-12
INPUT 1P
1000000

4 CoN CAL

NOr IM PT
0879034
NER I PT
0.991484

Oe2

20497 14E-5
~0«810714
1+5363BE~-2

2.55908E-5
~0e823797
7e45058E~9

2.61821E~5
-0.%83623
~1 40084~

28 LAYERS 60.2723 OHM
PICKUP 3225 TURNS EA # 48 WIRE 43 /LAYER 75 LAYEKRS 3569.24

Norx IM P
Q.879034
NOR IM PT
0+991484

@HMS TeTAal.



DISCRIMINATER
Oet

4«35848E-5
~0.784532
1.53083E~2

4+ 4T128E-5
~0.798131
0

4+57906E~5
~0:.811076
«144989E-2

31

VOLTAGE IS-~2.94602E~6

0175

3+40495E-5
-0.803873
1.49523E~2

3+49035E-5
~0.817073
“3.T24B4E~4

3+57190E~5
~D.829622
~1«48549E~-2

PHASE SHIFT 2.98064E~2 LIFT~@FF 5.08152E~4 % 1.70484

DEGREE 1.70778
i CaIL DESIGN
22

0125 G.15

4.01159E~5 3.69458E-5

~0.790699 ~0.797163
1.50007E~2 1-48557E-2
4.11437E-5 3.78B826E~-5

-0.804155 -0.810487
~2+95207E-4 ~4+46253E~4
4.21256E-5 3-87T772E-5

~0.816958 “D.823159
~1.47715E-2 ~1.49175E-2
2.91150E-2

2 ATTEN. DESIGN

3 DRIFT CHECK

4 CON CAL

0.2

3e314035E~5
~0.810782
1«53638E-2

3»21824E~5
~0«B23865
o

3.29260E-5
~0.836298
~1e45084E~2

DRIVER SERIES RESs, SHUNT CAPs> PICK-UP SHUNT RES», SHUNT CAP

P4 1E22102E~Ts5s4E3s] s 1E-8

DVR CT 8.76802 BELOW RES 302.52% @PT RES 11.8582%

RES/REACTANCE

P-U CT 9.30217 BELOW RES 3110.¥1 BPT RES 16.1475 RES/REACTANCE

DRIVER RES
60.2723
PICKUP RES
3569.24
DRIVING V@OLT
10
DISCRIMINATER

0»1

5.59413E~2
~0.989504
1:51480E~2

S.73849E~2
~1.00278
0

58T7T644E~2
~1.01541
~1+43376E~2

INDUCTANCE
1.24943E-2
INDUCTANCE
D«107363

SERIES RES
410

NG TURNS
924

N@ TURNS

3225

AMP GAIN

1

VBLTAGE 1I5-4.16057E-3

0.125

5015255E~2
~0e996298
1e47468E~2

5.28423E-2
~1.00945
~4.25383E~4

5.41004E-2
~1.02197
~1.47751E-2

0.15

4deT484A4E~2
-1.00335
1-45944&“2

4.86B57E-2
~1.01639
~6.19113E~4

4+98331E-2
~1.02879
~1.49971E~2

SHUNT CAP
1.20000E-7

SHUNT CAP
1.10000E-8
INPUT IMP
5400

0.175

4.37876E~-2
~1.0106
1.47648E~2

4. 4B838E-2
~1.02354
“5.01692E-4

4.59306E~2
~1.03584
~1.49231E~2

PHASE SHIFT 2.96226E~2 LIFT~0FF 7.48619E-4 % 2.52719

DEGREE 1.69725
1 COIL DESIGN

2?3

2 ATTEN.

DESIGN

4.26928E~2

3 DRIFT CHECK

4 CoN CAL

NEeRrR IM PT
0.8679034
NOK IM PT
0.991 484

0.2

4-04064E~2
~1.01802
1.53430E~2

4.1407T0E-2
-1.03086
0

4.23623E~2
-1.04306
~144788E~2
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%Z VARIATHN PARAMETER RADIAN DEGREE %2 QF RANGE
1 DRIVER RES 5.94109E-5 0.003404 0.20058
1 PICKUP RES 1.25870E-4 T.21183E~3 0+.424913
i DVR SHUNT CAP ~-2.27377E-4 ~1.30277E-2 ~0.76758
1 P-U SHUNT CAP -7.46027E~4 ~He27442E -2 ~2eD1844
i SERIES RES 1.50037E~-3 BeDF64BE~2 5.06495
1 AMP INPUT RES -4.83483E-4 ~2.77016E-2 =1.63215
1 APPLIED VOLT -1.02489£-3 ~587217E~2 ~3.45982
1 FREQUENCY ~6+11736E~3 ~0+350499 ~20.651
1 MEAN RADIUS -8.12030E-3 ~0.465259 ~27 e 4126
1 RESISTIVITY 2.99047TE-3 0.171341 10.0952

1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 C@N CAL
24

The user has exercised all the design options available, and these coptions
may be repeated, omitted, or taken in any order. The BASIC version of the

progrem RFCON follows.
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i REM RFCON(BASIC)

10 REM

40 D
50 D
199
200
210

IM AC355)sBC3553sC(325).DC3+5)4-E(3:5
IM M(35532P(355)50(325)

REM CONSTANT

P9=z=3,14159

P8=180/P9

249 REM CQIL DATA

250R
2 60R
270R
280L
290R
300R
310L
azou
3300
3 40R
350R
3 60N
370N
379
380R
390R
4500
410C
420V
430G
4 40F
450L
47T0L.
480L
490L
499
500
510
515
520
5 40
599
600
610
620
750
770
99
1000
1010
1020
1030
1040
1050
1060
1100
1110
1120
1130

5=,.3

=79

2=1.25

3=.6

3=.35

4=677

4z=a2

5=0

6=,1

65257 «555

T=3443.01

3=810

A4=2925

REM CIRCUIT DATA
0=1E6

9=1E6

6=1E~12

T=1E-12

0=10.0

5=1

=500

2=2.025
T=L3~2%x(L4+L5)
B=i.7+L4

9=21.5+2%L6

REM CONDUCTOR DATA
DIM K{32sN(3),L{5)>
K1=2.95

Ur=1

G@ SUEB 600

G@ T@ 750

REM SUBRQUTINE FOR M
W=RKkPIkF
M12.5094%U1%F*RS*RS /K1
RETURN

MO=-.053
Uo=(Ui~1d/7{Ul+13
REM PRINT COIL DATA

REFLECTION CBIL ON A SINGLE COGNDUCTOR

YoF{3.5)

PRINT *R1="3Ri»"R2="3R2,"DRIVER LENGTH IS";L3
PRINTR3="3R3,"R4="3R4,"PICK UP LENGIH 1IS";3bL4
OPERATING FREQUENCY'SF

PRINT *CQIL MEAN RADIUS™; ;RS3"INCHES
PRINT *"PICK UP RECESSED"3LS
PRINT "MIN LIFT-@QFF="3L63"LIFT-QFF

INCREMENT =" L2

PRINT "U1=""3U1,:"MI="3M1,"RESISTIVITY="3K1;3"MICRGHM CM"
PRINT ""TOTAL CONDUCTIVITY VARIATION'";200*ABS(MO "%

REM PRBGRAM BEGINS
REM FER INTEGRATIONS
G® SsSuUB 1500

REM FOR INDUCTANCES AND CIRCUIT3 MAGNITUDE AND PHASE
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1140 GG sSUB 6000

1150 REM F@R DISCRIMINATOR VEGLTAGE AND PHASE SHIFT
1160 G2 SuB 6500

1170 REM FOR PRINTING @F KESULTS
1180 G@ SUB 6700

1190 REM F@R AVe. PHASE SHIFT AND LIFT~@FF ERKGR
1200 GO sSuyB 7000

1400 REM F@R CGBIL AND ATTENUATOR DESIGNS. AND DRIFT
1410 G@ T@ 7200

1499 REM SUBRQUTINE F@R INTEGRATION
1500 A3=0

1510 A4=0

1520 FOR I=1 T2 3

1530 FOR J=1 T@ 5

1540 ACI>J)=0

155C BCI»Jd)=0

1560 C(I,J)=0

1570 D(IsJ)=0

1580 ECI,J>=0

1590 F(I,J3)=0

1 600 NEXT J

1610 NEXT I

1620 LET $§2=5

1630 Bi=D

1640 B2=5

1650 S1=1E-2

1660 FUR X=Bt1+S1/2 TG B2 STEP S1
1670 G@ SUB 2000

1680 NEXT X

1690 B1=B2

1700 B2=B2+s52

1710 S1=.05

1720 IF X<9 THEN 1660

1730 Si1=.1

1740 1F X<29 THEN 1660

1750 S1=.2

1760 IF X<39 THEN 1660

1770 S1=.5

1780 IF X<79 THEN 1660

1790 RETURN

1998 REM SUBROUTINE FOR L-FACT@R AND INTEGRANTS
1999 REM FOR J-FACTOR

2000 G& SUB 2700

2010 ©5=0

2020 W2=0

2030 W6=0

2040 W7=0

2050 Wa=i

2060 W8=1

2070 W3=1

2080 IF X*..5>20 THEN 2100

2090 WS=EXP{(~X¥L5)

2100 1F X%xL.2>20 THEN 2120

2110 WZ2=EXP(-X*L2)

2120 IF X*Lé6>20 THEN 2140

2130 WOH6=EXPL{~X*L.6)

2140 1IF X*L.7>20 THEN 2160



2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2329
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2440
2470
2480
2699
2700
2710
2720
29730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2899
2300
2910
2920
2930

35

WT=EAP(-X*kL7)

IF X*L4>15 THEN 2220
Wazi-EXP{~X*k14)

IF X%Lg>15 THEN 2220
W= ~EXAP{-X%L8)>

IF X*%L.3>15 THEN 2220
H3=1~EXP{-X%1.3)

IF X>30 THEN 2460

IF X% 9>20 THEN 2460
AS=WHEKXWEEWIRW 4R WOXWEXZ3
AG=WEXWERHI*WI*54

AT =WEHHW 6KW 4%W 4%WSHW SkUBKkWB*S5O
L{1Y=1

FOR J=2 T 5

L{JI=0

IF J*X*L2>20 THEN 2320
Ly =Wekxi(J=-1)

NEXT J

REM FBR GAMMA FACTE@R
G0 suB 3200

FBR I=1 TG 3

FOR J=1 T@ S5
Fi=KIIRLCIIELOTD
Pe=~NCII%L{JY%RL(I)
ACTI-J2=A015.0)+Q2%A5
Bl )=B(I,J)+Q1%A5
CLIasJ3=CL1,J)+Q2%A6
DEI-J2=DCLsJd)+01%A6
ECI» I=ECT J)+02%AT
FOI» 0=FCI»J2+01%A7
NEXT J

NEXT 1

A3=A2+2%k (X¥L3-W3I*54
DLA=DA+ 4K {XXLA- WL ~24WTHWAKWAI*ED
RETURN

REM SUBROUTINE FOR J5=J(R1sR2)/Xt35J6=J(R3sR4)/ X3
R=R1

G@ SuUB 2900

J1 =02

R=R2

Go SUB 2900

J5=02~J1

R=R3

GP SuB 2900

J3=02

R=R4

G SuUB 2900

Je=R2~J3

§3=81*xJ5%Js6
$4=81*.J5% J5
$H=81%Jé6*%J6

RETURN

REM SUBROUTINE FOR Q2=J(R»0)*%Xt3
Z=X*%R

IF Z=5% THEN 3000

Q1 =R*¥R¥R/2

G2=01/3
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29402 Q3=INT(2%7)+3

2950 FeE (=1 Teg N3

2960 ND1=~-25%7%7/0/(C+1)2%01

2970 Q2=02+51/(2%Q+3)

2980 NEXT O

2990 G To 3050

3000 @1=CCC~18%e1357/7+1091142)/7Z~23.79333)/7+2.050931)/¢
3010 ©1=((01~-0.1730503)/72+0.7034%45)/7Z~0.064109E-3
3020 Q2=(CC~5e81751T/7+2.105874)/7-0.6896196)/2+0.49520243/2
3030 N2=(02-0«18T344E~2)/7Z+0.7979095

3040 Q2=(1-3RR(ZI*(OR2XxCHS(Z-PI/4)~Q1%S5INCZ-PI/4) ) I/ CXEXEX)D
3050 RETURN

3198 REM SUBREUTINE FOFE GAMMA FACTORCKCIXANCI))
3199 FEM AND BETACX1,Y1)

3200 Q21=x%X

3210 02=01%01

3220 FEr I=1 T¢ 3

3230 M9=MLE*(1-(1~2)%M0)

3240 K(1)X=U9

3250 NCIY=0

3260 IF M9<@1*1E-12 THEN 3350

3270 03=S0R(Q2+MI%*MI)

3280 X1=.T0T106781*SOR(Q3+Q1) /U1

3290 Y1=-707106781*SCR(Q3~01)/7U1

3300 C4=X-X1

3310 @5=Xx+X1

3320 26=05%Q5+Y1*®Y1

3330 KCIX>=(04*O05~-Y1*%*Y1)/06

3340 NUI)=-2%Y1%X/Q6

3350 NEXT 1

3360 RETURN

5999 REM SUBREUTINE F@h CIRCUIT, MAGNITUDE, AND PHASE
6000NTI=N3/7C(R2-R1)*L.3)

6010N2=N4/ ((R4~-R3¥*L.4)
€020Q0=6+300473204E~T*F %KD

6030 W1=W*xC&XR0

€040 W2=WkCT*K9

6050 W3=1-WIxW2

6060 WA=yl +W2

6070 FOKR I=1 TH 3

£080 FER J=t TBO 5

609078=CO*N1*N2*xALCTL,»J)

€1007Z9=Q0%«N1*N2#BCI,»J>

61107=00%N1*N1%C(1,J)
612072=00%N1*N1*(DC(I1,.J)+A3)
6130Z1=00%N2%xN2*E(LsJ)
E14073=00*N2%xN2*(F(1,J)+A4)

6150 C1=RO+R&E+Z-W1%2Z2

6160 Q2=RO+RT+Z1~W2%*Z3

6170 R3=72+W1*(R&6+7)

6180 QA=Z3+V2x(RT+Z1)

6190 0O5=78%ZB8-Z9%29

6200 C6=2%Z8%79

ER210 Q7T =D1%Q2-~03%Q4~(W3%Q5-H4*%06)

6220 0B=C1HN4+03%02-(W4*Q5+WI*Q6)

6230 N9=78%xQT+79%Q8

6240 WOHZZI9RQT-Z78*QY
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6250 MC1»J)=GS%RIKXVO*SORIQOIRQI+NSRWSI/(QT*QT +QE*08)

6260 PCI>JIY=ATNCWS/09)

6270 IF 09>0 THEN 6290

6280 PLI>J)=PCIsJY+SGNIWSI%P9

£290 NEXT J

&£300 NEXT I

6310 RETURN \

6499 REM SUBROUTINE F@R DISC. VBLTAGE AN PHASE SHIFT

£500 Q1=M{25s52*SINCP{2s5))~-M(2,1)%SINCP(251))

6510 Q2=-M(2,5*%COS5CP(2,5¥)+M(2,1)%CBSC(P(251))

6520 A3=ATNCO1/02)

6530 IF 02>0 THEN 6550

6540 Q3=0Q3+SGNC(R1I*PY

6550 VI=M(2,12%SINCQ3+P(2,1))

6555 @§1=03

6556 02=V1

6560 FOR 1=1 TO 3

6570 FOR J=1 T@ 5

6580 QCI»JX=03-ATNC(VI/SORIMCILJI*MCILJd)-VI*VIDII+P(IsJ)
6590 NEXT J

6600 NEXT 1

6610 RETURN

6699 REM SUBROUTINE F@R PRINTING RESULTS

6TOOPRINT”DRIVER RES™,"INDUCTANCE"s""N® TURNS","SHUNT CAP",“NOR IM PI"
6TI0PRINTRG6>00%N1*N1*A3/W>N3-C65 (DC253)+A3)/A3
6TCOPRINTPICKUP RES","INDUCTANCE™ »™NQ@ TURNS"»"SHUNT CAPY,''NgR IM PT"
6T30PRINTR7 s QOXN2XNL2*A4/WsN4>CT s (F(2,3Y+A4) /A4 :

67 40PRINT YDRIVING VOLT™5"SERIES RES","™AMP GAIN",'"INPUT IMP"
67S50PRINTVOsR0O»G5,R9

5760PRINT “"DISCRIMINATOR VOLTAGE I185";Vi

6770 PRINT

6780 PRINT L6sLA+L2,L6+2%L2,L6+3%L2,L6+4%L2

6790 F@R 1I=1 T@ 3

6800 PRINT

6810 PRINT MCI-1)>MCI»235MC153)5MCI54),M(1,5)

6820 PRINT PCIs1)sPCIs23sPCI53)sP(1s4)sPC1s5)

6830 PRINT QCI21)50C152):0C1,3),0C1,4),0C1,5)

6840 NEXT 1

6450 RETURN

6999 REM SUBRGUTINE FOR AV. PHASE SHIFT AND LIFT-@FF ERROR
7000 Q1=0C1,1)

7010 Q2=0C¢1,1)

7020 FER J=2 T@ S

7030 IF QC1.JY<Q1 THEN 7050

7040 01=0€1,1)

7050 IF QC1sJd)>Q2 THEN 7070

7060 Q2=0¢1,.4)

7070 NEXT J

TOR0 O=(QC1,12+001,2)+0C1,324+0C1,47+QC1,5)3/5

TO90 Q=0~(0(3:12+0(3,2)+Q(3,32+0(3,4)+Q(3,5))2/5

7092 §=0 :

7100 PRINT"PHASE SHIFT"3Q: LIFT-GFF*"3Q1-023"%";100%(Q1-Q2)74
7110 PRINT “DEGREE";Q%P8,{(01-02)*P8

7120 RETURN

7199 REM F@R COIL DESIGN, ATTENUATORs DRIFTs AND EXIT
7O000PRINT'1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 Con CAL™
7210 INPUT N5
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T220PRINT
T2308N NS G@ Tg 7300,8200,8600,9900

7299
7300
7310
7319
7320
7330
T340
7350
7360
7370
7380
7390
7399
7400
7410
T 420
7 430
T 440
7450
T460
T4T0
T 480
7490
7500
71509
7510
7520
7530
7539
7540
T550
7560
T570
T56C
7590
7600
7610
7620
7630
T639
T &40
7 650
7660
7670
T 680
7 690
7700
T710
7720
TT30
7140
7750
8199
&®200
ge10
8220

REM FGR CUIL DESIGN

PRINT "DRIVER WIRE GAGE., TURNS, PICK-UP WIRE GAGE» TURNS"

INPUT Q15,02503,04

REM F@R DRIVER

Wi=R1

12 =RE

W3=13

G@¢ SUB 7510

N3=Q2

R6=09

PRINT "DRIVER™3N33"TURNS OF #"3G;:"WIRE":
PRINT Q73"/LAYEKR" Q83" LAYERS 556;:"GHM”
REM F@R PICKUP

01=03

A2=04

Wil =K3

WozR4

W3=L4

GB® SuUB 7510

N4=Q2

R7=2%xN9

PRINT “PICKUP":3N43"TURNS EA #"3G3"WIRE"S
PRINT Q73" /LAYER" Q&:3"LAYERS”3R73"GHMS T@TAL"
Ga TO 1140

REM SUBROUTINE FER GAGE AND TURN NUMBER
Wl=W1%RS

W2 =W2%R5

W3=W3%RS

REM FOR GAGE

G=01

IF G>+5 THEN 7640

5=« 95%SORCU2~W1I%W3/702)
06=1.037iE~5/05/05

GO=40
G=40+10%C(LOGCQEI-LBG(+9989+017%*(G0/10-123)/2.30259
IF ABS(G-GOJX<IE~-4 THEN 7630

GO=G

GO T@ 7590

G=INT(G)

REM FOR TURN NUMBER AND ké

Q6= e 9949+ 01T*(G/10-12)%10t(G/10~-4?>
NS=50R(1.037T1E-5/06)

IF G> 40 THEN 769C
05=Ce460655*%L.CGIRS*TE3I-«43444)%1E-3+05
G TG 7700
O5=(28.02228%059+2.56T791E~-2)%x1E~-3+05
C7=INT(W3/705)

QE=INTC(RZ2 =41 X/

IF Q2>5 THEN 7740

RE=DT*0EK

QI=0G2* Q6% (W2+W1)*PO/12

RETURN

REM FOR ATTENUATOBR DESIGN

PRINT “DRIVER SEARIES RESs SHUNT CAP., PICK=UP SHUNT RE>S»
INPUT Q15Q2,03s004

IF @1=0 THEN ¥240

SHUNT

Cap"



8230
$240
g250
8260
g270
2280
#290
#8300
8310
8320
8330
8340
#8350
8360
8599
8500
%610
%620
8630
8640
8650
B660
B670
B6H0
8690
8700
8710
B720
8730
8740
8T50
8760
8770
8780
K790
%800
8810
8820
K530
8840
BHS50
8860
8870
8880
8890
8900
€910
8920
8930
8940
8950
8960
8970
8980
8990
2000
Q010

39

RO =01
1IF 62=0 THEN 8260
cCe=02
IF 03=0 THEN 8280
#9=03
IF G4=0 THEN E300
C7=04
01 =C0kNT%NI*¥(DC(R2+s3)+A3) /4
DE=O0RN2ANR2R(F{25,3)+A4) /W
PRINT "DVE CT"31/(*xS50R(Q1%C6I)3'"BELOW RES';
PRINT SOR(OL/C6):3"CPT RESY;;RO/(W*01)3"=ES/REACTANCE"
PRINT “P~U CT"31/W*xSORCQ2*CT IS BELEW RES™:
PRINT SORCOZ2/CT)3Y 0OPT RESV3R9/(WxG2)3"RES/REACTANCE"
G2 Te 1140 )
REM F@R DRIFTS
PRINT"SYSTEM DRIFT VARIATIONS™
Ei=.01
2=.01
E3=.01%
E4=.01
E7=.01
EB8=.01
E9=.01
Al=.01
A42z=.01
AB=.01
PRINT Y% VARIATN' »PARAMETER"s"RADIAN'»"DEGREE","4Z ©F
1F E1=0 THEN 8770
RE6E=R6*¥(1+E1)
PRINT 100%E1,"DRIVER RES",
G SuB 9320
R&e=R6/7(1+E1D
IF E2=0 THEN €820
RT=R7T*(1+E2)
PRINT 100*E2,"PICKUP RES™,
G@® SuUB 9320
R7=R7T/(1+E2)
IF E3=0 THEN &%70
Ce=C6%{1+E£3D
PRINT 100#E3,"DVR SHUNT CAP",
Gg SUB 9320
C6=C6/C1+E3)
IF E4=0 THEN 8920
CT=CT*(1+E4)
PRINT 100%E4,"P-U SHUNT CAP",
G@ sSuUB 9320
C7=CT/(1+E4)
iF E7=0 THEN 8970
RO=RO¥(1+E7)
PRINT 100%E7."SERIES RES".
G@ SUB 9320
RO=ROZC1+ETY
IF Eg=0 THEN 9020
R9=RO*x(1+E&)
PRINT 100%E8,"AMP INPUT RES*,
G& sSuB 9320
RI=ROA{LI+EE)D

RANGE™



9020
9030
2040
9050
9060
2070
90%0
9090
910¢C
2110
2120
9130
9140
9150
9160
2170
2180
3190
9200
9210
2220
9299
9300
9310
9320
9330
9340
5350
9360
2370
2380
9390
9400
9410
2420
9900

4o

IF E9=0 THEN 9070
VO=VO*C(1+E9)

PRINT 100%E9,"APPLIED VOLT'",
G0 SUB 9320

V0=VO/C(1+E9)

IF A1=0 THEN 9120

FeFe(1+A1)

PRINT 100*A1,"FRECUENCY",

GO SUB 9300

F=F/C1+A1)

IF A2=0 THEN 9170

25 =R5%( 1 +A2)

PRINT 100%A2:"MEAN RADIUS",
GO SUB 9300

RS=RS/C1+A2)

IF AB=0 THEN 9220
Ki=Kl*(1+Ag)

PRINT 100%AS,“RESISTIVITY",
GO SUB 9300

Kl=K1/C1+A8)

GG T@ 7200

REM SUBRGUTINE F@®R DRIFT

GO SUB 600

G@ SUB 1500

G@ SUB 6000

@1=0

FOR I1=1 T@3

FER J=1 T@ 5
02=01~ATN(B2/SARIMC I s JI*M(T,.0) =B2*02) ) +PC15J)~QC1 )
IF ABS5(Q1)>ABS(02) THEN 9390
Q1=02

NEXT J

NEXT I

PRINT 01,180%21/P9,100%01/0
RETURN

END
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RFCON, FORTRAN Version

The FORTRAN version of RFCON is very similar to the BASIC version.
The line numbers given are only for identification and editing purposes
and have no effect on the actual executicn of the FORTRAN program. The
input data for the program is cdntained in lines 250 through 480. The
data must be typed in the seventh column, or six spaces must first be

typed. The data are inputed as follows:

00250 R5 = (coil mean radius in inches)

00260 Rl = (normalized inner radius of driver coil)

00270 R2 = (normalized outer radius of driver coil)

002807 I3 = (normalized length of driver coil)

00290 R3 = (normalized inner radius of pickup coil)

00300 RYt = (normalized outer radius of pickup coil)

00310 LY = (normalized length of pickup coil)

00320 L5 = (normalized length of recess of each pickup coil from
the face of the driver coil)

00330 16 = (normalized minimum 1lift-off of the driver coil)

003L0 R6 = (resistance of driver coil in ohms)

00350 R7 = (resistance of both pickup coils in ohms)

00360 N3 = {number of turns on the driver coil)

00370 N4 = (number of turns on each pickup coil)

00380 RO = (driver amplifier series resistance in ohms)

00390 R9 = (pickup amplifier shunt resistance in ohms)

00k0o0 06 = (shunt capacitance of driver circuit in farads)

00k10 07 = (shunt capacitance of pickup circuit in farads)

00k20 VO = (output voltage in volts)

00k30 GAIN = (amplifier gain)

0okko FREQ = (operating frequency in Hertz)

00Lk50 L2 = (normalized 1lift-off increment of the driver coil)

Q0L RHOL = (nominal electrical resistivity in microhm-cm)

o0LT0 Ul = (relative magnetic permeability)

00kB0 M9 = (fractional variation of conductivity)
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The print-out of the FORTRAN version of RFCON is practically iden-
tical to the BASIC version and will not be repeated. The main differ-
ence is that the question mark is not printed out when the program is
ready to accept data. The Coil Deslgn, Attenuator Design, Drift Check,
and Continue Calculations options are the same. The line numbers,

constant names, and parameter varied in the drift calculations are as

follows:

Line Number Constant Parameter Varied
03120 DR1 Driver Resistance
03130 DRr2 Pickup Resistance
03140 DR3 Driver Shunt Capacitance
03150 DRY Pickup Shunt Capacitance
03160 DR5 Series Resistance
03170 DR6 Amplifier Input Resistance
03180 DRT Applied Voltage
03190 DR8 Frequency
03200 DR9 Mean Radius
03210 DR10O Resistivity

For example, to vary the driver resistance by 2%, one would type:
03120 DR1 = 0.02
As in the BASIC version, the last three drifts require that the entire
numerical integration be repeated and are relatively long running. If
any of the drifts is set equal to zero, it will be omitted from the
drift calculations.

Sample Calculstion of RFCON.FL4

Let us suppose that we wish to design a reflection type coil, identical
to the one designed by the BASIC version. We put the following data

in the program (generally by using the EDIT RECON.FL command on the
PDP-10 and inserting the statements). All linear dimensions are normal-
ized by dividing by the coil mean radius, except the coil mean radius,

which is in inches.



00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00k00
00k10
00420
00430
00LLO
0oks0
00460
00470
00k80

The FORTRAN program may now be executed.

43

R5 = .300
RL = .75

R2 = 1,25
L3 = .6

R3 = .35

Rh = .70

Lk = .2

L5 = 0.0

L6 = .1

R6 = 57.555
RT = 3443.01
N3 = 810.0
N4 = 2925.0
RO = 1.E6
R9 = 1.E6
6 = 1.E-12
C7 = 1L.E-12
Vo = 10.
GAIN = 1.
FREQ = 500,
L2 = .025
RHOL = 2.95
Ul = 1.0

M9 = .05

The print-out will be

essentially identical to the BASIC print-out and will not be repeated.
The FORTRAN version of RFCON follows.



Lk

00010C IN THIS PROGRAM: RHO1 IS THE RESISTIVITY
00020C SIGMA IS THE GAMMA FACTG@R

00030 COGMPLEX BETA1,BETA2,EX1,RNUMsDEN,SIGMA

00040 COMPLEX TMUT»DRIVERSPICKUP

00050 REAL L3sL45L55L6,1L.2:N3:>N4»>M2,M3A,K1

00060 COMMBN X»Zs015PI/B1/R1,R25R3IsR4>L35L4,R0,RE6,R7
00070 COMMBDN /B1/R9sC65,CTsV0sGAINSWsFREQIRDINI NS

0o00go COMMON /82/TMUTsDRIVERSPICKUPAIRI»AIR2/83/GAGEsX1IN
00090 COMMON /B3/X0UT»XLENsTURNSSNIAJI>PERLAYSXLAY

00100 DIMENSION RL(S)I,SIGMACIIsTMUT(3,5,9)5DRIVERC(ILD)
00110 DIMENSION PICKUP(3,57,TMAG(3,5)PHASEC(3,5)»SHIFT(3,5)
00120 EQUIVALENCE (RH21,K135(GAINIGD IS (FREGLF)

00130 PI=3.1415926%

00140 RAD=18C.0/P1

00150C

00160C

Go170C

00i8acC

00190C

o0o0zo0nc

002100

00220 JKL=0

00230C THE FOALLOWING ARE INPUT DATA F@GR THRE PARAMETERS @F
00240C THE COILS, MATERIAL, AND CIRCUIT

00250 R5=.3

00260 R1=:75

00270 R2=1.25

00280 1.3z 6

00290 R3=.35

00300 Ra=+7

00310 L4=e2

00320 L5=0.0

00330 Lé=e}

00340 R6=57¢555

00350 R7=3443.01

00360 N3=810.0

00370 NA=2925.0

00380 RUO=1.0E6

00390 R9=1.0E6

00400 Co6=1.0E~12

00410 C7=1.0E~12

00420 V=10.0

00430 GAIN=1.0

00440 FREQ=500.0

00430 L2=0.025

00460 RHZ1=2.95

00470 Ur=1.0

00280 MS=.05

00420 MSA=200.0%M2

0054G0 S W=R2.0%PI#FREQ

00510 Rl =0+5094%U1 *FREQRRS*#R5/RHO1
00520C THE SYSTEM PARAMETERS ARE PRINTED QuT
00530 IFCIKL«NEO) G@ TO 105
00540 TYPE 30,R1,R2:L3

00550 30 FORMATC(IH »3HRI=>FB:5,3Xs3MRE2=sFB5,3X214HDRIVER LENGTH=»
00550 1Fg.53
00570 TYPE 40,R3s,R4:L.4



00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
0D68O
00690
00700
60710
a0720

ks

40 FORMATCIH s3HR3=,F8e5,3X»3HRA=,F8+5,3X, 14HPICKUP LENGTH=»
1F8e5)
TYPE 50,R5sFREQ

50 F@RMATCIH »17THCOIL MEAN RADIUS=sF&.5,7H INCHESs3X,
120HGPERATING FREQUENCY=,1PE12.9)
TYPE 60,L5

60 FORMAT(1H »1SHPICKUP RECESSED»FH.5)
TYPE 70.L6sL2

70 FORMATCIH »13HMIN LIFT-DFF=sF8e553X21 SHLIFT~QFF INCREMENT=
1F8+5)
TYPE 80sU1sRM1sRHOI

B0 FERMATC(IH »3HUI=,F6+.2,5%X,3HMI =,F9.5,2X,12HRESISTIVITY=»
11PE12.5,11H MICREHM CM)
TYPE 90-,M9A

90 FORMATCIH >23HCONDUCTIVITY VARIATION=, F8.2,1H%)

00730C THE INTEGRATION IS PERFORMED BY THE TRAPEZQIDAL METHED.

00740C
00750C
00760C
00770C
007%0C
00790
co0800
00810
00820
Q0830
00840
00850
00860
00870
00880
00890
00900
00910
00%20
00930
00940
00950
00960

EVALUATING AT THE CENTER OF THE INTERVALS FOR X LARGE
THE INTEGRAL CONVERGES RAPIDLY,S@ LARGER INTERVALS
ARE TAKEN
IN THE INTEGRATION TMUTs, DRIVER», PICKUP, AIRl» AND
AIR2 ARE CALCULATED
105 S1=0.01
52=5.0
B1=0.0
B2=S2
AIRI=0.0
AIRZ2=0.0D
D@ 108 J=1,3
DO 108 K=1:5
DRIVERCJsK)=(0.0-0.0)
PICKUP(J-KI)I=(0.050.0?
TMUT(JsK)=(0.05,0.02
108 CONTINUE
110 11=(B2-B13/51
X=B1~51/2.0
DO 170 M=1,11
X=X+51
Z=R2%kX
Q1=R2

00970C SUBROUTINE BESSEL EVALUATES THE INTEGRAL OF

00980C
0g990C
01000
01010
01020
01030
01040
g1050
01060
01070
01080
21090
01100
01110
01120
01130
01140
01150

THE PRGDUCT @F THE BESSEL FUNCTION AND ITS
ARGUMENT
CALL BESSEL{VALZ)
Z=R1%*X
Qi =R1
CALL BESSEL(VAL1}
Z=R4%X
§1=R4
CALL BESSEL(VAL4)D
Z=R3%*X
01=R3
CALL BESSEL(VAL3)Y
S53=S1%(VAL4-VAL3Y*(VAL2~VAL1)>
Sa=51%(ynlL2-VAL1 )% (VAL2~VAL1)
S55=31%{VAL4-VAL3>*(VAL4~VAL3)
EX3I=EXP{(~-X*L3)
Wi=1.0-EX3
EX4=EXP(~X%L4)



01160
01170
01180
01190
012060C
01210
01220
01230
01240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350
01360
01370
01380
01330
01400
01410
01420
01430
01440
01450
01460
01470
014a4e
01425
01500
gistn
01520
01530
01540C
01550
01560C
01570
01580
01590
016006
0isd10
01620
01630
01640
01430
01660
01875
01680
014690
Gi70a
oi710
0i720

L&

Wo=1 .0-EX4
EXS=EXP{~X*¥L5>
WRSEXI/(DXAREXAXE XSHEXS)
IF(X.GT«30.0) GO T@ 160
FrREeM HERE THROUGH LINE 130,SiGMA IS CALCULATED
D@ 130 1I=x!:3
RI=1I~2
RM=RM1 ¥{]1 Q+RI%*M3)
BETAI =CSORT(CHMPLXIX®XsRMI /1))
120 SIGMACI)=(X-BETA1)/(X+BETALl)
130 CONTINUE
EX2=EXP{~-2.0¥X%.2)
EXE=EXP{~2:0%X+L6)
WAzl  Q-EXA¥WD
WE=EXSFEX6EW kW2 %W 4
WH=EXE6EW %W
W7 =W2 AW HEXOHEXSXEXDRWA%RN 4
RLC(1)X=1.0
D@ 140 K=2s595
140 RLOK)=EXZ2¥RLIK-1?
DY 150 K=1,3
DB 150 L=1-5
THMUTCK LY = TMUT (K, L) +S3%WEARL (L) ASIGMA LK)
DRIVER{KsLI=DRIVER(KL) +S5S4%W6¥RL (LI XS IGMA(K)
150 PICKUP{(K»LY=PICKUP{K,LI+S5xWTHRLILI*SIGMA(K)
160 AIRI=AIRI+54%2.0%(X%L3-W1)
AIRC=AIRP+SSH{A 0% {X4ALA-W2) - 2. 0%W2%W2XWI)
170 CONTINUE
B81=B2
Bz=pe+s2
S1=0.05
IF{XLTe9.0) GV TG 110
S1=0.1
IF{XaLLT+29e0) G& TG 110
S1=0De2
IF(XeLTe3%2.03 GA TY 110
S1=205
IF(XeL.LTe79.0) G& T2 110
THE INTEGRATIOGN ENDS HERE
IFCJKL.«NE-O) G@ T 552
NEXT THE PROPERTIES 8F THE C@ILS ARE DETERMINED AND PRINTED
180 CALL CIRCTC(TMAG:-PHASE»Q0,T1,T2)
CAL)L PHASET(TMAGPHASESHIFT.V1I»SET)
TYFPE 190
190 FORMATE(IH »10HDRIVER RES»AX, 10MINDUCTANCE » aX: BHNG TURRS
16X 9HSHUNT CAP,SX»FHNER IM PT)H
01=Q0%T1#T1RAIRIZW
RZ={REAL(DRIVER(2s3))+8IR1I/81IR]
Q3=00%T2¥T2%AIR2 /Y
Q4a={REAL(PICKUP(2,3))+AIRZ)I/AIR2
TYPE 200,R6+Q01,N3,065Q2
200 FORMATIIH L 1PE12e532Xs1PE12¢5,2Xs0PF8e156Xs1PE12522X0s
10PF9.6)
TYFE 2i0
2910 FORMATI{1IH »10HPICKUP RESs4Xs10HINDUCTANCE » 4Xs BHNG TURNSS
16K FHSHUNT CAP-5Xs 9HNOR 1M PT)
TYPE 20C-RT7,03sN2:-CT75Q4



01730
01740
01750
01760
1770
01780
01790
018006
01810
01820
01830
01840
01850
01860
01870
0 1880C
01890C
01900
01910
01920
01930
01940
01950
01960
01970
01980C
1990
02000
02¢10
02020
02030
02040
02050
02060C
02070C
02080
02090
02100
02110
02120
02130
02140
02150
02160
02170
02180
02190
02200
02210
02220
02230
02240
02250
02260
02270
02280
02290
02300

h?

TYPE 220
220 FORMAT(IH »12HDRIVING VOLT»2X»10HSERIES RES, 44X,
1EHAMP GAINL 66X 9HINPUT IMP)
TYPE 230,V0-RO0sGAINsR9
230 FORMATC(IH sF5:1 09X+ 1PE12:5,2Xs0PFBe1s6Xs1PE12.5)
TYPE 240,V1
240 FORMATC(IH »22HDISCRIMINATOR VOLTAGE=»1PEiI2.5)
TYPE 250
250 FORMATC(IH )
RLC(1)=L6
D@ 260 =255
260 RLCIY=L2+RLLI-1)
TYPE 270.RL
270 FORMATCIH »4(F6.3s8X)sF6.3)
TYPE 250
THE VOLTAGE MAGNITUDE->PHASE»>AND SHKHIFT ARE PRINTED FOR
THE VARIQUS LIFT~OFF VALUES
D@ 280 1=1,3
TYPE 290,{(TMAGC(I»Jd35J=1,5)
TYPE 290,{(PHASE{1,J)5J=1+5?
TYPE 290,{(SHIFT(I>dY»J=1,5)
TYPE 250
280 CONTINUE
290 FORMAT(IH »4CIPE12:5,2X)»1PE12.5)
CALL SENS(SHIFT,RAD,SEN)
THE USER SELECTS @NE OF F@UR POSSIBILITIES
29% TYPE 300
300 FORMATC® 1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK
1 4 CON CAL®)
TYPE 250
ACCEPT 310,N5
310 FERMAT{I1)
GB TR{320,450,540:690)5N5
THE FIRST POSSIBILITY PRINTS FACTORS IN THE C@QIL
DESIGN3 USER INPUTS INTEGER DATA AS REQUESTED
320 TYPE 330
330 FE@RMAT(® DRIVER WIRE GAGE. TURNS» PICKUP WIRE GAGE.»
1PTURNS?®)
TYPE 250
ACCEPT 340,N1A»N2A,N3AsN4A
340 FORMATC(41)
IF (NIA*N2A.EQ.0) GO TQ 350
GAGE=N1A
XIN=R1%R5
XAUT=RE*¥R5
XLEN=L3%R5
TURNS=N2A
N3 =N2A
NiA=-1
Ji=1
CaLl., GAGER(RS)
Ge T 370
350 IF(NIALER.0) GO TO 360
GAGE=N1A
XIN=R1%RS
XGUT=R2%RS
XLEN=L3%RS
J1=1



02310
2320
02330
02340
02350
02360
02370
02380
02390
02400
02410
LAl
52a30
goaal
02459
02450
a2ato
02480
p24a%0
02500
02530
02520
02530
pe54l
02550
02563
02570
02580
02550
g 2600
02610
pe 20
p26390
(12640
02550
p2 66l
02570
02680
02699
02100
p2i10
02120
02130
02740
p2750
02760
T ANAY
027890
02190C
02 es0h
02510
02820
0283l
02840
02850
o2&50
p2&i0
0288d

L8

caLL GAGER(R&)

N3¥”URNS
go 19 370
1F(N29e€@
N3=NEA
TURNSﬂMEA
XIN*R\*RS

360

.0) G9 10 390

XGUTﬂRE*RE
XLEN*LS#RS

200

410

DRIVER

pATA

SERIES RE

TYPE G
aCCE T 470)P\:P2)P3;|4
- ¥AY F@RMQE(AE
IF(P\-EQ-O- y G@ 18 A%0
RO=v14

0
SSTBKL!TY DEALS WwiTh
5 RE@UESTED

1IN

Ss

E F

(XX

FS5a1 » AMW 1RE?

PE\2-5’4H®HMS)

ATTENU
1ELD

ATOR DESIGN}
TYPE

SHUNT CAP>

p1CKUP SHUNT RED #



02890
02300
02910
oz2920
02930
2940
02950
02960
02970
02980
023990
Q3000
03010
03020
03030
03040
03050
03040
03670
03080C
03090C
031060
063110
03120
03130
03140
03120
03160
03170
03180
03190
3200
032310
03220
03230
03240
03250
03260
03270
03280
n32%0
03300
03310
03320
03330
03340
3350
03360
03370
03380
03320
03400
03410
03420
03430
03440
03450
(3460

kg

480 IF{P2.EQ.0.0) G@ T8 490

Cé6=pP2

490 IF{P3.EQ.0,-0) 68 T@ 500
R9=P3

500 IF(P4.EQ-C-0) GO T® 510
CT=P4

510 Q5=1.0/C(W*50RT(Q1%Q2%C62
D6=5ARTLOI%82/7C6)
AT =RO/ (X1 x02)
O8=1.0/C(W*SQARTC(RAI*Q4%CT))
RFE=SQRTQA3*QA/CT
Q10=RI/SCHX03*04D
TYPE 520:,95s5065,Q7

520 FORMATI(IH »THDVR CKT»1PE12.5510H BELOW
18H @PT RES»IPEIZ2.5211H RES/REACT.)
TYPE S30508,09,010

S30 FORMATC(IH »7THP-U CKT»1IPE12.5,10H BELOW
18H ZPT RES,1PE12.5,11H RES/REACT <2
G T@é 180

THE THIRD P@SSIBILITY EXAMINES THE EFFECTS

OGN THE SYSTEM

540 TYPE 550

550 FORMATC1IH »23HMSYSTEM DRIFT VARIATIGNS?
PR1=0:01
DRZ2=0.01
DR3=0 .01
DR4A=D.01
DRS=0.01
DRE=0.01
DR7=0.01
DRE=0.01
DR9=0.01
DR10=0.01
GO TO 559

552 CALL CIRCTI{SET»V1i>SHIFT>RAD,SEN)
G2 TO (675:,6785681)> JKL

559 TYPE 560

RES>1PEI2+5,

RESs 1PE12+5,

PF DRIFT

S60 FORMATCIM »11HZ VARIATION,3X,13HPARAMETER VAR, 1X»
1 7THRAD IANS»TX» THDEGREESs 7X» 1OHEZ @F RANGES

IF(DR1-E£Q-0.0) GO TO 580
R&ExR6%{] -0+DR1?
DR1I0O=100,.0%DR1
TYPE 570,DR100Q

ST0 FORMAT(IH »F4.1,10Xs13HDRIVER RES 3)
CALL CIRCTI(SET:VI-SHIFT-RAD,SEN)
R&6E=R67C1«0+DR1)

580 IF(DR2.,EQ.0.02 GB& T@ 600
R7=R7*(1.0+DR2)
DRIQU=100.0%DR2
TYFE S590,DR10CO

590 FORMAT(IH »F4.1:10X,13HPICKUP RES 5>
CaALL CIRCTI(SET»V1,SHIFT>RAD,SEN?
RT=RT/(1.0+DR2

600 IF{DR3I.EQ-0.02 GG T@ 620
Co6=Co6*%(1.0+DR3D
DRIOC=1C0-0%DR3
TYPE &§10,DR100

510 FORMAT(IH »F4.1,10X213HDVR SHUNT CAPS?



03470
03480
03490
03500
03510
03520
03530
0354C
03550
03560
03570
03580
03590
03600
G3610
03620
03630
03640
03650
03660
036710
03680C
03690
03700
03710
03720
03730
03740
03750
03760
03770
D3ITED
03793
03800
03410
03820
03830
03840
03850
03&s0
03870
03880
03890
03900
03910
03920
03930
03940
03950
03960
03970
03980
03990
04000
04010
04020
04030
04040

6230

630

€,
by
o

650

660

670

671

672

673

677

679

680

681

50

CALL CIRCTI(SET»V1,SHIFT,RAD»SEN)
C6=C&7(1.0+DR3)

IF<(DR4:EQG 00> G® TO 640
CT=CT7*¢(1.0+DR4)

DR100=100.0%DR4

TYPE 630,DR100

FGRMAT(IH »F4.1510X»13HP~U SHUNT CAPSE)
CALL CIRCTI(SETsVILSHIFT,RAD,SEN?
CT=CT/¢1.0+DR4)

IF(DRS«EQ+0«0) GO TG 660

RO=RO%{1 .0+DR5S?

DR1CO=100.0%DRS

TYPE 6S50.,DR100

FORMATCIH »F4.15,10X513HSERIES RES $)
CALL CIRCTI(SETsV1,SHIFTsRAD-SEN)
RO=RO/ZC1 «Q+DRS)

IF(DRS.EC.0.0) GO TO 671
R9=R9#%{1.0+DRS)

DR180O=100.0*%DR6

TYPE 670,DR100

FERMATCIH »F4:1,10Xs13HAMP INPUT RESS)
CALL CIRCTIC(SET»V1,SHIFT,RAD,SEN)
R2=R27(1.0+DR6)

IF(DRT.EQ.0.0) GO TO 673
VO=VY0*x{1.0+*DR?)

DR100=100.0%DR7

TYPE 672,DR100

FORMAT(IH »F4.1210Xs13HAPPLIED V@LT %)
CALL CIRCTI(SETsV1,>SHIFT,RAD:SEN)
VO=VY0/C1.0+DRT)

IF(DRB.EQ«0.0) GO TO &76

FREQ=FREQ*{] +0+DRE>

DR100=100.0*%DRB

TYPE 674,DR100

FORMATCIH »F4-.15,10X513HFREQUENCY $)
JKL =1

Go T@ 5

FREO=FREQ/C(1 s0+DRS>

JKL =0

IF(DR9:EQ.0.0) GB& TB 679

RS=RO%{1 .0+DR9)

DR100=100.0%DRY

TYPE 677sDR100

FORMATC(IH »F4-15,10X»13HMEAN RADIUS $3
JKL =2

GO T@a S

RS=R5/(1.0tDR%)

JKL. =0

IF(DR10+EQ:D.0) GO TO 295
RHP1=RHO1%(1.0+DR1Q)

DR10G=100.0%ER10

TYPE 6B0Q.DR10O

FORMATC(IH »FA-1>10X13HRESISTIVITY $)
JKL=3

Ga T8 5

RHO1 =RMP1/7C¢1 .0+DR10OD

JKL =0

G@ TO 295



51

04050C THE FOURTH PESSIBILITY ENDS CALCULATIONS
04060 690 CALL EXIT

04070 END

04080 SUBROUTINE BESSEL(VALY

04090 COMMEN XsZ»Q1sP1

04100 IF(Z-GT+5.0G2 G T& 1010

04110 K=2.0%7

64120 L=K+3

04130 F1=0.5%¥Q1%01%Q1

04140 VAL=F1/3.0

04150 D@ 1000 I=1,L

04160 Al=1

0Aa170 Fle-Fi*0.25%Z¥Z/{(AI¥AT+A1)

D4180 VAL=VAL+F1/7(2.0%A1+3.0)

04150 1000 CONTINUE

04200 G To 1020

04210 1010 XU={{({~188.1357/2+10%:1142)/7Z2~23.79333)72+2.050931)/Z
04220 XO0={{X0~0-17305033/72+0.7034845)/Z-0.064109E~-3

Gaz30 X120 {~5. 81751 T7/Z2+2-105874)/2~.6896196)/72+.4952024)/2
04240 KI={AK1~0.18T7T344E-2)/Z2+0.79790%95

04250 VALZ(] «0~SORTCZ)*(X1*COS(Z~P1/4.0)-X0*5IN(Z=P1/74.0))3/
042460 1 OXEXRX)

04270 1020 RETURN

04280 END

04290 SUBRGUTINE PHASET(A,B»C,Vi1,03)

04300 DIMENSION A{3553,B(3,5),C(3:5)

04310 P1=AC2,53%SIN(B(2,5))~AC2, 1 )¥SINCB(2,13)

04320 P2=~{AL2,5)%CUS(B(2,5))~A(R,1¥*COS(B(251)3)

04330 B3=ATANZ{(R1,082)

04340 VI=A(2,13%SINCA3+B{2,10)

Q4350 D@ 2000 I=1,3

04360 D@ 2000 J=1,5

04370 2000 CCl.J)=@3~ATANZ2(VI>SORT(ACI, JI*RACTI, J)=VI*V1))+B(ILJ)
04380 RETURN

02390 END

04400 SUBROUTINE SENS(8-RAD,G1)

04410 DIMENSION #(3,5)

04420 29=8C(1+1)

04430 G0=0<1,172

04440 D@ 3010 I=2-5

D 4450 IFEQC1s13-.LT-09) G& TO 3000

04460 go=0{1,1)

04470 3000 IF(9{3:13.GT-00) G& T@ 3010

04480 20=g{1,1>

04423 3010 CONTINUE

04500 B1=00C1s124+0C1,22+8C(1532+0(1542+0(1,533/5.0
04510 Pi=@1-C0{3:12+0¢3223+0(3,33+Q(3542+8(3551275.0
04520 XL.¥=¢9-60

04530 PERCT=100%XLO/81

04540 DEGR1=@1*%RAD

04550 DEGRZ=XLB*RAD

04560 TYPE 2020-01»XLO,PERCT

04570 3020 FEZRMATC(IH »1ZHPHASE SHIFT=, 1PE1Z2+5,2X»8HLIFTOFF =
04580 11PELI2.5,2XsBHA=,1PE12.5)

04520 TYPE 30G30,DEGR1-DEGR2

D4600 3030 FORMAT(IH »7THDEGREE:»1PEI3.5,5Xs1PE13.52
04510 RETURN

04620 END



52

04630 SUBRGUTINE GAGER(RES?

04540 CoMMaN /B3/GsD1,D2,RUNSTS2N1sJ15DSE

Q4650 PI=3.1415926536

04660 IFC(J1.EQ.1) GO T® 4015

04670 Niz-}

04680 D3=0«935%SAGRTI(D2-D1I%RLN/TS)

04630 X2=} «037T1E-5/(D3%D3)

04700 Q=4G.0

D4710 4000 G=40+0+10.0%{ALZGIX2)~ALRGC+9989+.017%(Q/10.0~-1.0)3))>/2.3
04720 10259

04730 IFCABS{Q~G)eLTe1.0E~-4) GG TOW 4010

04740 0=G

04750 G@ T8 4000

04760 4010 1IG=G =

04770 G=1G

04780 4015 X2={,92989+.01T7*{(G/10.0-1.0))%10:.0%%(G/10.0-4.0)
04790 D3=SHRT(1.0371E~-5/7X2?

04700 IFCG.GTea00.02 G@ TE 4020

04310 X3=¢+480655%ALAGID3%] K3)~,43444)%] E=3

04820 G T@ 4030

04830 4020 X3=(98.02228%D3+2.567T91E-2)%1 E~3
04840 4030 ID=(RLN/(D3+X3))

04850 D=1D

04860 IE=(D2~-D1)/{(D3+X3)>

04870 E=1E

04880 IF(NTI-EQe~1) GO TO 4040

04830 T5=0%E

04200 4040 RES=TS*X2%{(D2+D1)*FPi/12.0

04210 RETURN

04920 END

04230 SUBRBUTINE CIRCT(TMAGs»PHASE:Q0,T1,T2)

04240 COMMEN /BI/R1sR2,R3sR4>RL3sRL4sROsR6,RTsRI,C6sCT5VO5GAILN
04950 CoMMEN /B1/YW->FREQ,RBAR>TURNS1 s TURNSZ/B2/TMUTDRIVER
04950 CoMMBN /B2/PICKUP,AIR1,AIR2

04970 CaMPLEX TMUT»DRIVERSPICKUP»Z1222+23+242255726427
04950 COMPLEX DEN@M.TNUM, VOLT

04990 DIMENSIGN TMUT(3,53,DRIVER(3,5),PICKUP(3,5)
a5000 DIMENSION TMAG(3553.PHASEC(3,5)

050i0 TI=TURNS1/C((R2~-R1)*RL3)

05020 T2=TURNSZ2/7C((R4-R3I*RLA)

05030 00=&2300475204E ~T7%FREQ*RBAR

053040 Z1 =CHMPLX(W*RO*C6s=1.0)

050350 22=CMPLYX (W RI*CTr~1+0)

05460 Z3=zCMPLKX{0.05-R0O)

05070 ZA=0MPLX(0.05-R93

034630 DG 5000 1=1,3

05090 D@ 5600 J=1-5

05100 Z5=2Q0%T1%T2%*TMUT(I,JD

05110 26=00%T14T1%C(0e0,1«0)*{(DRIVERCI,JI)+AIR])
05120 Z7=Q0%T2%T2%(0.021.0)x(PICKUP(1,J)+AIR2)
05130 DEN@M=Z1%Z2%Z5%Z5+(Z1¥(ZE+R6I+Z3 ) %

a51490 3 (Z2%(ZT+RT3+Z24)

05150 TNUM=VO#RO¥GAIN¥{0+0s~1+02%25

05160 VOBLT=TNUM/DENGOM

045170 TMAGC(I,.1)=CABS(VALT)

05180 5000 PHASEC(I,J)=ATAN2(AIMAGCVOILT))»REALCVOLT))
05120 RETURN



05200
05210
05220
05230
05240
05250
05260
05270
05280
05290
05300
05310
05320
05330
05340
05350
05360
05370

6000

6010

53

END

SUBRBUTINE CIRCTI(21,V1,0,RAD,SEN)
DIMENSION 8(3,53,TMAG(3,53,PHASE(3,5)
CaLl. CIRCT(TMAG,LPHASEsQ0-»T15T2)
01=0.0

D@ 6000 I=1,3

D@ 6000 J=1,5
Q2=01~ATANZ2(V1,SAQRTCTMAGL I I*TMAGC(LI,JI-Vixv]))
1+PHASEC(T» ) ~0C1,J)
IF(ABS(013).GT-ABS(RA2)) G8 T@ &000
01=a2

CONTINUE

D2NEW=RAD*Q1

Q3=100.0%01 /SEN

TYPE 6010,Q1,Q02NEW»Q3
FORMAT(1H+,1X22(1PE12:552X)»1PE12.5)
RETURN

END
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REFLECTION COIL ABOVE A CLAD CONDUCTOR

We shall now congider the case of a reflection coil above a clad
conductor. This program calculates the magnitude and phase of the
voltage that is fed to the phase measuring circuits of the phase-
sengsitive eddy~-current instrument and is designed to help analyze eddy-
current measurements of cladding thickness.

The program calculates the magnitude and phase of the induced
voltage for five different values of lift-off with each of three dif-
ferent cladding thickness values, for a total of Tifteen calculations.
This allows one to examine the sensitivity to lift-off varistions as
well as cladding thickness variations. In addition, the program also
calculates the phase shift with the discriminator adjusted to give the
same phase on lhe nominal cladding thickness sample with maximum and
minimum 1ift-off. The phase on the nominsl sample with minimum 1ift-
off is taken as zero, and all other phase shifts are measured relative
to it. The equations that are evaluated are Eq. (8) for the mutual
coupling, Eq. (9) for the driver coil impedance, and Eq. (17) for the
pickup coil impedance. The gamma factor for the clad conductor is
given in Eq. (33). The programs are written in both BASIC and FORTRAN
for use on a PDP-10. The BASIC program follows

To use this program, one must first divide all coil and lift-off
dimensions by the mean radius of the driver coil. Then the following

lines must be typed into the program:

50 R5 = (numerical value of driver coil mean radius in inches)
260 Rl = (numerical value of normalized driver coil inner radius)
270 B2 = (numerical value of normalized driver coil outer radius)
280 13 = (numerical value of normalized driver coil length)

290 R3 = (numerical value of normalized pickup coil inner radius)

300 Ri = (numerical value of normalized pickup coil outer radius)

310 L4 = (numerical value of normalized pickup coil length)

320 L5 = (numerical value of normalized pickup recess from face
of driver)

330 7.6 = (numerical value of normalized driver coil miunimum

1lift-off)



340
350

360
370
380
390
koo
410
420
430
Lho
450

510
520
530
540

545
250

255

RT

N3
ottt
RO
R9
cé
cT
Vo
G5

5]
i

L2

c(1
c(2
c(3

Ul

u2
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= (numerical value of resistance of driver coil in ohms )

= (numerical value of total resistance of both pickup coils
in ohms)

= (number of turns on driver coil)

= (number of turns on each pickup coil)

= (output series resistance of driving amplifier in ohms)

= (input shunt resistance of pickup amplifier in ohms )

= (total shunt capacitance of driving circuit in farads)

= (total shunt capacitance of pickup circuit in farads)

= (output voltage of driving amplifier in volts)

= (gain of pickup amplifier)

(operating frequency in Hertz)

= (numerical value of normalized driver coil lift-off
increment)

)

)

)

= (numerical value of resistivity of base material in

(numerical value of minimum cladding thickness in inches)

i

(numerical value of nominal cladding thickness in inches)

]

(numerical value of maximum cladding thickness in inches)

mi crohm-cm)
= (numerical value of relative permeability of base material)
= (numerical value of resistivity of cladding material in
microhm-cm)
= (numerical value of relative permeability of cladding

material)

The program may now be run. The print-out by the computer will

have the following format:
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Ri= (R1) R2= (R2) DRIVER LENGTH IS (L3)
R3= (R3) Ri= (RL) PICK UP LENGTH IS (L)
COTL MEAN RADIUS (RS5) INCHES OPERATING FREQUENCY (F)
PICK UP RECESSED (L5)
(L6)

MINIMUM LIFL-QOFF (7 LIFT~-OFF INCREMENT (L2)

Ul= (U1) ML= ouun. RESISTIVITY= (K1) MICROHM CM
Uo= (U2) M= ..., RESISTIVITY= (K2) MICROHM €M
THICKNESS= (C(1)) (c(2)) (c(3))

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(RE) e (N3) (c6) ...
PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(RT) e (Wh) (cry ...

DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
(vo) (RO) (G5) (R9)
DISCRIMINATOR VOLTAGE IS ......
(1.6) (L6+12) (L6+212) (L6+31L2) (L6+412)
0
PHASE SHIFT ..... LIFI'-QOFF ..... /S
DEGREE ..... .

1 COIL DESIGN 2 ATTEN. DESiéﬁ 3 DRIFT CHECK 4 CON CAL
7L

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed.

There are five columns of data, ons under each value of lift-off.
Each column is divided into three sections of three lines each. These
sections correspond, from top to bottom, to the three values of clad-
ding thickness. The three lines in each section are, from top to
bottom, the magnitude of the voltage out of the pickup amplifier, the
phase shift between the voltage out of the pickup amplifier and the
driving voltage, and the phase shift between the voltage out of the
pickup amplifier with the discriminator set to give the same phase

shift with minimum lift-off and maximum lift-off on the C(2) cladding
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thickness sample. This sample is usually (but does not have to be) the
nominal thickness. The phase shift in the third line is always measured
from the C(2) cladding thickness sample with minimum lift-off. The
voltage out of the pickup amplifier will be in volts and be either peak~
to-peak or RMS, whichever is used for VO, the output voltage of the
driving amplifier. The value of the dimensionless product Rszwulol is
also celculated and printed out as ML = (Rszwulal) and likewise M2 is
calculated using Rszwuzoz. The inductance in henries of the driving
coil in =air and the normalized imaginary part of the driving coil imped-
ance are also printed, with ¢(2) cladding thickness and nominal 1ift-off
(L6+2L2). The inductance in henries of both pickup coils in air and the
normalized imaginary part of the pickup coils' impedance with cladding
thickness C(2) and lift-off are also printed. The total phase shift
for the cladding thickness variation between C(3) and (1), the meximum
phase shift due to lift-off, and the maximum percent of range error in
cladding thickness measurements due to lift-off are given. The phase
shifts are given first in radians and then in degrees.

The program then enters a branching locp that allows the following
options, depending on which of 1, 2, 3, or 4 is typed as input after

the question mark.

1. Coil Design

If a 1 is typed by the operator after the question mark, the program
will enter the Coil Design Loop. This loop will allow the number of
turns on the driver and pickup coils to be varied. The loop will allow
the wire gage to be given and then calculate the number of turns and
coil resistance, or it will allow the number of turns to be entered and
calculate the gage and coil resistance, or both turns end gage can be
entered. If zeros are entered for both the gage and turns of either
the driver or pickup coils, the present value of these will be retained.
The program then starts with the label

DRIVER RES INDUCTAWCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed, with the
"new" coil in the circuit. However, the numerical integrations to cal~
culate M, Z

, and Z do not have to be repeated.
R U

b P



58

2. Attenuator Design
This loop will allow the driver series resistance, RO, the Ariver

shunt capacitance, C6, the amplifier input impedance, R9, and the shunt
capacitance in the pickup ecircuit, C7, to be varied. If a 2 is typed
after the question mark, the computer will respond with

DRIVER SERIES RES, SHUNT CAP, PICK-UP SHUNT RES, CHUNT CAP .
The resistance 1s to be given in ohms, and the capacitance in farads.
If zero is typed in for any value, the present value in the computer
will be retained. After the input data and a carriage return are typed,
the computer will calculate the ratio of resonant frequency to operating
frequency for the particular L-C circuit, a very rough value of resist-~
ance for minimum temperature drift, and the ratio between the resistance
and reactance in the circuit for both the driver and pickup circuits.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,
and the remainder of the program is recalculated and printed with the
"new" attenuator in the circuit. Again, the numerical integrations to
, and 7

calculate M, Z do not have to be repeated.

DR
3. Drift Check

PU

This loop calculates the effect of the drift of any of the circuit
or sample parameters after the instrument has been calibrated and
adjusted. If a 3 is typed as input, the program will respond with the
percent variation, the parameter varied, the maximum change in phase
(both radians and degrees) of any of the 15 different phases calculated
(5 1ift-off values for each of 3 different cladding thickness values)
and the percent of the range represented by the drift. The percent
variation of each parameter may be varied independently. The following
table gives the parameter, the line number, and the constant to be

varied:
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Parameher Line Number Constant
Driver Resistance 8610 E1
Pickup Resistance 8620 E2
Driver Shunt Cap. 8630 E3
Pickup Shunt Cap. 8640 El
Series Resistance 8650 ET
Amp. TInput Resistance 8660 E8
Applied Voltage 8670 B9
Frequency 8680 Al
Mean Radius 8690 A2
Base Resistivity 8700 A8
(ladding Resistivity 8705 AQ

For example, to put in a 2% variation in the driver coll resistance, one
would type:
8610 E1 = .02
The amount that each parameter is varied must be set before the program
is run. All of the variations are 0.0l or 1% in the current version of
the program. Since the phase shift produced by the parameter variation
is quite linear over a range of about 10%, @ linear interpolation or
extrapolation may be used from the 1% parameter variation. If zero is
typed in for any parameter variation, that parameter will not be varied
nor will it be typed out in the list of parameter variations. When the
calculation is completed and the drifts printed, the program returns to
the branch point and repeats the question
1 Coil Design 2 Atten. Design 3 Drift Check 4 Con Cal .
The first seven drifts do not require repetition of the numerical

integrations to calculate M, ZDR’ and 7 but they must ve repeated to

PO
calculate the drifts due to frequency, mean radius, and resistivity

changes of the base and cladding materials. Therefore, the caleulation

of these last four drifts requires s considerable amount of computer time.

k. Con Cal
This loop is to continue calculations. If a series of calculations

is to be made, a loop may be established at this point. However, in
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the present version of the program, if a L4 is typed as input, the program

will end.

Sample Calculation of RFCLAD

Let us suppose we wish to design a reflection~-type coil to measure
the thickness of aluminum with a resistivity of 3.632 uQ-cm clad on
aluminum with a resistivity of 5.393 uQ~cm. From another reportlo we
have determined that the following parameters give near optimum perform-
ance for a nominal cladding thickness of 0.028 in. The driver coil
has a mean radius of 0.08325 in., inner and outer radii of 0.0625 and
0.10% in., and a length of 0.030 in. The pickup coils have inner and
outer radii of 0.030 and 0.058 in., a length of 0.008 in., and are
mounted flush with the ends of the driver coil. The driver coil has
360 turns of No. 46 wire with a resistance of 79.36 Q, and the pickup
coils have 410 turns each of No. 54 wire, with a resistance of 530.5 Q
for both coils. The driver series and the pickup amplifier input resist-
ances are both chosen to be 1 MR. The shunt capacitances in both
circuits are chosed to be 1 pF. This corresponds to practically infinite
source and detector impedances, so that only the mutual coupling, M,
affects the phases. The minimum 1ift-off is taken to be 0.0083 in. with
a 1ift-off increment of 0.002 in. The nominal cladding thickness is
0,028 in., with the minimum and maximum thicknesses 0.0266 and 0.029k in,
The relative magnetic permeability is 1 for both cladding and base
material. The freguency is 10 KHz; the output voltage of the driving
amplifier is 10 V, and the gain of the vickup amplifier is unity (a
unity gain allows the actual gain needed in the amplifier to be calcu-
lated by dividing the maximum output voltage with unity gain into 10).

The program RFCLAD is assumed to be in the active core, and the
following information is typed into the computer. All linear dimeasions
are pnormalized by dividing by the coil mesn radius, except for the coil

mean radius, which is in inches.

'%c. V. Dodd and W. A. Simpson, Thickness Measurements Using Eddy-
Curvent Techniques, ORNL-TM~3712 (March 1972).
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250 RS = .08325
260 RL = .75

270 R2 = 1.25
280 L3 = .36

290 R3 = .36

300 RL = 696
310 LY = .096
320 L5 =0

330 L6 = .1

340 R6 = 79.36
350 RT = 530.5
360 N3 = 360

370 Nh = 410

330 RO = 1E6

390 R9 = 1E6

400 C6 = 1E-12
410 CT = 1f-12
420 V0 = 10

430 GS =1

4Lo F = 1EkL

450 L2 = .025
510 c¢(1) = .0266
520 c(2) = .028
530 c(3) = .0294
540 KL = 5.39261
545 Ul =1

550 K2 = 3.6320k4
555 U2 =1

The program may now be run with the following results. The data
inputed from the terminal by the user are underlined. A carriage return

must be typed by the user at the end of each input line.



FFCLADC(BASIC)

R1= Q.75
R3= 0.36
CoIL MEAN

R2= 1.25
Ra= 0.696

RADIUS 8.32500E-2

PICK UP RECESSED O

MIN LIFT-GFF=

Ut= 1

ua= 1

THICKNESS=

DRIVER RES
T9.36

PICKUP RES
530.5

DRIVING VOLT

10

DISCRIMINATOR

0.1

1.31981E-5
-0.802612
3529852E-3

1.32201E-5
~0«806062
o

1.32375E-5
~0+.809286
~3.28660E-3

0.1 LIFT-QFF INCREMENT= 0.025
5393 MICROHMM CM

Ml= 6.54632
M2= 9.72034
0.0266
INDUCTANCE
6.05067TE~4
INDUCTANCE
4¢72124E-4
SERIES RES
1000000
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DRIVER LENGTH IS 0.356

PICK UP LENGTH

INCHES

RESISTIVITY=

IS 0.096

PPERATING FREQUENCY 10000

RESISTIVITY= 3.632 MICRGOHM CM

0.028
N TURNS
360
N& TURNS

410
AMP GAIN
1

VOLTAGE 15-6.34032E-7

0.125

1.21111E-5
~0+806756
3.70341E-3

1.21309E-5
-~0.810183
191204E~4

1.21466E~5
~0.813384
~3«07812E~-3

0.15

1.11162E~5
~0«811478
3¢67419E-3

1.11340E-5
~0.814883
1.77376kE~4

1.11481E-5
~0.818065
~3.07631E-3

0.0294

SHUNT CAP

1.00000E~12

SHUNT CAP

1.00000E~12

INPUT 1#P

1000000

0.175

1.02067E-5

-0.816682

3.56174E~3

1.02228E~-5

=0 820067

Te8E1EBOE-D

1.02355E~-5

-D.82323
~3.16127E~3

PHASE SHIFT 6.75391E~3 LIFT-QFF 2.32607E~4 IN % 3.44404
IN DEGREE 0.386971

1 C@IL DESIGN

?1

2 ATTEN.

DESIGN

1.33274E-2

3 DRIFT CHECK

4 CON CAL

NOR IM PT
0.849616

NeR IM PT

0.99230%

0.2

9+37605E-6
~0.8222487
3.47080E~3

9.39060E~6
~0«H825653
0

2:40207E-6
~0.828798
~3.22730E~3
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DRIVER WIRE GAGE. PICK~UP WIRE GAGE, TURNS
?246,0s54,0

DRIVER 391 TURNS OF # 46 WIRE 17 /LAYER 23 LAYERS 71.9293 GHM

TURNS »

PICKUP 429 TURNS EA # 54 WIRE 11 /LAYER 39 LAYERS 532.582 OHMS TOTAL
DRIVER RES INDUCTANCE NG TURNS SHUNT CAP NER IM PT
71.9293 7-.13760E~4 391 1.00000E~12 0-849616
PICKUP RES INDUCTANCE N@ TURNS SHUNT CAP NOR IM PT
532.582 5.16896E~4 429 1.00000E~12 0.992308
DRIVING V@LT SERIES RES AMP GAIN INPUT IwMP
10 1000000 1 1000000
DISCRIMINATOR VOLTAGE 1S-7.20554E~7
0.1 0.125 0.15 0.175 0.2
1+.49990E~5 1.37637E-5 1+26329E~5 1.15994E-5 1.06554E~5
~0.80262 ~0.806764 ~0.811486 ~0.,81669 ~0.822296
3+.52983E~3 3.70337E-3 3.6T417E~3 3.56171E-3 3.47078E-3
1+50239E-5 1.37861E~5 1.,26532E~5 1«16177E-5 1.06719E~5
~-0.80607 ~0.810191 ~0.814891 -0.820075 ~0.825662
0 1.91189E~4 1.77346E~4 T.85962E-5 o
1+.50438BE-5 1.38040E~5 1.26693E-5 1.16321E~5 1-06850E~5
~0.809294 ~0.813393 ~0.818073 ~De« 823238 ~0.828806
~3+.28659E-3 ~3.07814E-3 ~3.07633E~3 ~3.16330E-3 ~3.22733E-3

PHASE SHIFT 6.75391E~3 LIFT-@FF 2.32592E~-4 IN % 3.44382

IN DEGREE D.386%971

1 COIL DESIGN 2 ATTEN.

72

DESIGN

1.33266E~2

3 DRIFT CHECK

4 ConN CAL



DRIVER SERIES RES,
?502E2:407E'905'9E29503E'9

DVR CT 9.42723 BELGW RES 359%.202 @PT

6l

SHUNT CAP, PICK-UP SHUNT RES.

SHUNT CaAP

RES 13+6474 RES/REACTANCE

P-U CT 9.6529 BEL®W RES 311.091 @PT RES 18.3072 RES/REACTANCE

DRIVER RES
T1.92293
PICKUP RES
532.582

DRIVING V@LT

10

DISCRIMINATGR

0.1

1.32547E£-2
~ 100731
3 049638E"3

1.32771FE -2
-1.01071
0

1.32949E~2
-1.0139
~3«25632E-3

PHASE SHIFT 6.70650E-3 LIFT-0FF

INDUCTANCE

7e¢13760E~4
INDUCTANCE

Sel16896L~4
SERIES RES

520

N@ TURNS

3921

N8 TURNS

429

AMP GAIN

1

VBLTAGE IS-733995E-4

0.125

1.21734E-2
~1+01222
3.51010E-3

1.21936E~-2
~101561
2.674T6E~5

1.22096E-2
~1.01877
~321634E-3

IN DEGREE 0.384255

1 C8IL DESIGN

?3

2 ATTEN. DESIGN

SYSTEM DRIFT VARIATIONS

% VARIATN

Pt s h Wb e bed Bmh b b

—
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CAIL DESIGN

PARAMETER
DRIVER RES
PICKUP RES

DVR SHUNT CAP
P-U SHUNT CAP

SERIES RES

AMP INPUT RES
APPLIED VOLT

FREQUENCY
MEAN RADIUS

BASE RESISTVY
CLADDING RES
2 ATTEN. DESIGN

0.15

1.11820E-2
-1.01766
3.43129E~3

1.12002E~-2
-1.02102
~4.106T6E~5

1.121486E-2
=1.02417
=3.27227E-3

T«56615E~3

RADIAN

=175685E~-5

-7 «94083E-5
~2.11865E~4
~9eR2T6A2E-4
1.21604E-3
~6+56098E~4
~TeTIBO6E-4
~6612591E-3
~T+56684E~3
B.27610E~4
2+59832E~3

1.32054E~4 IN Z

3 DRIFT CHECK

3 DRIFT CHECK

SHUNT CAP
4.70000E-9

SHUNT CAP
5.30000E~9
INPUT IMP
5990

0-175

1.02743E~2
=1 002353
3.37805E~3

1.02907E~2
-1.02687
~%.47T280E~5

1.03037E-2
-1.03
~3+30567E-~3

DEGREE
-1.00660E-3
~4054976E -3
~0.012139
=5+31500E~-2
6.96740E-2
~3.75917E-2
~4:42212E -2
~0+«3509H9
~0433548
4.T4186E~2
0148873

i1+96905

4 CoN CAL

4 CON CAL

NgR IM PT
0-849616
NGR IM PT
0992308

0.2

Qe 44413E~3
-1+02975
345436E-3

T« 45898E-3
-1.03308
Qo

9e47072E~3
~1.03619
~321174E-3

% 9PF KANGE
0261962
~118405
-315909
~13.832
18.1322
~9.78301
‘1105083
~91:3429
~112.828
12.3404
387432

The user has exercised all the design options available, and these options

The BASIC version of the

may be yepeated, omitted, or taken in any order.

program RFCLAD follows.
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1 REM RFCLAD(BASIC)

10 REM REFLECTI@N C@IL FOR CLADDING THICKNESS
40 DIM AC3,5),B(3:s535C€355),D0355)5E€3,5),F(¢3,5)
50 DIM MC(35535P(3,5),2¢3.5)
199 REM CONSTANT

200 P9=3.14159

210 P8=180/P9

249 REM C@IL DATA
250R5=.08325

260R1=,.75

270RE2=1.85

280L.3=-36

290R3=.36

300R4=.696

310L4=.096

320L5=0

A30Le=.1

340K 6=79.36

350R7=530.5

360N3=360

370N4=410

3792 REM CIRCUIT DATA
3RORO=1E6

390R9=1E6

400C6=1E~12

410CT=1E-12

420V0=10.0

A30G5=1

440F=10E3

450L2=.025
4T0LT=L3-2%(L44LS)
4B0L8=LT7+L4

A90L9=L5+2%L 6

499 REM CONDUCTOR DATA

SO0 DIM KC3)5N(3),L(5)

510 CL1Y=.0266

520 C(2)=.028

530 C(3)¥=.0294

540 K1=5.393

545 Ul=1

550 K2=3.632

5585 U2=1

S60 G@ SUB 600

590 G@ TY 1000

599 REM SUBR@UTINE FOR M
600 W=2%P9x%xF

610 M1=0

620 IF K1>1E9 THEN 640

630 M1=.5094*%U1*F4%R5%R5/K1
640 M2=0

650 IF K2>1E9 THEN 670

660 M2=.5094%U2*%F*R5%RS /K2
670 RETURN

299 REM PRINT C@IL DATA
1000 PRINT *"RI1="3R1,"R2=";3R2,"DRIVER LENGTH IS5";L3
1010 PRINT"R3="3R3,"R4="3R4,"PICK UP LENGTH IS"™sL4
1020 PRINT COIL MEAN RADIUS'":RS3"INCHES BPERATING FREQUENCY™F



1030
1040
1050
1060
1g7¢
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1400
1410
1499
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1 600
1610
1620
1630
1 640
1 650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1998
1999
2000
2010
2020
2030
2040
2050
2060
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PRINT "PICK UP KECESSED" ;LS

PRINT “"MIN LIFT-@FF=""3L63"LIFT-0FF INCRKEMENT=";3L2
PRINT "U1="3U1,"M1=""3M1,"RESISTIVITY="3K13"MICKOHM CM"
PRINT "U2=";U2,"M2="3M2,"RESISTIVITY=""3K2;'""MICROGHM CM"
PRINT "THICKNESS="",CC(1)5C(2)sC(3)

KEM PROGRAM BEGINS

REM FOR INTEGRATIBONS

G@ SuB 1500

REM FOR INDUCTANCES AND CIRCUIT; MAGNITUDE AND PHASE
GO SUB 6000

REM FOR DISCRIMINATCR VOLTAGE AND PHASE SHIFT
G suUB 6500

REM FGBR PRINTING @F RESULTS

Go SsuB 6700

REM F@R AV. PHASE SHIFT AND LIFT=-@FF ERROR

Geg SuUB 7000

REM FGOR C@IL AND ATTENUATOR DESIGNS» AND DRIFT
Gg T@ 7200

REM SUBROUTINE FUOR INTEGRATION

A3=0

A4=0

FOR I=1 T 3

F@rR J=1 TO 5

5C15,J)=0

B(1,J)=0

CCl,J)=0

DCIL,J)=0

ECI»J)=0

FCI,J3=0

NEXT J

NEXT 1

LET 52=5

B1=0

B2=5

Si=lE-~2

FBR X=B1+S1/2 TO B2 STEP 51

G@ SuUB 2000

NEXT X

Bt=B2

B2=B2+S2

§1=.05

IF X<9 THEN 1660

Si=s1

IF X<292 THEN 1660

Sime?2

IF X<39 THEN 1660

S1=.5

IF X<79 THEN 1660

RETURN

REM SUBROUTINE FOR L-FACTOR AND INTEGRANTS
REM FER J-FACTOR

GO SUB 2700

W5=0

W2 =0

Woe=0

Wi=0

Wa=1

Wg=1
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2070 W3=1

2080 1F x*L5>20 THEN 2100
2090 WS=EXP(~X*L5)

2100 IF X*L2>20 THEN 2120
2110 YWER=EAP{~-X%L2)

2120 IF X*xL6>20 THEN 2140
2130 WESEXP(~X¥L6)D

2140 IF X*%L7>20 THEN 2160
2150 Wi=EXP{~X%L.7)

2160 IF x%L4>15 THEN 2220
2170 W4=1=-EXP(-X*kL4)

2180 IF x*Lg>15 THEN 2220
2190 WE=1-EXP{-X%xL8)

o000 IF X*L.3>15 THEN 2220
2210 W3=1-EXPC{-X*xL3)

ooon IF X>»30 THEN 2460
2030 IF X*L9>20 THEN 2460
D240 AS=WERYEKWIRUAKUSXWHEXS]
D050 AbxWERkWOXWIKkNIXRS Y
2260 A7=we*ws*w4*wa*ws*ws*ws*wa*ss
2270 L(1)¥=1

oPE0 FOR J=2 T@ S

2290 LCJY=0

2300 1F J¥xxL2>20 THEN 2320
2310 L{JY=W2*L(J-1)

2320 NEXT J

2329 REM FEK GAMMA FACTOR
2330 6@ sSuB 3200

2340 FOR I=1 TG 3

2350 FOR J=1 T8 5

2360 01=KCIY¥LCII*LCDD
2370 N2=-NCIdYXLCII*LCJ)
2380 ACI»JI=ALTISJ)+R2EAD
2390 B(lsJ)=B{I,J)+01%AS
2400 CCls)=CC1,J)+02%A6
2410 DI-JI)=DCI>JI+Q1%A6
2420 EC1»J)=ECI,J3+02%AT7
2430 FCIs ND=FC(IsJ)+01%AT
2440 NEXT J

2450 NEXT 1

2460 AZ=AJ+2KI{XRL3-W3IXE4
2470 A4=A4+<4*<x*La—w4>~2*w7*wa*w4)*ss
2480 RETURN

2699 REM SUBROUTINE FER J52JCR12R2I/X135J6=JC(R3sR4Y/ X3
2700 R=R1

2710 GO SUB 2900

27206 J1=02

2730 R=R&

2740 GO SUB 2900

2750 Js=wz-Ji

2760 R=R3

2770 GB SUB 2900

27)G J3=02

o790 R=R4

2H00 GO SUB 2900

og10 J6=Q2-J3

PHED S$3=51%J5%J6




2830
2840
2850
2899
2900
2910
2920
2930
2940
29250
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3198
3199
3200
3210
3220
3230
3240
3250
3260
3270
3280
3299
3300
3310
3320
3330
3339
3340
3350
3360
3370
3380
339Q
3400
3410
3420
3430
Jaan
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
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S4=S1+%J5%]J5

SS=51*Jé*.J6

RETURN

REM SUBROUTINE FUR 02=JC(R,0)%X+3
Z=¥4%R

IF Z>5 THEN 3000

Q1 =R*ER*R/2

02=201/3

D3=INT(2%Z)+3

FOR Q=1 T® Q3

D1 ==25%7%72/70/7C0+12*kQ1
02=02+Q1/7(243+3)

NEXT 0

Gg T@ 3050
Q1=(C(=1EB8.1357/Z2+109:1142)/7~237T9333)/7+2.050931)>/72
01 ={(Q1~-01730503)/7Z+0+7034%845Y/Z2~0.064109E-3
Q2=0((~5+817517/Z+2+.105874)Y/7~-0+6%961963/72+0.4952024)/Z
N2={02~0.187344E-23/2+0.7979095
N2={1~SOQRCZ)*(Q2*%CASCZ=P9/4)~C1*S5IN(Z~P2/4) ) )/ (X¥X*X)
RETURN

REM SUBRQUTINE FER GAMMA FACTORCKCII>NCI))
REM BETE (X1sY1) AND (X25,Y2)
G1=x%kK

Q2=01%a1

X1=x/U1

Y1=0

1F M1=0 THEN 3280
G3=3QRCOZ+MI M1 )
Ki=TOT1067T81*SOR(O3+G1) /Ul
Yi=.TOT7T1067%1*SER(Q3~Q1)/U1
X2=xs/u2

Y2=0

IF M2=0 THEN 3340

D3 =SOR(D2+M2%M2)
X2=.707106781%xSOR(Q3+Q1)>/7L2
Y2=-707106781*SORCQA3 -1 /712

REM FOR GAMMA FACTOR

gi=X2+X1

Q2=xX2-X1

Q3=yv2+Y1

Na=y2-yi

QLH=%X+X2

Q6=X-~X2

Ti=05+02~Y2%04

TE=05%94+Y2%32

T3=0&6*Q2+Y2%Q4

TAa=G6xG4~-Y24Q2

T3=0&6%Q1+Y2%03

T6=05%Q3~Y2%Q1

TT=Q5%Q1 ~Y2%G33

T8=05%53+Y2%Q1

FOR 1=t T@ 3

CO=2%CC1)/RS*UR

IF X2%X0>30 THEN 3590

QT =EXP(X2%C)

FE=QT74CASCY2+%CD)
G9=0T*SINCY2*CD)
V3=T1+TS5%QB~TE6%Q9
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3550 V4=T2+TS5+59+TH6*08

3560 VTsT3+TT*Q8-TE%Q9

3570 VE=T4+TTHOI+TE*2E

3580 G@ T 3630

3590 V3=wéa

2600 Va=~y2

3610 VT7=05

3620 Vg=Y2

3630 V9=VT/VE+VE/ VT

3640 KOCII=(V3/VE+V4/VTI/VY

3650 NCIXY=(V4/VE-V3/VTIIVY

3660 NEXT 1

3670 RETURN

5999 REM SUBRGUTINE F@R CIRCUIT, MAGNITUDE, AND PHASE
AGOONT=N3/((R2-R1)*L3)

FOTONP=N4/ ((R4-R3I*L4)

602080=6.300475204E-T*F*R5

6030 wWi=WxC6xRO

6040 We2=uxCT*RI

6050 W3=1-~W1HW2

6060 W4=W1+4H2

6070 FER I=1 TG 3

6080 FER J=1 TO 5

609078=00%NI*NZ*ALT».])

E10079=00%N1.N2*B (1,5

6E110Z2=00¥N1*N1#%C (-0

612072=00%N1*N1*(D(1,J)+A3)

6123071 =00*N2HN2*EC(TISJ)

614073 =00%N2%N2¥(F(1,JI)+A4)

6150 Q1=RO+R6EIZ~W1*Z2

6160 Q2=R9+RT+71-W2%Z3

6170 O3=Z2+Wik(R6+Z)

6180 Q4=73+W2%(RT+71)

6190 D5S=Z28%7¥-79%79

6200 Q6=2%78%79

6210 OT=01%62-03*%0Q4-(W3*kR5~-W4*R6)

6220 08=Q1%04+03*%Q2-(W4kxQ5+W3I*R6)

623D N9=78*QT+29+08

6240 WS=Z9kGT-Z78%QYH

6250 MCI»J)=G5%RIXVORSORIQI*QI+WIRWS I/ (QT*QAT +UEXQY)
6260 PLI»JI=ATNW5/€9)

6270 1F ©9>0 THEN 6290

280 PCI,23=Pl1lsJ)+SGN(WDI*PY

6290 NEXT J

€300 NEXT I

6310 RETUR

6499 REM SUBROUTINE FOR DISC. VBLTAGE AN PHASE SHIFT
6500 01=ML2s50%SIN{P(2:5))-M(251)%SINCP(2,1))

6510 N2=-M(2,53%COSIP(2,5))+M(2,1)2%COS(P(251))

6520 03=ATNC(G1/G2)

6530 1IF R2>0 THEN 6550

6540 Q3=Q3+SGN(G1I*P9

6550 V1=M{2,1)*SIN(Q3+P{2,1))

6555 ©1=03
6556 g2=V1
£S560 FOR I=
6570 FOR J=
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6580 QUI»J)=g3~ATNIVI/SOR(MCI»JIXMCILJ)-VIXVIII+PC(LI,0)

6590 NEXT J

6600 NEXT I

6610 RETURN

6699 REM SUBROUTINE F@8R PRINTING RESULTS

67O00PRINTYDRIVER RES",'"INDUCTANCE'™>"NQ@ TURNS","SHUNT CAP",' " NBR IM PIT™
6710PRINTRG6»QO0%NI N1 *A3/WsN35C65(D(2:,3)+A3)/A3
§T20PRINTPICKUP RES™S"INDUCTANCE',''N@ TURNS™,"SHUNT CAP“,'"NBR IM PT™
GETIOPRINTRT > QUAN2%XN2*A 4/ W N4, CT»(F(2,3)+A4)/7A4

6T7TA0PRINT "DRIVING VOLTY,'"SERIES RES",”AMP GAIN,"INPUT IMP*
6T50PRINTVOsRO>G5sRY

6TE60PRINT "DISCRIMINATOR VOLTAGE IS™3vi

6770 PRINT

6780 PRINT L6sL6HL2,1L6+2% L .2,1.6+3%L.2,L6+4%L2

6790 FOR 1=1 T8 3

6800 PRINT

5810 PRINT MCIa1)oMUIs2)oM{153)5MCIsa)M0105)

6820 PRINT PCI»1)aP{1s2)5P(1,3),PCI54):PC155)

6330 PRINT G(151)50C1,2)5,00153)50C15,4Y-QC(1+5)

6840 NEXT 1

6850 RETURN

6399 REM SUBRGUTINE F@R AV. PHASE SHIFT AND LIFT-~@FF ERR@R
7000 01=8C1,1)

7010 92=68C1,1)

T020 FOR J=2 T8 S

T030 IF 9C1,J2<Q1 THEN 7050

7040 01=0C01sJ02

7050 IF @€1,J0)>G2 THEN 7070

7060 02=G{1,0

TOTO NEXT J

TOED Q=COC1,13+0C01,2)+Q¢€1,3X+Q8¢1,4)+QC15s533/5

7090 @=8-{Q(3,1)+Q{(3:2)+Q(3,3)+Q(3,4)+R(3,5))/5

T092 B=0

T100 PRINT"PHASE SHIFTY303 LIFT-@FF"3Q1-Q22FIN %£3100%{Q1~Q22/Q
T110 PRINT"IN DEGREE™:;Q%P8,(01-02)Y4%Pg

7120 RETURN

7129 REM FGR COIL DESIGN», ATTENUATOR, DRIFT, AND EXIT
T200PRINT™1 ColiL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL"™
T21QINPUT NS

T220PRINT

T230GN NS G@ T@ 7300,8200,84600,9900

7299 REM FQR C@1L. DESIGN

T300 PRINT "DRIVER WIRE GAGEs TURNS: PICK-UP WIRE GAGE: TURNS"
T310 INPUT Gi1,025Q03,04

7319 REM FOR DRIVER

T320 Wi1=R1

T330 W2=R2

T340 W3A=L3

7350 GG SUB 7510

T360 N3I=RQ2

T370 R&6=29

T3ED PRINT “DRIVERIN3IMTURNS @F #"3G3“WIRE™;

7392 PRINT Q73"/LAYER 3Q63"LAYERS"3R6:3 " OHNM""

T3992 REM FOR PICKUP

T 400 01=03

T410 Q2=G4

TAZ0 W1 =R3

T 430 W2=R4



T

7440 ¥W3=L4

7450 G0 5u8 7510

T460 N4=52

TA4TO RT=2%0Q9

T4H0 PRINT "PICKUPY3N4IYTURNS EA #5363 WIRKEY:s
T490 PRINT Q73" /LAYERSCEILAYERS"SRT"OHMS TOTAL"
7500 G@ T9 1140

7509 REM SUBROGUTINE FOR GAGE AND TURN NUMBEIK
7510 W1=it]1%RS

7520 HWe=Wp%xRS

7530 W3I=W3%RS

7539 REM F@ii GAGE

7540 G=21

7550 1IF G>.5 THEN 7640

T560 05=+95%3QARIU2~WII¥WI/R2)

7570 €£6=1.0371E-5/7Q05/05

7580 GO=40

7590 G=40+10%(LEGCQ6)~-LEGC.9989+.017%CG0/10~1)))2/2.30259
7600 IF ABS(G-GOY<IE~4 THEN 7630

7610 GO=G

7620 G@ T 7590

7630 G=INT(G?

7639 REM FOR TURN NUMBER AND R6

T 640 Q6= 9989+.01T*(G/10~1))%101(G/10-4)

7650 NS=SGR(1.03T1E~5/06)

7660 IF 5> 40 THEN 7690

TET0 O5=(.460655*LAGCEDKXIE3)-e43444)%]1E~-34+Q5
7680 GO T@ 7700

T690 Q5=(98.02228%Q5+2.56791E-2)*1E-3+QS

T700 Q7=INT(W3/705)

T710 Q8=INT{CW2-W1)/705)

TI20 IF 02>«% THEN 7740

T730 02=07%08

TTA40 Q9=Q2%06%(W2+W1I3%kP9/12

7750 RETURN

8199 REM FER ATTENUATEOR DESIGN

200 PRINT "DRIVER SERIES RES5. SHUNT CAP» PICK~UP SHUNT RES, SHUNT Cap*
8210 INPUT Q1.02:03504

8220 1IF 0D1=0 THEN 8240

8230 RO=01

240 IF Q2=0 THEN B260

%250 ChH=02

#2600 IF 03=0 THEN &2%0

B270 R9=03

8280 IF 04=0 THEN &300

8290 C7=04

300 Q1 =00*NIXNI*x(D{(2,3)4+A3)/W

E310 Q2=00%N2%NR2*x(F(2,3)+AA)/Y

8320 PRINT "DVR CT"31/CW*SQR(QI*CEIIZBELOW RES"™3
8330 PRINT SORQ1/CEI::M"OPT RES"3RKO/{(W*Q1):"RES/REACTANCE®
340 PRINT "P-~U CTV31/CW*SAR(2*CTIIZVBELOW RES":
8350 PRINT SQR(Q2/CTISVOPT RES"33RI/(WkQ2)Y3""KES/REACTANCEY
836C G TC 1140

8599 REM FOR DRIFTS

B&EO00 PRINTSYSTEM DRIFT VARIATIONS'

8610 Eize01

K620 E2=.01

8630 E3=.01



T2

8640 E4=.01

8650 E7=.01

8660 E¥=.01

8670 E9=-01

BEEO A1 =.01

%690 AR=,01

8700 AB=.01

8705 A9=.01

8710 PRINT "% VARIATN',"PARAMETER","RADIAN","DEGREE" "% GF RANGE™
720 IF E1=0 THEN 8770

T30 RE=ROEX(I+EL)D

8740 PRINT 100*E1,"DRIVER RES"S
8750 GO SUB 9320

B760 R6=R6/7C1+E1)

8770 IF E2=0 THEN 8820

BTHEC RTI=RT*(1+E2)

8790 PRINT 100%E2,"PICKUP RES"»
8800 GUY SUB 9320

8810 RT7=R7/(1+E2)

8820 1F E3=0 THEN ¥&70

8830 Co6=Co*(1+E3)

840 PRINT 100*%E3s"DVR SHUNT CAP”,
8850 GB SUB 9320

8860 C6=Co6/(1+E3)

8870 IF E4=0 THEN 8920

8880 C7=C7#(1+E4)

8890 PRINT 100*E4,"F-l0 SHUNT CAP",
900 GO SUB 9320

8210 C7=C7/C1+E4)

€920 IF ET7=0 THEN 8970

%930 RO=RO*{1+ET)

8940 PRINT 100*%E7,"SERIES RES"»
8950 G© SuUB 9320

8960 RO=RO/C1+ET)

8970 IF E8=0 THEN 9020

B9800 RI=RI*(C1+EE)

8990 PRINT 100*E8,"AMP INPUT KES'"s
9000 G@ SHUB 9320

9010 R9=R9I/7(1+EH)

$020 IF E9=0 THEN 9070

2030 VO=VO*x{1+E9)

2040 PRINT 100*E9,"APPLIED VBLT"»
9050 GO SUB 9320

9060 VO=VO/C(1+E9D)

2070 IF A1=0 THEN 9120

9080 F=F*(1+A1)

9090 PRINT 100%A1,"FREQUENCY"»
2100 GO SUB 9300

9110 F=F/C(1+A1)

9120 1F A2=0 THEN 9170

9130 R5=R5%(1+A2)

92140 PRINT 100%A2,"MEAN RADIUS".»
9150 G@ SUB 9300

9160 ROS=R5/7C(1+A2)

9170 IF A8=0 THEN 9220

9180 K1=KI1%*x(1+A8)

2190 PRINT 100%A%,"BASE RESISTVY'".

=

?



5200
9210
9220
9230
9240
9250
9260
9270
9299
9300
9310
9320
9330
9340
9350
9360
9370
9380
9390
9400
2410
9420
9900

73

G& sUB 9300

K1=K1/7(1+A8)

IF¥ A9=0 THEN 9270
K2=K2*(1+A9)

PRINT 100%A9,"CLADDING RES"»
Gg SUB 9300

K2=K2/7(1+A9)

Go T@ 7200

REM SUBROUTINE Fek DRIFT

G@ 3UB 600

G@ SUB 1500

GO SUB 6000

01=0

FOR 1I=1 T93

FOR J=1 T 5
N2=01-ATNC(G2/SO0RIMUI>JI*M(TU)-02%02) 24P (1,0)~0C1,0)
IF ABS(E1I>ABS(G2) THEN 9390
e1=02

NEXT J

NEXT 1

PRINT Q1.,180%0Q1/P9,100%01/0
RETURN

END
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RFCLAD, FORTRAN Version

The FORTRAN version of RFCLAD is very similar to the BASIC version.
The line numbers given are only for identification and editing purposes
and have no effect on the actual execution of the FORTRAN program. The
input data for the program is contained in lines 250 through 520. The
data must be typed in the seventh column, or six spaces must first be

typed. The data are inputed as follows:

00250 R5 = (coil mean radius in inches)

00260 Rl = {normalized inner radius of driver coil)

00270 R2 = (normalized outer radius of driver coil)

00280 L3 = (normalized length of driver coil)

00290 R3 = (normalized inner radius of pickup coil)

00300 Rh = (normalized outer radius of pickup c¢oil)

00310 Lt = (normalized length of pickup coil)

00320 L5 = (normalized length of recess of each pickup coil from
the face of the driver coil)

00330 L6 = (normalized minimum lift~off of the driver coil)

00340 R6 = (resistance of driver coil in ohms)

00350 R7 = (resistance of both pickup coils in ohms)

00360 N3 = {number of turns on the driver coil)

00370 N4 = (number of turns on each pickup coil)

00380 RO = (driver amplifier series resistance in ohms)

00390 R9 = (pickup amplifier shunt resistance in ohms)

00400 C6 = (shunt capacitance of driver circuit in farads)

00410 CT = (shunt capacitance of pickup circuit in farads)

00420 V0 = (output voltage in volts)

00k30 GAIN = (amplifier gain)

ooLkko FREQ = (operating frequency in Hertz)

00450 L2 = (normalized 1lift-off increment of the driver coil)

00460 RHO1 = (resistivity of base material in microhm-cm)

ookT0 Ul = (relative magnetic permeability of base material)

ook80 RHO2 = (resistivity of cladding material in microhm-cm)

00Lk9o U2 = (relative magnetic permeability of cladding material)
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00500 CLAD(1) = (numerical value of minimum cladding thickness in
inches)

00510 CLAD(2) = (numerical value of nominal cladding thickness in
inches)

00520 CLAD(3) = (numerical value of maximum cladding thickness in

inches)

The print-out of the FORTRAN version of RFCLAD is practically
identical to the BASIC version and will not be repeated. The main dif=-
ference is that the question mark is not printed out when the program
is ready to accept data. The Coil Design, Attenuator Design, Drift
Check, and Continue Calculations options are the same. The line numbers,

constant names, and parsmeter varied in the drift calculations are as

follows:

Line Number Constant Parameter Varied
03270 DR1 Driver Resistance
03280 DR2 Pickup Resistance
03290 DR3 Driver Shunt Capacitance
03300 DRA Pickup Shunt Capacitance
03310 DR5 Series Resistance
03320 DR6 Amplifier Input Resistance
03330 DRT Applied Voltage
033Lk0 DR8 Frequency
03350 DR9 Mean Radius
03360 DR10O Base Resistivity
03370 DR11 Cladding Resistivity

For example, to vary the driver resistance by 2% one would type:
03270 DR1 = 0.02
As in the BASIC version, the last four drifts require that the entire
numerical integration be repeated and are relatively long running. If
any of the drifts is set equal to zero, it will be omitted from the

drift calculations.



76

Sample Calculation of RFCLAD.Fh

Let us suppose that we wish to design a reflection type coil,
identical to the one designed by the BASIC version. We will put the
following data in the program (generally by using the EDIT RFCLAD.FhL
command on the PDP-10 and inserting the statements). All coil and 1lift-
off dimensions are normalized by dividing by the coil mean radius,

except the coll mean radius, which is in inches.

00250 R5 = .08325
00260 Rl = .75
00270 R2 = 1.25
00280 L3 = .36
00290 R3 = .36
00300 Rh = .696
00310 Lk = ,096
00320 L5 = 0.0
00330 L6 = .1
003ko R6 = T79.36
00350 RT = 530.5
00360 N3 = 360.
00370 N} = 410,
00380 RO = 1.E6
00390 RO = 1.86
00L00 C6 = 1.E-12
00410 CT = 1.E-12
00k20 VO = 10,
00430 GAIN = 1
00kkLo FREQ = 1.0Eb
00Ls50 L2 = .025
00460 RHO1 = 5.39261
00470 Ul = 1.
00480 RHO2 = 3.6320k

00490 U2 = 1.
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500 CLAD(1) = .0266
510 CLAD(2) = .028
520 CLAD(3) = .0294

The FORTRAN program may now be executed. The print-out will be
essentially identical to the BASIC print-out and will not be repeated.
The FORTRAN version of RFCLAD follows.
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00010C IN THIS PROGRAMs THE BASE RESISTIVITY IS RH®1 AND

oaoz20c

THE CLADDING RESISTIVITY IS RHO2

00030C SIGMA IS THE GAMMA FACTOR

00040
00050¢
00060
Goa70
onogo
00090
00100
00110
00120
00130
00140
00150
0016CC
00170C
00180C
00190C
00200C
00210C
00220
00230C
00240C
00250
00260
00270
00280
00290
00300
0a310
00320
00330
00340
00350
00360
00370
00380
003920
00400
00410
00420
00430
00440
00450
00440
00470
00480
004%0
00500
00510
00520
00530
Q0540
00550
00565
gos70

COMPLEX BETA1,BETAZL,EX1sRNUMSDEN>SIGMA

COMPLEX TMUT»DRIVERLPICKUP

REAL L3sL4AsL5,L65L2sN3,N4A>K1,-K2

COMMBN XsZ201,P1/B1/R1,R25sR3»R4,L3sLA4,R0sR65R7

COMMON /B1/R9sC6sCToVOsGAINLWIFREQIRSSN3INY

COMMBN /B2/TMUTSDRIVERSPICKUPLIAIRISAIR2/8B3/6AGELXIN
COMMBN /B3/XBUT»XLEN,TURNSsN1AsJ1sPERLAYXCAY
DIMENSION CLADC(3IILRL(3ISIGMACII>TMUTC3»S)LDRIVER(3,5)
DIMENSION PICKUPC(3»5)>TMAG(3+53sPHASEC(355),8SHIFT(3,5>
EQUIVALENCE (RHEOI»K1), (RHB2,K2)»(GAINGS)»(FREQSF)
PI=3+14159265

RAD=180.0/P1

JKL=0

THE FRLLOWING ARE INPUT DATA F@R THE PARAMETERS @F
THE CEILS,MATERIAL. AND CIRCUIT

R5=.08325
Ri=e75

R2=1.25

L3=:36

R3=.36

RA=:696
1LA=.09¢

L.5=0-:0

LL6=s1

Ré6=7%.36
R7=5%30.5
N3=360.0
N4=410.0
RO=1{.QE%
R9=1.0E6
Cé=1.0E~12
C7=1::0E-12
VO=10e.0
GAIN=1.0
FREG=1.0E4
L.2=0.025
RH@i1=5.393
Ui1=1:0
RHO2=3.632
uz=t.9
CLAD(1)=0.0266
CLADC(2Y=0.028
CLAD(3)=D.0294
W=2.0%PIXFREQ
IFC(RHD1 GT-1.0E93 GB TV 10
RMI=0.5694%U1 #FREQ*¥RS*R5/RHE1
GZ T¢ 20

10 RM1I=0.0
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00580 20 RM2=0.5094%U2*FREQ*R5%RS5/RHE2
00590C THE SYSTEM PARAMETERS ARE PRINTED euT

00600 IF(JIKL.NE.DY GO T2 105

00610 TYPE 30,R1sR2,L3

00620 30 FORMATC(IH »3HRI=sF8+553Xs3HR2=sF8.553%X>14HDRIVER LENGTH=»
00630 1F8¢5)

00640 TYPE 405R3»R4,L4

DD&50 40 FORMAT(IH +s3HR3=sFE+553Xs3HRA4=sF8+5,3X514HPICKUP LENGTH=,
00660 1F8.5)

00670 TYPE 50»,R5,FREQ

00680 50 FORMATCIH »17THC@IL MEAN RADIUS=,F8.5,7H INCHES,3X»

00690 120HOPERATING FREQUENCY=,1PE12.5)

00700 TYPE 560,L5

00710 60 FORMAT(1H ,15HPICKUP RECESSED,FH.5)

00720 TYPE 705L6-L2

00730 70 FORMATCIH >13HMIN LIFT~@FF=sFB8+553Xs19HLIFT~OFF INCREMENT=»
00740 1F8.5)

00750 TYPE 80,U1,RMi»RHO]

00760 80 FORMATC(IH »3HU1=sF6+25s5Xs3HMI=2F9.5,2Xs12HRESISTIVITY=»
007170 11PE12+5,11H MICROHM CM)

001780 TYPE 90,U2,RM2.RHDO2

00790 90 FORMATC(IH +s3HU2=5F6+2s5Xs3HM2=5F 95,2X»12HRESISTIVITY=,
00800 11PE12.5,11H MICROHM CM)

00810 TYPE 100,CLADC1),CLADC2),CLADC(3)

00820 100 FORMATC(IH »10HTHICKNESS=,F8.5,2(8X,F8.5))

00830C THE INTEGRATIGN IS PERFORMED BY THE TRAPEZOGIDAL METH@D,
00R40C EVALUATING AT THE CENTER @F THE INTERVAL; FOR X LARGE
00850C THE INTEGRAL CONVERGES RAPIDLYsS5@ LARGER INTERVALS
008&0C ARE TAKEN

00870C IN THE INTEGRATION TMUT» DRIVER., PICKUP, AIR1, AND
posgoC AIR2 ARE CALCULATED

00890 105 351=0.01

00900 $2=5.0

00910 Bi=0.0

00920 B2=52

Q0930 AIR1=0.0

0c940 AIR2=0.0

00950 D@ 108 J=1.,3

00960 D@ 108 K=1,5

00970 DRIVERCJ>K)=(0.0,0.,0)
00980 PICKUP(J,K)=(0+0s0.0)
Do99go TMUTC(JK)=C0+0,0.0)

01000 108 CONTINUE
010310 110 11=(B2-B1)3/81

01020 X=B1-S51/2.0
01030 DG 170 I=1,11
01040 X=X+51

01050 Z=RE*X

01060 81=R2

01070C SUBROUTINE BESSEL EVALUATES THE INTEGRAL OF
01080C THE PREGDUCT @F THE BESSEL FUNCTI@N AND ITS
01090C ARGUMENT

01100 CALL BESSELIVALZ)
01110 Z=Ri*X
01120 Q1=Ri

01130 CALL. BESSEL(VALY1)



01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
01250
01260
01270
01280
01290

80

Z=R4%X

Bi=R4

CALL BESSEL(VAL4)

Z=R3*X

Q1 =R3

CALL BESSEL(VAL3)
S3=31%{(VALA4A~-VALJ3Y®*(VAL2-VAL1)
S4=S1%{VAL2-VAL1)*x{VAL2-VAL1)
S5=S1%{VALA-VALII*(VAL4~VALJ3)
EX3=EXP{-X*L3)

Wi=1,0-EX3

EX4=EXP{-X*¥L4)

W2=1.0~EX4

EXS=EXP(~X%L55
WR=EX3/(EX4+%EXA%EXS*EXS)
IF(X«eGT<30.0) GG T@ 160

01300C FROM HERE THRGBUGH LINE 130,5IGMA 1S CALCULATED

01310
01320
01330
01340
01350
013460
01370
01350
01390
01400
01410
gtra20
01430
01440
01450
01450
01470
014&0
01420
01500
01530
01520
01530
01540
01550
01560
01570
01580
01590
01600
01610
01620
015630
01640
01850
01660
01670
01680

120
130

140

150
160

170

016%0C THE

01700

BETA2=CSQRT(CMPLX(X*X>RM233I/7U2

DB 130 J=1,3
IFCREALICLADCJI/RS*BETA2*U2)GT15.0) GU T2 120
EX1=CEXP(2.0%CLADCII/RS%BETA2%UZ2)

BETA1 =CSART(CMPLX(X¥X»RM12)/7U1
RNUM=(X+BETA2)*{(BETA2~-BETA1)+(X-BETAZ2»*(BETA2+BETA 1 )*EX1
DEN=(X-BETAZ2)*(BETA2-BETA1 Y+ (X+BETA2)*x(BETAZ2+BETA1)*EX1
SIGMACJII=RNUM/DEN

G@ Té 130

SIGMAC I ={X-BETA2)Y/(X+BETA2)

CONTINUE

EX2=EXP{~-2.0%X%L2)

EX6=EXP{-2.0%X%L&)

Wa=1.0=-EX4%W3

WOS=EXSHEXO6FW I FWORW4

WeE=EXE6XW ¥W )

WT=W2kWRREXERE XD 2EXSkW A% 4

RLC1)=1.0

D@ 140 K=2,5

RLIKY=EX2*RL(K~1)

D& 150 K=i1,3

D@ 150 L=1,5

THUT (K LI =TMUT(Ks L) +S3%WS*RLILI*SIGMALK)
DRIVER{K>L)=DRIVER(KsLI+S54%WEXRLILIXSIGMA LK)
PICKUP(K L) =PICKUPC(KAL) +SS*WTERLLLIXSIGMACK)
AIRI=AIR1I +54%2. 0¥k (X*L3-W1)
AIRZ=AIR24+SS5% (4. 0% (XFLL-WR) -2, 06W2KHW2EW3I)
CONTINUE

Bi=B2

B2=B2+52

S1=0.05

IF(XeL.Te9+0) GO TV 110

Si=d-1

IF(Xel.T«2%2.0) G2 TO 110

Si=0.2

IF(X«l.T«390) GO T 110

S1=0:5

IFCXLT79.0) GG TG 110

INTEGRATIEGN ENDS HERE

IFCIKL.NE.O) G& T® 552

01710C NEXT THE PREPERTIES OF THE C@1LS ARE DETERMINED AND PRINTED



1720
01730
01746
01750
01760
01770
01780
01790
01800
01810
01820
01830
01840
01850
01860
01870
01880
01890
01%00
01910
D1920
01930
01940
01950
01960
01970
01980
01990
02000
02010
oz020
02030C
02040C
02050
02060
02070
02080
02090
02100
02110
02120
02130C
02140
02150
02160
02170
g2180
02190
g2200
g2210C
022200
0ez230
pez4a0
o2250
02260
02270
02280
02290
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180 CALL CIRCT(TMAGsPHASE»QL,T1,T2?
CALL. PHASET(TMAG.,PHASE>SHIFT,V1,SET?
TYPE 190
190 FERMATC¢IH »10HDRIVER RES»AX, 1O0HINDUCTANCE, 4X, GHN® TURNS,
16X 9HSHUNT CAP,5X»9HNBR IM PT)
S1=00*TI*T1%AIRI /W
A2=(REAL{DRIVER(2,322>+AIR1)/AIR1
Q3=RO¥TEXT2*AIR2/W
Q4={REAL(PICKUP(Z2,3))+AIR2)/AIR2
TYPE 200,R65,081,N3,C06,02
200 FORMATOIH >1PE12:5s2XsIPE125,2Xs0PFB8e1,6Xs1PE12.5,2X0
10PF96>
TYPE 210
210 FORMATC(IH »10HPICKUP RES»4X>10OHINDUCTANCE »4X»BHNG TURNS,
16X» 9HSHUNT CAP,S5X»9HNBR IM PT)
TYPE 200.R7-.83,N4,C7:04
TYPE 220
220 FPRMAT(IH s12HDRIVING VOLT,2X» 10HSERIES RES,aX»
1 BHAMP GAIN, 66X FHINPUT IMPDY
TYPE 230,V0,R0,GAIN»R9
230 FORMAT(IH »FS541,9Xs1PE12.5,2X20PFBel1s6Xs1PEL12.5)
TYPE 2405V}
240 FORMATC(IH »22HDISCRIMINATOR VOLTAGE=s1PE12.3)
TYPE 250
250 FORMAT(IM
RLC1d)=L6
D@ 260 I=2s5
260 RLLII=L2+RL(I-1)
TYPE 270sRL
270 FORMATI(IH »4(F6+3,8XY:F6.3)
TYPE 250
THE VOLTAGE MAGNITUDE,PHASE,AND SHIFT ARE PRINTED F@R
THE VARIQUS LIFT-BFF VALUES
DO 280 1=1.3
TYPE 290,(TMAG(I»J)»J=123)
TYPE 290, (PHASEC(I2J)sJ=155)
TYPE 290, (SHIFTCIJ)2J=1:35)
TYPE 250
280 CONTINUE
290 FORMATC(IH s4C1PE12.552X)21PE12.5)
CALL SENS(SHIFT>RAD>SEN)
THE USER SELECTS @NE ©OF FOUR POSSIBILITIES
295 TYPE 300
300 FORMAT(' | COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK
1 4 CaN CAL') .
TYPE 250
ACCEPT 310.NS
310 FERMATCI1)
G@ TO(320:5sA450:5402,690) 205
THE FIRST POSSIBILITY PRINTS FACTBRS IN THE CoIL
PDESIGN: USER INPUTS INTEGER DATA AS REQUESTED
320 TYPE 330
330 FORMAT(® DRIVER WIRE GAGE, TURNS, PICKUP WIRE GAGE,
i TURNS®?
TYPE 250
ACCEPT 340-N1AN2AN3AsNAA
340 FORMAT(AD)
IF (N1A*N2A.EQ.0) GB T@ 350
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02300 GAGE=M1A

02310 XIN=R{%*R5
02320 X@UT=R2%*R5
02330 XLEN=L3%R5
02340 TURNS3 =N2A
02356 N3 =N2A

02360 NiA=~]

02370 J1=1

02380 CaLl GAGER(R6)Y
02390 Go6 Tg 370
02400 350 IF(N1A-EQ-0) G@ T@ 360
02410 GAGE=N1A
02420 XIN=R1%R5
02430 XOUT=RE*RS
02440 XLEN=L3%RS
02450 Ji=1

0240 CALL GAGER(R6)
02470 N3=TURNS
02480 G683 Te 370
02490 360 IF(N2A.EQ.0) G@ T® 330
02500 N3 =N2A

02510 TURNS =N2A
02520 XIN=R1%R5
02530 XGUT=RE*R5
02540 XLEN=L3%R5
02550 J1 =0

025690 CALL GAGER(RS)

02570 370 TYPE 380,TURNSsGAGESPERLAY»XLAY»R6
02580 380 FORMAT(IH »6HDRIVERsF6+1510H TURNS @F#5F5e¢1,4HWIRE,

02590 IFS«1,6H/LAYERSF 5415 6HLAYERS» 1PE1245, 4HBHMS)
02600 390 IF(N3A%XNAREQ.0) G@ T@ 409
02610 GAGE =N2A

02620 TURNS =N 4A

02630 NA=NaA

02640 XIN=R3*R5

02650 XBUT=RA%RS

02660 KLEN=LA%XRS

02570 Ji=1

02680 CALL GAGER(RT?

02690 R7=2.0%R7

02700 G@ T@ 420

02710 400 1F(N3AEQ.0) G@ T6 410
02720 GAGE=N3A

Q2730 XKIN=R3I*R5

02740 XQUT=RA%RS

02750 XLEN=L4%R5

02760 Ji=1

02770 CALL GAGERC(RT)

02780 N4=TURNS

02720 R7=2:0%R7

02800 G@ TV 420

02810 410 IF(N4AEQR.Q) GB T@ 440
02820 Na=N44s

02830 TURNS =N 44

02840 XIN=R3#%RS

02850 XOUT=R4¥RS

02860 XLEN=L4%R5

02870 J1=0
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02880 CALL GAGER(RT)

02890 R7=2«0%R7

02900 420 TYPE 430,TURNS»GAGE,PERLAYsXLAYSR7

02910 430 FORMAT(1H »6HPICKUP,F&1510H TURNS EA#,F5.1,4HWIRES
02920 1FSe1s6H/LAYER»F5»156HLAYERS» 1PE124.554HOHMS)

02930 440 G& To 180

02940C THE SECOND P@SSIBILITY DEALS WITH ATTENUATOR DESIGNS3
02950C USER INPUTS REQUESTED DATA IN E FIELD TYPE

02950 450 TYPE 460

02970 460 FORMAT(® DRIVER SERIES RESs SHUNT CAP» PICKUP SHUNT RES.
02980 i SHUNT CAP®"3

02990 TYPE 250

03000 ACCEPT 470,P1:P2,P3sP4

03010 470 FORMATC(AE?

03020 IF(P1.EQ«0.0) GO TB 480

03030 RO=1

03040 480 IF{(P2.EQ.0.0) GB TZ 490

03050 Ce=p2

03060 490 IF(P3.EQ.0.0) G® T@ 500

03070 R9=P3

03080 S00 IF{P4.EQ.0.0) 6@ TG 510

03090 C7=pr4

03100 510 95=1.0/{W*SQRT(Q1*G2%C63)

03110 06=8SART(O1%Q2/C6)

03129 Q@T7T=RO/ZCW*Q1%§2)

03130 08=1.0/(WASART(RQI*Q4*CT)I)

03140 Q9=5QRT({03%Q4/C7S

03150 DI0=RO/(WXQA3*Q4)

032160 TYPE 520,05:06s07

03170 520 FORMAT({H »7THDVR CKT,1PE12.5,10H BELOW RES,1PE12.5,
03180 18H @PT RES,I1PE12.5s11H RES/REACT.)
03190 TYPE 580,08,09,610

03200 S30 FORMATCIH »7HP-U CKT,1PE12.5510H BELbw RES,IPE12.5,
03210 184 @PT RES»1PEI2.5,11H RES/REACT )
03220 G@ T9 180

03230C THE THIRD P@SSIBILITY EXAMINES THE EFFECTS @F DRIFT
03240C ON THE SYSTEM

03250 540 TYPE 550

03260 550 FERMAT(IH »23HSYSTEM DRIFT VARIATIONS)?

03270 DR1=0.01

03280 DRE2=0.01

03290 DR3=0.01

03300 DRa=0.01

03310 DR5=0.01

03380 DR6=0.01

03330 DR7=0.01

03340 DRE=0-01

03350 DR9=0.01

03360 DR10=0.01

03370 DR11=0.01

03380 GO TY 559

03390 552 CALL CIRCTI(SETsV1+.SHIFT»RAD,SEN)
03400 GO T (675,6782,681,684)»JKL

03410 559 TYPE 560

03420 S60 FORMAT(IH »1iHZ VARIATION,3X»13HPARAMETER VAR,»1X»
03430 1 THRADIANS» TX» THDEGREES» 7X5s 10HZ OF RANGE?

03440 IF{DR1.EQ-0.0> GB® TO 580



03450
03460
03470
03480
03490
03500
03510
03520
03530
03540
03550
03560
03570
03580
03590
03600
03610
03620
3630
03640
03650
03660
03670
03680
03590
03700
03710
03720
03730
03740
03750
03750
03770
037€0
03790
03800
03810
03820
03830
03840
03850
03860
03870
03880
03890
039C0
03910
03320
03930
03940
03950
03960
03970
03980
03990
04000
Ga0io0
04029

570

580

590

600

610

620

630

640

650

860

670

671

674

875

876

8l

R&6=R&6%(1.0+DR1)

DR100=100.0%DR1

TYPE 570,DR100

FBRMAT(IH sF4.1510Xs13HDRIVER RES $>
CALL CIRCT1<C(SET»V1,SHIFT,RADS>SEN)
R6=R6/(1.0+DR1)D

IF(DR2.EQ 00> GB& TG 600
R7=R7*(1.0+DR2)

DR100=100.0*%DR2

TYPE 590,DR100

FARMAT(IH F4-1,10X213HPICKUP RES $)
CALL CIRCTI(SET»V1>SHIFT,RAD>SEN)
R7=R77(1.0+DR2)

IF(DR3.EQ.0.0) G@ T@ 620
C6=C6%(1.0+DR3)

DR100=100.0%DR3

TYPE 610,DR100

FORMATC(IH »F4:.1,10X»13HDVR SHUNT CAPS)
CALL CIRCTIC(SETs»V1,SHIFT,»RAD>SEN)
C6=Ca/7(1.0+DR3)

IF(DR4-,E0-0.0) GO TR 640
C7T=C7%(1.0+DR4)

DR100=100.0%DRA4

TYPE 630,DR100

FORMATC(IH »F4.15,10X2s13HP-U SHUNT CAPS?
CALL CIRCTIC(SETsVI>SHIFT,>RAD,SEN)
C7=C7/7C1 .0+DR4)

IF(DRS.EQ0.0) G@ TO 660
RO=RO* (1 .0+DRS)

DR100=100.0%DRS

TYPE 650,DR100

FORMATC(IH »FA4-15,10X>13HSERIES RES $)
CALL CIRCTI(SET»V]I,»SHIFT,RAD,SEN)
RO=RC/C1 «0+DR5)

IF(DR6.EQ-0.0) G@ TO 671

R9=R9%{}] +D+DRE)

DR100=100.0%DR6

TYPE 670,DR100

FORMATCIH »F4.1,10X2»13HAMP INPUT RESS)
CALL CIRCTI(SET»V1,SHIFT,RADSEN)
R9=R2/(1.0+DR&)

IF(DRT7«EQ.0+0) GO T@ 673
VO=VO#{].0+DR7T)

DR100=:00.0%DR7

TYPE 672,DR100

FARMAT(IH sF4.1510X,13HAPPLIED VOLT .52
CALL CIRCTICSETsV1,SHIFT,RAD,SEN)
VO=V0D/CL 0+DRT)

IF(DRE8:EQ-0.0) GO TQ 676
FREQ=FRE@¥+ (1 .0+DR8&)

DR100=100.0%DRS

TYPE 674,DR100

FARMATCIH »FA-.1,10X013HFREQUENCY 53
JKL=1

G@ TV S

FREG=FREQ/Z(1 .Q0+DRE)

JKL =0

IF(DR9.EQ.0.0) G& T@ 679



04030
04040
04050
04060
04ag70
04080
04090
04100
04110
04120
04130
04140
04150
04160
04170
04180
04190
04200
04210
04220
04230
04240
04259
04260
04270
04280
04290
0 4300C
04310
04320
04330
4340
04350
04360
04370
04380
04390
04400
04410
04420
04430
04440
04450
04460
04470
0 44%0
04490
04500
04510
04520
04530
04540
04550
04560
04570
04580
04590
04600

677

678

£79

680

681

682

683

684

THE
690

10060

1010

1020

85

RO=RS%(1.04DR2)

DR100=100.0%DR9

TYPE &7T7»DRICO

FORMATC(1H »F4,1-10X>13HMEAN RADIUS $)
JKL=2

Gg T@ S

R5=R5/(1 .0+DR9>

JKL =0

IF(DRID.EQ«D.0) G@ TR 682
RHOI=RHB1%x(1.0+DR10D)

DR100=100.0%DR10O

TYPE 6£80:DR100

FORMATC(IH »F4.1510X,13HBASE RESISTVYS)
JKL=3 i

Ge T9 5

RH@1 =RHE1/(1.0+DR10)

JKL.=0

IF(DR11.E0.0.0) GB& T@ 295
RHO2=RHP2*{1.0+DR11)

DR100O=100.0%DR11

TYPE 683,DR100

FORMATC(1H »F4.1,10X,13HCLADDING RES $)
JKL=4

Gg TG 5

RHG2=RHE2/(1 .0+DR11)

JKL=0

Ge TO 295

FOURTH POSSIBILITY ENDS CALCULATIONS
CaLl EXIT

END

SUBROUTINE BESSELCVAL)D

COMMON X»Z2015P1

IF{Z-6T5.0) G8 T@ 1010

K=2 . 0%7

LeK+3

Fi1=0,5%01*%01%ag1

VAL=F1/3.0

D 1000 I=1-L

Al=}

Fiz-F1%0.25%Z2%Z/(AI%A1+A1)
VAL=VAL+F1/7¢(2.0%¥A1+3.0)

CONTINUE

Gg T8 1020 ;
XO={CC¢-188.1357/2+109.1142)/2-23.79333)/2+2.050931)/Z
XO=CLlX0~0+1730503)724+0.7034845)/72-0.064109E-3
1= Cl~S5.81751T/7Z2+2.1058T4)/2-«68961962/72+.4952024)/2
Xi=(X1~0,187344E~2)/Z2+Q.7979095

VAL={1 2 0-SORTLZI* (X1 *COSC(Z~PI/4:0)-X0*SIN(Z=-P1/4.03))/
1OXERXRX)

RETURN

END

SUBROUTINE PHASET(A»B,C»V1,03)

DIMENSION AC3-59),B(3,5),C(3,55)
G1=A(2:5)*%SINCB{2,53)~-AC2,1)%S5IN(BCZ2513)
G2==CA(2,5)%COSCR{2,5))~A(2:1)*%COS(B(2,1)))
A3=ATANZ{@1,02)

Vi=A(2,12%SINC@3+B(2-1))

Dg 2000 I=1,3
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04610 DO 2000 J=1,5
04620 2000 C(I»J)=B3-ATANZ2(VI1,SORTC(ACI»JI*ACI,J)~VI%V1)II+BC(1,J)
04630 RETURN

04640 END

044650 SUBRGUTINE SENSC(@,RAD.91)

04660 DIMENSION @(3,5)

04570 09=8C1,1)

Q4680 20=0C1,51)

04690 D@ 3010 I=2,5

04700 IF(@C1,1).LT«0%9> GO T@ 3000

04710 9=0C(1,1)

04720 3000 IF(@(1,1).GT-00) GO T@ 3010

04730 00=0C(1,1)

04740 3010 CONTINUE

04750 G1=C(0C1,1)+@C1,2)+@C153)+B(1,4)+8(1553)/5.0
04760 21=21-CB(3,1)+@(3,2)+@3(3,3)+0(3,4)+0(3,533/5.0
04770 XLe=g92-20

04780 PERCT=100%XL0/01

04790 DEGR1=01%RAD

04800 DEGR2=XL2*%RAD

04810 TYPE 30205,01,XL2,PERCT

04820 3020 FORMATC(1H »12HPHASE SHIFT=s1PE12+5:,2Xs8HLIFTOFF=,
04830 11PEE2e5,2Xs2HZ=51PE1245)

04840 TYPE 3030.DEGR1,DEGRE2

04850 3030 FORMAT(IH »7THDEGREE:,»1PE13+5,5X21PE13.5)
04860 RETURN

04870 END

0 A¥E8] SUBRGUTINE GAGER(RES)

04890 CeMMON /B3/7GsD1sD2sRLNsTSsN1,J1,DsE
04200 P1=3.1415926536

04210 IFCI1 «EQel) GO TGO 4015

04920 Nl=~1

04930 D3=0.95%SARTC(D2-D1)*RLN/TS)

04940 X2=1+03T7T1E~-5/7(D3%D3)

04950 0=40.0

04960 4000 G=40:0+10.0%(ALOG(X2) ~ALBG( 9989+ .017%(0/100~103))/72.3
04970 10259

04980 IFCABS(O-G)«LT+1.0E~4) GO TG 4010

04990 Q=G

05000 G@ Te 4000

05010 4010 1IG=G

05020 G=1G

05030 4015 X2=¢+9989+«017%{GC/100~1+0))%10.0%%(G/10e0~2¢0)
05040 D3=SGRT(1+0371E~5/X2)

05050 IF(G.GT»40.0) G& T@ 4020

05060 X3={+ 460655%ALDG(D3*1+E3)-:43444)%1.E~-3

05070 G8® TO 4030

05080 4020 X3=(98.02228%D3+2.586791E-2)%1.E~3
05090 4030 ID=C(RLN/(D3+X3))

05i00 D=1ID

05110 IE={D2-D1)/(D3+X3)

05120 E=IE

05130 IF(N1+EQe-1) GB TO 4040
05140 TS=D*E

05150 4040 RES=TS*X2%{(D2+D1)%P1/12.0
05160 RETURN

05170 END



05180
05190
05200
05210
05220
05230
05240
05250
05260
05270
05280
05290
05300
05310
05320
05330
05340
05350
05360
05370
¢5380
05390
05400
05410
05420
05430
05440
05450
05460
05470
05480
05490
05500
05510
05520
05530
05540
05550
05560
05570
05580
05590
05600
05610
05520

5000

6000

6010
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SUBRQUTINE CIRCT(TMAG,PHASE»Q0.T1,T2)

COMMEN /7B17R1sR2,R35RA4sRL3>RLA»K0,RESRTSRI,L6,CTsVOLGAIN

COMMEN /B1/W,FREQ.RBAR> TURNS1 » TURNSZ/B2/TMUTsDRIVER

COMMEN /B2/PICKUP-,AIR1,AIRR

COMPLEX TMUTsDRIVERSPICKUP»Z15,22s235245255265 27
COMPLEX DENOM,TNUMsVOLT

DIMENSIGN TMUT(3:5)sDRIVERC(3+5),PICKUP(3,5)
DIMENSION TMAG(3,5)sPHASE(3s5)
T1=TURNS1/((R2-R1)Y%*RL3)
T2=TURNS2/{{R4~-R3)%RL4)
Q0=6.300475204E~7*FREG*RBAR
Z1=CMPLXCW*RO%CEs~10)
Z2=UMPLX(WRRO*CT,~1.0)

Z3zCMPLXC0 02 -RO)

24zCMPLXC0 05 ~-R9)

D& S000 1=1,3

D@ 5000 J=1,5

Z5=00*TI*T2%TMUTC( 15 J)
Z6=00%T1*T1%(0+051+0)%(DRIVERCI»JI+AIK1)
Z7=00%T2%T2%C0+0s10)%(PICKUP(15J)+AIR2)
DENGM=Z1%Z2*ZS5*Z5+( Z1 *( Z6+R6)I +Z3)*

S (Z2%k(ZT+RTI+Z24)
TNUM=VOXRO¥GAINXC(0+0s~-1.02%25
VOLT=TNUM/DENDOM
TMAGCI - J?»=CABSCVELT)
PHASECI»J)=ATAN2CAIMAGCVOLT) »REALCVELT )
RETURN
END
SUBR@UTINE CIRCTI(01,V1,0,RADsSEN)
DIMENSION B(3,5),TMAG(3,5)sPHASE(3,5)
CALL CIRCT(TMAG»PHASE,QD,T1.,T2)
81=0.0
D@ 6000 1=1.3
D@ 6000 J=15,5
OP=01~ATANZ2{V1 s SORTC(TMAGC I JIXTMAGLI»J)=Vi*xVi))

P +PHASEL I D ~0C( 10
IFCABRS(G1).GT-ABS(02)) G2 T8 6000
01=02
CONT INUE
HSNEW=RAD*Q1
93=100:«0%Q1 /SEN
TYPE 6010,01,02NEW,Q3
FORMATC(IH+,1Xs2C1PE12.522X221PE12.5)
RETURN
END
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REFLECTION COLL ABOVE MULTIPLE CONDUCTORS, CONDUCTIVITY VARIATION

We shall now consider the case of a reflection coil sbove multiple
conductors, as shown in Fig. 4 (p. 7). This program calculates the
magnitude and phase of the voltage that is fed to the phase measuring
circuits of the phase sensitive eddy-current instruments and is designed
to help analyze eddy-current measurements of conductivity.

The program calculates the magnitude and phase of the induced
voltage at 5 different values of lift-off for each of 3 different con=-
ductivity values of a specific conductor, making a total of 15 calcula-
tions. This allows one to examine the sensitivity to lift-off vari-
ations as well as conductivity variations of the specific conductor.

In addition, the program also calculates the phase shift with the
discriminator adjusted to give the same phase on the nominal conduc-
tivity sample with maximum and minimum lift-off. The phase on the
nominal conductivity sample with minimum 1ift-off is taken as zero, and
all other phase shifts are measured relative to it.

The equations which are evaluated are Eq. (8) for the mutual cou-
pling, Eq. (9) for the driver coil impedance, and Egq. (17) for the
pickup coil impedance. The gamma factor for multiple conductors is
calculated from Egs. (24) to (28).

The programs are written in both BASIC and FORTRAN, for use on
the PDP-10., The BASIC program follows.

To use this program, MULTIC (BASIC), one must first divide all
dimensions by the mean radius of the driver coil. Then the following

lines must be typed into the program.

250 R5 = (numerical value of driver coil mean radius in inches)
260 Bl = (numerical wvalue of normalized driver coil inner radius)
270 R2 = (numerical value of normalized driver coil outer radius)
280 L3 = (numerical value of normalized driver coil length)

290 R3 = (numerical value of normalized pickup coil inner radius)
300 Rl = (numerical value of normalized pickup coil outer radius)
310 LY = (numerical value of normalized pickup coil length)

320 15 = (numerical value of normalized pickup coil recess from

face of driver)



330

340
350

360
370
380
390
Loo
k1o
k2o
430
440
450

510
520

670
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L6 = (numerical value of normalized driver coil minimum 1ift-
off)

R6 = (numerical value of resistance of driver coil in ohms)

R7 = (numerical value of total resistance of both pickup coils
in ohms)

N3 = (number of turns on driver coil)

number of turns on each pickup coil)

output series resistance of driving amplifier in ohms)

input shunt resistance of pickup amplifier in ohms)

total shunt capacitance in driving circuit in farads)

output voltage of driving amplifier in volts)

gain of pickup amplifier)

=
i

(
(
(
(t
CT = (total shunt capacitance in pickup circuit in farads)
(
(
(operating freguency in Hertz)
= (numericsl value of normalized driver coil 1lift-off
increment)
N9 = (total number of conductors + 1)

N8

(number of the specific conductor with conductivity
variation, refer to Fig. k)

MO = (numerical value of fractional conductivity change of the
N8~-th layer)

The input data of conductors are typed into the program between

the statement numbers 800 and 980, according to the order of appearance

from the lowest conductors [refer to Fig. 4 (p. 7)].

860
810

{980)

where

DATA 1E10, K(1), U(1)
DATA T(2), K(2), U(2)

DATA T(N), K(w), ul(w)

DATA T(No-1), K(No—1), U(N9-1)
DATA 1(arbitrary number), 1E10, 1
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T(N) = numerical value of thickness of the Nth layer conductor
in inches,

K(N) = numerical value of resistivity of the Nth layer con-~
ductor in mierohm centimeters,

U(N) = numerical value of relative permeability of the Nth

layer conductor, and

the (N9—1)th layer denotes the top or surface layer.

The current version of MULTIC (BASIC) is limited to a maximum of nine

conductors.

one DIMENSION
60 DIM

However, this limitation can be removed easily by adding
statement.
T(N9), R(N9), U(N9),

The program may now be run.

5(N9), X(N9), Y(N9) .
The print-out by the computer will

have the following format.

N THICK(INCH) R(MU-OHM CM) M,SIGMA U

(1) (m(1)) k(1)) ..., (u(1))
(2) (T(2)) (xk(2)) e (u(2))
(N9-1) (T(N9-1)) (K(N9-1))  venn... (U(N9—1))
(N9) (T(N)) (K(W)) ceeeas (u(w))

CONDUCTIVITY VARIATION OF (N8)TH LAYER IS + —(100%*MO)%
Rl= (R1) R2= (R2) DRIVER LENGTH IS (L3)
R3= (R3) Rh= (RL) PICK UP LENGTH IS (Lh)
COIL MEAN RADIUS (RS5) INCHES OPERATING FREQUENCY (F)
PICK UP RECESSED (L5)

MINIMUM LIFT-OFF (L6) LIFT-OFF INCREMENT (L2)

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(R6) ..., (N3) (cé) e
PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(R7) e (NL) (cry ol

DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
(vo) (RO) (G5) (R9)
DISCRIMINATOR VOLTAGE IS .....
(L6) (L6+1.2) (L6+21.2) (L6+3L2) (L6+41.2)

-----

.....

ooooo
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..... e a0 LI N e e o e s s e

PHASE SHIFT ..... LIFI-OFF .....
DEGREE ..... ...,
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL

?

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed.

There are five columns of data, one under each value of lift-off.
Each column is divided into three sections of three lines each. These
sections correspond, from top to bottom, to the three wvalues (~100*MO,
0, and +100*M0% variations from nominal) of the conductivity of the
N8-th layer. The three lines in each section are, from top to bottom,
the magnitude of the voltage out of the pickup amplifier, the phase
shift between the voltage out of the pickup amplifier and the driving
voltage, and the phase shift between the voltage out of the pickup
amplifier with the discriminator set to give the same phase shift with
ninimum 1ift-off and maximum lift-off on the nominal conductivity
sample, The phase shift in the third line is always measured from the
nominal conductivity sample with minimum lift-off. The voltage out of
the pickup amplifier will be in volts and be either peak-to-peak or
RMS, whichever is used for VO, the output voltage of the driving ampli-
fier. For each conductor N, the value of a dimensionless product
RszwuNON is also calculated and printed under the column M,SIGMA. The
inductance in henries of the driving coil in air and the normalized
imaginary part of the driving coll impedance are also printed, with
nominal conductivity and nominal lift-off (L6+2L2). The inductsance in
henries of both pickup coils in air and the normalized imasginary part
of the pickup coils' impedance with nominal conductivity and lift-off
is also printed. The total phase shift for the 200#M0O% conductivity
variation, the maximum phase shift due to lift-off and the maximum
percent of range error in conductivity measurements due to lift-off
are given. The phase shifts are given first in radians and then in

degrees.



92

The program then enters a branching loop that allows the following
options, depending on which of 1, 2, 3, or 4 is typed as input after

the question mark.

1. Coil Design

If a 1 is typed by the operator after the question mark, the program
will enter the Coil Design Loop. This loop will allow the number of
turns on the driver and pickup colls to be varied. The loop will allow
the wire gage to be given and then calculate the number of turns and
coil resistance, or it will allow the number of turns to be entered and
calculate the gage and coil resistance, or both turns and gage can be
entered. If zeros are entered for both the gage and turns of either the
driver or pickup coils, the present value of these will he retained,
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed, with the
"new" coil in the cirecuit. However, the numerical integrations to
calculate M, 7

R> and 7 do not have to be repeated.

D PU
2. Attenuator Design

This loop will allow the driver series resistance, RO, the driver
shunt capacitance, C6, the amplifier input impedance, R9, and the shunt
capacitance in the pickup circuit, C7, to be varied. If a 2 is typed
after the question mark, the computer will respond with

DRIVER SERIES RES, SHUNT CAP, PICK-UP SHUNT RES, SHUNT CAP .
The resistance is to be given in ohms, and the capacitance in farads.
If zero is typed in for any value, the present value in the computer
will be retained. After the input data and a carriage return are typed,
the computer will calculate the ratio of resonant frequency to operating
frequency for the particular L-C circuit, a very rough value of resist-
ance for minimum temperature drift, and the ratio between the resistance
and reactance in the circuit for both the driver and pickup circuits.
The program then starts with the label

DRIVER RES INDUCTANCE ©NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed with the
"new" attenuator in the circuit. Again, the numerical integrations to

calculate M, ZDR’ and 7 do not have to be repeated.

PU
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3. Drift Check

This loop calculates the effect of the drift of any of the circuit
or sample parameters after the instrument has been calibrated and
adjusted. If a 3 is typed as input, the program will respond with the
percent varilation, the parameter varied, the maximum change in phase
(both radians and degrees) of any of the 15 different phases calculated
(5 1ift-off values for each of 3 different conductivity values) and the
percent of the range the drift represents. The percent variation of
each parameter may be varied independently. The following table gives

the parameter, the line number, and the constant to be varied:

Parameter Line Number Constant
Driver Resistance 8610 E1l
Pickup Resistance 8620 B2
Driver Shunt Cap. 8630 E3
Pickup Shunt Cap. 8640 EY
Series Resistance 8650 BT
Amp. Input Resistance 8660 ES
Applied Voltage 8670 ji7e)
Frequency 8680 Al
Mean Radius 8690 A2

For example, to put in a 2% variation in the driver coil resistance,
one would type:

8610 E1 = .02
The amount that each parameter is varied must be set before the program
is run. All of the variations are 0.0l or 1% in the current version of
the program. Since the phase shift produced by the parameter variation
is quite linear over a range of about 10%, a linear interpolation or
extrapolation msy be used from the 1% parameter variation. If zero is
typed in for any parameter varistion, that parameter will not be varied
nor will it be typed out in the list of parameter variations. When the
calculation is completed and the drifts printed, the program returns to
the branch point and repeats the gquestion

1 Coil Design 2 Atten. Design 3 Drift Check 4 Con Cal .,
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The first seven drifts do not require that the numerical integra-

tions to calculate M, Z__., and Z be repeated, but they must be repeated

DR PU
to calculate the drifts due to frequency and mean radius changes. There~
fore, the calculation of these last two drifts requires a considerable

amount of computer time.

4. Con Cal

This loop is to continue calculations. If a series of calculations
is to be made, a loop may be established at this point. However, in
the present version of the program, if a L is typed as input, the program

will end.

Sample Calculation of MULTIC

Let us suppose we wish to design a reflection-type coil to measure
the conductivity variation of a cladding material that has a thickness
of 28 mils and a nominal resistivity of 3.632 ufi-cm. Below the surface
cladding, the next conductor is 194 mils thick and has a resistivity
of 5.393 ufd~cm. Finally, there is another layer of cladding material,
with a thickness of 28 mils and resistivity of 3.632 uQ-cm. The driver
coil has a mean radius of 0.08325 in., inner and outer radii of 0.0625 and
0.104 in., and a length of 0.03 in. The pickup coils have inner and
onter radii of 0.03 and 0.058 in., a length of 0.008 in. and are mounted
flush with the ends of the driver coil. The driver coil has 360 turns
of No. 46 wire with a resistance of 79.36 Q, and the pickup coils have
410 turns each of No. 5Sh wire, with a resistance of 530.5 2 for both
coils. The driver series and the pickup amplifier input resistances
are both chosen to be 1 MQ. The shunt capacitances in both circuits
are chosen to be 1 pF. This corresponds to practically infinite source
and detector impedances, so that only the mutual coupling, M, affects
the phases. The minimum lift-off is taken to be 0.0083 in. with a
lift-off increment of 0.002 in. The variation in the conductivity of
the surface cladding is *5%. The relative permeability of all layers
is 1. The frequency is 10,000 Hz, the output voltage of the driving

amplifier is 10 V, and the gain of the pickup amplifier is unity
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(a2 unity gain allows the actual gain needed in the amplifier to be
calculated by dividing the maximum output voltage with unity gain
into 10).

The program MULTIC is assumed to be in the active core, and the
following information is typed into the computer. All linear dimensions
are normalized by dividing by the coil mean radius, except for the coil

mean radius, which is in inches.

250 R5 = .08325
260 Rl = .75
270 R2 = 1.25
280 L3 = .36
290 R3 = .36
300 Rk = .696
310 LY = 096
320 LS =0

330 L6 = .1
340 R6 = T79.36
350 RT = 530.5
360 N3 = 360
370 Nk = Lio
380 RO = 1E6
390 R9 = 1E6
L0oo Cé = 1E-12
L10 CT = 1E-12
L20 Vo = 10
430 G5 =1

440 F = 10000
450 L2 = .025
510 NG = 5

520 NS = L

670 MO = ~.05
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800 DATA 1E10, 1E10, 1
810 DATA .028, 3.632, 1
820 DATA .19%, 5.393, 1
830 DATA .028, 3.632, 1
8Lo DATA 1, 1E10, 1

The program may now be run with the following results. The data
inputed from the terminal by the user are underlined. A carriage

return must be typed by the user at the end of each input line.
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Ms5I1GMA
0
9.72034
6454632
9.72034
0

DRIVER LENGTH IS 0.36

MULTITC(BASIC)
N THICKCINCH)  R(MU-@HM CM)

1 1.00000E+10  1.00000E+10

2 0.028 3.632

3 0.194 5.393

4 0.028 3.632

s 1 1.00000E+10
THICKNESS VARIATIGN OF 4 TH LAYER 1S +- S %
Ri= 0475 R2= 1.25
R3= 0.36 R4= 0+696

MIN LIFT-@FF=

DRIVER RES
7936

PICKUP RES
530.5

DRIVING VLT

10

DISCRIMINATER

0.1

1.31981E~-5
~0«B02613
3.52971E~3

1.32201E~-5
~0.806063
8]

1«32375E-5
~-0.809286
~3+2864BE~3

PHASE SHIFT 6.75367E-3 LIFT-QFF 2.32629E-4 IN % 3.44449

INDUCTANCE
605067E~4
INDUCTANCE
4.72124E-4
SERIES RES
1000000

PICK UP LENGTH IS5 0.096
COIL MEAN RADIUS 8.32500E-2 INCHES
PICK ‘UP RECESSED O
0.1 LIFT-@FF INCREMENT= 0.025

N@ TURNS
360

N® TURNS
410

AMP GAIN
1

VOLTAGE 1S~6+.34033E~7

0+125

1.21111E-5
-0+.806757
3.70328E~-3

1+21309E~-5
~-0.810183
191204E~4

1+.21466E~5
-0«813385
~3.07799E-3

IN DEGREE 0.386957

1 COIL DESIGN

?1

2 ATTEN. DESIGN 3 DRIFT CHECK 4 CoON CAL

0.15

1.11162E~5
~0.811479
3.67406E-3

1.11340E~5
~0.814884
1.77376E~4

111481E~D
~D.818065
~3.07622E~3

1.33287E~-2

SHUNT CAP
1.00000E-12

SHUNT CAP
1.00000E-12
INPUT IMP
1000000

0.175

1.02067E-5
~0.H816683
3¢5615%9E~3

1.02228E~5
~0.820068
T «85962E~-5

1.02353E-5
-0.82323
-3.16116E-3

Ph i g et gt

QPERATING FREQUENCY 10000

NOR IM PT
O.849616
NEZR IM PT
0.992308

0.2

F+37604E-6
-0.822288
3.47065E~-3

Fe3F0Q59E~6
~0.825654
0

9.40206E~6
~0.8286799
~3.22723E-3
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DRIVER WIRE GAGE» TURNSs, PICK~-UP WIRE GAGE. TURNS
2465025450
DRIVER 391 TURNS @F # 46 WIRE 17 /LAYER 23 LAYERS 71.9293 0OHM
PICKUP 429 TURNS EA # 54 WIRE 11 /LAYER 39 LAYERS 532.582 BHMS TeTAL

DRIVER RES INDUCTANCE N@ TURNS SHUNT CAP NOR IM PT
719293 T.1376CE-~4 391 1.00000E~-12 0.849616
PICKUP RES INDUCTANCE N2 TURNS SHUNT CAP N@R IM PT
532.582 S«16896E-4 429 1.00000E-12 0.99230%
DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
10 1000000 1 1000000
DISCRIMINATEZR VOLTAGE IS-7.20555E-7
0.l 0.125 0.15 0.175 0.2
1.49990E-5 1.37636E-5 1+26329E~5 1.15993E-5 1.06554E~5
-0.802621 -0+806765 ~0.811487 -0.816691 ~0.822297
3+52971E-3 3.7032BE~3 3.67405E-3 3.56157E-3 3+47065E-3
1+50239E-5 137861E~5 1.26532E~-5 1+16176E~5 1.06719E-5
-0.806071 ~0.810191 ~0.814892 ~0+.820076 ~0.825662
0 1.91189E~-4 1e77369E~4 T e85962E~5 -7 +45058E~9
1.50438E-5 1+38040E-5 126693E~5 1.16321E-5 1.06850E-5
~0.809294 ~0e813393 ~0.818073 ~0+H2323¥ ~0.828807
~3.28647E-3 ~3+07799E-3 ~3.07623E-~3 -3+¢16116E~-3 ~3.22720E-3
PHASE SHIFT 6.75367E-3 LIFT-0FF 2.32629E-4 IN % 3.44449
IN DEGREE 0.386957 1.33287E-2

1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 Con CAL
22
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DRIVER SERIES RES, SHUNT CAPs
25+ 0E224TE~9562E2, 40 TE -9
DVR CT 9.42723 BELOW KES 359.202 @PT RES

PICK=-UP SHUNT RES», SHUNT CAP

13.1225 RES/REACTANCE

P~-U CT 10.2505 BELOW RES 330.351 @PT RES 19.2381 RES/REACTANCE
DRIVER RES INDUCTANCE N@ TURNS SHUNT CAP NgR IM PT
71.9293 T+13760E-4 391 4.70000E-9 0+849616
PICKUP RES INDUCTANCE N@ TURNS SHUNT CAP N@K IM PT
532.582 5+16896E~4 429 4.,70000E-9 0992308
DRIVING VBLT SERIES RES AMP GAIN INPUT 1MP
10 500 1 620
DISCRIMINATOR VOLTAGE IS5-7.81534E-4
Ot 0.125 0.15 0.175 0.2
1+40412E-2 1.28960E-2 1+18459E~2 1.08844E~2 1.00052E~-2
-1.00003 ~1.00497 ~1+01043 ~1.01633 ~1.02857
3.49556E~3 3.50292E~3 3.42207E-3 3.37109E-3 3.45401E~-3
1.4064%9E-2 1.29174E~2 1+.18652E-2 1.09019E~2 1.00209E-2
~1.00343 ~1.00835 ~1.0138 -1.01967 ~1.0259
o 2.02060E~5 ~4.97103E~5 -9.12398E~5 0
1+40839E~2 1.29344E~2 1.18805E-2 1.09157E-2 1.00333E~2
-1.00661 -1.01152 ~1.01694 -1.0228 ~1.02902
~3.25559E-3 ~3.22221E~3 -3.28045E-3 ~3.31177E-3 ~3,21142E~3
PHASE SHIFT 6.70542E-~3 LIFT-QFF 1.31831E~-4 IN % 1.96603
IN DEGREE 0.384192 T55334E-3
1 Cait DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CBN CAL
2?3
SYSTEM DRIFT VARIATI@NS
% VARIATN PARAMETER RADIAN DEGREE % BF RANGE
! DRIVER RES 2.46316E-5 1.41129E~3 0.367339
1 PICKUF RES ~5.918T4E~D -3.39119E-3 ~0e.88268
1 DVR SHUNT CAP -2.10896E-4 ~1.20835E-2 ~3.14516
1 P-U SHUNT CAP -~B+43331E-4 ~4.83194E-2 ~12.5769
! SERIES RES 1+.23148E~3 T.05585E~2 18.3654
1 AMP INPUT RES -5.98446E-4 ~3.42884E~2 ~8.92481
i APPLIED VOLT -7.75740E-4 ~4e44466E-2 ~11l.5688
1 FREQUENCY ~6.05841E-3 ~0.347122 ~90351
1 MEAN RADIUS ~T+58457E~3 ~0+434564 -“113.1141
1 CPIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 C@N CAL

?4

The user has exercised all the design options available, and these options

may be repeated, omitted, or teken in any order. The BASIC version of the

program MULTIC follows.




1

10
20
40
50

REM
REM
REM
DIM
DIm

100

MULTIC(BASIC)

REFLECTIGN C@IL FOR CONDUCTIVITY VAKIATIEN CF
MULTILAYER CONDUCTORS
AC3253,B(3,5)5,C(355),D€3,5)sE(355)5FC3,5)
M{3s5)5P(355)560(3,5)

199 REM C@NSTANT
200 P9=3.14159
210 P¥=180/P9

249

FEM

cetrL DATA

?50R5=.08325
260R1=675
270R2=1.25
PROL3=.3¢
290R3=.36
300K4=.696
310L4=,0096

320

LS=0

330L6=.1
340R6=T79.36
350R7=530,.5
360N3=360
370N4=410
379 REM CIRCUIT DATA
3H8ORO=1E6
390R9=1E4
400Cé6=1E~-12
410C7T=1E-12
420V0=10.0

430

G5=1

440F =10F3
450L.2=.025
4T70LT=L3-2%(LA+LS)
480L8=LT7+L 4
490L.9=LS+2%|.6

499
5Q0
510
520
529
530
535
537
539
540
550
Sen
570
S&0
599
600
€10
£30
&40
650
€60
€70
€80

REM

CoNDUCTOE DATA

DIM KC(3)>N(3)5L(5)

N9 =
Ng=

5
4

REM READ TrK,U

PRI
Far
REA
NE X
Ge

For
PRI
NEX
Gu

RE™
W=2
FeRr

NT “"N"S"THICKCINCHY" > "RIMU~BHM CMI*, " Ms SIGMA " U"’
N=1 TO N9

D TINILRCNISUCN)

T N

SUB 600

N=1 T@ N9

NT NsTIN)SRIN)SSIN)LUCN)
TN

TG 750

SUBROUTINE FOR ™

PR

N=1 TO N9

S(N) =D

IF
SCN
NE¥X
MO =
FOR

R(N)>1E9 THEN 660
)= e S094kUIN)RFRKERRO/RIND
TN
"005
I=1 T¢ 3



690

700

710

750

780

799

800

810

820

830

840

999

1000
1010
1020
1030
1040
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1 400
1410
1499
1500
1510
1520
1530
1540C
1550
1560
{570
1560
1590
i 600
1610
1620
{1630
1640
1650
1660
18670
i 480
1690
1700
1710
1720
1730
t 740
{750
1760
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MCI»0)=SINEIFCL~(I-2)%MOD
NEXT 1

RETURN

TINGY=0

PRINT “CONDUCTIVITY VARIATION OF"“3N&;"TH LAYER 15 +="3100%M03" %"

REM DATA

DATA 1E1021E10,1

DATH -028:3.632,1

DATA «19455.39351

DATA «0P8:3.63251

DATA 1-,1E1051

REM PRINT COIL DATA
PRINT “"Ri="3R1:"R2=""3R2,"DKIVER LENGIH I5";L3
PRINTV"R3="3R3,"R4="3R4,"PICK UP LENGTH 15";iL4

PRINT "COIL MEAN RADIUS™;3;RS3'INCHES OPERATING FREQUENCY"F

PRINT "PICK UP RECESSED'3LS

PRINT “MIN LIFT-@FF="3L63"LIFT-@FF INCREMENT=":L2
REM PROGRAM BEGINS

REM F@OR INTEGRATIONS

G@ SUB 1500

REM FOR INDUCTANCES AND CIRCUIT; MAGNITUDE ANU PHASE
G@ suB 6000

REM F@R DISCRIMINATOR VOLTAGE AND PHASE SHIFT
Gg SuUB 6500

REM FOR PRINTING BF RESULTS

Gg SUB 6700

REM F@R AV. PHASE SHIFT AND LIFT-OFF ERROR
G@g SUB 7000

REM FOR COIL AND ATTENUATOR DESIGNS, AND DRIFT
G@ TG 7200

REM SUBRDUTINE FBR INTEGRATION

A3=D

A4=0

F@rR 1=1 T8 3

FPR J=1 T@ S

ALY J)=0

B{Is1)=0

C{I-0)=0

DC1:.02=0

E(1-,J3=0

FC1sJ3=0

NEXT J

NEXT I

LET S2=5

Bi=0

B2=5

Si=1E-2

FOR %X=B1+51/2 T B2 STEP S1

GB SuUB 2000

NEXT X

81 =82

B2=B2+S52

51=+05

IF X<9 THEN 1660

Si=s1

IF %X<29 THEN 1660

S{=-2

IF X<39 THEN 1660
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1770 S1=.5

1780 1F X<79 THEN 1660

1790 RETURN

199% REM SUBREGUTINE FOR L-FACTGR AND INTEGKANTS
1999 REM FOR J-FACTOK

2000 GG sSuB 2700

2010 W5=0

2020 W2=0

2030 Wé=0

2040 W7=0

2050 w4a=i

2060 WH=1

2070 W3=1

2080 IF X%L5>20 THEN 2100
2090 WS=EXP(-X*L5)

2100 IF X*L2>20 THEN 2120
2110 W2=EXP{-X*%L2)

2120 IF X#%1.6>20 THEN 2140
2130 WE=EXP(-X*L63

2140 IF X*L7>20 THEN 2160
2150 WT=EXP(-X*L7)

2160 IF XxL4>15 THEN 2220
2170 Wa=1-EXPC-X*L4)

2180 IF X*L.5>15 THEN 2220
2190 W8B=1-EXP(~X*Lg)>

2200 IF X*L3>15 THEN 2220
2210 W3=1-EXP(-X*L3)

2220 IF X>30 THEN 2460

2230 IF X*L9>20 THEN 2460
2240 AS=WOEXWEKWIHW AW *WEHS3
2250 AL6=WOEFWOEXWIH*WI*S 4

2260 AT=WHEAWOKWARWAKRWS ¥ WOSKWERWE*SS
2270 L(1)=1

2280 FOR J=2 T@ S

2290 L.(J)=0

2300 IF J*xX%L.2>20 THEN 2320
2310 L) =Wa*L(J-1)

2320 NEXT J

2329 REM F@QR GAMMA FACTOK
2330 G@ sSuB 3200

2340 FOR 1I=1 TO 3

2350 F@R J=t To 5

2360 Q1=KC(IX)*xLCJI*LCJ)

2370 Q2=-NCIXY*LCJI*LC.])
2380 ACI,I)=AC],U)+Q2%AS
2390 B(1,J)=B(1,J)+Q1*AS
2400 C(1,U)=C(1,UJ)+02%A6
2410 D(I,J)=D(I,J)+01%A6
2420 ECI» D)=k (1,J)+Q2%A7
2430 FCI»J)=FC(l,)+01%A7
2440 NEXT J

2450 NEXT 1

2460 A3=A3+2% (X*L3~W3)1%S4
2470 A4=A4+ (4% XKL A~ WA ~2kWTXW4KW4I x5
2480 RETURN

2699 REM SUBROUTINE FER JS=J(R1,R2I/X135,J6=JCn3sh4)/X13
2700 R=R|



2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
25810
2%20
2430
2840
250
2899
2900
2910
2920
2930
2940
2950
2960
2970
29%0
2990
3000
3010
3020
3030
3040
3050
3198
3199
3200
3210
3220
3230
3240
3250
3240
3270
3280
3p9Q
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
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Gg SUB 2900

J1=02

R=R2

G@ SUB 2900
Js=02-J1
R=R3

G@® SUB 2900
J3=02

R=k4

GB SUB 2900
J6=02-43

§3=51%J5%Jé
S4=S1*%J5S*.J5
§5=851%J6%J6
RETURN
REM SUBROUTINE FOR 82=J(Rs0)%Xt3
Z=XK*¥R
iF zZ»5 THEN 3000
01 =R*R*xR/2
0N2=01/3
Q3=INT(2%x72+3
FOR =1 T Q3
D1=~25%7%7/0/(0+]I%Q1
N2=02+01/7(2%Q+3)
NEXT O
GG T2 3050
Q1=CC(~-18K.1357/74+1091142)/2-23.793333/2+2.0509313/¢
01201 -0.17305032/Z+0.7034845)/2~-0-064109E~-3
00=C(L~5.817T517/72+2.105874)/72-0.6896196)/2+0.4952024)/¢
02=(02~-0.187T344E-2)/7740.7979095
Q2=(1'SQR(Z)*(®2*CGS(Z‘P9/4)~®1*SIN(Z-P9/4)))/(X*X*X)
RETURN
REM SUBKQUTINE FZR GAMMA FACTORC(KCIDSNCII)D
REM FOR BETA(X1,Y1)N
D1=X%EX
02=01%01
=0
N=N9
M1 =S{N?
H1=00IN?
GO SuB %000
K INDI =X1
Y{NI=Y1
O=0+X1*TINI /RS
IF 0>20 THEN 3340
IF N=1 THEN 3340
N=N=-1
GO T¢ 3240
N7 =N
REM FOR CENDUCTIVITY VARIATIGN
FOR I=1 7@ 3
Ml=M{1-0
U1 =UINE)
G sSUB 5000
x<C1,03=X%}
Y{1,0)=Y1
NEXT 1
REM FER GAMMA FACTER



3440
3450
34¢€0
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3200
33210
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
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IF Ng=NT THEN 3690
IF Ng=N7+1 THEN 3690
N=MNT+1

Gg¢ SUB 5100

G¢ SUB 5150

N6=NE~1

IF NB=NT7+2 THEN 3650
IF N&>NT7 THEN3540
N&=N9

IF N7=N9-1 THEN 3980
X0=X(2)

YOo=Y(2)

FZR N=N7+2 T@ N6
X1=X(N)

Y1=Y(N)

Gg SUB 5300

G2 SUB 5580

X0=X1

YO=Y1

NEXT N

IF N8<N7 THEN 3980
I1=V3

12=V4

13=V7

14=V8g

IF N8=N9-1 THEN 3980
REM FOR V(KoM+1)L,1
N=Ng+2

G@ SuUB 5100

GO SUB 5300

Vi=T1

ve=Te

V3=T3

Vas=T4

V5=TS

Vée=Té

VT=T7

VE=TH

IF Ng=N9-2Z THEN 3930
XO0=X{Ng+2)
YO=Y{(NE+2)

FOR N=N8+3 T0O N9
X1=X(N)

YI=Y{N)

GZ SUB 5300

G SuB 5500

X0=X1

YO=Y1

NEXT N

I15=V3

16=V4

17=V7

18=V§g

REM TM+1,MIT(M,M-1)1,J
FOR I=1 T@ 3

IF N&<N7 THEN 4380
IF Ng8=N7 THEN 4160
XO=X{N&g~-1)
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4020 YO=Y(N8-1)

4030 N=N&

404 X1=X01,0)

4050 Y1=YC1.03

4060 JF NB=NT+1 THEN 4140

4070 GO SuB 5300

4080 v3=11

4090 Va=12

4100 V7=]13

4110 VR=14

4120 GE€ SUB 5580

41306 GU T 4160

4140 Gg SUB 5150

4150 REM TdM+1:M21-P (T(MsM=13VIM~1,13)P52
4160 X0=X{1,023

4170 YO=Y(1I.0Q?

4180 N=N8+1

4190 ¥1=%{N)

4200 Y1i=YOND

4210 IF NEB=N7 THEN 4250

4220 GE¢ SUB 5300

4230 GO SUB 5580

4P40 G@ T 4260

4250 G@ SUB 5150

4260 1IF NB=N9-1 THEN 4380

4270 REM F@R VIK»M+1ILs] seeee
4280 Ti=Vl

4290 Te=vy2

4300 T3=15

4310 T4a=16

4320 TS5=V5H

4330 T6=V6

4340 TT=17

4350 Ty=18

4360 GU SUB 5580

4370 REM FGR GAMMA FACTER

A380 V9=VT/UB+VE/ YT

4390 K{I)X)=(Y3/VB+Varvidrsvo
4400 NLI)=(VA/VE-V3/VTIIVG
4410 NEXT 1

4420 RETURN

4999 REM SUBRQUTINE FOR BETA(XI»Y1)D
5000 IF M1<Q1*1E-5 THEN 5050
5010 G3=SQR{Q2Z+MI*MI)D

S020 X1=.707106781%SQRCA3+A1I /UL
S030 Y1=.707106781%S0RCA3~-Q1) /U1
5040 G@8 T@ 5070

5050 Xi1=X/U1

506D Y1=0

5070 RETURN

5099 REM SUBROUTINE FOR INITIAL STEPS
5100 XD=X{(N~1)

5110 YO=Y{N-13

S120 Xi=X{N2

5130 Yi=Y(N)

53140 RETURN

5150 v3=X1-~X0

S160 Va4=Y1-~Y0




S170
5180
5190
5299
5300
S310
5320
5330
5340
5350
5360
5370
5380
5390
S 400
5410
5420
5430
5440
5450
S 460
5499
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V7=X1+X0
VE=Y1+Y0
RETURN

REM SUBREGUTINE F@R XFORMATIOM MATRIX T

02=X1+X0

01=X1-~-X0

C4=Y1+YO

03=Y1~-Y0
B5=UIN-13*TI(N-1)/RS
DE=EXP(O5%X0)>
7=COS(D5%Y0D)
OB=SINCOS*Y0)
TI=(@2%Q7+Q4%QKI/06
T2=(QC4%Q7-Q2%08) /706
T3=(01*%Q7~-Q3*A8I*Q6
T4=CQ3*%07+Q1%08I*Q8&
TS=(R1*07+Q3*%08I/Q6
T6=C(E3*Q7-01%08)/7Q6
T7T=(Q2%Q7-Q4%Q02%Q6
TE=(Q4*QT7+02%08I*Q6
RETURN

REM SUBROUTINE FOR XF@QRMATION MATRIX V

550001=V1
551002=V2
552005=V5
553006=Vé

5540
5550
5560
5570

V1=T1%Q1-T2*Q2+T3*Q5~-T4%Q6
V2=T2*Q1 +T1*Q2+T4*%Q5+T3%Q6
US=TS5*Q1 -TEXQ2+TT*05-TE*Q 6
V6=T6#01 +T5*%Q2+T8*QAS5+TT7*Q6&

558003=V3
559004=V4
560007=V7
5S610Q08=VE

5620
5630
5640
5650
3660
5999

V3=T1*Q3-T2*%04+T3*07 -T4*08§
Va=T2%Q3+T1*0A+T4*QT7+T3%Q8
VTI=T5%Q3~T6*Q4+TT*07~-TE*QY
VE=TEXQ3+TOSRO4+TYRQT+TT*0Q8
RETURN

REM SUBROUTINE F@R CIRCUIT.

6000N1 =N3/((R2-R1)*L.3)
6010N2=N4/((R4a-R3)*L4)
602000=6.300475S204E-T#F*%R5

6030
6040
6050
6060
6070
6080

W1=W*xC6xRO
W2=Wk*CT*RY
W3=1~W1%W2
Wa=Wi+We

F2rR I=1 T@ 3
F@rR J=1 T0 5

609078=Q0*N1*N2%A{I,J)
6100Z9=00%N1*N2*B(1,J)
61107=00%N1*N1*C(I»Jd?
6120722=Q0*N1*N1*(DCI,J)+A3)
613071 =00%N2*N2*E(I,J)
E14073=0D0%N2%(N2%(F(I,J)+A4)

6150
6160
6170

01 =RO+R6+Z~-W1%Z2
R2=R9+RT+71-W2%Z3
Q3=Z2+W1x(R&6+2)

MAGNITUDE »

AND PHASE
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6180 Qa=7Z3+W2%(RT+Z1)

E190 QS=ZBXIB~Z9%Z9

6200 DE=2FIKR*ZI

6210 Q7=01%02-Q3%F4~-(W3%Q5~W4%06)

6220 QB=01*04+Q3*%Q2~-(HW4XQS+WI*G6)

6230 R9=28xQ7+Z9%0B

6240 WS=Z9%QT~Z8*%QK

£250 MCI5J3=G5%RI*VO*SAR(QI*QI+WIRWE I /(QT 4T +QB*UE D
6260 PLI-JI=ATNWS/09)

6270 IF Q9>0 THEN 6290

6280 PClsJ)=PCIl,J)+56N{WSI%PT

6290 NEXT J

6300 NEXT I

6310 RETURN

6499 REM SUBRQUTINE FOR DISC» VOLTAGE AN PHASE SHIFT
500 01=M(2,5)%SIN(P{2,5))-M(2,1)%SIN(P(2,12)

6510 Q2=~M(2:5)%CPSIP(2:5))+M(2,12%CBS(P(2,1))

6520 Q3=ATNC(Q1/702)

£530 IF 02>0 THEN 6550

6540 Q3=03+SGN(QAII*PY

£550 V1=M{Z2,12xSINCQ3IH+P(E51D

£555 €1=03

6556 @2=v}

6560 FOR I=1 T0 3

6570 FOR J=1 TG 9

6580 0CI»II=R3-ATN(VI/SORIMUTI-JI¥MCI,J)-VIkV1II+PC]I,J)
6590 NEXT J

6600 NEXT I

6610 RETURN

6699 REM SUBROGUTINE FOR PRINTING RESULTS
6700PRINTYDRIVER RES">“INDUCTANCE"»""N® TURNS™s"SHUNT CAP","NDR IM PT"
ATIOPRINTRSG,QOXNI#N1*A3/WN3,06,(D(253)+A3) /A3
HT20PRINTYPICKUP RES","INDUCTANCE"™»*NZ TURNS"»""SHUNT CAP",™NOR IM PT"
67T 30PRINTR7 > RORKNS*NZXA4/W s NALCT> (F(243)+842/7A4
6TA0PRINT "DRIVING VBLT"s"SERIES RES".“AMP GAINY,"INPUT IMP"
HETS0PRINTVO,R0,G55R9

67TH0PRINT "DISCRIMINATER VOLTAGE Is“ivi

6770 PRINT

T80 PRINT L6sLE+L2sL6+2%L2,L6+3%L2,L6+4%L2

6790 FER I=1 TO 3

6800 PRINT

E£810 PRINT MCIs125M{I-2)5MC01s3)2M(154),MC155)

6820 PRINT P(I»1)5P(I523,P(1s32,P(1,4)5P(153)

6830 PRINT 9{(Is125Q01,2350(153),Q8¢1,4),Q(1,5)

6840 NEXT I

6850 RETURN

£999% REM SUBROUTINE FOR AV. PHASE SHIFT AND LIFT-QFF ERROR
TO00 Q1=pC1s12

TO10 02=0¢1,13

7020 FPR J=2 T8 5

7030 IF 0(1.,J2<Q1 THEN 7050

7040 G1=0(1sJ2

7050 IF Q<¢1..0)>02 THEN 7D70

7060 02=001,4)

TOT0 NEXT J

TORO G=(0C1-12+0€1,2)2+QC¢1s3240C1,4)+QC125))/5

7090 Q=0~{0(3,13+003,2)+0(3,3240(3542+Q¢3,5>2/5

TN92 =0
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7100 PRINT"PHASE SHIFT"3Q3"LIFT-@FF”301-023"IN Z73100%(01-d2) 74
7110 PRINT"IN DEGREE";;0%PH,(RQ1~-02)*P¥

7120 RETURN

7199 REM F@R C@IL DESIGNs ATTENUAT@Rs DRIFT, AND EXIT
7200PRINT”1 CQIL DESIGN 2 ATTEN. DESIGN 3 DKIFT CHECK 4 CoN CAL"™
7T210INPUT NS

7T220PRINT

T2300N NS G@ T@ 7300,8200,8600,9900

7299 REM F@R COILL DESIGN

7300 PRINT "DRIVER WIRE GAGEs> TURNS, PICK-UP WIRKE GAGE» TURNS"
7310 INPUT G1,Q2,Q3:,04

7319 REM F@R DRIVER

7320 W1=R1

7330 W2=R2

7340 W3=L3

7350 G@ SUB 7510

7360 N3=02

7370 R6=Q9

7380 PRINT "DRIVER"3N33"TURNS @F #"3G3"WIKE™3
7390 PRINT 07;:3"/LAYER"3Q&;:"LAYERS " 3R6;"OHM"

7399 REM FGR PICKUP

7400 Q1=03

7410 Q2=04

7420 W1=R3

7430 W2=RA4

7440 W3=L4

7450 G& SUB 7510

T460 Na=Q2

7470 R7=2%Q9

7480 PRINT "PICKUP'":3N43"TURNS EA #"3G3"WIRE'3

7490 PRINT O73"/LAYER"3QE3”LAYERS" 3RT37@HMS T@TAL"
7500 GO Td 1140

7509 REM SUBROUTINE FO@OR GAGE AND TURN NUMBER

7510 W1=W1*RS

7520 W2=W2%R5

7530 W3=W3*RS

7539 REM FOR GAGE

7540 G=01

7550 1F G>.5 THEN 7640

7560 085=:95%SERI(N2-W1I*W3I/Q2)

7570 06=1.037T1E~5/05/7Q05

7580 GO=40

7590 G=40+10%(LBGC(A6)I~-LBG(+5989+:017%(G0/10~113)>/2.30259
7600 IF ABS(G-G0O)<1E-4 THEN 7630

7610 GD=G

7620 G3 TB 7590

7630 G=INT(G?

7639 REM F@R TURN NUMBER AND Ré6

TEAD 06=(9989+.017*%(G/10~13)%10t(G/10~4)

7650 B5=SOR(1.0371E-5706)

7660 IF G> 40 THEN 7690

T670 05=(.460655*%L.OG{QS*1E3)~+434443*%1E~3+05

7680 GO T® 7700

7690 Q5=(98.02228*%05+2+56791E~2)*%1E-3+Q@5

7700 Q7=INT(W3/G5)

7710 A8=INT((W2-W12/05)

7720 IF G82>.5 THEN 7740

7730 Q2=07%08
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T740 Q9=02%Q6%x(W2+W1I*PI/i2

7750 RETURN

8199 REM FOR ATTENUATOR DESIGN

8200 PRINT "DRIVER SERIES RES» SHUNT CAP» PICK-UP SHUNT RES. SHUNT CAP"
8210 INPUT Q1,682,03,04

8220 IF 01=0 THEN 8240

8230 RO=01

8240 IF 02=0 THEN 8260

H250 Coe=02

260 1F 03=D THEN 8280

8270 R9=03

8280 1IF Q4=0 THEN 8300

8290 C7=04

8300 Q1=00kN1.N1*{D(2,3)+A3)/4

310 Q2=00%NE*N2X(F(2,33+A4) /U

8320 PRINT “DVR CT"31/(W*xSQR(Q1*%C6II3"BELOW RES"3
8330 PRINT SGRCQ1/C6);3"0PT RES"3RO/(W%XQ1)3"RES/REACTANCE"
8340 PRINT P« CT"31/(WxSORCQ2*CT I3 "BELOW RES";
8350 PRINT SOR{Q2/CT7I;3"0PT RES"IKR9I/IW*QG2I3"RES/REACTANCE"
8360 G@ 1@ 1140 :
#8599 REM FOR DRIFTS

600 PRINT™SYSTEM DRIFT VARIATIONS"

8610 El=.01

%620 E2=.01

8630 E3=.01

8640 E4=.01

B650 ET=.01

8660 E8=.01

BHTD E9=.01)

8680 Al=.01

8690 AR=.01

8710 PRINT "% VARIATN" »"PARAMETER"s""RADIAN""DEGREE","% OF RANGE"
®720 IF E1=0 THEN E770

8730 R&E=RE6%X(1+E1)

8740 PRINT 100%E1,"DRIVER RES"»

8750 G@ SUB 9320

8760 R6=RAH/(CI+E1)

B770 IF E2=0 THEN B820

8780 RT=RT*(1+E2)

%790 PRINT 100%E2,"PICKUP RES"s

8800 G@ SUB 9320

BH10 RT=R7/7(1+E2)

8820 IF E3=0 THEN 8870

8830 CH=C6*x(1+E3)

8840 PRINT 100%E3,""DVR SHUNT CAP*,

B850 6@ SuUB %320

8860 CH=CE6/{1+EQD

BETO IF E4=0 THEN 920

8880 CT7=CT7*{1+E4)

BB20 PRINT 100#%E4,"P~U SHUNT CAP",

8200 GO 3UB 9320

910 CT=CT/C1+Ea?

8920 IF ET7=0 THEN H970

#3930 RO=RO%(1+ET)

8940 PRINT 100%E7,"SERIES RESY»

8950 G2 SiB %320

B960 RO=RO/C1+ET)

8970 IF E8=0 THEN 9020
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8980 RI=RI9*¥ (] +E¥)

8990 PRINT 100*E&"AMP INPUT KES"»
92000 G@© SuB 9320

2010 R9=R9/7(1+EH)

9020 IF E9=0 THEN 9070

9030 VO=VO*{1+E9)

9040 PRINT 100%E9,"APPLIED VBLT",
2050 G@ SuB 9320

9060 VO=V0/(1+E9)

907C IF A1=0 THEN 9120

9080 F=F*{1+A1)

9090 PRINT 100%A1,"FREQUENCY",
9100 G@ sSuUB 2300

9110 F=F/{1+A1)

9120 IF A2=0 THEN 9170

9130 R5=RS*(1+A2)

9140 PRINT 100%A2,""MEAN RADIUS".
2150 G@ SUB 9300

2160 R5=R5/(1+A2)

9170 G@ T® 7200

9299 REM SUBROGUTINE FOR DRIFT
9300 GB® SUB 600

9310 GO SUB 1500

9320 GO SUB 6000

9330 ©1=0

9340 FOR I=1 TO3

9350 FOR J=1 T® S

9360 A2=01-ATN(B2/SERMMITII)*M{I,0)-02%B2))+PC(1,J)-0C1,J)
9370 1F ABS(01)>ABS(Q2) THEN 9390
9380 01=082

9390 NEXT J

9400 NEXT 1

9410 PRINT Q1,180%Q1/P9,100%Q1/0
9420 RETURN

9900 END
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MULTIC, FORTRAN Version

The FORTRAN version of MULTIC is very similar to the BASIC version.

The line numbers given are only for identification and editing purposes

and have no effect on the actual execution of the FORTRAN program. The

data must be typed in the seventh column, or six spaces must first be

typed.

00250
00260
00270
00280
00290
00300
00310
00320

00330
00340
00350
00360
00370
00380
00390
00400
00L10
0ok20
00430
00440
00L450
00510
00520

R>
Rl
R2
L3
R3
Rh
LY
L5

L6
R6
R7
N3
N4
RO
RS
c6

[

H

]

"

]

i}

fi

The data are inputed as follows:

{coil mesn radius in inches)

(normalized inner radius of driver
(normelized outer radius of driver
{(normalized length of driver coil)
(normalized inner radius of pickup
(normalized outer radius of pickup

(normalized length of pickup coil)

coil)

coil)

coil)

coil)

(normalized length of recess of each pickup coil from

the face of the driver coil)

(normalized minimum lift-off of the driver coil)

(resistance of driver coil in ohms)

(resistance of both pickup coils in ohms)

{number of turns on the driver coil)

(number of turns on each pickup coil)

(driver amplifier series resistance in ohms)

(pickup amplifier shunt resistance in ohms)

(shunt capacitance of driver circuit in farads)

(shunt capacitance of pickup circuit in farads)

(output voltage in volts)

(amplifier gain)

(operating frequency in Hertz)

{normalized 1ift-off increment of the driver coil)

(total number of conductors + 1)

{(number of the specific conductor with conductivity

variation)
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00540 DATA RHO/(resistivities in microhm-cm)/

00550 DATA U/{permeabilities)/

00560 DATA T/{(thicknesses in inch)/

oortko MO = (fractional variation of conductivity of the N8-th
layer)

The current version of MULTIC.F4 is limited to a maximum of nine con-
ductors. However, this limitation can be removed easily by changing
one DIMENSION statement.

00110 DIMENSION T(N9), U(N9), RHO(N9), M(N9), BETA(ND)

The print-out of the FORTRAN version of MULTIC is practically
identical to the BASIC version and will not be repeated, The main dif-
ference is that the question mark is not printed out when the program
is ready to accept data. ‘The Coil Design, Attenuator Design, Drift
Check, and Continue Calculations options are the same. The line numbers,
constant names, and parameter varied in the drift calculations are as

follows:

Line Number Constant Parameter Varied
04380 DR1 Driver Resistance
04390 DR2 Pickup Resistance
okkoo DR3 Driver Shunt Capacitance
okkhio DRL Pickup Shunt Capacitance
olh20 DR5 Series Resistance
okk30 DR6 Amplifier Input Resistance
okklLo DRYT Applied Voltage
oLkks0 DR8 Frequency
okk60 DR9 Mean Radius

For example, to vary the driver resistance by 2% one would type:
04380 DRl = 0.02
As in the BASIC version, the last two drifts require that the entire
numerical integration be repeated and are relatively long running. If
any of the drifts is set equal to zero, it will be omitted from the

drift calculations.
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Sample Calculation of MULTIC.Fh

Let usksuppose that we wish to design a reflection type coil, identical
to the one designed by the BASIC version. We will put the following
data in the program (generally by using the EDIT MULTIC.FL4 command on
the PDP-10 and inserting the statements). All linear dimensions are
normalized by dividing by the coil mean radius, except the coil mean

radius, which is in inches.

00250 RS = .0832%

00260 RL = 0.75

00270 R2 = 1.25

00280 L3 = .36

00290 Rk = .36

00300 RY = 696

00310 L = .096

00320 L5 = 0.0

00330 L6 = 0.1

003L0 R6 = 79.36

00350 R7 = 530.5

00360 N3 = 360.

00370 Nk = 410.

00380 RO = 1.E6

00390 R9 = 1.E6

00400 06 = 1.E-12

00410 C7 = 1.E-12

00420 VO = 10.0

00430 G5 = 1.0

ookko F = 1.0E4

00450 L2 = 0.025

00510 N9 = 5

00520 N8 = L

005L0 DATA RHO/1.E10, 3.632, 5.393, 3.632, 1.E10, 5%0./
00550 DATA U/5%1., 5%0,/
00560 DATA T/1.E10, 2.8E-2, 1.94E-1, 2.8E-2, 1., 5%0./

00THO MO = .05
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The FORTRAN program may now be executed. The print-out will be
essentially identical to the BASIC print-oul and will not be repeated.
The FORTRAN version of MULTIC follows.



00010C
000200
000300
00040
00050
00060
00070
00080
00090
00100
00110 .
00120
00130
00140
00150
00160
00170
00180C
00190C
oozool
00210C
ooe20
0oz3oc
poz4aoC
00250
00260
00270
00280
60290
00300
00310
00320
00330
c0340
DO350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00450
004600
004700
00480C
00490C
00500C
00510
00520
00530
00540
Q0550
00560
00570
00580
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THIS PROGRAM EVALUATES THE SENSITIVITY T0 A CONDUCTIVITY
VARIATION IN ANY GIVEN LAYER OF A MULTI-LAYERED
MATERIAL

COMPLEX BETAOBETAL»BETA»VsVI7sTRsGAMMA>MUT2DRIVER
COMPLEX PICKUP-BETAS

COMMON X»Z-Q1,PI1/7B1/BETAO0,,BETAIL

COMMEN /B2/R1>R22R3sRA4>L.35L4sRO»REsRT»R9:C6,C7

COMMON /B2/VDsG5-WsF2R5sN35N4/B3/7MUT>DRIVER

COMMON /B3/PICKUPLAIRIAIRE/B4/GAGE > XINXDUT

COMMAN /B4/XLEN, TURNSsN1A»J1sPERLAYsXLAY

DIMENSION T<C10),UC102,RHRCI0I,ME10)BETACLIO)

DIMENSION VI2,2),V97(2,2),TR(Z2,2),GAMMAC3,DRIVER{3,5,5)
DIMENSIZN PICKUP(3s5)>RLISI>TMAG(3,5),PHASE(3S5)
DIMENSIZN SHIFT(3,5),MUTC(355)sM9¢3),BETAB(3)

REAL L2sL3,L4sL5,LE,LT,MaMO0sMIsNI>N4

PI=3.1415926536

RAD=180.0/P1

JKL=0

THE FOLLOWING ARE INPUT DATA F@R THE PARAMETERS OF
THE COILSsMATERIAL,AND CIRCUIT

RS=.08325

Ri=.75

R2=1.25

L3=.36

R3=436

R4z=e 696

La=,096

L5=0.0

L6=0-1

R6=79.,36

R7=530.5

N3=360-.

N4a=410.

RO=1 -Eé

RS=1.E6

Ce=1.E~12

CT=1.E=-}12

V0=10.0

G5x1.0

F=1.0E4

L2=0.025

N9 IS THE TOTAL NUMBER OF LAYERS,» INCLUDING THE COIL
ZONE, AND NE8 IS THE LAYER WH@SE CONDUCTIVITY VARIES

Ng=5

NB=4

IF{NS«LT2.0R«NF-GE-.N9) G& T® 1010

DATA RHO/1E102346325,5.3935363251+E1055%0.7
DATA U/S5%1 es5%0.7

DATA T/1eE10,248E=221+94E~152BE~251055%0.7/
L7=L3-2.0%{L4+L5)

5 W=2.0%PI*F



00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
0a0700
00710
00720
00730
00740
00750
00760
00770
00780
00790
00800C
ogs10
00820
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00930
00940
00950
00960
00970
00980
0099%0C
01000C
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100
01110
01120
01130
01140
01150

116

IF{JKL.NE.O) GO T2 15
TYPE 10
10 FORMATCIH »1HN»13Xs10HTHICKCIN)»4Xs1 IHR(M-0HM CM)»
13X THM>SIGMAS TX» 1 HU)
15 D@ 50 I=1,N9
IFC(RHB{I)>«GT+«1.0E9> GO TOQO 20
MCI)=0.50924*%UCI)*F*RS*RS/RHACI)
G Ta 25
20 M(I>=0-.0
25 IFCJKL«NE.O)Y GB T2 50
30 TYPE 40,1,TCI)HRHGCIIMCI)HLUCT)
40 FORMATC(IH 2I2,512Xs1PE12:5,2XsE12.552XsEi2:522X,0PF6+2)
50 CONTINUE
TC1)=0.0
TIN9I=0.0
MO=.05
D® S2 J1=1,3
Al=1
52 MOCII=MI(NGBI*(1.0+CAI-2,0)%M0O)
IFCJIKLNE.OQO) G& T@ 105
VAR=100.0%M0
THE SYSTEM PARAMETERS ARE PRINTED ouT
TYPE S555N8,VAR
55 FRRMAT{(IH L25HCONDUCTIVITY VARIATION OF,13,14HTH LAYER
1 IS +-5F&%.2,1H%)
TYPE 470
TYPE 60sR1,R25L3
60 FORMATCIH >3HR1=5F8e553X23HR2=sFB+553%X014HDRIVER LENGTH=»
1F8.5) B
TYPE 70,R3sR4:L4
T0 FORMAT(IH »3HR3=:F8:5s3Xs3HRA4=sF8e¢553Xs 14HPICKUP LENGTH=»
1F8+.5) '
TYPE 80s>RS5,F
80 FORMATCIH s17HCOGIL MEAN RADIUS=,FBe5»7H INCHES»3X»
120HZPERATING FREQUENCY=,1PEIZ2.5)
TYPE 90sL5
90 FORMAT(IH »15HPICKUP RECESSEDsF8.5)
TYPE 100,L.6.,L2
100 FORMATIC(IH »13HMIN LIFT-OFF=:F845s3X519HLIFT-@FF INCREM
1ENT=sF8.5)
THE INTEGRATION BEGINS HERE. THE MUTUAL,DRIVER,AND
PICKUP INDUCTANCES AND THE AIR VALUES ARE CALCULATED
105 31=0-01
$2=5.0
Bi=0.0
B2=§2
D@ 107 I=153
D@ 107 J=1,5
MUTCI>J)=(0«0,0.0)
DRIVER(I»J)=(0.050.0)
107 PICKUP(I»JI)=(0-0s0.0)
AIR1=0.0
AIR2=0.0
110 I11=(B2-B1)/81
X=B1~-5172.0
D@ 390 IDX=1,11
X=X+S1



01160
01170
01180
01190
01200
01210
01220
01230
01240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350
01360
01370
01380
01390
014000
01410
01420
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
01540
01550
01560
01570
01580C
01590
01600
01610
01620
1630
01640
01650
01660
01670
01680
01690
01700
01710
01720
01730

120
130

140
150

160
170

180

190
200
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TEST=X%L3
IF{TEST.GT+20.0) GO TG 120
W3=EXP(~TEST)

GO T@ 130

W3=0.0

WE=1.0-W3

TESTwX*L4

IF(TEST.GT-20.0) GO TR 140
WASEXP(~TEST)

GO TO 150

W4z0.0

Wo=1.0-W4

TEST=X*L7

IFCTESTGT-20.0) GO TG 160
W7=EXP(~TEST)

Ge Te 170

W7=0.0

WS5=ZEXP (= X%L5)

WO=1 0-WT*W4

TEST=X*L6&

IFCTEST.GT+20.0) G& T@ 385
WE=EXP (=2 . 0%TEST)

ZEXER2

Q1=R2

SUBROUTINE BESSEL EVALUATES THE INTEGRAL ©

CALL BESSEL(VALZD

Z=X*R1

Q1=R1

CALL BESSEL(VAL1)

Z=X%R4

Q1=R4

CALL BESSEL{(VAL4>

Z=X%*R3

01=R3

CALL BESSEL{(VAL3)
S3=S1*%{(VALZ2-VAL1Y*{VAL4~-VAL3)
Sa=51%{VALZ2~VAL1Y*(VAL2~VALL)
S5=51 % (VALA-VAL3Y % (VAL4~VAL3)
AS=WakUSKkWE*WIO+WO*S3
Ab=WEFHE*WEXRS 4
AT=WEHWS KW SKW I*H GKRWOKkWO*SS
IF(X.GT«30.0) G@ T@ 385

F XJLI{X)

THE L@WEST SIGNIFICANT LAYERsN7»1S DETERMINED

QSUM=0.0

N=N9

TEST=X*¥X%1.0E-5

IF(MIN)-LT-TEST? GO T@ 190

BETA(NY =CSART(CMPLXCX*X>MINI )Y ZUIN)
GO Te 200

BETA(N?=CMPLX(Xs0.0)
BSUM=QSUM+REAL(BETA(NII®TINI/RS
IF(QSUMGT«20.0:+:BRN+ERe1) G& TG 210
N=N~1

G@ To 180

N7=N

DO 220 I=1,3
BETABCI)=CSORT(CMPLXIX®XsMIC1)I)/UCNK)
IF(NBEQeNT«ORNBEQ«NT+1) GB TO 260



01740
01750
01760
01770
01780
01790
01800
01810
01820
01830
01840
01850
01860
01870
01880
01890
01900
01910
01920
013930
01940
01950
01960
01970
01980
01990
02000
02010
02020
02030
02040
02050
02060
02070
02080
02090
02100
02110
02120
02130
02140
02150
02160
02170
02180
02190
42200
02210
02220
02230
02240
02250
02260
02270
02280
02290
02300
02310

230

240
245
250

260

270

280
290

300

305

310
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N=NT7+1

BETAC=BETA(N~1)
BETAI=BETACN)
V(1:,2)=BETA1 -BETAQ
V(2,2)=BETA1 +BETAQ
Né=Ng~-1

IF(NB.EQ.NT+2) G@ TO 250
IF(NB.GT.N7) GO T8 230
N6=N9

IF(NTEQ«N9=-1> G& T® 300
BETAO=BETA(2)

IDX1=N7+2

IFCIDX1GT.N6Y G@ TG 245
D@ 240 N=IDX1,N6
BETAI=BETAIN)

JUMP =1

CALL XFARM(NsTR>R5-,ULT)
CALL MATRIXC(JUMPsV,L,TR)
BETAQ=BETAI1

IF(NELTN7) GO T2 300
VIT7(1,2)=V(1,2)
VoT(2,2)=V(2s2)
IF(NS8.EQ.N9~-1) G@ TH 300
N=N8+2

BETAQO=BETA(N~1)

BETAI =BETA(N)

CALL XFORM{(N-TR»R5,U-T)?
D@ 270 I=1,2

D@ 270 J=1.2
V(IsJI)=TR(I»J)
IF(NBEQN9-2) GO TG 290
BETAD=BETA(NG+2)
IDX1=N8+3

IFCIDX1 «GTN9Y GO T@ 290
DY 280 N=IDX1sN9
BETALI=BETA(N)

JUMP=0

CALL XFORMI(N,TR2R5»ULT)
CALL MATRIX{(JUMPsVsTR)
BETAO=BETALl
V97(1,1)=V{1,2)
VOT7(2,1)=¥(2,2)

DO 330 I=1,3
IF(NB8.LTN7) G& T@ 330
IF(NB.EQ.N7) GO T@ 310
BETAQ=BETACNE~-1)

N=N8

BETA1 =BETAB(I)
IF(NB.EQ.NT+1) GO T@ 305
CALL XFORM(NTR»RS»U-T)
V(1,2)=V97(1,2)
V(2,2)=VY9T7(2,2)

JUMP =1

CALL MATRIXCJUMPLVsTR?
GO TO 310

V(1,2>»=BETA1 ~BETAQ
V(2,2)=BETA1+BETAQ
BETAQO=BETAG(I)



02320
02330
02340
02350
02360
02370
02380
02390
02400
02410
02420
02430
02440
02450
02460
02470
D2480
02490
02500
02510
gR2520
02530
02540
02550
02560
02570
02580
02590
02600
02610
02620
02630
02640
02650
02660
02670
02680
02690
02700
02710
Q2720
02730
02740
02750
02760
02770
Q2780
a27%0
02800C
02810
02820C
02430C
02840
02850
02860
02870
02880
02890

315

320

330

340
350

360
370

380
385

390

400

410
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N=Ng+1

BETA1 =BETA(N)

IF(NB.EQNT7)Y GO T@ 315

JUMp=1

Call XFORMIN>TRLRS5,U5T)

CALL MATRIX{JUMP,V-,TR)

G@ To 320

V(1,23=BETA1-BETAQ

VI{2,25=BETAL +BETAQ

IF(NB.EQ.N9-1) GO T@ 330

D@ 325 J=i1.2

TR{J>12=V(Js1)

TRCJ2)Y=V9T7(Jx1D

JUMP =1

CALL MATRIXCJUMPLV>TR)
GAMMACTII=V(1.,20/7V(2,2)

RL{1I=1.0

TEST=X#L2

IF{TEST.GT.20.0) GO T@ 340
W2z=EXP{-2.0%TEST)

Gg T@ 350

WZ=0.0

DB 370 K=2,5

AK=K

TEST=AK®X%L 2

IF(TEST+GT.20.0) GO TG 340

RLIK) =W2*RL{K-1)

G T@ 370

RL{KY=0.0

CONTINUE

D@ 380 J=1.3

D@ 380 K=1.5

MUTCI» KDY =MUT U2 K +GAMMAC J I *RL(K) ®AS
DRIVERCJSK)=DRIVERC(J,KI+GAMMAC(JI*XRLIKI*AS
PICKUPCJ»KI)=PICKUP(JsKI+GAMMACJI*RL(K) *AT
AIRI=AIRI+2.0%54% (X*kL3-WE)
AIRZ=AIR2+S5¥ (4. 0% (X¥L4-WII =2 0¥WT kW I*WF)
CONT INUE

Bi=B2

B2=B2+52

S1=0.05

IF{X.LT+9.0) G2 TO 110

51=0.1

IF{X-LT-29.0> GO T@® 1190

51=20.2

IF{X-LT«39.0) G& T@ 110

51=0.5

IF{XLT-79.07 G2 T2 110

THE INTEGRATION ENDS HERE

IFCJKL.NE.QO)Y G© T@ 780

NEXT» THE INDUCTANCES»VO@LTAGES,AND PHASE SHIFTS
ARE CALCULATED AND PRINTED

CALL CIRCT(TMAG>PHASE»Q0:T1,T2)

CALL PHASET(TMAG,PHASE,SHIFT»VI»SET)

TYPE 410

FORMAT(IH »10HDRIVER RES»4X»10HINDUCTANCEs4X»
1 8HNG TURNS, 6X»9HSHUNT CAP,5SXs 9HNOR IM PT)
Q1=G0*TI*TI*AIRI /W



029300
02910
02920
02930
02940
029350
02960
02970
02980
02990
03000
03010
03020
03030
03040
03050
03060
03070
03080
03090
03100
03110
03120
03130
03140
03150
03160
03170
03180
03190
03200
03210
03220
03230C
03240
03250
03260
03270
03280
03290
03300
03310C
033206C
03330
03340
03350
03360
03370
03380
0339G
03400
03410
03420
03430
03440
03450
03460
03470
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Q2=(REAL(DRIVER(2,3))+AIR1)/A1R!
03=Q0%T2*T2%AIR2/W
Q4=(REAL(PICKUP(2,3))+AIR2)Y/AIR2
TYPE 4205,R65Q15N3,C65Q02
420 FORMATC(IH 1PE12¢55,2XsE12522X50PF84156Xs1PE1245,
12Xs0PF9.6)
TYPE 430
430 FORMATC(IH »10HPICKUP RES»4X,10HINDUCTANCE» 44X,
18HNG TURNS»6Xs9HSHUNT CAP25X»9HNGR IM PT)
TYPE 420,R7,Q35N45C7504
TYPE 440
440 FORMATCIH »12HDRIVING VOLTL2Xs I0HSERIES RES»4X»
18HAMP GAIN,6X, IHINPUT IMPD
TYPE 450,V0,R05G5,R9
450 FORMATCIH sF5¢159XK51PE12e¢552Xs0PF8:126X21PE12+5)
TYPE 460,V1
460 FORMAT(IH »22HDISCRIMINATGR VOLTAGE=,1PE12.5)
TYPE 470
470 F@RMATC(IH 2
RLC1)=L6
D@ 480 1=2,5
480 RLCI)=L2+RL(I-1)
TYPE 490,RL
490 FORMATC(IH 4(F6:358X)5F6.3)
TYPE 470
DB 500 1=1.3
TYPE S510,(TMAGC(I>U)»J=1,5)
TYPE S510,(PHASE(I,J),J=155)
TYPE S10,C(SHIFT(I>J)5»J=155)
TYPE 470
500 COGNTINUE
510 FORMAT(IH »4(1PE]I2.552X)5E12.5)
CALL SENSC(SHIFT>RAD,>SEN)
THE USER NEXT SELECTS @ONE @OF FOQUR P@SSIBILITIES
520 TYPE 530
530 FBRMATC(® 1 C@IiL DESIGN 2 ATTENCDESIGN 3 DRIFT CHECK
1 4 CeN CAL")
TYPE 470
ACCEPT 540,NS
540 FOGRMATC(I1)
G@ TE(550,6805760,1010),N5
THE FIRST P@SSIBILITY ALLEBGWS THE USER T8 ALTER THE
C@IL DESIGN BY INPUTTING THE REQUESTED INTEGER DATA
550 TYPE 560
560 FORMAT(® DRIVER WIRE GAGE» TURNS, PICKUP WIRE GAGE.,
1 TURNS®)
TYPE 470
ACCEPT 5T0,N1ASN2ASN3As»N4SA
570 FORMATC4AI)D
IF(N1A*N2A-£EQ.0) G@ TE 580
GAGE =N1A
XIN=R]*RS
X@UT=R2*RS
XLEN=L3%R5
TURNS=NZA
N3=N2A
N1A=-1
J1=1
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03480 CALL GAGER(RS6)

03490 G8 Tg 600

03500 580 IF(N1AEQ.0) GO TO 590
03510 GAGE=N1A

03520 XIN=R1*¥R5

03530 X@UT=R2*RS

03540 KLEN=L3%R5

03550 Ji=1

03560 CALL GAGER(RS)

03570 N3=TURNS

03580 G¢ To &00

03590 590 IF(N2A:EQ.0) GB T@ 620
03600 N3=NZ2A

03610 TURNS=N2A

03620 XIN=R1¥R5

03630 XKQUT=R2*RS

03640 XKLEN=L3%*R5

03650 J1=0

03660 CALL GAGER(R®6)

03670 600 TYPE 610,TURNS»GAGE-PERLAY»XLAY,>R6
03680 610 FORMAT(IH »O6HDRIVER,F&6.1,10H TURNS OF#,F5+1,4HWIRE,

03690 1F541, 6H/LAYERsFSe1,6HLAYERSs IPE12455 4HOHME)
03700 620 IF{(N3A*N4A.ES.0) GB TO 630
03710 GAGE=N3A

03720 TURNS =N4A

03730 N4=N4A

03740 . XIN=R3I*RS

03750 XBUT=R4*RS

03760 XLEN=L4%R5

03770 Ji=1

03780 CAaLl. GAGER(R7)

03790 R7=2.0%R7

03800 GO T@ 650

03810 630 IF(N3A.EQ.0) GO TO 640
03820 GAGE=N3A

03830 XIN=R3*%RS5

03840 XK@UT=R4%RS

03850 ALEN=L4%R5

03860 Ji=1

03870 CALL GAGER(RT)

03880 R7=2.0%R7

03890 N4=TURNS

03900 GE& T® 650 ,
03910 640 IF{N4A.EQ.Q) GO TE 670
03920 Na=N4A

03930 TURNS=N4A

03%40 XIN=R3*¥RS5

03950 KBUT=R4¥R5

03960 XLEN=LAXRS

83970 Ji=0

03980 CabLl GAGER(RT>

03990 R7=2.0%R7

04000 650 TYPE 660»TURNS»>GAGEsPERLAY»XLAYSRT
0A01D 660 FERMATC(IM »O6HPICKUPsF6.1,10H TURNS EA#,F5¢15,4HWIRES

04020 1F5.1,8H/LAYER,FS.1,6HLAYERS s 1PE122554HOHMS)
04030 670 GO T@ 400 ;
04040C THE SECOND PO@SSIBILITY ALLGWS THE USER TO® ALTER THE

04050C ATTENUATOR DESIGN BY INPUTTING THE DATA REQUESTED IN



04060C
04070
04080
04090
04100
04110
04120
04130
04140
04150
04160
04170
04180
04190
04200
04210
04220
04230
04240
04250
04260
04270
04280
04290
04300
04310
04320
04330
04340C
04350C
04360
04370
04380
04390
04400
04410
04420
04430
04440
04450
04460
04470
04480
04490
04500
04510
04520
04530
04540
04550
04560
04570
04580
04590
04600
04610
04620
04630
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E FIELD F@RMAT
680 TYPE 690
690 FORMATC(® DRIVER SERIES RES5s, SHUNT CAP» PICKUP SHUNT RES.
1 SHUNT CAP®)
TYPE 470
ACCEPT T005,P1:P2sP3,5P4
700 FORMAT(4E)
IF(P1.EQ.Q.0) GO TO 710
RO=P1
710 IF(P2.EQ.0.0) GO T@ 720
Co6=p2
720 IFC(F3.EQ.0.0) GO TO 730
R9=F3
730 1IF(P4.EQ-0.0) GO T@ 740
C7=P4
740 Q@5=1:0/7C(W4SQRT(QL1*Q2%C6))
B6=SORTC(O1%Q2/C6)
Q@7=RO/Z(W*Q1*G2)
8=1.0/7(W%xSQRTC(AZ*Q4%CT))
B9=SART(QA3*Q4/CT)
RI10=RI/7(WxQ3I%Q4)
TYPE 750505506507
750 FORMATC(IH »7HDVR CKT»1PE12.5,10H BELGW RES»IPEI2.5,»
18H @PT RES»1PE12.5s11H RES/REACT )
TYPE 755508509,010
755 FORMATC(IH »7HP~U CKT»1PE12+5510H BELOYW RES»1PE12.5,
18H GPT RES»1FE12.5511H RES/REACT)
GO Tw 400
THE THIRD POSSIBILITY ALLOWS THE USER T@ EXAMINE THE
EFFECT @F DRIFTS @N THE CIRCUIT
760 TYPE 770
770 FORMATC(IH »23HSYSTEM DRIFT VARIATI@GNS)
DR1=0.01
DR2=0.01
DR3=0.01
DR4=0.01
DR5=(.01
DR6=0.01
DR7=(G.01
DRE=0.01
DR9=0.01
G@ T 790
780 CALL CIRCTIC(SET»V1>SHIFT,RAD»SEN)
Ge T (970,1000) ., JKL
790 TYPE 800
800 F@RMAT(IH »11H%Z VARIATION,3X+»13HPARAMETER VARs1X»
17HRADIANS »7Xs THDEGREES»7TX» 10H%Z 2F RANGE)
IF(DR1.EQ.0.0) G@ TO 830
R6=R6&6%{1+0+DR1)
DR100=100.0%DR1
TYPE 820sDR100
820 FORMAT(IM »F4.1510X213HDRIVER RES $)
CALL CIRCTIC(SETsV1sSHIFT,RAD-SEN)
R6=R6/7(1.0+DR1)
830 IF(DR2.EQ.0.0) G@& T® B850
R7=R7*%{1.0+DR2)
DR100=100.0%DR2
TYPE 840,DR100



04640 840
04650
04660
04670 850
D4A6B0
04690

D 4700
04710 860
04720
04730
04740 870
04750
04760
04770
04780 880
04790
04800
04810 890
04820
04830
04840
04850 900
G 4860

O 4870
04880 910
04890
04900
04910
04920 920
04930
049220
04950 9230
04960
34970
04980
04990 940
05000
05010
05020 950
05030
05040
05050
05060 960
05070
05080
05090 970
05100
05110 980
0S120
05130
05140
05150 990
05160
05170
05180 1000
05190

¢ 5200
os521:10C

123

FORMAT(IH +F4.1,10X»13HPICKUP RES $)
CALL GIRCTIC(SET,VI>SHIFT,RADSSEN)
R7=RT/2(1.0+DR2)

IFCDRI.EQ.0-0) G¥ TG 870
Co=CE%C10+DRI)D

DR100=100,0%DR3

TYPE 860,DR100

FORMATC(IN »F4.1,10X:13HDVR SHUNT CAPS)
CALL CIRCTI(SETsV1sSHIFT-,RAD>SEN)
Cé=C&6/(1.0+DR3Y

IFIDRE.EQ.D.0) GO TO 890
C7=CT*{1-0+DRA)

DR100=100.0%DRA

TYPE 880,DR100

FORMATI(IH »F4.1,10X513HP~U SHUNT CAPS)
call CIRCTI(SET,V1»,SHIFT>»RAD,SEN)
CT=CT/7{1.0+DR4)

IF{DR5.EQ.0.0) GO TO 910
ROzRO¥ (1 .0+DR5S)

DR10O0=100.0%DRS

TYPE 900,DR100

FORMATC(1H »F4.1510X513HSERIES RES £
CALL CIRCTI(SET,V1,SHIFT,RAD,SEN)
RO=RO/ (1 .0+DRS?

IFCDR6EQD.0) G& T@ 930
R9=RO9*(1.0+DR6

DRINO=100.0%DR6

TYPE 920,DR100

FORMATIIH +F4.1»10Xs13HAMP INPUT RESS)
CoLl CIRCTIC(SET»V1,SHIFT,RADSEN)
RY=R9/(1.0+DR6?

IF(DR7.EG.D.0) GO TO 950
VO=VO%C 1 .0+DR7)

DR100=100.0%DRT

TYPE 940sDR100

FORMATC(IM »F4.1510X, 13HAPPLIED VOLT.$)
CALL CIRCTIC(SETs,V1,SHIFT,RAD,SEN)
YO=VO/ (1 +0+DRT)

IFCDRB.EQ.D-0) GB TO 980

FzF#{1.0+DR&?

DR100O=100«0%*DRE

TYPE 960,DRI0O0

FORMATCIH »sF4.1510X,13HFREQUENCY $)
JKL=1

G689 TO 5

FeF/C1.0+DR8?

JKL =D

IF(DRISED.0-0) GO T® S20
R5zR3% (1 .0+DRY)

DPR1IOO=100.0%DRY

TYPE 990,DRI0GO

FORMAT(IN »F4.1-10X%,13HMEAN RADIUS $)
JKL =2

GO TO S

RE=RS /(1 .0+DRY)

JKL=0

68 T8 520

THE FBURTH POSSIBILITY ENDS CALCULATIONS
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05220 1010 CALL EXIT

05230 END

05240 SUBRGUTINE BESSEL(VAL)

05250 COMMON X»ZsQ1sP1

05260 IF(Z«GT«5.0) GB TV 1510

05270 L=2.0%Z+30

05280 F1=0.5%Q1%Q1%Q1

05290 VAL=F1/3.0

05300 D@ 1500 I=1,l.

05310 Al=1

05320 F1=-F1%0.25%7%Z2/(A1*A1+A])}

05330 1500 VAL=VAL+F1/(2.0%¥A1+3.0)

05340 Gg To 1520

05350 1510 X0={{(~-188.1357/Z2+109.1142)/72-23.79333)/2+2.050931)>72
05360 X0=C¢{X0~01730503)/Z+0.7034845)/Z2~0.064109E~3
05370 Ki=C(C(~5.817517/Z+2.105874)/7~.6896196)/Z+.4952024)/2Z
05380 X1=(X1~0:187344E~2)/72+0.7979095

05390 VAL=(1e0-SART{(ZI*(X1*COS(Z~-PI1/4-.0)-XO*SINCZ~-P1/74s0)))/
05400 T OXEXRXD

05410 1520 RETURN

05420 END

05430 SUBRBUTINE XFORM(Ns,TRsR5,U-T)

05440 ComMMenN s/B1/BETAO0,BETAL

05450 COMPLEX BETAO,BETA1EXsTR

05460 DIMENSION EX(2),UC10),TC10),TR(2,2)

05470 EXC1)=CEXP{~BETAO¥U(N-1)%*T(N-1)/RS)

05480 EX(2)=1.0/EX(1)

05490 D@ 1610 1=1,2

a5500 DG 1610 J=t1,2

05510 K=1+J

05520 IF(K.EQ.3) GB8 T® 1600

05530 TRCI,J)=(BETA1 +BETACGI*EX(J)

05540 Go TO 1610

05550 1600 TRCI,JI=(BETAI-BETAQI*EX{J)
05560 1610 CONTINUE

05570 RETURN

05580 END

05590 SUBRBUTINE MATRIXC(JUMP»V5>TR)
05600 C@MPLEX V.Q,TR

05610 DIMENSION Q(2s2),V(2,2)5TR(252)
05620 IFCIJUMP.EG«1) GO TO 1720
05630 DG 1700 1=1,2

05640 1700 QCI»1)3X=V(I,1)

05650 DB 1710 I=1,2

05660 V(1,1)=(0.0,0.02

05670 Dg 1710 J=1.,2

05680 1710 V(Is1)=V(I»1)+TR{I»D*#R(Js1)
05690 1720 D@ 1730 I=1,2
05700 1730 QCI»2)=V(1,2)

05710 DG 1740 1I=1,2

05720 V(I,2)=(0.0,0.0)

05730 DO 1740 J=i1,2

05740 1740 V(I,2)=V(I,2)+TR{I»J)*Q(Js»2)

05750 RETURN

05760 END

05770 SUBRUGUTINE CIRCT(TMAG,»PHASE,Q0,T1,T2)

05780 COMPLEX MUTsDRIVERSPICKUP»Z12Z222322485252265227

05790 COMPLEX DENGM,TNUM,VOLT
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805800 COMMON /BR2/R1SR2sR3ISRA>LI>1LA4sROsREsRTsR92C65C7T
05810 COMMON /B2/V05GS»WsFsR5»N35N4/B3/7MUT-DRIVER
05820 COMMBN /B3/PICKUP,AIR1,AIR2

05830 DIMENSION MUT{3,5),DRIVER(3,5),PICKUP(3,5)
05840 DIMENSION TMAG(355),PHASE(355)

05850 REAL L3,L4»N3,N4

05860 T1=N3/C(R2-R12%L3)

05870 TL=NA/({R4-R3 1%L 4)

Q5880 Q0=6.300475204E -7 %F%RS5

05890 71 sCMPLX (W HC 62R0»~1,0)

05900 72 =CMPLACHHETXRI s ~1.0)

05910 Z3zCMPLR(O 05 ~R0)Y

05920 Z4=CHMPLXCD 0,5 ~RY)

05930 D@ 1800 I=1,3

05940 D@ 1800 J=1,5

05950 Z5=Q0%T1*T2¥MUT (1, 1)

05960 Z6=00%TI*TI#{0.051.0)%(DRIVERCI>JY+*AIR1)
05970 ZT=GOXTEXTEXC0:02102%CPICKUP(IsJ2+AIR2)
05980 DENOM=Z1%Z2% Z5% 254+ (Z1 % (26 +R6I+ZI Ik 22% (ZT+RTI+Z24)
05990 TNUM=VO*RO*GS*{0e0s~102%25

06000 VBLT=TNUM/DENDM

06010 TMAGC1,JY=CABSIVALT)

06020 1800 PHASEC(I»J)=ATANZ2{(AIMAG(VOLTI»REALCVELT?)
06030 RE TURN

06040 END

06050 SUBROUTINE PHASETC{A:B-CrV1503)

06060 DIMENSION AC3,5)5B(325):0(3,5)

06070 B1=A(2,5I4SIN(BI2s5))-AC2,1)%SIN(B(2,1))
06080 P2e~CAL2,53%CBSIBI(2,5))~AC2,1)%CASCB(2,1)))
06090 B3=ATAN2¢(Q1.,082) :

06100 Vi=a(2, 1 )%SINCA3+BL{2s1))

06110 D@ 1900 1=1,3

06120 DG 1900 J=1s5

06130 1900 CCI»J0)=03-ATANZ2(VLI-SORTCACI>JI*AILJI-VIxV1III+B(I.J)
04140 RETURN , ,
06150 END

06160 SUBROUTINE SENS(@.,RaD,01)

06170 DIMENSION ©{3,5)

06180 @Ge=0{1s1

06190 @0=0¢1s12

06200 00 2010 I=2,5

06210 IF(@C1s1)LT»039Y G@ TG 2000

Q6220 E9=0C1,1)

D230 2000 IF{BC1,13-GT-202 GG T@ 2010

QE240 go=8L1,12

06250 2010 CONTINUE

06260 1= PC1,13+0C1s224001,3)4001,4)4@C1,45))75.0
06270 B1=01-(0C3,12+0(3,22+0(3,3)2+G(3,4)+0(3552)/5.0
05280 XLO=09-80

06290 PERCT=3100.0%XLB/01

0 é300 DEGRY =81 %RAD

06310 DEGR2=XL@*RAD

06320 TYPE 2020.,01:XL8-,PERCT

£ 6330 2020 FORMAT(IH »12HPHASE SHIFT=,1PE12:5,2XsBHLIFTGFF=,
06340 IE12.5:,2%,2HE=,E12.5)

0 &350 TYPE 2030,DEGR1.DEGR2

06260 2030 FERMATC(IH »THDEGREE:,1PE13.555X,E13.5)
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06370 RETURN

06380 END

06390 SUBROUTINE GAGER(RES)

06400 COMMON /BA4/Gs>D1sD2sRLNsTSsN1ASJ12DsE
06410 PI=3.1415926536

06420 IF(J1.EQe¢1) G@ T@® 2120

06430 Nlp=-1

06440 D3=0.95%3SQRTC((D2-D1I*RLN/TS)

06450 X2=1+037T1E~-5/(D3*D3)

06460 Q=40.0

06470 2100 G=40.0+10.0%{ALBG(X2) ~ALRG(.9989+.017#(Q/10.0-1.0)))/2.3
06480 10259

06490 IFCABS(Q-G)«LT.1.0E~-4) G& T8 2110

06500 Q=G

06510 Gg Te 2100

06520 2110 1G=G

06530 G=1G

06540 2120 X2=0.9989+:017%(G/1040-1:+033%10.0%%(G/10:0-4.0)
06550 D3=SORT(1.0371E~-5/7%X2)

06560 IF(G.GT.40.0) GO@ TG 2130

06570 X3=2C.460655%ALOG(D3%1.0E3)~«43444)%1.0E~-3
06580 Gg T@ 2140

06590 2130 X3=(98.02228%D3+2.56791E~22%1.0E~3
06600 2140 ID={(RLN/(D3+X3))

06610 D=ID

06620 IE=(D2-D1)/(D3+X3)

06630 E=1E

06640 IF(NIAEQ.~1) GO@ T@ 2150

06650 TS=D*E

06660 2150 RES=TH5*X2%(D2+D1J)*P1/12.0

06670 RETURN

06680 END

06690 SUBROUTINE CIRCT1(D1,V1:,2-RAD,SEN?
06700 DIMENSION @(3,5),TMAG(3,53,PHASE(3,5)
Q6710 CAaLL CIRCT(TMAG»PHASE»Q0,T1,T2)
06720 QA1=0-0

06730 D@ 2200 1=1,3

06740 Do 2200 J=1,5

06750 02=01-ATANZ2C(V1,SORT(TMAGC( I, D *TMAGCILJI-V]I*%V1))
06760 L+PHASECIL I -6(1,J)

06770 IFCABS(Q1)GT.ABS(R2)) 62 T@ 2200
06780 Q1=02

06790 2200 CONTINUE

06800 Q2NEW=RAD*Q1

Q6810 03=100.0%01/SEN

06820 TYPE 2210,Q01,Q2NEWsQ3

06830 2210 FORMAT(IH+s1Xs2C1PE12:5,2X)51PE12.5)
06840 RETURN

06850 END
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REFLECTION COIL ABOVE MULTIPLE CONDUCTORS, THICKNESS VARIATION

We shall now consider further the case of a reflection coil above
multiple conductors, as shown in Fig. 4 (p. 7). This program calculates
the magnitude and phase of the voltage that is fed to the phase measur-

ing circuits of the phase-sensitive eddy-current instrument and is

designed to help analyze eddy-current measurements of cladding thickness.

The program calculates the magnitude and phase of the induced volt-
age for five different values of 1lift-off with each of three different
thickness values of a specific conductor, for a total of fifteen calcu-~
lations, This allows one to examine the sensitivity to lift-off vari-
ations as well as cladding thickness variations. 1In addition, the
program aléo calculates the phagse shift with the discriminator adjusted
to give the same phase on the nominal cladding thickness sample with
maximum and minimum lift-off. The phase on the nominal sample with
minimum lift-off is teken as zero, and all other phase shifts are meas-
ured relative to it. The equations which are evaluated are Eq. (8)
for the mutual coupling, Eq. (9) for the driver coil impedance, and
Eq. (17) for the pickup coil impedance. The gamma factor for the clad
conductor is calculated from Egs. (24) to (26). The programs are
written in both BASIC and FORTRAN for use on a PDP-10, The BASIC
program follows.

To use this program, one must first divide all coil and lift-off
dimensions by the mean radius of the driver coil. Then the following

lines must be typed into the program:

250 R5 = (numerical value of driver coil mean radius in inches)
260 Rl = (numerical value of normalized driver coil inner radius)
270 R2 = (numerical value of normalized driver coil outer radius)
280 L3 = (numerical value of normalized driver coil length)

290 B3 = (numerical value of normalized pickup coil inner radius)
300 Rht = (numerical value of normalized pickup coil outer radius)
310 L4 = (numerical value of normalized pickup coil length)

320 L5 = (numerical vlaue of normalized pickup recess from face

of driver)



330

340
350

360
370
380
390
400
410
420
430
Yy
450

510
520

770
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16 = {numerical value of normalized driver coil minimum
1ift-off)
R6 = (numerical value of resistance of driver coil in ohms)

R7 = (pumerical value of total resistance of both pickup coils

in ohms)
N3 = (number of turns on driver coil)
N4 = (number of turns on each pickup coil)
RO = (output series resistance of driving amplifier in ohms)
R9 = (input shunt resistance of pickup amplifier in ohms)
C6 = (total shunt capacitance of driving circuit in farads)
(

total shunt capacitance of pickup circuit in farads)

VO = (output voltage of driving amplifier in volts)

G5 = (gain of pickup amplifier)

F = (operating frequency in Hertz)

L2 = (numerical value of normalized driver coil lift-off
increment )

N9 = (total number of conductors + 1)

N8 = (number of the specific conductor with thickness variation,
refer to Fig. k)

T9 = (numerical value of fractional thickness change of the
N8-th layer)

The input data of conductors are typed into the program between

the statement numbers 800 and 980, according to the order of appearance

from the lowest conductors [refer to Fig. 4 (p. T)].

800
810

(980)

where

DATA 1E10, K(1), U(1)
DATA T(2), K(2), U(2)

DATA  T(N), K(W), U(N)

DATA T(No—1), K(No—1), U(NG—L)
DATA 1(arbitrary number), 1E10, 1
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=3
PE=g
=
St
#

numerical value of thickness of the Nth layer conductor

in inches,

K(N) = numerical value of resistivity of the WNth layer con-~
ductor in microhm centimeters,

(W)

numerical value of relative permeability of the Nth
layer conductor, and

the (N9—1)th layer denotes the top or surface layer.

The current version of MULTIT (BASIC) is limited to a maximum of
nine conductors. However, this limitation can be removed easily by
adding one DIMENSION statement.

60 DIM T(N9), R(N9), U(N9), S(N9), X(N9), Y(N9)
The program may now be run. The print-out by the computer will

have the following format.

N THICK(INCH) R(MU-OHM CM) M,SIGMA U

(1) (r(1)) (x(1)) s (u(1))
(2) (r(2)) (k(2)) ..., (u(2))
(Ng—1) (T(N9=-1)) (K(NO—1))  ..eeen. (U(wo-1))
(N9) (T(N)) (K(N)) e (u(N))
THICKNESS VARTATION OF (N8)-TH LAYER IS + —(100%T9)%

Rl= (R1) R2= (R2) DRIVER LENGTH IS (L3)

R3= (R3) Rbh= (RL) PICK UP LENGTH IS (L4)

COIL MEAN RADIUS (R5) INCHES OPERATING FREQUENCY (F)

PICK UP RECESSED (L5)
MINIMUM LIFT-OFF (L6) LIFI-OFF INCREMENT (L2)

DRIVER RES INDUCTANCE NO TURNS 'SHUNT CAP NOR IM PT
(R6) caaeas (w3) (c6) i
PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(RT) ceeann (k) (cty L.
DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
(vo) (RO) (65) (R9)

DISCRIMINATOR VOLTAGE IS .....

(L6) (L6+L2) (L6+2L2) (L6+312) (L6+h12)

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

-------------------------
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PHASE SHIFT ..... LIFT-OFF ..... Bevun.
DEGREE ..... e
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK L4 CON CAL

?

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed.

There are five columns of data, one under each value of lift-off.
Fach column is divided into three sections of three lines each. These
sections correspond, from top to bottom, to the three values of (~100%T9,
0, and +100%¥T9% variations from nominal) the cladding thickness of the
N8-th layer. The three lines in each section are, from top to bottom,
the magnitude of the voltage out of the pickup amplifier, the phase
shift between the voltage out of the pickup amplifier and the driving
voltage, and the phase shift between the voltage out of the pickup
amplifier with the discriminator set to give the same phase shift with
minimum lift-off and maximum lift-off on the nominal cladding thickness
sample. The phase shift in the third line is always measured from the
nominal cladding thickness sample with minimum lift-off. The voltage
out of the pickup amplifier will be in volts and be either peak~-to-
peak or RMS, whichever is used for VO, the output voltage of the driv-
ing amplifier. For each conductor N, the value of a dimensionless
product RszwuNcN is also calculated and printed out under the column
M,SIGMA. The inductance in henries of the driving coil in air and the
normalized imaginary part of the driving coil impedance, with nominal
cladding thickness and nominal lift-off (L6+2L2), is also printed.
Likewise, the inductance in henries of both pickup coils in air and
the normalized imaginary part of the pickup coils' impedance with
nominal cladding thickness and 1lift-off is also printed. The total
phase shift for the 200%¥T9% cladding thickness variation, the maximum
phase shift due to 1ift-off, and the maximum percent of range error in
cladding thickness measurements due to lift-off are given. The phase

shifts are given first in radians and then in degrees.
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The program then enters a branching loop that allows the following
options, depending on which of 1, 2, 3, or 4 is typed as input after

the guestion mark.

1. Coil Design

It a 1 is typed by the operator after the question mark, the program
will enter the Coil Design Loop. This loop will allow the number of
turns on the driver and pickup coils to be varied. The loop will allow
the wire gage to be given and then calculate the number of turns and
colil resistance, or it will allow the number of turns to be entered and
calculate the gage and coil resistance, or both turns and gage can be
entered. If zeros are entered for both the gage and turns of either
the driver or pickup coils, the pregent value of these will be retained.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed, with the
"new" coil in the circuit. However, the numerical integrations to cal-
culate M, Z do not have to be repeated.

DR’ and &P

2. Attenuator Design

U

This loop will allow the driver series resistance, RO, the driver
shunt capacitance, C6, the amplifier input impedance, R9, and the shunt
capacitance in the pickup circuit, C7, to be varied. If a 2 is typed
after the question mark, the computer will respond with

DRIVER SERIES RES, SHUNT CAP, PICK~-UP SHUNT RES, SHUNT CAP .
The resistance is to be given in ohms, and the capacitance in farads.
If zeroc is typed in for any value, the present value in the computer
will be retained. After the input data and a carriage return are typed,
the computer will calculate the ratio of resonant frequency to operating
frequency for the particular I~C circuit, a very rough value of resist-
ance. for minimum temperature drift, and the ratio between the resistahce
and reactance in the circuit for both the driver and pickup circuits.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed with the
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"new" attenuator in the circuit. Again, the numerical integrations to

calculate M, Z R? and Z do not have to be repeated.

D
3. Drift Check

PU

This loop calculates the effect of the drift of any of the circuit
or sample parameters after the instrument has been calibrated and
adjusted. 1If a 3 is typed as input, the program will respond with the
percent variation, the parameter varied, the maximum change in phase
(both radians and degrees) of any of the 15 different phases calculated
(5 1lift-off values for each of 3 different cladding thickness values)
and the percent of the range the drift represents. The percent vari-
ation of each parameter may be varied independently. The following

table gives the parameter, the line number, and the constant to be

varied:

Parameter Line Number Constant
Driver Resistance 8610 El
Pickup Resistance 8620 E2
Driver Shunt Cap. 8630 E3
Pickup Shunt Cap. 8640 Ek
Series Resistance 8650 ET
Amp. Input Resistance 8660 E8
Applied Voltage 8670 E9
Frequency 8680 AL
Mean Radius 8690 A2

For example, to put in a 2% variation in the driver coil resistance,
one would type:

8610 E1 = .02
The amount that each parameter is varied must be set before the program
is run. All of the variations are 0.0l or 1% in the current version
of the program. Since the phase shift produced by the parameter vari-
ation is quite linear over a range of about 10%, a linear interpolation
or extrapolation may be used from the 1% parameter variation. If zero

is typed in for any parameter variation, that parameter will not be
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varied nor will it be typed cut in the list of parameter variations.
When the calculation is completed and the drifts printed, the program
returns to the branch point and repeats the question

1 Coil Design 2 Atten. Design 3 Drift Check 4 Con Cal .

The first seven drifts do not require that the numerical integra-
tions to calculate M, ZDR’ and ZPU be repeated, but they must be repeated
to ealculate the drifts due to frequency, mean radius, and resistivity
changes of the base and cladding materials., Therefore, the calculation
of these last four drifts requires a considerable amount of computer

time.

4, Con Cal

This loop is to continue calculations. If a series of calculations
is to be made, a loop may be established at this point, However, in
the present version of the program, if a U is typed as input, the program

will end.

Sample Caleculation of MULTIT

Let us suppose we wish to design a reflection-type coill to measure
the thickness variation of an aluminum cladding with a resistivity of
3.632 ufl-cm and a nominal thickness of 0.028 in. Below the cladding,
there are two conductors, a 0.194 in. layer of aluminum with a resis-
tivity of 5.393 u~cm and a 0.028 in. layer of aluminum with a resis-
tivity of 3.632 YQ~cm. The driver coil has a mean radius of 0.08325 in.,
inner and ocuter radii of 0.0625 and 0.104 in., and a length of 0.030 in.
The pickup coils have inner and outer radii of 0.030 and 0.05%8 in., a
length of 0.008 in., and are mounted flush with the ends of the driver
coil. The driver coil has 360 turns of No. 46 wire with a resistance
of 79.36 2, and the pickup coils have 410 turns each of No. 54 wire,
with a resistance of 530.5 Q for both coilg. The driver series and the
pickup amplifier input resistances are both chosen to be 1 MQ. The
shunt capacitances in both circuits are chosen to be 1 pF. This cor-
responds to practically infinite source and detector impedances, so

that only the mutual coupling, M, affects the phases. The minimum
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1ift-off is taken to be 0.0083 in. with a lift-off inecrement of 0.002 in.
The variation from the nominal thickness of the surface cladding is *5%.
The relative permeability of all layers is 1. The frequency is 10 KHz,
the output voltage of the driving amplifier is 10 V, and the gain of the
pickup amplifier is unity (a unity gain allows the actual gain needed
in the amplifier to be calculated by dividing the maximum output voltage
with unity gain into 10).

The program MULTIT is assumed to be in the active core, and the
following information is typed into the computer. All linear dimensions
are normalized by dividing by the coil mean radius, except for the coil

mean radius, which is in inches.

250 RS = .08325
260 Rl = .75
270 R2 = 1.25
280 L3 = .36
290 R3 = .36
300 Rk = .696
310 Lk = .096
320 L5 =0

330 L6 = .1
340 R6 = 79.36
350 RT = 530.5
360 N3 = 360
370 Nk = k10
380 RO = 1E6
390 R9 = 1E6
Loo C6 = 1E-12
k1o C7 = 1E-12
k20 Vo = 10
430 G5 =1

Lo F = 1E4
450 L2 = .025

510 N9 = 5



520
770
B0OG
810
820
830
8Lo

inputed from the terminal by the user are underlined.

N8 =
T9 =
DATA
DATA
DATA
DATA
DATA

135

N
.05
1E10, 1E10, 1
.028, 3.632, 1
.19k, 5.393, 1
.028, 3.632, 1
1, 1810, 1

The program may now be run with the following results.

The data

A carriage

return must be typed by the user at the end of each input line.
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R{MU-@HM CM)
1.00000E+10
34632
5393
3.632
1.00000E+10

MsS51GMA
0
272034
6454632
9.72034
0

C@NDUCTIVITY VARIATION OF 4 TH LAYER IS +--S5 %
DRIVER LENGTH IS 0.36
PICK UP LENGTH IS 0.096

MULTIC(BASIC)

N THICKC(INCH)
1 1.00000E+10
2 0.028
3 0.194
4 0.028
5 1

R1= 0.75 R2= 1.25

R3= 0.36 R4= 0.696

COIL MEAN RADIUS 8.32500E-2 INCHES

PICK UP RECESSED 0

MIN LIFT-@FF= 01 LIFT-@FF INCREMENT= 0.025
DRIVER RES INDUCTANCE N@ TURNS SHUNT CaAP
7936 6.05067E~-4 360 1.00000E~12
PICKUP RES INDUCTANCE N@ TURNS SHUNT CAP
53045 4.72124E -4 410 1.00000E~12
DRIVING V@LT SERIES RES AMP GAIN INPUT 1ImP
10 1000000 1 1000000
DISCRIMINATOR VBLTAGE IS-6.34033E~7
O.1 0.125 0.15 0.175
1.28844E-5 1.18250E-~5 1.08553E-5 G+.96896E~6
~0.794269 -0.798561 ~0.803418 ~0.808744
130444E-2 1.31668E-2 1.31076E-2 1.29845E-2
1.32201E-5 1.2130%E~5 1.11340E~-5 1.02228E~-5
~0806063 ~0.810183 ~0.814884 ~0.820068
0 1.91204E-4 1.77376E~4 T+85962E~5
135424E~5 1 24246E~5 114015E-5 1e04664E~5
-~0.817709 ~0.821659 ~0.826204 ~0e831247
~1.27887E-2 ~1.25214E-2 ~1.24815E~2 ~1.25469E-2
PHASE SHIFT 2.56305E-2 LIFT~QFF 2.66261E-4 IN % 1.03884
IN DEGREE 1.46852 1.52557E~-2
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL

2?1

[ A ey

OPERATING FREQUENCY 10000

NOR IM PT
0.849616
NOR 1M PT
0.992308

0.2

9¢15943E~6
~0ef&l4461
1.29005E~-2

F¢39059E-6
~0.825654
0

9¢61245E~6
~0.836703
~1.26104E~-2



DRIVER WIRE GAGE, TURNS.

2465055450

DRIVER 391 TURNS @F # 46
PICKLUP 429 TURNS EA # 54

DRIVER RES
719293
PICKUP RES
532 .582

DRIVING VOLT

10

DISCRIMINATER

Gt

1.46425E+5
~0.79427T7
1+30444E-2

1.50239E-5
~0.806071
0

1.53902E~5
‘00817717
~1.27886E-2

PHASE SHIFT 2.56305E-2 LIFT-QFF 2.66239E-4 IN % 1.03876

INDUCTANCE
7.13760E-4
INDUCTANCE
S.16896E-4
SERIES RES
1000000

WIRE 11
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N® TURNS
391

N® TURNS
429

AMP GAIN
1

VALTAGE IS~7 «20555E-7

0.125

1.34385E~-5
~079857
1.31668E-2

1.37861E~5
~0.810191
1.9118%E~4

1+41199E~5
~0.B21667
~1.25214E-2

IN DEGREE 1.46852

1 C2IL DESIGHN

22

2 ATTEN. DESIGN

0«15

1.23365E~5
~0.803426
1.31076E~2

1.26532E-5
’008‘4892
177369E-4

1+.29573E-5
~0«826213
~1.248}5E-2

1.58544E-2

3 DRIFT CHECK

PICK-UP WIRE GAGEs TURNS

SHUNT CAP
1.00000E~12

SHUNT CaAP
1.000D0E~12
INPUT IMP
1000000

0.175

1.13292E~5
~0 808752
1.29845E-2

1.16176E-5
~0.820076
7 +85962E~5

1.18945E-5
~0.831255
~1.25469E~2

4 CON CAL

WIRE 17 /LAYER 23 LAYERS 71.9293 QHM
ZLAYER 39 LAYERS 532.582 @HMS TETAL

NBR IM PT
0.849616
N@K IM PT
0+992308

0.2

104092E~5
081447
1.29005E~2

1.06719E~5
“D.B25662 "
-7 +45058E~9

1.09241E£-5
~0.836711
-1.26104E~-2



DRIVER SERIES RES»
?75.0E254.TE-956+2ER254+7E~9

DVR CT 9.427123 BELOW RES 359.202 OPT KES

P-U CT 10.2505 BELOW

DRIVER RES
719293
PICKUP RES
532.582

DRIVING V@LT

10

DISCRIMINATOR

0.1

137094E~-2

-0.992003
1.286H9E-2

1.40649E~-2
- 1.00343
0

1.44064E-2
~1.01472
~1.26074E~2

PHASE SHIFT 2.54395E-2 LIFT-@FF 1.26258E-4 IN 7%

INDUCTANCE

T+13760E-4
INDUCTANCE

Se168B96E~4

SERIES RES

500

SHUNT CAP»

RES 330.351
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N@ TURNS
391

N@ TURNS
429

AMP GAIN
1

VOLTAGE 1S-7.81534E~4

0.125

1.25929E-2
-0.997071
1.28639E~2

1.29174E~2
-1.00835
2.02060E~5

1.32290E~-2
-1.0195
-1 .25529E-2

IN DEGREE 1.45758

1 C@IL DESIGN

73

2 ATTEN. DESIGN

SYSTEM DRIFT VARIATI@NS

% VARIATN

- et b bbb bk et b

—

74

CeI1L DESIGN

PARAMETER
DRIVER RES
PICKUP RES

DVR SHUNT CAP
P=-U SHUNT CAP

SERIES RES

AMP INPUT RES

APPLIED VOLT
FREQUENCY
MEAN RADIUS

2 ATTEN. DESIGN

015

1.15692E~2
-1.00265
1.27909E-2

1.18652E-2
~1.0138
~4.97103E-5

1.21494E~2
~1.02481
~1.26095E~-2

7.23403E~3

RADIAN
2.72989E-5
-6+51032E~5
~2+10963E-4
~8+43406E~4
1.24957E-3
~6.06865E~4
~7+94128E~4
-6.05208E~3
-7 +63857TE~3

PICK-UP SHUNT RES»

3 DRIFT CHECK

3 DRIFT CHECK

SHUNT CAP

13.1225 RES/REACTANCE
CPT RES 19.2381

RES/REACTANCE

SHUNT CAP Nk 1M PT
4.70000E~9 0.849616
SHUNT CAP NOR IM PT
4.70000E~9 0.992308
INPUT IMP

620

0175 0.2
1.06320E-2 9.TTABBE-3
-1.00864 =1.01498
1.27662E-2 1 e28924E~2
1.09019E-2 1.0020%E-2
-1.01967 -1.0259
-9.12398E-5 0
1.11610E-2 1.02571E-2
-1+03057 =1.03669
-1 «26568E~2 ~1.25888£-2

0496305
4 CoN CAL

DEGREE Z OF RANGE
1.56411E-3 0.107309
~3.73014£~3 ~0.255913
~1.,20873E~2 ~0.829273
~4,83236E~-2 ~3.31534
T«15950E-2 491191
~3.47T708E-2 -2.38552
~4.55002E-2 ~3+12163
~0.346759 -23.7901
~0e437658 ~30.0264

4 CGN CAL

The user has exercised all the design options available, and these options

may be repeated, omitted, or taken in any order.

program MULTIT follows.

The BASIC version of the
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1 FEM MULTIT(BASIC)

10 REM REFLECTION COIL FER THICKNESS VARIATION GF MULTILAYErR CLNDULUIL GRS
40 DIM A(355),BC3:5),C(355),D€355),E(3,5),F(3,5)
SO DIM M(355)5,P{3,5),0(355)
199 REM CENSTANT

200 P9=3.14159

210 P8=180/P9

249 REM COIL DATA
250R5=.04325

260R1=75

27T0R2=1.25

280L3=.36

P290R3=.36

300R4xH696

310‘_4:-096

3200L5=0

330L.6=.1

JA0RE=TI36

350R7=530.5

3 60N3=360

370N4a=410

379 REM CIRCUIT DATA
380RO=1ES

390R9=1EH

400C6=1E-12

410C7=1E-12

420V0=10.0

430G5=1

440F=10E3

450L2=.025
AT70LT=L3-2%(L4+LS)
H80LB=LT+L 4

490L9=LS+2%L6

499 REM CONDUCTOBR DATA

500 DIM K(372-N(3),L(S)

S10 N9=5

520 Nf=z4

529 REM READ T-KsU

5730 PRINT "N"L"THICKCINCH)Y" »"R(MU-CHM CMI" "M, SIGMA" U™
535 FOR N=] T8O N9

S37 READ TINI>RINILUICN)

539 NEXT N

sS40 Ge SuB 600

550 FER N=1 TE¢ N9

560 PRINT NoTINISRINILSINILUCND
S7T0 NEXT N

S0 GO TO 750

S99 REM SUBROUTINE FOR M
600 Wz2xPIkF

£10 FOR N=1 TO N9

630 SNY=0

£40 IF R{NI>LIE9 THEN 660
650 SENI=.S094*UCNI*F*RERRH/RIND
660 NEXT N

670 RETURN

750 TI(N9)=0

T60 T=TINE)D

770 T9=.05



780

799

800

810

820

830

840

999

1000
1010
1020
1030
1040
1100
1110
120
130
140
150
160
170
180
190
1200
1400
1410
1499
1500
1510
1520
1530
1540
1550
1560
1570
1580
15%0
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1730
1998

[ e
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PRINT "THICKNESS VARIATIOGN GF*3NE3"TH LAYER IS +~-"3100%7193"%"
REM DATA
DATA 1E10,1E10»1
DATA 02%53.632,1

DATA «19455.393,1

DATA +028,3.632,1

DATA 1,1E10,1

REM PRINT Ce@IL DATA

PRINT "R1="3R1,>"R2=";R2,"DRIVER LENGTH I5';:L3
PRINT"R3="3R3»""R4="3R4,"PICK UP LENGTH I15";:L4
PRINT *'CBIL MEAN RADIUS™3RS3"INCHES BPERATING FREQUENCY'F
PRINT "PICK UP RECESSED™;3LS

PRINT “MIN LIFT-QFF="3L63"LIFT-0FF INCKEMEN]="3L2
REM PRE2GRAM BEGINS

REM F@ER INTEGRATIONS

G@ SUB 1500

REM FOR INDUCTANCES AND CIRCUIT:3: MAGNITUDE AND PHASE
GO SUB 6000

REM F@R DISCRIMINATGOR VOLTAGE AND PHASE SHIFI
G@ SuUB 6500

REM F@R PRINTING @F RESULTS

G@ SUB 6700

REM FOR AV. PHASE SHIFT AND LIFT-0OFF ERROR

G@¢ SuUB 7000

REM FOR COQIL AND ATTENDATOK DESIGNSs, AND DKIFT
G¢ T@ 7200

REM SUBROUTINE FOR INTEGRATION

A3=0

A4=0

FOR I=1 TO 3

FOR J=1 TO 5

ACI»J)=0

B{I»J)=0

CCIs»Jd)=0

DCI»J)=0

ECI»J)=0

FCIaJ)=0

NEXT J

NEXT 1

LET S2=5

B1=0

B2=5

Si=tE-2

FOR X=Bi+51/2 T@ B2 STEP Si
G@ SuB 2000

NEXT X

B1=B2

Be=B2+S2

S51=.05%

1IF X<9 THEN 1660
S1=.1

IF X<29 THEN 1660
S1=.2

IF X<39 THEN 1660
S1=.5

IF X<79 THEN 1660
RETURN

REM SUBROUTINE FBR L-FACTOR AND INTEGKRANTS
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1999 REM FOR J-FACI@R
2000 GE& SUB 2700

2010 WS=0

2020 We=0

2030 Wé6=0

20480 WT=0

2050 Wa=]

2060 WH=1

2070 W3=1

o080 IF X*L5>20 THEN 2100
2090 WS=EXP(-X%L5)

2100 IF X*L2>20 THEN 2120
2110 W2=EXP(-X%xL2)

2120 IF X*Lé6>20 THEN 2140
2130 WE=EXP(-X*L6&)

2140 IF x*%L7>20 THEN 2160
2150 WT=EXP(-Xx*1.7)

2160 IF X*xL4>15 THEN 2220
2170 Waz=1-EXP{-X*L4)

2180 IF X*xL&>1% THEN 2220
2190 WH=]-EXPC~X*L#)

2200 1F x*L3>15 THEN 2220
2010 W3zl ~EXP(-X%L3?

2000 1F X>30 THEN 2460
2230 1IF X%L9>20 THEN 2460
D040 ASZWEKWEXWIHkWAXWS kWE*S3
2250 ALzWHKXWE*WIXWI*S4
9040 AT=W6EWERXW AW 4R WEAWS WBRWERSES
20270 LC1)=]

DOR0 FOR J=2 T0 S

2290 L{JY=0

2300 IF J%*x*xL2>20 THEN 2320
2310 L) =W2kL(J=1)

2320 NEXT J

2329 REM FOR GAMMA FACTOR
2330 6@ SuUB 3200

2340 FOR I=1 T® 3

23%0 FOR J=1 T© 5

2360 O1=KLIIKLCIIXLLD)
2370 O2==-NCIIRLCII*L{I)
2380 ACI»JI=ACI-J)+Q2%AS
2390 B(1,J)=B{I,J)+01=*A5
2400 CCI-J)=CC1,J)2402%A6
2410 DCL,JY=DC1,J)+01%A6
2420 ECI1>J)=zE{],J)+Q2%A7
D430 FLI»J)=F(1,J)Y+01%A7
2440 NEXT J

2450 NEXT 1

DA60 A3=AI+ORIXXLI-W3II%54
DATO BL=D4+{ 4R (XKL 4-WE) ~2*xWTHWAXWLI%ES
2480 RETURN

2699 REM SUBROUTINE FOR JSsJCR1sRE2I/X13sJ6=J(K3,R4I/X13
2700 R=R1}

2710 GO SUB 2200

2720 Ji1=02

2730 R=R2

2740 G@ SUB 2900

2750 JS=02-J1




2760
27170
2780
2790
28040
2810
2820
2 &30
2840
2850
2899
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3198
3199
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480

1k2

R=k3

Ge¢ SuUB 2900
J3=02

R=R4

G@ sSuB 2900
J6=02-J43
S3=S1*JS5%J6

S4=S1*]J5%J5
S§5=51%J6%J6

RETURN

REM SUBRBUTINE FOR Q2=J(Rs0)2%Xt3
7=X*R

IF Z>5S THEN 3000

Q1 =R*R*R/2

02=01/3

A3=INT(2%Z7)+3

F@R 0=1 T@ Q3
Ql==-25%Z%Z2/Q07C0+1 %31
Q2=02+Q1/7(2%G+3)

NEXT ©
Ge T@ 3050
Q1=C(C(~188.13577/72+109+1142)/2~23.79333)/72+2.050931)/2

01=C¢{Q1-0.1730503)/72+0:-7T034845)/2-0.064109E~3
Q2=(((~5.817517/Z+2.105874)/2-0.6896196)/72Z+0.4952024)/2
Q2=(QR2-0.187344E-2)/Z2+0.7979095
02=(1-SOR(ZI*(QA2*CAS(Z-PI/4)-QI1*SINCZ-P2/4)) )/ (XK¥X*X)
RETURN

REM SUBRGUTINE FOR GAMMA FACTORCK(I)I»NC(I))

REM FOR BETACX1,Y1)N

Q1 =X%xX

Q2=01%481

0=0

N=N9

M1 =S(N)

Ul =UCNI

G@ suB 5000

XINDY =X1

Y(N)I=Y1

@=Q+X1*T(N) /RS

IF @>20 THEN 3340

IF N=] THEN 3340

N=N-~1

G@ T@ 3240

N7 =N

REM FOR GAMMA FACTOR
N=N7+]

Gg SUB 5100

G sSuB 5150

IF N8=N7+1 THEN 3560
XO=X(NT+1)
YO=Y(NT+1)

REM F@R V(MsNT7YJ»2
N6=NG

IF N8>N7+1 THEN 3470
REM FOR V(KsNTIJ.2
N6=N9

FBR N=N7+2 T@ N6
X1=X(N)



3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3 680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060

Yi=Y{N)

G@ SuUB 5300

G@ SUB 5580

X0=X1

Yo=Y1

NEXT N

IF N8<N7+1 THEN 3970
I11=v3

12=V4

13=V7

14=V§

IF Ng=N9-1 THEN 3920
REM FOR V(KsM+1)Lo]
XO0=X(Ng+1)
YO=Y(NE+1)

N=NE+2

X1=X{N)

Yi=Y(N)

G® SUB 5300

Vi=T1

va2=T2

V3=T3

V4=T4

VS=T5

Vé6=T6

VT=T7

VE=Tg

IF N8=N9-2 THEN 3870
XO=X{N8+2)
YO=YI(NB+2)

FOR N=NE+3 T0 N9
X1=2X{N)

Yi=Y{(N)

G@ SUB 5300

G® SUB 5500

X0=X1

Yo=Yl

NEXT N

15=y3

16=V4

17=Vv7

18=V8

REM FZR T(M+1:M)1,J
X0=X{(Ng)

YO=YINE)

N=NB+1]

X1=X(N)

Yi=Y{N)

FOR I=1 T0 3

I1F N8<NT7+1 THEN 4190

TIN=1)=T*{1+(1~2)%T9)

G® SUB 5300

143

REM FOR T{(M+1,MI1,J VI(Ms112Ja2

va=1It
Va=12
Vvi=13
Vg=14
GO@ SUB 5580



4070
40K0
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4999
5000
5010
5020
5030
5040
5050
5060
5070
5099
5100
5110
5120
S130
5140
5150
5160
5170
5180
5190
5299
5300
53t1¢C
5320
5330
5340
5350
5360
5370
53&0
5390
5400
5410
5420
5430
S 440
5450
S 460
5499

1k

IF N&=N9-1 THEN 4190

REM FEF VIKsM+1)ILsI sseee
T1=v1

To=V2

T3=15

Ta=16

TO=V5S

Té=V6

T7=17

TH=IK

GEC SuB S5%0

REM F@R GAMMA FACTER
VI=VT/VE+VE/VT
KCI)=(V3/VB+VALA/VTI/IVS
NCIY=(Varvg-v3s/v73/V9

NEXT 1

RETULRN

REM SUBRGUTINE FOR BETAC(X1»,Y1)
IF MI<O1*1E-5 THEN 5050
N3=S5CRIC2+M1*M])
X1=.7071067T81*SCR(@3+01) /U1
Y1=+707106781%50R(G63~-01)/U1
G@ Te 5070

X1=X/7uU1

¥Y1=0

RETURN

REM SUBKRGUTINE F@R INITIAL STEPS
XQ=X{N~1)

YO=Y(N=1)

X1=X(N)

YI=Y(ND

RETURN

V3=X1-X0

Va=Y1-YO

V7=X1+X0

VE=Y1+Y0

RETURN

FEM SUBROUTINE F@k XFOKMATIOM MATRIX T
N2=X1+X0

01=X1-X0

04=Y1+Y0

03=Y1-Y0
NS=1HN-1I%T(N-1)>/RD
R6=EXP(LR5%X0)

Q7T=COS(R5*YQ)

O8=SINCOS*YO0)
T1=(R2*Q7+Q4*QK) /786
T2=(04%Q7 -02*%Q8)/06
T3=CQ1*QT7-Q3*0OKI*Q6
T4=(Q3*%Q7+Q1*QEI*06
TS=(Q1*Q7+C3*0QKI/06
TéE=(Q3*QT7 -1 %) 706
T7=(R2%D7-04%0EI*C6
TE=(Q4*QT7+Q2%QKI*06

RETURN

REM SUBREUTINE FOR XFORMATION MATRKIX V

550001=V1
551002=Vv2



1hs

552005=V5
553006=Vé

5540
5550
5560
5570

VI=T1I*C1 ~T24Q2+T3*%Q5-T4%06
V2=T2%Q1+T1 *Q2+T4*Q5+T3%06
VS=TS*xQ1 ~T6*Q2+TT*Q5~-TH*06
Ve=Te*Q1+TS*A2+TE*0S+TT4#06

558003=V3
5590Q4=V4
560007 =V7
561008=VY

S €20
5630
S 640
5650
SEE6D
5999

V3=T1*03~T2%04+T3*Q7~T4*0E
VAsTO*03+T1%Q4+T4%QT+T3*QE
VT=TS*E3-TE6X04+TT*GT ~TH*OK
UE=T64Q3+TS5*04+TH*QT+TT*08

RETURN

REM SUBROUTINE FOR CIRCUITs MAGNITUDEs, AND PHASE

6000N]I =N3/((R2-R1)I*L.3)
E01ON2=N4/((R4~R3I %L 4D
£02000=6.30047T5204E -7 *F*R5

€030
6040
6050
6080
€070
6080

W1 =WxC&*RO
W2=WkxCT*R9
W3=1-Wi*xW2
Wa=Wl +Wa

FErR I=1 T0 3
FOR J=1 T8 5

60907&=Q0*N1 *N2*A(1,.J)
£10079=00%N1 *N2%B{(1,5.J)
£110Z=004N1*N1*C(I.J?
£12022=00*N1*NI*(DCI>J)+A3)
613071 =00%N2RkN2*ECL,.0)
614073=00%N2*N2*(F (I, J)+A4)>

£150
€160
6170
6180
6190
6200
6210
£220
6230
6240
£250
£260
&£270
£280
6290
€300
€310
6493
&£500
6510
520
6530
&540
6550
&£555
#5564
&560

G1=RO+R6+Z~WI*Z2

N2=R9+RT+71 ~W2% 73

03=72+W1k(R6+Z)

Qa4=73+W2X(RT+Z1)

O5=27K*%78~29%7Z9

Q6= ZH*79

QT =01%02~03*%Q4~{(W3*QS5~Wa%Q6)
PDR=O1*Q4+Q3 %P2 - (WAKOS+WI*Q6)
QS=7Z8*%kQAT+79%08

WS5=79%07-78%0Y

MCTs J)=G5*RORVO*SORIQI*RQI+WERWS ) /(QT *UT +UEUE)
PCI> J)=ATNI(WS/709)

IF 09>0 THEN 6290

PCIs J)=PCI,JY+SGN{WHIXPY

NEXT J

NEXT 1

RETURN

REM SUBROUTINE FOR DISC. VGLTAGE AN PHASE SHIFT
Q1=M{2,5)%kSIN(P(2,9))~-M(2,1)%SIN(P(2,1))
O2==-ML2,5*%COASIP{(2,5))+M(2,1I*CRSIP(2,1))
N3=ATNLQ1/702)>

IF 02>0 THEN 6350

A3=03+5GNIAL1I*P9

Y1=M{2, 13RS INCQ3+P(2:1))

21 =03

g2=vi

FErR I=1 TO 3
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6570 FOR J=1 T@ S
€580 Q(I:J)=O3~ATN(V1/SQR(M(I»J)*M(I;J)-VI*Vl))+P(IaJ)

6590 NEXT J

6600 NEXT 1

6610 RETURN

$699 REM SUBRBUTINE F@R PRINTING RESULTS

67T00PRINT”DRIVER RES'", " INDUCTANCE" ;*"N@ TURNS™ " SHUNT CAP","N@R IM PT"
6710PRINTR6»QO*N]*NI*ASIW:N3:C6:(D(2:3)+A3)/A3
6T20PRINTPICKUP RES",* INDUCTANCE" »*"N@ TURNS'" " "SHUNT CAP","N@R IM PI1"
6730PRINTR7:90*N2*N2*A4/W:N4:C7a(F(2:3)+A4)/A4

67 A0PRINT “DRIVING VBLT","SERIES RES".,"AMP GAIN"L"INPUT IMP”
STS0PRINTVOsR0,G5sR9

67 60PRINT "DISCRIMINATOR VOLTAGE IS'"3svi

6770 PRINT

6780 PRINT L6aL6*L2:L6*2*L2:L6*3*L2:L6*4*L2

6790 FOR I=1 Te 3

6800 PRINT

6810 PRINT MCIo1)oMCIL2)5MC103)0MCI54),MC1,5)

6820 PRINT PCL1s1)5PC1s2)5PC153)5PC1,4),PC155)

6830 PRINT Q(I:l):0(I:2);Q(la3)a@(134>p9(IpS)

6840 NEXT I

6850 RETURN

€999 REM SUBRGUTINE FOR AV. PHASE SHIFT AND LIFT-@FF ERR@KR
7000 @1=0€1,1)

TO10 02=0(1,1)

7020 FBR J=2 TO 5

7030 IF 9€1,J)<Q1 THEN 7050

7040 91=0C1,0)

7050 IF 0¢€1,J)>02 THEN 7070

TO60 @2=0(1,J)

TOT0 NEXT J

7080 9=(Q(i»l)+Q(l:2)+0(la3)+Q(154)+Q(105))/5

7090 0:@~(0(3:l>+0(3:2)*9(3:3)+Q(3;4)+9(3:5))/5

7092 8=0

7100 PRINT“PHASE SHIFT"3Q@3"LIFT-0FF"3Q01~023" IN 2"3100%(Q1~02) /0
7110 PRINT™IN DEGREE" 30%P8,(Q1 -02)%Pg

7120 RETURN

7199 REM F@R COIL DESIGN» ATTENUAT@OR» DRIFTs AND EXIT
T20C0PRINT™] COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 Ccon CaL"
T210INPUT NS

T220PRINT

T2308N N5 GO T 73008200, 8600,9900

7299 REM F@R COIL DESIGN

7300 PRINT “DRIVER WIRE GAGE» TURNS» PICK~UP WIRE GAGE, TURNS™
7310 INPUT Q1,02,03,04

7319 REM F@R DRIVER

7320 W1=R1

T330 wa=R2

7340 wW3=sL3

7350 GO SuUB 7510

7380 N3=Q2

T370 R6=09

7380 PRINT "DRIVER"™3N33"TURNS OF #7363 "WIRE™}

7390 PRINT 97I"ILAYER"IQB1"LAYERS"3R63"9HM"

7399 REM FGR PICKUP

7400 Q1=@3

7410 Q2=04

7420 W1=R3



7 430
T 440
7450
T 460
7470
7480
7490
7500
7509
7510
7520
7530
7539
7540
7550
7560
7570
7580
7590
7600
7610
7620
7630
7639
7640
7650
7660
7670
7 680
7690
7700
7710
7720
7730
7740
T750
8199
8200
210
8220
8230
%240
8250
g260
8270
&2H0
8290
#8300
8310
8320
8330
8340
8350
8360
8599
8 600
8610
8620

1h7

WZ=R4

W3=La

Gg SUB 7510

N4=02

R7T=2%09

PRINT "PICKUP™ ;N4 TURNS EA #73G3"WIkk"3
PRINT O7:"/LAYER" Q83 "LAYERS" RT3 EHMS TETAL"
Ge T@ 1140

REM SUBRQUTINE F@R GAGE AND TURN NUMBEK

W1 =Wi*R5

W2=W2%*R5

W3=W3*R5

REM FOR GAGE

G=01

IF G>.5 THEN 7640

N5=.,95%SOR(W2-W1I*W3/02)

Q6=1.0371E~5/65/705

GO=40
G=40+10%(LBG(RA)I-LOBG(.9989+.01T7*(G0/10~1)3)3)/2.30259
IF ABS(G~-GO0Y<1E~-4 THEN 7630

50=G

G2 TO 7590

G=INT(G)

REM F@R TURN NUMBER AND Ké
N6=C+9989+.01T*(G/10-12)2*%10+(G/10~4)
05=50R(1.0371E~-5/706?

1F G> 40 THEN 7690

05={ . 460695*.OG(O5*E3)~.43444)%]1E-3+05

G@ T@ 7700
OS=(98.02228%05+2+56T91E~-2)*%1E~3+05
R7=INT(W3/05)

AB=INTC(W2-W1)/705?

IF 02>.5 THEN 7740

QA2=Q7*08§

09=02%DE6X(W2+W1 I*PI/12

RETURN

REM FOR ATTENUATOR DESIGN

PRINT "DRIVER SERIES RESs SHUNT CAP» PICK~UP SHUNT RESS
INPUT 01,82,03.04

IF 01=0 THEN %240

RO=01

IF 02=0 THEN %260

Ce=02

IF @3=0 THEN 8280

R9=03

IF Qa=0 THEN 8300

C7=04

01 =00*N1¥N1*¥(D(2»32+A3)/W
Q2=00%N2KN2%X(F(2:,3)+A4d/W

PRINT "DVR CT"31/7(W*SQR{Q1*CHII"BELOW REDS™3
PRINT SERCQI/C6I:"™BPT RES'3RO/(W*01)3"RES/KEACTANCE"
PRINT P~ CT"31/(WkSOQRIQ2%CT))3"BELOW RES";
PRINT SOQORCQ2/CTIsVEPT RES"™IR9/{W*02)3"RES/KEACTANCE"
GO TO 1140

REM FOR DRIFTS

PRINTSYSTEM DRIFT VARIATIONS®

Fi1=.01

EL=.01

SHUN1T CAP"



8630
8 640
8650
8660
8670
8680
8690
8710
8720
8730
8740
8750
8760
8770
8780
8790
8800
g881C
8820
8830
8840
8850
8860
8870
88&O0
8890
8900
8210
8920
8930
8940
8950
8960
8970
89E0
89930
9000
9010
2020
9030
9040
9050
9060
9070
2080
2090
2100
9110
3120
2130
2140
9150
9160
9170
9299
9300
9310
2320
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E3=.01

E4=00|

ET=.01

E8=.Ol

EQ:-OI

Al=,-01

A2=.01

PRINT "% VARIATN”,»"PARAMETER'","RADIAN","DEGREE","% BF RANGE®™
IF E1=0 THEN 8770
R6=R&6%(1+E1)

PRINT 100%E1,'"DRIVER RES'">
G@ SuUB 9320

R6=R6/(1+E1)

IF E2=0 THEN 8820
R7=R7%(1+E2)

PRINT 100#%E2,'"PICKUP RES"»
G@ SuB 9320

R7=R7T/7C1+E2)

IF E3=0 THEN 8870
Ce=CH%(1+E3)

PRINT 100*%E3,"DVR SHUNT CAP™,»
G@ SUB 9320

Ce=C6/C(1+E3)

IF E4=0 THEN 8920
CT=C7*(1+E4)

PRINT 100%E4,"P-U SHUNT CAP",
G@ SUB 9320

C7=CT/7¢1+E4)

IF E7=0 THEN 8970
RO=RO*C1+ET)

PRINT 100%E7,"SERIES RES"»
G@ SUB 9320

RO=RO/C1+ET)

IF E8=0 THEN 9020
R9=R9%(1+E8)

PRINT 100*E8&,"AMP INPUT RES™,
G@ SuB 9320

R9=R9/(1 +EH)

IF E9=0 THEN 9070
VO=VO*(1+E92

PRINT 100*E9,"APPLIED VOLT*,
G SUB 9320

VO=VQ/(1+E9)

IF Al=0 THEN 9120
F=Fx{]+A1)

FRINT 100%A1,"FREQUENCY™,
G2 suB 9300

F=F/C1+A1)

IF A2=0 THEN 9170
RS=R5%(1+A2)

PRINT 100*A2,"MEAN RADIUS",
G@ SuUB 9300

R5=R5/7(1+A2)

G@& T 7200

REM SUBRGUTINE F@R DRIFT
G@& SuUB 600

Go 5uUB 1500

G@ SUB 6000



9330
9340
9350
9360
9370
9380
9390
? 400
3410
9420
9900
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a1=0

FOR I=1 T3

FOR J=t T@ 5

O2=01 ~ATNC(@2/SARMMUIL DI *¥M(I - J)=02%B2)3+P(1+J)~8(12J)
1F ABSC(Q1)>ABS(Q2) THEN 9390
01=02

NEXT J

NEXT I

PRINT ©15,180*%R1/P9,100%01/0
RETURN

END
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MULTIT, FORTRAN Version

The FORTRAN version of MULTIT is very similar to the BASIC version.

The line numbers given are only for identification and editing purposes

and have no effect on the actual execution of the FORTRAN program. The

data must be typed in the seventh column, or six spaces must first be

typed.

00250
00260
00270
00280
00290
00300
00310
00320

00330
00340
00350
00360
00370
00380
00390
00400
00410
00k20
00430
ooklo
00450
00510
00520

The data are inputed as follows:

R>
R1
R2
L3
R3
RU
LL
L5

L6
R6
RT
N3
N4
RO
R9
cé
cT
VO
G5
F

L2
NG
N8

i

coil mean radius in inches)
normalized inner radius of driver coil)
normalized outer radius of driver coil)

normalized length of driver coil)

normalized outer radius of pickup coil)

normalized length of pickup coil)

i

(
(
(
(
= (normalized inner radius of pickup coil)
(
(
(

normalized length of recess of each pickup coil from

the face of the driver coil)

i

(normalized minimum lift-off of the driver coil)

i

(resistance of driver coil in ohms)

(resistance of both pickup coils in ohms)

il

(number of turns on the driver coil)

(number of turns on each pickup coil)

= (driver amplifier series resistance in ohms)

(pickup amplifier shunt resistance in ohms)

(shunt capacitance of driver circuit in farads)

1

(shunt capacitance of pickup circuit in farads)

= (output voltage in volts)

il

(amplifier gain)
(operating frequency in Hertz)

normalized lift-off increment of the driver coil)

i

(
(

total number of conductors + 1)

(number of the specific conductor with conductivity

variation)
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00540 DATA TRHO/(resistivities in microhmecm)/

00550 DATA U/{permesbilities)/

00560 DATA 7/(thicknesses in inches)/

007LO T9 = (fractional variation of thickness of the N8-th layer)

The current version of MULTIT.FL is limited to a maximum of nine con-
ductors. However, this limitation can be removed easily by changing
one DIMENSION statement.

00110 DIMENSION T(N9), U(NQ), RHO(N9), M(NG), BETA(N9} .

The print~out of the FORTRAN version of MULTIT is practically
identical to the BASIC version and will not be repeated. The mein dif-
ference is that the question mark is not printed out when the program
is ready to accept data. The Coll Design, Attenuastor Design, Drifi
Check, and Continue Calculations options are the same. The line numbers

constant names, and parameter varied in the drift caleulations are as

follows:
Line Number Constant Parameter Varied

ok230 DR1 Driver Resistance
ok2ko DR2 Pickup Resistance
ok250 DR3 Driver Shunt Capacitance
ok260 DRY Pickup Shunt Capacitance
ok270 DR5 Series Resistance
ok280 DR6 Amplifier Input Resistance
04290 DRT Applied Voltage
04300 DR8 Frequency
ok310 DR9 Mean Radius

For example, to vary the driver resistance by 2% one would type:
04230 DRI = 0.02
As in the BASIC version, the last two drifis require that the entire
numerical integration be repeated and are relatively long running. If
any of the drifts is set equal to zero, it will be omitted from the
drift calculstions.
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Sample Calculation of MULTIT,Fh

Let us suppose that we wish to design a reflection type coil, iden-

tical to the one designed by the BASIC version. We will put the follow-

ing data in the program (generally by using the EDIT MULTIC.FL4 command

on the PDP-10 and inserting the statements). All linear dimensions are

normalized by dividing by the coil mean radius, except the coil mean

radius, which is in inches.

00250
00260
00270
00280
00290
00300
00310
00320
00330
oo3ko
00350
00360
00370
00380
00390
00400
00410
00420
00k 30
0okko
00450
00510
00520

R5 = .08325
Rl = 0.75
R2 = 1.25
L3 = .36
R3 = .36
Rk = .696
Lk = .096
LS = 0.0

L6 = 0.1

R6 = T79.36
RT = 530.5
N3 = 360,
Nk = k1o,
RO = 1.E6
RY = 1.E6
C6 = 1.E-12
CT = 1.E-12
VO = 10.0
G5 = 1.0

F = 1.0E4
L2 = 0.025
N9 = 5

N8 = L
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00540 DATA RHO/1.E10, 3.632, 5.393, 3.632, 1.E10, 5%0./
00550 DATA U/5%*1., 5%0./

00560 DATA T/1.E10, 2.8E~-2, 1.94E-1, 2,.8E-2, 1., 5%0./
00T7h0 T9 = 0.05

The FORTRAN program may now be executed. The print-out will be
essentially identical to the BASIC print-out and will not be repeated.
The FORTRAN version of MULTIT follows.



oo0o010C
00020C
00030C
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180C
00t30C
00200C
00210C
00220
00230C
00240C
00250
00260
00270
00280
0290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00450
00460C
00470C
00480C
00490C
00500C
00510
00520
00530
00540
00550
00560
00570
00580
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THIS PR2GRAM EVALUATES THE SENSITIVITY TG A THICKNESS
VARIATIBN IN ANY GIVEN LAYER OF A MULTI-LAYERED
MATERIAL

COMPLEX BETAO-BETA1,BETANVLVIT,TR,GAMMALMUTSDRIVER
CeMPLEX PICKUP

CeMMON X»Z,01,P17B1/BETAQ,BETAIL

COMMBN /B2/R1,R2sR3sRA5L35LAsRO,R6,RT2R95C65CT

COMMON /B2/V0sG5»WsFsRSsN3sN4/B3/MUT»DRIVER

CoOMMON /B3/PICKUP,AIR1,AIR2/B4/GAGE> XIN»XQUT

COMMEBN /BA4/7XLEN>TURNS»NIASJ1>PERLAYSXLAY

DIMENSION TC(10)5UC10),RHOC10),M(10),BETACI0)
DIMENSION V(2,2)5V97(252)sTR(2,2)>GAMMA(3) »DRIVER(3,5)
DIMENSIGN PICKUPC(3,»5),RLISILTMAGCI»5)»PHASE(3,D)
DIMENSION SHIFT(3,5)-MUT{(3,5)

REAL L2s,L35L4>L5,L6,LT,MsNI»N4

PI=3.1415926536

RAD=180.0/P1

JKL=0

THE FOLLPWING ARE INPUT DATA FOR THE PARAMETERS OF
THE COILS»MATERIALSAND CIRCUIT

R5=0.08325

R1=0.75

R2=1.25

L3=0.36

R3=.36

R4=.696

L4=.096

LS:0.0

L6=0.1

R6=79.36

R72530.5

N3=360.0

N4=410.0

RO=1.0E6

R9=1.0E6

Cé6=1.0E~-12

C7=100E;12

V0=10.0

GS5=1.0

F=1.0E4

L2=0.025

N9 IS THE T@TAL NUMBER OF LAYERS,INCLUDING THE CBIL
ZONE>AND N8 IS THE LAYER WH@SE THICKNESS VARIES

Ng=5
NE=4
IF(NIeLTe3eBRcNEGE «N9BORNEEQel) GO TO 1010
DATA RHO/Z1+E1053¢6325543935s3¢63221E1055%0.0/
DATA U/S5%1.0:5%0.0/
DATA T/1«E105:0285¢1%945,+0285155%0.0/
L7=L3~2.0%(L4+L5)

S W=2.0%PI%F



00590
00600
004610
og6ez20
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770C
00780
00790
€0800
60810
00820
00830
00840
00850
00860
oo870
00880
00890
00900
00910
00920
00930
00940
00950
00960C
00970C
009%80
00990
01000
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100
08110
01120
$1130
01140
¢G11350
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IF{IKL.NE.QY GO TO 15
TYPE 10
10 FORMATCIH »1HN»I13Xs1OHTHICK«CINI»4Xs 1 1HR(M~GHM CM) »
13X>THM,SIGMALS 7T X2 1HU?
15 D8 S0 I=1.N9
IF(RHBUI«GT10E9) G2 T 20
MIId)=05094%UCI)*F%RS%RS/RHOCT)
G@ T@ 25
20 M{I)=0.0
25 IF(JKLNEWJ)Y GB8 T8 50
30 TYPE A0 1sTCIX>RMBCIILMUIYLUCTY
40 FORMATCIH »12,12Xs1PE12+5,2XE12e552X5E12+5,2X50PF642)
S50 CONTINUE
TIN9Y=0.0
TO=TINE>
T9=0.05
IF{JKL.NE.OY GB& TO 105
-TYAR=100,0%T9
THE SYSTEM PARAMETERS ARE PRINTED ouT
TYPE SS,NB8sTVAR
55 FORMAT(IH »22HTHICKNESS VARIATION @F»13,14HTH LAYER
1 15 +=3F6+2,1H%)
TYPE 470
TYPE 60,R15R25L3
60 FORMATIIH »3HR1=,F8+5+3Xs3HR2=sFE+5,3Xs 1 4HDRIVER LENGTH=»
1F8.5%
TYPE 70-,R35R4,L4
70 FORMATC(IH »3HR3=,F8:553X»3HRA=sFE+5,3Xs 1 AHPICKUP LENGTH=,
1F8e53
TYPE 80sRS5,.F
80 FORMATC(IH »17HC@IL MEAN RADIUS=>F&.5,7H INCHES,»3Xs
120HPPERATING FREQUENCY=,1PE12.5)
TYPE S0,L5
20 FORMATC(IH »1SHPICKUP RECESSEDs»F8.5)
TYPE 100,016,502
100 FORMATOIH »313MMIN LIFT-@FF=,F8.5,3%X219HLIFT-QFF INCREM
1ENT=2,F8.5)
THE INTEGRATION BEGINS HERE. THE MUTUALSDRIVERsAND
PICKUP INDUCTANCES AND THE AIR VALUES ARE CALCULATED
105 51=0.01
$2=%.0
Bi=0.0
g2=82
Dg 107 1=1,3
D@ 107 J=1,5
MUTC1>00=(0:02.0.0)
DRIVER(I»J2=(0+0,0.0)
I07 PICKUP {1I,J)=(0.0,0.0)
AIRI=0.0
AIR2=0.0
110 19=(B2-B1)>/51
X=Bi~85i1/2.0
D2 390 1DX=is11
X=X+51
TEST=X%*L3
IFCTEST BT .20.0) GB& TO 120
W3I=EXP{-TEST)?




01160
01170
01180
01190
01200
01210
01220
01230
D1240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350
01360
01370C
01380
01390
01400
01410
01420
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
01540
01550C
01560
01570
01580
01590
01600
01610
01620
01630
01640
01650
01660
01670
01680C
01690C
01700
01710
01720C

120
130

140
150

160
170

180

190
200

210
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Ge Te 130

W3=0.0

W8=1.0-W3

TEST=X*L4

IFCTEST+GT«20.0) G@ T@ 140
WA=EXP(-TEST)

GO TG 150

W4=0e.0

WI=1.0-W4

TEST=X*1.7

IFCTEST«GT+20.0) G& T® 160
WI=EXP(-TEST)

G@ Te 170

W7=0.0

WS=EXP(~X%L5)

WO=1e0~WTkW4

TEST=X*L6

IFCTESTGT«20.0) G@ T8 385
WE=EXP(~2.0%TEST)

Z=X*R2

Qt=Re

SUBRGUTINE BESSEL EVALUATES THE INTEGRAL 0OF XJ1(X)
CALL BESSEL(VAL2)

Z=X*¥R1

@1 =R1

CALL BESSEL(VAL1)

Z=X¥R4

@1=R4

CALL BESSEL(VAL4)

Z=X*R3

@1=R3

CALL BESSEL(VAL3)
S3=S1%(VALZ2-VAL1)I>*(VALA~VAL3)
S4=S1%x(VAL2~-VAL1)*(VAL2~VALL1)
SS5=51%(VAL4-VAL3)Y%(VAL4~VAL3)

AS =W 6X WS KkWB*WI*WOXS3
AL=WOXWBKWEXRS54
AT=WEXUS*WS W IkWOFW OXWO*SS
IF(X«GT+30.0) G@ T® 385

THE LOWEST SIGNIFICANT LAYERsN7,1S DETERMINED
@SUM=0.0

N=N9

TEST=X*X%¥1.0E~5

IFCMCN) «LT.TEST?Y G@ TO 190
BETA(N)=CSQRT(CMPLX(XXX,sMIN)II/ZUCN)
G@ To 200

BETA(N)=CMPLX(X»0.0
QSUM=QSUM+REAL(BETAINII*T{(N)Y/R5
IF(QSUMeGT 22000R-N.EQ-1) GO TO 210
N=N-1

G T@ 180

N7=N

THE MATRIX ELEMENTS VI(NT7+1,N7lL,2 (L=1,2) ARE
CALCULATED

V(1,2)=BETA(N+1)-BETA(N)
V(2,2)=BETA(N+1)+BETA(N)

THE TOTAL MATRIX V(N9,N7) IS CALCULATED BETWEEN HERE



01730C
01740C
01750C
01760C
01770
01780
01790
01800
01810
01820
01830
01840
01850
01860
01870
01%80
01890
01900
01910
01920
01930
01940
01950
01960
01970
01980
01990
02000
02010
02020
02030
02040
02050
02060
02070
02080
02090
02100
02110
02120
02130
02140
02150
02160
02170
02180
02190
02200
02210
02220
02230
02240
02250
02260
02270
02280
02290
02300

240

250
255
260

270

280
290
300

310

320

57

AND LINE 330, THE GAMMA FACTOR 1S JUST THE RATI®
YINGsNTI12/VINGNTI2»2« SUBROUTINE XF@ORM CALCULATES
THE TRANSFORMATION MATRIX T(M+1,M)I,J AND SUBROUTINE
MATRIX THEN CALCULATES VI(KaLYIsJ ‘
IFCNB.EQ.INT+1)) GO T@ 260
BETAQO=BETA(NT+1?

MNe=Ng

IF{NEBGT-{NT+1)) G& T@ 240
N&=NG

IDALI=NT+2

IFCIDX1 GT.N&Y GB T@ 255
D@ 250 N=IDXx1i.N6
BETA1=BETAIN)

CALL XFORM{(NsTR,RS5,U-T)
JUMP =]

CAaLL MATRIXCJUMPSV,TR)
BETAD=BETAI
IF(NB.LT.(N7+12) GO T9 310
VOT7(1,23=V(1,2)
VoFL2,22=V(2,2)
IF(NB.EQ.C(NS~13) GO T@ 300
N=Ng+2

BETAD=BETA{NG+1)

BETA1 =BETA(N)

CALL XFORM{NJSTRsRS»U-T)

DEe 270 I=1.2

D@ 270 J=is2

VeI J3=TR{1,J}
IF(NB.EQ.{NS-2)) GB& T@ 290
BETAO=BETA(NG+2)

IDXi=NB+3

IF(IDX1-GT-N9) GO T8 290
D@ 280 N=IDX1-.N9
BETA1=BETA(N)

CALL XFORMINLTR«RS»U-T)
JUMP=0

CALL MATRIX{JUMP,V,>TR?
BETAO=BETAI
VOTCl-13=V(1,2)
V97(2,13=V(2,2)

N=NSg+1

BETAQ=BETA(NS)
BETA1=BETA{N)

D@ 330 I=1.3
IF{NBLT(NT+12> G@ T 330
Al=l
TN=132TO%*{ 1 -0+CAI-2.0)%T9)
CALL XFORMIN,TR>RS»U-T)?
VEi»2)=2Ve7(1,2)
VI{2,23=Ve7¢2,2)

JUMP=1

CALL MATRIX{JUMPL,V»TR)
iF(NB.EQ«(N9~12) G@ T@® 330
D@ 320 J=1.2

TRCJs 122V 1)
TRLJ23=V9T(Js1D

JUMP =]

CALL MATRIXCJUMP,V,TR?



02310
02320
02330
02340
02350
02360
02370
02380
02390
02400
02410
02420
02430
02440
02450
02460
02470
02480
02490
02500
02510
02520
02530
02540
02550
02560
02570
025K0
02590
02600
02610
02620
02630
02640
02650C
02660
02670C
02680C
02690
02700
02710
02720
802730
02740
02750
02760
02770
02780
02790
02800
02810
02820
02830
02840
02850
02860
02870
02880
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330 GAMMACII=V(1,23/V(2,2)
TI(NBI=TO
RLC1)=1.0
TEST=X*L2
IFCTEST«GT+20.0) G& TO 340
W2=EXP(=2.0%TEST)
G@ TO 350
340 W2=0.0
350 D@ 370 K=2s5
AK=K
TEST=AK*X%L2
IF(TEST«GT«20.0) G@ TE@ 360
RLCK)=W2%RL(K-1)
G@ T 370
360 RL(K)=0.0
370 CONTINUE
D@ 380 J=1,3
DB 380 K=1,5
MUTC(JsKI=MUT(Js K3 +GAMMA CJI ®RLCK) *A5
DRIVERCJsKY=DRIVERCJ-KI+GAMMA(JI*RLIKI*A6
380 PICKUPCJ»KI=PICKUPC(JsKI+GAMMACJ)*RLIKI*AT
385 AIR1I=AIR1+2.0%S4%(X%kL3~-W8E>
AIR2=AIR2+SS%( 40k (X¥L A=W -2 0%kWTHWIRW I
390 CONTINUE
B1=B2
B2=B2+52
Sl=0-05
IF{(X.LT.9.0) GO TO 110
S1=0.1
IF(XLT2%9.,0) G@ TO 110
51:002
IF(XsLT«39.0) GO TO 110
S51=0.5
IF(XeLT«79.0) GO TO 110
THE INTEGRATION ENDS HERE
IFCJKL.NE.0Y GO T@ 780
NEXT» THE INDUCTANCES,VOLTAGES,»AND PHASE SHIFTS
ARE CALCULATED AND PRINTED
400 CALL CIRCT(TMAG,PHASE,»Q0,Ti»T2)
CALL PHASET(TMAGsPHASEsSHIFT»VIL»SET)
TYPE 410
410 FORMATC(IH »10HDRIVER RES»4X»10HINDUCTANCE» 4X>
18HNG TURNS»6Xe 9HSHUNT CAP»5X:9HNOR IM PT)
Q1=Q0%Ti*T1*AIR1/YW
2=(REAL(DRIVER(2,3))+AIR1)/A1K1
Q3=Q0*T2*T2*%AIR2/W
04=(REAL(PICKUP(2,3))+AIR2)I/AIRZ
TYPE 420,R65Q1,N35C6,02
420 FORMATC(IH s1PE12¢5,2XsE12¢5,2Xs0PF8B+156X51PEL1245,
12Xs0PF9.6)
TYPE 430
430 FORMAT(IH »10HPICKUP RES»>4Xs10HINDUCTANCE, 4X>»
18HND TURNS»6Xs 9IHSHUNT CAP»SX,9HNOR IM PT)
TYPE 420,R7,Q3-N4,C7,04
TYPE 440
440 FORMATC(IH »12HDRIVING VOLTs2Xs10HSERIES RES»4X»
18HAMP GAIN»&6X, 9HINPUT IMP)
TYPE 450,V0sR0,G5,R9



02890
02900
02910
02920
02930
02940
02950
02960
d2970
02980
02990
03000
03010
03020
03030
03040
03050
03060
Q3070
03080C
03090
03100
03110
03120
03130
03140
03150
03160C
03170C
0318C
03190
03200
03210
03zz0
03230
03240
03250
03260
03270
032806
03290
033060
0331¢
03320
03330
03340
03350
03360
03370
03380
03390
03400
03410
03420
03430
03440
03450
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A50 FERMATCIH »F5.159X01PEL12+5,2Xs0PF8e156Xs1PE12.5)
TYPE 460,V1
460 FORMATU(IH ,22HDISCRIMINATOR VOLTAGE=,1PE12.5)
TYPE 470
470 F2RMATC(1IH )
RLCi2=Lé
D@ 480 I=2,5
480 RLCID»=L2+RLC(I~12
TYPE 490.,RL
490 FORMATI(IH »4(F6+3,8X)sF86.3)
TYPE 270
D@ 500 I=1,3
TYPE SI10,(TMAGCI»J)»J=155)
TYPE 510,(PHASE(]I>J)»J=1,55)
TYPE S10s(SHIFTC(1,J)»J=1,5)
TYPE 470
500 CE@NTINUE
510 FORMATC(IH »4CIPE12:5,2X),E12.5)
CALL SENS{SHIFT>RAD.,SEN)
THE USER NEXT SELECTS ONE OF FQUR POSSIBILITIES
520 TYPE 530
530 FERMAT(' | CQIL DESIGN 2 ATTEN.DESIGN 3 DRIFT CHECK
1 4 C@N CAL'")>
TYPE 470
ACCEPT S40,NS
540 FPRMAT(I1)
GE@ TBL(550,680,760s,1010),N5
THE FIRST PESSIBILITY ALLOWS THE USER T® ALTER THE
C@il DESIGN BY INPUTTING THE REQUESTED INTEGER DATA
550 TYPE 560
560 FORMAT(® DRIVER WIRE GAGE, TURNS. PICKUP WIRE GAGE.»
1 TURNS')
TYPE 470
ACCEPT S7T0,N1A>N2ASN3A»N4A
570 FORMATC(41)Y
IF{NIAXNZ2A.EQ.0) GO TE® S8O
GAGE=N1A
XIN=R1%R5
X@UT=R2%RS
XLEN=L3*R5
TURNS=N2A
N3=N2A
NiA=~{
Ji=1
CALL GAGER(R&)
G@& T@ &00
S80 IFINIAWER.0) G2 TO® 590
GAGE=N1A
XIN=R1*RS
X@UT=R2%RS
XLEN=L3%RS5
Ji=1
CALL GAGER(R6)
N3=TURNS
Gg TG 600
590 IF(NZA.EQ.0) GO TO 620
N3 =N2A
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03460 TURNS =N2A
03470 XIN=R1*RS5
03480 XKOUT =R2%R5S
03490 ALEN=L3%R5
03500 J1=0

03510 CALL GAGER(R6)

03520 600 TYPE 610,TURNS,GAGE,PERLAY>XLAY»R6
03530 610 FOURMATC(IH »6HDRIVER»F6+41210H TURNS QF#,F54154HWIRE,

03540 1FS5e15,6H/LAYERsF5+15 6HLAYERSS1PELI2 55 4HOHMS)
03550 620 IF(N3AXN4A.EQ.0Q) GB TO 630
03560 GAGE=N3A

03570 TURNS =N4A

03580 N4=N4A

03590 XIN=R3*R5

03600 XOUT=R4*RS

03610 XLEN=L4%RS

03620 Ji=1

03630 CALL GAGER(RT)

03640 R7=20%R7

03650 G@ T 650

03660 630 IFIN3A.EQ.D0) G3 TO 640
03670 GAGE=N3A

03680 XIN=R3*%R5

03690 XOUT=R4*KS

03700 XLEN=L4%R5

03710 J1 =1

03720 CALL GAGER(RT)

03730 R7=2+0%R7

03740 N4=TURNS

03750 G2 T@ 650

03760 640 IF(NAA.EQ.0) GO TO 670
03770 Na=N4A

03780 TURNS=N4A

03790 XIN=R3%R5

03800 XO@UT=R4%RS

03810 XLEN=L4%R5

03820 J1=0

03830 CALL GAGER(R7)

03840 R7=2«0%R7

03850 650 TYPE 660:TURNS,GAGE»PERLAY»XLAY»R7
03860 660 FORMATC(IH »6HPICKUP,F6+1510H TURNS EA#5F5+154HWIRES

03870 1F5.156H/LAYERsFS«1,6HLAYERS»>1PE12¢5, 4HOHMS)

03880 670 GO TG 400

038%0C THE SECOND P@SSIBILITY ALLOWS THE USER T8 ALTER THE
03900C ATTENUATOR DESIGN BY INPUTTING THE DATA REQUESTED IN
03910C E FIELD FORMAT

03920 680 TYPE 690
03930 690 FORMAT(' DRIVER SERIES RES» SHUNT CAP, PICKUP SHUNT RES»
03940 1 SHUNT CAP')

03950 TYPE 470

03960 ACCEPT 700,P1,P2,P3,P4
03970 700 FORMATCAE)

03980 IFCP1 .EQ@+0.0) G@ T8 710
03990 RO=P1i

04000 710 IF(P2.EQ+0.0) GO TG 720
04010 Ce=P2

04020 720 1F(P3.EQ.0.0) GO TO 730
04030 R9=P3
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04040 T30 IF(P4.EQ.0.02 GO TO® 740

04050 CT=pP4

04060 740 Q5=1.0/(W*SQRT(A1*Q2%C6))

04070 Q6=SQRT(Q1*Q2/C62

04080 Q@T=RO/(W*01%Q2)

04090 P8=1.0/(W*SORT(Q3*Q4*CT I

04100 Q9=SORT(O3*R4/CT)

04110 Q10=RY/{WXQ3I*Q4)

04120 TYPE 750,85,06,Q7

04130 750 FORMAT(1H »7THDVR CKT»1PE12.5,10H BELOW RES,IPE12.5,
04140 184 @PT RES»1PE12+55s11H RES/REACT«)

D4150 TYPE 755,Q08:,09,810

04160 755 FORMAT(IH »THP~U CKT+1PE12+55,10H BELOW RES,1PE12.5,
04170 18H OPT RES»>1PE1245511H RES/REACT.)

04180 Go T9 400 '

041%0C THE THIRD P@SSIBILITY ALLOWS THE USER TO EXAMINE THE
04200C EFFECT OF DRIFTS &N THE CIRCUIT

04210 760 TYPE 770
04220 770 FARMATC(IH s23HSYSTEM DRIFT VARIATIONS)
04230 DR1=0.01

G 4240 DRE2=0.01

04250 DR3=0.01

Q4260 DR4=0.01

04270 DR5=0.01

04280 DR6=0.01%

04290 DR7=0-01}

04300 DR8=0.01

04310 DR9=0.01

04320 Gg T@ 790

04330 780 CALL CIRCTI(SET,V!,SHIFT,RAD,»SEN)
04340 GO TG (970,1000)»JKL

04350 790 TYPE 80O
04360 800 FORMAT{IH »11HZ VARIATION.,3X.,13HPARAMETER VAR»1X»

04370 1 7THRADIANS » 7X» THDEGREES » TX» 1OHXZ OF RANGE)
04380 IF(DR1+EQ.0.0) G® T@ B30

04390 R6=R6%(1.0+DR1D

04400 DR1D0=100.0%DR1

04410 TYPE 820.DR100

04420 820 FZRMATUIH »F4.1,10X,13HDRIVER RES $)
04430 CALL CIRCTIC(SETsV1,SHIFTsRAD,SEN)
04440 R6=R6/7(1.0+DR1)

04450 830 IF(DR2.EG.0.02 68 T8 850

04460 R7=RT7%(1.0+DR2>

04470 DR100=100.0%DR2

04480 TYPE B840.DR100

044890 B840 FORMAT(IN »F4.1510X513HPICKUP RES $)
04500 CALL CIRCTI(SETsV1,SHIFT,»RAD,»SEN)
04510 RT=R7/(1.0+DR2)

04520 850 IF(DR3.EQ.0.0) GO TR B70

04530 C6=06%{]1.0+DR3)

04540 DR100=100.-0%DR3

04550 TYPE 860,DR100

04560 860 FORMAT(1IH sF4:15,10X>13HDVR SHUNT CAPS$)
04570 CALL CIRCTI(SET,V1»SHIFT,RAD,SEN?
04580 C6=C67(1-04DR3D

04590 &T70 IF(DRA.EQ.0.0) GO TO 890

04600 CT=CT%C1.0+DR4A)

04610 DR100=100.0%DR4



04620
04630 880
04640
04650
04660 B90
04670
04680
04630
04700 900
04710
04720
04730 910
04740
04750
04760
04770 920
024780
04720
04800 930
04810
04820
04830
04840 940
04850
04860
04870 950
04880
048920
04900
049310 960
04%20
04930
04940 970
04950
04960 980
04970
04980
04990
05000 990
05010
03020
05030 1000
05040
05050
05060C
35070 1010
05080
05020
05100
05110
05120
05130
05140
05150
05160
05170
05180 1500
05190
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TYPE 880,DR100

FORMATC(IH »FA4.15,10X213HP~-U SHUNT CAPS$)
CALL CIRCTI(SET»V1,SHIFT,RAD»SEN)
C7=C77¢1.0+DR4)

IF(DRS5.EQ.0.0) GO T® 910
RO=RO*(1.0+DRS)

DR100=100.0*DRS

TYPE 900,DR100

FORMATC(IH sF4.1210X213HSERIES RES £
CALL CIRCTI(SET»Vi»SHIFT,»RAD,SEN)
RO=R0/C1.0+DRS)

IF(DRG6.EQ.D.0) GO T® 930
RI9=R9%{1.0+DR6)

DR100=100.0%DR$

TYPE 9206,DR100

FORMATC(IH »F4.1510Xs13HAMP INPUT RESS)
CALL CIRCTI(SET»V1,SHIFT>RAD»SEN)>
R9=R9/(1 .0+DR&)

IF(DR7.EQ+0.0) GO T@ 950
VO=VO%(1.0+DR7)>

DR100=100.0%DR7

TYPE 940,DR100

FARMATCIH »F4-1510X»13HAPPLIED VOLT.$?
CALL CIRCTI(SET»V1,SHIFT>RAD»SEN)
VO=V0/C1.0+DR7)

IF(DRB«EQ-0.0) G& TB 980

F=F*{1.0+DR8B)

DR100=100.0%DR8

TYPE %60-DR!100

FORMAT(1IH »F4.1,10X,13HFREQUENCY $)
JKL=1

GO TO S

F=sF/7(1.0+DR8)

JKL=0

IF(DR9.EQ+0.0) G& T® 520
RS=R5%(1.0+DR9)

DR100=100.0%DR9

TYPE 9%0,DR100

FORMATCIH »F4.1510X513HMEAN RADIUS $?
JKL=2

GO TG 5

R5=R5/7C1.0+DR9?

JKL=0

G8 TO® 520

THE FOURTH POSSIBILITY ENDS CALCULATI®ONS
CALL EXIT

END

SUBRGUTINE BESSEL(VAL)

COMMEBN X»Z,01,P1

IFCZeGT«5.0) GO TO 1510

Lz2.0%Z4+3.0

Fi=0.5%Q1%9]1 %01

VAL=F1/3.0

D2 1500 I=1,L

Al=]

Fi=-F1%0.25%Z%Z/C(AI*A1+A1)
VAL=VAL+F1/(2.0%A1+3.0)

G@ T8 1520
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05200 1510 X0=(((~188.1357/2Z+109.1142)/2-23.79333)/2+2.050931)>/2Z

05210
05220
05230
05240
05250
05260
05270
05280
05290
05300
05310
05320
05330
05340
05350
05360
05370
05380
05390
05400
05410
05420
05430
05440
05450
05460
05470
05480
05490
05500
05510
05520
05530
05540
05550
05560
05570
05580
05590
05600
05610
05620
05630
05640
05650
05660
05670
05680
05690
05700
05710
05720
05730
05740
05750
05760
05770

1520

1600
1610

1700

1710
1720
1730

1740

XO0=({(X0D-01730503)/Z2+0.70348B45)/7Z-0064109E~3
X1=C{(=5.81T51T/2+2:105874)/Z-«6896196)/2+.4952024)/Z
X1=(X1~0.187344E-23/72+0.7979095
VAL={1+:0~SART(ZI¥(XI1¥COASCZ-PI/40)«X0%SINCZ=PI1/4+03))>/
1 CXkX%kXD

RETURN

END

SUBRGUTINE XFORM(NsTRsRSsU-T)

CoOMMON /Bl/BETAQ,BETA1

CeMPLEX BETAO.BETAl,EX»TR

DIMENSIBN EXC(22,UC10),TC1D),TR(2,2)
EXC1)=CEXPC(~BETAO*U(N~1)*TC(N=-1)/R5)
EX(2)=1.0/EX(1) :

D& 1610 1=1,2

D@ 1610 J=1,2

K=1+J

IF(K.EQ.3) GO TO@ 1600
TRCI>JI)=(BETAL+BETAQI*EXC(JI)

GO T 1610

TRCIs J)=(BETA1-BETAQOY*EX(J)

CONTINUE

RETURN

END ‘

SUBRBUTINE MATRIXCJIUMPIVLTR?

COMPLEX V»Q,TR

DIMENSION QC2s,2),V{(252),TR(2:52)
IFCJUMP.EQ.1) G@ T@ 1720

DT 1700 I=1,2

QCI»1)=V(1,1D

D@ 1710 I=1,2

V(Is1)2=C0.0,0.0)

D8 1710 J=1,2

VCI»13=VCIs1X+TRCIPJI*QCI1)

D@ 1730 I=1,2

QCI»2)=V(]1,2)

DO 1740 1=1,2

VCI»2)=C0.0,0.0)

D@ 1740 J=1,2

VCI»2d=VC(I»2)+TR(1,JY*QCJs2)

RETURN

END

SUBROUTINE CIRCT(TMAG,»PHASE»Q0,T1,T2)
COMPLEX MUTsDRIVERSPICKUP»Z1522223s24225+26521
COMPLEX DEN®M»TNUM, VOLT

COMMOEN /B2/R1sR2sR32R45L35L45R0»,RH6,RTsR9»C6,C7
COMMON /B2/V0,GSsWrFsRS>N3,N4/B3/MUTDRIVER
COMMBN /B3/PICKUP,AIR1,AIR2

DIMENSION MUT(35,5)sDRIVER(3,5),PICKUP(3,5)
DIMENSION TMAG(3,5),PHASE(3,5)

REAL L3,L4,N3,N4

T1=N3/C(R2-R1)Y%L.3)

T2=NA/7C(R4~R3)*L4)

Q0=6:300475204E -7*F%RS
Z1=CMPLX(W*C6%RQs=1.0)
Z2=CMPLXCW*CT*R9,-1.0)

Z3=CMPLX(0+05~R0O)

Z4=CMPLXC(0.0,~R9)



05780
05790
05800
05810
05820
05830
05840
05850
05860
05870
05880
05890
05900
05910
05920
05930
05940
05950
05960
059270
05980
05990
06000
06010
06020
06030
06040
06050
06060
06070
06080
060920
06100
06110
06120
06130
06140
06150
06160
06170
06180
06190
06200
06210
06220
06230
Q6240
06250
06260
06270
06280
062920
06300
06310
06220
0 6330
06340

1800

1900

2000

2010

2020

2030

2100
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D@ 1800 I=1-3

DO 1800 J=1s5

Z5=Q0TI*T2%¥MUT(1,J)
Z6=Q0*T1*TI*(0+0,1«0)*C(DRIVER(1sJI+AIR1)
ZT=00%T2%T2%(005,10)*(PICKUP(I,J)+AIR2)
DENBM=Z1*Z2%75% 7204+ (Z1 % (Z6+RE6I+Z3I*(Z22*%( ZT+RTI+Z4)
TNUM=VO%RI*G5%(0e0s~1.0)%2Z5

VBLT=TNUM/DENGM

TMAGCI,J)=CABS(VOLT)

PHASECI> J)=ATAN2(AIMAG(VALT ) s REAL(VOLT)?
RETURN

END

SUBROUTINE PHASETC(A,B,CsV1.,03)

DIMENSION A(3,5)s8(3,5),C(3,5)
G1=AC2,53%SINCB(255))-AC2,1)*SIN(B{(2,51))
P2=~CA(2,5)*%COS(B(2,5))-A(2,1)%CRS(B(2,1)))
B3=ATAN2(01.082)

V1=A(2,1)%5IN(B3+B(2,1))

DU 1900 1=1.3

DG 1900 J=1,5
ClIsJ)=03-ATANZ2(V]1,SART(ACILJI*ACTI>J)=VI®V]1II+BC(],J)
RETURN

END

SUBROUTINE SENS(@>RAD,01)

DIMENSIGN B8(3,5)

B9=6C1,1)

G0=3C1,13

DB 2010 I=2.5

IF(BC1,13.L.T.09) GO TO 2000

V9=0(1,1)

IF(BC1,1).GT.00) G@ T@ 2010

P0=8C1,1)

CONTINUE
G1=C@C1,1)+8(1,2)+@C(1,32+@(1,4)+0(1,5))/5.0
B1=01~-C0C(35,1)+0(3+,2)+B(3,3)4+0{324)+0C(355)3/5.0
XL@=09-20

PERCT=100.0*XL.G/01

DEGR1 =@1%RAD

DEGR2=XLO*RAD

TYPE 2020,0)»XL8>PERCT

FORMATC(IH »12HPHASE SHIFT=-1PE12.5,2Xs8HLIFTOFF =,

1E12+5,2X52H%=:E12.5)

TYPE 2030,DEGR1,DEGR2

FBRMATCIH »7THDEGREE:»1PE134555X5E1345?
RETURN

END

SUBRGUTINE GAGER(RES)

COMMUN /B4/7GsD1,D2,RLNsTSsN1ASJ1DsE
PI=3+.1415926536

IFCJl .EQ.1) GO TO 2120

N1A=~-1

D3=0:95%SOQRTC((D2~D1)*RLN/TS3)
X2=1.0371E~5/7C(D3%D3)

=40.0
Cz40.0+10.0%x(ALOBGI(X2)~ALOG(+9982+s017*{Q/10.0-1.023)/2.3

10259

IF(ABS(O-G)LTs1.0E~-4) GOB TO 2110
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06350 =G

06360 Gg@ Te 2100

06370 2110 1G=G

0 6380 G=1G

06390 2120 X2=(+9989+.017%(G/10+0-1+032%10.0%%(G/10.0~-4.0)
06400 D3=SQRT(1.0371E-5/X2)

Q6410 IF(G.GT.40.0) GB TY 2130

06420 K3=C«460655%ALOGC(D3%1 +0E3)~+43444)%1.0E~3
06430 G8 T9 2140

06440 2130 X3=(98.02228*%D3+2.56791E-2)*1.0E-3
06450 2140 ID=(RLN/{(D3+X33)>

06460 D=1D

06470 IE=(D2~D1)/<(D3+X3)

06480 E=IE

06490 IF(N1A.EQ.~1) G@ TO@ 2150

06500 T5=D*E

06510 2150 RES=T5*X2*x(D2+D1)*P1/12.0

06520 RETURN

06530 END

06540 SUBROUTINE CIRCT1(@21,V1.,0.RADSSEN)
06550 DIMENSION @(325)>TMAG(3,55),PHASE(3:+5)
06560 CALL CIRCT(TMAG,PHASE»Q0>T1,T2)
06570 01=0.0

D 6580 D@ 2200 I=1.3

06590 D@ 2200 J=1,5

06600 Q2=01-ATAN2(V1»SORT(TMAGC( I, JI*TMAG(I»J)~V1*V1))
06610 1+PHASEC(I,J)-0(C(1,J)

06620 IF(ABS(01Y.GT.ABS(Q2)) GO T 2200
06630 01=Q2

06640 2200 CONTINUE

065650 Q2NEW=RAD*01

06660 93=100.0%Q1/SEN

06670 TYPE 2210,01,02NEW,Q3

06680 2210 FORMAT(IH+,1X,2C(1PE12.5,2X)»1PE12.5)
06690 RETURN ‘
06700 END
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REFLECTION COIL ABOVE MULTIPLE CONDUCTORS, DEFECT

We shall now continue to consider the case of a reflection coil
above multiple conductors, as shown in Fig. 4 (p. 7). This program
calculates the magnitude and phase of the voltage that is fed to the
phase measuring circuits of the phase sensitive eddy~-current instruments
and is designed to help analyze eddy-current measurements of defects.

The program calculates the magnitude and phase of the induced voli-
age at five different values of lift-off for two conditions, a nominal
condition without defects in any conductor and a varied condition with
a defect in a specific conductor, making a total of ten calculations.
This allows one to examine the sensitivity to lift-off variations as
well as defect variations in & specific conductor. In sddition, the
program also calculates the phase shift with the discriminator adjusted
to give the same phase in the nominal condition with maximum and minimum
lift~off. The phase in the nominal condition with minimum lift-off is
taken as zero, and all other phase shifts are measured relative to it.

The equations that are evaluated are Eq. (8) for the mutual cou-
pling, Eq. (9) for the driver coil impedance, and Eq. (17) for the
pickup coil impedance. The gamma factor for multiple conductors is
calculated from Eqs. (24) to (28). Due to the presence of the defect,
the self and the mutuel impedances are changed and can be calculated
from Eq. (21).

The programs are written in both BASIC and FORTRAN for use on the
PDP~10. The BASIC program follows.

To use this program, one must first divide a1l dimensions by the
mean radius of the driver coil. Then the following lines must be typed

into the program.

250 R5 = (numerical value of driver coil mean radius in inches)
260 Rl = (numerical value of normalized driver coil inner radius)
270 R2 = (numerical value of normalized driver coil outer radius)
280 L3 = (numerical value of normalized driver coil length)

290 R3 = (numerical value of normalized pickup coil inner radius)
300 R4 = (numerical value of normalized pickup coil outer radius)
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310 L4 = (numerical value of normalized pickup coil length)
320 L5 = (numerical value of normalized pickup coil recess from

face of driver)

330 L6 = (numerical value of normalized driver coil minimum lift-
off)

340 R6 = (numerical value of resistance of driver coil in ohms)

350 R7T = (numerical value of total resistance of both pickup coils
in ohms)

360 N3 = (number of turns on driver coil)

370 Nb = (number of turns on each pickup coil)

380 RO = (output series resistance of driving amplifier in ohms)

390 R9 = (input shunt resistance of pickup amplifier in ohms)

100 06 = (total shunt capacitance in driving circuit in farads)

410 C7 = (total shunt capacitance in pickup circuit in farads)

420 V0 = (output voltage of driving amplifier in volts)

430 g5 = (gain of pickup amplifier)

Lo F = (operating frequency in Hertz)

450 12 = (numerical value of normalized driver coil lift-off

increment )

510 N9 = (total number of conductors + 1)

520 N8 = (number of the specific conductor with a defect, refer
to Fig. W) |

760 R8 = (numerical value of normalized defect distance from coil
axis)

T70 77 = (numerical value of defect distance below the surface of
the N8-th layer in inches)

780 V5 = (numerical value of normalized defect volume )

790 A0 = {numerical value of shape and orientation factor of

defect)

The input data of conductors are typed into the program between
the statement numbers 800 and 980, according to the order of appearance

from the lowest conductors [refer to Fig. 4 (p. 7)1.
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800 DATA 1E10, K(1), U(1)
810 DATA T(2), K(2), U(2)

.
.

. DATA T(N), K(N), U(N)

. DATA T(N9-1), K(No—1), U(N9-L)
©80) DATA 1(arbitrary number), 1E10, 1

where

2
=

~
It}

numerical value of thickness of the Nth layer conductor

in inches,

K(N) = numerical value of resistivity of the Nth layer conductor
in microhm centimeter,

U(N) = numerical value of relative permeability of the Nth

layer conductor, and

the (N9—1)th layer denotes the top or surface layer.

The current version of MULTID (BASIC) is limited to a maximum of nine
conductors. However, this limitation can be removed easily by adding
one DIMENSION statement:

60 DIM T(N9), R(N9), U(N9), S(N9), X(N9), Y(N9) .

The program may now be run. The print-ocut by the compubter will

have the following format.

N THICK(INCH) R(MU-OHM CM) M,SIGMA U

(1) (T(1)) (K(1)) Ceeeaan (u(1))
(2) (T(2)) (K(2)) e (u(2))
(N9—1) (T(NO—1)) (K(N9—1)) e (U(N9-1))
(N9) (T(N)) (k(n)) e (u(n))
Rl= (R1) R2= (R2) DRIVER LENGTH IS (L3

R3= (R3) Ri= (RL) PICK UP LENGTH IS (Lk)

COIL MEAN RADIUS (RS) INCHES OPERATING FREQUENCY (F)

PICK UP RECESSED (L5)

MINIMUM LIFT-OFF (16) LIFT-OFF INCREMENT (L2)

DEFECT LOCATED AT R= (R8%¥RS5) INCHES AND

Z= (27) INCHES BELOW SURFACE OF (N8)TH LAYER

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(R6) ... (N3) (c6) e
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PICKUP RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT
(RT7) e (wh) (c7) ceens
DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
(vo) (rO) (G5) (R9)

DISCRIMINATOR VOLTAGE IS .....

(L6) (L6+L2) (L6+2L2) (L6+3L2) (L6+4L2)

LI I ) s a0 e o0 e LR LI Y
o s s e e «a s we se s 0y e s s e LI I N

O e s s m e 0 e 00 se s 00 s e

LIFT-OFF= ...... RADIANS OR ...... DEGREES
DEFECT VOL IS (V5) SHAPE & ORIENTATION FACTOR IS8 (A0)

® 200 a0 e e t 9 0000 02 00 e ne e e e

1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL
?

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed.

There are five columns of data, one under each value of lift-off.
There are three lines in each column. From top to bottom they are:
the magnitude of the voltage out of the pickup amplifier, the phase
shift between the voltage out of the pickup amplifier and the driving
voltage, and the phase shift between the voltage out of the pickup
amplifier with the discriminator set to give the same phase shift with
minimum 1ift-off and maximum lift-off. This set of print-outs is for
the nominal condition of no defects. The voltage out of the pickup
amplifier will be in volts and be either peak-to-peak or RMS, whichever
is used for VO, the output voltage of the driving amplifier. For each
conductor N, the value of a dimensionless product RszwuNoN is also
calculated and printed out under the column M,S5IGMA. The inductance
in henries of the driving coil in air and the normalized imaginary part
of the driving coil impedance, with no defect and nominal lift-off
(L6+21.2), is also printed. Likewise the inductance in henries of both
pickup coils in air and the normalized imaginary part of the pickup
coils' impedance with no defect and nominal 1lift-off is also printed.
The maximum phase shift due to lift-off for the nominal condition is
given. The location, volume, and shape and orientation factor of the
defect are printed. Then, the phase shifts due to the defect are given
for five lift-off values. The phase shifts are measured from the

nominal condition with no defects and are given in degrees.
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The program then enters a branching loop that allows the following
options, depending on which of 1, 2, 3, or 4 is typed as input after the

question mark.

1. Coil Design

If a 1 is typed by the operator after the gquestion mark, the program
will enter the Coil Design Loop. This loop will allow the number of
turns on the driver and pickup coils to be varied. The loop will allow
the wire gage to be given and then calculate the number of turns and
coil resistance, or it will allow the number of turns to be entered
and calculate the gage and coll resistance, or both turns and gage can
be entered. If zeros are entered for both the gage and turns of either
the driver or pickup coils, the present value of these will be retained.
The program then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recelculated and printed, with the
"new" coil in the circuit. However, the numerical integrations to cal~
culate M, Z

R® and 7 do not have to be repeated.

D PU
2. Attenuator Design

This loop will allow the driver series resistance, RO, the driver
shunt capacitance, C6, the amplifier input impedance, R9, and the shunt
capacitance in the pickup circuit, C7, to be varied. If a 2 is typed
after the question mark the computer will respond with

DRIVER SERIES RES, SHUNT CAP, PICK-UP SHUNT RES, SHUNT CAP
The resistance is to be given in ohms, and the capacitance in farads.
If zero is typed in for any value, the present value in the computer
will be retained. After the input data and a carriage return are typed,
the computer will calculate the ratio of resonant frequency to operating
frequency for the particular IL-~C circuit, a very rough value of resist-
ance for minimum temperature drift, and the ratio between the resistance
and reactance in the circuit for both the driver and pickup circuits,
The progran then starts with the label

DRIVER RES INDUCTANCE NO TURNS SHUNT CAP NOR IM PT ,

and the remainder of the program is recalculated and printed with the
"new" attenuator in the circuit. Again, the numerical integrations to
calculate M, Z

R’ and ZP do not have to be repeated.

D U
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3. Drift Check

This loop calculates the effect of the drift of any of the circuit
or sample parameters after the instrument has been calibrated and
adjusted. If a 3 is typed as input, the program will respond with the
precent variation, the parameter varied, the maximum change in phase
(both radians and degrees) of any of the five different phases calcu-
lated (five lift~off values with the presence of the defect) and the
percent of the range the drift represents. The percent variation of
each parameter may be varied independently. The following table gives

the parameter, the line number, and the constant to be varied:

Parameter Line Number Constant
Driver Resistance 8610 El
Pickup Resistance 8620 E2
Driver Shunt Cap. 8630 E3
Pickup Shunt Cap. 8640 Y
Series Resistance 8650 BT
Amplifier Input Resistance 8660 E8
Applied Voltage 8670 BES
Frequency 8680 Al
Mean Radius 8690 A2

For example, to put in a 2% variation in the driver coil resistance,
one would type:

8610 E1L = .02
The amount that each parameter is varied must be set before the program
is run, All of the variations are 0.0l or 1% in the current version of
the program. Since the phase shift produced by the parameter varistion
is quite linear over a range of about 10%, a linear interpolation or
extrapolation may be used from the 1% parameter variation. If zero is
typed in for any parameter variation, that parameter will not be wvaried
nor will it be typed ocut in the list of parameter variations. When the
calculation is completed and the drifts printed, the program returns to
the branch point and repeats the guestion

1 Coil Design 2 Atten. Design 3 Drift Check 4 Con Csl .
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The first seven drifts do not require that the numerical integra-

tions to calculate M, Z

R® and ZP be repeated, but they must be repeated

D U
to calculate the drifts due to frequency and mean radius changes. There-
fore, the calculation of these last two drifts requires a considerable

anount of computer time.

4, Con Cal

This loop is to continue calculations. If a series of calculations
is to be made, a loop may be established at this point. However, in
the present version of the program, if a 4 is typed as input, the pProgram

will end.

Sample Calculation of MULTID

Let us suppose we wish to design a reflection-type coil to measure
a defect in a sodium layer that has a thickness of 10 mils and a resis-
tivity of 4.99 uQ~cm. Above the sodium layer, there is a conductor
15 mils thick with & resistivity of 75 uli-em. Below the sodium layer,
there is a very thick material with a resistivity of 130 uQ-cm. The
driver coil has a mean radius of 0.06 in., inner and outer radii of
0.0L45 and 0.075 in., and a length of 0.018 in. The pickup coils have
inner and outer radii of 0.021 and 0.042 in., a length of 0.006 in.,
and are mounted flush with the ends of the driver coil. The driver coil
has 252 turns of No. 48 wire with a resistance of 59.06 2, and the
pickup coils have 450 turns each of No. 58 wire with a resistance of
1067.4 @ for both coils. The driver series and the pickup amplifier
input resistances are both chosen to be 1 M. The shunt capacitances
in both circuits are chosen to be 1 pF. This corresponds to practically
infinite source and detector impedances, so that only the mutual cou-~
pling, M, affects the phases. The minimum lift-off is taken to be
0.003 in., with lift-off increments of 0,00075 in. The defect is located
S mils below the surface of the sodium layer and 60 mils from the axis

of the coil. The defect is a spherical defect with a radius of 2.5 mils.
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Thus, the shape and orientation factor is equal to one. Other shape
and orientation factors are given elsewhere. !

The frequency is 100 KHz, the output voltage of the driving ampli-
fier is 10 V, and the gain of the pickup amplifier is unity (a unity
gain allows the actuel gain needed in the amplifier to be calculated
by dividing the maximum output voltage with unity gain into 10).

The program MULTID is assumed to be in the active core, and the
following information is typed into the computer. All linear dimensions
are normalized by dividing by the coil mean radius, except for the coil

mean radius, which is in Inches.

250 R5 = .06
260 Rl = .75
270 R2 = 1.25
280 L3 = .3
290 R3 = .35
300 Rk = .7
310 L = .1
320 L5 =0

330 L6 = .05
340 R6 = 59.06
350 RT = 1067.4
360 N3 = 252
370 Nk = 450
380 RO = 1E6
350 R9 = 1E6
400 c6 = 1E-12
410 C7 = 1E-12
420 V0o = 10
430 GS =1

Lho F = 100E3
450 L2 = .0125

'1¢. V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some

Eddy-Current Problems and Their Integral Solutions, ORNL-L38L
(April 1969).
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760 RE = 1

770 Z7 = .005

780 VS = 3.030811E-k
790 AQ =1

800 DATA 1E10, 130, 1
810 DATA .01, 4.99, 1
820 DATA .015, 75, 1
830 DATA 1, 1E10, 1

The program may now be run with the following results. The data
inputed from the terminal by the user are underlined. A carriage return

must be typed by the user at the end of each input line.



175

MULTID(BASIC)

N THICKCINCH) R(MU~-QHM CMY M>SIGMA u
1 1-00000E+10 130 1.41065 i
2 0.01 4.99 36.7503 i
3 D.015 75 2.44512 1
4 1 1 «00000E+10 0 i

R1= 075 R2= 1.25 DRIVER LENGTH I35 0.3

R3= 0.35 R4= 0.7 PICK UP LENGTH 15 0.1

Co1L MEAN RADIUS 0.06 INCHES OPERATING FREQUENCY 1000600

PICK UP RECESSED O

MIN LIFT-0FF= 0.05 LIFT-@FF INCREMENT= 0.0125
DEFECT LOCATED AT R= 0.06 INCHES AND

Z= 0.005 INCHES BELOW SURFACE ©F 2 TH LAYER

DRIVER RES INDUCTANCE N@ TURNS SHUNT CAP N@R IM PT
59.06 2.22053E-~-4 252 1.00000E~12 0827304
P1CKUP RES INDUCTANCE N@ TURNS SHUNT CAP NBR 1M PT
1067 .4 3.20001E-4 450 1.00000E~12 0991584
DRIVING VBLT SERIES RES AMP GAIN INPUT IMP
10 1000000 H 1000000
DISCRIMINATOR VGLTAGE IS-1.8611BE-6
0.05 0.0625 0.075 0-0875 0.1
5.66040E~5 5.41995E~5 5.19010E-5 4e9T043E-5 4.76056E-5
-0.994593 ~0.995917 ~0.997404 ~0.999041 ~1.00081
0 1.36040E~4 1.70328BE~4 119887E-4 1.4%012E~8

LIFT-OFF = 1.70328E~4 RADIANS @R 9.75907E-~3 DEGREES

DEFECT VOL IS 3.03081E-4 SHAPE & DRIENTATION FACTEGR IS 1
~9.42610E-3 ~9+44360E-3 =9« 45769E-~3 “946964E-3 -9 47T690E-3
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CoN CAL '

21

DRIVER WIRE GAGE:, TURNS, PICK-UP WIRE GAGE, TURNS

748+02,58,0
DRIVER 252 TURNS 8F # 48 WIRE 12 /LAYER 21 LAYERS 53.1236 OHM
PICKUP 598 TURNS EA # 58 WIRE 13 /LAYER 46 LAYERS 1344.82 @HMS TOTAL

DRIVER RES INDUCTANCE N@ TURNS SHUNT CAP NGk IM FT
53.1236 2.22053E-4 252 1.00000E~12 0827304
PICKUP RES INDUCTANCE NG TURNS SHUNT CAP NBH IM PT
1344.82 5.65105E -4 59¢% 1.00000E~12 0991584
DRIVING VOLT SERIES RES AMP GAIN INPUT IMP
10 1000000 1 1000000
DISCRIMINATOR VOLTAGE I15-2.4728BE-6
0:035 0.0625 0.075 0.0875 O}
7+5207T0E~5 7+-20124E-5 6.89584E~5 6+60399E~5 6.32514E~5
~0+994917 ~0.996241 -0.997728 ~0.999364 «1.00114
0 1.36048E-4 1.70335E~4 1-19887E~4 14901 2E~8

LIFT-@FF = 1.70335E-4 RADIANS OR 9.75949E-3 DEGREES
DEFECT vOL IS 3.03081E~4 SHAPE & ORIENTATION FACT@K 1S5 1
-9.42524E-3 ~9.44360E-3 ~9+.45854E~3 ~9046836E~3 -9 ATH04E-3
1 COIL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CoN CaL

22



DRIVER SERIES

RES.

SHUNT CAP.»
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?78+0E251.3E~1053+3E3,7+9E~11

DvkR CT 10.298% BELOW

PICK~-UP SHUNT RES.

SHUNT CAP

RES 1188.75 EPT RES 6.+93088 RES/REACTANCE

P-U CT 7.56445 BELGW RES 2663.27 @PT RES 937293 KES/REACTANCE

DRIVER RES
53.1236
PICKUP RES
1344.82
DRIVING V@LT
10
DISCRIMINATOR

0.05

6.1967TE-2
~1.25436

0
LIFT~@FF =

DEFECT VgL IS 3.03081E~-4 SHAPE & ORIENTATION

“9.25662E-3
1 CQIL DESIGN
?3

INDUCTANCE

2.22053E~4
INDUCTANCE

565105E=4

SERIES RES

800

N& TURNS

252
N® TURNS
598

AMP GAIN

1

VOLTAGE 1S-337434E-3

0.0625

S5«93711E-2
~125674
1.41263E-~5

SYSTEM DRIFT VARIATIONS

7 VARIATN

—— et ped bt bttt et e

—

COIL DESIGN
74

~9.28992E-3 ~9.31980E~-3 ~9.34541E~3 ~2¢3667T6E-3
2 ATTEN. DESIGN 3 DRIFT CHECK 4 GCON CAL

PARAMETER RADIAN DEGREE % OF RANGE
DRIVER RES ~Be42959E~5 ~4.82980E~3 515458
PICKUP RES ~1+13413E-4 ~6+49808E~3 69.754
DVR SHUNT CAP =~2.28956E-4 ~1.31182E-2 140.419
P-U SHUNT CAP -6.56769E~4 ~3.76301E-2 403 «943
SERIES RES 1.64838E-3 Fed4454E~2 ~1013.83
AMP INPUT RES 6.78599E-5 3.88809E-3 ~41.7369
APPLIED VOLT ~8.04409E~-4 ~4¢60893E~2 49407 49
FREQUENCY ~6.60743E-3 ~0378601 4064-12
MEAN RADIUS ~8.00069E-3 ~0+.458406 4920.79

2 ATTEN. DESIGN 3 DRIFT CHECK 4 CON CAL

0.075

5.68856E~2
~1.25923
8+.21054E-6

SHUNT CAP Ner IM P1
1.30000E~10 0.827304
SHUNT CAP N@GR 1M PT
7.20000E-11 0+991584
INPUT IMP

3300

0.0875 0.1
3.45074E~2 5.22324k -2
~1+.26183 ~1.26433
~1.43051E-6 O

1.41263E~5 RADIANS OR 8.09378E-~4 DEGREES

FACTER 1§ 1

The user has exercised all the design options available, and these optious

may be repeated, omitted, or taken in any order.

program MULTID follows.

The BASIC version of the



1
10
40
50
199
200
210
249
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REM MULTID(BASIC)
REM REFLECTION C@IL FOR DEFECT ©@F MULTILAYER CONDUCTBRS
DIM ACS)IHBCSISCIS5)sDISILECDISFID)
DIM M(SI,P(5%,0(5)

REM CONSTANT
P9=3.14159
P8=180/FP9

REM CRIL DATA

250R5=.06
260R1=.75
270R2=1.25
240L3=.3
290R3=.35
300R4=.7
310L4=.1
320L5=0
330L6=.05
340R6=59.06
350R7=1067 .4
3 60N3=252
3T70N4=450

379

REM CIRCUIT DATA

380R0O=1E6
390R9=1E6
400C6=1E-12
410CT=1E-12
420V0=10-0
430G5=1
440F=100&£3
450L2=.0125
470LT7=L3-2%{L4+L5)
AB0OLE=LT7+L4
490L9=L5+2%Lé

499
500
510
520
529
530
535
537
539
540
550
560
570
580
599
600
&10
630
640
650
660
670
€80
750
159

REM CONDUCTOR DATA

DIM LCS5)Y-G(S5IsH(S5),14(5),J(5)

N9=4
NB=2
REM READ TsKsU

PRINT "N"5>"THICKCINCH>">'"R(MU-@HM CM)"s""M,SIGMA" " U"

F@rR N=1 T@ N9
READ TC(NJI,RINILUIN)D

NEXT N
G@ SUB 600
FOR N=1 T@ N9

PRINT NsT(NY,>RIN)»SINI,UIN)
NEXT N

G T@ 750

REM SUBROUTINE F@R M
W=2 %P I*F

F@R N=1 T@ N9

SC(NI =0

IF R(N}>1E9 THEN 660
SIN)=+5094%UINI*FkR5¥RO/RIN?
NEXT N
DO=6+0B0SE~2*F*R5%RS/R(NEG)
RETURN

TIN9I=0

REM DATA @F DEFECT POSITION,

VOLUME »

AND SHAPE & DRIENTATION



750
770
780
790
799
800
810
520
830
999
1000
1010
1020
1030
1040
1050
1060
1100
1110
1120
1129
1130
1135
1140
115G
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1 400
1410
1499
1500
1510
1519
1520
1530
1540
1530
1560
1570
1580
15%0
1600
1610
1612
16%4
1620
1630
1640
1650
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RE=1

Z7=.005
¥5=3.030811E~4
AO=1
REM DATA
DATA 1E105130,1
DATA «0154.99,51
DATA «01527Ss1
DATA 1,1E10s1
REM PRINT COIL DATA

PRINT "RI="3RI,"R2="3R2,"DRIVER LENGTH IS";L.3
PRINT¥R3="3R35"R4=""3R4,"PICK UP LENGTH 1IS5"3L4
PRINT "COIL MEAN RADIUS™3RS3“INCHES PPERATING FREQUENCY"SF
PRINT "PICK UP RECESSED";LS

PRINT "MIN LIFT~@FF="3L63"LIFT~-OFF INCREMENT="3L2
PRINT “DEFECT LO2CATED AT R="3R8%R5;"INCHES AND"
PRINT “Z="3Z73"INCHES BELOW SURFACE BF3NE3"TH LAYER"
REM PROGRAM BEGINS

REM FOR INTEGRATIBGNS

GB SUB 1500

REM WITH N8 DEFECT

REM F2R INDUCTANCES AND CIRCUITS MAGNITUDE AND PHASE
Q=0

G@ SuUB 6000

REM FOR DISCRIMINATOR VOLTAGE AND PHASE SHIFT
G0 SUB 6500

REM FOR PRINTING @F RESULTS

G@ SUB 6700

RE#M FOR LIFT-@FF ERROR

G@ SUB T000

REM WITH DEFECT

e=V5%A80%D0

RE#M F@OR MAGNITUDE AND PHASE

G@ SUB 6000

REM F@R PHASE SHIFT

G¢€ SUB 7070

REM FER CGIL AND ATTENUATOR DESIGNSs AND DRIFT
GE T@ 7200

REM SUBRSUTINE FOR INTEGRATIZN

AZ=0

Ad=D

REM IN SUBRGUTINE FBR INTEGRATION

FBR J=1 T2 5

ACIDY=(]

8C(J)=0

CLN=0

DI =0

ECJ)=0

FCJd)=0

ZCI) =0

H{II)=0

1CJ)=0

JCI) =G

NEXT J

LET S2=5

Bi=0

B2=5

S1=1E-2



1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1998
1999
2000
2010
2020
2030
2040
2030
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2261

2262
2264
2270
2280
2290
2300
2310
2320
2329
2330
2340
2342
2344

FBR X=B1+S1/2 T B2 STEP S1

Gg SuB 2000

NEXT X

B1=B2

B2=B2+S2

S1=.05

IF X<9 THEN 1660
S1=.1

IF X<29 THEN 166
Si=.2

IF X«<39 THMHEN 166
S1=.5

IF X«79 THEN 166
RETURN

REM SUBRQUTINE FOR L-FACTOR AND INTEGRANTS

REM FPR J-FACTER
G@ SUB 2700
wW5=0

Wwe=0

Wée=Q0

W7=0

Wa=1i

Wg=1

W3=1

IF X*L.5>20 THEN
WS=EXP(~-X¥LS)
IF X*L2>20 THEN
W2=EXP(=-X*L2)
IF X*xL6>20 THEN
WE=ZEXP(=X%L6&6)
IF X*L7>20 THEN
WT=EXP{~-X%L7)
IF XxX*L4>15 THEN
WAz=1~EXP{~X%*L4)
IF X*L&>15 THEN
WE=1=EXP(~-X%L8)
IF X%L3>15 THEN
W3=1~-EXP(~X*L3)
IF X>30 THEN 246
IF X*L9>20 THEN

AS=WEKWEXkWIXW 4KWS KW B*S3

A6=WEXWEXWI*W3I*S

o
0

0

2100
2120
2140
2160
2220
2220
2220

0
2460

a
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AT =W 6KW 6XW 4N AKW S kW SkW EAWERSES

REM IN SUBROUTINE FOR L-FACTOR AND INTEGKRANT

AB=WEXW3I*XSE

A=W HXWARWS kW B*S
L{1)=1

FOrR J=2 T6 5
L.dr=0

IF J%X%L2>20 THEN 2320

LEJI)=We%xL(J-1)
NEXT J

REM FOR GAMMA FA
G® sSuB 3200

FBR J=1 T@ 5

01 =K1xL G *LCJ)
Q2=~NS*L{J>*L(J)

7

CTer
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2346 O3=K2*L{J)

2348 Q4A=N6%L(J)

2350 ACH =ACI +R2%A5

2360 BC{JI=B{JI+Q1*A5

2370 C(JI)=C(J)+R2%A6

2380 DCD=DCI)+QL1*AS

2390 ECD)=E(J)+Q2%A7T

2400 FCJY=FCJ)+G1*A7

2410 GCJI=G(JI+Q3*AG

2420 HOD=H(J)+Q4%Ag

2430 I(I=ICJ)+QI*A9

2440 JCJI)=JCJ)+Q04%A9

2450 NEXT J

2460 A3=AJA2F(XHRLI-W3II*XS 4

2470 A4=OA4F LR (XKLA-WA)~2FWTHWA4¥W4I*SS
2480 RETURN

2699 REM SUBROUTINE FOR JS=J(R1,R2)/X13,J6=J(R3sR4)/X13
2700 R=R1

2710 G@ SUB 2900

2720 J1=Q2

2730 R=R2

2740 GO SUB 2900

2750 J5=02-J1

27603 R=R3

2770 G@ SuUB 2900

2780 J3=Q2

2790 R=R4

2800 G@ SUB 2900

2810 J6=92~J3

2820 S53=351%J5%J6

2830 54=S1%J5%J5

2840 S5=31%J6%J6

2849 REM IN SUBRBUTINE F@R J5, J6, AND J1
28503 G SUB 3060

2860 S56=51#%J5%J1

2870 ST=S1*J6%J1

2880 RETURN

2899 REM SUBROUTINE FOR 82=J(R,0)¥X13
2900 Z=X#*R

2910 IF Z>5 THEN 3000

2920 01 =R*R*¥R/2

2930 Q2=01/3

2940 Q3=INT(2%Z)+3

2950 FBR Q=1 TO &3

2260 Ql=~.25%7%Z2/0/7(Q+1)*Q1

2970 Q2=02+01/7(2%@+3)

2980 NEXT @

29%0 GO TY 3050

3000 Q1=(C(~188.1357/2+1091142)/2-23.79333)/2+2.050931)/Z
3010 Q1=C(Q81-0+1730503)/2+0.7034845)/Z2~0.064109E~-3
3020 82=(((~5.817517/72+2.105874)/Z2~0.6896196)/Z2+0.4952024)/Z
3030 Q2=(R2~0+187344E-2)/Z+0.7979093
3040 E2=(1~-SER(ZI*{A2*CASCZ~-PI/4)~Q1%*SINCZ-P9/74)))/7C(X%kXK*X)
3050 RETURN

3052 REM SUBRGUTINE F@ER JY(X*R)

3060 Z=X¥RS§

3070 IF Z>3 THEN 3130

3080 Q@1=Z%7
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3090 NO=((2.1E-11%01=5.38E-9)%¥01+6.T5TE~T)*Q1~5.42443E~5
3100 22=C(02%01+2.60415E-32%Q1-6.25E«2)%1+.5
3110 J1=7%C2

3120 GO TE 31%0

C3130 01=0(C-.14604057/7+.27617679)/72-.20210391)/2+4:.61835E-3)72
3140 01=C0(Q1+.149373/7+4.6B8E~6)/7Z+.TITEE456

3150 Q2=(((~.21262014/Z2++19397232)/2+6.022188E-2)/£~1.7222733E~13/2
3160 C2=((Q2+5.085E-4)/7Z+.37498836)/2-2.35619449+7
3170 J1=R1*¥CeSL02)/56GR(2)

3180 RETURN

3194 REM SUBRGUTINE FOR GAMMA FACTER (K1.,N5) AND
3196 REM FOR DEFECT PART (K2,N6)=5UM(L=1,2) @F
3198 REM UVIMsNTILS2%EXPC (=12 CLY*UCMI¥BETA(MI*ZI/V(KLNTIZ2»2
3199 REM FER BETA(X1,Y1IN

3200 01=X*X

3210 02=61%01

3220 8=0

3230 N=MN9

3240 M1=SCND

3250 Ul=tdIN)

3260 GE SUB 5000

3270 XI(NY=X1

328D YINI=Y}

3290 0=0+X1%TI(N)/RS5

3300 IF @>20 THEN 3340

3310 IF N=1 THEN 3340

3320 N=N=-1

3330 G TC 3240

3340 N7=N

3350 REM FER GAMMA FACTOR

3360 VI=XIN+1)I~XI(N)

3370 Va=YIN+1)-YIN)

3380 VYT7=X(N+1)X+X(N)

3390 VE=Y(N+1DX+Y(N)

3400 XO=XI(N+1)

3410 YO=Y(N+1)

3420 IF NE<NT+2 THEN 3510

3430 FOR N=NT7+2 T@ N8

3440 X1=XIN)

3450 Yi=YIN)

3460 GG SUB 5300

3470 GO SUB 5580

3480 X0=X1

3490 YO=Y1

3500 NEXT N

3510 IF N&<N7+1 THEN 3600

3520 N=N§g

35330 T9=TI(NI-Z7

3540 6@ S5UB 5710

3550 V1={V3kQ1+V4¥Q2)/7Q6+{VTHQ]) ~VE*Q2)%06

3560 V2x(V4¥B1~Y3%02)/06+(VEBRGTI+VT*Q2) %06

3570 IF N8<NT+2 THEN 359C

3580 N7=N8-1

3590 G2 TQ 3680

3600 1IF NE<NT7 THEN 3660

3610 T9=27

3620 Go SUB 5710

3630 VI=2%{(X(N+1I*C1+Y(N+1)*%Q2)/Q6
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3640 V2=2%(Y(N+]1)*Q1-X(N+1)I*%Q2)/06
365C GO TO 3680

3660 Vi=V2=0

3670 REM VINB+14N9)

3680 FER N=NT+2 T@ N9

3690 X1=X(N)

3700 Yi=Y(N)

3710 G@© SuUB 5300

3720 GO SUB 5500

3730 X0=XK1

3740 YO=Y!

3750 NEXT N

3760 V9=VT/VB+VE/VT

3770 K1=(V3/VE+V4/VTIIVY

3780 NS=(V4/VE~-VI/VTI/IVY

3790 Ke=(V1/V8+V2/VTH/V9

3800 N&6=(V2/VEB-V1/VTI/IVS

3810 RETURN

4999 REM SUBRGUTINE FER BETA(X1.Y1)
5000 IF M1<Q1*%1E-S THEN 5050
5010 O3=50R(O2+M1%xM1)

5020 X1=.707106781*%xSOR(QA3+Q1)/7U1
SO3C Y1=-707106781%SQK(A3~a13/7U1
5040 GO T@© 5070

5050 X1=Xx/U1

5060 Y1=0

5070 RETURN

5299 REM SUBKOUTINE FER XFCRMATI@OM MATRIX 1
S300 02=X1+X0

S310 Q1=X1=~X0

5320 Q4=Y1+YO

5330 Q3=Y1~-Y0

5340 05=U(N-1)*T(N~-1)/KRS

5350 R&6=EXP(R5%X0)

5360 Q07=CBSCQ5%*YD)

S370 O8=SINCQ5%Y0)>

5380 Ti1=(Q2%Q7+04%Q8)/C6

53920 T2=(Q4%Q7-02%Q8)/Q6

5400 T3=(01*07-Q3%0BI*Q6

5410 T4=(Q3%QT+Q1*Q8I*Q6

S420 TS=(Q1*Q7+Q3*Q8>/Q6

5430 T6=(Q3*%Q7~Q1*CBI/Q6

S440 TT7=(Q2*%QT7-04*QBI*Q6

5450 TB=(04xQT7T+E2*%EBI¥Q6

5460 RETURN

5499 REM SUBROUTINE FOR XFORMATION MATRIX V
5500 @1=V1

5510 G2=V2

5520 V1=(Q1%X1~-Q2%Y1)%2

5530 V2={Q1xY1+02%X1)%2
S580Q3=V3

559004=V4

560007=V7

S61008=V8

S620 V3=T1*Q3~T2*Q4+T3*%07~-T4*%0H
5630 V4=T2%Q3+T1*04+T4xQ7+T3%08
S640 VI=TS5*Q3~T6¥04+T7%07 ~THE*0Y
S650 VE=THEXxQ3+TS*kQ4A+TE4QT+TT*QE



5660
5700
5710
5720
5730
S 740
5750
5999
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RETURN

REM USEFUL SUBROUTINE

CO=UCNI*TI/[I5

O6=EXP(CO*XINDY)D

01 =CASCCO*Y(NDI

QZ2=S5INCCO*Y(N))D

RETURN

REM SUBROUTINE F@R CIRCUIT», MAGNITUDE, AND PHALE

6000NT =N3/({(R2-R1)*L3)
E010N2=N4/ ((R4-KII*L4D
602000=6.3004T5204E ~T *F+RS

6030
6040
6050
&£060
6069
6080
6090
6100
6110
6120
6130
6140
6150
6160
6170
6180
6190
6200
6210
6220
6230
6240
6250
6260
6270
6280
6290
6310
6499
6500
6510
6520
6530
6540
6550
65535
6556
6570
6580
6590
£610
6699

W1 =W*C6%R0O

W2=WkCT%RY

W3=1~W1%W2

Wa=W] 442

REM IN SUBRBUTINE F@R CIRCUIT, MAGNITUDEs AND PHASE
FOR J=1 TO 5
78=GORNIRNZ2R(ACII+P*C(GCII*RICII-HCII*RICII))
Z9=QO*N1RN2R(BCJI+0* (G JIRICII+HCII*TCII D
Z=QDANI*N1A(CCII+O*¥(GCII¥G LI ~HCII*HCJI )
72 =00KNI*NT*{DCII+A3+Q*¥S*xG( JI*¥H(J))
Z1=00KN2RkN2%CECII+Q* CICII*TCII=-JCII*ICIIDI)
Z3=D0*N2RNS*k(F(J)+A4+0*2* 1 CJI)*J(J))
O1=RO+R6E+Z~W1%22

O2=RG+RT+71 -W2%Z3

N3=72+W1*(R6+2Z)

NAzZ3+W2*(RT+Z1)

OS=78¥ZE~29%Z29

D6=D¥ZB*Z9

OT=01%02-03%04~(W3*xQ5-W4%Q6)
DB=01*N4+03%02~(WAKkDS+W3%C6)

09=78KkQT +Z9%08K

WS=79%07-Z8%0H
M{JY=GSH*RIKVOXSORCOI*QI+WEXWE I /7 (QT*0T +QEXQE)
PCIY=ATNCWS/Q9)

IF Q9>0 THEN 6290

PCJ)=PC ) +SGNCWS I *PY

NEXT J

RETURN

REM IN SUBROUTINE F@R DISCRIMINATOR VOLTAGE AND PHASE SHIFI
01=MC5IXSINCPCSII~MCL I*SINCPCL1))
W2==M{S)Y*COSLPCSII+MI1IRCHSCF(1))
QA3=ATN(Q1/Q2)

IF 62>0 THEN 6550

B3=G3+SGNIQLI*P9

Vi=MOIIRSINCQI+P{1))

21=03

22=Vv1

FOR J=1 T@ 5

GCUd=03-ATNCVI/SORIMCIIRMCII =V1I%V1II+p(J)
NEXT J

RETURN

REM SUBREUTINE FOBR PRINTING RESULTS

&700PRINTYDRIVER RES","INDUCTANCE»''NO TURNS","SHUNT CAP™»"NGn 1M P1"
6TIOPRINTRE->00*N1¥N1%A3/WsN3,C6,(D(3)+A3)/A3
ETPOPRINTPICKUP RES",™INDUCTANCE","NE TURNS”,"SHUNT CAP"»"NOK IM F1"
AT30PRINTRT» QOXN2KN2KRAA/WINA>CT s (F(3I+AL4) /A4
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6TA0PFINT "DRIVING VEGLTY,"SERIES RES"»"AMF GAIN",INPUT IMP”
6T50PRINTVO»R05G55R9

6THOPRINT DISCRIMINATOR VBLTAGE 153V

6770 PRINT

6780 PRINT L6,L6+L25L.6+2%L.2,1.6+3%L2,16+4%L2

6749 REM IN SUBRBUTINE FOR PRINTING RESULTS

6800 PRINT

6810 PRINT MC1),M(2),M(3I,MC4)M(5)

6820 PRINT PC1)sP(2)»P(33,PC43,P(5)

6830 PRINT 09C1),0€02)5Q0(3),004)5Q(5)

6850 RETIURN

6999 REM SUBROUTINE FER LIFT-QFF

7000 Q1=0¢1)

7010 FOR J=2 T@ 5

7020 1F ABSC(Q13I>ARS(QCIII THEN 7040

7030 01=0C0)

T040 NEXT J

7050 PRINT "LIFT-OFF ="301:3"RADIANS OKR'";:Q1%PE; "DEGREES”
7060 RETURN

7069 REM SUBROUTINE F@R PHASE SHIFT

7070 PRINTYDEFECT V@L IS8'"3VS5;3"SHAPE & ORIENTATIOGN FACIBR 1IS"3A0
7080 Q2=0

7090 F@R J=1 TO 5

7100 @1=01~-ATNC(V1/SARIMCIIAMCII~VI%RVIII+P(I)-QCI)
7110 02=02+01

7120 PRINT Q1%Pg»

7130 NEXT J

T140 @=02/5

7150 RETURN

7199 REM FBR COIL DESIGNs ATTENUATORs, DRIFT, AND EXIT
7200PRINT"1 C0Il1lL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK 4 CgN CAL"
T210INPUT NS

T220PRINT

72300N N5 GO To 7300,8200,8600,9900

7299 REM FER C@IL DESIGN

7300 PRINT '"DRIVER WIRE GAGE» TURNS, PICK-UP WIRE GAGE.,» TUKNS"
T310 INPUT Q1,02503,04

7319 REM FOR DRIVER

7320 Wil=Ri

7330 W2=R2

7340 W3=L3

7350 GO SUB 7510

7360 N3=02

7370 Ré&E=09

7380 PRINT "DRIVER'"3IN33"TURNS GF #"3G3"WIkE";

7390 PRINT Q7:3"/LAYER";QH:3 "LAYERS " 5R6:3"OHM"

7399 REM F@OR PICKUP

7400 Q1=Q3

7410 Q2=04

7420 W1=R3

T430 W2=R4

7440 W3=L4

7450 G@ SUB 7510

T460 N4=Q2

7470 R7T=2%Q9

7480 PRINT "PICKUP*":3N4:"TURNS EA #";3;G3"WIRE";

Ta490 PRINT G73"/LAYER'":;083"LAYERS"3RT3"QHMS TETAL"
7500 GO TV 1135



7509
7510
7520
7530
7539
7540
7550
7560
1570
7 5%0
75380
7600
7610
7620
7630
7639
7640
7650
7660
7670
7680
7690
7700
7710
T720
7730
7740
7150
8199
8200
®210
8220
%230
8240
8250
8260
8270
%280
g9
8300
8310
8320
8330
8340
8350
8360
8599
8600
B610
8620
$ 630
8640
8 650
E 660
%670
8 680
KE90
8710
8720
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REM SUBKGQUTINE F@2k CAGE AND TURN NUMBER
Wl=hl1kils

Wa=weoxRks

1,.‘33 :7’.'Y3*RS

REM FOR GAGE

G=01

IF G>.5 THEN 7640

O5=+95%SORWE-WTIIXWI/02)

N6=1.03T1E-5/05/5

GO=40
G=40+10*%(LOGCREI~LOGC«9989+.017%(G0/10-1)))/2.30259
IF ABS(G-G0)<iE~-4 THEN 7630

GO=G

Gg¢ Te 7590

G=INTC(G)

REM F@R TURN NUMBER AND Ké
RHE=(+9989+.017*(G/10~12)%101(G/10~4)
B5=50Kk(1.037T1E~-5/06)

IF G> 40 THEN 7690

05=Ce 460655*LOGCASKIEI )= 43444)%1E~-3+Q5

G@ T@d 7700
N5=(98.02228%Q5+2.56791E~-2)%1E-3+05
BT=INT(W3/05)

NE=INTC((H2~W1d/a5)

IF 62>.5 THEN 7740

P2=07 %08

N9=02%A 6k (W2+W1 I *P9/12

RETURN

REM FOR ATTENUATOR DESIGN

PRINT "DRIVER SERIES RES> SHUNT CAPs PICK-UP SHUNT RES, SHUNI
INPUT R1,02,03,04

IF 01=0 THEN 8240

rRO=01

IF 02=0 THEN 260

C6=02

IF D3=0 THEN 8280

R9=03

IF 04=0 THEN 8300

C7=04

D1=C0kN1R*N1*(D(3)+A3I /W
Q2=00*N2XkN2%{(F(3)+A4)Y /W

PRINT "DVR CT";1/(W¥SGR(QI*CE))IS"BELOW KES"3
PRINT SORCO1/C6)3"PPT RES™3RO/{W*R1I3"RKES/REACTANCE"
PRINT “P-U CT";1/(W*S0KECQ2%CT7)) s"BELOW RES':
PRINT SOR(R2/CTI3MOPT HESM3R9/7(Wk02)3VRES/REACTANCE™
G@ T 1135

REM F@R DRIFTS

PRINT”SYSTEM DRIFT VARIATIONS™

El=.01

E2=+01

E3=.01

E4=.01

E'I:-Ol

Eg=.01

E9=.01

Al=.01

AP=.01

PRINT % VARIATN"»"PARAMETER" s RADIAN""DEGKREE"»"Z2 ©OF KRANGE"
IF E1=0 THEN 8770

cap®
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8730 R6=R6*{(1+E1)

8740 PRINT 100*E1,"DRIVER RES'",
8750 GO SUB 9320

8760 Re=R&6/7C1+E1)

8770 IF E2=0 THEN 8820

8780 RT=RT*(1+E2Z)

8790 PRINT 100*E2,"PICKUP RES".»
800 Go SUB 9320

8810 R7=R7/7(1+E2)

8820 IF E3=0 THEN 8870

8830 C6=CEX(1+E3)

840 PRINT 100#*E3,'"DVR SHUNT CAP",
8850 G@ SUB 9320

8860 C6=C6/C1+E3)

8870 IF E4=0 THEN 8920

8880 C7=CT*(1+E4)

8890 PRINT 100%E4,'"P~-U SHUNT CAP",
8900 G#& SuUB 9320

89106 C7=C7/7C1+E4)

8920 IF E7=0 THEN 8970

8930 RO=RO*(1+E7)

8940 PRINT 100%E7,'SERIES RES"»
8950 G@ sSUB 9320

8960 RO=RO/C1+E7)

€970 IF E8=0 THEN 9020

8980 R9=R9*(1+EH)

8990 PRINT 100%*E8,’"AMP INPUT RES".
9000 G@ sSUB 9320

9010 R9=R9/(1+EB)

2020 IF E9=0 THEN 9070

3030 V0O=VO*{1+E9)

9040 PRINT 100%E9,"APPLIED VGLT",
9050 G@ SUB 9320

2060 VO=VO/(1+E9)

9070 IF A1=0 THEN 9120

9080 F=F*(1+Al)

9090 PRINT 100%A1,"FREQUENCY™".»
9100 G® SUB 9300

9110 F=F/C1+A1)

9120 IF A2=0 THEN 9170

9130 R5=R5%(1+A2)

9140 PRINT 100%A2,"MEAN RADIUS'.,
915C G© SUB 9300

9160 R5S=R5/(1+A2)

9170 G@ T@ 7200

9299 REM SUBROUTINE FOR DRIFT
2300 GO SUB 600

9310 G@ SUB 1500

9315 @=V5%A0*DO

9320 G@ suB 6000

2330 Q1=0

9350 F@R J=1 T@ 5

9360 02=01-ATN(B2/SORIML{II*M{JI~-@2%G2I)+P(J)-QCI)
9370 IF ABS(Q1)>ABS5(02) THEN 9390
92380 ©)1=02

9390 NEXT J

92410 PRINT Q1,180%Q1/P9,100%01/02
9420 RETURN

9900 END
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- MULTID, FORTRAN Version

The FORTRAN version of MULTID is very similer to the BASIC version.
The line numbers given are only for identificetion and editing purposes
and have no effect on the actusl execution of the FORTRAN program. The
data must be typed in the seventh column, or six spaces must first be

typed. The data are input as follows:

00250 R5 = (coil mean radius in inches)

00260 Rl = (normalized inner radius of driver coil)

00270 R2 = (normalized outer radius of driver coil)

00280 L3 = (normalized length of driver coil)

00290 R3 = (normalized inner radius of pickup coil)

00300 R4t = (normslized outer radius of pickup coil)

00310 L4 = (normalized length of pickup coil)

00320 L5 = (normalized length of recess of each pickup coil from
the face of the driver coil)

00330 L6 = (normalized minimum lift-off of the driver coil)

00340 R6 = (resistance of driver coil in ohms)

00350 R7 = (resistance of both pickup coils in ohms)

00360 N3 = (number of turns on the driver coil)

00370 N4 = (mumber of turns on each pickup coil)

00380 RO = (driver amplifier series resiétance in chms)

00390 R9 = (pickup amplifier shunt resistance in ohms)

00400 C6 = (shunt capacitance of driver circuit in farads)

00k10 C7T = (shunt capacitence of pickup circuit in farads)

00420 VO = (output voltage in volts)

00430 G5 = (amplifier gain)

ookko F = (operating frequency in Hertz)

00450 L2 = (normalized lift-off increment of the driver coil)

00510 N9 = (total number of conductors + 1)

00520 N8 = (number of the specific conductor with a defect)

00540 DATA RHO/(resistivities in microhm-cm)/

00550 DATA U/(permeabilities)/

00560 DATA T/{thicknesses in inches)/
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00580 R8 = (normalized defect distance from coil axis)

00590 727 = (defect distance below the surface of the N8-th layer
in inches)

00600 V5 = (normalized defect volume)

00610 Al = (shape and orientation factor of defect)

The current version of MULTID.FL4 is limited to & maximum of nine con-
ductors. However, this limitation can be removed easily by changing
one DIMENSION statement:

00110 DIMENSION T(N9), U(N9), RHO(N9), M(NW9), BETA(N9)

The print-out of the FORTRAN version of MULTID is practically iden-
tical to the BASIC version and will not be repeated. The main differ-
ence is that the question mark is not printed out when the program is
ready to accept data. The Coil Design, Attenuator Design, Drift Check,
snd Continue Calculations options are the same. The line pumbers,

constant names, and parameter varied in the drift calculations are as

follows:
Line Number Constant Parameter Varied

ok380 DR1 Driver Resistance
0k390 DR2 Pickup Resistance
okkoo DR3 Driver Shunt Capacitance
okkio DRY4 Pickup Shunt Capacitance
olk20 DR5 Series Resistance
okh30 DR6 Amplifier Input Resistance
okLko DRT Applied Voltage
oklLs0 DR8 Frequency
okL60 DR9 Mean Radius

For example, to vary the driver resistance by 2% one would type:
04380 DRl = 0.02
As in the BASIC version, the last two drifts require that the entire
numerical integration be repeated and are relatively long rumning. If
any of the drifts is set equal to zero, it will be omitted from the

drift cslculations.
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Sample Calculation of MULTID.F¥L

Let us suppose that we wish to design a reflection-type coil, iden~

tical to the one designed by the BASIC version. We put the following

data in the program (generally by using the EDIT MULTID.F4 commend on

the PDP-10 and inserting the statements). All linear dimensions are

normalized by

radius, which

00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
ook10
00k20
ook30
ookko
00450
00510
00520

R5
R1
R2
L3
R3
RU4
LY
L5
L6
R6
RT
N3
Ny
RO
R9
c6
cT
VO
G5

F =

L2
N9
N8

dividing by the coil mean radius, except the coil mean

is in inches.

.06

= .75

= 1.25

.3

.35

T

1

0.0

.05

= 59,06

= 1067.4

= 252,0

= 450.0

= 1.0E6

= 1.0E6

= 1.0E~12

= 1,0BE-12

= 10.0
1.0

1.0E5
.0125
i

2

i

i

H

]

]
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00540 DATA RHO/130.0, 4.99, 75.0, 1.EL0, 6*0.0/
00550 DATA U/4¥1.0, 6%0.0/

00560 DATA T/1.El0, .01, .015, 1.0, 6%0.0/
00570 LT = L3-2.0%(L4+L5)

00580 R8 = 1.0

00590 77 = .005

00600 V5 = 3.030811E-k

00610 Al =1.0

The FORTRAN program may now be executed. The print-out will be
essentially identical to the BASIC print-out and will not be repeated,
The FORTRAN version of MULTID follows.
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00010C THIS PROGRAM EVALUATES THE SENSITIVITY 12 A DEFEGT
00020C LOCATED IN ANY GIVEN LAYER OF A MULTI-LAYERED MATERIAL

00030 COMPLEX BETAQOsBETA1,BETA,VsTR>GAMMALl GAMMAZ > MUT
00040 COMPLEX DRIVERSPICKUP,GHs»1JsEX

00050 COMMEON XsZ,01-PI/B1/BETAC-BETAL

00060 COMMAN /B2/R15R25R3sR4sL3sLA4»ROIRESRTIRIC65C0T
00070 COMMBN /B2/V0sG5sWsF»R95:N3NA/B3/MUTsDRIVER
Q00RO COMMEON /B3/PICKUP-AIRIAIRZ2/B4/7GAGE>XINS XCGUT
00090 COMMON /B4/XLEN,TURNS»N1A»J1sPERLAY» XLAY
00100 CammaN /B3/GH»1J/B5/V5,A1,D0

00110 DIMENSION TC10),UC102>RHE8C10).MC10),BETACI0
00120 DIMENSION V{(2,2),TR{222)sDRIVER(5)

00130 DIMENSION PICKUP(S5)Y»RL(S)»TMAG(S)»PHASE(S)
00140 DIMENSION SHIFT{(SY,MUT(S»,GH{S5I»T1J(D)

00150 REAL L2,L3,L4,L5-L6sLT2MsN35N4

00160 PI=3.1415926536

00170 RAD=180.0/P1

00180GC

00190C

002006C

Q0210C

00220 JKL =0

00230C THE FOLLEWING ARE INPUT DATA FBGR THE PARAMETERS OF THE
00240C CQIL,MATERIALS, AND CIRGUIT

00250 R5=.06
00260 R1=.75
00270 R2=1.25
00280 L3=.3
0290 R3=.35
00300 R4=»7
00310 La=,1
00320 L5=0.0
00330 L6=.05
00340 R6=59.06
00350 R7=1067+4
00360 N3=252.0
00370 Na=450.0
00380 RO=1.0Eé
0039%0 R9=1.0E6
00400 . Cés1.0E~12
00410 C7=1.0E-12
00420 VO=10.0
00430 G5=1.0
00440 F=1.0ES
00450 L2=.0125

00460C N9 IS THE TOTAL NUMBER OF LAYERS, INCLUDING THEkCGIL
00470C ZONELAND NB IS THE LAYER IN WHICH THE DEFECT IS5 LECALED
00480C

00490C

00500C

00510 N9=4

00520 Ng=2

00530 IF(N9LT-2.8R«NB.GE.N9)> GO TG 1010
00540 DATA RHO/7130¢054:99575+0+1.E10,6%0.0/
00550 DATA U/74%1.0,6%0.0/

00560 DATA T/14E1054015401551+0,6%0.07
00570 LT=L3-2.0%C(LA+LS)

00580 R&=1.0
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00590 Z7=.005

00600 V5=3.030811E-4

00610 A1=1.0

Q0620 S W=2.0%PI#F

00630 IFCUKL-NE.O) GO T@ 15

00640C THE SYSTEM PARAMETERS ARE PRINTED @QUT
00650 TYPE 10

00660 10 FORMATC(IH »1Xs1HN»13Xs10HTHICK« ({IN)»4X»11HR(M-BHM CMI>»
00670 1 3XsTHM»SIGMA»9X»1HU)
00680 15 D8 50 I=15N9

00620 IF(RHB{1)«GT+10E9) GO TG 20
00700 MCI)=0.5094*%U{I)%F*R5%R5/RHOC 1)
00710 G@ T 25

00720 20 M(1)=0.0

00730 25 IFC(JKL.NE.0) G@ T2 50

00740 30 TYPE 40,1I,TCI)>RHOCII>MC(I)UCI)

00750 40 FORMATCIH 2I12512X51PE12+5,2XsE12e52s2XsE12¢5,2X:0PF6.2)
00760 50 CO@NTINUE

00770 TIN2Y=0.0

00780 DO=6:0805E~2%F*R5%R5/RHI{(NB)

00790 IF(JKL.NE«Q) GG@ T2 105

00800 TYPE 470

00810 TYPE 60,Ri»R25L3

00820 60 FORMATC(IH »3HR1=sFBeS5s3Xs3HR2=,F8¢5s3X214HDRIVER LENGTH=»
DO0B30 1F8.5)

00840 TYPE 7T0,R3sR4:1L.4

00850 70 FORMATC(IH »3HR3=:F8+5,3Xs3HR4=,F8e523X2 1 4HPICKUP LENGTH=,
00860 1F8¢3)

00870 TYPE 80sRS»F

008%0 80 FORMAT(IH »17HC@IL MEAN RADIUS=sF8+5s7TH INCHES»3X»
00830 120HOPERATING FREGQUENCY=21PE12.5)

00900 TYPE 90.L5

00910 90 FORMAT(1IH »1SHPICKUP RECESSEDsF8.5)

00920 TYPE 100,L6»L2

00930 100 FORMATCIH »13HMIN LIFT~0FF=sF8.5s3Xs19HLIFT-BFF INGREM
00940 1ENT=5FBe¢5)

00950 R85=RB*R5

00960 TYPE 103,R85,Z7.N8

00970 103 F@RMATC(1H ,'DEFECT LOCATED AT R='>F9.6.' INCHES AND'/
00980 2 ' Z="5F9.6," INCHES BELOW SURFACE ®F',12,'TH LAYERY)

00990C THE FIRST INTERVAL AND INCREMENT @F THE INTEGRATION
01000C ARE DEFINED
01010 105 S1=0.01

01020 $2=5.0

01030 B1=0.0

01040 Ba2=52

01050 D2 107 I=1.5

01060 MUTCI)={0.0,0.0)
01070 GH(I)X=(0.0:0.0)
01080 DRIVER(I)=(0+05,0.0)
01090 1JCIY=C0.0,0.0)
01100 107 PICKUP(1)=(0«0,0.0)
01110 AIR1=0.0

01120 AIR2=0.0

01130 110 I1=(B2-B1)/sS1

01140C THE INTEGRATI@GN IS BY THE TRAPEZGIDAL METHOD, EVALUATING
01156¢C AT THE CENTER ©F THE INCREMENTAL INTERVAL

01160 X=B1-81/72.0



01170C
01180
01190
01200
01210
01220
01230
01240
01250
01260
c1270
01280
01220
01300
01310
01320
01330
01340
01350
01360
01370
01380
01390
01400
01410
01420
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530

THE

120
130

140
150

160
170
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INTEGRATION BEGINS HERE
D@ 390 IDX=1,11

X=X+51

TEST=X%L3

IF(TESTGT»20.0) GO TB 120
W3I=EXP(-TEST)

GB T2 130

W3z=0.0

W8=1.0~W3

TEST=X%L4

IFCTESTSGT-20.0) GQ T2 140
WA=EXPL{-TEST?

G T@ 150

Wa=0.0

Wo=1.0~W4

TEST=X*L7

IF(TEST«GT«20.0) Gg T& 160
W7 =EXP(-TEST)

G@ T9 170

W7=0.0

WOS=EXP{~X%xL5)

WO=1.0~WT%W4

TEST=X*L6

IFCTEST.CT-20.0) GG T@ 385
WE=EXPL~TEST)

Z=X¥R2

Q1 =R2

CALL BESSEL(VALZ2Y

Z=X*%R1

21 =R1

CALL BESSEL(VALI1D

Z=X%R4

Q1=R4

CALL BESSEL(VAL4>

Z=X*%*R3

91=R3

CALL BESSELC(VAL3>

01540C RJI=J1{X*R> I5 CALCULATED

01550
01560
01570
01580
01590
01600
01610
01620
01630
01640
01650
01660
01670
01680
01690
01700
01710
21720
01730
01740

173

176

Z5=X*RE
IFCZS-GT«30) GO T 173
D18=Z85%ZS

O28=((2.1E-11*#Q15-5.38BE-9)%Q15+6.T3TE~7)%*Q15

3 ~5-42443E-5
E28=((U2S*Q1S+2.60415E-3)%Q15-6.25E-2)%Q15+0+5
RJ1=Z5%Q25

Go 10 176
A35={{(~+14604057/25+.27617679)/25-.20210391)
4 /ZS+4.61835E~3¥/725
Q35=(CA35+e14937)/L5+4-68E-6)/25+.79788456
FaS=(((~+21262014/25+.193972323/Z5

S +6.022188E~2)/25~1.T222733E~12/Z5
D4S=({045+5.,085E-4)/75+.3T7T4988362/25-2.35619449+Z5
RJ1=R3S*COSCQ4S) /SGRT(ZSE)
S3=51%(VAL2-VAL1»*{VALA~VAL3)
54=51%{VALZ2~VAL1 Y% (VAL2~-VAL1)
55=31%(VAL4-VAL3)I*{(VAL4-VAL3)
S6=S1*(VAL2~-VAL1)I%R.J}

S7T=31%(VAL4-VAL3)Y*RJ!



01750
01760
01770
01780
01790
01800C
01810
01820
01830
01840
01850
01860
01870
01880
01890
01900
01910
01920
01930
01940
01950
01960
01970
01980
01920
02000
02010
02020
02030
02040
02050
02060
02070
02080
02090
02100
02110
02120
02130
02140
02150
02160
02170
02180
02130
02200
02210
02220
02230
02240
02250
02260
02270
02280
02290
02300
02310
02320

FER

180

190

200

210

240
250

260
270

280
290

300
302

340
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AS=WEKWHEXWEXWERXWIRWO %S
Ab=WEKWOXWERWERS 4

AT =WEkWEFWSHWSKkWIRkWIRWORWO*SS
AG=WEXWEXSE

AO=WE*xWIRWOXST

X LARGE THE MATRIX CALCULATIONS ARE BYPASSED
IF(X«GT«30:0) GO T@ 385
OSUM=0.0

N=Ng

IFCMIN) «EQ.0+0) G@ TO 190
BETA(NI =CSORT(CMPLX(X*Xs MINIIIZUCN)
G@ Té 200

BETA(N) =CMPLX(Xs00)
QASUM=QSUM+REAL(BETAC(NII®TC(NI/RS
IFCQSUMGTe20.00R+N«ER«1) GZ TO 210
N=N-1

Go To 180

N7 =N

V(1,2)=BETAIN+1)~-BETA(N)
V(2,2)=BETAIN+1)+BETACN)
BETAQ=BETA(N+1)
IFINS.LT.(NT+2)) G@ TO 250
N72=NT+2

IFCNTZ2.GT.N8) G@ T@ 250

D2 240 N=NT72,N8

BETAl =BETACN)

CALL XFORM(NsTRaRSsU-T)

JUMP =1

CALL MATRIXCJUMP:V>TRLBETAL)
BETAO=BETA1

IFINELTI(NT+1)) GB TO 270
N=N8g
EX=CEXP(BETACNI*C(UCNI*(TINI~ZTI/RDI
V(151)=V{1,2)Y/EX+V(2,2)%EX
IF(NG.LT«(N7T+2)) GG T@ 260

N7 =Ng~1

G Te 290

IF(NgE.LT«N7) G@ T@ 280
EX=CEXP(BETA(N)YXUINIX*XZT/R5)
V(1,1)=2.0¥BETA(N+1)/EX

G TO 290

V(15,1)=¢(0.0,0.0)

N72=NT7+2

IF(N72.GT.N92) G@ T@ 302

D@ 300 N=NT725N9

BETA1=BETA(N)

CALL XF@RMI{NLTR,RS,U-T)?

JUMP =0

CALL MATRIXC(JUMP,V>TRSBETAL)D
BETAQ=BETAI1
GAMMAL=V{(1,2)/V(2,2)
GAMMAZ2=V(1,1)/7V(2,2)
RL(13¥=1.0

TEST=X*L2

IFCTEST«GT«20:0) G2 TQ 340
W2=EXP{(~-TEST)

GB T@ 350

W2=0.0
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02330 350 DO 370 K=£,5

02340 AK=K

02350 TEST=AK®X*%LE

02360 IF(TEST.GT-20.0) GG T@ 360
02370 RLIK) =W2*RL{K~12

02380 Ga Tg 370

02390 360 RLI{KI=C.0
02400 370 CONTINUE

02410 D@ 360 K=1,5 ‘ v
02420 MUTC(KI=MUT (K +GAMMA T %RLIKI*RLIKI*AS

02430 DRIVERIKI=DRIVER{KI+GAMMAT*RL (KI*RLIKI*ASE
02440 PICKUP{KI=PICKUPC(KI+GAMMA L *RL{KI*RL{K)I*AT

02450C GH AND IJ ARE THE C@RRECTIONS TO DRIVER AND PICKUP
024600 IMPEDANCE DUE T@ THE DEFECT

02470 GHIKI=GH(K) +GAMMAZ*RL{KI*AE

02480 380 IJ(KI)=TJIKI+GAMMAZARRL(KI*®AG

02490 385 AIRI=AIRI+Z2.0%S4%(X*xL3~W8)

02500 AIR2=AIRZ+S55% (4 Ok (X*¥LA-WI) =2 kU THWIXWI )
02510 390 CONTINUE

02520C THE INTEGRATIZN ENDS2 THE NEXT INTERVAL 1S TAKEN
02530 B1=B2

02540 B2=B2+582

025500 FOR X LARGE, THE INTEGRAL CONVERGES FASTERs, $@
025600 LARGER STEP SIZES ARE TAKEN

02570 $1=0.05

08580 IF(X2LT»%2.02 G@ TQ@ 110

02590 Si=0.1

02600 IF{XaLT29.0) G® T® 110

Q2610 Si=0.2

02620 IF{X«LT-39.0) GO TO 110

02630 Si=0.5

02640 IF(X:LT=79.0 GO T9O 110

02650 IFCIHL.NELDY GB T® 780

02660 400 QDFIND=0.0

02670 CALL CIRCT(TMAG»PHASE .QO>T1>T2,0DFIND)

02680 CALL PHASETC(TMAGs P PHASE,SHIFT,V1,3ET)

026900 THE RESULTS ARE PRINTED

02700 TYPE 410

02710 410 FORMATCIH »10HDRIVER RES»4X»10HINDUCTANCE » 4X»
oz720 1BHNG TURNS, 6X,9HSHUNT CAP»5X,9MNBR IM PT)
02730 G1=00%TI1*T1*AIR1/W

D2740 Q2={REALIDRIVERC(3III+AIRIY/AIR]Y

027150 Q3=Q0%T2%T24AIRE/W

02760 Q4={REAL(PICKUP{33)+4IR2)/AIR2

D770 TYPE 420,R6,01:2N3,06,82

02780 420 FERMAT(IH »IPE12.5,2XsE12.5,2X20PFB.12,6X,1PE12.5,
02790 12X 0PF9:863

02800 TYPE 430

02810 420 FORMATUIIH »10HPICKUP RES»4X-10HINDUCTANCE, AXs
02820 18HNG TURNS,6Xs GHSHUNT CAPLSX,»9HNGR IM PT)
02830 TYPE 420-R7,03-N4,C7204 :

02840 TYPE &40

02850 440 FORMATI{IH »1ZHDRIVING VOLT,2X»10HSERIES RES»>4Xs
02860 1EHAMP GAIN,SX>GHINPUT IMP)

02870 TYPE 450,V0-,R0-,G5-R9

OZ28BRBE 450 FORMATCIH sF 519X 1PE1245,2Xs0PFH8.156X51PE12.5)
02890 TYPE 4605,V

02900 460 FORMAT(IH LZ22HDISCRIMINATOR VOLTAGE=»1PEIZ.3)



02910
02920
02930
02940
02950
02960
02970
02980
02990C
03000
03010
03020
03030
03040
03050
03060C
03070
03080
03090
03100
03110
03120
03130
03140
03150
03160
03170
03180
03190
03200
03210
03220
03230C
03240C
03250
03260
03270
03280
03290
03300
03310
03320C
N03330C
03340
03350
03360
D3370
03380
033920
03400
03410
03420
03430
03440
03450
03460
03470
03480

196

TYPE 470
470 FORMATCIH O
RLC1)I=L6
D@ 480 I=2,5
480 RLCIJ)=L2+RLCI-1)
TYPE 490,RL
490 FORMATC(IH »4(F6.3s,8X)sF6.3)
TYPE 470
THE VO@LTAGE MAGNITUDE., PHASE». AND SHIFT ARE PRINTED
TYPE 510,(TMAG(J)»J=155)
TYPE 5105 (PHASE(J)».J=1,5)
TYPE 510, (SHIFTC(J)»J=155)
TYPE 470
510 FORMATC(IH s4C1PE125s2X)2E12.52
CALL SENS(SHIFTsRAD)
THE EFFECT ¢F THE DEFECT IS DETERMINED
QDF IND=V5%A1*D0 .
CALL CIRCT(TMAG,PHASE.Q0,T1,T2,QDFIND)
TYPE 513,V55A1
513 FORMATC(IH ,'DEFECT V@L I1S',1PE13.6,
9 * SHAPE AND ORIENTATION FACTOR®"5E13.6)
TYPE 470
SEN=0-0
DB 516 J=1,5
RM=TMAG(.D
OPRINT=RAD*(SET-ATANZ(V1,SORT(RM¥RM~V1I*V1))
6 +PHASE(J)Y~SHIFTC(J))
SEN=SEN+QPRINT/RAD
516 TYPE S18,Q9PRINT
518 FORMAT(IH+:1PE12.5,2X5)
SEN=3EN/5.0
TYPE 470
THE USER IS @FFERED THE @PTION QF MAKING VARIOGUS
DESIGN CHANGES
520 TYPE 530
530 FORMATC(IH »,*1 COJL DESIGN 2 ATTEN. DESIGN 3 DRIFT CHECK
1 4 CON CAL")
TYPE 470
ACCEPT 540,N5
540 FORMATCIL)
G@ TG(S50,680»,760,1010)5N5
IN THE FIRST P@SSIBILITYs USER ENTERS INTEGER DATA FOR
FOUR FACTORS3 ZEROG MEANS N@T CHANGED FReM INITIAL VALUE
550 TYPE 560
S60 F@RMAT(®' DRIVER WIRE GAGE» TURNS, PICKUP WIRE GAGE.
1 TURNS')
TYPE 470
ACCEPT 5T70sN1AsN2AsN3A»N4A
570 FARMATC(AI)
IF(N1A%N2A.EQ-0) GB T@ 580
GAGE=NLA
XIN=R1*R5
X@QUT=R2%RS
XLEN=L3%RS
TURNS=N2A
N3=N2A
N1iA=~1
J1 =1
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03490 CALL GAGER{RS&)

03500 Ge T 600

03510 S80 IF(NIA.EQ.0) GB T S90

03520 GAGE =N1A

03530 XIN=R1*RS

03540 XOUT=R2*RS

{13550 XLEN=L3%RS

03560 J1=1

03570 CAaLL GAGER(RS6)

DASKO N3=TURNS

03590 G@ T8 &00

03600 590 IFI(N2AED.0) GO T@ 620
03610 N3=N2A

03620 TURNS=NZA

034630 KIN=R1*RS

03840 XOUT=RE%RS

03650 XLEN=L3*RS

03660 Ji =0

03670 CALL GAGER(RS)

03680 600 TYPE 610-TURNS,»GAGESPERLAY>XLAYsRE
03680 610 FEZEMATC(IH »AHDRIVER»F6:1510H TURNS OF#5F5.1,4HWIRES

03700 1FSe1s 6HALAYERSFS 15 6HLAYERSS IPE12 55 4HOHMS)
D37T10 620 IF(N3A*N4A.EQ.0) GO TO 630
03720 GAGE=N3A

03730 TURNS=N4A

03740 Na=N4A

03750 KIN=R3*%RS5

Q3760 X@UT=R4%R5

a3770 XLEN=L 4%R5

03740 J1 =1

03790 CALL GAGER{(RT7?

03800 R7=2.0%R7

03810 Ge T8 650

03820 630 IF(N3A.EQ.0) GO TO 640
03830 GAGE=N3A

03840 XIN=R3*R5

03850 XGUT=R4%R3

03860 KLEN=L4%RS

03870 Ji=]

03880 CALL GAGER(RT?)

03890 R7=2.0%R7

03%00 N4=TURNS

03910 G@ To 650

03920 640 IF{NAA.EQ.D) GU T@ 670
23930 N4=N4A

03940 ’ TURMNS =N4A

03950 XKIN=R3¥RS

03960 XBUT=R4a*RS

63970 XLENsLA%RS

03980 J1 =0

03990 CALL. GAGER(RT?

04000 R7T=2.0%R7

040iG 650 TYFE &860-,TURNS,GAGESPERLAY» XLAYSRY ‘

DA020 660 FORMAT(IH »6HPICKUP,>F641510H TURNS EA#,F5.154HWIRE,
04030 1IF5«1 s 6H/LAYERS>FS+ 15 6HLAYERSSIPE1245, AHOHMS)

04040 670 GO T@ 400

04050C THE SECZND POSSIBILITY ACCEPTS E-FIELD DATA FBR FOUR
04060C OTHER PARAMETERS



04070
04080
04020
04100
04110
04120
04130
04140
04150
04160
04170
04180
04190
04200
04210
04220
04230
04240
04250
042460
04270
04280
04230
04300
04310
04320
04330
04340C
04350C
04360
04370
04380
04390
04400
04410
04420
04430
04440
04450
04460
04470
04480
04490
04500
04510
04520
04530
04540
04550
04560
04570
04580
04520
04600
04610
04620
04630
04640
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680 TYPE 690

690 FGRMAT(* DRIVER SERIES RESs SHUNT CAP, PICKUP SHUNT RES»

1 SHUNT CAP*'>
TYPE 470
ACCEPT 700,P1,P2,P3,P4

700 FORMATCAE)
IF(Pl1.EQ.D.0) GO T@ 710
RO=P1

710 IFC(P2.EQ.Q«0) G@ TG 720
Cé=p2

720 IFCP3.EQQ0.0) GO T@ 730
R9=P3

730 IF(P4.EQ.0.0) G@ TG 740
CT=pP4

740 Q5=1.0/(W%SQRT(O1*xQ2*%C62)
R6=SERT(Q1%R2/C63
Q7=RO/(H*Q1%Q2)
Q8=1.0/7(W*SARTC(QA3*Q4%C7 )
Q9=SQRT(Q3%Q4/C7)>
Q10=R9/(WxQ3%Q4)
TYPE 750,05,06,Q7

750 FORMATC(IH >T7THDVR CKT»1PE12.5,10H BELOBW RESSIPELIZ2:5,»
18H OGPT RES,1PE12.5,11H RES/REACT.)
TYPE 755,08,09-,Q10

7155 FORMAT(IH »7THP~-U CKT»1PE12.5,10H BELOW RES,IPEI12.5»
1 8H OPT RES»>1PE12.54s11H RES/REACT)
G8 T& 400

THE THIRD P@SSIBILITY EXAMINES THE EFFECTS OF DRIFTS

@GN THE SYSTEM

760 TYPE 770

770 FORMAT(1IH H23HSYSTEM DRIFT VARIATI@NS)
DR1=0.01
DR2=0.01
DR3=0.01
DR4=0e01
DR5=0.01
DR6=0.01
DR7=0.01
DR8=0.01
DR9=0.01
GO T® 790

780 CALL CIRCTI(SETs»V1,SHIFT>RAD,SEN)
G@ T8 (970,1000),JKL

790 TYPE 800

800 FORMATCIH »11HZ VARIATION,3Xs 13HPARAMETER VAR, 1X»
17THRADIANS» 7X>» THDEGREES»7X»10HZ OF RANGE)D
IF(DR1.EQ.0«0) GO TA &30
R6=R6%{1 «0+DR1)D
DR100=100.0%DR1
TYPE 820,DR100

820 FORMATC(IH »F4.1,10X,13HDRIVER RES 8)
CALL CIRCTIC(SET»V]1sSHIFTsRAD»SEN)
R6=R6/7(1.0+DR1)

830 1F(DRZ2.EQ.0.0> G3 TA@ 850
R7=R7%(1.0+DR2)
DR100=100.0%DR2
TYPE 8405DR100

840 FORMATC(IH sF4.1,10X»13HPICKUP RES £
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04620 CaLl CIRCTHI(SETV1,SHIFT,RADSEND
04660 R7=RT/7(1.0+DR2J :

04670 850 IFI(DR3IEC.0-03 GO TO 870

04680 CéE=C6%x(1.0+DR3ID

04690 DRIOG=100.0%DR3

04700 TYPE B60,DR100D

04710 E60 FORMATIIH »F4-.1510X513HDVR SHUNT CAPS)
04720 CALL CIRCTIC(SETsV1sSHIFTsRAD»SEN)
04730 Ce=C6/701 -G+DR3)

04740 G700 IF(DR4.EQ.0-0) G0 T@® 890

04750 CT=CT7%(1.0+DR4)

04760 DR100=100.0*%DR4

04770 TYPE B80sDR10O

04780 8BO FORMATCIH »F4.1510Xs13HP-U SHUNT CAPS)
04790 CALL CIRCTI(SET>V1SHIFT,RAD>SEND
04800 CT=CT/(1.0+DR4>

04810 890 IFC(DRS.EG.0.0) GO T® 9210

G ag20 RO=RO*{(1.0+DRS?

04630 DR100=100.0%DRS

D 4840 TYPE 900.DRI0O

04850 900 FORMAT(IH »F4.15,10X513HSERIES RES $
04860 CALL CIRCTI(SET,V1,SHIFT.RAD,SEN)
D4870 RO=RO/¢(1.0+DR5>

04880 910 IF(DRH.EQ.0.0) G& TE 930

04890 RY=R2%(1.04DRAE)D

04900 DRIDO=100.0%DR6

04910 TYPE 920-,DR10Q

04920 920 FORMATIIHN »F4.1510X,13HAMP INPUT RESS)
04930 CALL CIRCTIC(SET,V1,»SHIFT,RAD»SEN)
04%40 R9=R9/(1.0+DR&D

04950 930 IF{DR7.EQ.0.0) G2 T® 950

04960 VO=VO*(] .0+DRTY

04970 PDRICC=100.0#0DR7

04980 TYPE 940.,DRI00

04990 940 FOGRMATCIH »F4.1,10X513HAPPLIED VOLT.%)
05000 CAaLL CIRCTI(SET,V1-SHIFT,RAD,SEN)
05010 VO=VO/Cl0+DRT)

Q5020 950 IF(DREJER-0.0) GO TG 980

05030 F=F#%(1.0+DRB)

035040 DR100=100.0%DRE

05050 TYPE 960,DR100

05060 960 FERMATC(IH »F4.1:10XK>13HFREQUENCY 53
05070 JKL=1

05080 G@ Ta 5

05090 970 F=Fs/{1.0+DRE)

05100 JKL=0

35110 980 IF(DR2:EQ.0.02 6@ T8 520

03120 R5=R5*%{1.0+DK9)

05130 DR100=100.0*%DR9

05140 TYPE 990,DRI1Q0O

05150 990 FORMAT(IH »F4.1-10X,13HMEAN RADIUS $)
05160 JKL =2

05170 G8 T& 5

5180 1000 R5=R5/7(1.0+DR9)

065190 JKL=0

Q5200 G Te 520

05210C THE FPURTH PBSSIBILITY ENDS CALCULATIONS
0S220 1010 CALL EXIT
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05230 END

05240 SUBRBUTINE BESSEL(VAL)

05250 COMMBN X,Z201,P1

05260 IFCZ.GT«5.0) GO T® 1510

65270 L=2.0%Z+3.0

05280 F1=0.5%¥01%01%Q1

05290 VAL=F1/3.0

05300 D@ 1500 I=1sL

05310 AI=1

05320 Fle~F1%0.25%2%Z/CAI*AT+AI1)

05330 1500 VAL=VAL+F1/(2.0%A1+3.0)

05340 G@ TG 1520

05350 1510 X0=C({~188+1357/7Z+109.1142)/2-23.79333)/2+2.050931)/2Z
05360 XO={(X0~-0.1730503)>/72+0.7034845)/2~0.064109E~-3
05370 X1={CC~5.817517/2+2.105874)/Z~6896196)/77+.4952024)/Z
05380 X1=(X1-0.187344E-2)/Z+0.7979095

05390 VAL=C1+0-SORTCZI*¥(X1*%CBS(Z~P1/4:0)-X0*SINCZ-P1/4.03)3/
05400 1 CKEX®ER)

05410 1520 RETURN

05420 END

05430 SUBRAUTINE XFORM(NsTRsRSsUsT)

05440 COMMBN /B1/BETAD.BETAL

05450 COMPLEX BETAGsBETAlSEXsTR

05460 DIMENSION EXC(2),UC10)eTC10)sTR(2+2)

05470 EXC1)=CEXP(-BETAO*UIN~1>*T(N-1)/R5)

05480 EX(2)=1.0/EX(1)

05490 DO 1610 1=1,2

05500 DG 1610 J=1.2

05510 K=1+J

05520 IF(K.EQ.3) GG T@ 1600

05530 TRCI»J)=C(BETAL+BETAQI*EXC(J)

05540 GO T@ 1610

05550 1600 TR(I,J)=(BETA!l-BETAQI*EXIJ)
05560 1610 CONTINUE

05570 RETURN

05580 END

05590 SUBRGUTINE MATRIX(JUMP,V,TR,BETAL)
05600 COMPLEX V,0,TR,BETAL

05510 DIMENSION §(2,2),V(2,2),TR(2,2)
05620 IFCJUMP.EQ.1) GO T@ 1720

05630 QC1,12=V(151)

05640 V(1,1)=2.0%¥BETA1*Q(1,1)

05650 1720 DG 1730 I=1,2
05660 1730 QC1,2)=V(1I,2)

05670 D@ 1740 1I=1,2

05680 V(1,2)=(00,0+03

05690 D@ 1740 J=1,2

05700 1740 V(1,2)=V(I,2)2+TR(1,J)%QC(J»2)

035710 RETURN

05720 END

05730 SUBROPUTINE CIRCT(TMAGs,PHASE,Q0,T1,T2,Q)

05740 COMPLEX MUTsDRIVERsPICKUP»Z1572523+Z24525»7265277
05750 COMPLEX DEN@MsTNUM,VOLT,GH»I1J

05760 COMMBN /B2/R1sR2,R3,R4,L3,L4-,R0-R65R7,R9,C62C7
05770 COMMBON /B2/V0->65,WsF,RS5sN3,N4/B3/MUT,DRIVER
05780 COMMON /B3/7PICKUP,AIRISAIRZ2sGHs1J

05790 DIMENSION MUT(5)sDRIVER(S)>,PICKUP(5)

05800 DIMENSION TMAG(S)sPHASE(S),GH(S)»I1J(5)



05810
05820
05830
05840
05850
05860
05870
05880
05890
05900
05910
05920
05%30
05940
05950
05960
05970
05980
05990
0 6000
06010
06020
06030
06040
06050
06060
08070
06080
06090
06100
06110
06120
06130
06140
06150
Q6160
06170
06180
06190
06200
06210
06220
06230
06240
06250
06260
06270
06280
06290
06300
06310
06320
06320
06340
Q6350
06360

REAL L3,L4.N3sNA

T1=N3/((R2~-R1I*L3)

T2=Na/7{(R4~R3Y*L4)>

Q0=6.3004T75204E ~-T*F%R5
Z1=CMPLX({W*RD*C62=1.0)
Z2=CHMPLX(W*R9*CTs-1.0)
Z3=CMPLX(0-0,~-R0O)

Z24=CMPLXC(0.0,~R9)D

PO 1800 J=1.5
Z5=Q0%TI*T2%{MUT(JI+Q*(0+0s-10I*GH(J)
26=Q0*T1*T1%(0:051-02%(DRIVER(JII+AIR] +

*1JCJY)
G¥GHCJI*FGHMIID D

Z7=00%T2*T2%(0+0,1+03%(PICKUP(JI+AIRZ+A¥IJCII*T1JC I
DENZM=Z1 % Z2%Z5* 25+ { Z1 ¥ ( ZE+REI+ZII*(ZR*(ZT+RTI+Z4)

TNUM=VO*R9*¥G5% (0.0, ~1.0)%Z5
VBLT=TNUM/DENOM
TMAGLJI =CABSIVELT)

1800 PHASE(JI=ATANZ2CAIMAGC(VALT)Y»REAL(VALT?)
RETURN
END
SUBROUTINE PHASET(A»B,C,V1,03)
DIMENSION A{S53,B(5)sC(5)
P1=AC5YESIN(BL{S))~A(1I%SINCBCI))
G2=~-CA(SI*CAS{B(5)I~-A(1I*COSC(BCIDY))
@3=ATAN2{B1 5022
V1i=A{1)*%SINC@3+BC(12)
DO 1900 J=1,5

1900 CCJ)=83-ATAN2IVISART(ACII®ACJI-Vi%V])
RETURN
END
SUBRBUTINE SENS(@,RAD?
DIMENSIBN 0(52
2=0.0
D@ 2006 J=1.,5
g1=gch)
IF{ABS(O2).6T.ABS(O1Y) G& T@ 2000
fa=21

2000 CONTINUE
O2DEG=Q2*RAD
TYPE 2010:Q2,02DEG

I+BLID

2010 FORMATCIH »°LIFT-@FF=’»1PE13+6."' RADIANS BR's

& Ei13.6,°' DEGREES™)
RETURN
END
SUBRBUTINE GAGER(RES)
COMMEN /B4/GsD1-sD2,RLN>TSsN1ASJ1DSE
PI=3.1415926536
IF(J1.EQ-1> GO TO 2120
NiA=~1
D3=0.95%SQRTL(D2-D1 I*RLN/TS)
X2=1.0371E~5/7(D3%*D3)
Q=400

2100 Gz40.0+10.0%(ALEG(X2)~HLAGL+9989+.01T*(G/10.0-1:022)/2.3

10259

IFCABSI(O~Gr.LT»1-0E~4)Y GO T@ 2110
Q=G

Gg To 2100



06370
06380
06390
06400
Q06410
06420
06430
06440
06450
06RO
06470
06480
06490
06500
06510
06520
06530
06540
066550
06560
06570
04550
06590
06600
06610
06620
06630
06640
06650
06660
06670
0 66%0
06690
Q6700
06710

2110

2120

2130
2140

2150

2200

2210

202

IG=G

G=1G
X2=(e9989+01T*(G/100~102)%10e0%*%(G710+:0-4+.0)
D3=53QRTC(1.03T1E~-5/%x2)

IF(G«GT.40.0) GO T@ 2130
K3=Ce460655%ALBG(D3 %1 0E3 I ~e43444)%1.0E~3
Go TGO 2140
X3=(98.02228%¥D3+2.56791E-2)%1 0E~3
ID=C(RLNZC(D3+X3))

D=1D

IE=(D2~D1)Y/7(D3+X3)

E=1E

IF(NIAEC.-1) GO TQ 2150

TS =D*E

RES=T5*X2*%(D2+D1)X*FP1I/12.0

RETURN

END

SUBROUTINE CIRCT1CO1sV153sRADSSEN)
CEZMMEN /B5/V5,A1,D0

DIMENSION @(5),TMAG(S)»PHASE(S)
OQDFIND=VS*A1%*D0

CALL CIRCT(TMAG>PFPHASEsQO-T1,T2,0QDFIND)
Q1=0.0

D@ 2200 J=1.,5
C2=B1-ATAN2CVILSORTC(TMAGCII*TMAGCU) ~V1I%xyv]1))
1 +PHASE( ) ~8CJ)

IFC(ABS(Q1).GT.ABS(02)) GB T 2200
G1=62

CENTINUE

Q2NEW=RAD*Q1

03=100.0*%C1/SEN

TYPE 2210,01,02NEW>03
FORMATC(IH41X52(1PE12.552X)51PE12.5)
RETURN

END
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SUMMARY AND CONCLUSIONS

The theoretical anslysis and computer programs to study eddy-
current problems using reflection type coils are given in this report.
The results of these analyses will agree quite well with experimental
results, with errors on the order of 1% when the coils are large enough
to be accurately fabricated. In general, the conductivity and thickness
calculations are more accurate than the defect calculations. These
programs allow highly accurate, complete, and rapid design of optimum
solution to eddy~current problems without the necessity of fabricating
standards or making experimental measurements and avoid expensive

trial-and-error approaches that have less than optimum results.
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