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Abstract

A precise optical method was developed for measuring the concentricity of a
longitudinal hole in a cylinder relative to the outer cylindrical surface. The work
was done to provide improved accuracy over existing methods for measuring the
concentricity of an optical fiber relative to the outer ferrule diameter in an optical
connector. Fiber concentricity is very important for reliable coupling of high
optical power densities from one connectorized fiber cable to another. The
technique involves the use of a laser interferometer to measure the passage of the
ferrule into and out of a light beam whose attenuated energy is measured
simultaneously to high precision. Combined measurements of the passage of a
precisely fit pin or fiber in the ferrule hole through the light beam allow the
concentricity of the fiber hole to be measured relative to the outer ferrule
diameter. Repeatability measurements were made under different experimental
arrangements, with both a collimated light beam and a slightly convergent light
beam. Depending on the particular arrangement, the standard deviation for
concentricity measurement in a given plane of the ferrule ranged from 2.37 uin.
to 4.19 uin.

Summary

An optical noncontact interferometric method was developed for measuring the concentricity of a
longitudinal hole in a cylinder with respect to the outer cylindrical surface. This work was
undertaken to provide greater accuracy than that afforded by other methods of measuring the
concentricity of an optical fiber in an optical connector ferrule, with respect to the outer ferrule
surface. When coupling optical energy from one fiber cable to another via a mated pair of
optical connectors the degree of concentricity of each fiber in its ferrule is not only important for
optimum transmission efficiency but also to avoid fiber face damage during coupling of high
optical power densities such as those that exist in a DOI (direct optical initiation) system.

In the present method devised for measuring concentricity of a hole in a cylinder, a lensing
arrangement is used to form a small-diameter light beam using a light-emitting diode (LED) of
very stable energy. The light beam energy is measured with a very stable, sensitive detector.
Mechanical slides with precision movement are used to move the cylindrical ferrule into the path
of the light beam, and the detector provides a precise measure of the decrease in light beam
energy as the ferrule movement obscures a portion of the beam. The actual position of the
ferrule as it is moved is measured very accurately with a laser interferometer. In this way, the
position of the ferrule in the light beam is known as a function of the light energy that it
obscures, and therefore the center of the ferrule can be determined as the ferrule is moved in and
out of the path of the light beam. Corresponding measurements are made as a close-fitting pin or
fiber inserted in the hole is moved in, through, and out of the light beam. The concentricity of




the ferrule hole with respect to the ferrule outer diameter is determined from the difference
between the interferometrically measured ferrule center and the measured fiber center in the path
of the light beam.

Various experimental arrangements were used to demonstrate the concept for concentricity
measurement and to obtain data on repeatability of the measurements. In one set of
measurements a steel ferrule of outer diameter 0.1190 inch containing a hole of diameter

0.0188 inch was used. The standard deviation for measurement of hole concentricity was
determined to be 3.15 pin., using a setup in which one lens was used to form a slightly
convergent light beam. In another set of experiments, two lenses were used to provide a nearly
collimated light beam. With this arrangement the repeatability measurement for concentricity of
an 0.0848-inch diameter ferrule containing a 0.0188-inch diameter hole was determined to be
2.37 pin.




Discussion

Scope and Purpose

A technique was developed for measuring the concentricity of a hole in a cylinder with respect to
the outer surface. The endeavor was undertaken to provide an accurate means of measuring the
concentricity of the optical fiber hole relative to the outer ferrule diameter in an optical
connector. The degree of concentricity of a fiber with respect to the optical connector ferrule
diameter is important, not only in achieving maximum coupling from one fiber to another, but
also in reducing the possibility of damage at the fiber faces during the transfer of high optical
power densities in the range of GW/cm? that exist in a DOI (direct optical initiation) system.

Activity
Introduction -

Consider a rod or cylinder with a hole on or near its longitudinal axis as indicated in Figure 1a.
One way of determining the concentricity of the hole with respect to the outer cylindrical surface
is to view the end with a microscope, or make a photograph of the end and measure the radial
distance from the cylindrical periphery to the edge of the hole at various angular locations. For
precise determinations this method is lacking because of uncertainties in knowing the outer edge
in the plane of the end and uncertainties in knowing the edge of the hole. That is, the entrance of
the hole always contains a degree of jaggedness, if only on a microscale, that lends uncertainty in
the hole peripheral location for comparison with the cylindrical outer surface. However, in many
applications the microscale of the jaggedness is of the same order as the preciseness with which
the concentricity is desired to be known. This is the case when considering precise alignment in
mating one optical fiber connector to another for optimum coupling of energy from one fiber to
the other. For maximum transfer of energy, the mating fiber centers must be as nearly coincident
as possible. The degree of colinearity depends on the concentricity of the holes holding the
fibers in the connectors and on the precision of the barrel that holds the connectors in relative
alignment.

It is believed that hole concentricity should be 3 um in a given connector to meet the needs of
coupling high optical power density from one fiber to another in the DOI system for advanced
optical firing. The closest known method for concentricity measurement of this type involves the
use of dial indicators in contact with the outer periphery and with a pin inserted in the hole."?
Dial indicators are limited in accuracy to a few micrometers. For small holes, the pin may
deflect under the load of the indicator probe, which results in inaccuracy.
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Figure 1. (a) A Cylinder Containing a Longitudinal Hole, Parallel to the Axis of the
Cylinder, But the Hole Center and Cylinder Center Are Not Concentric, as
Indicated in (b) Which Shows a Plane Perpendicular to the Cylinder Axis

A coordinate measuring machine could in principle be used to define the hole surface
mathematically and compare it to the outer surface, but this method is limited to holes above a
certain diameter determined by the size of the coordinate measuring probe. For hole depth-to-
diameter ratios in the range of four, the minimum hole diameter is approximately 0.050 inch.
Holes in optical connections are generally 0.016 inch or smaller in diameter.




The optical noncontact interferometric method described below for hole concentricity
measurement overcomes the disadvantages of the other methods. Moreover, the specific
measurement technique provides an accuracy at least one order of magnitude better than the use
of dial indicators.

Consider the arrangement shown schematically in Figure 2 in which a cylinder with a hole on or
near its axis is mounted with axis vertical on a vertical slide V. The vertical slide, in turn, is
mounted on a horizontal slide H,. Movement of the horizontal slide in the x direction of Figure 2
is measured accurately with a laser interferometer. The ends of two optical fibers are positioned
coaxially along the y-axis of Figure 2, so that the beam emitted by one and received by the other
is directed along the y axis. As the cylinder containing the hole is moved along the x axis, it will
interrupt the light beam, causing the detector to register a continually decreasing light level. As
the body is continued to be moved in the same direction along the x-axis, it will begin to pass out
of the path of the light beam and the detector will register an increasing light level. Let x, be the
interferometer reading when the cylindrical body has moved into the path of the light beam such
that the detected light is, for example, P/2, where P is the light level of the unobstructed beam,;
similarly, let x, be the interferometer reading as the body passes out of the path of the light beam,
at which the power level is again P/2. The x-coordinate x, corresponding to the position of the
body when it is centered in the path of the light beam is '

x, =(x, +x,)/2. (1)

Next, the vertical slide is used to position the body with pin in the hole so that the pin moves
through the light beam path as the horizontal slide is moved. Let x, be the x coordinate position
as measured by the interferometer when the pin is positioned such that the light level is one
half the unobstructed value, and, as the pin passes out through the light path, let x, be the
interferometer reading when the light level is again one half its unobstructed value. Then, the

x coordinate corresponding to a centered position of the pin in the light beam is

x, =(x; +x,)/2. )
Therefore, the degree of concentricity, c, is

c=X,—X,

3

=(x] +X, =X, —x4)/2.

Determination of the concentricity in any other longitudinal plane of the cylinder can be made by
first rotating the cylinder about the vertical (z-axis) in Figure 2 and then following the procedure
outlined above.
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Figure 2. Schematic View of the Arrangement Used to Measure the Degree of Concentricity
of a Hole in a Cylinder, Relative to the Quter Cylindrical Surface

It is assumed that the out-of-roundness of the cylindrical outer surface in Figure 2 is small
compared to the eccentricity of the hole. If this is not the case, the measurements x,, x, referred
to above will reflect the out-of-roundness. However, if pairs x,, X, are measured for each of
several angular orientations of the cylinder about the z axis, throughout a full rotation, then a
best-fit circle can be obtained mathematically from the data. To determine concentricity, the
measurements X3, X4 in a given longitudinal plane are then referenced to the center of the best-fit
circle. Furthermore, the pin inserted in the hole must be a precision gage pin with out-of-
roundness less than the hole concentricity.

The Hewlett-Packard laser interferometer system consisted of an HP5500C laser head,
HP10562A single beam interferometer, and HP5505A laser display. For measurement of the
transmitted light beam energy, an HP8153A lightware multimeter was used which contained an
HP81530A silicon sensor and an HP81541 light emitting diode.




Transmitted Light Energy as a Function of Cylinder or Pin Location

As the cylinder (or pin) in Figure 2 is moved in the x direction through the path of the light
beam, the ratio of transmitted light energy to the unobstructed beam energy can be determined as
a function of the cylinder location with the aid of the geometry in Figure 3. The light beam of
radius r is assumed to have uniform intensity in its cross section. Let the cylinder (or pin) be at
an arbitrary location designated by the distance x. The area A, of the light beam obstructed by
the cylinder can be expressed in terms of 8 and r as

A, =mr’ (gﬁ) - rcos@rsinf
2nr

G

=10 —r’ cosOsin6.

/\_/

OBSTRUCTED REGION A

OF LIGHT BEAM \

LIGHT BEAM
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Figure 3. Geometry Used in Deriving Equation 6 of the Text. (The axis of the light beam is
perpendicular to the plane of the page, and the axis of the cylindrical body lies in

the plane of the page. Movement of the cylindrical body is from left to right, along
the horizontal x-axis of Figure 2.)




The ratio of obstructed energy to the total unobstructed energy in the beam is

A—";’:—q—-lcosesine (5
mt Tz
and therefore the fraction of energy transmitted is
f=l—é—9—2"—=1-—g+icos€sin9. (6)
bisg T 7

The angle 0 can be expressed in terms of x in Figure 3 and so Equation 6 becomes

. 2
f=1—larccos(1-§)+l(1-3‘-) x_x 7

T r) 7« r/Vr r?

The change in the fraction of transmitted light energy with respect to the cylinder location can be
determined by calculating the derivative of f in Equation 7 with respect to x. This gives the slope
of the transmitted energy with respect to cylinder location and from Equation 7 the result is

== . (8)

When the cylinder is located at x = r it can be seen from Equation 7 that the fraction of
transmitted light energy is

fo= Y% ©)

and the slope of transmitted energy versus x at x =r is obtained from Equation 8 as

ﬁ
dx

__Z (10)
T

X=r




Measurements With a Convergent Light Beam

The light emitted by the 100-um diameter fiber in Figure 2 is divergent with an included angle of
approximately 25.4 degrees. Therefore, a positive lens was used to transform the light into a
slightly convergent beam so that an adequate light level would be registered by the light meter
from the receiving fiber. A lens of high refractive index material (LaSF9) was chosen for this
purpose. Placement of the 3-mm diameter sphere-lens at a distance of 1.0 mm from the emitting
fiber face resulted in a maximum transfer of energy to the receiving fiber when its face was at
distance 3.5 mm from the exit face of the sphere lens as shown in Figure 4.

The unobstructed light beam energy was measured as 6.2 uW. The transmitted energy was
measured at frequent intervals as a cylindrical ferrule 0.119 inch in diameter was moved through
the path of the light beam. A plot of the ratio of transmitted light energy to the unobstructed
value, as a function of the cylinder movement x, is provided in Figure 5. Also given in Figure 5
(open circles) are the corresponding measurements made as a pin of diameter only 0.009 inch in
diameter was moved through the light beam. In both cases the cylindrical ferrule and the pin
were moved through the beam along a path midway between the exit face of the lens and the
receiving fiber face, i.e., at a distance 1.75 mm from the receiving fiber face. Taking into
account the focal length of the lens and the object/image distances involved, the calculated
beam diameter in the plane midway between the lens face and receiving fiber face is
approximately 0.012 inch. The solid curve in Figure 5 was obtained from Equation 7 with

r ="0.012/2 = 0.006 inch. Note that both sets of data fit the calculated curve well in the
approximate range 20% to 80% of the unobstructed light energy. The slight departure

3.5 mm

FROM";__ --'(----- TTes o ’DETECTOR

/ \ RECEIVING -
EMITYING FIBER FACE
3 mm-DIAMETER

FIBER FACE
SPHERE LENS

Figure 4. Schematic View of the Arrangement Used to Provide a Slightly Convergent Light
Beam, in the Setup of Figure 2, Through Which the Cylindrical Body Passes.
(The x-axis of Figure 2 is perpendicular to the plane of the page at point P.)
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Beam Energy as a Function of Position of Cylindrical Body in Path of Light Beam




of the measured points for ratios outside the values occurs because the calculated ratio from
Equation 7 is based on the assumption that the light beam is of uniform intensity, which is not
quite true unless the optical fiber is fully excited in all its modes, but this is not expected for the
short fiber length used. Furthermore, the solid curve assumes that the beam diameter is constant
in the plane through which the cylinder and pin are moved, which is not quite true because of the
slight convergence introduced by the lens. However, Equation 7 does fit the data points well for
both the 0.119-inch diameter cylinder and the 0.009-inch diameter pin, over a broad range of
measured light ratio above and below the 50% value, which corresponds to the cylinder or pin
positioned midway in the path of the beam.

Repeatability Measurements
1. Passage of 0.119-Inch Diameter Ferrule In/Out of Light Beam

An optical connector with a 0.119-inch diameter ferrule, as measured with a micrometer caliper,
was positioned on the stage of the arrangement in Figure 2; and a study was made to determine
the repeatability with which the x-coordinates of passage of the ferrule into and out of the beam
could be measured using a set target value of 0.500 times the measured unobstructed light beam
energy. This was done as follows. With the ferrule moved well out of the path of the light beam,
the receiving fiber, at distance 3.5 mm from the lens, was adjusted in the vertical plane so that a
maximum reading was achieved on the HP 8153 A lightwave meter. This ensured that the
receiving fiber was properly aligned with respect to the lens and emitting fiber. The measured
energy was 6.22 pW. Next, the horizontal slide was moved such that the ferrule entered the path
of the light beam and began to obstruct the transmitted energy, thereby reducing the reading on
the HP 8153A meter. The horizontal slide was advanced until the reading was exactly one half
the unobstructed value, i.e., until a reading of 3.11 uW was achieved. At this point the
interferometer reading was recorded, giving the x-coordinate of the ferrule location. Then the
horizontal slide motion was resumed, moving the ferrule farther into the beam. As this occurred,
the transmitted energy reading eventually decreased to zero. Further movement of the ferrule in
the same direction finally resulted in an increasing transmitted energy reading as the ferrule
began to move out of the path of the beam. Motion was stopped when a transmitted energy
reading of 3.11 pW was again achieved, and the interferometer reading was again recorded.
After this, the slide motion was reversed to bring the ferrule back through the light beam to a
position not obstructing the beam. The sequence was then repeated and the interferometer
reading was recorded as the ferrule passed into the beam to the point of reducing the energy to
3.11 uW; the interferometer reading was again recorded as the ferrule passed through to the other
side, resulting in an increase again to 3.11 uW of transmitted energy. In all, thirteen sets of
measurements were made and the results are presented in Table 1. It should be noted that the
interferometer measurement system for tracking interference fringes in the interferometer beam
reflected from the mirror on the slide in Figure 2 was energized with the slide positioned
arbitrarily, but sufficiently remote that the ferrule did not obstruct the light beam. Therefore, the
interferometer readings given in Table 1 for each trial are referenced to an arbitrary zero slide
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Table 1. Repeatability Measurements for Passage of a 0.119-Inch Diameter Ferrule In/Out
of Fiber Light Beam (All values are in microinches.)

Interferometer Reading Interferometer Reading

Trial for Passage of Ferrule for Passage of Ferrule Coordinate of
Into Light Beam Out of Light Beam Ferrule Center
X, .53 (X, + X,)/2

1 2,772 122,268 62,520

2 2,778 122,265 62,521.5

3 2,774 122,265 62,519.5

4 2,773 122,265 62,519

5 2,774 122,267 62,520.5

6 2,772 122,264 62,518

7 2,773 122,263 62,518

8 2,770 122,261 62,515.5

9 2,766 122,257 62,511.5

10 2,769 ' 122,259 62,514

11 2,768 122,258 . 62,513

12 2,768 ' 122,258 62,513

13 2,769 122,259 62,514

Average = 62,516.73 pin.
6 =3.35 uin.

location in the x-coordinate direction. However, for a given set of readings, one half the
.difference added to the lower reading gives the location of the ferrule center along the x-direction
corresponding to the ferrule being centered in the path of the light beam.

Note that the standard deviation for the repeatability of measured location of the center of the
ferrule is only ¢ = 3.35 min.




2. Passage of an 0.018-Inch Diameter Pin In/Oﬁt of the Light Beam

A similar study of the type leading to the repeatability data of Table 1 was made using a much
smaller cylindrical body in the form of an optical fiber of diameter 0.018 inch. To this end the
optical fiber was inserted in a ferrule and the combination was mounted on the horizontal slide in
the arrangement of Figure 2. The vertical slide was adjusted so that, as the horizontal slide was
moved in the x-direction, the 0.018-inch diameter “pin” passed through the light beam. A total
of 15 measurements of the coordinates x, and x, were made for passage of the pin into and out of
the light beam. The resulting data are presented in Table 2.

Table 2. Repeatability Measurements for Passage of an 0.018-Inch Diameter Pin/In/Out of
the Fiber Light Beam (All values are in microinches.)

O 0 N N R W N e

Interferometer Reading Interferometer Reading
for Passage of Pin For Passage of Pin Coordinate of

Trial Into Light Beam Out of Light Beam Pin Center
X4 X, (X, X,)/2
56,714 74,890 65,802
56,710 74,891 65,800.5
56,715 74,888 65,801.5
56,709 74,889 65,799
56,712 74,887 65,799.5
56,706 74,890 65,798
56,708 74,883 65,795.5
56,707 74,889 65,798
56,705 74,879 65,792

10 56,704 74,881 65,792.5

11 56,709 74,883 65,796

12 56,708 74,886 65,797

13 56,708 74,881 65,794.5

14 56,708 74,886 65,797

15

56,712 74,888 65,800

Average = 65,797.53 pin.
G =3.04 pin.




3. Center of an 0.018-Inch Diameter Pin Relative to Center of 0.119-Inch Diameter Ferrule
Containing the Pin '

For the repeatability study of measuring the concentricity of the hole in a ferrule relative to the
outer ferrule diameter, a ferrule of diameter 0.119 inch was used. A pin of diameter 0.018 inch
was found to fit very snugly in the ferrule hole. The combination was placed on the combined
horizontal/vertical stages of the arrangement in Figure 2, with the ferrule/pin combination at an
arbitrary orientation about its vertical axis. The orientation remained fixed throughout the series
of repeatability measurements.

With the horizontal slide positioned so that the ferrule was close to the edge of the light beam,
but not obstructing any portion of the light beam, the interference-fringe measurement system of
the Hewlett-Packard laser interferometer was energized, corresponding to an arbitrary zero
reference point along the x-axis of Figure 2. Next, the light energy coupled from one fiber to the
other was measured with the Hewlett-Packard lightwave multimeter and found to be 6.26 uW.
The horizontal slide was moved until the ferrule obstructed the light beam such that the
transmitted light energy was reduced to 3.13 uW, or one half the unobstructed value, and the
corresponding interferometer reading was measured as x, = 4,479 pin., relative to the arbitrary
zero-distance reference referred to above. Note this entry for x, under Trial No. 1 in the data of
Table 3. Next, the vertical stage in Figure 2 was adjusted downward 3.00 mm so that, upon
continued movement of the horizontal slide in the x-direction, the pin would pass through the
path of the light beam. Accordingly, the horizontal slide was moved until the pin obstructed the
transmitted beam energy to the one-half value, or 3.13 uW. The corresponding interferometer
reading gave x, = 55,934 pin., which is entered for Trial 1 in Table 3. The horizontal slide
movement was continued until the pin passed through the beam to the point at which the
transmitted light beam energy increased to the level of 3.13 pW, at which the interferometer
reading gave the value of x, =74,108 pin. listed for Trial 1. The vertical slide was then raised
3.00 mm, back to its original vertical position so that, upon continued movement of the
horizontal slide the ferrule would begin to pass out of the path of the light beam, thereby
allowing the transmitted light energy to begin to rise. So, movement of the horizontal slide was
continued until the transmitted light beam energy rose to the one-half value of 3.13 uW, and the
interferometer reading giving the x-coordinate was recorded. This reading is listed as x, for
Trial 1 in Table 3.
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The x-coordinate corresponding to the center of the ferrule in the path of the light beam is

Xg = (X; + X,)/2, and this value is 64,227 pin., relative to the arbitrary zero reference distance for
Trial 1, as can be seen from Table 3. Likewise, the x-coordinate for the center of the pin in the
path of the beam is (X, + X;)/2 and this is listed under x, for Trial 1. Therefore, the concentricity,
C, for Trial 1 is merely X; - Xg, which is 794 pin. for Trial 1.

The measurement of C was repeated nine additional times, for a total of ten complete sets of
measurements. The data for all ten trials are given in Table 3. For each trial, the zero reference
reading of the interferometer was set arbitrarily, as mentioned above. The average measured
value of C is 790.75 pin., and the corresponding standard deviation of the ten sets of data is

o =3.15 pin.

In conclusion of the discussion concerning the data of Table 3, it should be noted that each of the
entries for x, and x; includes a small correction factor related to a small change in x-coordinate
reading during the movement of the vertical slide to position the pin into and out of the path of
the light beam. The correction arises as follows. When the vertical slide is moved to position
the pin in the path of the beam, the interferometer reading for the x-coordinate shifts slightly
because the plane of the mirror from which the interferometer beam is reflected is not necessarily
exactly perpendicular to the axis of the interferometer beam. As a result, when the vertical slide
is moved, the point of reflection of the interferometer beam on the mirror moves slightly toward
or away from the interferometer even though the horizontal slide remains unmoved. This is of
no consequence in the overall measurement provided the small shift is measured and taken into
account by applying it to-the indicated values of x, and x,. For the data referenced in Table 3, in
which the vertical slide was moved down 3.00 mm to position the pin in the path of the light
beam, and then later moved up by the same amount to position the ferrule in the light beam path,
the measured shift in interferometer reading in the x-coordinate horizontal direction was 318 pin.
Each of the values for x, and x; listed in Table 3 have been corrected for this shift.

4. Concentricity Measurement as a Function of Angular Orientation of Cylindrical Ferrule
About Its Vertical Axis

The repeatability data in Table 3 are for a fixed orientation of the ferrule about its vertical axis,
and therefore the concentricity measurement is in a fixed plane of the ferrule.

Consider the arrangement in Figure 6a in which the ferrule is oriented such that the line joining
the center of the ferrule and the center of the hole is parallel to the x-axis of the horizontal slide
travel in Figure 2. In this case the measured concentricity is the maximum separation of ferrule
and hole centers. If the ferrule orientation is 180° from that in Figure 6a, as shown in Figure 6b,
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Figure 6. Cross Section of a Ferrule Containing a Hole Whose Degree of Concentricity is the
Distance C. (The direction of the horizontal slide travel in Figure 2 is designated by the
line denoted by “x” in each view above.)
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then the measured concentricity will have the same magnitude as in Figure 6a, but opposite sign.
If the ferrule orientation is 90° from that in Figure 6a, then the arrangement is that depicted in
Figure 6c¢; and it is clear for this particular orientation that the measured separation between
ferrule and hole centers in this plane will be zero. Therefore, for an arbitrary orientation of the
ferrule about its vertical axis, as shown in Figure 6d, the measured concentricity is

C, =Ccosf (10)

where 0 is the angle between the x-axis in Figure 2 and the line joining the ferrule and hole
centers. If 0 is 0° or 180°, then C, is + C, respectively, and C_, = 0 for 6=90°, as described
above. .

In general, when a ferrule is placed on the horizontal slide in Figure 1, the line joining the ferrule
and hole centers is oriented at an arbitrary angle 6 with respect to the x-axis. Hence the “phase
angle” ¢ can be incorporated in Equation 10 to give

C, =Ccos(8+4¢). 11

As a test of the above relationship, a ceramic ferrule with a short segment of glass fiber fitting
the hole snugly was placed on the horizontal slide in the arrangement of Figure 2, with the ferrule
in an arbitrary angular orientation about its vertical axis. Following the procedure described
earlier, with reference to data in Table 3, the concentricity for this arbitrary plane was measured.
The ferrule then was rotated through one-sixteenth of a revolution, or 22 1/2°, and the
concentricity was measured in the new plane. This procedure was repeated in rotational
increments of 22 1/2° about the vertical, until a complete revolution of the ferrule about its
vertical axis was completed.

The measured concentricity values are plotted in Figure 7, as a function of the angular
increments of 22 1/2° at which the measurements were made. The solid curve is a best fit of the
data, obtained from Equation 11 with C =190 nin. In fitting Equation 11 to the data, it was
found that the phase angle ¢ was 32.8°.

Measurements With a Collimated Light Beam

The arrangement is shown schematically in Figure 8. A lens in the form of a full sphere of
diameter 3.0 mm was placed relative to the exit face of the optical fiber so that a quasi-collimated
beam is formed. The lens material was LaSF9, which is a Schott glass with refractive index

1.83 at the light-emitting diode (LED) wavelength of 846 nm. Therefore, based on the thick-lens
equation, the distance between the sphere lens center and the exit fiber face is 1.665 mm, which
corresponds to a gap of 0.165 mm (0.0065 in.) between the fiber face and the nearest point on the
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Figure 8. Schematic View of Lens/Fiber Arrangement for Providing a Collimated Light Beam,
in the Setup of Figure 2, Through Which the Cylindrical Body Passes. (The x-axis of
Figure 2 is perpendicular to the plane of the page at point P, above.)

sphere-lens. A second lens of the same size and type was placed at the same distance from the
receiving fiber face and hence this lens focuses the quasi-collimated beam on the receiving fiber
face. Because the beam in the region between the two lenses is collimated, or nearly so, the
distance between the two is not critical, although it is best to keep the distance small.
Accordingly, the fibers and lenses were positioned with a gap of 3.5 mm between the nearest
points on the lens surfaces. This allowed adequate room for passage of a ferrule of diameter
0.119 inch (3 mm).

1. Repeatability Measurements of the Concentricity of an 0.0848-Inch Diameter Ferrule
Relative to Its 0.0188-Inch Diameter Hole

The transmitted light level in the unobstructed beam with this arrangement was measured at
7.02 uW. A ferrule of diameter 0.0848 inch containing a hole in which a pin of diameter
0.0188 inch fit snugly was placed on the horizontal slide. The angular orientation of the ferrule
about its vertical axis was arbitrary but remained fixed throughout the course of the repeatability
measurements.

The repeatability study was performed in a manner similar to that with the convergent beam.
First, the horizontal slide was moved until the ferrule obstructed the light beam to the point at
which the transmitted light level was reduced to 3.51 pW, or one half the unobstructed value.
The interferometer reading was recorded, giving the coordinate x; of the horizontal slide
position. Next, the vertical slide was lowered just enough so that the pin would pass through the
light beam as the horizontal slide was moved further in the same sense along the x-direction.
Accordingly, as the movement was continued until the pin obstructed the light beam such that
the transmitted light level was 3.51 pW, or half the unobstructed level, the corresponding
interferometer reading gave the coordinate x,. The horizontal slide movement was continued as
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the light level dropped to zero, corresponding to total obscuration by the pin, and then began to
rise as the pin began to move out the other side of the beam. The horizontal slide motion was
ceased when the light level again reached 3.51 uW, and the interferometer reading was recorded
as X;. At this point the vertical slide was raised by the same amount it had been lowered earlier,
so that the ferrule would pass again in the path of the light beam. Then, the horizontal slide was
moved further in the same direction along the x-axis until the ferrule began to pass out of the
light beam path, and the motion was ceased when the transmitted light level again reached

3.51 uW. The interferometer reading was recorded as x,, corresponding to the “far position” of
the ferrule in the light beam.

The foregoing procedure was repeated so that ten sets of measurements were obtained. The data
are tabulated in Table 4. The average value of concentricity measured in this plane of the
ferrule/pin combination is 83.45 pin., with a standard deviation of 2.37 uin.

2. Concentricity Measurements Based on Slope of Transmitted Light Level Versus
Horizontal Slide Position '

For positions of the ferrule or pin such that the transmitted light level is in the approximate range
of 50% + 30% of the unobstructed light level, the transmitted light is very nearly linearly
dependent on the x-coordinate of the horizontal slide position. Therefore, in this range of ferrule
or pin position, the transmitted power can be written in the form

P=Mx+b, (12)

where M is the slope of the straight line and b is the intercept on the transmitted light level-axis.
Let M; and b, be the slope and intercept of a best-fit straight line through a series of measured
transmitted light levels, P, as a function of movement of the ferrule into the path of the light
beam, and let M}, and b, be the slope and intercept of a best-fit straight line through a series of
measured light levels as a function of movement of the ferrule out of the light beam. Then,
according to Equation 12, the curves representing movement of the ferrule into and out of the
light beam can be expressed as

P=M;x+b,

13
P=Myx+b,. (13)

As the ferrule moves into the light beam, the transmitted light level decreases and hence the
slope M, is negative, whereas M,y is positive because the light level increases as the ferrule
moves out of the beam.
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In a similar manner, if the subscripts “II” and “III”” represent best-fit slopes and intercepts for
movement of the pin into and out of the light beam, respectively, then Equation 12 yields the
following relations for the pin.

P=M;x+by

(14)
P=Mpyx+by .

where the slope My, is negative for pin movement into the beam and My is positive for
movement out.

If, as before, x, and x, are the x-coordinates of the horizontal slide motion for which the ferrule
obstructs half the light level as it moves in and allows half the level to pass as it moves out, then
the x, and x, are related to the ferrule diameter through

D; =(x, —x;)- (13)

Therefore, combining Equation 15 with the relations in Equation 13, the transmitted light level
Ppis -

_DMM +b M, —b My,

% M, - M, (16)
From Equations 13 and 14, coxﬁbined with Equation 3, the concentricity is
C=Q1/2)[x, +x, %, —x,]
=(1/2){P’)-—bl +PDA_.blv _PD—bH _PD_bm}, (17)
MI My M, My

where P, is obtained from Equation 16. A pictorial representation of the results leading to
Equation 17 is given in Figure 9.

A series of eight independent runs was made to test the repeatability of determining the
concentricity in a fixed plane through the use of Equations 16 and 17. A ceramic ferrule of
diameter 0.0848 inch containing a hole in which a glass fiber of diameter 0.0188 inch fit snugly
was placed on the horizontal slide. The unobstructed light level was measured as 7.0 uW. The
horizontal slide was moved until the ferrule allowed approximately 80% of the light to pass, and
the light level along with the interferometer reading (x-coordinate) was recorded. The ferrule
was moved farther into the light beam path and another pair of light-level and x-coordinate
readings were recorded. This was repeated until the ferrule position allowed approximately
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20% of the light to pass. Seven pairs (P, x) were measured with the light levels nearly equally
spaced over the interval 80% to 20% of light transmission. A linear regression was performed on
the seven pairs of P and x to yield the slope and intercept of the best-fit straight line for
obscuration of light as the ferrule was moved into the path of the light beam. The slope and
correlation coefficient are listed in the first column, for Trial 1, in Table 5.

Next, the vertical slide was lowered until the glass pin intercepted the light beam for further
movement of the horizontal slide in the x-direction. Again, a series of seven transmitted light
levels and corresponding x-coordinates were measured in the range from approximately 80%
transmission to 20% transmission, with the measurements made at nearly equally spaced light
levels in the interval. The second column for Trial 1 in Table 5 gives the slope and correlation
obtained by linear regression giving the best-fit straight line of P versus x. Similarly, the third
column gives the results of the linear regression for measured light level versus x-coordinate as
the pin was moved out of the path of the light beam, for transmission in the approximate range
20% to 80%.

Finally, the vertical slide was raised to its original position and a series of seven pairs of (P, x)
was measured for movement of the ferrule out of the light beam path. A linear regression was
performed to give the best-fit straight line, and the results are given in the fourth column for
Trial 1 in Table 5. For each of the four regions it can be seen that the correlation is very near
unity, indicating that the transmitted light is very nearly linearly related to the horizontal slide
position over the transmission range 80% to 20%. ’

Using the ferrule diameter D, = 0.0848 inch along with the slopes and intercepts for the two
regions for entry and exit of the ferrule in the light beam path gives a value of 3.44 pW from
Equation 16 for a 50% transmitted light level. Likewise, Equation 16 gives a value of 3.6 uW
when the pin diameter of 0.0188 inch is substituted, along with the slopes and intercepts for entry
and exit of the pin in the light beam path. For both diameters, the calculated value is very close
to 3.55 uW, or one half the unobstructed light level. Therefore, the concentricity for Trial 1 was
calculated from Equation 17 using the slopes and intercepts from the linear regressions, along
with the value P, =3.55 uW. The result was C = 103.5 pin., which is listed in the last column
for Trial 1, Table 5.

A total of eight independent sets of measurements was made, for a fixed orientation of the ferrule
about its vertical axis, and the results are tabulated in Table 5. The average value of
concentricity is 107.9 pin., and the standard deviation is o =4.19 pin.

" Measurements of the slope of the ratio of transmitted energy to unobstructed energy, for x values
in the vicinity of f = 1/2, agree well with the slope calculated from Equation 10.




Table 5. Repeatability of Concentricity Measurement in a Given Plane of Ferrule/Pin

Based on Equation 17
Slope M (uW per mil*)
Intercept b (WW) Concentricity
Linear Regression Coefficient ¢ Calculated From
Trial Ferrule In Pin In Pin Out Ferrule Out _ Equation 17
1 M -0.3626 -0.3375 03345  0.3629 103.5 pin.
b 12.864 23.480 -22.379 -36.766
c 0.99978 0.99991 0.99994 0.99980
2 M -0.3665 -0.3393 0.3350 0.3668 110.9 pin.
b 5.902 17.044 -15.961 -30.133
c 0.99993 0.99989 0.99989. 0.99992
3 M -0.3668 -0.3386 0.3350 0.3667 104.8 pin.
b 6.092 17.194 -16.133 -30.311
c 0.99993 0.99989 0.99988 0.99991
4 M -0.3645 -0.3389 03349 . 0.3663 112.2 pin.
b 5.872 17.007 -15.929 -30.056
c 0.99989 0.99989 0.99987 0.99991
5 M -0.3669 -0.3396 0.3347 0.3671 114.3 pin.
b 5.652 16.821 -15.707 -29.897
c 0.99994 0.99988 0.99984 0.99992
6 M -0.3669 -0.3388 0.3353 0.3666 105.1 pin.
b 5.937 17.060 -16.010 -30.147
c 0.99994 0.99990 0.99990 0.99990
7 M -0.3679 -0.3390 0.3358 0.3671 108.6 pin.
b 5.852 16.979 -15.956 -30.098
c 0.99994 0.99992 0.99993 0.99993
8 M -0.3667 -0.3391 0.3346 0.3668 103.7 pin.
b 5.844 16.984 -15.884 -30.068
c 0.99993 0.99989 0.99986 . 0.99992
*1 mil = 10? inch Cavg= 107.89 pin.

6 =4.19 pin.




Accomplishments

A very precise technique was developed for measuring the degree of concentricity of a hole in a
cylinder. The work was undertaken in support of advanced optical firing systems, such as DOI,
which require high fiber-to-fiber concentricity not only for maximum coupling efficiency, but
also to avoid damage to fiber faces at high optical power densities in the range of GW/cm™.,

In the method devised in this work, a highly stable light beam approximately 0.3 mm in diameter
is provided with an LED and lenses, and its unobstructed energy is measured with a Hewlett-
Packard Model 8153 A lightwave meter. Then, as the cylindrical ferrule of an optical connector
is moved into the beam, the decrease in light energy is measured. Likewise, the decrease in light
beam energy is measured as a closely fit fiber in the ferrule is moved into the light beam. Next,
the increase in light energy is measured as the pin and ferrule, in turn, are moved out of the light
beam path. During movement of the ferrule and the fiber, a Hewlett-Packard laser interferometer
is used to measure the positions accurately with a resolution of £0.3937 pin. The centers of the
ferrule and fiber are determined from the combined laser interferometer readings and the
corresponding light beam measurements, and this provides a measurement of the difference in
ferrule and fiber centers, or concentricity, in the plane of measurement.

Analytic expressions were derived for the decrease in light beam energy as the ferrule, or fiber, is
moved into the beam path, thereby partially obscuring the energy. Experimental results agreed
with the analysis and showed that the decrease or increase in light beam energy as the cylindrical
body (ferrule or fiber) is moved into or out of the beam, respectively, is linearly dependent on the
position of the cylinder over the approximate range 20% to 80% of transmitted beam energy.

Measurements of the repeatability of concentricity were made with a collimated light beam and
also with a slightly convergent light beam. With a collimated light beam, the standard deviation
for concentricity measurement was 2.37 pin. A study with a convergent light beam gave a
standard deviation of 3.15 pin.

By virtue of the measurement technique, the concentricity is measured in one plane of the ferrule,
depending on the particular orientation of the ferrule about its longitudinal axis in the setup. An
analysis was made showing that the measured concentricity should vary as a cosine function
depending on the orientation of the line joining the fiber hole center and the ferrule center, in the
light beam. A series of concentricity measurements as a function of ferrule angular orientation
gave experimental confirmation of the analysis.

Equations were derived from which the concentricity could be determined based on the slopes
and intercepts of best-fit straight lines of decrease and increase of light beam energy as the
ferrule (or fiber) was moved, respectively, in or out of the light beam path. Using this method
with a collimated light beam, a study showed that the standard deviation for repeatability of the
concentricity measurement was 4.19 pin. In the data leading to this result, the correlation




coefficients of obscured beam energy versus ferrule (or fiber) position in the linear regression
were 0.999 or higher for beam energy transmissions in the range 20% to 80%.

Future Work

All the data obtained in this work was through manual movement of the precision horizontal
and vertical slides, combined with manual recording of the interferometer readings and the
corresponding light beam energy readings. The overall measurement system would lend itself
well to automation in which motorized slides could be used along with computer-interfaced
printout of the corresponding laser interferometer data and light beam energy. Software could
easily be established to provide a printout of the concentricity measurement in an automated
system. Automation should be undertaken if the system is to be considered for commercial use
in precise concentricity measurements.
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