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1 Introduction

In interferometry, one endeavors to measure the deviation of
the tested system as compared the ideal one. The real inter-
ferometric measurement includes the error of the tested sur-
face plus any additional error caused by the interferometer
system. In an interferometer measurement that has been
set up well, the greatest remaining source of error is often
the reference surface. This error can be the same magnitude
or larger than the error of the optics to be tested, which
reduces the measurement accuracy.

To meet the demand for accurate interferometric test
results, absolute measurement techniques have been used
to separate the true surface deviation from the interferometric
error. Absolute measurement of spherical surfaces has been
well studied. These methods can be divided into two catego-
ries; calibrating the spherical reference surface and calibrat-
ing the tested part. Examples of the techniques to calibrate a
spherical reference are the even/odd decomposition,' sym-
metric/asymmetric decomposition,” and the Cali ball averag-
ing method.>”" Techniques to calibrate the test part are
rotationally and nonrotationally symmetric decomposition®
and also even/odd decomposition.”!'”

From the review of the absolute testing method of spheri-
cal surfaces, it is apparent that these methods cannot be
directly employed for absolute testing for cylindrical surfa-
ces. Producing a high quality spherical surface reference is
inherently easier than the producing similar cylindrical sur-
faces. Additionally, spheres are rotationally symmetric and
have more degrees-of-freedom that do not change the
reflected wavefront.

The purpose of this paper is to present an absolute optical
testing method that provides an efficient and accurate abso-
lute measurement of cylindrical wavefronts. Section 2 briefly
introduces the existing methods of cylindrical absolute
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testing. Section 3 describes the proposed method, Sec. 4
presents the simulation result and, finally, Sec. 5 describes
preliminary experimental results.

2 Existing Absolute Testing Method of
Cylindrical Wavefront

Cylindrical surfaces are a special case of a freeform surface;
they are not rotationally symmetric. They have a powered
axis as well as the plano axis or zero-power axis. The
demand for such surfaces has increased in many applications
such as laser scanning, laser diode collimation, as well as
near-cylindrical surfaces such as grazing incidence x-ray
optics and confocal domes. With the advances in fabrication
processes for cylindrical surfaces, one of the looming chal-
lenges is to develop accurate surface measurement methods.
Unfortunately, the desirable geometric shape is also the
cause of testing difficulties.

There are few techniques for the absolute testing of cylin-
drical surfaces. Two primary ones are described below.

2.1 Tilted Mirror

The principle of the first method is shown in Fig. 1(a
The cylindrical wavefront from the interferometer meets with
a plane mirror. The plane mirror is placed at a cylindrical
cat’s eye position, and is then tilted so the wavefront is
reflected at different angles. By combining these wave-
front-sheared measurements, the interferometer error contri-
bution can be calculated.

) 11,12

2.2 Roof Mirror

This method is somewhat analogous to a method for absolute
spherical surface testing.” As illustrated in Fig. 1(b),'? three
relative measurements are taken. By combining these three
measurements, the interferometer error can be calculated. We
note that for both of these methods, the reported measure-
ment accuracy reached is ~1/20.
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Fig. 1 (a) Tilt mirror method (b) roof mirror method.

For the tilting mirror method, it is difficult to decouple tilt,
focus, and lateral motion. Unless the mirror is rotated about
the line focus, light will reflect off different areas of the mir-
ror and each area will contribute a different error to each
measurement. Another disadvantage of the tilting mirror
method is that it reveals only the error as a function of ¢,
so only errors in the y-direction are revealed. It is blind to
any error correction in the x direction.

Hence, we propose a new technique for improving the
accuracy of cylindrical optic testing based on the integration
of two well-known techniques.

3 Proposed Method

This approach is based on the merging of the random ball test
method with the fiber optic reference test. The random ball
test assumes a large number of interferograms of a good
quality sphere with errors that are statistically distributed
such that the average of the errors goes to zero.”” The
fiber optic reference test utilizes a specially processed optical
fiber to provide a high quality reference wave from an inci-
dent line focus from the cylindrical wave under test.'*'® By
taking measurements at different rotations and translations of
the fiber, an analogous procedure can be employed to deter-
mine the quality of the converging cylindrical wave with
high accuracy—a “random fiber” test.

3.1 Analysis of Cylindrical Wavefront Error
Contributions

The proposed interferometer configuration and coordinate
geometry for absolute testing of a cylindrical wavefront
using fiber optics are shown in Fig. 2.

Transmission flat y
—r —
Fizeau
Interferometer «— «—> Z
_r /
Cylindrical null . L
Fiber optics

Fig. 2 Configuration for the absolute testing of cylindrical wavefront
using fiber optics where the fiber is oriented along the y-axis.
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In the first pass, a collimated wavefront from the interfer-
ometer propagates to the cylindrical null optic. Then it passes
through the null optic to be focused into a waist region
extending along the surface of the fiber. When the fiber inter-
acts with a collimated beam, only a small portion of the inci-
dent beam on the fiber will reflect back into the null'*~'® due
to the small radius of the reflective cylindrical fiber refer-
ence. The wavefront error sources of this experiment are
described by considering two cases.

3.1.1 Case of ideal optical fiber reference

In this case, the incident wavefront picks up the error of the
flat reference, the cylindrical null, and then the fiber refer-
ence as shown in Fig. 3(a). Following Geary,'*~'® the fiber
filters the x axis but passes the variation along the y axis.
Thus, the errors contribution of the wavefront reflected off
the fiber can be written as

W(x,y) = Wg(x,y) + Wrs(y) + Wen (), ¢))

where Wg (the fiber wavefront error) is twice the fiber optic
surface error. Wgg is the wavefront error of the transmission
flat reference, and Wy is the error of the cylindrical null.
The wavefront returns through the null and picks up its
error then interacts with the flat reference surface and
picks up its error. Therefore, the measured wavefront can
be written as

W(x,y) = Wg(x,y) + Wgs(y) + Wen(y) + Wen(x, y)
+ Wes(x,y). 2

Equation (2) reduces to

W(x,y) = We(x, y) + Wsly, (x.y)]. ®)
A - X / 7 X
u/Rs (x,y) Wei(x,p) Wi (x.y) Wis (x,3) Wey (x,») Wy (x,»)

(@ (b)

Fig. 3 (a) Perfect fiber surface and (b) imperfect fiber.
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where W[y, (x, y)] = Wrs(y) + Wen(y) + Wenlx, y)+
Wrs(x, y) is the instrument error.

For an ideal fiber optic reference surface, the fiber adds no
wavefront error, thus

We(x,y) =0.

Consequently, the total wavefront error sources in this
case are

W(x,y) = Wsly, (x,y)]. “4)

3.1.2 Case of nonideal optical fiber reference

When the fiber optic surface is not perfect, Wg(x,y) # 0 as
shown in Fig. 3(b).

The total wavefront error is described by Eq. (3). This
imperfect wavefront reference adds unknown errors to the
actual optical figure error measurement. For applications
that require knowledge of the cylindrical wavefront to accu-
racies better than the fiber optic reference, it is critical to
quantify and remove the fiber error contribution. In the fol-
lowing section, these errors of the fiber reference surface are
decomposed in a way that enables the proposed approach to
extract and remove these errors from the eventual measure-
ment of the test part.

3.2 Decomposition of Possible Geometric Errors of
the Fiber Reference

Creating the fiber reference begins with the production of the
optical fiber and ends with mounting it on its stage, and the
surface irregularities are generated throughout the whole proc-
ess. During the fiber drawing process there are several factors
that cause variation in the fiber cladding diameter.!”° To
prepare the optical fiber as a reference, the plastic jacket is
removed'® which may induce cracks, pulls, divets, or sharps
microbends. The dejacketed fiber is then coated with reflective
material, typically aluminum, but the coating uniformity
is unknown. Finally, the fiber is gently stretched across a spe-
cial mount, operating under tension to avoid sagging or
bending."

To discuss the form of potential geometric errors of the
fiber reference, we first assume cylindrical coordinate sym-
metry about the fiber (p, ¢, y) as illustrated in Fig. 4. Note
that, to date, one publication has discussed the accuracy of
using the fiber as a reference, stating only that the fiber is

y
o

-

Fig. 4 Cylindrical coordinate system of the fiber.
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2/15 P-V or better.'® As cylindrical wavefront accuracy is
typically quoted separately along the powered and the
plano axes directions,?! there is a need for better data.

We begin by defining four possible forms of geometric
error on the fiber surface. The first three are fiber diameter
variations S, (y), longitudinal error S;(¢), and random
bumps S, ,(¢.y), Fig. 5. The tensioned fiber is effectively
straight, so the fourth geometric error, bending, is assumed
to be negligible and is ignored, though it could be accom-
modated with S, (¢, ).

3.3 Measurement Algorithm Development

The proposed absolute interferometric testing is illustrated in
Fig. 6. The fiber is precisely located at the cylindrical null
focal line so the number of fringes is minimized in the
test aperture. An interferogram is taken and the wavefront
data stored. We start with the basic assumption that the mea-
sured wavefront W is the sum of system error and fiber sur-
face error

W= Ws + W (5)

According to Sec. 3.2, we can write Wg as the sum of
three wavefront error sources:

We(@,y) = Wy(y) + Wy(@) + Wy, (0, y). (6)

Therefore, the measured wavefront in Eq. (5) can be

written as

Fig. 5 The fiber geometric error forms (a) diameter variation, (b) ran-
dom bumps, and (c) longitudinal error.

Rotation (¢)
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Fig. 6 The proposed method setup for absolute cylindrical testing.
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W=Ws+ [W,(y) + Wy(@) + Wy, (. )] (7

Perfect cylindrical optics has three degrees-of-freedom
that do not change the reflected wavefront. They are trans-
lation along the cylindrical axis, rotations about the y-axis,
and flipping the fiber y — (—y). Based on this principle, we
propose three steps to quantify and remove the fiber geomet-
ric error contribution from the actual measured wavefront.

3.3.1 Average of y-shifting tests of the fiber

To remove the fiber diameter variation, W, (y), one takes
many measurements at different Ay shifts. This is a one-
dimensional (1-D) analogy to a Cali ball.>”’ The fiber
optic is translated along its length various Ay; distances
to get additional information about the fiber. The measured
wavefront for each shift distance is

Wisnity; = Ws + Wy (@) + W, () + Wy, (0.)), (®)
where j denotes one of many y-shifts of the fiber. A series of
these interferograms, averaged, yields

N
N E (shift);
Jj=1

2

N
—Z Ws + Wy(h) + W, (v;) + Wy, (4.5))].

2

where Wy is the average of Ay; shifting measurements. Wg
and W, (¢) remain constant in all measurements, so

Z yl +W¢y (¢, yj)]

W, = We+ W - 0
y s T Wy(9) + converge to zero ®

Then the average of measurements reduces the wavefront
errors in Eq. (9) to

W, = Ws + Wy(). (10)

3.3.2 Average of ¢-rotation tests of the fiber

To remove the longitudinal error of the fiber, W,(¢), we
rotate the fiber about its center where the rotation is now
a 1-D analog to the Cali ball test.>”’ In this step, the fiber
is rotated around its axis A¢;, and each time it is rotated,
an arbitrary new patch of the fiber surface is illuminated
and produces a different wavefront measurement:

W(rolate)i = WS =+ Wy(y) =+ W(/),- (¢1) + W(/),v.y(qsi?y)’ (11)
where i denotes one of many ¢-rotations of the fiber. When a
series of interferograms have been taken and averaged, fol-
lowing the same process as in the previous technique yields

Wy =Ws+ W, (y), (12)

where W¢ is the average of ¢-rotation measurements.
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3.3.3 Average of ¢-rotation and y-shift tests of the
fiber

This is the complete cylindrical analogue of the Cali ball
test’”’ where the fiber is shifted and rotated randomly.
The resulting wavefront measurement of each patch is

Ws + Wy () + Wy (yi) + Wy, . (i yi).
(13)

W(rot,shif)i,j =

An average over N random rotations and shifts of the fiber
is then described by

_ 1 ¢
Won =5 D7 Ws+ Wy, (i) + Wyi(vi) + W, (5231,

i=1j=1

The optical system error remains constant in all the mea-
surements. Thus

Subtracting Eq. (14) from Eqgs. (10) and (12), we can get
the fiber surface deformation error contribution to the actual
wavefront measurement:

W¢ - Wr/)_v =W,(y).

Wy - W¢y = W¢(¢)
Andto get Wy we need only one measurement, Wi;jso that
Wi =Wy, =Wy, =Wy =W,

at the position defined for measurement i, j. Thus, we can now
remove all errors introduced by the fiber reference and get abso-
lute calibration of a cylindrical null or optic.

4 Simulation

A fiber reference test simulation of this calibration method,
the complete cylindrical analogue of the Cali ball test,” was
performed to both validate the approach in reducing the
effect of fiber reference errors, and to exercise the software
algorithms needed for future experiments.

4.1 Fiber Error Modeling

The fiber cladding surface shape is unknown; no published
papers discuss the diameter variation of the cladding, espe-
cially at the spatial periods over which we are interested.
Additionally, the effect of de-jacketing and metalizing the
optical fiber cladding is unknown. We, therefore, chose a
simple model of fiber surface shape errors which matches
the physically appropriate error decomposition described
above. This allows us to both exercise and check our algo-
rithms and conceptually prove the proposed method. The
surface errors were described by the sum of sinusoidal errors
in y and ¢ each with random amplitudes and phase, and ran-
dom Gaussian bumps or divits whose position, amplitude,
and widths were also randomly generated:

November 2014 « Vol. 53(11)
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K
k=

=|> A, ( +5 )+2M:A i (2ﬂ¢+5 >
sin | —— sin | ———+6,,
: k — (/)m Tm

0 _ ((,\'_,‘10(’)2+<¢_({"Oq)2)
X H(LAW me

g=1

where Ay, Ay, and A, 4 are the amplitudes and 7, d represent
the period and the phase shifting, respectively. The parameter
Yo and ¢y are the centers of the bump or divits and wy, wy is
their width.

We used parameters that match the pending experimental
values. The total fiber length is Y = 100 mm and the range
of rotation @ is [r/4, —n/4]. The long dimension of the
cylindrical null in Fig. 6 is ¥, = 40 mm and it generates
a cylindrical wavefront with NA = 0.1. Thus, the size of
each measurement patch on the fiber is ¥, = 40 mm and

» = 0.1 rad as shown in Fig. 7.

4.2 Result and Discussion

A series of 50 simulated fiber references surfaces, each
with different spatial surface deformation, were randomly
generated in order to evaluate the effect of applying this
“random fiber” approach. Based on the only published
data on the fiber reference quality and the fiber manufac-
turing tolerance of +0.001-mm diameter, we have only
accepted randomly generated surfaces which have no
more than ~1 ym of error. Regardless of the magnitude

Random patch
/
D (
Y.
Y, =100mm — i Y,
(Dpi
-z z
e D,
(@ (®)

Fig. 7 The measurement sampling method (a) fiber optic and
(b) unrolled fiber surface.
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of the error, what matters is the reduction resulting
from the multiple measurements.

From this simulation, we have found that this method
reduces the contributed P-V and RMS error by a factor,
on average, 15.9x and 15.9%, respectively. The best case
yielded a reduction in the PV of 29.5x and an RMS of
31.7x, where the worst case yielded a reduction in PV of
6.5% and an RMS of 4.8X.

One example of simulated fiber surface errors with a 1-ym
peak-to-valley distance and 0.18waves RMS along the entire
fiber length is shown in Fig. 8. Simulation shows that the
averaging of 231 patches leaves a residual fiber error of
~0.0393-um peak-to-valley, and an RMS error of
0.0087 um. This is a 16.5% reduction in P-V and a 17.8x
reduction in RMS compared to a single patch. Thus, this
method appears feasible in eliminating the error contribution
of the fiber reference to the measurement.

5 Preliminary Experimental Results

A preliminary set of data was taken with a properly pre-
pared fiber. This initial experiment only explores the aver-
age of the y-shifting technique of the fiber due to
limitations with the stages and some residual misalignment
issues, as discussed in a recent article.” A 40-mm cylin-
drical null** was tested against a 100-mm-long fiber. The
fiber was shifted vertically (y) in random steps of length
~0.5 mm to 30 different shift positions. The individual
measurements, which all showed distinct differences
indicative of fiber reference errors, were decomposed
into Chebyshev polynomials in order to analyze the
results.>* The 30 shifted measurements were averaged,
and the individual measurements were then compared to
the average. The PV and RMS error differences between
the individual measured surfaces and the average were cal-
culated. They ranged from a maximum of 2.27-ym PV and
0.43-uym RMS, to a minimum of 0.58-ym PV and 0.09-ym
RMS. These are the errors, or uncertainties, in a calibra-
tion measurement based on only a single-fiber reference
test. Additionally, as reported in Ref. 22, with this method,
the uncertainties in a single-fiber reference test were
expressed as Chebyshev polynomial terms, enabling
detailed powered and plano axis descriptions of the errors.
Finally, this preliminary y-shifting experiment shows that
the fiber reference errors can be significantly reduced.

o
o
@

0.02
0.01

[
-0.01
0.02

Jf'% ) o 2d
N
=-0.02-0.01 -0.01-0
(b)

Fig. 8 Simulated result (a) fiber with a 1-um peak-to-valley and (b) averaged random fiber result.
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6 Conclusion

The fiber optic reference combined with the principles of the
random averaging method yield a technique for absolute
interferometric testing of near cylindrical surfaces. We
defined and decomposed the major potential error sources
of the fiber reference surface that affect the measurement
accuracy. With the new procedure and algorithm, the differ-
ent error components of the fiber can be calculated and sub-
tracted from the actual measurement of the cylindrical
surface. Simulation and preliminary experimental results
show that the proposed method should greatly improve
high accuracy measurements of cylindrical surfaces.

There are further experiments underway to quantify and
eliminate the other fiber reference error components. Initial
testing will first examine the misalignment errors resulting
from the fiber reference itself. The authors are anticipating,
and expect to soon publish, misalignment-induced aberration
trends for a fiber reference. This will also speed fiber refer-
ence testing since misalignments will be numerically
correctable.
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