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ABSTRACT
A common path interferometer utilizing noncritically phase
matched frequency doubling crystals is presented.

The interference

pattern is directly sensitive to the wavefront shape (like that of a
Mach Zender) and is in the second harmonic of the laser source.

This

interferometer has twice the sensitivity of a two beam interferometer.
All the optics are 100 % transmitting (i.e. no beam splitters), the
contrast is adjustable, and the laser intensity pattern is not affected
by the interferometer.

This interferometer is similar in some ways to

the Point Diffraction interferometer, and the two are compared in this
paper.

A theory of operation is presented, though the reference wave

of the interferometer is flatter than predicted.

Several possible

reasons for this were examined, but no discovery made.

viii

CHAPTER 1
INTRODUCTION
This dissertation presents a common path interferometer
called the Convolution Product Interferometer (CPI).

This device is

based on second harmonic generation (SHG), and is similar to the
Smartt interferometer in some respects.
characteristics.

The

cpr

has many interesting

For example, the CPI interference pattern is directly

sensitive to the wavefront shape, like that of a Mach Zender.

This is

unusual for a common path interferometer, since most are sensitive to
the slope of the wavefront 1 •

In addition, the CPI is twice as

sensitive as a Mach Zender interferometer and uses 100% transmitting
optics.

cpr

The characteristics of the

are discussed in detail in

Chapter 5 and 6.
The research done for

this dissertation

~vas

comparisons of the CPI with other interferometers.

based on

This approach

allowed us to isolate the unique characteristics of the CPI as well as
relating the characteristics it has in common to a well known device.
For example, objects were tested with a conventional interferometer
(ie. Jamin), and the test results compared with results of CPI tests of
the same objects.
Particular attention is devoted to the comparison of the CPI
with the Smartt, or Point Diffraction, interferometer because of the
similarities of these two devices.

The Smartt and the Scatter plate
1

2

interferometers are the only other common path interferometers, of
which the author is aware, that have interferograms that are directly
sensitive to the wave front shape l •
Three versions of the CPl were tested to determine their
characteristics.

The versions differed in their layout, the number and

quality of the optics required, and the number of achromatic lenses or
mirrors required.
The theory of operation is presented in Chapter 3.

The theory

was tested by comparing the results of analytical and computer
analysis with the results obtained in the laboratory.
tests, for

example, was

to interferometrically

test

One of these
the CPl's

reference wave and compare the result with that obtained by a
computer

calculation.

The

reference

wave

generation is

not

understood, as it is more planar than our theory had predicted.
Several possible reasons for this phenomenon were investigated, but no
cause was found for the discrepancy between the theory and the
experimental results.

Areas of future theoretical work are suggested.

Finally, we'suggest three possible uses for the CPl in Chapter
6.

These are real time monitoring of high power lasers, testing of

unpolished surfaces, and high precision testing of optical components.
These examples are meant to demonstrate the potential usefulness of
the CPl.
This interferometer is a result of ongoing research our group
has been conducting into new kinds of interferometers based on second
harmonic generation 2 ,3,4.

This research is justified by the usefulness

3

of interferometers as measuring devices, and by the potentially useful
characteristics of the CPl.

In fact, our study into second harmonic

interferometers arose out of our need for measuring tools in our
research into phase conjugationS.

CHAPTER 2
GENERAL DESCRIPTION OF THE CPI

Three ve.rsions of the CPI were tested in this work.

There are

many conceivable variations of the CPI, however three are particularly
interesting.

All are very similar in operation, yet the changes in the

optical arrangement result in significant differences in the way each
version would be used and the optics that are required.

A description

of the major characteristics and considerations of these versions in
comparison with other interferometers is given here.
The first version of the CPI is laid out as shown in Figure 1.
The object "0" is the phase object or wavefront to be tested.
in the front focal plane of the first lens, "L1".

"0" is

The noncritically

phase matched (NCPM) frequency doubling crystal (see Appendix A for an
explanation of noncritical phase matching) "Xl" converts a small
amount of the laser light into second harmonic light.
harmonic is the test, or object, wave.

The wedge

This second

"w" tilts the

transmitted fundamental and second harmonic with respect to each
other by virtue of its dispersion.
fringes into the interferogram.

The wedge introduces reference

The second NCPH doubling crystal "X2"

in the rear focal plane of lens "Ll" and front focal plane of lens
"L2" produces the second harmonic reference wave.

The lens "L2"

relays the image of "0" to its rear focal plane and the interference
is observed and recorded on film.

The filter ("F") blocks the laser

4

NCPM Daublers

Xl

~

~

<J-- f 1 ~

<l-- f}--{>

X2

n<l-

f2--t>

< l - f2-l>

..........

\{)}l)Y

• • • • • • • • • • • .J ••••• [:>~

. . . . . . . . . . . . . . . . . . . . . . i>

o

~

Ll

l2

F

CPI VERSION 1
Figure 1

< J - - f} - - - i >

o

<l-- f 1 --i>

X2~

n

NCPM Doublers

~

~Xl

<l--- f 2 - - t >

< l - f2 -t>

:::~~
Ll

CPI VERSION 2
Figure 2

l2

F

lJl

6

light and transmits the second harmonic, protecting the experimenter
and the film.

The interference is in the second harmonic, not the

fundamental (laser) frequency, so the laser intensity pattern is
unaffected by the CPI test.

This is not the case with conventional

interferometers, where the interference is in the laser intensity
pattern.
Note that the lens "Ll" must be achromatic at the laser and
second harmonic, since the second harmonic and laser light have to copropagate in the region between the two frequency doublers.

They

must do so to match the curvatures of the test and reference waves.
If this lens is not achromatized, one would obtain

"bull's eye"

fringes for the same reason that the reference fringes are produced
by the wedge.

Lens "L2" does not need to be achromatic, since it does

not reside between the doublers.
and test waves
pattern.

equall~

It will affect both the reference

and produce no change in the interference

Lens "L2" would have to be achromatic only if one desired

the two second harmonic beams to continue to propagate boresighted
with the laser.
The second version of the CPI is shown in Figure 2.

Except

for the location of the wedge and object doubler, it has a layout
identical to version 1.

The second harmonic object wave is produced in

an image plane of the object, instead of in the plane of the object.
The reference wave is still produced in the focal plane as it is in
version 1. Note here that the lens "Ll" no longer must be achromatic,
since only the laser light passes though it.

The lens "L2", however,

7

must be achromatized, since it is now positioned between the two
frequency doublers.
One characteristic of version 2 is that it could be used in
testing for which locating the crystal at the object would be
impractical.

This would be the case for testing a large mirror or

lens, where a large crystal would be required.

Another case would be

remote testing, such as testing the laser wavefront inside a laser
rod, where the crystal cannot be physically located.
The third version of the CPI is shown in Figure 3.

The setup

is the same as for version 2 except that lens "12" is eliminated and
the image plane doubler moved into the far field, where the image is
located.

The reference wave is produced as i t is in the other

versions.

Since the only piece of optical equipment located between

the doublers is the wedge (which is supposed to be chromatic), no
achromatic optics are required.
Version three is the simplest version of the CPI for two
reasons.

Firstly, there are only four basic optical elements: two

doublers, a wedge and a simple (non-achromatic) lens.

Secondly, the

alignment of this version is simple since there is only one element
with power (the lens), and hence this is the only element that must be
positioned accurately.

As long as the other elements are in the beam

at approximately the right locations, a meaningful measurement can be
made.
This version of the CPI shares the remote measurement
capability of version 2, but has the the disadvantage of larger length.
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This disadvantage is due to two reasons; the beam must diverge
relatively slowly to keep the beam from exceeding the clear aperture
of the object doubler, and the distance between the focal plane and
the observation plane must be large enough to have the object in focus
at the film.
large F/ II.

The former implies that lens "Ll" be of an appropriately
The latter implies that there be a large distance

(relative to the focal length of the lens) between the two doublers,
so the two requirements usually result in a large total length.
An important difference between the various CPI versions is
the required number of high precision optics.

High precision optical

components are required wherever errors introduced in the object beam
are not reflected by equal changes in the reference beam.

This is

true of any interferometer, since the accuracy of measurement depends
on the interferogram representing only the object profile, and not the
errors in the relay optics of the interferometer itself.

Hence some

optics must be fabricated to a precision higher than the desired
accuracy of the test.

In the case of the CPI, the optics residing

between the object under test and the focal plane doubling crystal
must be of high precision.

Version 1 requires one high precision lens

(or mirror), one high precision wedge, and a high precision object
doubler, since these are the optical components in this region.
Version 2 and 3 require only one high precision lens (or mirror).
These are the only high precision optics required for the CPl, however
all the optics used must be of reasonable quality.

Very poor quality

lenses could introduce enough distortion to adversely affect second

10
harmonic generation or the interferogram itself.
Another significant difference between these variations is the
number of achromatic elements required. Versions 1 and 2 of the CPI
require one achromatic lens ("Ll" and "L2" respectively), while version
3 does not need any achromatic components.

If a mirror system is

used, this difference is not important, since mirrors are always
achromatic.

If lenses are employed, however, this requirement could

be an important consideration.

This is because the lenses must be

optimized at nonstandard wavelengths, hence may require custom design
and fabrication.

This may be expensive and difficult, depending on the

laser frequency used.

Lenses are usually more convenient to use

however, since mirror systems involve either off-axis elements (i.e.
parabolic segments) or obscurations (i.e. Cassegrain type systems).
The achr6matic lenses we used were custom designed and fabricated,
and a description of them is found in Appendix B.
The error introduced by nonachromatic optics is not very
severe, unless the dispersion of the materials is particularly large
between the laser and second harmonic frequencies.

This error may be

unacceptable for uncorrected lenses of even moderate power, however
the

requirement

for

achromaticity is not as exacting as

requirement for the precision optics.

the

A 2 degree fused silica wedge

produces only about 5 fringes per centimeter in the CPI interferogram,
whereas it would produce about 174 fringes per centimeter if placed in
one arm of a Mach Zender (assuming 1.0 micron wavelength light).

11

The crystals

required for

the CPl are specialized, and

represent the intereferometer's main drawback.
is the NCPM doubling crystal.

The heart of the CPl

Such crystals can be tuned (i.e. by

change in temperature) only over a limited wavelength range, unlike
angle tuned crystals 6 •

This limits the number of possible NCPM

crystals for a given laser wavelength, if there are any at all.
drawback can be overcome, however.

This

Changing the parameters in the

production or composition of the crystals can increase the wavelength
range over which they can be made to phase match?, and dye lasers can
be scanned to suit a particular nonlinear material.

As new nonlinear

materials are developed, however, this limitation should relax.

For

the laser wavelength we used (1.064 microns), there exists an
excellent NCPM doubling crystal, lithium niobate, which is detailed in
Appendix B.
The laser power requirements depend on the characteristics of
the doubling crystals and the optics used in the CPl.

The maximum

power is limited to the laser damage threshold of the optical
elements that comprise the CPl.

The minimum laser power required

depends on the efficiency of the doubling crystals, the length of
crystals, and the desired beam size, since these are the factors that
determine the output of the doubling crystals (see Appendix A).

Since

only a small amount of second harmonic is required to produce a
visible interference pattern, the minimum required power, while much
higher than required for other interferometers, is not a serious
constraint.

The source used in the experiments was a Q-switched

12
Nd:YAG laser operating at 1.064 microns (see Appendix B for a
description).

It was capable of producing 250 kilowatts peak power in

a 15 nanosecond pulse, however the experiments rarely required this
amount of power, since a visible amount of second harmonic (0.532
microns) could be observed at much lower energies (less than 50
kilowatts peak power).
The objects that can be tested with the CPI are the same as
the objects that can be tested with conventional interferometers.
test object

must

be

The

transparent (or reflective i f tested in

reflection) at the laser frequency, however it need not be transparent
to the second harmonic. This is due to the fact that the second
harmonic does not pass through the object.

If the "object" is a laser

beam, the location at which the wavefront profile will be measured is
the front

focal plane of the lens "Ll". This is because

interferogram is in the image plane of this location.

the

This is

analogous to placing a Murty lateral shearing plate 1 (a simple
shearing interferometer) into a laser beam and imaging the plate to
obtain the interferogram of the wavefront at the plate location.
Objects could be tested in reflection by the use of a beam splitter as
shown in Figure 4.

This technique is the same as would be used with a

shearing interferometer.
Introducing tilt in an interferometer is used to change the
sensitivity.

This is because tilt determines the number of reference

fringes in the interferogram.

Assuming that the beam size is fixed,

the sensitivity will be inversely proportional to the number of
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fringes, since the optical path difference between each pair of fringes
will occupy a larger dimension in the interferogram.

This is

analogous to decreasing the time base on an oscilloscope to increase
the dimension on the CRT between temporal pulses, which increases the
sensitivity.

Tilt also changes the sampling of the object, however,

since the number of samples is proportional to the number of fringes.
This is because the object is only sampled at each fringe, so fewer
fringes means a lower sampling rate.

Since increased sensitivity

requires reduced sampling, this is a tradeoff.
Tilt is introduced into the

cpr

interferogram by insertion of a

dispersive element (i.e. a wedge or a grating) into the optical path.
This element is placed between the two doubUng crystals, and is
positioned as close as possible to an image plane to keep the two
second harmonic beams overlapped in the interferogram.

The wedge

diffracts the transmitted laser and second harmonic differently due to
the dispersion of the wedge material.

This introduces an angle

between the directions of propagation of the laser and second harmonic
light.

The doubling process retains this tilt, so after the laser is

doubled, the new second harmonic wave will have the same tilt with
respect to the first second harmonic wave.
reference fringes in the interferogram.

This tilt results in

Note that wedge or dispersion

in the object itself will not introduce tilt, since only the laser
light passes through the object.
The angle of the wedge in the

cpr

is picked on the basis of

the desired number fringes in the interferogram.

The number of

14
fringes depends on the beam size at the wedge, the wedge angle, and
the dispersion of the wedge material at the fundamental and second
harmonic frequencies.

The wedge angle is calculated using Snell's Law.

The introduction of tilt could be refined over a simple wedge.

For

example, the wedge could be designed to produce no deviation of the
laser beam.

Also, two wedges could be counter-rotated to produce a

variable net wedge, allowing for a continuously adjustable amount of
tilt.

The wedge could also be replaced by a grating, which would be

useful in a high energy laser system where a wedge would be
impractical.

We used 2 degree silica wedges, as described in Appendix

B, in our experiments.
Defocus, the ability to scan the measurement plane through the
object along the optical axis, is another important control.

Since one

must be able to bring the object under test into focus on the film,
the ability to focus or defocus is important in interferometeric
measurements.

Defocus can be introduced in the CPl by either moving

the object relative to the CPl, or by moving the observation plane.
Since the CPl image plane is fixed by the location of the two relay
lenses, motion in either of these two ways will introduce defocus.
Again, this quality is similar to most common interferometers, where
defocus is introduced in the same fashion.
Analyzing the interferogram of the CPl is the same as
analyzing a Mach Zender interferogram.

The optical path difference

(OPD) in the case of a test object, or the wavefront error (WFE) in the
case of a test wavefront, is one wavelength for each fringeS.

The OPD
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or WFE is a constant along each fringe.

Note that the CPI's

sensitivity is increased by a factor of two because the interferogram
is in the second harmonic.

This means that the OPD or WFE for each

fringe is one wave in the second harmonic, which translates to onehalf wave at the laser wavelength.

Other than this increase in

sensitivity, the CPI interferogram is analyzed in the same manner as
the Mach Zender interferogram.
Determining the sign of the OPD (i.e. determining if the object
has a bump or dip) using the CPI must be done while the object is
under test, since there is no way to determine this from the
interferogram itself.

This is the case with any interferometer 1 •

The

sign of the OPD or WFE can be determined only if the direction of tilt
is known.

In the case of the CPI, this is determined by the

orientation of the wedge, since tilt is introduced by the wedge.
conventional interferometer,

the sign of

the

In a

tilt is usually

determined by changing the tilt in a known fashion (i.e. by a mirror
adjustment) and observing the effect on the number of fringes in the
interferogram.

Since the sigri of the tilt indicates the

orientatic~

in

the interference pattern of decreasing OPD, it can be determined if
the fringe shapes point to increasing (in the case of a dip) or
decreasing (in the case of a bump) OPD.
The noncritical phase matched frequency doubling crystal is
used instead of the more common angle tuned doubling crystals for two
reasons.

Firstly, angle tuned crystals are very sensitive to the

propagation direction of the laser light

(:!: 0.36

milliradians inside
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the crystal null to null for 1 cm of lithium iodate for 1.06 micron
light), and will only produce a uniform second harmonic in a
collimated laser beam.

NCPM crystals are insensitive in this regard,

allowing an error nearly two orders of magnitude greater than the
angle tuned doublers ( ~ 57 milliradians inside the crystal null to
null for 0.4 cm of lithium niobate for 1.06 micron light).

Secondly,

the angle tuned crystals introduce a phase error between the second
harmonic components produced by the portions of the laser propagation
in slightly different directions.

This phase error is much smaller in

NCPM doublers for the same difference in propagation directions.
Reference 1 has an explanation of these effects.

CHAPTER 3
THEORY OF THE CPI
Most interferometers are based on the combining of two light
amplitudes to form an interference pattern in intensity.
types of interferometers

that

produce interferograms

For the
that are

directly sensitive to wavefront errors (ie. Mach Zender and CPI), one
of these beams has a known shape and the other has the shape of the
test object. "Shape" of the wavefront refers to the contour of the
surfaces of equal phase of the light.

In a two beam interferometer

like the Mach Zender, a single beam of light is split into two parts
by a beam splitter.

One part passes through or is reflected off the

object under test, and the other passes through a known path without
encountering the object.

The former is the test, or object, wave and

the latter the reference wave.

These two waves are recombined with a

beamsplitter and interference takes place.

The fringes, being lines of

constant phase difference, provide information about the difference in
shape of the reference and object waves.

The reference wave, however,

has a known shape, so the shape of the test wave, and thus the optical
shape of the object, can be determined from the interferogram.
In some kinds of interferometers, a known reference wave is
generated without the use of beam splitters.
interferome ters.

The CPI is one of these

Another is the Smartt, or Point Diffraction,

interferometer l diagramed in Figure 5.
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It utilizes a focal plane mask
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with a small pinhole or opaque spot which is located in the focal spot
and diffracts some of the test beam.

This diffracted light is

spherical regardless of the shape of the test wave, so it serves as
the reference wave in the Smartt interferogram.
The

theory

of

the

CPI

is

primarily

concerned

with

understanding how the reference and object waves are created.

Since

an interferogram is produced by the combining of these waves, the
understanding of this interferometer centers on understanding the
generation of these two beams.

In the case of the CPI, production of

both these waves involves second harmonic generation. A complete
presentation of this effect is outside the scope of this dissertation,
but a brief introduction to second harmonic generation is included in
Appendix A.

A complete understanding of frequency doubling is not a

prerequisite to understanding the CPI, although some understanding of
the phase and amplitude exchange between the laser and second
harmonic light is necessary.
The laser and harmonic light can be represented in terms of
complex amplitudes.

The complex amplitude, "t', is a quantity which

describes the real amplitude, "A", (the square-root of the intensity)
and the phase, "cp", of the light, as shown in Equation 1.

E(x,y,t)

~ lE(x,y)ei(kr-wt)+c.c.J

where the complex amplitude

E (x,y)

A(x,y)ei<i>(x,y)

(1)
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The second harmonic complex amplitude (E sh ) is proportional to the
square of the driving laser complex amplitude (E f ), as represented by
Equation 2 (this can be thought of as an absorption of two photons of
laser light and the emission of one photon of second harmonic, hence
the proportionality to the laser intensity).

E sh

81T 2 _L_ deff E f 2

(2)

nAsh

Note that the constant,"d eff ", the length of the crystal, the index of
the material, and the second harmonic wavelength determine the
conversion efficiency (Esh/Ef)'

This implies

that

the

complex

amplitude of the second harmonic produced by the object plane doubler
("Xl ")

is

proportional

transmittance.

to

the

square

of

the

object

complex

If that object is a gaussian amplitude (ie. a laser

beam), then the second harmonic is also a gaussian, although i t is
narrower than the laser.

If the object has some phase information,

the second harmonic will have twice this phase information.

The

latter results in the increased sensitivity of the CPl.
The object wave of the CPI is generated in two steps.

First

the laser passes through the object, and, second, the frequency
doubling crystal produces a second harmonic wave from the transmitted
laser light.

In the first step, the complex transmittance of the

object is stored in the laser's complex amplitude.
the

doubling

crystal

produces

second harmonic

In the second step,
with

a

complex

amplitude proportional to the square of the transmitted laser light's.

21
This results in

the

transmission of

the phase and

amplitude

information from the laser frequency to the second harmonic complex
amplitude.

The second harmonic now serves as the object wave for the

CPl.
The reference wave of the CPI is produced in the focal plane
of a lens by a noncritically phase matched frequency doubling crystal.
In the arrangement illustrated by Figure 1 and described in Chapter 2,
the doubler which produces the reference wave is in the rear focal
plane of the lens "L1 ".

The object "0" to be tested is in the front

focal plane of this same lens. This geometry was chosen for its ease
of analysis, since the complex

ampl~tude

of the laser light in the

rear focal plane can be described by the two-dimensional Fourier
transform of the object in the front focal plane.
this step is described in detail in reference 10.

The mathematics of
The second harmonic

amplitude produced by the focal plane doubler is proportional to the
square of the Fourier transform of the object.

This doubler is in the

front focal plane of the second lens "L2", as shown in Figure 1.

As

was the case with the first lens, the Fourier transform of the
complex amplitude at the front focal plane (the focal plane doubler
location) appears in the rear focal plane of this second lens.

For

the laser light (and the second harmonic object wave in the case of
version 1), this results in the transform of the transform of the
object transmittance, which is just the inverted image of the object.
The second harmonic complex amplitude produced by the focal plane
doubler is proportional to the square of the object Fourier transform,

22

so the Fourier transform of this second harmonic produces the twodimensional autoconvolution of the object transmittance.

This is

expressed by the Convolution theorem of Fourier transforms lO •

Since

the image plane and rear focal plane coincide, the interference
pattern results from the combination of the test wavefront and this
convolution reference wave.
interferometer is

derived

The name of the Convolution Product
from

the interfering

waves

in

the

interferogram, the autoConvolution reference wave and the squared, or
Product, object wave.
The shape of the CPI reference wave produced by a given object
cannot be predicted, because the autoconvolution of a phase object can
not, in general, be calculated analytically.

Since we wanted to know

what the CPI reference wave looked like for the set of test objects
we used in the experiments, a computer program was written to perform
this task numerically.
CPI fringe shape.

The program calculates and plots the expected

This program was written -in BASIC for a TRS-SO

microcomputer, and a listing with an explanation is supplied in
Appendix D.
The results of the computer tests are shown in Figure 6.

The

object in this plot was a wavefront with a small gaussian phase "bump"
on it.

This bump was one wave high (0.53 micron light), and had a

width of one-quarter of the beam width.

The beam was given a

gaussian amplitude to model the gaussian laser.

The fringe shape is

gull-winged, due to the convolution reference wave's curvature in the
vicinity of the object.

Since the computer fringes reflect the
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constant phase lines of the sum of the product and the convolution,
the CPI fringes were expected to exhibit the same gull-wing pattern.
Interestingly, the fringes that are observed do not have this
pattern.

As shown in the photographs in Figure 7, the observed

pattern of the CPI (Fig. 7a) is almost identical to that of the Jamin
interferogram (Fig. 7b) of the same object.

This object was the same

as the one modeled in the computer program above.

Similar results

were obtained from all of the versions of the CPl.
The implication of

this discrepancy is

that

the actual

reference wave for this object in the CPI is planar, and not the
autoconvolution of the test object.

This was verified experimentally

using both a Mach Zender interferometer and a shearing interferometer
(see Chapter 4).

We have no explanation for this behavior, however

three possible phenomenon were investigated as possible sources of
this discrepancy: aberrations, interference inside the focal plane
crystal, and integration over the finite thickness of the focal plane
crystal.

The amplitude Fourier transform doubling properties of the

NCPM doubler were also studied.

None of the tests (described in

Chapter 4) provided any insight into the discrepancy.
Further theoretical work could be done into this discrepancy
by modeling the phase and amplitude of the laser in the transform
plane with a computer.

By applying the equations of second harmonic

generation in this plane, the resultant second harmonic amplitude and
phase could be calculated.

It may be that phase variations over the

laser beam are responsible for suppressing the autoconvolution result.

25
This program could then incorporate integration of the second harmonic
phase along the optical axis due to a finite crystal thickness, and
calculate the resultant second harmonic amplitude and phase in the
image plane.

CHAPTER 4
EXPERUlENTAL RESULTS
The experiments that

wer~

carried out for this work consisted

of investigating the various qualities of the CPI and investigating the
theory presented in Chapter 3.

These lab tests included setting up

and using three versions of the CPI, comparing the CPI interferograms
with

those

produced

using

conventional

interferometers,

interferometrically testing the CPI reference wave.

and

In addition, tests

of the transforming properties of the focal plane NCPM second
harmonic generators, tests of several possible causes of the deviation
of the expected and observed reference wave shape, and investigations
of the vibration and alignment sensitivity of the CPI setups were
performed.
The objects we used for testing the CPI were grooves polished
into microscope slides ("glitches").
varied in depth and width.

These glitches were linear and

For example, the glitch called "Bonniell"

(named after the technician who made it), was one wavelength deep at
0.6328 microns, and one-half of a millimeter wide.

The Jamin

interferogram using a He Ne laser of this object is shown in Figure 7b.
Note the linearity and uniformity of the groove which aided in
predicting and interpreting the CPI interferogram of this object.

For

the Mach Zender tests of the reference wave, we used three different
26
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a) CP I

b) Jamin

INTERFEROGRAMS of BONNIE 11
Figure 7
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types

0

f p h ase

0

O O bJect "A
bJects.
0

o

,

I
was a smoot h
groove
2" d
wave eep

(0.6328 micron wavelength) and one cenUmeter wide.

This object was

chosen because we suspected that the higher frequency components of
the Bonnie style glitches might have an effect on the reference wave
produced.

Object "B" is a

4"3

wave deep and one centimeter wide groove

chosen as an object that \o[as midway in shape between the Bonnie 11
and object "A'"

The Mach Zender interferograms (0.53 micron source) of

these objects are shown in Figure 8.
The first

tests consisted of comparing measurements made

using the CPl with those of the Jamin interferometer.

The Jamin is

similar to a Mach Zender (see Appendix B for a description).

The

objects were tested by both interferometers in transmission (in a
single pass) and the interferogram was recorded on film.
The results of the tests of the Bonnie 11 glitch for version
of the CPl are shown in Figure 7a, with the Jamin interferogram (He-Ne
laser used) of the same object in Figure 7b.
higher sensitivity of

Except for the slightly

the CPl interferogram (due to the shorter

wavelength of 0.532 microns vs. 0.6328 microns), the interferograms are
identical.

Also, since the sensitivity of the Jamin using the Yag

laser would be 1.06 micron per fringe compared to the CPl's sensitivity
of 0.53 microns per fringe, this implies that the CPl exhibits twice
the sensitivity of the Jamin.

Only the laser light (wavelength of

1.064 microns) passes through the object in the CPl, so this is a fair
comparison.
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Version 1 was also tested using mirrors, with similar results
(Figure 9) using Bonnie 11.

In addition, the object NCPti doubling

crystal behind the object had been replaced with an angle tuned KDP
Type U 9 frequency doubler placed ahead of the object.
results were the same.

Again, the

This indicated that the dispersion of Bonnie

11 did not introduce a significant change in the interferogram.
There was no noticeable difference between the results
obtained from version 1 and version 2 of the CPl.

The results of the

Bonnie 11 test in version 2 are similar to those of version 1.

The

optical layout was the same as for version 1, except that the crystal
"Xl" and the wedge were located in the image plane (rear focal plane
of the lens "L2") with the wedge placed between the doublers.

These

tests were repeated with a spherical mirror in place of the second
lens ("L2"), and the results are shown in Figure 10.
A diagram of the test of version 3 is shown in Figure 3.

Note

that the observation plane is at-a large distance (over ten times the
focal length of the lens) from the focal plane in order to be in the
far field.
Figure lla.

The test results of this version of the CPI is shown in
The object is a glitch ("Bonnie 15") with a depth of one-

half of a wave at 0.6328 microns and a width of one millimeter (Jamin
interferogram of Bonnie 15 shown in Figure lIb).

This glitch was used

instead of Bonnie 11 as the deeper, narrower Bonnie 11 glitch could
not be imaged sufficiently well. This is due to the more stringent
imaging requirements imposed by a deeper, narrower object which has a
higher frequency content.

These high frequencies reduce the effective
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CPI VERSION 1 INTERFEROGRAM of BONNIE 11 (MIRRORS)
Figure 9

CPI VERSION 2 INTERFEROGRAMS of BONNIE 11 (MIRRORS)
Figure 10
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Figure 11
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F-number of the object beam, which reduces the depth of focus and
increases the distance required the between the two doublers to obtain
an acceptable image.

This was a problem because of the limit to the

size of our laboratory.

Thus we chose the milder object with a lower

frequency content for the test of version 3 of the CPl.
The discrepancy in the observations and the theory (see
Chapter 3) was investigated by testing the reference wave shape
interferometrically.

This was done by removing the object doubler

from the setup depicted in Figure 1.

Then the only second harmonic

wave is the reference wave, and this can be easily tested with a
shearing interferometer.

We also tested the reference wave by putting

the CPI setup into one arm of a Mach Zender.
The Mach Zender apparatus is shown in Figure 12.

The niobate

doublers in each of the arms produces the Mach Zender second harmonic
reference wave (crystal "Xl") and the CPI reference \vave (crystal
"X2").

Since the second harmonic interference is what we observe, the

object "0" will have no effect on the interferogram, except that it
may change the CPI reference wave.

This is because only the laser

frequency passes through the object, and the recorded interferogram is
in the second harmonic frequency.
The Mach Zender tests results show that the CPI reference
wave is planar for certain objects.
our previous CPI interferograms.

This was what we suspected from

The photographs of the interference

pattern for each of the objects is shown in Figure 12.

Note that

fringes for "A" and Bonnie 11 are straight, indicating a planar
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wavefront.

The CPI reference wave interferogram with the Bonnie 11

has some amplitude noise, but the fringes are still straight.

The CPI

reference wave with object "B" is curved, with half of the object's
curvature.
To check the results we obtained with the Mach Zender, we
made additional interferometric tests of the CPI reference wave with
the transmission shearing interferometer described in Appendix B.
allowed us to switch between the CPI interferogram

This

of the object, the

shearing interferogram of the object, and the shearing interferogram
CPI reference

wave

test

without

changing

significantly or moving the object.

the

optical

setup

For example, we only needed to

insert a polarizer and remove the object niobate doubler to change
from a CPI test to the CPI reference wave shearing test.

Thus the

results could be compared more easily than with the Mach Zender test.
The CPI reference wave was flat for some glitches, and for
those for which the reference wave was not flat, the structure was
different from what we had expected.

In order to best see what the

object dependence of this structure was, we used a glitch which had a
varying depth and width.

This allowed us to see the change in the

reference wave structure in a continuous fashion.

The shearing

interferogram of the object, "Salvage 4", is shown in Figure 14a, and
the shearing interferogram of the corresponding CPI reference wave in
Figure 14b.

These photographs were taken with the apparatus described

above, so that the comparison can be made directly.

Note that the

reference wave is flat fpr object depths of up to about one half-wave
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(at a wavelength of 0.532 microns).

The reference wave is also flat

for object depths of one-wave and larger, with some amplitude
structure creeping in.

The areas of the loss of contrast seem to

correspond to the object groove's points of inflection, for which we
have no explanation at this time.
The shearing interferometer tests were consistent with the
results of the Mach Zender, since only the object with three-quarters
of a wave of depth demonstrated any curvature in its CPI reference
wave in the Hach Zender.

In addition, the Mach Zender tests of the

object "A" showed no amplitude structure, while the Bonnie 11 glitch
did.
The difference in the actual and expected results for the
reference wave we suspected was due to the theory's assumption of a
plane wave laser input to the crystal.

Since the reference wave

doubler is in the focal plane, this assumption may not be valid.

Thus

a test was devised to examine this possibility.
The amplitude transforming properties of a Fourier transform
doubler were tested using the apparatus shown in Figure 15.

The laser

was expanded to about 2 mm in diameter and collimated.

This

collimated beam was fed through a small slit (0.4 mm wide) which was
in the front focal plane of a lens, and the two dimensional Fourier
transform of the slit appeared in the rear focal plane.
of the slit is a "sinc" (sin(x»
x
amplitude.

The transform

function in the laser complex

According to our theory, the 4 mm thick NCPM lithium

niobate doubler, as explained in Chapter 3, produces a second harmonic
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wave whose complex amplitude is the square of this transform, which
would be a sine squared function.

By transforming again through the

use of another lens, the second harmonic complex amplitude becomes a
triangle function in the image plane.

The triangle function is the

Fourier transform of the sine squared function.

This triangle function

is the same as the convolution of the slit function with itself.

Thus

if our theory is correct, we should observe a triangle function
amplitude in the image plane.

Since the triangle function is an

amplitude, the intensity pattern would be a triangle squared function.
This triangle squared function was observed by recording the second
harmonic intensity pattern on film, and scanning the film with a
microdensitometer.

Since the film responds linearly with exposure

(intensity x time), the transmittance of the film was proportional to
the triangle squared.

The microdensicometer scan of the transmission

of the film is shown in Figure 16.

While the transmission has a flat

top (probably due to film saturation) and some interference noise, it
is a convincing triangle squared-like transmittance function.
demonstrated that

This

the focal plane second harmonic doubler was

behaving approximately as we expected.
The changes that depended on the location of the focal plane
doubler

were of

particular interest:, as it was

thought

that

misalignments of the focal plane doubling crystal may be the cause of
the difference between the expected and observed reference wave
produced by this crystal.

The series of photographs in Figure 17 show

. the shearing interferogram of the CPI reference wave (Bonnie 11
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object) as the frequency doubler is moved along the optical axis
through the Fourier transform plane.

The sign of the "s" shape of the

shearing interferometer fringes indicates that the reference wavefront
has a high spot on it ahead of the transform plane and a low spot on
it behind the transform plane.

The shape of the reference wave for

the doubler in the transform plane is almost planar (straight
fringes), except for the small region in the center where there is a
quarter wave jitter.

This indicated t.hat the alignment of the focal

plane harmonic generator was not the cause of the discrepancy between
the theory and experiment.
The next test was to determine the effect that the crystal
thickness had on the reference wave.

Since the doublers produce some

second harmonic at all points in the crystal, the second harmonic
output is the integral of all the contributions throughout the
crystal.

The next test checked if the integration over the transform

crystal length might be a factor in the results.
The experiment consisted of using focal plane crystals of
different thicknesses and varying the focal lengths of the lens "L1"
of the CPl.

These steps allowed us to examine a number of effective

integration lengths.
varied from

1

381

to

These crystal thickness to focal length ratios
1

64. Over this range, no change in the CPl

reference wave shape was observed.

Thus we do not believe that the

integration effect of the crystal is responsible for the departure of
the observed and expected results.

+2

+1

Doubler moved
away from object

Doubler in
focal plane

-1

-2

Doubler moved
toward the object
10% focal length steps

EFFECT of FOCAL PLANE DOUBLER NOTION on the CPI REFERENCE WAVE
Figure 17

.j::'-

w

44
Aberrations were also thought to be a possible cause of the
unexpected reference wave shape, since aberrations would decrease the
Fourier transform quality and reduce the second harmonic output of
the diffracted laser light. Increasing the point aberrations (i.e. coma,
astigmatism) is analagous to increasing the beam size, which decreases
the intensity. The harmonic amplitude goes as the laser intensity, so
the second harmonic intensity drops off quickly with increasing
aberrations.

The third order on-axis spherical aberration for the

version 2 of the CPI using the apparatus diagramed in Figure 2 was
calculated to be less than 0.001 waves (assuming a
diameter), which is diffraction limited.

cm beam

By rotating the lens "L1" on

its vertical axis, we could scan the alignment of the lens, and
examine the effect of the amount of aberrations.

The lens "L1" could

be rotated 20 degrees in either direction without affecting the shape
of the CPI fringes.

The contrast of the interferogram was reduced in

spots and the fringe spacing
shape was observed.

chang~d,

but no change in the CPI fringe

From this it was concluded that aberrations were

not the cause of the planar reference wave.
Interference inside the niobate doublers had been a problem in
our early experiments, so this effect was also examined as a possible
reason for the shape of the observed CPI reference wave.

Lithium

niobate has an index of refaction of 2.2 11 , which caused problems in
our early experiments.

This relatively large index (large indices of

refraction are typical of nonlinear materials) results in a surface
reflectance of about 14 % and causes undesirable Fabry Perot type

45
fringes.

The crystals used in the cpr experiments were antireflection

coated (see Appendix B for
interference.

coating

details)

to

reduce

this

The transform experiment outlined above used an

uncoated niobate doubler, which lead us to the idea that either the
lack of internal interference or something in the coating process may
have been responsible for the reference wave results.

The coating

process was suspect since one of the niobate crystals (the 45x50x4 mm
one) underwent a large change in phase match temperature (from 16 C
to -1 C) and decreased by about a factor of two in efficiency due to
the coating process.

This is not uncommon with niobate crystals,

according to the coating company (CVr Laser Coatings), despite the
attempts made to reduce strains in the coating-eubstrate interface by
using the lowest possible coating temperatures (70 - 90 degrees C).
There was no difference in the reference wave when we tested
the cpr using an uncoated

refe~ence

wave crystal in the focal plane.

A photograph of the cpr test of the Bonnie 11 glitch using an uncoated
lithium niobate doubler is shown in Figure 9.

This implied that

neither -a- iack bfinternal interference nor the coating process was
the cause of the difference between the theoretical expectations and
the observed reference wave shape.
The tests on the vibration sensitivity consisted of moving the
elements of the cpr in various directions while monitoring the
interferogram of a known object.

By observing the changes, the

alignment sensitivity for each component could be determined.
the

laser was

pulsed (20 nsec pulse

length), each of

Since

these

46

measurements could be made independently.
The elements found to have the least effect when vibrated or
misaligned were the NCPH doubling crystals and the wedge.

Rotating

the doubling crystals in the critic.al direction (see Appendix A)
changed the contrast of the interference, however, they could be hand
held in the beam without producing any changes in the interferogram.
The CPI was sensitive to the vibration and motion of the
lenses.

This was due to the change in the image location and the

subsequent shift in the interferogram.

The interferogram itself was

unchanged for moderate lens shifts (5% of the focal length of the
lens) and rotations

(:t 8 degrees).

CHAPTER 5
ANALYSIS
The CPI has some interesting characteristics which lend it
potential usefulness.

These characteristics will be discussed in

comparison to those of the Smartt interferometer, and some possible
applications of the CPI will be presented.
The Smartt, or Point Diffraction, interferometer has many
similarities with the CPl.
focal plane of a

Both generate their reference wave in the

lens or mirror, both are common path type

intereferometers, and both have tlach Zender type fringes.

The optical

layout of the CPI and the Smartt are nearly identical, except that the
CPI has two additional elements (an image plane doubler and wedge) and
the Smartt diffracting focal plane mask is replaced by a doubler in
the CPl.

This similarity is evident from the diagram of the Smartt in

Figure 5.
~

There are significant differences between the Smartt and the
CPI, however.

The Smartt has a typical transmittance of 1.0 %1,

whereas the CPI is 100 % transparent.

The CPI has twice the

sensitivity of the Smartt, and the CPI interference is in the second
harmonic rather than the source frequency.

The CPI requires a high

power laser, while the Smartt does not need a coherent source.
Despite

these

differences,

the

CPI

and

the

interferometer could be used in a very similar fashion.
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Smartt
The only
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differences between the two that would be apparent to an operator
using a CPI are the manner in which tilt is introduced (a dispersive
wedge instead of a pinhole shift), the wavelength of the light in the
interferogram (half the source wavelength), and the sensitivity of the
measurement (twice the sensitivity).

All the imaging requirements,

fringe analysis techniques, and the objects or wavefronts that can be
investigated are the same, although the laser used for the CPI would
be of much higher power than the light source of the Smartt.
The CPI, like the Smartt, is a common path interferometer.
Common path means that the reference and test waves traverse the
same optical path.

In the case of these two interferometers, this is

accomplished by creating the reference wave from a portion of the
test wave.

Since the reference beam is a part of the test beam, the

beams copropagate and only one optical path is necessary.
The common path arrangement of the CPI is responsible for
four of its characteristics.

These are a- reduced sensitivity to

vibration and misalignment, a reduced number of high quality optical
components, simplicity of alignment, and a small number of optical
elements.
Where the reference and test waves copropagate, motion,
misalignments or aberrations of an optical component change the
wavefront shapes of both beams.

The interferogram represents the

difference of these wavefront shapes, so this added component cancels
out.

This characteristic allows lower quality optics and affords

minimum sensitivity to vibration and air turbulence in these areas of
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co propagation.

High precision components are required in some parts

of the CPI, however.
In comparison to the Smartt interferometer, the CPI is less
sensitive to vibration and misalignment.

The Smartt interferogram is

very sensitive to vibration or misalignment of the focal plane
diffraction disk, since motion of the mask changes the tilt or defocus
in the interferogram.

The diffracting disk must be inside the focal

spot, and the focal spot is usually quite small, so only small changes
in position of the disk or the focussing lens result in large
variations in the interferogram.

The CPI does not have a corresponding

sensitivity, since the focal plane doubler is much larger than the
focal spot.
The CPI and Smartt interferometers are very similar in
required optics and

their optical quality.

The high precision

components are required in these interferometers between the object
and the point where the reference wave is created.

Between these

points, changes in the object beam are not reflected by equal changes
in the reference beam, since the reference beam does not yet exist.
These changes will appear as changes in the interferogram, hence the
error introduced by the optics in this region must be less than the
desired precision of measurement.

In the case of the CPI, this is the

region between the object plane and the focal plane doubling crystal.
In the Smartt, this region is between the object and the focal plane
mask.
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The common path setup simplifies the alignment of the CPl and
Smartt interferometers.

Since there is only one optical path, the

problems associated with splitting and recombining two wavefronts are
avoided.

Two beam interferometers require one or more beam splitters

and several high precision folding mirrors to produce the two beams.
These beams must then be recombined in such a way that they overlap
in space and copropagate, which is a difficult alignment procedure.
With a common path interferometer, the test and reference waves are
aligned more easily.

The reference wave of the CPl is automatically

aligned with the test wave, since the test and reference-wave-creating
laser beams travel together.

The Smartt has the additional task of

positioning the diffraction disk in the focal spot.
The common path arrangement also reduces the total number of
components.

Two separate optical paths are not required, hence the

number of optics is reduced by approximately a factor of two.

Both

the CPl and Smartt share this advantage, however the CPl has two more
components (a doubler and a'wedge) than the Smartt.
The interference pattern of the CPl, like that of the Smartt,
is very similar to the interference of a two beam interferometer like
the Mach Zender.

Since the interferogram represents the object

wavefront shape, the analysis is simplified.

The wavefront shape is

the quantity of interest in most applications, since it relates
directly to the physical shape of the object undE:r test.

It also

relates directly to the propagation of a wavefront, since the light
propagates in a direction perpendicular to the surfaces of constant
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phase.
A unique CPI quality is the second harmonic interference
pattern.

There is no interference in the laser frequency, as there is

only one laser wavefront and it cannot interfere with itself.

The

second harmonic interference has several interesting implications.
Firstly, the doubling of the light frequency results in the CPI having
twice the sensitivity of a conventional interferometer using the same
laser. Secondly, the laser intensity pattern remains unchanged by
passage through the CPI, since no interference is induced in the laser
light.

Thirdly, the second harmonic interference can be easily

separated from the laser light by a prism or grating.

Finally, the

contrast of the CPI interferogram can be controlled by adjusting the
output of the crystal doublers (i.e. by changing their temperature),
which is analagous to using variable beam splitters in a conventional
interferome ter.

The

Smartt interferometer

does

not

have

a

corresponding quality.
The CPI uses 100 % transmitting or reflecting optics.

This is

also a unique feature, as no conventional interferometer shares this
characteristic.

This is due to the use of transmitting crystal

doublers in place of beamsplitters.

The frequency doublers convert

(no net absorption) a variable amount (approximately 0.5 %) of the
laser into second harmonic, and represent the only "loss" to the laser
light.

No component absorbs a significant amount of laser power. In

comparison, the Smartt focal plane mask has a transmittance of only
1.0 %, which allows little of the laser light through.
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The final

characteristic of

measurement capability.

the CPI is the real time

Second harmonic generation is commonly used

cpr

to measure the temporal length of picosecond laser pulses, so the
interferogram can be produced on this time scale.

This allows for

true real time measurement of the wavefront shape or of moving
objects.

This

quality

the

cpr

has

in

common

with

some

interferometers, including the Smartt.
The CPI has some disadvantages which are not shared by
conventional interferometers.
production and propagation.

These are based on the second harmonic
Firstly, relatively high power coherent

light is required in order to produce a detectable amount of second
harmonic.

This depends on the doublers used, but the power required

typically implies using a mode locked or Q-switched laser. Secondly,
the NCPN doublers can be expensive, difficult to obtain, or -both.
could make the
objects.

cpr

This

impractical for certain laser frequencies or test

Finally, the achromatic elements required in some of the

cpr

versions may be expensive to obtain.
The seriousness
particular application.

of

these disadvantages depends on

the

Pulsed high-power laser technology is well

developed and custom designed optics can be fabricated if needed, so
the availability of nonlinear materials is probably the most limiting
factor of the

cpr.

As more nonlinear crystals are developed, this

will hopefully become less of a problem.
One possible application of the
the wavefront of high energy lasers.

cpr

is real time monitoring of

Beam control of high power

53

lasers, for example, requires such information.

Since the CPI uses

100 % transmitting optics, the output of the monitored laser would not
be affected significantly by the interferometer.

This could allow the

CPI to monitor a laser while it is in use.

The CPI's insensitivity to

vibration and misalignments

remote alignment and

would allow

monitoring in environments not suitable to sensitive conventional two
beam interferometers, such as in aircraft or satellites.

The second

harmonic interference would eliminate the need for beam splitters (a
difficult device to use in high-power laser systems) to obtain the
interferogram, since a grating could be used to separate the two
frequencies.

In addition, the laser intensity pattern would be left

unaffected, since no interference in the laser is generated by the CPl.
The CPI's sensitivity to wavefront shape would reduce processing time
in beam control applications.

Most of the CPI optics could be

replaced with presently available high power optics such as mirrors
and gratings.

The choice of doubling crystals may present a problem

depending on the wavelength of the laser. A large second harmonic
output is not required, however, so materials could be found based on
their transmittance and damage threshold at the laser wavelength,
ratht::!r than on their nonlinear coefficient.

The higher the laser

power, the less the efficiency of the doubler is important and the
more likely a suitable ·material may be found.

For example, lithium

niobate is normally not used as a doubler for 1.064 micron light
because of its low damage threshold to the second harmonic.

We were

able to use it in the CPI since our requirements for second harmonic
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power were low.
plane doubler.

One of the problems that would remain is the focal
Tight focussing of a high-power laser in any material

can cause damage.

Thus to prevent damage to the focal plane crystal,

the optics could be designed to produce the same laser waist size in
the object and transform planes and prevent a tight focusing of the
laser inside the doubler.

Work would have to be done to find

nonlinear materials of high damage threshold in order for the CPl to
be practical for very high power laser monitoring.
Another possible use of the CPl would be precision testing of
unpolished mirrors.

A long wavelength laser (i.e. 10.6 micron CO 2 ) has

been used in such measurements 12 •

The long wavelength allows testing

an unpolished surface, since the surface need not be polished to
specularly reflect a long wavelength (i.e. 10.6 micron) laser.
measurement would be twice as sensitive as

The CPl

the Twyman Green

interferometer normally used in this application, allowing for a more
precise test.

Since the grinding stages of fabrication allow for the

fastest refiguring of surfaces, a precise test in the grinding phase
would eliminate some of the time reqUired to produce the mirror.
the CPl could lower the costs of producing mirrors.

Thus

Carbon-dioxide

lasers could produce enough power for second harmonic generation,
hence could be a suitable source for the CPl.
The final suggested use of the CPl is for very high precision
testing of laser optics.

Since the CPl has twice the sensitivity of

conventional interferometers, such optics could be

~ested

to twice the

accuracy while still using the laser source for which the optics were
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designed.

This would be very useful in testing transmission optics

that are opaque to shorter wavelengths.

For example, we tested a

silicon wafer (21 mm thick, chemically polished on both sides, 37 %
transmittance to the laser light) in transmission with the CPI and our
Nd:YAG laser (1.06 micron wavelength).

The interferogram was in green

light (0.53 microns), for which the silicon sample was 100% reflective.
Similar tests in reflection using conventional interferometers would
be more difficult as well as incomplete, since reflection measurements
of the front and back of sample would have to be made to determine
the sample's physical shape, and no information would be gained 'on the
bulk optical properties.

In cases involving graded index objects (i.e.

optical fibers), or objects in which the material index variations are
to be tested (i.e. bulk optical materials) , the CPI would be a
tes ting device.

useful

CHAPTER 6
CONCLUSION
In conclusion, the Convolution Product interferometer (CPI), a
common path interferometer based on noncritically phase matched
second harmonic generation, has been introduced.

This interferometer

is similar in many respects to the Smartt interferometer, and the two
have been compared.

Three versions of the CPl were breadboarded and

the characteristics and capabilities of each have been analyzed in
comparison to those of several conventional interferometers.

A theory

for the operation of this interferometer has been presented, although
the theoretical predictions were found to depart from the observations
in the case of the reference wave shape.

Several phenomena thought

to be the cause of this departure were tested experimentally, however
no explanation was found.
recommended.

Further. theoretical tests have been

Three possible applications for the CPI are suggested,

and the limitations of the CPI have been enumerated.
The
similarities.

Smartt and

the CPI were

found

to have several

Both are common path interferometers, both have a Mach

Zender type interferogram, and both incorporate a focal plane element
for reference wave generation.
The CPl and the Smartt were found to have some differences as
well.
CPl.

The Smartt does not require the coherent source used in the
The CPI has twice the sensitivity of the Smartt, and uses 100 %
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transmitting optics, where the Smartt is only about 1.0 % transmitting.
The introduction of tilt and defocus is also different, and the CPI
uses two more optical components than the Smartt.
The

bread

board

tests

of

the

Convolution

Product

interferometer have shown that it is a workable device.

It is a

common path interferometer with potentially useful features, such as
twice the sensitivity of two beam interferometers, a two beam
interferometer (i.e. Mach Zender)

type of interferogram, 100 %

transmitting optics, adjustable contrast, and a negligible effect on
the laser intensity

p~ttern.

The differences between the three versions of the CPI are the
optical layout and the number of achromatic components required.

The

optical layouts are shown in Figures 1, 2 and 3 for versions 1, 2 and 3
respectively.

Versions 1 and 2 require one mirror or achromatic lens,

and version 3 requires none.
The disadvantages of the CPI are the limited availability of
noncritically phase matched frequency doublers, the focal plane
crystal (high-power laser applications), and the use of nonstandard
achromatic optics in

so~e

versions.

The theory of the CPI has been verified, except that the
expected reference wave shape departs from the observed one.

The

effects of aberrations, interference inside the reference wave doubler
and the finite thickness of this doubler were investigated as possible
sources of this departure, however no explanation was discovered.

The

amplitude Fourier transform doubling properties of the NCPM doublers
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has been investigated and was found to behave as expected.
Three possible applications of the CPI have been suggested.
The CPI could be used to monitor high power lasers in real time while
under actual operating conditions.

Precision tes ting (twice that

achievable with conventional interferometers) of unpolished surfaces
could be done using the CPI and a long wavelength (i.e. 10.6 microns)
laser.

Finally, the CPI could be used to test optics in transmission

to twice the precision of conventional interferometers.

APl!ENDIX A
SECOND HARMONIC GENERATION
Second harmonic generation is one of the macroscopic effects
observed when a medium is driven out of the region of linear response
by a very strong electric field. This nonlinear response can be induced
by very intense laser light, since coherent light can produce strong
oscillating electric fields.

An electric field produces a polarization

field inside the medium by inducing dipoles in the atoms of the
medium.

These dipoles oscillate at the same frequency as the driving

electric field, producing a polarization wave.

Nonlinear effects are

associated with the nonlinearities of the medium's response, which is
the

polarization wave.

To

represent

this

nonlinearity,

the

polarization wave can be represented as a power series expansion as
shown in Equation AI.

(AI)

P

where

"P" is the polarization, "E" is the electric field, and the "a" 's are
coefficients.

Second harmonic generation is associated with the second

term in the expansion.

Note that the nonlinear part of the

polarization is proportional to the square,of the electric field, which'
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implies a polarization wave with twice the frequency and half the
wavelength of the driving electric field (Equation A2).

21T

where k

where k'

This

T

21T

(A2)

A/2

polarization wave will generate a

light wave.

The

polarization wave, however, is in phase with the driving electric field,
not the light field it produces.

Therefore a detectable second

harmonic can only be produced if the driving laser is travelling with
it.

This can be accomplished through phase matching techniques, which

usually implies index matching.

By using the proper choice of a

nonisotropic medium, the driving laser light and the driven second
harmonic can be made to see the same index of refraction in the
medium.

If the index is the same for the two frequencies, the phase

velocity will also be the same, and the two fields will travel
together throughout the media.

A common method for phase matching is

to use a birefringent nonlinear crystal and either angle tuning or
temperature tuning techniques.
The birefringence is used to cancel the effects of dispersion.
A plot of the index of a birefringent crystal is shown in Figure AI.
Only uniaxial crystals will be considered here.

Note that the index

of two frequencies can be matched by polarizing the driving frequency
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such that it sees the index of the upper index branch, and the second
harmonic will be produced polarized to see the index of the lower
branch.
Adjusting the exact index seen by the two frequencies is
accomplished by either changing the angle between the light's electric
field and the optic axis of the crystal (angle tuning), or by changing
the relative separation of the two branches of the index of the
crystal by changing the crystal temperature (temperature tuning).
Temperature tuning allows the possibility of 90 degree phase
matching (noncritical phase matching), in which one of the two mixing
light frequencies is polarized along the optic axis (i.e. where both
beams propagate at 90 degrees to the optic axis).

Temperature tuning

utilizes the relative change of index between the two branches with
temperature.

dn
dT

This change is small (ordinary index

extraordinary index

dn
-5
_ 10 ), and limits the wavelength tuning
dT

range.
Walkoff is an effect that occurs in anisotropic materials such
as the birefringent crystals used in second harmonic generation.

This

effect causes the two electric eigenvectors to traverse the crystal in
different paths, yet retaining the same phase relation.

The dielectric

constant is not a simple scalar in anisotropic media but is a tensor,
hence the electric field vector and the displacement field vector are
not parallel.
to

the

The phase velocity direction, k, remains perpendicular

displacement

vector.

Since

the

Poynting

vector is
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perpendicular to the electric field, the flow of energy is not along k.
This implies that the two orthogonally polarized beams will become
displaced as they propagate along the crystal, and explains why the
phenomenon is known as walkoff.

In the case of angle tuned second

harmonic generation, this results in the laser and second harmonic
failing to overlap when they exit the crystal.

The equation for the

walkoff angle is shown in Equation A3.

sino

(A3)

where n3 = ne (extraordinary index),

nl

no (ordinary index)

and 6 = phase match angle

Walkoff is a maximum for the polarization at 45 degrees to the
optic

a~s,

as is the case in our shearing interferometer (Appendix B).

Walkoff does not occur in noncritically phase matched
crystals,
because the walkoff angle is zero for 90 degree phase
,
matching.

Walkoff is also zero for polarizations perpendicular to the

optic axis (since the crystal is isotropic for this case).
The equation for the production of second harmonic is shown in
Equation 19.

This equation assumes that the laser light is a plane

wave and has a constant amplitude throughout the doubling crystal
(i.e. low conversion efficiency), and that the second harmonic and
laser frequencies are phase matched over the region of interest.

The

first assumption is approximately satisfied in our experiment, since
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the doubling crystals are located in the waists of the gaussian laser
beam. The second assumption is satisfied since the doubling crystals
are thin (4 mm or less) and inefficient (0.5%).

This implies that very

little of the fundamental is converted to second harmonic, and the
input and output intensities of the laser are essentially the same.
The third assumption follows since our crystals are temperature tuned
to phase match.

APPENDIX B
EQUIPMENT LIST AND DESCRIPTIONS
The light source for most of the CPI experiments (some of the early
tests used a different pumping enclosure) was a Q-switched Nd:YAG
.

'

laser assembled from the following pieces of equipment:
1) Raytheon LPS-102 flashlamp power supply (1300 Volts, 1100 Amps
max) modified to produce a 160 microsecond flashlamp pulse
2) Raytheon Q-switch power supply
4) Inrad 212-080 KDP pockels cell Q-switch crystal with AR coatings at
1.064 microns) General Photonics optical pumping enclosure
80-105 modified for a 6mm diameter YAG rod
5) 6mm dia. by 76mm long Nd:YAG rod with ends cut at 5 degrees from
the optical axis and antireflection coated for 1.064 micron light
6) 5 ~eter concave hard dielectric coated mirror by CVI Laser Corp.
7) sapphire output coupler, 60 reflection at 1.064 microns
8) ILC L-2931 Xenon flashlamp
9) polarizing prism
The general arrangement of the laser optics is shown in Figure

Bl.

The output power was determined using a power meter (Scientech

362 laser power/energy meter) and calculating the peak power in each
pulse length
pulse (average power x repe titi on ra t e ) we obtained a maximum power
of 240 kilowatts in a 15 nanosecond pulse.
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The pulse length was
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measured using a photodiode (MRD 510-7727 by Motorola) biased to 67
volts with a 50 ohm terminating
maximum pulse width was

resistor.

The

full

width at

half

found to be approximately 20 nsec for a 90

kWatt pulse (PFN setting of 17.5 on power supply) and 15 nsec for a
250 kWatt pul se (PFN of 22.5).

The

laser was usually used at a PFN

setting of 17.5 (90 kWatt peak PQwer) for

the CPI experiments.

This

setup was also used to determine the pulse shape, which was close to
gaussian.

The spatial

laser pattern was measured using a Reticon

diode array of 128 elements, and the results showed a near gaussian
profi Ie.
The

noncritically

phase

matched

(NCPM)

frequency

doubler

crystals were V-cut acoustic or optical grade lithium niobate (LiNb03)
single crystals.
lies

V-cut

in the plane of

indicates that

the crystal

the 'optic axis of the crystal

faces.

We used three different

crystals, one was 45 x 55 x 4 mm, another was 50 x 50 x 4 mm, and the
third was 25 x 25 x 2 mm in size.

The

two

larger crystals were

acoustic grade and the smallest was optical quality.

No difference

was noted in these experiments between the two grades of crystals.
The optic axis of
laser polarization.

these crystals was oriented perpendicular

to the

The crystals were coated by CVI Laser Corporation

with standard laser antireflection (AR) coatings.

Each crystal

had one

face AR coated for the laser light (1.06 microns), and the other face
AR coated for the second harmonic (0.53 microns).

These coatings were

applied at 80 to 90 degrees C and al I the crystals vvere coated in the
same two coating 'runs'.

The crystals were then oriented with the
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laser AR coating on
fringes

the exit

significantly.

face.

This

reduced Fabry Perot

The coating process

type

also changed the phase

match temperature of one of the crystals (the 45 x 55 mm one) by 30
degrees F and reduced its efficiency by approximately a factor of two.
The other crystals were unchanged in

these

respects.

The crystal

phase match temperatures before coating were 60 degrees F for the two
larger crystal sand 30 degrees

F for

the

smallest one.

coatings were applied, the 45 x 55 mm crystal
was 30 degrees F.
their

After

phase match temperature

The crystals were mounted in copper holders and

temperature was

controlled by

a

feedback power

supply and

thermo-electric heat pumps (see photograph in Figure B2).
of

the feedback circuit is shown in Figure 83.

heat

pumps

crystal

were obtained

from Melcor

in

the .copper holders.

using silicon thermal

All

A schematic

The thermo-electric

# CP1.4-71-10L).

(part

temperature was monitored by mercury

into holes

the

thermal

thermometers

The

inserted

contacts were made

grease.

The achromatic lenses used in some of

the experiments were

custom designed.and fabricated by Tucson Optical Research Corporation.
They are achromatic at the wavelengths of 1.06 and 0.53 microns.
are

uncoated

air-spaced

doublets

mounted in aluminum cells.
Nonlinear Fizeau

interferometrically

aligned

and

Their achromaticity was verified using a

interferometer

(NLF)~

The

lenses

are optimized as

collimators, and have a 2 inch clear aperture and a focal
inches (F/5).

They

length of 10

The maximum on axis peak to peak aberration (spot size)

is 50 microns, and the lenses are theoretically diffraction I imited at
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F/10.
The wedges used in the (PI to introduce reference fringes were
2 degree precision fused silica prisms.
diameter, and were uncoated.

They were round with a 1 cm

The surfaces were flat

1
wave in
10

to

the visible.
The

J amin

interferometer

used

to

examine

the

opt ica I

properties of the test objects was manufactured by Optical Engineering
(see Figure B4) •. lt is very similar to a Mach Zender, but is much more
convenient

to use.

The

I ight

source used in conjunction with

this

interferometer was a Hughes polarized 5 mi II iwatt Hel ium Neon laser.
The

transmission

reference wave tests

shearing

interferometer

is diagramed in Figure B5.

quartz, with the optic axis in a plane parallel
faces.

The optic axis

through the crystal.

used

is oriented at 45 degrees
The first polarizer passes

in

the CPI

The prism is of
to the two parallel
to the optical path
light polarized at 45

degrees to the plane containing the optic axis (OA) of the quartz.
incoming

light

is

then

split

into

two

eigen modes,

an

'0'

The

wave

(polarized perpendicular to the OA) and an 'e' wave (polarized at 45
degrees

to the OA),

in

the quartz prism.

The orientation of

these

polarizations with respect to the optic axis results in walkoff of the
'e' wave in the plane of the optic axis.
that we wish to introduce.
two polarizations so that
The optical
performed was

flot

This walk off

is the shear

The second polarizer acts to recombine the
the interference can be observed.

table on which most
isolated.

It

of

was molded

the

experiments

steel

were

supported by a
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welded frame which rested directly on the concrete floor.
6 x 1 feet

It was 4 x

1
in dimensions and was dri lied and tapped for 4"-20 on 2

inch centers.

APPENDIX C

SMARTT INTERFEROMETER

The optics of the Smartt, or Point Diffraction, interferometer
are laid out as shown in Figure 5.

In this example, the test object is

imaged onto the observation plane by the
mask in the focal

plane has a small

lenses 'L1' and 'L2'.

(i.e. the size of

the ideal Airy

spot) opaque disk or pinhole which is placed in the focal
light.

The

spot of the

This disk diffracts some of the incoming light to produce the

interferometer's reference wave.
ref I ec t i ve ma t e ria I •

In order

The mask is made of an absorptive or
to obtain decent

contrast

in

the

interferogram, the transmittance of this mask is chosen such that the
amount of undiffracted

light

diffracted from the disk.

is approximately equal

This

to the amount

transmittance is approximately 1.0%.

Tilt and defocus are control led by moving the disk in relation to the
focal

point.

The disk is moved transversly (perpendicular

to the

optical axis) for tilt and longitudinally (along the optical axis) for
defocus.

Changing the

tilt or defocus also will

contrast, since the amount of
of the disk in the focal

spot.

change

the

fringe

light diffracted depends on the position
If the disk is in a node, for example,

the fringe contrast wi II be zero.
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APPENDIX D
CPI FRINGE PROGRAM
Below is a listing of the computer program used to predict
the shape of the CPI fringes.

It performs a discrete one dimensional

complex autoconvolution of the object phase function with a beam
profile amplitude transmittance function given in the subroutines
(lines 450 and 470 respectively).

The square of the phase function is

then subtracted from the autoconvolution to obtain the expected CPI
fringe shape.

The program was written for the TRS-80 microcomputer

and used the screen graphics for output of the plots.

The plots were

then printed by a dot matrix printer via the screen dump routine of
the NEWDOS operating system.

The program was compiled with the

Microsoft Basic Complier to increase speed and accuracy (all variables
are converted to double precision when the program is compiled) of the
program.

Note that the

I

implies a remark which is ignored by the

computer.

20

I

CONVOLUTION-PRODUCT INTERFEROMETER FRINGE PROGRAM

30

I

VER.2.5

41

I

1-0 DISCRETE AUTOCONVOLUTION OF GLITCH PHASE WITH

42

I

BEAM AMPLITUDE IS PERFORMED. PHASE SQUARED IS

by TILL LIEPMANN
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43 ' SUBTRACTED TO OBTAIN THE FRINGE SHAPE. THE REQUIRED
50 ' INFORMATION IS THE FUNCTION WINDOW ENDPOINTS (Vl,V2),
60 ' THE DESIRED INTEGRATION INTERVAL (DZ), AND THE
70 ' GLITCH (PI) AND GAUSSIAN BEAM (P2) WIDTHS.
80 CLEAR 1000
90 CLS:DIMT(lOOO):DEFINT I,N,H
95 PRINT"

**

CPI FRINGE

PROGRAM

**"

100 INPUT"Vl,V2 (WINDOW ENDPTS)"; V1,V2
110 HZ=(V2-V1)/64:' MZ= MIN. DZ FOR CONSECUTIVE POINTS
115 PRlNT"INTEGRATION INTERVAL (MINIMUM SENSIBLE ="MZ")";
117 INPUT DZ
120 INPUT"GLITCH WIDTH AND BEAM WIDTH"jP1,P2
130 INPUT"GLITCH DEPTH (DG, WHERE PHASE DEPTH IS DG*PI)";DG
140 CLS:PI=3.1415926535898
150 H=127:D=DG*PI
155 XO=2*Vl:XF=2*V2:' XO & XF=LIMITS OF INTEGRATION
160 PRINT@960,STRING$(64,176);:' DRAW X-AXIS
170 SP=-H*XO/(2*(V2-Vl»:' SP=horizontal Y-AXIS LOCATION
17 5 IFSP<00RSP)127THEN190:' NO Y-AXIS IF IT'S OFF THE SCREEN
180 FORI=OT043:SET(SP,I):NEXT:SET(SP+l,22):' DRAW Y-AXIS
190 FORX=XOTOXFSTEPDZ: I BEGIN CONVOLUTION LOOP
200 REAL=O:MAG=O:' SET CONVOLUTION REAL & (I) MAG PARTS TO 0
210 FORA=XO-V2TOXF-V 1 STEPDZ:' BEGIN INTEGRATION LOOP
220 Z=A:W=Pl:GOSUB450:' GET FUNCTIONS FROM SUBROUTINES
230 FX=FZ
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240 Z=X-A:W=Pl:GOSUB450
250 GX=FZ
260 Z=A:W=P2:GOSUB470
270 RA=FZ
280 Z=X-A:GOSUB470
290 RX=FZ
300 REAL=REAL+RX*RA*COS(FX+GX):' REAL CONTRIB. TO CONVOUTION
305 HA~=MAG+RX*RA*SIN(FX+GX):' lMAG CONTRIB. TO CONVOLUTION
310 NEXTA:' END OF INTEGRATION LOOP
320 T(X-XO)=ATN(MAG/REAL)-FX*FX:' PHASE DIFFERENCE AT X
330 XP=H*(X-XO)/(2*(V2-Vl)):' HORIZ. LOCATION ON SCREEN
335 YP=22-T(X-XO)*44/PI:' VERT. LOCATION ON SCREEN
340 SET(XP,YP):NEXTX:' PLOT POINT, END OF CONVOLUTION LOOP
350 PRINT"GLITCH="P 1 ",BEAM="P2" ,SCALE="XF-XO",DZ="DZ" ,DG="DG;
360 INPUT",REPEAT";A$
370 IFA$="Y"THENI00ELSE END:' END IF Y NOT INPUT
450 FZ=D*EXP( -Z*Z/W):' GLITCH FUNCTION
460 RETURN
470 FZ=EXP( -Z*Z /W):' BEAM AMPLITUDE FUNCTION
480 RETURN
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