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ABSTRACT

The

incr~ased

demand for modern optical components necessitates

an interferometric system that can rapidly and accurately measure
wavefront phase errors during the r.omplete fabrication process, from
generation to polishing.

The suitability of infrared wavelengths for

several optical testing applications is well known, as are the greatly
increased

speed

techniques.
topics:

and

accuracy

of

phase-shifting

interferometric

Therefore, this dissertation discusses extensively three

1) the demonstration theoretically and experimentally of the

feasibility of using a pyroelectric vidicon for infrared phase-shifting
interferometry, 2) the design and fabrication of a prototype next-'
generation optical shop infrared phase-shifting interferometric system,
and 3) the definition and quantification of the fundamental system
performance parameters and limitations.

Additionally, some application

examples of infrared phase-shifting interferometry are presented, and
specific

recommendations

for

future

work

conclusions.

xiv

are included

with

the

CHAPTER 1

INTRODUCTION

The increased demand fer modern optical components necessitates
an interferometric system that can rapidly and accurately measure
wavefront phase errors during the complete fabrication process, from
generation to polishing.

The suitability of infrared wavelengths for

several optical testing applications is well known as are the greatly
increased
techniques.

speed

and

accuracy

of

phase-shifting

interferometric

Each of these topics will be discussed briefly in the

following paragraphs,

w~le

subsequent chapters will deal with the

theoretical and practical issues of combining these two technologies and
the resultant performance of an infrared phase-shifting interferometer.
Three of the most important optical testing applications for
infrared interferometry are inspection of infrared

materials in

transmission, rough surface interferometry, and testing of aspheric
surfaces.

The use of infrared optical testing techniques on infrared

materials is a direct consequence of the importance of the imaging
applications in the 8- to

14-~m

region and the desire to use refractive

optical systems instead of reflective systems.
materials

are

opaque

to visible inspection

Since most infrared

techniques,

infrared

wavelengths are required to examine these materials in transmission for
index homogeneity and internal defects.

Lamore (1977) developed a CO 2

laser interferometer that used a scanning single-element pyroelectric
1

2

detector to make these types of measurements.

Slomba (1978) developed

a similar system that used a thermal image plate to convert the whole
infrared interferogram into a visible pattern that could be photographed.
The use of infrared wavelengths to test optically rough surfaces
was suggested by Munnerlyn (1968).

This application is based on the

principle that the specular component of the scattered field increases
with increasing wavelength for a randomly rough surface.
(1968) verified this principle with a simple
using a liquid crystal membrane.

CO~

Munnerlyn

laser interferometer

Furthermore, a relationship between

fringe contrast and surface roughness was calculated by considering the
average intensity at each point in an interference pattern of the
wavefronts from a smooth and a rough surface.

Kwon, Wyant, and

Hayslett (1980) studied this relationship experimentally and observed a
fringe contrast of better than 80 % when testing, in single pass with an
interferometer operating at
14.5-~m

grit.

10.6-~Dl,

a glass surface ground with a

The significance of these results is that an infrared

interferometer can be used throughout the early fabrication stages when
a surface is too rough for visible wavelength testing.
The testing of severe aspherics can be difficult.

If the surface

departures are too great, then conventional testing techniques cannot be
used.

When an aspheric surface is tested at the center of curvature,

the surface does not exhibit a natural null as does a sphere; instead,
the interferogram will be complicated and difficult to analyze.

For

severe aspheres, the number of fringes in a visible pattern will be too
numerous to deal with effectively.

The advantage of using infrared

wavelengths is that the aspheric departure from the best-fit reference

3

sphere in units of probing wavelength is reduced; therefore, a more
readily analyzed interferogram pattern might be produced.

A complete

discussion of the advantages of using infrared (IR) interferometry to
test aspherics can be found in· Kwon, Wyant, and Hayslett (1979) and
Kwon (1980).

If at all possible, an aspheric surface should be tested at

the proper set of conjugates so that only surface errors from the ideal
surface are observable.

For an off-axis parabola this means placing one

conjugate at infinity through the use of a full-aperture reflecting flat.
However, even in a null arrangement, the surface errors during the early
fabrication stages can be large.

Therefore, IR interferometry is ideally

suited for the testing of aspheres during figure generation.
The application of phase-shifting techniques to interferometric
testing was first discussed by Crane (1969).

He used a rotating halfwave

plate to shift the frequency of the light in the interferometer
reference arm, while a single point detector

s~anned

the interferogram.

The phase of the test wavefront was determined electronically for each
sample point.

Unfortunately, because it uses a serial data acquisition

system, this is a slow process.

A digital wavefront-measuring

interferometer was introduced by Bruning et ale (1974).

It used a two-

dimensional detector array in a Twyman-Green configuration.

Their

approach was to discretely change the phase between the test and
reference beams by moving the reference mirror with a piezoelectric
translator.
The integrating bucket technique, upon which the infrared
interferometer's phase measurement algorithm is based, was introduced by
Wyant (1975).

He originally proposed a four-bucket technique that has

4

since been refined by Koliopoulos (1981) to a three-integrating-bucket
algorithm.

The use of an integrating-bucket technique has several

advantages.

The technique offers high phase measurement accuracy, the

polarity of the phase is easily determined, the phase measurement is
independent of the irradiance distribution, it is capable of making
measurements with low contrast fringes, and it is able to take the data
rapidly over a large array of points through the use of large detector
arrays.

The spatial resolution of the wavefront phase distribution is

limited only by how closely adjacent sample points can be spaced.

A

detailed discussion of significant error sources for both the four- and
three-bucket algorithms was presented by Koliopoulos (1981) and Hayes
(1984).
The ultimate objective of this research is to demonstrate that
phase-shifting measurement techniques can be incorporated into a nextgeneration infrared interferometer.

To accomplish this task it is

important to address the following issues.
Since a pyroelectric vidicon is an integrating device that
responds only to temporally changing irradiance distributions and the
target itself is a thermal detector whose performance depends both on
the rate of temperature change and the spatial frequency of the
distribution, it is necessary to understand the process by which the
pyroelectric vidicon senses the phase-shifting interference pattern
before an appropriate phase-shifting algorithm can be implemented.

This

understanding requires both theoretical predictions and experimental
verifications.

The results of this effort will be the determination of

5

the fundamental limitations of the pyroelectric vidicon detection process
and their effects on wavefront phase measurement techniques.
Since the infrared phase-shifting interferometer developed by
this research must fulfill a dual function as both a research quality
instrument and an optical shop tool, the design of the interferometer
must be versatile enough for easy incorporation into any test setup
while minimizing systematic errors that might limit the resolution of
the phase-measurement technique.
user in mind--the optician;

It must be designed with the ultimate

therefore, it must be compact, self-

contained, easy to align with the part under test, and safe to operate.
The research discussed in this dissertation has three goals:
1) to demonstrate theoretically and experimentally the feasibility of
using a pyroelectric vidicon for infrared phase-shifting interferometry,
2) to design and fabricate a protc;>type next-generation optical shop
infrared phase-shifting interferometric system, and 3) to define and
quantify the fundamental system performance parameters and limitations.
Each of these goals will be discussed in Chapters 2, 3, and 4.

Chapter 5

will present examples of some applications for infrared phase-shifting
interferometry.

Chapter 6 will discuss conclusions of this research and

make recommendations for future work.

CHAPTER 2
INFRARED PHASE MEASUREMENT TECHNIQUES
The pyroelectric vidicon (PEV) is a sensor of infrared radiation
that is used primarily in thermal imaging applications.

Cooper (1962)

first described a pyroelectric detector and Hadni et a1. (1963) first
suggested the use of a pyroelectric material for thermal imaging.

Le

Carvennec (1969) obtained the first thermal images by using a device that
measured dielectric changes as a function of temperature near the
material's Curie temperature.

Subsequent research has developed a

genuine TV mode of operation using the pyroelectric effect to generate a
charge distribution proportional to the rate of temperature change in
the imaged scene.
Today's PEV has many advantages over other modes of thermal
imaging.

It produces moderate to high-resolution thermal images in a

television-compatible output, it is cost effective and reliable, and it is
commercially available.
The pyroelectric vidicon is a thermally sensitive television
camera, the heart of which is a I-in. vidicon tube (see Fig. 1).

The

term vidicon is used loosely to describe any television camera tube in
which a single, monolithic structure, the target, absorbs the image
irradiance, converts it into a charge distribution, integrates that charge
pattern for a frame time, and serves as the signal output electrode from
which the charge image is neutralized by a scanning, low-velocity
6
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Pyroelectric target

Figure 1.

Schematic Diagram of a Pyroelectric Vidicon Tube.
(Thomson - CSF 1981)
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electron readout beam.

For most PEV's, the target is a thin slice of

single-crystal triglycine sulphate (TGS) that is mounted close to the
rear of the faceplate.

TGS is particularly well suited for thermal

imaging applications: it has a high pyroelectric coefficient at normal
ambient temperatures, a high optical absorption of wavelengths longer
than 3.0

~m,

and very low electrical and thermal conductivities.

The

first two characteristics are necessary to efficiently detect lowirradiance signals.

The last two characteristics are required to

increase the efficiency and resolution of the detection process.

The TGS

target is approximately 25 mm in diameter with an actively scanned, nonmasked area of 18 mm.

The target is approximately 30

~m

thick, which is

sufficient since essentially all of the irradiance is absorbed in the
first 10

~m

of the target because of the high optical absorption

coefficient.
Since the target is basically a capacitor and because each
picture element is integrated for a frame time, the low electrical and
thermal conductivities are necessary to increase the efficiency and
resolution of an integrated signal.

Otherwise, charge could leak away

during a frame period or thermal diffusion could seriously degrade the
resolution.

The front of the target, facing the window, has a thin

evaporated electrode that serves not only as the conducting layer but as
an additional absorber of infrared radiation.

The front window of the

vidicon tube is germanium and is antireflection coated to provide
maximum transmission at 10.6

~m.

The face plate is sealed to the tube

for a hard vacuum that provides for a longer operating tube lifetime and
less noise.

9

Operation of a Pyroelectric Vidicon
In normal operation, the target is maintained at a uniform
potential by the front-surface conducting layer.
surface,

the image irradiance

differences.

pattern produces

Then on the rear
local potential

This charge distribution is then erased by the readout

electron beam, which returns the target to its cathode stabilized
potential and induces a modulated signal current to flow into the camera
amplifier circuit.

Although the active target area is only 18 mm in

diameter, the electron beam overscans the target to insure that the
entire target area has been returned to the cathode potential.
The pyroelectric vidicon is different from ordinary vidicons with
two distinct features: the pyroelectric effect and the pedestal current.
The PEV detection mechanism, the pyroelectric effect, responds only to
time-varying target temperature changes.

The positive pedestal current

is required because, while the pyroelectric effect can gene.:ate a charge
distribution of either polarity, negative-going signals cannot be read
out by the electron beam.

This section will discuss these and other

characteristics that affect a PEV's performance.
Pyroelectric Effect
The essential feature of the pyroelectric vidicon is that its
target exhibits the pyroelectric effect.

All pyroelectric materials

possess a spontaneous polarization, Ps ' and dielectric constant,
are temperature dependent.

€,

which

Spontaneous polarization occurs in polar

crystal structures with electric dipoles when adjacent dipoles align
themselves in parallel to form domains.

To polarize all the domains of
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the target along the polar axis, the target must be poled with a large
DC external electric field.

Once the electric field is removed, the

domains remain aligned and the target exhibits a remnant polarization.
This polarization is' not observable as an external electric field since
the TGS material is an insulator.

Stray charges will be attracted to

and trapped on the surface until any surface charge associated with the
polarization is neutralized.

The charge distribution produced in this

way on the surface of an insulator is relatively stable and unable to
respond quickly to sudden changes of the internal dipole moment.
When the target is exposed to a thermal image, local irradiance
differences cause local crystal temperature differences.

An increase in

the internal crystal temperature causes a decrease in the internal
polarization, and this change will produce an observable surface charge
distribution.

Therefore, although the crystal's internal polarization

(dipole moment) is not directly observable, its temperature coefficient,
the pyroelectric coefficient, is.

Figure 2 shows the internal

spontaneous polarization for TGS as a function of temperature.

The

slope of the curve at any given temperature, T, is the pyroelectric
coefficient P and can be described by:

P

IT •

(2-1)

The pyroelectric coefficient for TGS at room temperature (27°C) is on the
order of 3x10- a Coulomb/cm 1 °C.

The temperature at which TGS loses its

internal polarization, the Curie temperature, is 49°C.
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Figure 2.

Spontaneous Polarization of TGS as a function of Temperature.
(Charles and Le Carvennec 1972)
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Charge Accumulation
Any fluctuation of the pyroelectric target temperature, a, about
some ambient temperature, Ta , causes a charge buildup, q'll" on the
surface of the target as a function of space and time as a result of the
pyroelectric effect.

q'IT(x,y,t)

(2-2)

P OA a(x,y,t),

=

where aA is the elemental pixel area. However, this charge is not
immediately read out by the vidicon but is allowed to accumulate.

Each

pixel area on the target is addressed and read out by the scanning
electron beam once per frame time, Tf.

The charge accumulated at a

pixel between readouts is a measure of the temperature change that has
occulced there and is given by:

=

=

(2-3)

The video current produced by the charge accumulated since the last
readout for this pixel is given by:

=

OA

P at [a (x, y , t) - a (x, y ,t -

T f)

],

where at is the time required for the beam to scan the pixel.

(2-4)
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Pedestal Current
As can be seen from Eq. (2-4), the video signal current can be
either positive or negative depending upon the relative temperature
change during the frame time.

This is a problem since a negative charge

accumulation cannot be read out by the scanning electron beam.

In fact,

the electron beam's action would drive the target potential even more
negative until no further beam contact with that particular pixel
occurred.

To enable the electron beam to completely discharge the

target back to its operating cathode potential stabilization, regardless
of the polarity of the accumulated charge distribution, a positive bias
or pedestal potential must be applied to the entire scanned surface.
This pedestal potential must be high enough that even the most negative
accumulated charge distribution can be read out by the electron beam.
While the current necessary to meet this requirement is only a few nanoamperes, a pedestal on the order of 100nA is normally used to reduce
discharge lag, improve readout efficiency, and increase response time.
Historically, the pedestal potential was produced by an ion gas
technique.

Currently, it is produced by the secondary emission pedestal

mode (SEPM) of operation which was introduced by Conklin et ale (1974).
This method uses secondary electron emission from the target to generate
the pedestal potential during each horizontal line flyback.
first secondary emission crossover point occurs at 27 eVe

For TGS, the
Therefore, a

potential difference of 80 V between the electron gun thermionic cathode
and the target during the horizontal retrace will bombard the target
surface with 80-eV electrons, resulting in a net secondary electron
current flow from the surfaces.

The pedestal potential produced by this
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technique is essentially independent of any charge accumulation caused
by the pyroelectric effect.

Other advantages of the SEPM over the ion

gas technique are that it can generate a higher pedestal current, it is
less noisy, and the vidicon tube is sealed with a hard vacuum that
increases the tube lifetime.
Electron Beam Lag
In the cathode potential stabilization mode of operation, the
target is discharged by the electron beam from its initial potential
down to the cathode potential.

When the electrons come into contact

with a positively charged pixel, their accumulation on the pixel area is
linear and a function of the pixel's initial potential.

But, as the beam

moves across the pixel and discharges it, fewer electrons land onto the
area.

Finally by the time the trailing edge of the beam reaches the

pixel, its potential is such that only the most energetic electrons in
the beam will continue to land.

This electron beam characteristic is

dominated by an exponential tail caused by the electron-gun temperaturedependent electron velocity distribution.

The pedestal potential helps

to keep the electron acceptance in the linear regime as much as possible
by initializing the pixel to as high a positive potential as possible.
Electron beam lag occurs when the electrons deposited at a given
pixel are not enough to completely discharge the accumulated charge at
that pixel.

The net effect of lag is to reduce the total output signal

current for a given input and to increase the measurement interval
required to detect a time-varying event.

Some of the consequences of

lag will be discussed in the next section and Appendix B.
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Detection of Infrared Phase-Shifting Interference Fringes
As discussed in the previous section, the pyroelectric vidicon
responds only to changes in the temperature of the pyroelectric target.
Historically, the PEV has been used to sense a static thermal scene that
has been imaged onto the target.

In those applications it was necessary

to modulate the scene to produce the temperature change required by the
PEV for detection of the scene.
often used are:

The two methods of modulation most

amplitude modulation through the use of a chopper and

panning the image across the target by either moving the camera or the
imaging optics.

Both of

these modulation techniques have been

extensively analyzed (Blackburn and Wright 1970, Holeman 1972, Logan and
McLean 1973, Logan 1975, Walton et al. 1977, and Garn and Petito 1977).
However, the use of a PEV for infrared phase-shifting interferometry
does not require either of these methods because the fringe pattern is
dynamically modulated by the phase shifting measurement technique.
The phase modulation method is different from both the amplitude
modulation and the panning modes of operation.

In the amplitude

modulation method, the PEV is allowed to stare at an image while the
total amplitude of the irradiance is modulated uniformly across the
target by some external chopper.

Unfortunately, this chopper has some

intrinsic duty cycle associated with it, such as the 50 % duty cycle of a
square chopper, which limits the PEV's information collection time.

With

the panning method, the PEV is allowed to collect information 100 % of
the time, but it is not allowed to stare at a stationary image.
Therefore,

the

panning

method

requires

extensive

electronic

instrumentation to remove the image motion so that the operator can view
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a static scene.

The phase modulation mode of operation avoids both of

these problems.

The PEV is allowed to stare at a stationary image while

collecting information for 100% of the time.

This method modulates the

amplitude of the irradiance at each pixel, independently of adjacent
pixels, as a function of the pixel's test wavefront phase relative to its
reference wavefront phase.

This section will analyze the process by

which the PEV detects an infrared phase modulated interferogram.
Responsivity
The primary figure of merit describing the detection process is
the PEV's response to the phase modulated interferogram.

As discussed

in the previous section, to produce an output signal current, the input
irradiance must first be absorbed by the TGS target, converted into a
temperature

distribution

that

produces

an

accumulated

charge

distribution, and read out by the scanning electron beam at the end of
the integration interval.

To model this process requires· an analysis of

how the phase modulated interferogram interacts thermally with the TGS
target to form a charge pattern, an understanding of how that charge
pattern is accumulated, and an analysis of how that integrated charge
pattern is read out by the scanning electron beam.

Res ponsivi t y

describes the output signal current which will be produced by a given
input irradiance as a result of the detection process, and is defined as
the ratio of the output signal current divided by the input irradiance
distribution:

R

=

i(x,y)
E(x,y) •

(2-5)
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Throughout the discussion in this section, any possible attenuation
caused by imaging optics or the atmosphere will be ignored.

The first

assumption is valid because the radiation is coherent, therefore, the
optical transfer function of the imaging optics will be unity across the
aperture.
10.6

The second assumption is valid since, for radiation at
any atmospheric effects will be negligible.

~m,

Thermal Modulation Transfer Function.

A thermal analysis of the

interaction between a phase-modulated interference pattern and a
pyroelectric target that results in an excess temperature field about
the target's ambient temperature is presented in Appendix A.

Starting

with the input irradiance given by Eq. (A-I), the phase-modulated
interference pattern can be described by Eq. (2-6):

E(x,y,t)

= Eo

[1 +

y cos(2~(ny

+ vt»],

(2-6)

where:

= peak irradiance

Eo
y =

fringe contrast

n

=

fringe y-direction spatial frequency

v

=

phase modulation temporal frequency.

Then the instantaneous average excess temperature of the target is given
by Eq. (A-l8):

6 m( x,y, t)

=

THTF

6 0 cos(2~( ny

+ vt) - .p),

(2-7)
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where:

= peak

60

=
TMTF

excess temperature

aEo'Y
211'"H

= thermal diffusion modulation transfer function
1

=

~ ~

=

thermal phase shift
tan

-1

[

2T1'"H

]

( 2 'If Tl )2K i. + G •

The quantities a, K, 1, G, and H are constant material parameters of the
TGS target. and defined as:
a

m

optical absorption coefficient

= 1000

cm- 1

K • thermal conductiVity - 0.0068 W/(cm 2 K)
1

= target thickness • 0.003 cm

G

= radiative

H

= thermal capacity = 0.0049 ~K
•
cm

conduction - 0.001225 W/(cm 2 K)

The physical significance of TMTF is that the incident fringe
pattern produces a temperature distribution on a continuous target
across which heat can diffuse later.Colly.

This reduces the measured

contrast of the fringe pattern from the value expected for an ideal
target with no thermal diffusion.

This contrast reduction is primarily a

function of the interferogram's fringe spatial frequency.
fringe density will decrease the measurable contrast.

Increasing the

The thermal phase

19

shift is also dependent upon the fringe spatial frequency except that as
it is increased, the thermal phase shift is decreased.

This phase shift

is the lag in the thermal response of the target to the input irradiance
and can have a significant effect on the measured relative phase of the
interferogram
Charge Integration.

The accumulated charge distribution produced

by the average excess temperature field over an integration period,

~f,

can be determined by substituting Eq. (2-7) into Eq. (2-3) and combining
terms.

~qn

=

PoA TMTF eo [cos(2n(ny + vt) -

-

- [e:. ,A

~)

- cos(2n(ny + vt -

v~f)

-

~)]

'f] TMTF sine["H J [oEor J Sin[2.[n + "[t - -'iJJ -.J.
y

(2-8)

The accumulated charge distribution described by Eq. (2-8), which is
superimposed on the pedestal, is then read out by the scanning electron
beam as the video signal current at a given pixel:

=

(2-9)
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where:
ip - pedestal current
i~

= pyroelectric

current.

The pedestal current, i p , is ideally a constant with time so that
it can be subtracted out in the phase algorithm.

However, it typically

has small temporal and spatial variations across the target which are a
function of the electron optics and the target itself.

These variations

constitute the major source of noise in IR interferometry using a PEV and
will be discussed in a separate section.
Electron Beam Readout Lag Moduletion Transfer Function.
pyroelectric signal current,

i~,

The

is related to the accumulated charge

distribution caused by the excess temperature field described by
Eq (2-8).

However, the pyroelectric current also depends upon the

electron beam readout efficiency, 1 -

a,

where

a = e-Vp/Vo•

A discussion

of the electron beam readout process leading to an electron beam lag
modulation transfer function and phase shift is presented in Appendix B.
The resultant pyroelectric signal current output for a phase
modulated interferogram, including both the thermal diffusion MTF and
electron beam readout lag MTF, is given by:

=

-

f,A TflJ TMTF LMTF [<lEoY]
P f,T
[ cpR.

sin(2~(ny

+ vt)-4>-IjJ),
(2-10)
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where:

TMTF

=

thermal diffusion modulation transfer function
sinc( v Tf)

LMTF

=

electron beam readout lag modulation transfer function
1 -

=

~

~

a

=

thermal phase shift

=

tan- 1

=

electron beam readout phase shift

[

2:rrvH

J

rz;rny"K R. + G

and, as previously defined:
P

pyroelectric coefficient

c

= volume

p

= density

R.

= target

specific heat

thickness

pixel area

oA

OT

= pixel

Tf

=

readout time

frame time.

Note that the TMTF expression has been modified to account for the
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integration period's effect on the phase modulated interferogram's
charge pattern.
The physical significance of LMTF is that the beam can stabilize
the target potential more easily for smaller signal currents.
dependence of LMTF on the temporal phase modulation is cyclical.

The
The

modulation reduction will be the greatest when the phase is shifted 180°
and the least for 360°.

In the first case the temperature change is

maximized, while in the second case there is no temperature change and
therefore no signal charge for the electron beam to discharge.

The

electron beam phase shift is similar to the thermal phase shift in that
it is a lag in the electronic response of the PEV to the temporally
modulated input irradiance.

The electron phase shift has no effect on

the amplitude and only a minor effect on the relative phase of the
interferogram.
Video Signal Current
The total video signal current produced by a PEV's response to a
phase modulated interferograru is found by inserting Eq. (2-10) into Eq.
(2-9) and can be described by:

ip - REI sin(2rr( nY + \It) -

~),

where:
R

[ 2cp~

OA
6T

T

f

J

TMTF LMTF

= PEV Amplitude Responsivity

(2-11)
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EI

=

aEoY

~

=

~

+

~

=
=

Peak Power

Total PEV Phase Shift.

The amplitude responsivity of the pyroelectric vidicon, R, consists of
two parts.

The bracketed term describes the D.C. responsivity and the

two modulation transfer terms describe the A.C. responsivity.

The total

PEV phase shift is a sum of the thermal diffusion and electron beam lag
phase shifts.

The peak power incident upon the PEV is important since,

because the PEV responds only to dynamic signals,
to measure EI

separately from R.

the~e

is no easy way

Therefore, for experimental

verification, the'relevant quantity to be measured and discussed is the
signal modulation depth, REI'

Also of significance is the fact that the

interferogram fringe contrast cannot be measured separately from the
PEV amplitude responsivity, R, or even the total incident power level,
Eo·
PEV Amplitude Responsivity.

One of the goals of this research is

to determine the fundamental performance limitations of IR phaseshifting interferometry using a PEV.

Knowledge of the PEV amplitude

responsivity is important to determe the optimum temporal modulation
frequency.

The optimum temporal modulation frequency provides both a

phase shift that can be used by the phase algorithm and the greatest
possible signal modulation depth.

The modulation depth should be

maximized to increase the signal-to-noise ratio and therefore the
accuracy of the phase algorithm, even though the modulation depth term
itself is canceled out in the phase algorithm.

Figure 3 shows the AC
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responsivity of the PEV, Rac ' as a function of fringe spatial frequency,
n, for selected temporal modulation frequencies, v.

Figure 4 shows LMTF

as a function of v, and Fig. 5 shows TMTF as a function of n for
selected values of v.

These figures were generated using Eq. (2-11),

Appendices A and B, and assuming an integration period of
target thickness of
of 1 -

t

= 30

~m,

~f

= 1/30, a

and an electron beam readout efficiency

e = 0.4.
The AC respollsivity of the PEV, Rac ' is dependent upon two

variables, the temporal modulation frequency, v, and the fringe spatial
frequency, n.

Fig. 3 shows that for increasing values of v, Rac's initial

amplitude decreases and its curve becomes flatter and broader as a
function of n.

These tendencies are attributable to the LMTF and TMTF

terms and therefore can be examined separately.

The decrease in the

initial value of Rac as a function of v is primarily due to LMTF and only
partly due to TMTF's

sinc(V~f)

factor.

Figure 4 shows the dependence of

LMTF on v while the decrease in the initial value of TMTF in Fig. 5
shows the dependence of the sinc term on v.

The prominence of LMTF

over TMTF in reducing the initial value of Rac is easy to see from
Figs. 4 and 5; also, for v = 0.25 Hz, LMTF = 0.995 and TMTF(n=O) = 0.987,
while for v = 7.5 Hz, LMTF = 0.343 and TMTF(n=O) = 0.900.

The sinc term

reduces the TMTF because the PEV has a finite integration interval,
~f

= 1/30, during which the interferogram is phase modulated.
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The decrease in Rac as a function of fringe spatial frequency, n,
is caused by TMTF's thermal diffusion term.
dependence of TMTF on both nand v.

Figure 5 shows the

For increasing values of v, TMTF

becomes flatter and broader, allowing for the resolution of larger
fringe densities.

This widening of TMTF is caused by the interaction

between thermal diffusion and the temporal modulation frequency.

If the

irradiance pattern is modulated faster than thermal diffusion can reduce
the signal between adjacent pixels, then there is a high TMTF.

But, when

the fringe density reaches the point that the thermal "diffusion rate
between adjacent pixels is faster than the modulation, then TMTF is
reduced.

Depending upon the application, the user can select the

temporal modulation frequency to maximize the Rac over as broad a
spatial frequency range as possible.

For imaging where only small

spatial frequencies are of interes t, the user may select a slow
modulation frequency.

For interferometry where large slopes are of

interest, the response needs to remain fairly constant for as high a n
as possible.

Therefore, at the design temporal modulation frequency of

v = 7.5 Hz, the phase shift per integration period is >../4, and Rac

remains approximately constant at 0.3, throughout the useful fringe
spatial frequency range.
PEV Total Phase Shift.

The total PEV phase shift is a sum of

the electron beam readout phase shift and the thermal phase shift.

The

electron beam phase shift is a delay or shift in the phase of the signal
readout from each pixel caused by the inefficient electron beam readout.
This phase shift increases as a function of

temporal modulation

frequency, as shown in Fig. 6, and effects every pixel of the target
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equally.

Therefore, the effect of electron beam phase shift is to add a

bias or piston term to the measured phase of the wavefront under test.
For the design temporal modulation frequency of v

=

7.5 Hz, the measured

phase will have a constant electron beam lag phase shift of

~ =

76°.

The thermal phase shift is a delay or shift in the thermal
response of the target to the phase of the incident irradiance and, as
shown in Fig. 7, is dependent upon both the temporal modulation
frequency and the fringe spatial frequency.

For slow modulation

frequencies, almost a complete 90° thermal phase shift occurs over a
short range of small spatial frequencies and then levels off and remains
constant for larger n.

For faster frequencies, the shift is more

gradual and smaller as a function of n.
significant, depending upon the application.

This phase shift can be
For imaging applications

where good ac responsivity is needed to resolve objects with low spatial
frequencies, the large phase shift may not be significant or will only
effect edge resolution.

However, for phase shifting interferometry

where the wavefront phase is measured, this phase shift can cause a
significant error and should be minimized by using a faster temporal
modulation frequency.

This effect can occur in an interference pattern,

causing an area of greater fringe density to experience larger phase
shift errors than an area of lower fringe density.

Fortunately, this

phase error might be correctable by determining the local slopes of the
wavefront phase,

calculating the

theoretical

thermal phase shift

associated with such a slope, and modifying the measured wavefront
phase.

For the design modulation frequency of v = 7.5 Hz, the thermal

phase shift varies from 90° at zero fringes/mm to 45° at 1.75 fringes/mm
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(31.5 fringes across the PEV target), corresponding to a A/8 peak to peak
wavefront phase error.
Noise Limitations
The total video signal current output defined by Eq. (2-11)
assumes that the detection process is noiseless.
not the case.

Unfortunately, this is

The effect of noise associated with the PEV is to limit

the minimum signal contrast that can be resolved.

This occurs when the

video current noise equals the signal current modulation depth.

Since

the minimum resolvable signal contrast is of major significance in
imaging applications, where a poor contrast object is surrounded by a
noisy background, the noise sources of a PEV have been extensively
studied (Holeman 1971, Put ley 1970, Singer 1977).

The results of these

studies indicate that noi'se associated with the PEV is the primary
performance limitation.

Since, a PEV is an imaging device, both temporal

and spatial noise must be considered.
In the PEV the four possible temporal noise sources are:
temperature or radiation noise caused by the irradiance pattern, Johnson
noise in the target, pedestal noise, and preamplifier noise.

In an ideal

detector, only the radiation noise associated with the thermal object
would contribute to the detector noise.

In a high performance detector,

the Johnson noise of the target would limit the minimum resolvable
power.

However, a video detector is a medium to low performance device.

The radiation and Johnson noise terms are dominated by the pedestal and
preamplifier noise terms, and therefore, can be ignored (Singer 1977).
Pedestal noise occurs in the secondary electron pedestal mode because of
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two mechanisms:

shot noise in the electron- beam during the horizontal

retrace and fluctuations in the secondary emission coefficient.

The

result is that the pedestal current level at each pixel fluctuates from
frame to frame about some average level.

Amplifier noise is caused by

Johnson noise in the input and feedback resistors, and current and
voltage noise in the input transistors.

Both the pedestal and

preamplifier noises are dependent upon the detector bandwidth and
independent of the signal current.

For video bandwidths on the order of

4 MHz, the average total temporal video current noise is on the order of
1 to 2 nAG

Since the signal current rides on a 100 nA pedestal current,

the signal to noise ratio is 50 for a 2 nA noise current (Singer 1977)
Spatial noise arises from variations in the target properties,
and from electron beam readout and retrace shading caused by the
electron beam imaging optics.

Target errors can cause point to point

variations in the responsivity while electron beam errors can cause the
signal current to be superimposed on a nonuniform pedestal.

Spatial

noise is an extremely serious problem for imaging applications where
uniformity is important.

Fortunately, in phase-shifting interferometry,

spatial noise is a systematic noise that is cancelled out in the phase
algorithm since the wavefront phase is determined on a pixel by pixel
basis.
Experimental Verification of Theory
This section presents experimental data that verifies the
theoretically predicted LMTF and TMTF terms discussed in the previous
section.

This section also presents experimental data quantifying the
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fundamental noise limitations placed upon the PEV detection process.
Any discussion of the effect of this data on the phase measurement
process, or of the effects of the total PEV phase shift on the phase
measurement process will be delayed until Chapter 4.
PEV Responsivity
The dependence of PEV ac responsivity, Rac ' on the temporal
modulation frequency, v, is shown in Fig. 8.

The normalized peak signal

current for a single pixel at the center of the target is plotted with a
theoretical LMTF curve as a function of v for a n = 0.0.

The

experimental data was obtained by measuring the pixel's signal current
for various temporal modulation frequencies.

The dependence of Rac on

the fringe spatial frequency, n, is shown in Figs. 9 and 10.

The

normalized peak signal current for the same pixel is plotted with a
theoretical Rac curve as a function of n for an v

= 0.25

Hz.

Figure 10

shows normalized modulation depth data plotted with a theoretical Rac
curve as a function of n for an v

= 7.5

Hz.

This data was measured

using the three-integration-bucket algorithm discussed in the next
section.

The result of the data presented in Figs. 8, 9, and 10 is to

verify the basic accuracy of the theoretical predictions and the
subsequent operating conditions selected based upon those predictions.
PEV Noise Limitations
As discussed in the previous section, the PEV introduces spatial
fixed pattern noise, and temporal random noise into the detection
process.

Since phase-shifting interferometry determines each pixel's

relative phase and not its intensity, the fixed pattern noise cancels
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out.

However, it is important to know the range of the pedestal current

so that a large modulation depth signal current is not clipped by an
improper video amplifier brightness setting.

As discussed in the last

section, random noise is produced by shot noise on the pedestal current,
and preamplifier Johnson, current, and voltage noise.

It is impossible

to measure the noises separately in the output video signal current,
therefore, they will be measured and discussed as a single noise term.
To measure the' spatial and temporal noises, a horizontal and
vertical line of PEV pixels were monitored for an extended period of
time.

Each pixel was sampled 255 times, and the mean pedestal current

and standard deviation about that pedestal current was determined.

The

variation in the mean pedestal current along either the horizontal or
vertical line is a measure of the spatial fixed pattern noise.

The

standard deviation for each pixel is the temporal random noise.

The

spatial noise showed a fairly uniform pedestal current across most of
the target except at the edges.

At the top and left edges, as seen on

the monitor, the pedestal current had a high bump.

The current then

decreased slowly across and down the target until the bottom and right
edges where the pedestal current rolled off sharply.

The overall

variation was usually about 45 out of 255 for the vertical column and 60
out of 255 for the horizontal row and varied only if the camera
brightness setting was too low.

This spatial pattern could be seen on

the monitor as brighter and darker areas.
The rms temporal noise term for the PEV is given by the average
standard deviation about the pedestal current.

This term showed only

slightly more dependence on the brightness setting of the camera than
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the pedestal variation.

For a proper brightness setting of 127 out of

255, the rms noise was only about 2.8 for a signal-to-noise ratio of

approximately 45.

But when the pedestal range variation is taken into

consideration, the maximum signal modulation depth that will not cause
clipping at the edges of the target is only about 100 for a signal-tonoise ratio of approximately 35.

By masking off the edges of the target

in software, it should be possible to measure signals with a larger
modulation depth and thereby operating with the large signal-to-noise
ratio.
Phase Calculation Algorithm
The infrared phase-shifting interferometer uses the standard
integrating-bucket phase measurement techniques developed by Wyant

(1975) and Koliopoulos (1981).

Table 1 gives the video signal current

output for four successive video frames, assuming a w/2 phase shift
between each frame.

The quantity of interest in Table 1 is the phase of

the wavefront under test for each pixel location,

~(x,y)

~(x,y),

= nY·

Several techniques can be used to solve for this phase.

where:

( 2-12)

The simplest

technique is the standard four-bucket algorithm where the leading dc
component is subtracted away and the signal modulation depth terms
cancel.

To calculate the phase one need only take an arc tangent, i.e.,
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Table 1.

Total Video Signal Current Output for Four Successive Video
Framese

Integration
Interval
Number
Video Signal Current Output

1

II • !p- REI sin(,(x,y) -

1jI)

2

I z "" ip - REI cos( ljI(x,y) -

1jI)

3

I, .. ip + REI sin( ,(x,y) -

IjI

4

lit ""

!p+ REI cos(,(x,y) -

IjI
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$(X,y) - ~

The

~

(2-13)

=

term is the phase of the wavefront under test as a function of

position.

Notice that the modulation depth term has disappeared and all

that is left is the sum of the wavefront phase and the phase lag terms.
Since the electron beam phase lag is a constant, it can be removed in
software.

However, since the thermal phase shift term is dependent upon

the fringe spatial frequency, the removal of the thermal phase lag term
is more difficult, but not impossible.
Because the PEV uses a scanning beam readout, once the phase
shift is started, each pixel of the first frame integrates for a
different phase shift.

Then for succeeding frames, the phase shift per

pixel will be the desired amount.

Therefore, to obtain four frames of

data, the phase must be shifted for five integration intervals for a
total shift of 5'1f/2.

Unfortunately, the current configuration cannot

provide such a large continuous phase shift.

Therefore, the infrared

phase-shifting interferometer uses a three-bucket algorithm to calculate
the test wavefront's phase:

~(x,y)

-

~

=

- (1.. +

1.. - 12

( 2-14)

Although the signal modulation depth term cancels out in the
phase algorithm, it is still an important quantity to know.

Knowledge

42

of the modulation depth at each pixel can allow the elimination of
invalid data caused by noise and indicate the accuracy of a measurement
based upon the signal-to-noise ratio and the digitization depth of the
frame grabber.

The signal modulation depth for each pixel can be

obtained by taking a root meam square of the numerator and denominator
of the phase algorithm:

=

- 12)2 + (21, - (I .. + 1 2»2
4

(2-15)

CHAPTER 3
DESIGN OF AN INFRARED PHASE-SHIFTING INTERFEROMETER
Introduction
The initial development of infrared interferometers by Munnerlyn
(1968) was a direct result of the introduction of CO 2 lasers and their
improved coherence properties over thermal sources.

Those early

interferometers used reflective optics to expand, split, and reimage the
beam.

Amplitude splitting was

accomplished

with a

reflective

diffraction grating optimized to produce a diffraction order for both the
test and reference beams.

The resultant interferogram was viewed by

the user with a liquid crystal membrane.
Lamore (1977) improved the design when he replaced the liquid
crystal membrane with a scanning pyroelectric point detector.

The

interference pattern was viewed by scanning the detector across the
image and then electronically reconstructing the interferogram.

This

system was further modified to directly measure the phase of the
wavefront under test on a point-by-point basis by maintaining a constant
optical path difference, as the detector was scanned from point to
point, by either adjusting the reference mirror position or the laser
frequency.

The amount of the required adjustment for each point was

then recorded and the profile of the part under test determined.
Unfortunately, the entire interferometer system was limited by the slow,
point-by-point, serial data acquisition system.
43
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Improvements in the quality and availability of CO 2 lasers,
infrared materials, and pyroelectric vidicons during the mid-1970's
allowed for the development of a refractive de,,,:: ~n for an infrared
interferometer by Kwon (1979).

This design folded a Twyman-Green

configuration into a multi-level package.
.,

The infrared interferometer

developed by this research is a next generation of that device.

The

design discussed in this chapter seeks to improve upon the Kwon design
and to incorporate some concepts developed for a visible interferometer
by Hayes et ale (1982).

Also, it utilizes improvements in the state of

the art by employing a waveguide CO 2 laser, a secondary emission
pedestal mode of operation pyroelectric vidicon, and high quality
germanium and zinc selenide optical components.
Technical Requirements
The specific application for which this interferometer was
designed is the null testing of a 72-in. focal length off-axis parabolic
segment during the generation and lapping stages of its fabrication to
provide information necessary to speed its completion.
arrangement is shown schematically in Fig. 11.

The testing

An F/3 output cone was

required to test the off-axis segment, and a maximum total system
aberration of A/20 peak-to-valley of spherical aberration was specified,
where A

= 10.6

~m.

Design Goals
The goal of this research is to design and fabricate an infrared
interferometric system that satisfies a dual function.

It must be both

an optical shop instrument to test the off-axis parabola and a research
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Schematic Diagram of Testing Arrangement for
Off-Axis Parabolic Segment during Fabrication.
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device to study the properties of a PEV when applied to IR phase-shifting
interferometry.

Since this instrument Js-tc be used in an optical shop

environment by opticians, it must be safe to operate, self-contained, and
rugged.

To make fast, accurate measurements of the wavefront under

test, it must utilize the phase-shifting mode of operation under
computer control.

To insure maximum usefulness, it must be portable,

able to test a variety of optics, and easy to align with the part under
test.
Infrared Interferometer Read
Design Features'
The interferometer head, as schematically shown in Fig. 12, is
basically an unequal path Twyman-Green interferometer with a fixed
reference arm.
10.6

~m

A CO 2 waveguide laser operating at a wavelength of

is the source, with a PEV viewing the interference pattern.

Minimum spherical aberration germanium (Ge) optics are used in the
imaging arm while zinc selenide (ZnSe) optics are used in the beam
expander and diverger lens to transmit a coaligned ReNe alignment beam.
A long-travel piezoelectric transducer (PZT) is attached to the reference
mirror to produce the desired phase shift. 'The phase shift produced by
the PZT can

be

interferometer.

measured

using

a ReNe

equal-path calibration

The XY translation stage is integrated with the base of

the interferometer and the vertical translation is accomplished with a
periscope arrangement mounted on a rotating bearing.

A corner cube is

provided to test the internal alignment without disturbing the existing
test setup.
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To satisfy the technical requirements, a two element zinc
selenide diverger lens was designed to convert a 25.4-mm-diameter
collimated beam into an F/3 test beam with less than A/100 peak-tovalley spherical aberration at 0.7 of the pupil height.

The two-element

design was required because the index of refraction of ZnSe is lower
than that of Ge.

The imaging optics use pairs of meniscus-shaped,

minimum-spherical" Ge elements at infinite conjugates to afocally image
the diverger lens pupil plane and the reference mirror onto the PEV.

It

is critical that the imaging optics image both the reference mirror and
the diverger lens pupil onto the PEV to avoid edge diffraction effects.
The total system aberration at the edge of the pupil imaged onto the PEV
is

les~

than A/50 peak-to-valley.

A discussion of the considerations

included in the optical design and ultimate selection of the diverger and
imaging lens designs is presented in the infrared imaging section.

To

meet the design goals. as much of the CO 2 laser beam and optics as
possible were enclosed to protect both the user and the optics
themselves.

For easy portability, a compact, two level, Twyman-Green

configuration was accomplished.

Figure 13 is a three-dimensional plan

view drawing of the interferometer head, and Fig. 14 is a photogrnph of
the interferometer head.
CO. Waveguide Laser.

Since the application test arrangement has

an optical path difference (OPD) of 8-m and the testing of even larger
optics can produce a 30-m OPD, the CO 2 laser must be a stable source of
10.6-~m

radiation with a coherence length in excess of 30-m.

A CO 2 laser

has a short-term coherence length on the order of lOO-km because of a
very narrow frequency line width; however, this laser line frequency can
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Figure 13G

Three Dimensional Plan View Drawing of the
Infrared Phase Shifting Interferometer Head.
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Figure 14.

Photograph of the IR Phase-Shifting Interferometer Head.
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drift under the pressure-broadened gain curve caused by temperatureinduced cavity length changes.
effective

coherence

measurements.

length of

Conventional

This frequency drift reduces
the

laser

gas-filled

for

laser

all

the

time-averaged

tubes

operate

at

intermediate pressures to reduce the gain curve width and use water
cooling to stabilize the cavity temperature.

Waveguide CO 2 lasers

operate at higher pressures that broaden the gain curve and therefore
require careful temperature stabilization.

Fortunately, because they are

more efficient, waveguide lasers can operate using either water or air
cooling, and the total package can be reduced in size without affecting
the power output.

Although water cooling produces greater frequency

stability because of greater temperature stability, its associated pump
introduces undesired vibrations into the system and requires extensive
and bulky plumbing.
To reduce vibrations and physical size, a compact air-cooled CO 2
waveguide laser was selected, employing a dc excitation mode

to

eliminate any possibility of RF interference with the pyroelectric
vidicon.

The laser contains a grating that polarizes the output and

fixes it at the P(20) transition.
temperature-stabilizing
controlled

forced-air

the

The frequency drift is minimized by

laser cavity length with a

cooling fan.

At

worst,

the

feedback-

air-cooled CO 2

waveguide laser will experience a frequency drift on the order of
30 MHz/min.

This frequency drift causes an error in the phase algorithm

developed in Chapter 2 by adding an uncertainty to the phase shift
obtained

dur~ng

an integration interval.

For an optical path difference

of 3D-m, the frequency drift between the test and reference arms can be
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as much as 0.05 Hz.

However, for an integration time of 1/30 sec, the

fringe shift error caused by the laser frequency drift will only be
A/600, and can be ignored.
Pyroelectric Vidicon.

One of the technical challenges involved

in the design of an infrared interferometer is the selection of a
detector to sense the fringes.

Room-temperature operation is desired

for ease of operation, and the detector should be able to resolve highdensity fringes across the exit pupil.

Additionally, the detector must

have adequate temporal characteristics to respond to a dynamic fringe
pattern in the phase-shifting mode of operation.

Quantum detector

imaging arrays can provide the resolution and temporal properties, but
they require cryogenic operating temperatures.

Most thermal detector

imaging arrays offer poorer resolution and thermal response times and
require cooled operating temperatures.

Thus, a pyroelectric vidicon was

selected.
The PEV has several advantages to recommend its selection.
It

operates at

room

temperature, has a resolution of almost

240 x 240 pixels, and responds to a dynamic fringe pattern with a fast
thermal time constant.

However, as discussed in Chapter 2, the PEV is

an ac detector and cannot sense static signals, therefore, the phaseshifting mode of operation is used to modulate the signal.

The phase

shift is obtained by moving the reference mirror with a piezoelectric
transducer (PZT).

Also, since the pyroelectric vidicon is relatively

delicate with a damage irradiance threshold of 0.004 W/cm 2 , it is
necessary to attenuate the beam irradiance of the 5-W CO 2 waveguide
laser.

This attenuation is accomplished with two wire grid polarizers on
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Ge substrates.

Since the laser output is polarized, rotation of the

first polarizer varies the beam irradiance upon the second polarizer,
which determines the polarization incident upon the Ge beamsplitter.

The

beamsplitter is designed for a 50/50 split with s-polarization.
Beam Expander.

The bsam expander uses a Galilean design to

avoid the difficulties inherent in the alignment of a spatial filter with
an IR focal spot.

A uniform, collimated output beam is produced by

overexpanding and refocusing the slightly diverging input laser beam.
Two expansion ratios are available, 20X and lOX, with a simple exchange
of the negative element.

The beam expander positive element has a clear

aperture of 45 mm for a maximum possible output test

c~ne

of F/l.7 with

the current diverger lens; but, an iris diaphragm aperture truncates the
beam at 38 mm for an F/2 test cone.

The 20X expansion ratio produces a

collimated beam with a ± 6.3 % uniformity across the 25.4 mm beam
diameter that produces an F/3 output test cone from the diverger lens.
This expansion ratio produces a maximum irradiance comparable with the
damage threshold of the PEV when reflective optics are being

t~sted.

For applications where reflective optics are not being tested and there
is not enough ·power in the beam returning to the interferometer, the
beam expansion ratio can be changed to lOX.

The lOX expansion ratio

produces a collimated beam with a ± 20.4% uniformity across the 25.4 mm
beam diameter, and a 3.2X increase in the total beam power.

Once into

the interferometer, the collimated beam is divided into the test and
reference arms by a Ge beamsplttter.

The first surface is coated for a

50/50 beam split and the second surface is antireflection coated for
0.5 % reflection to minimize ghost reflections.

The second surface is
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also wedged 30 arc min to separate any possible ghost reflections from
the actual interference pattern.
Reference Arm and Power Management.

The reference arm path

length is designed to place the reference mirror image into the pupil of
the interferometer defined by the diverging lens.

The reference arm

contains the reference mirror attached to the infrared piezoelectric
transducer and an uncoated polished Pyrex fold mirror.

The Pyrex fold

mirror is designed to match the beam intensity in the reference arm with
that in the test arm which will be testing uncoated mirror blanks.

If a

coated mirror is to be tested, a coated mirror can be substituted for
the Pyrex mirror.

The advantage of this interchangeable fold mirror is

to put as much power into the test arm without damaging the PEV with
too much power in the reference arm.

Another advantage is that the

uncoated fold mirror reduces the ghost reflections between the reference
mirror and the lens coatings.

There is no advantage in reducing the

power in the reference arm to match the power levels in the two beams
just for fringe contrast reasons, since, as shown in Chapter 2, the PEV
response depends on the product of fringe contrast and total power, and
not on fringe contrast alone.
Phase Shift Calibration Interferometer.

In the phase-shifting

mode, errors in the phase shift introduced by the PZT can cause phase
errors in the measurement of the wavefront under test (Koliopoulos 1981,
Hayes 1984).

To prevent these errors, an equal-path Twyman-Green

interferometer was designed into the IR interferometer head to measure
and calibrate the PZT displacement as a function of voltage to a
fraction of a HeNe laser wavelength.

A small corner cube is attached to
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the backside of the reference mirror, a second is located an equal
distance away, and a single silicon photodiode detects the intensity of
the interference between the two beams.

The use of this interferometer

by the computer to calibrate the PZT to produce a linear phase shift
will be discussed in the section on the computer-controlled electronic
interface.

The effect of the PZT displacement linearization on the phase

measurement will be discussed in Chapter 4.
Alignment Aids.

A corner cube is provided as an imaging

alignment aid and is located between the beamsplitter and periscope.
The corner cube can be inserted at any time to test the internal optical
alignment without disturbing the alignment of the interferometer with
the part under test.

To aid in the alignment of the interferometer's

F/3 output cone onto the part under test, a v1,sible boresight beam using
an ReNe laser is provided.

The boresight beam is combined coaxially with

the CO 2 laser beam by reflecting off the Ge substrate of the 'second wire
grid polarizer, and is then transmitted through both the ZnSe beam
expander and the ZnSe beam diverger.

The beam is focused slightly into

the beam expander to produce a collimated output beam from the
diverging lens.

The Ge beamsplitter directs the ReNe beam into the

diverging lens and prevents the return beam from entering the imaging
optics and being imaged onto the pyroelectric vidicon.
Translation Stage.

The interferometer is aligned with the part

under test axially and horizontally using a conventional x-y translation
stage.

This stage is integral with the entire interferometer base to

provide mechanical stability and minimize vibration effects.

The

translation is performed by sliding precision ground steel rods through
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brass bushings.

A translation range of 1 cm is provided with a

32-threads-per-in. screw.

For vertical translation, rather than raise

the entire interferometer, the diverger lens is mounted to a fixed-pathlength rotating periscope.

The periscope provides a highly stable and

repeatable precision rotation of 10°, which results in 1 cm of vertical
adjustment.

The periscope rotation has no effect upon the image

perspective at the image plane.
Infrared Imaging
Several important imaging considerations for any interferometric
system include fringe distortion, pupil distortion,

total system

aberration, and aberration throughput.
Fringe Distortion.

Fringe distortion, as discussed by Slomba and

Figoski (1978), occurs at high fringe densities when spherical wavefronts
interfere at the detector plane.

To avoid this distortion, afocal

imaging is used so that flat, collimated wavefronts intel'fere· at the
detector plane.

This places the detector plane in collimated space just

like the reference mirror and diverger lens pupil.

Also, since the test

and reference wavefronts are imaged at infinity, the interference fringes
are not localized, therefore, a small positioning error of the PEV will
not effect the signal modulation depth.
Pupil Distortion.

Pupil distortion results in a mapping error of

the part under test onto the detector plane and must be minimized to
increase the accuracy of locating specific object points in the
calculated phase map.

Pupil distortion arises from two sources:

diverger lens and the imaging optics.

the

A discussion of pupil distortion
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and its minimization in the design of a visible interferometer is
presented in Slomba and Figoski (1978).
Since the diverger lens is not common to the test and reference
beams, its design is critical.

The diverger lens must convert a

collimated beam into a spherical wavefront and then recollimate the
return beam from the test surface without displacing the position of
each ray of the test beam in the pupil.

If the spherical wavefront out

of the diverger lens is not ideal, then the aberration information in the
returning beam cannot be solely attributed to errors of the part under
test.

If the mapping is not linear into the diverger lens pupil plane,

then the image of the test object will appear stretched or compressed.
If the mapping is not flat onto the pupil plane, then the image will
appear foreshortened when it is imaged onto the detector plane.
To convert the collimated wavefront into a spherical wavefront,
the diverger lens must be ideally free of spherical aberration.

Since

ZnSe was selected as the diverger lens material to allow for the
transmission of a HeNe alignment beam, a two element design was required
because of its index of refraction.

The diverger lens was designed to

convert a 25.4 mm diameter collimated beam into an F/3 spherical test
beam with less than A/100 peak-to-valley departure from an ideal
spherical wavefront.

This design satisfied the technical requirements of

the intended application.

For added flexibility, the diverger-lens clear

aperture is 45 mm and the beam expander produces a collimated beam of
38 mm for a maximum test beam cone of F/2.
To recollimate the returning spherical wavefront and map each
ray from the test object linearly onto the flat pupil plane, the
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diverger lens must satisfy the Abbe sine condition (Slomba and Figoski
1978) :

sin

6

sin 6'
u'

:::

u

=

1,

where:
6

:::

real ray angle entering the diverger lens,

6'

:::

real ray angle exiting the diverger lens,

u

:::

paraxial ray angle entering the diverger lens,

u'

:::

paraxial ray angle exiting the diverger lens.

.

The designed diverger lens essentially satisfies the Abbe sine condition
with:

sin 6 '
u'

:::

1.006.

The pupil distortion caused by the diverger lens was determined by
tracing real rays through a system modeled with ACCOS V.
mirror tested at its center of curvature was modeled.

A spherical

Real rays were

traced through the beam expander into the test and reference arms of
the interferometer.

The ray traced from the edge of the pupil to the

edge of the spherical mirror and back to the edge of the pupil was
displaced from the reference beam ray by less the A/400 or a 0.61
positional error at the sphere.

~m

The pupil distortion introduced by the

diverger lens is twice its spherical aberration, resulting in a very
small distortion of the test object image.

Since the PEV only has 240
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pixels across its diameter, a 24-in.-diameter test optic will only be
sampled at D.1-in. intervals.

Therefore, the mapping distortion error

caused by the diverger lens is negligible.
The imaging optics must image the reference mirror and the image
of the test object onto the detector plane without introducing further
pupil distortion.

Pupil distortion can occur in the imaging optics

because the test wavefront and the reference· wavefront traverse
independent optical paths to the detector plane where they interfere.
Any aberrations in the imaging optics that cause one beam to travel a
longer optical path from the other will lead to pupil distortion.

The

use of afocal, telecentric imaging to eliminate fringe distortion is also
advantageous for minimizing pupil distortion.

The wavefronts are imaged

onto the PEV without any variable magnification errors, and the imaging
optics are symmetrical such that residual errors will cancel.
to

optimize

the

imaging

performance,

each

element

should

However,
be

independently corrected for both spherical aberration and coma (Slomba
and Figoski 1978).

The elements used in the IR interferometer pupil

relay and image magnification optics are single element Germanium
lenses.

Each element is corrected for minimum spherical aberration, has

a meniscus shape factor that reduces coma, and is antireflection coated
to try and reduce ghost reflections.
Since aberration and magnification induced pupil distortion
errors cannot be as easily controlled in a variable focus system as they
can

in

a

fixed-magnification,

afocal-imaging

system,

the

IR

interferometer imaging system employes two sets of telecentric imaging
relay lenses in a "four F" arrangement as shown in Fig. 15.

The first
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set images the pupil of the diverger lens and the reference mirror into
a more accessible location so that the second set can image that
intermediate pupil onto the PEV with some fixed magnification selected
by the user.

The pupil relay system is located on the lower level of

the interferometer and is completely enclosed.

The image magnification

system is located on the upper level along with the PEV and is packaged
in modular units that can be interchanged or reversed as a result of the
afocal imaging, to provide four pupil image magnifications, using two
tubes (IX or 2X, or, 0.7X or 3X), onto the lS-mm-diameter PEV target.
The interferometer optical system was modeled using ACCOS V.
Real rays were traced through the beam expander, beam splitter, test
arm or reference arm, pupil relay optics, and image magnification optics.
The test arm was modeled as the diverger lens and an off-axis parabolic
section in an infinite conjugate null test.

The departure of each ray

from its ideal position at several locations in the interferometer is
shown in Table 2.

Identical rays were traced through both the test and

reference arms, and the difference between their positions is a measure
of the pupil distortion caused by the diverger lens.

The difference

between the positions for the same rays before and after the imaging
optics is a measure of the pupil distortion caused by those optics.

As

can be seen in Table 2, the imaging optics preserve the mapping of the
diverger lens relative to the reference mirror onto the detector plane,
but distort the overall pupil image.

The maximum pupil distortion

caused by the diverger lens is about >../250 peak-to-valley while the
maximum pupil distortion caused by the imaging optics is about >../20
peak-to-valley.

At the edge of the off-axis parabolic segment image on

Table 2.

t===

Positional Errors of Real Rays from Ideal [lQ-~ Waves].
Includes a Null Test of an Off-Axis Parabolic Segment •

Modeled Using ACCOSV.

The Test Beam

.-

-

Recombination at
Beam Spliller

Rav
lIeiGht

Beam
Expander

Beam
Diverger
Lens

1.0
0.9
0.6
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

26
50
60
60
53
43
29
19
7
2
0

5
-17
-19
-17
-12
-7
-2
0
0
0
0

Test
Beam

---

19
26
31
29
24
17
7
2
0

Intermediate PupIl

Difference
Pupil
Distortion
Reference due to
Dlverger
Beam

26
50
60
60
53
43
29
19
7
2
0

---

-41
-34
-22
-14
-5
-2
0
0
0

Test
Beam

--

--

-24
0
17
22
22
14
7
! 2
i 0

,

Reference
Beam

-81

-22
17
34

3"
36
26
17
7
2
0

Detector Plane

Difference,
Dlverger
Distortion

Pupil Relav
Distortion of
Reference

--

-107

-34
-21
-14
-5
-2
0
0

-43
-26
-16
-7
-3
-2
0
0

0

0

--41

-72

Test
Beam

--

--196
-101
-38
-2
10
12

7
2
0

Reference
Beam

-503
-297
-156
-65
-14
10
17
14
7
2
0

Difference,
Mapping
of Dlverger
Distortion

---

-41
-36
-24
-12
-7
-2
0
0
0

Total
Imaging
Optic
Pupil
Distortion

-530
-347
-216
-125
-67
-34
-12
-5
0
0
0

~

0'1
N
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the PEV in the vertical direction, the pupil distortion caused by the
imaging optics is about A/50 peak-to-valley.
by

Pupil distortion produced

the imaging optics is primarily attributable

to

the image

magnification optics, since the pupil relay optics are symmetrical.
Total System Aberration.

The significant effect of pupil

distortion is not the positional sampling error on the test object, but
rather, the total system aberration error.

For the designed application

of null testing an off-axis parabolic section, the total system
aberration error is A/50 peak-to-valley, while for an application using
the full pupil, the error will be A/20 peak-to-valley.
aberration is a combination of errors.

The total system

The beam expander does not

produce ideally collimated the reference and test beams.
lens does not produce an ideal spherical wavefront.

The diverger

And the imaging

optics do not ideally mapping the test and reference beams onto the
detector plane.

Fortunately, the total interferometer aberration is a

systematic error that can be removed from the wavefront under test in
software.
Aberration Throughput.

In the previous sections the diverger

lens and imaging optics have been discussed for how they handle perfect
spherical and collimated wavefronts.

However, in actual use, the

interferometer will not be testing ideal surfaces, instead, it will be
used to test optics at various stages of fabrication.

Severe wavefront

aberrations in the returning test beam because of surface figure errors
or slope errors can cause vignetting of the test beam before it can be
imaged onto the detectcr plane.

The aberration throughput of the

interferometer is the maximum acount of aberration in the returning test
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beam, or the maximum wavefront slope, which can be imaged onto the
detector without being vignetted.
The aberration throughput of the interferometer is determined by
the largest displacement of the imaged beam that can pass unvignetted
through the clear aperture of the lens with the longest focal length.
For example, in the IR interferometer design, the aberration throughput
is determined by the pupil relay optics that have a 45-mm clear aperture
and a 250-mm focal length.

Therefore, with th·::! IX magnification

setting, the largest allowed displacement for a 25.4-mm-diameter test
beam, imaged onto the detector plane without vignetting, is 9.8-mm.

This

offset yields an aberration throughput of 46.97 waves of tilt per
I2.7-mm interferometer pupil radius, or a maximum slope of 3.7 waves/mm
in the wavefront under test at the interferometer pupil plane.

Aberration Throughput

This

aberration

(45mm-Z5.4mm)/2]r12.7mm][ I wave ]
250mm
Lradius 0.0106mm

=

[

=

46.97 [ waves]
radius

=

3.7

throughput

will

pass

11.75 waves of spherical aberration.

23.5 waves of

defocus

or

With the 2X magnification setting,

the imaged beam diameter is 12.7-mm for an aberration throughput of
approximately 38 waves of tilt per radius.

With the 3X magnification

setting, the imaged beam diameter is 8.467-mm for an aberration
throughput of approximately 30 waves of tilt per radius.

And with the
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0.7X magnification setting, the imaged beam and pupil diameters are
35.84-mm for an aberration throughput of approximately 30 waves of tilt
per radius.
Again, the interferometer optical system was modeled using
ACCOS V, and its performance was studied as a function of various
wavefront

aberrations~

The model was configured to test an F/l.5

spherical mirror at the center of curvature.

Tilt was introduced by

tilting the sphere, defocus was introduced by displacing the sphere from
the center of curvature, and spherical aberration was introduced by
adding a higher order conic constant to the sphere.

In each case, the

predicted aberration throughput was verified and the pupil relay optics
were the source of the vignetting.

The system aberration throughput can

be increased by either increasing the clear aperture of the pupil relay
optics or decreasing their focal length.

However, the resolution of the

pyroelectric vidicon must also be considered.
The pyroelectric vidicon has a specified resolution of 240 lines
across an l8-mm-diameter target, or approximately 13.33 lines/mm.
Theoretically, only 2 lines are required to resolve a fringe, for a
maximum resolvable fringe spatial frequency of 6.67

fringes/mm.

Therefore, for a system aberration throughput of 46.97 waves/radius or a
maximum fringe spatial frequency on the PEV of 5.2 fringes/mm, the
system is theoretically limited by the aberration throughput.

However,

more than two lines are required to unambiguously resolve a fringe, and
a good sampling frequency to assume is four lines per fringe.
Therefore, the maximum fringe spatial frequency that can be resolved by
the PEV without aliasing is 3.33 fringes/mm, or 30 waves of tilt per
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radius, or 15 waves of defocus, or 7.5 waves of spherical aberration.
Clearly, the PEV itself and not the aberration throughput is the limiting
factor in how bad the test object can be.
Computers, Electronics, and Software.
The infrared interferometer head was designed to be a standalone instrument that, when integrated with microcomputer-controlled
electronics, becomes an infrared phase-shifting interferometric system.
The computer-controlled system performs three functions necessary for
phase-shifting interferometry.

First,

it

calibrates

the

PZT's

displacement as a function of voltage and then generates a lookup table
that produces a linear
consecutive intervals.

~/2

phase shift per integration interval for four

Secondly, it synchronously acquires data from the

PEV while the PZT is producing the necessary phase shift.

And finally,

it calculates the phase of the wavefront under test using the threeintegrating-bucket algorithm discussed in Chapter 2.

A schematic of the

interferometer computer-controlled electronics interface is shown in
Fig. 16.

The microcomputer used by this researcher was an IBM personal

computer, but the electronics were also capable of communicating with an

HP 9836C.
Phase Calibration
The displacement of the PZT as a function of voltage can be
modeled as a quadratic polynomial:

Z(v(t»

= A2

V(t)2 + A1 vet)

(3-1)
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where A2 and Al are constants of the PZT material.

To produce a linear

phase shift of 21T over four integration intervals, these material
properties must be accurately determined.

Once known, a nonlinear

voltage lookup table can be generated using the quadratic equation:

[-AI + (Ali + 4 A2 Z(t)]
vet)

=

0-2)

2 A2

where Z(t) is the desired linear PZT displacement of 5.3
integration intervals.

~m

over four

Any errors in the determination of constants Al

and A2 will lead to a nonlinear phase shift and errors in the measure
wavefront phase.
The effect of PZT displacement calibration errors on the phase
calculation algorithms was discussed extensively by Koliopoulos (1981)
and Hayes (1984).

•
The two errors that were
discussed relate to the

linear calibration and the quadratic nonlinearity.

The linear error

occurs if the voltage ramp driving the PZT is not sufficient to produce a
full 21T phase shift over four integration periods.

The nonlinear error

occurs when a linear voltage ramp is used, thereby ignoring the
nonlinear response of the PZT.

The nonlinear error effects the phase

calculation algorithm because, although the total phase shift is 21T, the
phase shift per integration interval is not necessarily 1T/2.

This

section will discuss how the PZT displacement as a function of voltage
was calibrated so that the nonlinear voltage ramp necessary to produce a
linear phase shift of 1T/2 per integration interval could be generated.
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The possible phase measurement e:-:-rors that could be introduced by a poor
PZT calibration or by neglecting the nonlinearity of the PZT will be
discussed in Chapter 4.
The PZT is controlled by the computer through a

12~bit

digital-

to-analog converter, DAC, and calibrated through a 12-bit analog-todigital converter, ADC.

The computer generated voltage ramp is output

through the DAC into the PZT driver, which amplifies the 0- to lO-V
signal to 0- to 1000-Volts.

The PZT displacement is monitored using the

HeNe calibration interferometer described in the last section.

The

displacement is measured as a temporal fringe intensity modulation by
the point detector.

This measurement is acquired by the computer

through the ADC each time it outputs a ramp value to the DAC.
The PZT material constants, necessary to generate a linear phase
shift, were measured by using a linear voltage output ramp as a function
of time, Fig. 17, with a slope of 65 volts/sec to drive the PZT for a
total time of 4/30 sec.

Figure 18 shows the resultant PZT caJ ~.bration

interferometer intensity output as a function of time, averaged over 16
ramp cycles.

The calibration interferometer measured approximately

16.75 visible fringes, or 1.0 IR fringe, for a PZT displacement of
approximately 5.3

~m.

From this data the PZT displacement as a function

of voltage was determined by locating the intensity peaks and valleys as
a function of voltage and fitting the results to Eq. (3-1) using a least
squares fit.

Figure 19 shows the measured PZT displacement as a

function of voltage plotted with the fitted curve.

The quadratic

polynomial coefficients determined by this least squares fit describe the
PZT material constants.

Inserting these coefficients into Eq. (3-2), the
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PZT Ramp Voltage as a Function of Time
with a Linear Slope of 65 Volts/Sec.
Curve a is the PZT ramp voltage generated
using: v(t) = 65 [volt/sec] x t.
Curve b is a reference line where:
v(t) = 10 [volt] for t = 4/30 [sec]o

4/38

71

1.8

...:r.
M
I:

....III

-=
oa

8.S

III
H

IU
B

'c"

z:

8.8 +-----------~~--------r_----------r_--------~
4/38
3/38
8/38
2/38
1138
TiMe (sec)

Figure

18~

Average PZT Calibration Interferometer
Intensity Output as a Function of Time.

72

b

5.3
~

=

1

0

~

u

8

~

= 2.GS

~

•u
~

~

~

0

~

~
~

B.B

a.B

Figure 19.

Z.S

5.8
RaMp Voltage [volt]

7.5

18.8

Average PZT Displacement as a Function of Voltage
Curve a is the quadratic least squares fit to the
data using: z(v) = a2 x v 2 + a1 x v,
where: a2 = 0.018031 [microns/volt 2 ],
a1 = 0.474505 [microns/volt].
Curve b is a reference line where:
z(v) = 5.3 [microns] for v ~ 10.0 [volt].
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nonlinear voltage output ramp as a function of time, Fig. 20, required to
produce a linear phase shift of
intervals can be obtained.

~/2

per integration interval for four

This nonlinear voltage ramp was then fit to

a quadratic polynomial as a function of time using a least squares fit.
The calculated coefficients can parametrically reproduce, using a
quadratic polynomial, the required nonlinear voltage output ramp as a
function of time to produce the desired phase shift of

~/2

per

integration interval for four intervals.
An interesting aside is that Eq. (3-1) does not exactly model the
PZT displacement.

Figure 21 shows the difference between the measured

data and the fitted curve using Eq. (3-1).
cubic error of 0.086

~m

peak-to-valley.

This difference shows a small

Thus, the PZT displacement as a

function of voltage can be more accurately modeled as a cubic
polynomial:

Z(v(t»

=

A3 vet)' + A2 V(t)2 + Al vet).

The very small difference between the measured data and the curve
fitted to it using this equation is shown in Fig. 22.

Fortunately, the

difference between the measured data and the fitted curve assuming a
quadratic voltage equation is small.
Data Acquisition
The intensity data for each video pixel is acquired by the frame
grabber synchronously with the phase shift.

The computer waits for the

start of a video frame to start the frame grabber acquisition process.
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Nonlinear Voltage Ramp Needed for a Linear PZT
Displacement as a Function of Time.
Curve a the PZT ramp voltage generated using:
v(t) = a2 x t 2 + al x t, where:
a2 = 123.74 [volt/sec 2 ], al = 79.44 [volt/sec].
Curve b is a reference line where:
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Error in Fit of Quadratic Polynomial to Measured
PZT Displacement as a Function of Voltage Data.
The quadratic least squares fit to the data is
given by: z(v) = a2 x v 2 + a1 x v,
where: a2 = 0.018031 [microns/volt 2 ]
a1 = 0.474705 [microns/volt].
The peak to peak fit error is 0.085575 microns,
the rms fit error is 0.024219 microns.
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Error in Fit of Cubic Polynomial to Measured
PZT Displacement as a Function of Voltage Data
The cubic least squares fit to the data is
given by: z(v) = a3 x v 3 + a2 x v 2 + a1 x v,
where: a3 ~ -0.001699 [microns/volt 3 ]
a2 = 0.037109 [microns/volt 2 ]
a1 = 0.475933 [microns/volt].
The peak to peak fit error is 0.015921 microns,
the rms fit error is 0.000400 microns.
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It then starts outputting the PZT lookup table values during each video
horizontal blanking interval until a full 2n phase shift over four video
frames has been completed.

During the acquisition process the computer

stores the second field for each of the four frames into a separate
383-by-242 pixel by 8-bit-deep frame-grabber video memory area.

As

discussed in Chapter 2, only the last three fields have a full n/2 phase
shift between each pixel,

therefore,

the

three-integrating-bucket

algorithm is used to calculate the phase of the wavefront under test.

CHAPTER 4
INFRARED PHASE-SHIFTING INTERFEROMETRIC SYSTEM PERFORMANCE
Introduction
The infrared phase-shifting interferometric system discussed in
Chapter 3 was designed to be a compact, versatile, and easy-to-use
optical shop instrument.

But, before it can be applied routinely for

optical testing, its performance limitations must be determined so that
the test results are certifiable.

Interferometric system performance

can be characterized by several parameters:

measurement accuracy and

repeatability, and, maximum and minimum resolvable slope errors.

Which

of these parameters is most significant depends upon the application •

.

This chapter will discuss factors that limit the system performance, and
present experimental measurements of the system performance parameters.
Repeatability
System repeatability is the ability to obtain the same phase
measurement for a given wavefront with successive measurements.

This

parameter is important when the result of some action upon the test
object is to be determined, such as measuring surface deformation caused
by mechanical stress or temperature cycling.

In these cases the

relative change between successive operations upon the object is more
important than the absolute phase of the wavefront.
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Accuracy
System accuracy is the ability to measure the absolute phase in
the wavefront under test.

This parameter is important when the actual

phase of the test wavefront is desired, such as measuring the figure on
an optical surface, quality control, acceptance testing, and alignment of
optical systems.

It is also important in cases where the relative phase

change needs to be accurately measured.

In the case of generating a

figure on an optical surface, accurate knowledge of the departure from
the desired shape will allow for a faster convergence of the surface to
that shape.
Resolution
System resolution

consists

of

two parameters:

minimum

resolvable phase difference and maximum resolvable phase slope.

The

minimum resolution of the system determines the smallest wavefront
phase difference that can be measured (such as a small bump or hole), or
an incremental phase change between successive measurements.

The

maximum resolution determines the largest wavefront phase difference or
slope error that can be sampled unambiguously.

The ratio of the

maximum to the minimum resolution is the system dynamic range.
Limitations
The ability of the system to measure wavefront phase is limited
by two classes of errors, systematic and random.

Systematic errors

limit the overall accuracy of the system while random errors limit the
system's repeatability.
repeatability,

while

Minimum resolution is defined by the system

maximum resolution is defined

by systematic
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limitations, i.e., the maximum fringe density that can be unambiguously
sampled by the PEV and the system aberration throughput.
Systematic Errors
The accuracy with which the interferometric system can measure
the phase of a wavefront under test depends upon the errors introduced
into the detection process caused by systematic sources.

This section

will discuss errors introduced into the phase measurement because of the
total system aberration, the PZT, the PEV, the frame grabber, and
extraneous wavefronts.
System Aberration.

As discussed in Chapter 3, some systematic

aberrations are introduced independently to either the test beam or the
reference beam.

Spherical aberration in the diverger lens and surface

errors on the periscope mirrors can add a constant phase error to the
wavefront under test, while surface errors on the reference mirror and
fold mirror can add a constant phase error to the reference beam.

To

minimize these errors, the diverger lens was designed to introduce less
than a A/lOa peak-to-valley wavefront error while the flat mirrors have
a surface that is flat to better than A/60 peak-to-valley.

Spherical

aberration in the imaging optics adds equally to the two wavefronts as
long as

they

travel

equal paths.

Under ideal conditions,

the

interferomete= is designed to introduce less than A/50 peak to peak to
the wavefront phase measurement.

However, if significant aberration

exists in the test beam, then the system aberration contribution to the
phase measurement will increase because of an unequal optical path.
Fortunately, some of these errors, those which are asymmetric. can be
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removed from the phase measurement if necessary by rotating the part
under test (Parks, 1978).
PZT Phase Errors.
measurement caused by

The introduction of errors into the phase

i~accurate

PZT calibration has been thoroughly

discussed by Koliopoulos (1981) and Hayes (1984).

The PZT can introduce

errors into the phase measurement in two ways.

If the linear voltage

coefficient is not properly calibrated, then a linear error in the
displacement occurs that causes the total phase shift not to be 2n.

If

the quadratic voltage coefficient, because of the PZT material's
nonlinear voltage response, is either not properly calibrated or even
ignored, then an error occurs that causes the phase shift per integration
interval not to be n/2.

To avoid phase measurement errors because of

the PZT calibration, the IR interferometer incorporated the phase-shift
calibration interferometer described in Chapter 3.
If an uncalibrated linear voltage ramp is used to drive the PZT,
then the phase shift will not necessarily cover a full 21T range.
Assuming the linear voltage ramp shown in Fig. 17, the PZT displacement
as a function of time is given in Fig. 23.
approximately 5.47

~m

The total PZT displacement is

over a total time interval of 4/30 sec, while the

desired total PZT displacement that will produce a full 2n phase shift
is 5.3

~m.

The difference between the desired and measured

displacements results in a linear error,

£,

(1981) using:

12
a

=

£

16'

of 0.032%.

From Koliopoulos
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Average Nonlinear PZT Displacement as a Function of Time.
Curve a is the quadratic least squares fit to the data
using: z(t) = a2 x t 2 + al x t,
where: a2 = 76.179 [microns/sec 2 ],
al = 30.838 [microns/sec].
Curve b is a reference line where:
z(t) = 5.3 [microns] for t = 4/30 [sec].
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the theoretical effect of this error on the three-step algorithm is an
rms phase measurement error of A/353.

By comparison, from Hayes (1984),

the numerically calculated effect on the three-out-of-four-integratingbucket algorithm of a 0.0375% linear error is a phase measurement error
of A/106.8 peak-to-valley or A/301.6 rms.

This error is small and can

be eliminated 'entirely i f the proper linear coefficient is chosen to
provide a full 2n phase shift.
Unfortunately, if the PZT voltage response has a quadratic
coefficient and a linear voltage ramp is used, then the phase shift will
not be linear.

For the voltage ramp shown in Fig. 17, the PZT quadratic

coefficient fit to the measured data shown in Fig. 23 is 76.2 )Jm/sec 2 •
Over the total time interval of 4/30 sec, this coefficient results in a

0.2555 A quadratic error, or 0.06 % when normalized by the linear slope
coefficient of the data in Fig. 23.

From Koliopoulos (1981), the

theoretical effect of this error on the three-step algorithm is an rms
phase measurement error of A/55.4.

By comparison, from Hayes (1984),

the numerically calculated effect on the three-out-of-four-integratingbucket algorithm of a 0.2500 A quadratic error is a phase measurement
error of A/22.5 peak-to-valley or A/63.6 rms.

Therefore, although the

linear error can be eliminated, ignoring the PZT's quadratic voltage
coefficient can lead to serious wavefront phase measurement errors.
Fortunately, as discussed in Chapter 3, by using the measured PZT
material constants, a nonlinear voltage ramp can be generated (Fig. 20).
The displacement as a function of time for this ramp is shown in Fig. 24.
It is linear with a n/2 phase shift per integration period, covers a full
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Curve a is the quadratic least squares fit to the data
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2n range, and the measured linear and quadratic errors result in less
than a 0.001 A rms phase measurement error (Hayes 1984).
PEV Phase Errors.

The phase error introduced into the wavefront

phase measurement by the PEV is particularly serious because it is
intrinsic to the detection process.

As discussed in Chapter 2, thermal

diffusion between adjacent hot and cold areas on the target causes a lag
in the thermal response to an irradiance as a function of its spatial
frequency.

This lag results in a phase shift of the signal current in

addition to the desired phase shift produced by the ca.librated PZT.

The

theoretical thermal lag phase shift as a function of spatial frequency
for several temporal modulation frequencies is shown in Fig. 7.

For the

selected modulation frequency of 7.5 Hz, a 45° thermal phase shift is
produced by the target's response to a fringe spatial frequency of

1.75 fringes/mm (30 tilt fringes across the target).

This phase shift is

equivalent to a A/8 peak-to-valley error in the wavefront measurement.
The

thermal

lag phase shift

can seriously effect

the

measurement of any wavefront with variable slope errors because the
phase shift will change from pixel to pixel with the slope.

Obviously,

for a wavefront with just tilt fringes, the thermal phase shift will be
a constant across the target and can be ignored in the measurement.

For

wavefronts with higher order aberrations, the fringe density increases
with pupil radius and, therefore, so does the shift that is added to the
wavefront phase measurement.

The theoretical thermal lag phase shift

as a function of normalized pupil radius for selected amounts of defocus
and spherical aberration is shown in Figs. 25 and 26.

The shift caused

by 15 waves of defocus equals that caused by 7.5 waves of spherical
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aberration at the pupil edge where they have the same slope.

These

values were selected to coincide with the maximum amounts of each that
the PEV can unambiguously resolve.

The phase shift for 15 waves of

defocus or 7.5 waves of spherical at the pupil edge is approximately 75°,
producing a )./4.8 peak-to-valley wavefront error.

For 10 waves of

defocus or 5 waves of spherical at the pupil edge, the thermal phase
shift is approximately 60° yielding a )./6 peak-to-valley wavefront error.
The effect of the thermal lag phase shift is to either add or
subtract phase from the wavefront under test, depending upon the
polarity of the wavefront's phase.

Either way, an incorrect measurement

of the actual aberration occurs and, because the phase error depends
upon the wavefront phase's slope, the error does not resemble the
aberration that gave rise to the error in the first place.
and 28 are examples of this effect.

Figures 27

In each figure, the thermal lag

phase shift is added to the actual phase of the wavefront for the amount
of defocus, 10 waves for Fig. 27 and 15 waves for Fig. 28.

This

distorted wavefront is then theoretically measured and fit to Zernike
polynomials.

The figures list the Siedel defocus and spherical

aberration present in each wavefront and show the residual error in each
with defocus removed.

This error resembles spherical aberration.

Digitization Depth.

The accuracy of the phase measurement

depends in part upon the accuracy to which the video signal is measured
by the computer through the frame grabber.

The greater the modulation

depth of the signal, the greater the digitization depth employed by the
frame grabber, and the more accurate the measurement of the video
signal.

The maximum digitization depth is set by the frame grabber to
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eight bits.

From Koliopoulos (1981), the theoretical effect of this

digitization depth on the four-step algorithm is a phase measurement
error of A/569 peak-to-valley and on the three-step algorithm is a phase
measurement error of A/3940 rms.

From Hayes (1984), the numerically

calculated effect on the three-out-of-four-integrating-bucket algorithm
is a phase measurement error of A/545.4 peak-to-valley or A/3655.0 rms.
Unfortunately, seldom do all 8 bits get used.

The maximum phase

error produced by the digitization depth effect will occur for the
minimum usable modulation depth, or when the signal-to-noise ratio
(SNR)

= 1.0.

bits.

This condition typically produces a digitization depth of 3

From Koliopoulos (1981),

the theoretical effect of this

digitization depth on the fout-step algorithm is a phase error of A/17.8
peak-to-valley and on the three-step algorithm is a phase measurement
error of A/123 rms.

From Hayes (1984), the numerically calculated

effect on the three-out-of-four-integrating-bucket algorithm is a phase
error of A/17.9 peak-to-valley or A/107.7 rms.
Extraneous Reflections.

Because of the coherence properties of

the CO 2 laser, extraneous reflections can. interfere with the wavefront
under test at the detector plane.

The effect of these extraneous

wavefront amplitudes on the accuracy of the phase measurement has been
discussed by Bruning et ale (1974) and Schwider et ale (1983).

The peak-

to-valley phase error caused by an extraneous wavefront is given by:

11~

where

€

=

± tan- 1 (E)

is the amplitude ratio of the extraneous wavefront to the test
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wavefront.

In the infrared interferometer, this error is a particular

problem because the antireflection coatings on the optical elements are
on the order of 1%, p
10%.

= 0.01, for an extraneous wavefront amplitude of

If a coated optic, p = 1.0, is being tested, then the extraneous

amplitude causes a A/32 peak-to-valley wavefront error.
optic, p

=

If an uncoated

0.04, is being tested in a single bounce arrangement the

wavefront error will be A/7 peak-to-valley, while for a double bounce
arrangement the wavefront error will be A/2.6 peak-to-valley.

There are

two main sources for these unwanted wavefronts is this instrument.

One

is the first surface of the Ge pupil relay lens and the other is the
first surface of the ZnSe diverger lens.
The stray reflection from the pupil relay lens can be controlled
with the folding mirror in the reference arm because this wavefront must
reflect off of the reference mirror before it can travel through the
imaging optics to the PEV.

Although the first surface of the image

magnification lens can also produce a stray reflection, only the pupil
relay lens reflection will be considered.

The reflection from the other

will be on the same order of magnitude, but it will have to travel
through more Ge elements and therefore its amplitude will be slightly
reduced.

To prevent the amplitude of these extraneous wavefronts from

exceeding that of the returning test beam, an uncoated fold mirror is
used in the reference arm.

Since this mirror is seen by the stray

wavefront twice, the amplitude of this beam is reduced to 2 % of the
original reflection by the time it gets back to the reflecting surface
after traveling through the beamsplitter twice.
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The stray reflection coming from the ,ZnSe diverger lens is
critical because it has a direct path to the PEV through the imaging
optics.
p =

Of some benefit is the higher quality AR coating for ZnSe,

0.006, but this only reduces the wavefront amplitude to 7.7 %•

Therefore, the error because of this extraneous wavefront can be severe.
Fortunately, the radius of curvature of the first surface of the ZnSe
diverger lens is short enough that the fringe density of any interference
patterns involving this wavefront exceeds the resolution capabilities of
the PEV, except for a small on-axis area.

Unfortunately, when longer

focal length optics are to be tested, the reflection from the required
diverger lens wH·I effect more of the interferogram.

This problem was

observed when aGe, 300-mm-focal-Iength diverger lens used to test an
F/40, 10-m-focal-length, low-reflectance carbon epoxy panel.
solution was to tilt the diverger lens slightly.

The only

This was not

objectionable to the user, since only relative changes in the panel's
surface as a function of temperature were being measured.
A systematic solution to this error was proposed by Schwider et
al. (1983) but was not implemented in this research.

The technique

requires an additional phase shifter in the test arm to shift the phase
of the wavefront under test relative to the extraneous wavefronts by rr.
The total phase is then measured twice using any appropriate algorithm.
The second measurement is acquired with the additional rr phase shift
added to the test wavefront.

The objectionable extraneous wavefront can

then be greatly reduced by averaging
measurements.

the

two calculated phase
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Random Errors
The system repeatability is determined by random noise sources
associated with the PEV detection process.

As discussed in Chapter 2,

the dominant noise source in the PEV is

the pedestal current

fluctuations caused by shot noise in the scanning electron beam and the
secondary emission coefficient.
effects.

The pedestal noise has two primary

First it limits the minimum signal modulation depth that can

be resolved by the PEV by adding an uncertainty to the signal current
for each measurement of any given pixel.

Second it adds an uncertainty

-to the wavefront phase measurement by causing a signal current variation
from pixel to pixel.
Pedestal Noise.

As

discussed in Chapter 2, the rms pedestal

noise for the PEV was measured as a p = 2.80 ± 0.15, by averaging
repeated pedestal currents across a horizontal and vertical scan line.
For the duration of this dissertation, an rms pedestal noise of a p

= 3.0

will be assumed.
SNR Phase Error.

Since the pedestal fluctuations depend upon

how the pedestal is generated and not upon the signal current, the
random pedestal noise can be quantified separately from the signal
current.

The pedestal noise is then used in conjunction with the

measured signal modulation depth to determine the signal-to-noise ratio
(SNR) and the measurement phase error associated with it.

Following a

derivation by Koliopoulos (1981), the rms wavefront measurement phase
error,

a~,

using the three-out-of-four-integrating-bucket algorithm is:
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=

16 0p

~~RE~

4'11'

[waves]

=

13
4'11' SNR [waves],

Eq. (4-1)

where:

/'2

RE

,

SNR

=

RE

=

Signal Modulation Depth,

op

=

RMS Pedestal Noise.

2 op

The phase measurement error associated with the rms pedestal noise is
dependent upon the signal modulation depth.
shows the theoretical

o~

as a function of modulation depth that will

result from using Eq. (4-1) with 0p = 3.0.
phase error,
or a SNR

~

o~ ~

30.

The solid line in Fig. 29

The minimum rms wavefront

A/ZOO, occurs for the maximum modulation depth of 128

The maximum rlDS phase error,

o~ ~

A/7.25, occurs when

the SNR :: 1 for a noise equivalent modulation depth of approximately
4.25.
Measured Performance
Each of the parameters that characterize the performance of an
infrared phase shifting interferometric system can be measured;
repeatability, accuracy, maximum and minimum resolution.

This section

will present experimental quantification of those parameters as well as
a discussion of their limitations.
previous section that

The only limitation discussed in the

cannot be observed affecting a performance

parameter is the digitization phase error, because, for any given signal
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modulation depth, the SNR phase error is greater.

Other performance

limitations, such as PZT calibration error, can be observed only if the
system is not in optimum operating condition.
demonstrated simply to verify their existence.

These errors will be
Finally, this section

will discuss methods to improve one or more of the performance
parameters.
Repeatability
The system repeatability can be measured by simply taking the
difference between two similar data sets.

Then, it will totally depend

upon random errors because the systematic errors will cancel.

The

ultimate repeatability of the system is set by the minimum rms pedestal
wavefront phase error,

a~

= O.OOSA, for a 128 signal modulation "depth.

However, this is unobtainable because the system cannot operate at the
maximum modulation depth because of the pedestal current spatial
variations discussed in Chapter 2.

A more realistic estimate for the

system rms wavefront repeatability is a ~

= 0.01 A

if a typical signal

modulation depth of 64 is assumed.
To measure the system repeatability, a flat mirror was place as
close to the interferometer as possible, to reduce any effects caused by
vibration or atmospheric turbulence, and measured repeatedly under
various conditions.

The rms wavefront difference for three signal

modulation values, averaged across a horizontal line, is shown in Fig. 29
plotted on the theoretical rms phase error as a function of signal
modulation depth curve.

As

can be seen, the greater the average

modulation depth, the smaller the rms wavefront difference between

98

Between G15D35.DAT and

Difference

Spherical [waves/radius] = .881381
Tilt
[waves/radius] = .88267
TerMs removed: Spherical Defocus Tilt
Peak to Valley "(waves]

....

!II
Q)

~

....:I

-

= .B23539

G15D36.DAT
Defocus [waves/radius) =-.B81689
Pision [waves/radius] =-.B88B6B
RMS

[waves]

= .884295

Peak
+Rt1S

II)

eo..

o

-RMS

~

p.,Valley
Q)

u

"'

eo..
~

:s

Ci)

H.B

-1.8
Pupi)

Figure 30.

1.B

[radius]

One Dimensional Surface Repeatability.

99
successive measurements.

The range of modulation depths for the plotted

measurements is representative of typical operating conditions.

The best

repeatability, a surface difference of 0.025 A peak-to-valley or 0.0043 A
rms, was measured with no tilt fringes and a modulation depth of 67
(Fig. 30).

Table 3 lists the rms and peak-to-valley surface difference

values for each signal modulation depth, along with a description of the
wavefront, for each flat mirror measurement plotted in Fig. 29.

A more

realistic measure of the system repeatability was made by testing a
spherical mirror at center of curvature.

This allowed for the inclusion

of errors from sources such as vibration and a finite air path.
result is given in Table 3, but not plotted in Fig. 29.

The

As a

demonstration that the system repeatability is uniform over the entire
target, Fig. 31 shows the rms and peak-to-valley surface difference
between two two dimensional data sets of unknown signal modulation
depth.

As a conservative estimate, the system has a rms wavefront

repeatability of a p

= 0.0125

A for a typical signal modulation of 50.

Accuracy
Measurement accuracy can be

char~cterized

response to a variety of known input wavefronts.

by the system's
This response is

limited by several systematic errors; system aberration, PZT calibration,
PEV thermal phase shift, and extraneous wavefronts.

"This section will

discuss the measured phase for several known input wavefronts and those
systematic limitations effecting the accuracy of the measurement.
Ultimate Accuracy.

The ultimate accuracy of the system across

the pupil can be measured by testing an "ideal" flat mirror in close
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Table 3.

RMS and Peak-to-Peak Surface Difference as a Function of
Signal Modulation Depth.

Surface Difference
Signal Modulation
Depth

RMS A

PP A

Description

67

0.0043

0~0235

Flat Mirror
No Fringes

50

0.0069

0.0444

Flat Mirror
4 Tilt Fringes

23

0.0164

0.;1242

Flat Mirror
4 Tilt Fringes

35

0.0137

0.0906

Sphere
1 Defocus Fringe
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proximity to the interferometer.

For a perfect test flat, any measured

surface aberrations are caused by the total system aberrations discussed
in Chapter 2.

And, as discussed in Chapter 2, since the total system

aberration is not a constant across the pupil, the ultimate accuracy
will depend upon the selected image magnification setting; the higher the
magnification, the smaller the beam imaged onto the PEV, and the smaller
the total system aberration.

By averaging repeated measurements of the

"ideal" test flat, effects caused by random errors can be reduced, and
the resultant phase is a measure of the system phase error.

Figure 32

shows the surface profile generated by averaging eight data sets of a
"good" flat mirror 0../4 pv for A=0.6328 llm) using the IX magnification
setting.

The data sets were acquired under relatively constant

conditions; a null fringe,

an average signal modulation depth of

approximately 67, and an average surface of 0.0065 A rms and 0.064 A
peak-to-valley.

The fit to this averaged surface data, 0.0052 A rms, is

approximately equal to the best rms system surface repeatability.

The

resultant peak-to-valley systematic phase errors are 0.0262 waves of
defocus and -0.0360 waves of spherical aberration.
conservative

estimate

of

the

ultimate

infrared

Therefore, a
phase-shifting

interferometric system surface figure measurement accuracy is 0.05 A
peak-to-valley.
PZT

Calibration

Phase

Error.

Although

the

infrared

interferometer was designed with a visible interferometer to calibrate
the PZT displacement as a function of voltage to generate a nonlinear
voltage ramp that produces a linear n/2 phase shift per integration
interval, some software packages do not use this feature.

Instead, a
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linear voltage ramp is used producing a nonlinear phase shift.

The

effect of ignoring the quadratic voltage coefficient and the effects of
selecting an incorrect linear voltage coefficient were measured and
compared with the theoretical errors calculated by Hayes (1984) for the
three out of four integrating bucket algorithm.

A flat mirror with 2

waves of tilt and a signal modulation depth of 50 was tested for several
voltage ramps; Table 4 summarizes the results.

The first line is the

rms and peak-to-valley surface difference for two data sets using a
calibrated linear n/2 phase shift per integration interval.

The second

line shows the theoretical and measured phase errors for a phase shift
with just a quadratic error.

The measured phase errors are surface

differences between data taken with calibrated and uncalibrated phase
shifts.

Each succeeding line of Table 4 shows the theoretical and

measured phase errors for the same quadratic error coefficient as the
second line, but with increasing linear error coefficients.

As can be

seen in the measured data, ignoring the quadratic voltage coefficient
reduces the rms surface difference and peak-to-valley differences, but
the error is on the same order of magnitude as the system repeatability.
Increasing the linear error coefficient, however, does significantly
effect the phase measurement.

Figure 33 shows the surface difference

for a full 2n phase shift, no linear error, while ignoring the quadratic
voltage coefficient.

Figure 34 shows the surface difference for a 0.20 A

linear error coefficient in addition to the quadratic error.

The result

of this analysis indicates that the rms surface error is increased
because a linear voltage ramp is used and the quadratic voltage

Table 4.

Measured Effect of PZT Calibration Errors on the Three-Integrating Bucket Algorithm with
Comparison to Theoretical Data from Hayes (1984). Measured Data is Relative to a Linear n/2
per Integration Interval Phase Shift.

Phase Shift Errors Using 3 Integrating Buckets
of the 4-bucket Algorithm due to Linear and
Quadratic PZT Displacement Errors (Hayes, 1984)

Input PH
Voltage Ramp
Errors

Phase Shift Error
for Linear Error

Measured
PH
Phase Errors

Phase Shift Error
for Quadratic Error

Combined
Phase Shift Error

Total
RMS
Error
11/11

Total
pp
Error
11/). 1

RMS
Surface·
Difference
11/11

Peak to
Peak
Surface
Difference
11/11

Input
Linear
Error
Coefficient
IAI

Input
Quadratic
Error
Coefficient
IA/sec l )

RMS
Error
11/1)

PP
Error
11/1)

RMS
Error
11/1)

PP
Error
11/11

---

--

--

--

--

145.0

22.5

63.6

22.5

---

--

0.25

---

63.6

22.5

107.5

18.3

0.10

0.25

63.6

22.5

112.8

40

55.4

14.4

96.0

15.5

0.20

0.25

63.6

22.5

56.4

20

42.2

10.6

48.1

10.8

0.30

0.25

63.6

22.5

37.6

13.3

32.4

8.4

38.2

8.7

--_._---
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-
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o
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coefficient is used.

However, if it covers the full

2~

phase shift, the

error will only be A/I00 rms.
Response to Spherical Wavefronts.

The system's ability to

accurately measure the amount of defocus in a spherical wavefront is a
measure of the system accuracy.

To perform these measurements, a

spherical mirror was tested at center of curvature.

The mirror was

placed upon a linear translation stage to introduce the defocus.

The 2X

magnification setting was selected to imaged an F/6 test cone onto the
PEV to increase the accuracy with which the defocus could be introduced.
Figure 35 shows the defocus measured by the interferometric system as a
function of longitudinal translation.

The straight line is the amount of

defocus theoretically introduced into the wavefront as a function of
longitudinal translation using:

~WDef

=

8(F/ /1)2·

For small amounts of defocus or small fringe spatial frequencies, the
accuracy of the measurement is equal to the ultimate system accuracy,
0.05 A peak-to-valley.

But for larger fringe spatial frequencies, the

accuracy decreases due to the PEV thermal lag phase shift.

For a fringe

spatial frequency of 1.33 lp/mm, the accuracy is decreased to 0.10 A
peak-to-valley.
PEV Thermal Lag Phase Error.

As previously discussed, the PEV's

thermal response lag adds a phase shift error to measurements of
wavefronts with large phase slope variations across the pupil and can be
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measured by accurately introducing increasing amounts of defocus.
Theoretically, this effect should be observable in a single wavefront
measurement containing a large amount of aberration.

Unfortunately, as

the fringe density increases, the signal modulation depth decreases,
which increases the SNR phase error and makes the lag effect difficult
to measure.

Another problem is that if the wavefront has defocus, then

the fit error caused by the thermal lag phase shift resembles spherical
aberration.
To observe this effect a spherical surface was placed in the
collimated test beam to generate a spherical wavefront.

The resultant

fringe pattern containing approximately 7 waves of defocus (14 fringes)
is shown in Fig. 36.
the

signal

Note that for increasing fringe spatial frequency,

modulation

depth decreases.

Figure

37

shows

the

theoretically generated result for a wavefront with 7 waves of defocus.
Figure 37 lists the defocus and spherical aberration that was fitted to
the measured surface and shows the residual error with the fitted
defocus removed.

As can be seen, the theoretical effect of the thermal

lag phase shift is to introduce a 0.0679 A peak-to-valley surface error
and to cause an inaccurate estimate of the actual wavefront phase.
Figure 38 shows the measured result for the wavefront.

In Fig. 38 the

important feature is that the residual surface error with the fitted
defocus removed has the same general shape as theoretically predicted,
and that the defocus fit error is approximately the same.

However, the

peak-to-valley error and the amount of spherical aberration fitted to
the residual error is greater than the predicted amount.

This could be

caused by a surface error, but the surface is specified by the

III

Horizontal Scan Line

Figure 36.

Fringe Pattern for 7 Waves of Defocus (14 Fringes).
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manufacturer to be spherical to A/IO for A

= 0.6328

~m.

Most probably,

the additional spherical aberration is added to the highly aberrated
wavefront by the interferometer imaging optics because the test and
reference beams are traveling vastly different paths.
Extraneous Wavefront Errors.

Another systematic error source

that is difficult to measure is extraneous wavefronts that cause
measurement phase errors and produce ghost fringe patterns objectionable
to the viewer.

This effect is difficult to measure for two reasons.

First, care was taken to reduce the amplitude of the stray reflection
from the pupil relay lens, and second, the area effected by the stray
reflection from the ZnSe F/3 diverger lens is very small.

However, the

measured spherical surface data presented in Fig. 38 is actually the
stray reflection from
antireflection coating.

the Ge F/12 diverger lens with a 99 %
Obviously when testing a low reflectance

surface, the extraneous wavefront from this surface can be extremely
serious and can completely obscure the measured wavefront.
Resolution
The system resolution is characterized by the largest and
smallest wavefront phase slope errors that can be measured.

The

maximum resolution is theoretically determined by the spatial sampling
of the PEV and will determine the useful range of wavefront aberrations
which can be measured.

The minimum resolution is theoretically

determined by the system repeatability and will determine the smallest
surface height that can be distinguished from the random system noise.
What is perhaps not as obvious is that the maximum resolution is also, in
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certain cases, limited by the system repeatability.

The ratio of the

maximum to minimum resolution defines the system resolution dynamic
range.
Maximum Resolution.

Theoretically, the largest slope that the

PEV can unambiguously resolve is 4.44 fringes/mm.

Experimentally, the

largest slope that could be measured was determined two ways..

First, a

tilted flat mirror was used to determine the maximum number of fringes
The result was

that could be put on the PEV and measured.

approximately 45 fringes for a maximum spatial frequency resolution of
2.5 fringes/mm.

Second, a greatly defocused wavefront was tested, and

the point where the wavefront could no longer be reconstructed was
determined.

For the strCiY reflection from the Ge diverger lens, the

point where the system could no longer resolve the defocused wavefront
occurred at approximately 0.8 pupil radius.
(14 fringes),
fringes/mm.
less

than

Assuming 7 waves of defocus

the maximum resolution is again approximately 2.5
This experimentally measured maximum resolution, which is

the

repeatability.

theoretical

limit,

is

determined

by

the system

At the higher fringe densities, the signal modulation

depth is reduced to the point that it just cannot be resolved from the
random system noise.

This effect is shown in Fig. 36.

Minimum Resolution.

Theoretically,

the

resolution is twice the rms system repeatability.

minimum

system

The typical measured

system wavefront repeatability discussed previously should therefore
result in a minimum system surface resolution of 0.025)..

To

experimentally measure this minimum resolution, a spherical mirror on a
translation stage was tested.

Theoretical increments of defocus were
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introduced by translating the mirror between data samples.

The two data

sets were then subtracted, resulting in a measure of the incremental
defocus.

If

the uncertainty in the translation is assumed to be

± 0.0001 in., then the uncertainty in the theoretically introduced
defocus increment is ± 0.0008 A.
system

repeatability,

the

Since this uncertainty is less than the

measured defocus increments

for

each

theoretical input and the associated incremental measurement errors,
shown in Table 5, are a true measure of the system's ability to resolve
a known input.

The signal modulation depth for these measurements

averaged about 35 for a SNR of 8.25 and a rms system wavefront
repeatability of op

= 0.0167 A.

resolution should be 0.0334 Ao

For these conditions, the minimum system
The smallest incremental defocus that

the computer could measure was 0.03414 A while the smallest incremental
defocus which could also be observed by this researcher was 0.04959 A
(Fig. 39).

To be conservative, the minimum system resolution for data

with poor signal modulation depth is approximately 0.05 A peak-tovalley.
Dynamic Range.

If the minimum system resolution is assumed to

be O.OSA for a fringe spatial frequency of approximately 0.005
fringes/mm, then the system resolution dynamic range is 500 to 1.
Noise Reduction
Because the system performance, repeatability, accuracy, and
resolution is limited by the random pedestal noise, some considration
must be given to reducing this noise.
reduced using two techniques.

The random pedestal noise can be

One is to average or smooth the raw
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Table 5.

Measured Defocus Increments for Theoretical Defocus Increment
Input.

Theoretically
Introduced
Defocus Increment
[A/radius]

Measured
Defocus
Increment
[A/radius]

Incremented
Measurement
Error
[ A/radius]

0.03328

0.03414

-0.00516

0.04992

0.04959

0.000,33

0.24961

0.25477

-0.00086
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intensity data before calculating the wavefront phase, and the other is
to average repeated measurements of the wavefront phase.

Averaging

repeated measurements is slow, and averaging or smoothing the raw
intensity data can reduce the resolution of the PEV.

This section will

discuss the -averaging or smoothing of the raw intensity data spatially
to reduce the random pedestal noise.
There are two techniques for spatially reducing the random
pedestal noise.
of a window.
pixel.

One is to convolve N pixels of the data through the use
The other is to average N pixels together into a single

The main difference between the two is that averaging reduces

the total number of pixels.

To measure the effect of these two methods

on the pedestal noise, each method was applied to two horizontal lines
of data and the difference between them taken.
noise reductions are summarized in Table 6.

The measured pedestal

Both methods reduced the

rms pedestal noise equally for the same number of pixels acted upon, but
the averaging method also slightly reduced the peak-to-valley noise.

To

measure the effect on the system repeatability, the raw data for two
data sets was smoothed or averaged, the surface profile calculated, and
the difference taken.

The measured system repeatability improvements

are summarized in Table 7.
between the two methods.

Again, there was very little difference
The rms system repeatability shows the

standard l/IN improvement factor for data averaging, while the peak-tovalley values are slightly less for averaging than smoothing.

To

measure the effect on the system accuracy, the raw data for a single
data set was smoothed or averaged, and the surface profile calculated.
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Table 6. Random Pedestal Noise Reduction by Data Convolving or Averaging.

Pedestal Current Difference
RMS [>.]

Peak to Peak [ >.]

Raw Data

2.83

1605

Saoothed Data
Window Wid th - 2
Window Width - 4

2.65
2024

15.25
11.75

Averaged Data
Window Wid th - 2
Window Width - 4

2.65
2024

13.75
11.125
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Table 7. Effect of Data Convolving or Averaging on System Repeatability.

Surface Difference Profile

RMS

Peak to Peak

[).]

[ 1]

Raw Daca

0.0043

0.0234

S.ooChed DaCa
Window • 2
Window • 4

0.0033
0.0022

0.0178
0.0124-

Averaged DaCa
Window" 2
Window - 4

0.0034
0.0023

0.0164
0.0113
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The measured system accuracy modifications are summarized in Table 8.
It is with the system accuracy parameter that a significant difference
between the smoothing and averaging methods arises.

The averaging

method reduces the total number of data samples across the diameter of
the pupil and therefore reduces the accuracy of the interferometer to
measure aberrations, such as tilt (Table 8).

Also, with fewer sample

points, the maximum fringe spatial frequency that can be resolved
(maximum system resolution) is reduced because of aliasing.

The only

advantage of the averaging method is that few'er sample points are
manipulated by the software or stored for later analysis, therefore
increasing the operating speed.

Smoothing the data will also effect the

system accuracy by broadening the spatial features of the wavefront, but
if a narrow window is used, this effect can be minimized.
no data manipulation is without cost.

To summarize,

Averaging reduces the maximum

resolution and measurement accuracy, while smoothing will effect the
minimum resolution.
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Table 8. Effect of Data Convolving or Averaging on System Accuracy.

Surface Profile with
Fitted Tilt Removed

Raw Data

Measured
Tilt
[ A/dia]

RMS
[ A]

Peak to Peak
[ A]

3.51

0.0137

0.0781

3.52
3.52

0.0133
0.0125

0.0781
0.0725

3.38
3.10

0.0133
0.0123

0.0725
0.0680

Saoothed Data

Window" 2
Window .. 4
Averaged Data

Window .. 2
Window" 4

CHAPTER 5

APPLICATIONS

The principle optical testing applications of an infrared phaseshifting interferometric system are:
in

transmission

for

index

1) inspection of infrared materials

homogeneity

and

internal

defects,

2) interferometry of surfaces too rough for visible wavelengths, and
3) interferometry of surfaces, such as an asphere, whose slopes are too
steep for the fringes to be resolved by a visible interferometer.

The

interferometer developed here has been used to test a variety of
objects.

It has tested coated and uncoated reflecting surfaces as well

as infrared transmitting optics.
polished optics have also been

Coarse ground, fine ground, and

tes~ed.

The infrared interferometer has

been used extensively to null test an F/3, 72-in.-focal-length, off-axis
parabolic segment of an F/I.2, 60-in.-diameter parent during its figure
generation and lapping.

It has been used

to observe gross figure

deformations of an F/IO, 5-m-focal-Iength, carbon-epoxy panel during
temperature cycling.

Additionally, a variety of nonoptical objects have

been examined, including, an aluminum tooling plate, a machined flat
surface, a computer hard disk, and a razor blade.

This section will

briefly present examples of some of the more interesting applications.
The range of testing applications is made possible by the
versatility of the interferometer design and the infrared wavelength.
Figure 40 shows a photograph of a polished window-quality sphere with
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80-50 scratch-dig surface quality and Fig. 41 shows the related
interferogram.

Figure 42 shows a partially ground sphere with a 9-11m

grit finish and Fig. 43 shows its associated interferogram.

The center

of the part is an ungenerated flat, flame-polished section.

The

interferometer has also been used to test a coarse ground sphere with a
25-11m grit finish.

Using an off-axis parabolic mirror, flat surfaces can

be tested as shown in Fig. 44.

Figure 45 shows an interferogram for a

machined aluminum plate with a 32 micro-inch rms surface finish and Fig.
46 shows the two-dimensional phase map of the surface as measured by
the interferometer.

Figure 47 shows an interferogram for a section of

an aluminum tooling plate with a 63 micro-inch rms surface finish and
Fig. 48 shows the two-dimensional phase map.

The peak to peak of this

surface is less than the smoother surface, because the interferometer
was unable to resolve the steep slopes.

Figure 49 shows an

interferogram for a razor blade and Fig. 50 shows the two-dimensional
phase map of the part.

Figure 51 shows the two-dimensional phase map

of a computer hard disk.
As previously discussed, the initial purpose of this infrared
phase shifting interferometer was to use an infinite conjugate nu1l test
to aid in the generation of an F/3, off-axis parabolic mirror.

Figure 52

shows a photograph of the off-axis parabolic section to be tested.
Figure 53 shows an interferogram of the segment while it is still
several micrometers from the desired shape.

Figure 54 shows the

associated two-dimensional phase map of the segment, and Fig. 55 shows
an interferogram of the segment once it reaches the desired off-axis
parabolic figure to within one

llm

rms.
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Figure 40.

Polished Window Quality Sphere with 80-50 Scratch Dig.
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Figure 41.

Interferogram of Polished Sphere.
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Figure 42.

Ground Sphere with

9-~m

Grit Finish.
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Figure 43.

Interferogram of Ground Sphere.
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Figure 44.

Using an Off-Axis Parabolic Mirror to Test Flat Surfaces.
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Figure 45.

Interferogram of Machined Aluminum Plate
with a 32 Micro Inch RMS Surface Finish.
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Figure 46.

Two-Dimensional Phase Map of 32 Micro Inch Surface.
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Figure 47.

Interferogram of Aluminum Tooling Plate
with a 63 Micro Inch RMS Surface Finish.
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Figure 48.

Two-Dimensional Phase Map of 63 Micro Inch Surface.
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Figure 49.

Interferogram of Razor Blade.
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Figure 50.

Two-Dimensional Phase Map of Razor Blade.
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Figure 51.

Two-Dimensional Phase Map of Computer Hard Disk.
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Figure 52.

Off-Axis Parabolic Segment.
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Figure 53 .

Interferogram of Lapped Surface with
Several Micrometer Figure Error.
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Figure 54.

Two-Dimensional Phase Map of Parabolic Segment.
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Figure 55.

Interferogram of Off-Axis Parabolic Segment
with Final Surface Figure.

CHAPTER 6
CONCLUSION AND RECOMMENDATIONS
The research described by this dissertation has accomplished
three objectives.
vidicon

to

First, the feasibility of applying a pyroelectric

infrared

phase-shifting

interferometry

theoretically and verified experimentally.

was

modeled

Second, a prototype infrared

phase-shifting interferometer was designed and fabricated.

Third, the

performance parameters and limitations of an infrared phase-shifting
interferometric system were defined and quantified.
Theoreticalfy and experimentally, this research has shown in
Chapter 2 that a pyroelectric vidicon can be applied to infrared phaseshifting

interferometry

limitations.

with

some

fundamental

advantages

and

The most significant advanta,ge is that the PEV detects

infrared phase-shifted fringes and produces a signal current that can
easily be used by a simple phase-calculation algorithm.

Another

advantage is that for the design temporal modulation frequency,

the

thermal diffusion does not seriously degrade the AC responsivity until
large fringe spatial frequencies, however, the electron beam readout lag
does drastically reduce the AC responsivity;
operating parameter.

but it is a constant

The most significant limitation is that the random

pedestal noise dominates all other noise sources and determines the
fundamental performance limitations.

Another limitation is that the

thermal diffusion introduces a phase shift into the measured signal
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current which is a function of fringe spatial frequency; fortunately,
this error only becomes large for fringe spatial frequencies greater
than 1.5 fringes/mm.
The infrared phase-shifting interferometer described in Chapter 3
is a prototype for the next-generation optical shop instrument.
compact,

self-contained,

easy

to

align

and

operate,

It is a

versatile

interferometer that has met or exceeded the original design requirements
and expectations.

The incorporation of a visible phase-calibration

interferometer into the design allowed for the PZT displacement as a
function of voltage to be characterized, and a linear rr/2 phase shift per
integration interval produced.

The use of telecentric afocal imaging

minimized the introduction of system aberration phase errors, and made
changing the image magnification simple and

predictable~

The

interchangeable fold mirror in the reference arm proved to be essential
in both controlling the total power incident upon the PEV and reducing
some of the stray reflection problems.

The integrated translation stage

provided smooth XY adjustment without losing structural stability and
the rotating periscope proved to be invaluable in providing the necessary
vertical adjustment.
The system performance parameters discussed in Chapter 4 are
all limited by the PEV random pedestal noise.

The measured system

wavefront repeatability is approximately 0.0125 A rms.

Therefore, the

minimum system wavefront resolution is approximately 0.025 A peak-tovalley.

However, to be conservative, the minimum easily-resolved

defocus increment is 0.05 A peak-to-valley.

The maximum resolvable

fringe spatial frequency is 2.5 fringes/mm,

therefore, the system
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resolution dynamic range is 500 to 1.

The measured system peak-to-

valley wavefront phase measurement accuracy for small aberrations is on
the order of 0.05 A ± 0.02 A.

Unfortunately, this accuracy decreases for

increasing fringe spatial frequency, because of the thermal lag phase
shift.

For a spatial frequency of 1.33 fringes/mm,

the system

measurement accuracy is about 0.10 A ± 0.02 A, and for a spatial
frequency of 2.5 fringes/mm, it is about 0.25 A ± 0.02 Ao

Finally, since

the original purpose of the interferometer was to test an off-axis
parabolic section and to provide feedback to the optician during the
genera.tion of the off-axis parabolic figure, the device was a success as
it could easily obtain interferograms from both generated and polished
surfaces.
Two
performance:

significant

systematic

problems

limit

the

system

1) extraneous wavefronts, and 2) PEV thermal diffusion

phase shift errorso

Since antireflection coatings on the optics are as

good as can be inexpensively obtained, a systematic solution to reduce
the effect of extraneous wavefronts on the phase measurement needs to
be developed.

Since the PEV thermal diffusion phase shift error is

intrinsic to the detection process, its effect on the measurement and
subsequent generation of a two-dimensional phase map of the wavefront
under test must be examined further.

Other systematic problems include

the effect of the PEV video sampling on a two dimensional wavefront.
There is one significant nonsystematic problem limiting the system
performance: the random PEV pedestal noise.

A possible method

reducing this effect has been proposed and should be considered.

for
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The logical extension of this research is to automate the
feedback provided by an infrared phase-shifting interferometric system
to control the figure generation process.

The result will be a computer

controlled generator that will allow modern optical components to be
fabricated both rapidly and accurately.

APPENDIX A
DERIVATION OF THE THERMAL MODULATION TRANSFER FUNCTION
The pyroelectric target is a thin disk of TGS held in place by
edge supports of low thermal conductance material in an evacuated tube
at a constant ambient temperature Ta.
surface by the interferogram.

The target is heated on its front

This heat flux is conducted throughout

the target material causing an increase in its temperature.

At the same

time radiative cooling occurs at the surfaces of the target.

The

instantaneous average excess target temperature as a function of space
and time can be found by solving the Fourier

he~t

conduction equation.

The content of this appendix is an application of standard heat transfer
equations, as found in Grober (1961), used to explain the interaction of
a phase-shifting infrared interference pattern with a pyroelectric
target.

Similar analysis for both amplitude modulated imaging and image

panning has been conducted by Blackburn and Wright (1970), Holeman
(1972), Logan and McLean (1973), Logan (1975), Walton et ale (1977), and
Garn and Petito (1977).
The irradiance pattern incident on the front surface of the
pyroelectric target can be modeled by:

E(x,y,t)

=

Eo [1 + Y COS21T(t;x + ny + vt + 1jI)],
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where:
Eo = peak irrac.: ,ince,
y =

fringe contrast,

f; =

fringe spatial frequency in x direction of test piece,

n = fringe spatial frequency in y direction of test piece,
v

= temporal

$

= initial

frequency of phase modulation,

phase of reference wavefront.

To simplify this expression, make the following assumptions:

=

~

0,

$

=

O.

Therefore:

E(x,y,t)

=

Eo [1 + Y COS21T(nY + vt)j.

(A-I)

The ny term is the unknown quantity to be solved that describes the
phase of the wavefront under test.
This irradiance distribution is then absorbed at the front
surface of the target, converted into heat, and transferred throughout
the target volume by thermal conductance.

The excess heat flux at the

. front surface because of the interferogram is given by:

a E(x,y,t),

where a

=

the optical absorption coefficient.

(A-2)

In TGS a exceeds
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1000 cm- 1 , thus all the irradiation is absorbed in the first 10
typical

30-~m-thick

target.

~m

of the

The addition of an absorbing electrical

conduction layer causes the irradiance to be absorbed in an even thinner
layer.
As the target is absorbing heat from its environment, it also
radiates heat into its environment. This heat flow is described by the
Stefan-Boltzman law:

(A-3)

where:
€

= the

surface emissivity of the target,

a

= the

Stefan-Boltzman constant,

T

= the

target temperature.

Since the target is supported by low thermal conductance materials and
the vidicon tube is evacuated, radiative heat transfer is the main
mechanism for heat loss from the target.
Any extra heat not radiated from the front surface is conducted
into the target itself.

The heat flux crossing a unit area normal to

the direction of the heat flow per unit time is given by the heat
conduction equation:

qc(x,y,z, t)

=

-K VT(x,y,z, t),

(A-4)
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where:
K

= the

thermal conductivity,

a

a

a

v = ax + ay + az'
T(x,y,z,t)

=

the internal temperature field of the target.

The total heat transferred across a boundary surface area, A, normal to
the temperature flow in the target during a time interval,

't',

is given

by:

Q(x,y,t) - J,

dt JA q(x,y,z,t) dA.

Through an application of Gauss'

theorem,

the quantity of heat

transferred through an elemental target volume bounded by an area dA is
given by:

Q(x,y,z,t)

=

J,

dt Jv V'q(x,y,z,t) dV.

Therefore, from Eq. (A4), the amount of heat conducted from the surface
of the target through its volume is given by:

(A-5)
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Because of conservation of energy, any net heat flow into the
target volume results in an increase of the total temperature of the
target.

This heat, which is stored in the elemental target volume, is

described by:

cp f dt f

aT
at dV,

(A-6)

where:
c = the specific heat of the target material,
p

= the

density of the target material.

If a steady-state condition is momentarily assumed where there is no

external heating or thermal losses, then by setting the total heat
conducted through a volume and the total heat stored in a volume equal
to zero,

the Fourier heat conduction equation is given by:

aT = K
at
cp

where

K

(A-7)

is the thermal diffusivity of the target material.
But in the actual case for a pyroelectric target, there are

external heat sources and radiation losses from the front and back
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surfaces that must offset the conducting and storage terms,

therefore,

cp aT - K V~T

(A-B)

at

The bracketed term is divided by the thickness of the target, t, because
they are all surface effects, whereas the other terms are volume
effects.

The lIt term is required for proper dimensionality.
A reasonable assumption that simplifies Eq. (A-B) is that the

front and back surfaces have the same emissivity, &

= &'.

Therefore,

Eq. (A-B) can be rewritten as the Fourier heat conduction equation for an
external heat source,

=

aE(x,y, t)

(A-9)

t

By solving Eq. (A-9) the temperature field of the TGS target as a
function of space and time can be determined.
Now if the boundary conditions at the front surface are
considered, a further simplification can be obtained.
surface temperature before
temperature, Tao

The initial target

the irradiance was at some ambient

If the re-radiation term is momentarily ignored,
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then

the absorbed power from

the interferogram will induce a

temperature change in the target with two components, a DC term and an
AC term,

T(x,y,t)

=

Ta + aEo + aEo

=

Ta + To + 60 cos2rr(ny +

cos2rr(ny +

y

\It)

(A-lO)

\It).

If enough time passes such that the target comes to an equilibrium
temperature,

Ta + To,

then

only

the

temperature

fluctuations,

60 cos2rr(ny + \It), will be of interest.
The total DC component, Ta + To, will be ignored by the PEV
since the pyroelectric effect responds only to time-modulated signals.
Therefore, all of the heat flux equations can be rewritten:

qE(x,y,t)

=

6 0 cos2rr(ny + \It),

(A-2B)
(A-3B)

qc(x,y,t)

=

-K V6(x,y,t).

(A-4B)

Equation (A-3B) includes a factor of two for both the front and back
surfaces.

Using these expressions we can rewrite the Fourier heat

conduction equation:

=

60
.t

cos2rr(nY + \It).

(A-ll)
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-One final simplification is required since an exact solution of
Eq. (A-II), which takes into account the finite thickness of the targets
is extremely difficult.

The incident radiation will be assumed to .be

uniformly absorbed throughout the target.

Putley (1970) showed that

this is valid for cases where the irradiance is absorbed in a very thin
surface layer relative to the total thickness of the target.

Therefore,

we can integrate each term in Eq. (A-ll) across the thickness of the
target and replace the temperature term 8 with the average temperature
of the target 8m•

Thus Eq. (A-II) becomes:

(A-I2)

or:

==

8 0 cos2n(ny + vt),

(A-l3)

where:
H

=

G

= the

the thermal capacity of the target material,
radiative conduction of the target material.

The average incremental temperature distribution 8 m can be found by
solving Eq. (A-l3) , assuming that the target is uniformly heated
throughout its thickness by the irradiance so that thermal conduction in

IS4

its z-dimension can be neglected.

Also, by assuming that

thermal diffusion in the X direction can be neglected.

~

= 0,

the

Therefore,

Eq. (A-l3) can be rewritten as:

a0

COS21T( ny

+ wt).

(A-14)

By substituting:

u

=

2rr(ny + vt),

Eq. (A-14) becomes:

(A-IS)

If one assumes a solution for Eq. (A-IS) to have the form:

A sin(u) + B cos(u)

=

C cos(u-$),

0.-16)

by differentiating am and substituting into Eq. (A-IS), one can solve for
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the coefficients A and B:

A

B

=

=
G
]2 + [ 21T"H ]2]'
(21Tn)2K2.
(21Tn)2K2.

We can now solve for Eq. (A-16) using:

which gives:

cos 2 1T [ ny + vt + tan

-l[

21T"H + G]]
(2rrn)2K2.

This equation describes the instantaneous average temperature of the
target as a function of space and time because of the incident phasemodulated interference pattern.

Equation (A-17) can be simplified and
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rewritten as:

= TMTF 60 cos2n(ny +

where:

=

TMTF =

=

tan

-1

[

2nvH

J

(2nn)2K~+G'

vt +

~),

(A-18)

APPENDIX B
DERIVATION OF THE ELECTRON BEAM LAG
MODULATION TRANSFER FUNCTION
When the pyroelectric vidicon is not illuminated, it operates
with a steady-state condition between the pedestal and the electron
beam.

The pedestal potential at each pixel on the target is exactly

equal to the charge deposited by the electron beam for each frame time.
In this case, the signal current can be described by:

=

=

where qp is the pedestal potential.

Now when the PEV is illuminated,

the thermal image produces an accumulated charge distribution that is
superimposed upon the pedestal potential,

(B-1)

=

This total signal charge is then read out by the scanning electron beam
to form the video signal current.

However, with the introduction of the

pyroelectric signal charge, stabilization no longer exists and the
electron beam can not completely discharge a given pixel during a single
157
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readout.

This condition is called inefficient readout or electron-beam

lag, and it results in a signal attenuation which, like the thermal MTF,
is also a function of the interferogram's temporal frequency.

The

content of this appendix extends the work of Garn and Petito (1977), who
analyzed both amplitude modulation and panning modes of operation, to
the phase-shifting mode of operation.
The beam current landing on the ta:-get is described by an
exponential whose shape is determined by the Maxwellian spread of
electron velocities in the beam derived from the thermionic electron gun
cathode.

If we assume that the pyroelectric signal current is small

compared with the pedestal current, then the fraction of the total
signal remaining on a pixel following a readout is given by:

(B-2)

where:
Vp

= pedestal

Vo

= Maxwellian

voltage,
voltage spread.

Typically Vo is on the order of 0.2 V, which for a typical TGS target is
equivalent to a pedestal current of 100 nA.
electron beam readout efficiency 1

Therefore, the typical

B is on the order of 60 %•

At a given pixel location, the signal current readout is given
by:
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where qR(t) is the charge remaining from the previous readout,

00

~ aN[qp + t\q".(t - NLf)].
N=1

This gives the following form for the video signal current readout from
a pixel at time t:

00

is(t)

=

1 6-. a

~ ~N[qp +

t\q".(t - NLf)]}_

(B-3)

N=O

If we rewrite Eq. (2-8) to give an expression for the charge with the
following form:

t\q".

=

A

cos2".(ny + vT),

where:
A

=

T

=

t

-

Lf
2 '

-

then we can solve Eq. (B-3) to find the stabilized signal current output.
First separate out the two parts of the signal current: the
pedestal current and the pyroelectric signal current.

The pedestal
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current is given by:

L
-rr- N=O
CD

=

1 -

a

qn
aNqp = o't
'
..;"s;.

which is just the no-image steady-state condition.

The signal current

derived from the pyroelectric current is given by:

CD

i s1T (t)

=

1 o~ a A

L

aN cos21T«ny + wT) - N\I'tf)'

(B-4)

N=O

Then by expanding the cosine into its exponential terms and separating
out the constant terms:

CD

i s1T (t)

=

A

o't

1 [e i[ ny + \I T]
(1 - a)

"2

in\l 't f
aN e
.
L
N=O
CD

+ e(-i[ny + \IT))

~

aN ein\l'tfJ

N=O
=

A

fi

(1 - a)

J

1 [ ei[ny + \IT]
e-i [ ny + uTI
+
[ 1 - a ei\lLf]
[1 - a ei\l'tf]

2"
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By cross multiplying and recombining terms, the signal current can be
written as:

A
-

OT

(1 - B)

[cos2n(ny + vt - VTf/2) - a cos2n(ny + vt + VTf/2)]
x

(B-S)

[1 - 2a cos2n(vTf) + a 2 ]

By expanding the cosine factors in Eq. (B-5) and using the following
convention:

cos2n(ny + vt ±

= cos2n(x)

VTf)
2

VTf
cos2n(--2-)

=

cos2n(x ±

+ sin2n(x)

VTf)
2

VTf
sin2n(--2--)'

we can rewrite Eq. (B-S) as:

A

x

1 -

a

VTf
VTf
]
[ cos2n(x) cos2n(--2-) (1 - a) + sin2n(x) sin2n(--2-) (1 + a) •

(B-6)
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Finally Eq. (B-6) can be rewritten as:

p

cp i.

~~ 't f TMTF sinc( \I 't f) LMTF

u.

x aEoY

cos2~(ny

+ \It - 't),

where:

LMTF

= electron beam lag MTF
=

~

=

a

1 -

electron beam readout phase shift
l+a

= tan- 1 [ (1 -

a) tan(

2~\I'tfl
2 )

J

(B-7)
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