
Optical Engineering 46�2�, 023602 �February 2007�
Measurement of a 2-meter flat using
a pentaprism scanning system
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Abstract. Precise manufacturing of optical flats requires precise char-
acterization of the surface. A scanning pentaprism system is ideal for use
as an absolute and precise test for an optical flat. Such a system was
built and used to test a 2-m diameter flat mirror. This system uses light
from an autocollimator that is reflected from two pentaprisms to project
reference beams of light onto the flat mirror. The light reflected from the
mirror back through the pentaprisms provides information on low order
optical aberrations in the flat mirror. We report results of the test on a
2-m flat, characterizing the errors and their sources. There is enormous
potential for our system to be used to test larger flats and even curved
surfaces, made of either a glass or a liquid. © 2007 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2700386�

Subject terms: pentaprism; flat mirror; optical testing; optical scanning; difference
measurements; slope measurements.
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1 Introduction

The precise optical testing of large flats using a large ref-
erence sphere, as in the Ritchey-Common test,1 is often
impractical. Interferometric methods for testing require a
good quality reference surface of matched topography. A
method using a scanning pentaprism2 is a convenient way
to obtain information on low order aberrations of an optical
flat. �Low order refers to low spatial frequency errors
��0.1 mm−1�, which are sometimes referred to as form er-
rors, figure errors, and topography in the literature.� The
scanning pentaprism test is not new and has been used as
an end-to-end test of telescopes.3–5 It has also been used to
make ultraprecise �subnanometer� surface topographic
measurements.6–8

Unlike interferometric tests, which are instantaneous,
scanning tests involve data collected over a considerable
amount of time. This is a noncontact test. Furthermore, it is
an absolute method that does not rely on a high quality
reference surface.

A pentaprism may be used to relay a collimated beam
from an autocollimator to the mirror surface. The angle
between the reflected beam relayed back to the autocolli-
mator and the beam exiting the autocollimator is a direct
measure of the surface slope of the mirror. The pentaprism
may be scanned in a line along the surface to get a series of
slope measurements. Integrating the measurements gives
the surface profile along the scan direction. Several such
scans may then be stitched together to get complete infor-
mation about the mirror surface.

The unique advantage of using a pentaprism is that it
deviates light by exactly 90 deg regardless of the orienta-
0091-3286/2007/$25.00 © 2007 SPIE fl
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ion of the pentaprism to the incident beam from the auto-
ollimator �Fig. 1�a��. Thus, the resulting measurements are
ndependent of prism alignment. For this reason, scanning
entaprisms have also been used in optical pick-up heads9

nd in long trace profilers �LTPs�10 for enhanced system
tability.

ig. 1 �a� Principle of a pentaprism. The prism deviates an incom-
ng beam of light by 90 deg, irrespective of the orientation of the
rism in pitch. �b� Angular difference, 2�, between incident and re-

ected beams is due to a tilt=� in the surface being tested.
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2 Principles of Operation
Our scanning pentaprism system uses two pentaprisms: a
reference or stationary pentaprism �P1� and a scanning
pentaprism �P2�. It can be seen that the prisms intercept
only a subset of all parallel rays from the test surface. P2
can now be scanned across the surface to determine the
local slope �tilt� of the surface. Each pentaprism deviates
the collimated beam from an electronic autocollimator by
90 deg and relays it to the flat mirror as shown in Fig. 1�b�.
The 90 deg deviation by a pentaprism is insensitive to its
alignment in pitch. Therefore, to the first order, any devia-
tion in the reflected beam from the mirror in the plane of
the pitch �also referred to as “in-scan” direction� is caused
wholly by tilt variations on the mirror.

Figure 2 defines the degrees of freedom for the prism as
roll, pitch, and yaw. Even though the prism suffers finite
pitch rotation as it is scanned, the deviated beam has no
motion in the pitch direction. This is the essential feature of
a pentaprism. P1 is kept stationary, relaying the beam to a
fixed location on the mirror.

Fig. 2 Degrees of freedom of a pentaprism. Roll is about the z axis;
yaw is about the y axis; and pitch is about the x axis.

Fig. 3 Schematic of the pentaprism system in
taprisms measuring the tilt of the test surface b
ments, ��z2�−��z1�, are a direct measure of th
assembly provides accurate measurements on
helps decouple the motion of the scanning prism
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The system operation measures the angular displace-
ent of the spot from the scanning prism relative to spots

rom the fixed, reference prism. At each position of P2, the
ngular difference between the returns from P1 and P2
rom the mirror is recorded by means of the readout from
he electronic autocollimator. Each difference reading be-
ween P1 and P2 is a direct measure of the mirror slope
etween z1 and z2 as shown in Fig. 3. This principle is
imilar to lateral shearing interferometry as described by
lster11 and Weingärtner et al.6 However, instead of using
ne pentaprism and shearing it, we use two pentaprisms to
ecord the angle difference from two locations on the test
urface.

This system of differential measurements is insensitive
o vibrations, motion of the autocollimator, and other com-
on path errors.6 Several scans may be made across the

est surface by either rotating the pentaprism system or the
est surface itself. This is schematically shown in Fig. 4.

ard staring configuration. Shown are two pen-
two particular locations. Difference measure-

ce slope between z1 and z2. The pentaprism
g the scan direction. The UDT autocollimator
into yaw and roll components.

ig. 4 To obtain information on low order aberrations of the full test
urface, multiple linear scans need to be taken.
an upw
etween
e surfa
ly alon

�P2�
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3 The System
The scanning pentaprism system was built as shown in
Figs. 5�a� and 5�b�. The system may be used in either
downward pointing �test flat below system� or upward
pointing �test flat above system� orientations.

Each pentaprism is in a kinematic mount with picomotor
controls for roll and yaw motions. The pentaprisms are
fixed onto movable carriages that slide on a pair of preci-
sion machined rails along the line of sight of a two-axis
electronic autocollimator built by Möller-Wedel �Elcomat
2000�. The Elcomat 2000 has an accuracy of 0.5 �rad, with
a full measurement range of 10 mrad. It should be noted
that the Elcomat corrects for the 2� tilt internally �see Fig.
1�b��, thereby measuring the surface tilt as is.

There is a mechanical shutter mounted between each
prism and the test surface and these are connected through
an electronically controlled circuit. The shutters open one
at a time, allowing light from only one prism to be incident

Fig. 5 �a� Shown is a system in downward poin
carriages on a pair of precision-machined rails.
flats.
on the test surface at any given moment. p
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A collimated beam from an auxiliary two-axis electronic
utocollimator �built by UDT Instruments� is aligned to a
irror attached to the mount of P2. The purpose of the
DT autocollimator is to decouple the roll and yaw mo-

ions of P2, which is described in detail in Sec. 4.
The entire system, comprising four picomotors, two

lectronic autocollimators, and two shutters, is computer-
ontrolled via a LABVIEW interface �see Fig. 6�. The 2-m
est flat was at the top of an optical test tower, 20 m above
he scanning system.

Alignment
he accuracy and sensitivity of the scanning system depend
ritically on the optical alignment of the system. A detailed
escription of the optical alignment procedure has been
iven by Mallik et al.12 Each prism was initially aligned to
he Elcomat in roll and yaw to better than 50 �rad. This
as accomplished with the use of a helium-neon laser. The

ientation. The prisms are mounted on movable
e built system is capable of testing 2-m class
ting or
�b� Th
risms were aligned in yaw by overlapping the back reflec-
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tions from the surfaces. Roll motion in each prism was used
to guide the reflected beam back through the prisms and
onto the face of the helium-neon laser. The readout from
the Elcomat was used for fine alignment. The influence of
yaw and roll motions �x-axis readout� on the in-scan
�y-axis� readout was observed. This is a second order ef-
fect. The prisms were considered to be aligned to the Elco-
mat axes when the in-scan readout was insensitive to roll
and yaw motions over a range of about 100 �rad.

The mirror attached to the mount of P2 helps decouple
the motion of P2 into yaw and roll components. The optical
axis of this mirror is along the z axis �see Fig. 3�, so the
UDT is insensitive to any movements of P2 in roll. How-
ever, it is fully sensitive to the motion of P2 in yaw. So the
yaw component of any misalignment in P2 is recovered
through the UDT readout, while the Elcomat readout is
used to correct for the roll misalignment. A different
method is used by Schulz and Weingärtner13 for accom-
plishing the same decoupling of motions.

The system is computer-controlled actively via feed-
back. During the operation of the system, the relative in-
scan alignment �pitch errors� between P1 and P2 is better
than 15-nrad rms. The cross-scan alignment �roll and yaw
errors� during operation was maintained to better than
50 �rad. The Elcomat alignment to the rails was main-
tained to better than 50 �rad, resulting in a line-of-sight
error in the in-scan direction of less than 10 nrad.

5 Alignment Errors
The performance of the pentaprism system is affected by
several sources of alignment errors.14 The errors are domi-
nated by first order effects and accounting for these is gen-
erally adequate because the computed error terms are mini-
mized iteratively by mechanical alignment using the
measurements as feedback �Fig. 6�. To first order, optical

15

Fig. 6 The pentaprism system is computer-con
ensures that the system remains optically aligne
beam pitch and yaw are given by

Optical Engineering 023602-4
eam pitch = collimator pitch,

eam roll = − collimator yaw + pentaprism roll

+ pentaprism yaw.

The second and higher order errors are negligible be-
ause they are proportional to the products of two or more
rrors that are kept small.

Table 1 lists the sources of all line-of-sight errors, up to
he second order. The error in the pitch direction varies
inearly with beam projector angle �which is common to
oth prisms� and to second order in other parameters.

The errors and their effects on our measurement results
re described in Sec. 8.

via a LABVIEW interface. The feedback control
ng operation.

able 1 Contributions to line-of-sight error from prism or beam pro-
ector attitude.

ontributions to
ine-of-Sight Pitch
In-Scan Direction�

Contributions to
Line-of-Sight Roll

�Cross-Scan Direction�

eam projector pitch Beam projector yaw

Prism yaw�2 Prism yaw

Prism yaw�
� �beam projector yaw�

Prism roll

Prism roll�
� �beam projector yaw�

�Prism roll�
� �beam projector pitch�

�Prism yaw�
� �beam projector pitch�
trolled
d duri
February 2007/Vol. 46�2�
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6 Measurements
With P1 staring at one edge of the test surface, P2 was
positioned at 50-mm intervals along a scan line. The sepa-
ration between two scanning points was determined by the
Elcomat beam size, which was 50 mm. At each position,
slope data on the test surface was collected from the Elco-
mat. Each data point was calculated as the average of 2500
measurements taken over a time interval of 100 s. Data
were collected by letting light through P1 for 100 s and
then through P2 for 100 s. This alternating cycle was re-
peated several times. There is a short time delay of 10 s
between sampling the test and reference prisms. The aver-
age time for data collection was determined to be optimal
for suppression of noise.

To test for repeatability, data was taken by positioning
P2 at 50-mm increments along both a forward scan �prism
moving in +z direction� and a backward scan �prism mov-
ing in −z direction�.

After each scan the pentaprism system was rotated by a
certain angle about the center of the test flat and a new scan
was performed. In this way, a total of six scans were per-
formed. The angles chosen were, clockwise, 0 �oriented

Fig. 7 The dotted circle represents the area be
rest of the flat. The approximate registration of th
shown. The error in registration of the supports
north-south�, 30, 60, 90, 130, and 150 deg. To obtain data o
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rom certain areas not sampled during the initial set of six
cans, the 30- and 130-degree scans were extended to the
dge of the test flat. This was done by rotating the system
y 180 deg from each of those scans and scanning the
rism in the opposite direction. These two scans may be
onsidered as additional scans at 210 and at 310 deg.

Figure 7 shows the portion of the mirror surface tested.
he mirror supports prevented us from testing the full 2-m
perture, and instead a 1.2-m circle was considered as the
ell-sampled region being tested.

Results

ata from the scans was analyzed using a least-squares
tting algorithm written in MATLAB by Siegel16 and modi-
ed appropriately by the authors. The data was fitted to
ight Zernike polynomials, which included power, sine, and
osine astigmatism, sine and cosine coma, sine and cosine
refoil, and spherical aberrations.

The Zernike polynomials are a set of functions that are
rthogonal over the unit circle. They are useful for describ-
ng the shape of an aberrated wave front in the pupil of an

ted. The mirror support structure obscures the
ided support structure with the test area is also
test flat is about 25 mm.
ing tes
e six-s
ptical system. These polynomials are functions of two

February 2007/Vol. 46�2�
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ariables, f�� ,��, where � is the normalized �0���1� ra-
ial distance and � is the normalized �0���2�� azi-
uthal angle.
An example of a scan fitted to the eight Zernike polyno-

ials is shown in Fig. 8. The error bars correspond to a rms
oise level of 0.7 �rad=1� �the standard deviation�. Data
rom the forward and backward scans vary by considerably
ess than the noise range. This shows that our system ac-
uires data in a repeatable manner. The sources and analy-
is of the errors are discussed in Sec. 8. Six such fitted
urves are stitched together to form a surface map of the
berrations on the test surface �Fig. 9�. From Fig. 9, one
an see that our test region was reasonably well-sampled.
he trefoil in the surface is consistent with the whiffletree
upport structure. The results from our test are shown in
able 2 in terms of surface departure from flatness in mi-
rons.

A negative sign above corresponds to a convex error.
he data may be fitted to higher order Zernike polynomials
ut with decreasing confidence in the results. The aberra-
ions chosen in Table 2 are the primary aberration terms.
hese rms wave front aberrations are expressed in terms of
ernike polynomials as follows:17

Power: Z4=0.577�−1±2�2�
Cosine astigmatism: Z5=0.408�2 cos�2��

pupil aberrations of the test surface over a
o 1, and the color scale is in microns. The six
e data points �position of P2�. An outline of the
Fig. 8 The fitted curve to the measured data for scan 2 �90 deg
scan� is shown here. The error bars correspond to 0.7-�rad rms
noise.
Fig. 9 The surface map above shows the measured
diameter of 1.2 m. The x and y axes are normalized t
scan lines are also shown, with the x marks locating th
e map.
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e
t

8
I
i
b
m
o
t
o
i
s
b
t
a

8
A
l
t
a
v
e
h
t
m
t

8

T
p
a
y
m
s
a

s
i
c
t

e

8

P
n
t

Mallik, Zhao, and Burge: Measurement of a 2-meter flat using a pentaprism…
Sine astigmatism: Z6=0.408�2 sin�2��
Cosine coma: Z7=0.354��−2+3�2�cos �
Sine coma: Z8=0.354��−2+3�2�sin �
Spherical �third order�: Z9=0.447�1−6�2+6�4�
Cosine trefoil: Z10=0.354�3 cos�3��
Sine trefoil: Z11=0.354�3 sin�3��

Fitting the data to terms of higher order than the primary
aberrations would require better sampling of the test sur-
face.

8 Error Analysis
To characterize the total noise, the pentaprism system was
used in a staring mode to look at fixed positions on the test
flat over an extended period of time. The rms of the differ-
ence between the two prism readings is the noise. Because
data for each scan point was taken over a period of less
than 10 min, a running average of the noise over this time
was found to be 0.7-�rad rms. Our repeatability measure-
ments, described in Sec. 6, agree to within this noise level.

The vibration environment for our system was complex.
Short time scale vibrations and drifts were averaged out by
our measurements. Long time scale drifts, discussed in Sec.
8.1.1, could not be averaged out sufficiently. Our more re-
cent experiments, in controlled environments, with the pen-
taprism system have shown that data collected from each
prism should be averaged over fewer measurements, and
the number of alternating cycles between P1 and P2 must
be increased. The deviation between two successive mea-
surements �separated by 1 s, which is the fastest shutter
speed� can be as large as a few microradians, but averaged
over 2500 measurements, this deviation should decrease by
a factor of 10. However, in reality, we observe a decrease
by a factor of 5 or so. This is due to the presence of vibra-
tions and drifts of a whole range of frequencies.

Table 3 Definition of alignment errors for the pentaprism system.

Parameter Description

Prism yaw Misalignment of prism in yaw direction
due to initial alignment

	�Prism yaw� Variation of yaw orientation for prism

Beam projector yaw Yaw misalignment of collimated beam
relative to direction of motion

	�beam projector yaw� Variation in beam projector line of sight
in yaw direction

Prism roll Misalignment of prism in roll direction
due to initial alignment

Table 2 Surface departure: Zernike

Power Cos Astig Sin Astig Cos Com

−0.091 0.003 −0.033 −0.015
o
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To better understand the noise in our system, the various
rror sources and, if available, an estimate of their magni-
udes is listed below.

.1 Thermal Errors
t has been shown16 that a thermal gradient of 0.01 °C/m
n the pentaprisms would cause the line of sight to deviate
y 20 �rad. Temperature gradients in our test tower caused
ainly by the long optical path contribute significantly to

ur overall error. Long term drift, on the several minute
ime scale, was also observed in our data due to the bending
f the optical tower depending upon the position of the sun
n the sky. In controlled lab environments, the pentaprism
ystem routinely acquired data with an intrinsic noise of
etter than 0.2-�rad rms. Therefore, we can conclude that
emperature gradients and other thermal effects contribute
lmost 0.67-�rad rms of our total noise.

.2 Mapping Errors
mapping error between the pentaprism position and the

ocation of the beam on the test surface is expected. Given
hat our test surface is a flat and the local slope variations
re not more than 2 nrad/mm, this effect will result in a
ery small error. If our mapping error is 15 mm, the net
rror in slope will be 30-nrad rms. Our inability to measure
igher frequency errors �though they are small� will con-
ribute to our noise. These unknown errors cannot be re-
oved from our data, and we expect them to introduce up

o 30-nrad rms error.

.3 Errors from Angular Motion of Prisms and
Collimated Beam

he effects of angular motion and misalignment for the
entaprism system couple to the slope measurements only
s second order effects, listed in Table 1. For example, a
aw misalignment by itself will have no effect, but yaw
otion in the presence of yaw misalignment will cause a

mall slope error given by the product of the misalignment
nd the motion.

The coupling of misalignment and instability into in-
can slope errors is found by differentiating the expressions
n Table 1. Table 3 gives a summary of the error terms that
ouple to the measurements and Table 4 gives the terms
hat contribute to line-of-sight error in the in-scan direction.

The effect of the above terms on the line-of-sight error is
xpected to be about 100 nrad rms.

.4 Errors from Coupling Lateral Motion of Prisms,
Beam Nonuniformity, and Diffraction Effects

hase and amplitude variations in the collimated beam do
ot affect the system performance to first order because
hese effects are common to both prisms. However, to sec-

ation values are given in microns.

in Coma Spherical Cos Tref Sin Tref

0.025 0.024 0.030 −0.018
aberr

a S
nd order, these variations couple into measurement errors.

February 2007/Vol. 46�2�
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Three basic couplings with lateral motion of the prism
have been identified and analyzed:

1. coupling of phase errors in the collimated beam with
transverse motion of the prism;

2. coupling of diffraction effects in the collimated beam
with transverse motion of the prism;

3. coupling of amplitude variations in the collimated
beam with transverse motion of the prism.

Transverse motion �perpendicular to scan direction� of the
prisms may occur due to bent rails.

Phase errors in the wave front are coupled to prism mo-
tion according to the phase slope at the edge of the beam
given by,

	
 =
2	x

D

�W

�r

where 	
 is the effective change in beam angle; 	x is pupil
shear; D is the pupil diameter; �W /�r is the wave front
slope at the edge.

This effect can be corrected by adjusting the autocolli-
mator so that there is no measurable line-of-sight error as
the prism is translated. However, we expect about 50-nrad
rms tilt error for a 1-mm peak to valley motion of the
prism.

Diffraction effects in the propagating collimated beam
also cause some errors. Laboratory experiments have
shown that this error can be controlled to about 75-nrad
rms tilt. Similarly, intensity variations couple with prism

Table 5 Combined effect of all errors.

Error Source
Error

�nrad rms� Explanation

Elcomat measurement
uncertainty

75 Instrument
specification

Mapping errors 45 Sec. 8.1.2

Thermal effects 670 Sec. 8.1.1

Prism and beam angle variation 100 Table 4

Coupling of lateral motion 100 Sec. 8.1.4

Total �RSS� 690

Table 4 Change in beam direction with misalignments and
perturbations.

2*�Prism yaw��	�Prism yaw�

�Prism yaw��	�beam projector yaw�

	�Prism yaw�� �beam projector yaw�

�Prism roll��	�beam projector yaw�

	�Prism roll�� �beam projector yaw�
l
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rrors to the order of 60-nrad rms tilt. These effects com-
ined introduce an error of about 100-nrad tilt per millime-
er of prism lateral shift.

.5 Combined Errors
ombining the effects of all random errors, we come up
ith the following error budget estimate shown in Table 5.

.6 Effects of Random Errors for Scanning
Pentaprism Test

he random errors affect each slope measurement. A Monte
arlo simulation of the random errors and their effect on

he Zernike modes was evaluated. Using MATLAB to gener-
te random noise of about 0.7 �rad for each data point
long each scan line, 390 independent noise files were
imulated. The pentaprism fitting software was used to ana-
yze each noise file. The result is a measure of our uncer-
ainty for each aberration. For the 390 cases, the uncertain-
ies in each of the Zernike aberration coefficients were
ound to be normally distributed, as one would expect. The
� �standard deviation� uncertainties are reported along
ith the aberration values in Table 6. These uncertainties

orrespond to a confidence level of 67% for our test results.
Figure 10 shows a sample histogram of the noise data

orresponding to the power term �Z4�. The 1� deviation is
.009 �rad. The histogram has a Gaussian-like distribution
s expected from the random generation of noise data val-
es.

Conclusions and Future Work
he pentaprism test is a reliable absolute test for optical
ats. It is, however, a time consuming test. Measurements
n order of magnitude better can be made with the use of
igher quality pentaprisms in more controlled environ-
ents.
We currently use our pentaprism system to measure sur-

ace quality of flats during their fabrication and polishing.
he data is then used to optimize the surface figuring and
olishing procedures. Due to a much smaller optical path

able 6 Noise in surface departure. Zernike aberration values are
eported with the corresponding error due to noise.

berration
Value±Error
�in microns�

ower −0.091±0.009

os astig 0.003±0.019

in astig −0.033±0.015

os coma −0.015±0.006

in coma 0.025±0.006

pherical 0.024±0.004

os tref 0.030±0.019

in tref −0.018±0.017
ength, our overall errors are currently significantly less

February 2007/Vol. 46�2�
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than those reported in this paper. These measurements
show our accuracy to be better than 10-nm rms for low
order surface aberrations on a 2-m class flat. Our errors due
to noise are also less than 0.1 �rad.

We are also working on using liquid flats to calibrate our
pentaprism system. Using two small mercury mirrors sepa-
rated by a long baseline, we will be able to align our system
to a truly flat surface. The gravity-aligned equipotential sur-
face of mercury takes the shape of the local curvature of the
earth and our system is able to measure this effect over
baselines greater than 1-m. This will enable us to test arbi-
trarily large flats, glass and liquid, using a calibrated system
with significantly reduced errors.
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