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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Improved Measurement Accuracy in a Long Trace Profller: 

Abstract 

Compensation for Laser Pointing Instability 

Steven C. Irick 
Lawrence Berkeley Laboratory 

University of California 
1 Cyclotron Road 

Berkeley, Ca 94720 

Laser pointing instability adds to the error of slope measurements taken 
with the Long Trace Profiler1 (LTP). As with carriage pitch error, this laser 
pointing error must be accounted for and subtracted from the surface under test 
(SOT) slope measurement. In the past, a separate reference beam (REF) allowed 
characterization of the component of slope error from carriage, pitch. However, 
the component of slope error from laser pointing manifests itself differently in the 
SOT measured slope. 

An analysis of angle error propagation is given, and the effect of these 
errors on measured slope is determined. Then a method is proposed for identifying 
these errors and subtracting them from the measured SOT slope function. 
Separate measurements of carriage pitch and laser pointing instability isolate these 
effects, so that the effectiveness of the error identification algorithm may be 
demonstrated. 

Introduction 

Ever since the LTP was first used for measuring long mirrors of arbitrary 
figure, there has been an on-going effort to increase the accuracy and reduce 
inherent noise of this instrument. The first LTP built by Takacs et a1.2 provided a 
means of measuring this class of optical components that no commercially 
available instrument could provide. At that time it was impressive to have slope 
features in the sub-milliradian (mrad) regime revealed. 
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More recently, high-brightness synchrotrons have pushed requirements of 
optical components in beamlines to preserve the brightness. Third-generation. 
synchrotron beamlines have produced designs which specify slope errors of less 
than one microradian (""rad) rms. In order to achieve this goal, a straightness 
reference3 was employed, which compensated for errors in carriage movement. 
An improved air bearing stage, environment control, and improved mounting 
methods4 also reduced the noise level, so that slope errors of 160 mm long mirrors 
could be measured with accuracies better than 1 ""rad rms. 

A schematic of the LTP is shown in Figure 1. When the straightness 
reference was conceived, it was assumed that any slope errors coming from angle 
changes generated by the carriage would be removed from the SUT measurement. 
This included slope errors from laser pointing instability. Data from many 
measurements supported this assumption. However, after the practice of LTP 
measurements had improved significantly, small deviations in slope were noticed in 
both the SUT and REF slope functions. If these slope deviations were truly part of 
the SUT, then they would be seen in only the SUT measurement and not the REF 
measurement. If they originated from the carriage, then they would be seen in the 
REF measurement as well as in the SUT measurement, and could be subtracted 
from the SUT slope function. 

z 
~x ceramic beam 

carriage 

~ ........................................ SUT 
'\ REF beam ;"If i ~SUTbeam surface . REF mirror 

I~ I 

~ 

Figure 1. LTP schematic. 

These smail deviations were seen in both the REF and SUT measurements. 
However, when the REF function was subtracted from the SUT function so that 
carriage pitching .errors would be removed, then the magnitude of these smail 
deviations was increased in the resulting slope function. Apparently, there was a 
source of slope error manifest in the reference with magnitude or sign different 
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than the carriage pitching errors. On "bad days" they would be very noticeable 
with magnitudes of about 1 J-trad and periods of around 2 to 20 mm. On "good 
days" these deviations would be barely noticeable, and the functions would be very 
smooth. 

Angle analysis 

Figure 2 shows the geometrical layout of the main optical components of 
the LTP. The components which are part of the carriage are shown in the broken 
line. Light from the source S (laser) propagates downward toward the 
beamsplitter BS, where the light takes two paths. In one path, the light continues 

. downward toward the SUT, reflects up toward BS, then reflects from BS into the 
lens system L, which focuses the light onto the photodetector PD. In the other 
path, light is reflected toward REF, is reflected back through BS and into L and is 
focused onto PD. . 

Each of the SUT and REF beams produces a pattern that is imaged onto 
PD. The patterns are analyzed5 for each position x along the SUT, and a resulting 
slope function of x results. There is a slope function from the SUT and a slope 
function from the REF. 
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Figure 2. 
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Nominal position of carriage components with 
respect to REF and SUT mirrors. 
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Suppose the carriage is rotated clockwise by 8. The relative angular 
change with respect to the REF and SUT mirrors is shown in Figure 3. Since the 
REF and SUT mirrors are each rotated counterclockwise by 8 with respect to the 
carriage, then the light beams are reflected with a change of 28. The REF beam 
angle is changed +28, while the SUT ~am angle is changed -28 (clockwise) with 
respect to the main optic axis through L and PD. Thus a pitch of the carriage 
causes twice the angular error in the SUT measurement and twice the angular 
error in the REF measurement; but the sign of error is reversed in the REF with 
respect to the SUT measurement. 

REF 

Figure 3. 
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Carriage pitch of 8 with respect to the REF and SUT mirrors. 

Now the angle relationship between the SUT and REF measurements will 
be analyzed for a change in laser pointing. Figure 4 shows a trace of rays through 
the system as light from S makes an angular change <p. As seen from this figure, 
light reflects from BS toward the REF with an upward angular change -<p. This 
angular change is reversed at the REF mirror, and thus produces an angular change 
+<p with respect to the main optic axis. At the same time, the light is reflected from 
the SUT with angular change -<p ana then reflects from BS to produce an angular 
change +<p with respect to the main optic axis. Thus, a change in laser pointing 
causes the same angular change in the SlIT measurement as in the REF 
measurement. 
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Figure 4. Analysis of laser pointing change cp. 

Fixing the problem: a third slope function 

A straightfolWard way to fix the problem is to make use of the existing 
REF and SUT signals, and to provide a third signal which indicates laser pointing 
direction. If a b~amsplitter BSe (fixed with respect to the carriage) is placed in the 
REF beam path and tilted at a small angle as in Figure S, then the third pattern will 
be imaged at one end of PD. As before, the REF pattern is at the other end of PD. 
The SUT pattern then is allowed to reside anywhere on the array between the two 
reference patterns. The third slope function from this third pattern will then have 
variations only as a result of angular beam changes from S to BSe to PD. 

x is the coordinate for the carriage movement (see Figure 1). Let the frue 
slope function of the SUT be sex). Let the laser pointing error component be p(x), 
and let the carriage pitch error component be c(x). Now suppose that the third 
pattern from BSe is placed at the left end of PD, and that the slope function 
calculated from that pattern is L(x). Also, the pattern from the SUT is between the 
two other patterns; let the slope function calculated from that pattern be M(x). 
Finally, suppose that the pattern from the REF is at the right end of PD,and its 
resulting slope function is R(x). The problem now is to find how much (magnitude 
and sign) of sex), c(x), and p(x) are in each of the measured functions L(x), M(x), 
andR(x). 
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Figure 5. Addition of extra beamspl\tter BSe. 

It is seen from Figure 4 that the pattemL(x) will consist entirely ofp(x). In 
keeping with the convention that counterclockwise angles are positive, a change of 
cp at S produces a change p(x) at PD. Thus 

L(x) = p(x). (1) 

Analysis of a change in p(x) in the beam from S shows that upon reflection from 
the REF mirror, R(x) will contain component p(x). Furthermore, analysis of the 
effect of c(x) shows that R(x) also contains +2 c(x). Thus 

R(x) = 2 c(x) + p(x). (2) 

Likewise, similar analysis for the effect of p(x) gives a component p(x) in M(x); 
the carriage pitching gives a component -2 c(x) to M(x) as wel,I. The effect of 
actual slope change in the SUT causes the additional component in M(x) of 
-2 sex). Thus 

M(x) = -2 sex) - 2 c(x) + p(x). (3) 

Equations (1), (2), and (3) are a set of three unknowns in three equations. 
Systematically solving them for sex) gives 

sex) = [M(x) + R(x) - 2 L(x)] / (-2). (4) 
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Equation (4) gives the true slope function of the SUT in terms of the three 
measured slope functions. The factor -2 in the denominator reminds us that the 
optical beam angular change is twice the surface angular change, and that 
reflection of the SUT beam from BS causes an angular sign change. 

Sample measurement of a flat mirror 

Before the extra beamsplitter BSe was employed, a typical data processing 
session for a mirror would consist of subtracting the REF signal from the SUT 
signal, i.e. adding R(x) to M(x) and dividing by -2 to obtain sex). Figure 6 shows 
the result of measuring a flat (assured to be better than ')J50) mirror, and 
processing the data in this fashion. Mid-period variations .are seen to. be fairly 
pronounced, and there is significantcurvature. 
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Figure 6. .. Measurement of a flat mirror without use of the extra beamsplitter. 
sex) is shown as the dotted line. variation = 1.32 f,.trad rrns; R = 4892 m. Clear 
aperture (5 mm from edge) for calculations is between the vertical broken lines. 

These measurements were then processed using the extra beamsplitter and 
the formula (4). The results are shown in Figure 7. Notice that now the edge 
rolloff from polishing is visible at the ends of the measurement scan. The mid
period variation is significantly reduced, and the resulting variation is below 0.5 
f,.trad. Measured curvature is also much less. 
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Figure 7. Measurement of a flat mirror with use of the extra beamsplitter. 
sex) is shown as the dotted line. variation = 0.454 I-lrad rms; R = -14059 m. Clear 

aperture (5 mm from edge) for calculations is between the vertical broken lines. 

CUlvature of the surface is manifested as degree of tilt in the slope plot. 
Thus in Figure 6 much of the curvature is seen to be from R(x). Using the 
previous data processing procedure, it could only be assumed that curvature in 
R(x) is due entirely to c(x) (sag in the ceramic beam, for example). After data 
processing, sex) would contain the extra curvature seen in R(x). Figure 7 shows 
that the gradual laser pointing drift p(x) (manifest in L(x) is largely responsible for 
the extra curvature in R(x). Applying the processing formula (4) significantly 
reduces the curvature that would otheIWise be in sex). 

The measurements presented here are neither the best nor the worst of all 
measurements made on this mirror. The author believes them to be typical. 
However, careful preparation was made for this measurement. Metrology of this 
scale requires acute attention to mounting methods and temperature control on the 
order of 0.1 degrees Centigrade over the time of the measurement scan. 

Conclusion 

The problem of identifying and analyzing a source of error (laser pointing 
change) in slope measurement using an LTP has been discussed. One method of 
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correcting for the. laser pointing change has been described, and the results of this 
correction are encouraging. Ii is desirable to reduce the amount of pointing 
change in any case, and this might be done by transferring the light from a laser via 
a single mode fiber to the position indicated by S in the above figures. Evaluation 
of this idea is pending. 
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